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Abstract

The exact computation of a system of interacting electrons is an extremely complicated
issue because the motion of one electron depends on the positions of all the others (i.e.
electrons are correlated). The accurate treatment of the electron-electron correlations
in electron devices is even a more difficult issue because we deal with non-equilibrium
open systems. For classical electron transport approaches, the electrostatic interaction
among electrons is commonly obtained from an explicit solution of the mean-field Poisson
(Coulomb) equation. However, this does not provide an exact treatment of the classi-
cal Coulomb electron-electron correlations, but only an average estimation. The explicit
consideration of the wave nature of electrons implies an additional computational bur-
den, and the difficulties in treating the Coulomb interaction among electrons increase.
The mean-field approximation appears again as an improvement of electron-electron cor-
relations. In this dissertation, a classical and quantum time-dependent many-particle
approach to electron transport is developed in terms of a Hamiltonian that describes a
set of particles with Coulomb interaction inside an open system without any perturba-
tive or mean-field approximation. The boundary conditions of the Hamiltonian on the
borders of the open system are discussed in detail to include the Coulomb interaction
between particles inside and outside of the open system. Classically, the solution of this
time-dependent many-particle Hamiltonian is obtained via a coupled system of Newton-
like equations with a different electric field for each particle. The quantum mechanical
solution of this many-particle Hamiltonian is achieved using a time-dependent quantum
(Bohm) trajectory algorithm. The validity of the classical and quantum electron trans-
port approaches to compute observable results is also discussed in detail. A rigorous
formulation of the expectation values of a measurement in terms of classical and quan-
tum trajectories is provided. The computation of the current density is presented as a
particularly relevant example of the ability of the presented theoretical approaches to
predict the functionality of nanoscale electron devices. Furthermore, a reformulation of
the electric power for many-particle open systems is presented. It is shown that the power
consumption differs in general from the standard textbook expressions. Finally, the com-
putational viability of the algorithms to build a powerful nanoscale device simulator is
demonstrated by simulating some interesting aspects of advanced nanoscale structures
provides new valuable information on the role played by electron Coulomb correlations
in the establishment of macroscopic characteristics such as the electrical current, power
consumption, current and voltage fluctuations, etc.
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Preface

Recent advances in technology have made it possible to fabricate structures at the
nanoscale (Inm = 107%m), this meaning that, at least, one of its dimensions is any-
where in between a few tens of nanometers and the size of an atom. Such structures have
already a large range of applications in very disparate fields of science and technology
(physics, chemistry, medicine, biology, electronics, ...), and day by day new proposals
are being suggested. Nanostructures appear today as suitable platforms where merging
theoretical and applied physics. Nanoelectronics constitutes a clear example of such a
necessary mixture. In order to maintain the rapid evolution of the electronic industry, a
very close and reciprocal relation between the theoretical description of electron transport
and its practical application to study and design electron devices becomes mandatory.
This dissertation, in particular, constitutes an example of such a mixture. As I will show,
based on a fundamental study of electron transport at the nanoscale beyond the mean-
field approximation, the ultimate pursuit of this work is the development of a powerful
and versatile nanoelectronic device simulation tool to provide more accurate predictions
of experimental results.

Due to the huge complexity involved on the electron transport problem at the nano-
scale, the assumption of some kind of approximation is a mandatory prerequisite in order
to study it. Similarly to other areas of research, although the underlying theory describing
a particular problem is well stated, its complexity give rise to a wide range of different
approaches dealing with a single problem. In particular, the exact computation of a
system of Coulomb interacting electrons constitutes an extremely complicated problem
because the motion of one electron depends on the positions of all others (i.e. electrons
are correlated). Thus, the prediction of the collective behavior of many electrons is a
very active field of research in nano-electronics, and several theoretical approximations
have been proposed to improve the treatment of electron-electron Coulomb correlations.
Such a complexity belongs to the core of the so called many-body problem.

For classical approaches to electron transport, the electrostatic interaction among
electrons is commonly simplified by invoking the so called mean field approrimations,
which assume that Coulomb correlations does not play a crucial role in the description of
electron dynamics. Under such an assumption the solution of the electrostatic problem is
obtained from a single Poisson equation. Unfortunately, this approach does not provide
an accurate treatment of the classical Coulomb correlations, but only an average esti-
mation [1, 2]. It is well known that the solution of a classical many-particle system can
always be written as a coupled system of single-particle Newton-like equations. However,
a unique electrostatic potential (classical mean field approximation) is explicitly assumed
in semi-classical transport simulators in order to deal with a unique average electrostatic

potential for all electrons [1]. A successful application of the classical mean field approx-
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imation appears, for example, in the semi-classical Boltzmann equation that describes
the time-evolution of the electron distribution function in a one-electron phase-space
[1]. The use of a unique electric field (i.e. a unique average electrostatic potential) in
the Boltzmann equation neglects the correct electron-electron correlations, in particular

because each electron “feels” its own charge [1, 3-6].

For quantum approaches, the difficulties are even greater due to the computational
burden associated to deal with the wave nature of electrons. In fact, the Coulomb inter-
action among electrons is directly not considered in many quantum transport formalisms
under the assumption that the system behaves as a Fermi-liquid [7]. The well-known
Landauer-Buttiker approach is a very successful example of the applicability of this as-
sumption [8; 9]. Nevertheless, the Fermi liquid paradigm has difficulties to deal with high-
frequency, low-dimensionality or Coulomb blockade regimes [7—16] . On the other hand,
the non-equilibrium Green’s functions formalism (also referred to as the Keldysh formal-
ism) provides an interesting path to solve the Schrodinger equation with the Coulomb
interaction introduced perturbatively [17]. Alternatively, under the assumption that the
system behaves like a capacitor, one can use a simple linear relationship between the num-
ber of electrons and the electrostatic potential in a particular region to introduce partially
Coulomb effects [7-10, 12, 13, 16] . The mean-field approximation appears again as a
solution for electron transport. For example, an average single-particle time-independent
potential profile can be computed, self-consistently, from the wave-function solutions of a
set of single-particle time-independent Schrédinger equation [10, 11, 15, 18-24]. This rep-
resents a zero-order approximation (some times called the Hartree approximation [18])
to the complex problem of electron-electron correlations. Additionally, remarkable ef-
forts have been done by Biittiker and co-workers to include Coulomb interaction in their
scattering matrix approach by applying different many-body approximations to provide
self-consistent electron transport theories with overall charge neutrality and total current
conservation [25-27]. Finally, extensions of the equilibrium Density Functional Theory
to deal with electron transport, by means of a time-independent formalism [28], or with
a powerful time-dependent version can also be found in the literature [29-31]. The exact
exchange-correlation functionals needed in both formalisms are unknown and they have
to be approximated. Therefore, in all the descriptions of non-equilibrium quantum sys-

tems mentioned here, the electron-electron correlations are approximated to some extent.

In addition to the previous difficulties, due to the computational burden associated
to the microscopic description of electron transport either in classical or quantum sys-
tems, it is mandatory to spatially reduce the simulated regions, i.e. we cannot deal with
the whole circuit, but only with a part of it. In this regard, the simulation of the lead-

sample-lead region is not always possible in modern nanoscale simulators. However, in
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order to correctly model the DC and/or AC conductance of nanoscale systems, one has to
assure the accomplishment of the “overall charge neutrality” and “current conservation”
[11, 13]. The implementation of such requirements into modern nanoscale electron sim-
ulators demands some kind of reasonable description of the Coulomb interaction among
the electrons inside and outside the simulation boxes. The boundary conditions on the
borders of simulation boxes in electron transport approaches constitute, then, also a

complicate and active field of research.

Educated guesses for the boundary conditions are present in the literature when de-
scribing nanoscale electron devices with simulation boxes large enough to include the
leads. However, such boundary conditions are not applicable for small simulation boxes
that exclude the leads. Elaborated semi-classical electron transport simulators solving
the time-dependent Boltzmann equation within the Monte Carlo technique commonly
fix the potential at the borders of the simulation box equal to the external bias (i.e.
Dirichlet boundary conditions) and assume ad-hoc modifications of the injection rate
to achieve “local” charge neutrality [32-40]. Some works do also include analytically
the series resistances of a large reservoir which can be considered and improvement over
the previous boundary conditions [41]. Others Monte Carlo simulators do also consider
Neumann boundary conditions (i.e. a fixed zero electric-field) [42]. Such boundary con-
ditions fix also the scalar potential (up to an arbitrary constant) so that the injected
charge can also be indirectly fixed when a known electrochemical potential is assumed.
Such boundary conditions are successful for large simulation boxes, but they are quite
inaccurate for small simulation boxes that exclude the leads [42]. In principle, there are
no much computational difficulties in applying semi-classical Monte Carlo technique in
large simulation boxes when dealing with mean-field approaches. However, the possi-
bility of using smaller boxes will be very welcomed for some intensive time-consuming
simulations beyond the mean-field (also for statistical ensemble simulations [43], to com-
pute current or voltage fluctutations that need very large simulation times to obtain

reasonable estimators [37-39)], etc.).

Electron transport simulators accounting for the wave nature of electrons leads to
an additional increase of the computational complexity. The use of the external bias as
the Dirichlet boundary conditions was quite usual in the simulation of ballistic electron
devices such as the resonant tunneling diode, although it neglects the lead resistances
[44, 45]. The boundary conditions where directly specified from the energetic difference
between the fixed scalar potential and the fixed electrochemical potential. Recently, more
elaborated quantum-mechanical simulators are being used based on the self-consistent
solution of the non-equilibrium Green’s functions and Poisson equation [46-51]. They
use either Dirichlet-type boundary conditions [46, 48] or Neumann’s ones [47, 49-51].

All these boundary algorithms are very successful because they are implemented into
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simulation boxes large enough to explicitly include the leads. However, such algorithms
are basically developed for static scenarios within a mean-field treatment of the Coulomb
interaction. Its extension to time-dependent scenarios or the inclusion of correlations
beyond the mean-field approximation has many computational difficulties that will cer-
tainly benefit from the possibility of smaller simulation boxes. Biittiker and co-workers
were the first to study quantum AC conductances with both “overall charge neutrality”
and “current conservation” requirements. They applied different many-body approxima-
tions to provide self-consistent theories for the AC conductance of mesoscopic systems.
However, the practical implementation of Bittiker theory for AC conductance in real
resonant tunneling diodes (with 2D or 3D treatments) has many computational diffi-
culties because of the use of large simulation boxes including the leads [25-27, 52-57].
There are even more computational difficulties in using large simulation boxes to in-
clude the leads in the so-called “first-principle” electron transport simulators, because of

its huge demand of computational resources for their atomistic description [28, 30, 58—64].

In this dissertation, I am interested in revisiting the computation of an ensemble of
Coulomb interacting particles in an open system without any of the approximations men-
tioned in the previous paragraphs. In the first section of chapter 1, I briefly describe the
evolution of electronics from its birth, 100 years ago, till present days, where theoretical
predictions have became, somehow, a valuable guiding tool preparing the ground for new
generations of electronic devices. In the second section, I will extendedly discuss the main
problems that a theoretical approach must face up when dealing with electron transport
at the nanoscale. In one hand, I will emphasize the necessity of dealing with statistical
mechanics due to the unmanageable complexity of the problem. On the other hand, I
will discuss the essentially correlated (and far from equilibrium) nature of the transport
problem. Finally, in section 1.3, I will introduce some of the most relevant contemporary
approaches to electron transport, emphasizing their abilities and limitations to deal with

Coulomb correlations.

Chapter 2 constitutes the fundamental contribution of the present work to build a
many-particle classical and quantum approach to electron transport [65, 66]. After a brief
resume of the common strategies followed by several approaches to deal with electron-
electron correlations at the nanoscale and their differences with the one that I will follow
here, in section 2.2, I develop an exact many-particle Hamiltonian for Coulomb interact-
ing electrons in open systems in terms of the solutions of multiple Poisson equations [66].
This constitutes the keystone of our approaches to electron transport. To our knowledge,
the type of development of the many-particle Hamiltonian proposed here has not been
previously considered in the literature because, up to now, it was impossible to handle the

computational burden associated with a direct solution of a many-particle Hamiltonian.
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In section 2.3, I present an original (time-dependent) boundary condition algorithm for
open systems capable of accurately capturing the Coulomb correlations among the elec-
trons inside and outside the simulation box [65]. Such boundary conditions constitute a
notable improvement of standard boundary conditions used in both classical and quan-
tum approaches. Requiring a minimum computational effort, our boundary conditions
can be implemented into time-dependent simulators with large or small simulation boxes,
for DC, AC conditions and even for the study of current (or voltage) fluctuations. In
section 2.4, I present classical and quantum solutions of the many-particle open system
Hamiltonian introduced in section 2.2 supplied with the many-particle boundary condi-
tions discussed in section 2.3 [66]. Classically, the solution of this time-dependent many-
particle Hamiltonian is obtained via a coupled system of Newton-like equations with a
different electric field for each particle. This solution constitutes a generalization of the
semi-classical single-particle Boltzmann distribution for many-particle systems [65, 66].
The quantum mechanical solution of the Hamiltonian is achieved using a time-dependent
quantum (Bohm) trajectory algorithm [65—67]. In this quantum (Bohm) trajectory al-
gorithm, the use of single-particle Schrédinger equations is exact to treat many-particle
systems. However, similarly to Density functional theories, the formidable simplification
allowing an exact treatment of the many-particle Coulomb interaction comes at price that

some terms appearing in the single-particle Schrodinger equation are in general unknown.

In the firsts sections of chapter 3, I will focus on discussing the kind of information
we can extract from our classical and quantum approaches to electron transport. Due
to the stochastic nature of our simulations, it is not evident to what extent we are able
to predict measurable results. Furthermore, when dealing with quantum systems, since
it is still unclear how a real measurement must be theoretically reproduced in orthodox
quantum mechanics, I introduce the description of the measurement process in terms of
Bohmian mechanics. Such a formulation allows the extension of the classical expectation
value of an observable to the quantum one in a very natural way. In section 3.3, I
will demonstrate the validity of our classical and quantum approaches to compute the
expectation values of the average electrical current and current noise. Finally, in section
3.4 I will reformulate the expression for the electric power consumption in many-particle
open systems emphasizing their divergences from the standard definition of power as
I-V. I will recover the standard expression of the electrical power for a very particular

limit, i.e. the classical single-particle one.

Finally, in chapter 4, our many-particle approaches to electron transport are ap-
plied to predict the behavior of certain relevant aspects of a double-gate quantum-wire
transistor, a nanoresistor, and a resonant tunneling diode. The importance of accurately
accounting for strongly-correlate phenomena is demonstrated when predicting several

macroscopic and microscopic characteristics such as the mean current, electric power
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consumption, electron transit times, current and voltage fluctuations, etc. [65, 66, 68—
70].



CHAPTER 1
The Electron Transport Problem at

the Nanoscale

1.1 Introduction

The rapid evolution of electronics, from its birth at the very beginning of the past century
until present days, has changed our live style so much that our present society strongly
dependent on electron devices. In the beginning of the present section I want to briefly
describe the crucial events that has make it possible such an evolution. After that, I
will comment on the role that theoretical approaches to model electron transport play in

making the electronic industry to continuously growing.

1.1.1 Historical development of electronics

During the first days of the 20th, the invention of the diode vacuum valve tube by John
Ambrose Fleming constituted the first palpable exemplification of the ability to control
electron flow through different medial. The diode valve tube constituted the ancestor of
all electronic tubes, and its evolution gave birth not only to radio communications (its
first application) but to the entire electronics industry.

In 1947, 50 years after Fleming’s discovery, William Schockley, John Bardeen and
Walter Brattain fabricated the first solid-state transistor, which made them deserving
the Nobel price nine years later. The solid-state transistor constituted the fundamental
element of the whole electronic technology in the second half of the 20th century, and gave
rise to consumer electronics. The dimensions of the transistor were rapidly shrunk down,

and in 1958 Jack S. Kilby, at Texas Instruments, fitted a whole circuit in a single silicon

'We assume a difference between electricity and electronics: while electric circuits are connections of
conductive wires and other devices whereby the uniform flow of electrons occurs, electronic circuits add
a new dimension to electric circuits in that some means of control is exerted over the flow of electrons
by another electrical signal, either a voltage or a current.
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substrate. This was not only the birth of the integrated circuits (i.e. the microchip), but
also the birth of microelectronics. Jack S. Kilby received the Nobel Prize in Physics in
2000 for his contribution on the invention of the integrated circuit.

Since the commercialization of the first integrated circuit in 1961, the number of
integrated components on a chip was doubled every year, and based on such an empirical
evidence, Gordon Moore stated that the number of components per integrated circuit
would double in performance every two years? [71].

Today, the electronics industry has already entered the nanoscale. Intel’s latest silicon
process, 32nm technology, is now in full volume production, and the world’s first 2-billion?
transistor microprocessor has been realized. The minimum feature size of integrated
circuits has been continuously reduced in the past decades and, as predicted by the
ITRS* and supported by the demonstration of a MOSFET? with a gate length as short
as 6 nm, this trend is expected to continue in the next decade [73]. Technological progress
continues to deliver the promise of Moore’s Law while transforming the way we live, work,
and communicate. It is not strange, hence, that one of the commonly used adjectives to
refer to present society is “the information society” of the “third industrial revolution”.
A society that rises and expands with everyday new advances on electronic technology,

but whose present way of live would just vanish on its absence.

1.1.2 The simulation of electronic devices

The success of micro and nanoelectronics technology has been supported by sophisti-
cated physical theories on electron transport, usually implemented on computer-aided
simulation tools. Specially, during the last decades, due to the increase of the complexity
and cost of the technological processes necessary to fabricate electron device prototypes,
precise predictions of their functionality allowing to rule out certain designs, are consti-
tuting at this moment a research and development cost reduction amount to 35 %, which
is expected to increase up to 40% in the next future [74]. But more importantly, be-
yond the supporting role in the progress of electronics, theoretical approaches to electron
transport constitute today a necessary tool to guide the continuous breakthroughs of the
electronic industry.

Although analytical approaches to electron transport has been developed since the
invention of the first vacuum valve [75-78] (see Ref. [79] for an extensive discussion of the

first stage investigations on this area), the improvement of electronics itself has make it

?In fact, it was not Gordon Moore but David House, an Intel colleague of Gordon, who concluded a
few years later that integrated circuits would double in performance every 18 months, which represents
de Moore’s law written exactly as we now it today.

3 American billion = 2 thousand million.

4Acronym for International Technology Roadmap for Semiconductors [72].

5 Acronym for Metal-oxide-semiconductor field-effect transistor.
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possible to intensify the research on electron transport through computational numerical
simulators. With the aid of large and fast computers, it became possible to obtain exact
numerical solutions of microscopic physical models of considerable complexity®. The
first fully numerical transport description was already suggested in 1964 by Gummel
[80] for the one-dimensional bipolar transistor. The approach was further developed
and applied to pn junctions [81] and to avalanche transit-time diodes by Scharfetter
and Gummel [82]. The first application of a solution of the two-dimensional Poisson
equation to metal-oxide-semiconductor (MOS) structures was performed by Loeb [83],
and Schroeder and Muller [84]. The first application of the Monte Carlo method to the
solution of the Boltzmann transport equation was proposed by T. Kurosawa in 1966
[85], and the first simultaneous solutions of the coupled continuity and Poisson equations
applied to junction field effect transistors [86] and to bipolar transistors [87] date back to
1969. Since these pioneering works on device modeling many different approaches have
been applied to practically all important devices, and the number of papers in the field

has grown exponentially [74, 88, 89].

Electron transport theory and its application to electron device modeling has ma-
tured into a well-established field with active research, intensive software development,
and vast commercial applications. Many textbooks, monographs, and reviews devoted
to theoretical and computational aspects of electron transport and device modeling have
been published. However, since the costs of development and maintenance of today’s
theoretical simulation tools software have significantly increased, only few large semi-
conductor companies can support their own development team. Nonetheless, there is a
fairly large number of commercial software products available on the market which serve
most of the industrial demands. Numerous electron transport approaches developed at
universities have the advantage that they are freely distributed. Semiconductor manu-
facturing companies which need more refined simulations of complex phenomena often

consult researchers from universities.

1.2 The electron transport problem at the nanoscale

In the present section I want to discuss what are the main difficulties that one must
face up when dealing with the tremendous complexity of the electron transport problem.
After that I will also argue about two distinctive properties of electron transport at the

nanoscale, i.e. its strongly-correlated and its far from equilibrium character.

SNumerical simulators are usually referred as computer-aided tools.
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1.2.1 On the many-body statistical problem

The main difficulties that one encounters when describe electron transport at the nanoscale
arise from the necessity of making reasonable approximations to an essentially untractable

problem, i.e. the many-body description of electron transport.
A many-body problem

Consider, for instance, the Hamiltonian describing a whole closed circuit, i.e. including
the battery, the contacts, the leads, the active region and all the constituting elements
therein (see figure 1.2.1). If we assume that it contains My electrons and W — My atomic

cores, the Hamiltonian of the system can be written as

MT 1 MT
Hcircuit (Fla sy FG7ﬁ17 '--7ﬁG) = Z {K (ﬁk) + 5 Z 6%(Fk, FJ)}
k=1 j=1
7k
w 1 w
DR LR N DR FAGC AL
k=Mr+1 Jj=Mr+1
J#k
Mr w
Y D eZVo(ii ) (1.1)
k=1 j=Mrp+1

In (1.1), K (pk) is the kinetic energy of the k — th particle with a momentum pj, e is
the electron charge, 7}, is the vector position of the k-th particle, and Zj is the atomic
number of the k-th atom. The term Vy(7%,7;) =

(with gy the vacuum permittivity).

WM is the Coulomb potential

Along the whole dissertation I will assume that all involved electrons are traveling
at velocities much lower than light’s, ¢ (nonrelativistic approximation). Moreover, I
will consider that we can neglect the electron spin-orbit coupling and a quasi-static
electromagnetic regime’ (see ref. [65]).

Notice that both the classical and the quantum solution of the Hamiltonian (1.1)
constitute an insurmountable challenge. The reason, however, does not only reside on
the huge number of variables conforming the system (/W — oc), but mainly on their
correlations. Consider, for a moment, the same system without the interaction terms
in (1.1), this is making Vi(7%,7;) — 0. Now the dynamics of every electron and nuclei
become independent on the rest of particles, i.e. their dynamics get uncorrelated and

their solution becomes much easier. The interaction terms in (1.1) are the responsible

"Such a simplification assumption, however, does not means that we are considering spinless electrons.
Indeed, when computing some relevant magnitudes we will account for the electron spin just by an
additional factor 2.
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Conduction
electron

Valence and core
electrons

Figure 1.2.1: Schematic view of a whole closed circuit.

of coupling each particle dynamics to the rest of particle dynamics in the system, and
then, are also the responsible of making their solution so difficult [90]. Such a very hard
problem, known as the many-body problem, is the core of a long series of unsolvable

problems in nature:

It would indeed be remarkable if Nature fortified herself against further ad-
vances in knowledge behind the analytical difficulties of the many-body prob-
lem. — Max Born, 1960.

The Hamiltonian (1.1) is thus not solvable, and we need to simplify it with some
kind of approximation. A common strategy is to reduce the involved degrees of freedom
as much as possible. Instead of trying to describe a whole closed circuit, both classical
and quantum transport approaches must reduce the number of variables to be explicitly

described to deal with open systems.
Internal and external opening of the system

A first step can be done by restricting our study to a spatially reduced region. Rather
than taking into account the whole circuit, we focus on that particular region that we
want to describe in detail. If we choose, for example, the active region of an electron
device, then, we externally open it by “decoupling” its degrees of freedom from those
remaining in the external environment, i.e. the rest of the circuit (see figure 1.2.2). After

such a first spatial reduction of variables, the complexity of the problem usually remains
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unaffordable, and some additional effort must be done in order to get a manageable
system. We can, then, internally open the reduced region of space by “decoupling”
those degrees of freedom that we want to explicitly account for, and those we do not
(see figure 1.2.2). A very common example of such an internal opening of the system
is that of the Born-Openhaimer approximation, in which the explicit description of the
atomic cores dynamics can be avoided. It is assumed that the electron-ion interaction
does not constitute a many body problem because the ions are essentially stationary
on the time-scale of the motion of the electrons (i.e. the electronic and ionic degrees of
freedom are not coupled). Another common approach is to eliminate the valence and core
electrons from the solution of the transport problem (see figure 1.2.2). In this case, it is
assumed that non-conductive electrons are also essentially stationary on the time-scale

of the motion of the conduction ones.
Statistical nature of electron transport

The previous external and internal separation of the degrees of freedom is, however, al-
ways traumatic since it causes a degradation of the description of the system correlations.
This is usually referred as a degradation of the whole system’s available information,
which becomes at best, known statistically®.

Those degrees of freedom that are not explicitly accounted for in the remaining open
system Hamiltonian, are usually reintroduced on the solution of the electron dynamics
in a rather statistical way. Let me explain it through a few examples. Consider, first, the
example depicted in figure 1.2.2. There, valence and core electrons are not consider any
more as actual degrees of freedom. However, they can be reincorporate in the open system
Hamiltonian through the well-known relative permittivity, this is through an essentially
statistical quantity. I have in mind also the electron injection models. Although the
conduction electrons outside the active region are no longer considered as actual variables,
we need an educated guess about how (with which position and momentum) they enter
the open system. In this regard, they are commonly assumed to follow an equilibrium
Fermi-Dirac statistical distribution. Another clear example is again that one of the
Born-Oppenhaimer approximation. There, the suppression of the nucleus dynamics in
front of the electrons ones can be later statistically reintroduced through an effective
interaction between electrons and phonons, an essentially statistical entity. Finally, let
me recall the so called mean-field approaches. There, the Coulomb interaction terms
are first neglected and then reintroduced through an statistical or mean value effective

electrostatic potential.

8Notice that while the reduction of degrees of freedom is a common source of information degradation
in both classical and quantum systems, there exists an additional source of information uncertainty
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Current flow

Internally open

Figure 1.2.2: Schematic view of our open system. A common strategy to study electron trans-
port is to reduce the involved degrees of freedom. Instead of trying to describe a whole closed
circuit, classical and quantum transport approaches reduce the number of variables to be ex-
plicitly described to deal with simplified open systems.

Unfortunately, opening a system does entail some difficulties that must be bear in
mind. From the physical point of view, a system is closed if neither energy nor particles
enters or leaves it, and it is open if there is at least an export or import of energy or
particles. Then, the total energy of a truly closed electron system is conserved, and

its dynamics becomes deterministic?. In particular, the Poincare recurrence theorem!®

holds, and the system is then wholly time-reversal'!. Contrarily, since open systems
are exchanging energy and/or particles with its “environment”, they do not necessarily
conserve its energy, and moreover, since a finite amount of degrees of freedom has been
neglected, a finite amount of information is lost irreversibly in the degrees of freedom of
the “environment”. For example, on the already referred case of the Born-Openhaimer
approximation, once we have abandoned the explicit description of the atomic cores
dynamics, we can perturbatively introduce an effective potential accounting for an sta-

tistical description of the vibrations of the crystal mesh and their interaction with the

belonging exclusively to the nature of quantum mechanics, i.e. quantum mechanics assigns probabilities
to events not merely because we do not know what their outcome will be, but because we cannot know
what their outcome will be [91].

9Even the Schrédinger equation deterministically defines the time-evolution of the wavefunction

10T here exists a time - called the recurrence time - after which the system will return to the neighbor-
hood of its initial conditions. Here “neighborhood” means as close as possible to the initial conditions.

HThis is a result that applies to statistical mechanics, i.e. for microstates, but its extrapolation to
macrostates, which will ultimately obey the second law of thermodynamics, is not obvious at all. See
Refs. [92-94]
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unbounded electrons. Such a perturbative technique, however, besides from being an
approximate one, introduces a clear source of time irreversibility on the system dynamics
due to its stochastic nature. In this regard, it seems that the elimination of degrees
of freedom from an originally closed system is not innocuous at all, and even more, a
simplified or statistical reintroduction of them in the description of the system dynamics

has very relevant consequences.

This matter constitutes a boundary conditions problem on its broader sense, i.e. not
only a spatial boundary conditions problem, but also an internal one. The external
boundary conditions are imposed on the spatial borders of the open system and are the
responsible of properly coupling it to the “external environment” (an example of them
are the already mentioned electron injection models). The internal boundary conditions,
on the other hand, are imposed through the values of certain “coupling constants” (such
as the effective mass, the relative permittivity, etc...) in the equations describing electron
dynamics, and are the responsible of properly coupling the open system to the “internal

environment”.

1.2.2 On the non-equilibrium strongly-correlated nature

Once we accept the necessity of reducing the complexity of the electron transport prob-

lem, the question about what is the best way to do it arises.

Electron transport theory persecutes not only reproducing the exact underlying mi-
crostate of the system but specially predicting a series of macroscopic properties charac-
terizing it. Unfortunately, constructing a standard procedure to correctly predict measur-
able quantities is rather a nontrivial pursuit. Probably, the most difficult part is that of
recognizing those microscopical processes that strongly conditionate a subsequent macro-
scopical behavior. Of course all microscopical processes influence on determining how
the whole system evolves from a macroscopical point of view. Every individual variable,
whether it is a particular core electron, an specific nuclei or a conduction electron, has
an ultimate effect on the whole system dynamics (here resides the huge complexity of
the problem). However, it is also true that we can define a hierarchy in relation with the
importance that such effects have on the measurable magnitudes'?. Therefore, a natural
question is which are those microscopic processes that can not be underestimate in order

to predict measurable quantities such as electrical current.

12Consider, for instance, that, under certain non-equilibrium conditions, we want to estimate the
electrical current across a nanostructure, and we must neglect either the dynamics of the conduction
band electrons or the dynamics of the nucleus. Since ignoring conduction electron dynamics directly
sets current to zero, it is not difficult to conclude that the best choice is to omit nucleus dynamics.
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A non-equilibrium problem

Once the active region of the system has been separate from its external environment, it
can be regarded as an open system coupled to, at least, two particle and energy reser-
voirs'3, the responsibles of impinging electrical current across the channel of an electron
device. Such an electron flow is a process that could never occur under equiltbrium con-
ditions. Since equilibrium corresponds to that state of the system where there is no net
flow of particles or energy in any direction that can be identified at a macroscopic level,
electrical current can be defined as a fundamentally non-equilibrium process.

A non-equilibrium state can be set near or far from equilibrium. Given an applied
bias across the active region of an electron device, depending on its length, the system
will attain either a near-equilibrium state or a far from equilibrium state'*. In partic-
ular, electron devices at the nanoscale, are subject to large electric fields placing the
nanostructures and the conducting electrons therein in far from equilibrium states.

The combination of such a far from equilibrium regime and the openness of the
system comes out into a very complicate problem. Concepts, theorems and results that
make equilibrium statistical mechanics a well-stated theoretical framework, cannot be

straightforwardly carried over to the non-equilibrium case [95].
A strongly-correlated problem

There is no doubt that there exist systems in nature where correlations are not crucial in
the description of their dynamics. As I have already advanced in the preface, a common
way of reducing the complexity of these systems are the so called mean-field approaches.
The main idea of mean-field theories is to replace all interactions by an average or effective
interaction, thence reducing a many-body problem into an effective one-body or single-
particle problem. The ease of solving mean-field problems means that some insight into
the behavior of the system can be obtained at a relatively low cost.

Contrarily, there exist systems where mean-field approaches are not appropriate.
Nanoscale electronic systems are an example of such kind of systems. Due to its aggres-
sively scaled dimensions, nanostructures are in general characterized by simultaneously
holding a small number of electrons (~ a few tens) in a very reduced spatial region (~
a few nanometers). The interaction among electrons becomes particularly important in
this regime because the motion of one electron strongly depends on the motion of all the
others and viceversa, i.e. their dynamics get strongly correlated.

Consider, for a moment, a very narrow (a few nanometers) junction between two

electrodes. Assuming that we can roughly write the Poisson equation as AV = %, where

13ie. an “ideal” system that can supply and receive an arbitrary amount of carriers and energy without

changing its internal state.
14Such an statement can be identically argued if we assume a fixed active region length and we increase
the applied bias.
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V' is the electrostatic potential, () is the total charge in the junction and C' = ETS is the
capacity of the nanojunction (with e the permittivity of the material, S the delimiting
surface of the junction and L its length). Then, since the capacity of the junction is very
small, a little variation of the charge density within the junction will produce a large
amount of change in the potential energy, and consequently also a large variation of the
force field distribution within the junction. In other words, a particular electron dynamics
is there strongly influenced by little variations of the charge distribution around him. An
extreme but really illustrative example of what such a particular regime constitutes is that

of the single-electron devices'.

It seems, then, that any mean-field approach to study
such kind of systems will not lead to reasonable results. In particular, these particular
systems can not be treated in terms of a single-particle transport problem and must
account accurately for electron-electron Coulomb correlations.

Unfortunately, as I have already announced, accounting for electron-electron Coulomb
correlations in a detailed way constitutes, for systems of more than three or four particles
in quantum mechanics, and of more than a few tens in classical mechanics, an enormous
source of complexity. In this regard, in the next section I will introduce a few examples

of how different electron transport approaches tackle this problem.

1.3 Different approaches to treat electron-electron

Coulomb correlations

As I have already noticed, a standard procedure to predict measurable quantities is
rather a nontrivial pursuit. Indeed, higher the complexity of a problem is, larger the
number of approximations that must be accounted for in order to make the system
manageable, and then, larger is the number of existing approaches to address the same
problem. In particular, the notable complexity of electron transport phenomena has lead
to a large range of disparate approaches, every one contributing in a different way to its
understanding.

In this section I would like to briefly introduce some of the approaches to electron
transport that can be found in the literature. The degree of complexity of these theories
is broad, and it is not my intention to describe them in a detailed and rigorous way.
However, on behalf of the importance of accurately treating Coulomb correlations, I will

try to pay attention on stating how and to what extent these approaches account for the

15These device are based on the controllable transfer of single electrons between small conducting “is-
lands”. Once an electron tunnels into the island, the first allowed quantum level (the only one attainable
due to the small dimensions of the island) becomes occupied and moved upward. The displacement of
the quantum level has a pure electrostatic origin that reads reads AE = %, where C' is the capacity of
the “island” structure. Such a phenomenon is not casually called Coulomb blockade.
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strongly-correlate and non-equilibrium nature of electron transport at the nanoscale.
Boltzmann formalism

To completely specify electron transport, we should know the state of each carrier within
the device. In particular, if the carriers behave as classical particles, we should know
each carrier position and momentum as a function of time. Alternatively, we can ask
also what is the probability of finding a carrier distribution with momentums centered
at (p1, ..., pn, 1), locations centered at (7, ..., 7y, t), and time ¢. The answer is the many-

particle distribution function:

f (P, ey PNy DLy e DN, E) dS2, (1.2)

where df2 is an infinitesimal element of the phase space spanned by the coordinates and
momenta of all carriers. For most of the systems of interest, however, the many-particle
distribution function, f(7,...,7n, D1, .., Pn, ), is too difficult to be determined since it
contains all possible correlations among particles, i.e. how each particle motion depends
on the other particles. A simplified distribution function is the one-particle distribution

function:
N
PR o [ TLARRS (77 oo o i ). (13)
1=2

Given the phase-space volume dirdp, the quantity f (7, p,t) dridp'is the average number of
particles that at time t is found in a phase-space volume drdp, around the phase-space
point 7, p’ [88].

The Boltzmann transport equation is precisely a semiclassical equation of motion
for the single-particle distribution function, also known as the Boltzmann distribution

function [96]. More precisely

af (F,]?,t) ﬁ = I R - - af (F7ﬁ7t)
— -V, f(rpt)+F-V pt) = | ———— , 1.4
5 T Vel (ER) + E V(7 p) ) (1.4)
where F is an external force and (%) is the so called collision integral, which
coll

contains the description of interaction processes. In most of practical cases, the collision
integral is approached through the standard perturbation theory using scattering rates
calculated at a two-particle level.

The Monte Carlo technique applied to the solution of the Boltzmann equation has
been one of the most successful tools chosen by the international scientific community to
simulate electronic devices. It consists on simulating charge dynamics within a semicon-
ductor crystal under the action of electric (and magnetic) fields computed self-consistently

through a mean-field Poisson equation. Charges are represented as classical punctual
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particles, and the influence of the atomic mesh over them is considered through the effec-
tive mass approximation and a set of scattering mechanisms obeying the Fermi’s golden
rule. The great popularity of the Monte Carlo method lies on its microscopic description
of electron transport by means of intuitive trajectories obeying Newton’s laws, which
make it possible to obtain relevant information about the microscopical processes related
with the charge transport. Furthermore, its random nature allows to study stochastic
phenomena such as current noise.

Although the Boltzmann transport equation (and the Monte Carlo method) accounts
for far from equilibrium conditions, its fundamental limitation comes from its single par-
ticle formulation, that is, it describes a many particle system of carriers in terms of a
single particle distribution function. More precisely, electrostatic electron-electron in-
teractions are described again by means of a mean-field Poisson equation. This does
not provide an exact treatment of the classical electron-electron correlations but only an
average estimation [1, 2]. Attempts to improve correlations among carriers are usually
considered through the statistical collision integral, which, due to the tremendous analyt-
ical complexity associated with the many-body problem becomes in practice a two-body
formula.

Other obvious limitations of the Boltzmann transport equation are its classical nature
and the instantaneous localized in space binary collisions. On the other hand, however,
its formulation takes into account in a rather easier way far from equilibrium situations

and transient regimes.
Drift-diffusion and hydrodynamic approaches

Although the Boltzmann tranport equation constitutes a single-particle treatment of
the electron transport problem, it is still time consuming. Simpler and less demanding
approaches are often required depending on the purposes of each study. The use of bal-
ance equations [97] derived from the BTE is a common procedure to obtain simplified
kinetic equations. There are infinite balance equations or moments of the Boltzmann

6 i.e. the carrier density

equation, however the first three are probably the most known!
continuity equation, the momentum conservation equation and the energy density con-
servation equation. These equations constitute the basis of the so called hydrodynamic
transport equations [99]. Assuming the relaxation time approximation for the collision
terms and neglecting generation-recombination processes, the hydrodynamic carrier den-
sity continuity equation, the hydrodynamic momentum conservation equation, and the
hydrodynamic energy conservation equations, respectively read as follows:
on

a5 + V (nv) =0, (1.5)

6Higher order moments are discussed for example in Ref. [98]
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where n, ¢ and € are the average carrier density, velocity and energy of the electrons
respectively, m is the effective mass, Kg and T, are the Boltzmann constant and the
temperature of the carriers, and 7, and 7, are the momentum and energy relaxation
times respectively. Equations (1.5) till (1.7), together with the solution of the mean-field
Poisson equation constitute the mathematical formulation of the hydrodynamic model.

Needless to say that such a simplification of the BTE, besides other additional limita-
tions, still suffers from the same limitations as the BTE, this is from being a single-particle
approach.

The hydrodynamic model has been used extensively to analyze and design electron
devices, however, probably, more widely used is the “first order” drift-diffusion model,
which, accounting only for the first two moments of the BTE, has been the basis of the
classical electron device analysis during several years and still constitutes a very useful
technique [43, 100, 101].

Departing again from the first three moments of the Boltzmann transport equation,
but now assuming that the gradient of the carrier’s temperature is negligible, that the
carriers are always in equilibrium with the crystal, that the term (W U is small enough
in comparison with the other terms, and finally assuming a quasi-stationary regime,
the equations to be solved are reduced to the drift-diffusion carrier density continuity

equation and the drift-diffusion momentum conservation equation, i.e.

on 1o - on

—=-VJ — 1.8

ot € +(at>coll7 (18)
J =nuF + eDVn, (1.9)

and the mean-field Poisson equation. In (1.9) D is the diffusion coefficient defined through
KpTu

e 9

the Einstein relation D = p = < is the electron mobility, and J=¢-7.

Besides from still suffering from a single-particle treatment of electron dynamics,
the drift-diffusion equations assume thermal equilibrium between the crystal and the
conducting electrons, which constitutes a strong approximation that forces the system

to remain under near-equilibrium conditions.
Landauer approach

The Landauer approach probably constitutes the simplest quantum description of elec-
tron transport. Nonetheless, its ingenious and intuitive formulation has make it possi-

ble to understand several quantum transport phenomena. It supposes that the current
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through a conductor is only expressed in terms of the transmission probability of carri-
ers injected from the external contacts. Assuming an ideal steady state, the role of the
reservoirs is simply to continually prepare electrons in the distant past (and far from the
nanoscale junction) in one-dimensional scattering states entering a particular n channel
with a particular wave vector k, i.e. o, (z) = e**. The scattering states move towards
the junction from the leads, scatter on the junction (time-independent) mean-field poten-
tial, and subsequently move far away from it without further scattering (see figure 1.3.1).

These are known as scattering states. The current density of the state is computed ap-
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Figure 1.3.1: Once the transport has been transformed into an ideally stationary one, the
dynamical coupling with the reservoirs can be replaced with scattering boundary conditions at
infinity.

plying the standard current operator. On the other hand, the total steady-state current
is computed as a sum over the current of each scattering state weighted by distribu-
tion functions, T'(k) or R(k), statistically describing the transmission and the reflection
probabilities respectively.

Probably, the main result of the Landauer approach is the conductance formula (i.e.
the conductance quantization), which constitutes one of the most important achieve-
ments in quantum electron transport theory. In particular, the initial “four terminals”

conductance proposed by Landauer [9, 102] was
G =1/V*=2-¢*/h-(T/R). (1.10)

Equation (1.10) relates the conductance to the total transmission and reflection coef-
ficients of the electron device, and provides a conceptual framework of thinking about
conductance. But another conclusion can be extracted from (1.10). Electrostatic poten-
tial is dropped locally around the scattering center (see ref. [65] for a deeper discussion
on this point). In section 2.3 I will return to this point in order to discuss the boundary
conditions of our approach to electron transport.

The original formulation of the Landauer approach neglects electron-electron inter-
action, i.e. it assumes that the systems behaves as a Fermi liquid [7]. In particular, the

two-terminal version of (1.10) is

G =1/V¥*=2-¢*/h-(T). (1.11)
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The popularity and the main virtues of the Landauer approach are due to its sim-
plicity, the relatively low computational requirements and its rather intuitive picture of
quantum electron transport. However, since continuous particles (scattering states) are
assumed throughout the system, transient simulations are difficult or impossible to im-
plement using the Landauer approach, i.e. it is a steady-state formalism. But moreover,
Landauer approach, although accounting for far from equilibrium regimes, constitutes a
single-particle scattering approach to steady-state transport, that is, the Landauer ap-
proach can, by definition, only capture mean-field properties of the electron dynamics

even if it is accompanied by the use of ground-state DFT'7,
Wigner function formalism

The quantum analogous of the classical many-particle distribution function (1.2), is the
generalized Wigner pseudo-distribution, also called Wigner function. It was introduced
by Eugene Wigner in 1932 to study quantum corrections to classical statistical mechanics
[103]. The goal was to link the wave function that appears in the Schodinger equation
to a probability distribution in phase space.

It was firstly introduced by Wigner as:

“+o00
fu (Fl,...,FN,kl,...,kN,t> OCZ/ U (7 + 1, oo Ty + G 1) -
j —0o0
N —_
W (T = Y1y TN — UN, ) de*ke“wi. (1.12)

Nonetheless, the Wigner function is today understood as the one-reduced Wigner pseudo-

distribution. Analogously to the deduction of the one-particle distribution function

f (7, p,t) from the classical many-particle distribution function f (71, ...,7nx(t), P1, ..., Pn (1), 1),

from the density matriz

IGRRR ij (U (Fyy ooy s 1) (95 (7 o, P, ) (1.13)

we can obtain a reduced density matriz as follows

N
p (7,7 ) o Z/xpj (F, s ooy P, ) U5 (7, 7, o, Py ) [ [ 75 (1.14)
j i=2

1"The exact exchange-correlation functionals needed in density functional formalisms are unknown
and they have to be approximated. Therefore, the electron-electron correlations are approximated to
some extent.
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The Wigner function, can be then calculated from the reduced density matriz as

00 o
fu(REA) o [ pe .7 = 5.0)dge™ (1.15)

— 00

The kinetic equation for the Wigner function, reads very similar to the Boltzmann one,

i.e. [74]

w + %Eﬁrfw (F, K t) +-L /di%’Vw (F, K- E) Fu (F, E’,t) -

2mh
Ofu (7. k.t
- < <8t )>coll7 (116>

where the Wigner potential V,, is defined as

Vo (7 F) = - / (V (7= §) = V 7+ ) exp (~ik7) i (1.17)
ih (2m)

In this regard, the Wigner formalism is based on solving the Wigner function transport
equation in the same way as the Boltzmann transport equation does for classical systems.

The Wigner formalism has several virtues. It constitutes a time-dependent approach
to electrical transport accounting for far from equilibrium conditions in a rather natural
way. However, the limitations of the Wigner function method are very similar to those
of the BTE. In the same way as the collision integral in the BTE, the Wigner’s one
can account, in principle, for all the many-body interactions. Unfortunately, obtaining
analytical expressions for the collision integral is a very complicate job, and in practice,
interactions are included just at a two-particle level. In this sense, the Wigner function

constitutes in practice a mean-field approach to quantum electron transport.
Non-equilibrium Green’s functions formalism

Non-equilibrium Green’s functions (NEGF), also referred as Keldysh formalism [104, 105],
constitutes perse a many-body technique which allows us, at least in principle, to solve
the time-dependent Schrodinger equation for an interacting many-body system exactly.
This is done by solving equations of motion for specific time-dependent single-particle
Green’s functions. However, NEGF are deduced from perturbation theory'®, so they can

be strictly applied only to those systems where many-body perturbation theory holds!?

IBNEGF formalism follows steps similar to those of the kubo approach to determine the response of
a closed system to an external time-dependent perturbation. However, the major difference with the
Kubo approach is that it do not limits to weak perturbations.

Y Examples of problems beyond standard many—body perturbation techniques are the Kondo effect
[106] or the Luttinger liquid [107].
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88].

A rigorous introduction of the basis of NEGF requires a basic knowledge on the
second quantization formalism [10, 88], so it becomes difficult to introduce them in a
self-contained way without introducing some concepts that would extend unnecessarily
this rather informal resume. However, another way of introducing NEGF is through

the quantum kinetic equation (1.16) for the Wigner function. There, the collision term

0 fu (7K, . < < :
<#) can be defined in terms of the lesser g and greater g self-energies
coll

as

N DSt (RACE) Do FREY

In (1.18), the self energies, which can be understood as in and out scattering rates,
contain all many-body correlations. However, its exact solution is in general unknown
and mean-field assumptions must be taken into account.

Despite the powerful and rigorous character of non-equilibrium Green’s functions,
they are in general accompanied by a rather nonintuitive and hard mathematical for-
mulation. Even more, although electron-electron interactions beyond the mean-field
approximation can be introduced throughout the self-energies, using them, except for
simple model systems, it is a huge computationally demanding task, and most of the

time outright impossible.
Density functional theories

The ground-state density functional theory (DFT) was originally formulated by Hohem-
berg and Kohn in 1964 [19]. Starting from an N-electron Hamiltonian

A~

H(Fla'-wFNaﬁlw“aﬁN):T+W+V7 (119>

where 7' is the kinetic energy operator and W is the electron-electron interaction operator.

Defining the density operator n as the reduced density operator (1.14) evaluated at 7 = 7

and satisfying

/n(F) dF = N, (1.21)

then, the operator V, describing a local static potential (like the electron-ion potential),

can be written as

- /dFV () (7). (1.22)
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If it is assumed now that for a given V'(7) we have found a density n(7), satisfying (1.21),
which corresponds to the ground state of the Hamiltonian (1.19), then the Hohemberg-
Kohn theorem states that two external potentials, which differ by more than a constant,
cannot give the same ground-state density. This establishes a one-to-one correspondence

between the external potential and the ground-state density [19].

Inspired on the above theorem, Kohn and Sham deduced in 1965 their famous equa-
tions [22]:
n? -
o TV () Va4V (| o () =S, (0

corresponding to the solution of the time-independent Schrodinger equation of auxiliary

non-interacting electrons in the presence of the potential Vg () = Vi (7)+ Ve (7)+V (7)

where

3

G (1.24)

_777"

=y

VH(F):eQ/dF"

is the Hartree potential, and V. (7) is the unknown exchange-correlation potential in-

cluding all the many-body correlation effects.

Solving the above equations yields the wavefunctions ¢£ (7), from which the ground-

state density is
N
GES RG] (1.25)
k=1

All properties of the ground-state system can be then extracted from (1.25). Unfortu-
nately, since the exchange-correlation potential is unknown, some kind of educated guess

must be formulated.

The main limitation of the ground-state density functional theory in order to describe
electron transport, is precisely its ground-state nature. In other words, such a theory
assumes that the system under study occupies a time-independent equilibrium state. This
seems to be not a good starting point in order to describe electron transport. However,
there exists some generalizations of the above theory. For instance, Runge and Gross
generalized DFT to its time-dependent version in 1984 [31]. Time-dependent density
functional theory (TDDFT) includes time in the previous results in a very natural way,

and more importantly, it is capable of describing non-equilibrium scenarios.

Including a time-dependence into the Kohn-Sham potential, i.e. Vg (7, t) = Vi (7, t)+
Vie (7 t) + V (7, ), the time-dependent version of the Kohn-Sham equations becomes
0 R

h— + — V% — 7)) — SN (R KS (24 _
thay + 5 V" = Vi (T1) = Vae (1) = V(1) | 67 (7 8) = 0. (1.26)
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And the charge density is then

n(Ft) =Y |ors (7.1)]. (1.27)

TDDFT is in principle capable of accounting for both, far from equilibrium conditions
and many-body phenomena. There exist, too, a series of theorems based on some refor-
mulations of the TDDFT?’ guaranteeing that, if we know the exact dynamical functional
Ve (7, 1), all many-body dynamical effects can be evaluated using effective single-particle
equations. In other words, they guarantee that if we knew the exact functionals of the dy-
namical density-functional theories, we would obtain the exact current of the many-body
system with all electron-electron interactions included [88].

Unfortunately, although such theorems constitute a formal demonstration of the va-
lidity of dynamical density-functional theories on predicting the macroscopic electrical
current, the true is that we do not know the exact functionals, and some mean-field

approximations must be used.

20There exist two modifications of the TDDFT called time-dependent current density functional theory,
TDCDFT [14], and stochastic time-dependent current density functional theory, STDCDFT [108].
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CHAPTER 2
Electron Transport Beyond the
Mean-field Approximation

2.1 Introduction

Along this chapter I will introduce the main contributions of this dissertation in the
construction of a many-particle approach to classical and quantum electron transport.
Before introducing the fundamental pieces of our approaches, however, I want to briefly
argue why they constitute a significant change on the way of describing electron-electron

Coulomb correlations.

2.1.1 Preliminary Discussion

As I have already pointed out, electron dynamics becomes strongly-correlated at the
nanoscale. However, although interacting many-electron systems are well assessed through
the exact expression of the system’s Hamiltonian, its exact solution is a very hard problem
when the number of interacting electrons increase farther than a few tens in semi-classical
approaches and farther than 3 or 4 for quantum approaches. Let me put some numbers
on the table in order to see that. Consider a three-dimensional system with a spatial
mesh discretization containing 100 nodes on each three-dimensional spatial direction. In
the quantum case, this means that a single-particle wavefunction would be defined by a
matrix containing 10° elements. Moreover, if we have 10 electrons, then the complexity
of the problem grows up exponentially, and the number of elements contained in the
matrix defining the wavefunction becomes 10%°. Assuming now that we can store the in-
formation of each matrix element using numbers contained in 10 bits, we then need 10%
bits to describe the system’s wavefunction. Current hard drives have storage capacities
of the order of 1Thyte= 8 - 10%bits, so, in order to manipulate a simple wavefunction
with the above characteristics, we need at least 10°° computers!. Although the classical

counterpart of this example is much less demanding, dealing with a few tens of electrons

21
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start to be a very hard problem to solve. In this regard, the treatment of the many-body
problem in electron devices constitutes a huge challenge, and mean-field approaches to

electron transport appears as a really helpful simplification of the problem [2].

In the previous chapter (see section 1.3), for example, we have seen that in classical
approaches based on the Boltzmann equation or its moments, the electrostatic interac-
tion among electrons is obtained from the solution of a single-particle Poisson (Coulomb)
equation [1, 3-6]. In order to read a deeper discussion on the use of mean-field approx-

imation in semi-classical electron transport approaches the reader is referred to Refs.
(65, 66, 68] and [1, 3-6].

Due to its additional complexity, quantum approaches can deal with even more simpli-
fied descriptions of electrostatic correlations. The Coulomb interaction among electrons is
directly not considered in many quantum transport formalisms [10, 11]. As I have already
pointed out in Section 1.3, the well-known Landauer approach is a very successful example
of the applicability of this assumption. The Fermi-liquid paradigm has, however, impor-
tant difficulties when dealing with high-frequency [11, 13] low-dimensionality [14, 15] or
Coulomb blockade regimes [11, 16]. Improvements of the description of electron correla-
tion are encountered in the Wigner and nonequilibrium Greens function formalisms intro-
duced in the previous chapter. They provides an interesting path to solve the Schrédinger
equation with the many-body Coulomb interaction introduced perturbatively [17, 103].
However, although both treatments can deal, in principle, with many-body electron dy-
namics, the mean-field approximation appears again as a solution for realistic electron
transport situations. Finally, in extensions of the equilibrium density-functional theory
to deal with electron transport by means of a time-independent formalism [28] or with
a powerful time-dependent version [29-31], the exact exchange-correlation functionals
needed in both formalisms are unknown and they have to be approximated to some

extent.

All the above approaches to electron transport share a common strategy to describe
electron-electron interactions. Instead of directly dealing with electron-electron Coulomb
interactions, they first reduce them to a single-particle scenario for later recovering a
many-body problem by means of an “effective” potential. Notice for example the case
of the approaches based on the semi-classical Boltzmann distribution function. There,
the many-body phase density (see expression (1.2)), is firstly reduced to the one-particle
reduced density (see expression (1.3)), and then, many-body phenomena are reincorpo-
rated, in principle, through the collision integral of the kinetic transport equation. A very
similar situation is that of the Wigner function, whose derivation depends on firstly re-
ducing the many-body density matriz to the reduced density matriz (see equation (1.14)).
Non-equilibrium Green’s functions are not so different. The many-body time-dependent

Schrodinger equation is there solved in terms of time-dependent single-particle Green’s
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functions containing the self-energies which include, in principle, all many-body correla-
tions. Density functional theories proceeds in a very similar way. Many-body phenomena

are reintroduced in this case through the exzchange-correlation potentials.

In what follows I will follow a different strategy. Instead of trying to reduce the
problem to a single-particle one, I will directly work with a many-particle description of
the Coulomb electron-electron correlations. Throughout this chapter, I am interested in
revisiting the computation of an ensemble of Coulomb-interacting particles in an open
system without any mean-field or perturbative approximation. With this goal, I will de-
velope a many-particle Hamiltonian for open systems in terms of the solutions of multiple
Poisson equations. This Hamiltonian will be supported with a sort of boundary condi-
tions, one for each electron inside the open system, accounting for Coulomb correlations
among them and the non simulated electrons in the leads. After this, I will present a
classical and also a quantum solution of the many-particle Hamiltonian, both applicable
to realistic three-dimensional simulations of electron devices. I will present the classical
and quantum algorithms together because they solve the same many-particle Hamilto-
nian and moreover both share many technical details. The use of a common classical
and quantum language based on Hamiltonians, is however not casual. It is my intention
to emphasize the similarities between classical and quantum mechanics. I will give some

arguments about this point in the next subsection.

2.1.2 Coulomb correlations: A classical or quantum phenom-

ena”?

A common way of classifying electron transport approaches is that one in terms of their
capability of accounting for quantum phenomena. Of course it is important whether
a particular approach can deal or not with quantum phenomena, but depending on
the particular structure we want to deal with, it can be equally important if such an
approach can deal with single-particle or many-particle correlations, or furthermore, if
such an approach can deal with equilibrium or non-equilibrium conditions. In order to
appreciate this, let me compare classical and quantum mechanics in a rather uncommon

way.

It would be indeed very illustrative if we could write quantum mechanics in terms of
quantum trajectories comparable to classical ones. This is what Louis de Broglie and
later David Bohm suggested some time ago (in Appendix A I present an introduction to
the formulation of Bohmian mechanics) [109, 110]. For instance, the quantum Newton’s

like equation corresponding to the closed Hamiltonian (1.1) can be written in terms of
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bohmian trajectories as:

dt
MT w MT
_evk{Z%(rk,nH ST ZVe () + Y Qs (7, ,Fw,t)}]ﬂ 2
Jj=1 j=Mp+1 j=1 1:=?"1[t]
J#k ot o

where

W2 V2R (7, ..., Py, )
2m R(’I?l,.‘.,’l?w7t) 7

is the quantum potential (see Appendix A for a detailed explanation on its origin) asso-
ciated with the j-th trajectory. If we compare now the previous quantum equation with

its classical counterpart, i.e.

duy, (7% [t] , 1) Iy Lo w o
mT = —er{Z Vo (T, 75) + Z ZiVo (rk,rj)} o 7 (2.3)
Jj=1 j=Mrp+1 7“1::7‘1['5}
7 Tw =Tw [t]

it can be easily concluded that the ultimate origin of quantum phenomena can be repre-
sented by just an additional potential term!, i.e. Q.

A reasonable question arises, then, if we wonder about why such an additional poten-
tial term, @, should be more “important” than the Coulomb one, Vj, in (2.1). Indeed,
if we could exactly solve (2.1), then this question would be easily answered by simply
analyzing the results. Unfortunately, as I have already argued, due to computational
limitations, we cannot do that. So, we must decide which term in (2.1) deserves more
attention, or, in other words, what level of accuracy we want to assign to each term in
(2.1). This is not an easy decision to take, and in general on must think about it carefully.
Indeed, it seems that, depending on the particular scenario we are dealing with, quantum
potential correlations and Coulomb correlations does not take equal “weights”, and then,
the adjectives quantum and strongly-correlate will not acquire the same importance. In
fact, during this dissertation I will use both a semi-classical and a quantum approach
to electron transport presented in a very similar way, and depending on the particular
system under study, in chapter 4 I will use one or the other. In summary, from the above
discussion I want to emphasize the idea that differences between a classical and a quan-

tum description of electron transport can be less important, depending on the system

'Let me clarify that the exchange interaction is always present in a system of identical particles
(electrons), but it will not be mentioned in this section because it does not affect explicitly the expres-
sion of the (first-quantization) many-particle Hamiltonians discussed here. The exchange interaction
is introduced into the symmetry (when electron positions are interchanged) of the many-body wave-
function. We will briefly revisit this issue in section 2.4.2, when dealing with the quantum solution of
the many-particle Hamiltonian.
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under study, than the differences between single-particle and many-particle approaches.

2.2 The many-electron open system Hamiltonian

I proceed here with the deduction of an expression for the many-particle open system

Hamiltonian.

2.2.1 Towards a many-electron single-band effective mass equa-
tion

Some electron transport approaches, spend much effort on formulating a rigorous treat-
ment of the effect of the electron correlations on the description of the band structure
of the nanostructure, and much less effort on providing a reasonable description of the
correlation among transport electrons, i.e. carriers. Here, with the aim of accurately
describe the dynamical electron correlations I will took the opposite direction.

Suppose the whole closed circuit described in section 1.2.2. The Hamiltonian of such

a system can be defined as

Mt

— — — — — 1 - =
Hcircuit (7“1, - 'w, P1, ’pW) - Z {K (pz) + 5 Z 6‘/()(7“177“3')}
B
w 1 w
+ 3 K@+ Y ez )
i=M+1 j=M+1
J#i
M w
YD eV, ) (2.4)
i=1 j=Mp+1

where K (p;) is the kinetic energy of the i — th particle with a momentum pj, e is the
electron charge, 7; is the vector position of the i-th particle, and Z; is the atomic number
of the i-th atom. The term

(&

V(7. 7;) = (2.5)

dmeg |7 — 1)
is the Coulomb potential with ¢y the vacuum permittivity.

The time-dependent Schrodinger equation that describes the evolution of the circuit

wave function, W ey, 18

aqjcircuit
h—— = circui \chircui ’ 2.6
o % circuit (2.6)
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The adiabatic and the bounded electrons approximation

Unfortunately, the solution of the Hamiltonian (2.4) is unaffordable, and we must simplify
it. In order to reduce the degrees of freedom involved in (1.1), we first remove its explicit
dependence on the valence and core electrons by modifying the vacuum permittivity
(e0 — € = &, - g9, where g, is the relative permittivity) and account for an average
induced polarization between the bounded electrons and the nuclei [111]). Furthermore,
we assume the adiabatic approzimation?® [10, 112-114] (also called Born-Oppenheimer
approximation) under which conducting electrons are moving in a quasi-static atomic
potential defined by the fixed positions of the atoms?.

The original Hamiltonian (1.1), has been reduced to the carrier’s one:

Hcarriers (Tla ces M5 P1y -5 P ) =

M

M 1 M W .

S ARG +3Y eV + Y eZV@E Ry} (27)
i=1 j=1 j=Mr+1

i

where M is now the total number of unbounded electrons, and R; are now the fixed

positions of the atoms. The Coulomb potential,

e

(7. 73) Ame |r; — 75 (28)

has been properly redefined accordingly to the effective value of the dielectric permittivity.

From now on, the dynamics of the nucleus and the bounded electrons are not anymore

explicitly accounted for, and hence, we do not deal anymore with the circuit wavefunction,

WU ireuit, but with the wavefunction of the M (M = My — N,) unbounded electrons (i.e.
carriers), W gy riers, Obeying the next Schrédinger equation

a\pcarm’ers

) h - = Hcarrierslpcarriers 29
; - (2.9)

Single-band effective mass approximation for many-particle systems
Despite the previous approximations, we are still dealing with an insolvable problem. In

order to continue reducing the degrees of freedom, an important decision to be made is

that of the energy band model that will be used. Two choices have become popular for

2While the nuclei mass is much larger than the electron’s one, the mean value of their equilibrium
kinetic energy is comparable. Thus the electron’s velocities are much larger than those of the nucleus
and a new spatial electron distribution is established within a negligible time lapse in comparison with
that of the nucleus.

3An effective potential Ug (7,t) describing the interaction of the unbounded electrons with the vi-
brations of the crystal mesh can be introduced ad-hoc by using perturbation theory
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electron device modeling: the “tight-binding” model* [115] and the “envelope-function”
model® [114]. Here the electron-atom interaction potential is assumed to be an average
over a unit cell of the atomic lattice of the semiconductor, and the carrier kinetics, leaving
electron-electron interactions aside, is treated almost the same as a free carrier, but with a
modified mass called the effective mass, denoted m*. The envelope-function model is thus
often called the effective mass model. The tight-binding approach, as its name indicates,
takes the opposite extreme of a nearly-bound carrier. The electron-atom interaction
potential is periodic, with deep energy wells at the atomic cores. The tight-binding
approach is theoretically more accurate, but it is significantly more computationally
demanding. This presents another trade-off choice of accuracy versus computation time.
Here, the tight-binding approach was rejected in favor of the envelope-function potential
model.

In order to further simplify the previous Hamiltonian (2.7), we define Hy as that
part of the whole Hamiltonian containing the kinetic terms and the interaction among

electrons and atoms. Hence, we can rewrite (2.7) as

R . 1 N
Hca’r’riers = HO + 5 Z Z eV (Tia Tj)v (210)
i=1 j=1
J#i
where
M M G
Ho=S Hy=Y" {K @)+ > ezV <17Z~,Rj) } (2.11)
i=1 i=1 i=Mp+1

On one hand, Hj is separable, and hence, we can find monoelectronic eigenstates for
every one of the M Hamiltonians Hy;. Moreover, if we assume an ideal periodic atomic
structure, solutions of these monoelectronic Hamiltonians are the Bloch states.

Since the M Hamiltonians included in Hj are all identic, we can solve them in one go
by using a generic variable 77 instead of 7;. Consider the solution of the time-independent

Schrodinger equation for every Hy, in (2.11):

- “ _
o Vi + Z eZ;V (r,Rj>

¢ Jj=Mr+1

Gk (7) = E(k) (), (2.12)

where k refers to the wavevector of the well known Bloch wave functions, ¢, x(7), defined

as
G (T) = Up (T) exp <1EF> : (2.13)

where u,, j, are periodic functions with the same period of the lattice defined by the vector

4Also known as the LCAO (linear combination of atomic orbitals) model.
5Also known as the nearly-free carrier model or the effective mass approximation.
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2y

U (F + @) = w1 (7), (2.14)

and satisfy
/ Un o (F) - Uy ()T = S (2.15)
unit—cell

For each value of k there exist an infinite number of eigenstates ¢, withn =1,2,3, ...
Every eigenstate ¢,, 1, is associated to a different band n, i.e. when k varies, the eigenstates
cross a series of band energies [115]. In the present discussion I will assume that electrons
can be described by linear combinations of Bloch states of one single band, neglecting

inter-band transitions.

Since the eigenvalues, E(k) in (2.12) are also periodic
E(k) = E(k + K), (2.16)

with 5
Kj=j—, j=12 .., (2.17)

a
then all the information related with the band structure can be spatially reduced to the
first Brillouin zone [115]. Moreover, if we develop (2.16) in second order Taylor series

around the band minimum kg, then we can write

. L1 L. .
E(k) = E(ko) + ém;é(ka — kap) - (kg — kgp). (2.18)

The quantities m;é have the dimensions of an inverse mass, and represent the second

derivative of the energy with respect to the wave vector components a and 3, i.e.

| 028 (F)
Moy = 5 S : (2.19)
o h? Ok,0ks

k=ko

As the value of a second derivative does not depend on the differentiation order near
the band minimum, m;é represent a symmetric tensor. The components of this tensor
depend on the coordinate system. In particular, the coordinate system can be chosen
so that the non-diagonal components vanish (we call this components z, y and z for

simplicity), that is, mgﬁl = 0 for aw # (. Then, we can rewrite expression (2.18) as

P2(ky — heo)? | 12(ky — ko) | 2(k — hso)?

* * *
2m; 2my 2ms

E(k) = E(0) + : (2.20)
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where

O*E (k
a5

kj=kj,0

is the electron effective mass associated with the spatial direction j with j = x,y, 2.

Let me recall that we are looking for a solution of the whole Hamiltonian in (2.10)
instead of a solution of Hy. Although the electron-electron interaction term appearing in
(2.10) does not allow a single-particle description of the problem, we can use the Bloch
states as an orthonormal basis for any M-particle wave function ¥ .q,rs. Hence, we can

write W grriers &S:

\charriers('r?la sery FM; t) = Z a<k17 ceey kMa t) (,bkl (Fl) ¢k2 (F2> e (ZﬁkM (FM)v (222>

k1,.knm

where ¢y, (7;) is the Bloch wavefunction associated to the i-th electron with a wave vector
l;:i, solution of the Hamiltonian Hy; defined in (2.11). Then, we can introduce (2.22) into

the carriers Hamiltonian (2.10) to write

B aq’carmers (le .- TMv H —
(4 ot § 01 carmers 7“1, < T t)_'_

| MM
+ 5 Zzev carriers(Flyn-,FM,t). (223)
The first term in the right hand of equation (2.23) as

[Z HOz] carmers( T, 7FM7t> =
> alk, o k) [ (Horr, (7)) Gy (P) « -+ iy (Far) + -+ -+

k1,...kn

+ Oy (71) « - Grggy (Fra—1) (Hons Gy (Par)) |- (2.24)

Now, using the periodicity of E(/;), it can be demonstrate that an operator E(—Zﬁfj)
involving the derivatives 6,?] has the same eigenstates and eigenvalues as the monoelec-

tronic Hamiltonian ]:Ioj. That is
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Using this property, we can write

[ E H01:| carrzers(rla T2y ..ny TM) [

and equation (2.23) can be finally written as:

_Z Vn :| carriers(Fla’F% -'-;FM,t), (226)

”ME

a‘ycarriers (7"1, T2y TM, t)

- _
! ot
M 1 M M
E_ZV'F' + = eV Fia??']\ljcarriersfafv‘”af 7t' 2.27
[;< AP IR (i Py P ). (2:27)

J#i

The previous equation is a single-band effective mass equation for many-particle systems,
and constitute an important simplification of equation (2.9). The complicate lattice

potential has been described by means of a single number: the effective mass.

The electron-electron interaction potential usually varies slowly in comparison with
the lattice one, and the wave function W .g.piers(71, 72, ..., Tar,t) can be written as the
product of an envelope function slowly varying and a product of Bloch functions evaluated
at the band minimum rapidly varying. Assuming that the Bloch functions can be written

as

¢r(7) = exp(i k- 7) - uk(7) ~ exp (’L k- F) “ugo () = exp (Z(l; - lgO) | F) “Pro(7),  (2:28)

then the many-electron wavefunction (2.22) becomes

\charriers(Flu “'77?M7 t) - Z a(klv ] kMa t) + €Xp (ZUZI - EO) : 7:)1) : ¢kO(F1) T
ki,..kar

This means that Uigmpiers(71, 72, ..., Tar, t) can be defined as the product of an envelope

function F(,...,7y,t) and M Bloch functions evaluated at the momentum origin /;0:

\charrieTs(Fla FZ) sy FM? t) =
= dro(71) - Oko(Tar) Y. alky, ... kar,t) exp (i(ky — ko)™) - - exp (i(kar — ko)Tur)

P
= Oro(™1) - ~Oro(Tar) - F(T1, .oy Tass )
(2.30)

Using again the periodicity of (lg) it can be demonstrated that:

E(=iVz) - (¢r0(7)) - F(Fr, oo Tar, 1) = bpo(Fy) E(ky — i Vi) - F(71, o Pan, 1), (2.31)
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If we develope now E(ko — iﬁfj.) in Taylor series around ky as in (2.20), we can write

A = = pad h2 62 62 82
1o g (L - . _ 2.32
(ko —1iV5z,) (ko) + 5 ( t mox; ! m:0%y; ' m;@?zj) 232

where F (l;o) can be set to zero since it does only defines an energy reference origin. Then

we can write a many-particle envelope equation

n OF (7, ..., Tas, t) _

ot
M M M
Z h? 02 0? 0? 1 ZZ - - -
[, 2 (m*8x2 * m:oy? - m*azz) - 2 Lt v (7’1,7”3‘)} B o Taay 1) (2:33)
j=1 Ty Y=g 277 i=1 j=1
J#i

Since the envelope function is roughly constant along a single unit cell, using the ortonor-
mality of the functions uy () defined in (2.15), it can be easily demonstrate that the com-
putation of the current and charge densities averaged over a unit cell can be obtained
either from the whole carriers wave function or simply from the many-particle envelope
function in expression (2.33). Therefore, if we do not care about the ultimate atomistic
detail of the shape of the current and charge densities, we can directly deal with the en-
velope function instead of the carriers one. In this regard, references to the wave function
will denote references to the envelope function from now on.

Therefore, by simply redefining K (pj) as:

K@m——ﬁ< > .z i ), (2.34)

+
* 2 * )2 * )52
2 \mpox;  mydy;  mioz;

our initial Hamiltonian (2.4) can be finally reduced to the next one:

oy = i [K () + % ieV@,Fj)] - (2.35)

2.2.2 Many-electron open system Hamiltonian

The Hamiltonian in (2.35) is still computationally unaffordable because it involves a
huge number of degrees of freedom (those of the battery, contacts, leads, etc...). We
must reduce the described space region (see figure 2.2.1).

From now on we externally open the system and focus only on the active region® of the
electron device we want to study in detail. This is indeed a fundamental approach that

any electron transport simulator must assume (regardless the approximations considered

61 will refer to the sample or active region indistinctly.
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Figure 2.2.1: Schematic description of the different parts of the electron device. In section 2.3,
an analytical parametric 1D solution is deduced for the (blue) dashed region, while a numerical
3D solution is obtained in the (yellow) solid central region defined as the simulation box. A
small part of the highly doped leads is included into the simulation box in order to account for
complex phenomena appearing at the interface. The definition of the variables in the figure are
introduced in section 2.3 when discussing the boundary condition algorithm. Subsets refer to
schematic representation of the (a) scalar potential, (b) electric field, (c¢) total charge density
and (d) doping density.

up to this point) in order to be able to solve the Schrodinger equation for quantum
systems or the Hamilton-Jacobi (Newton) equations for semi-classical systems.

We divide, then, the previous ensemble of M particles into a sub-ensemble of N (t)
particles whose positions are inside the volume €2 and a second sub-ensemble, {N(t) +

1,..., M} which are outside” (see figure 2.2.2). We assume that the number of particles

"For a quantum system, the number of particles inside the volume N(¢) has not only a dependence
on time, but a dependence on all particle positions N (7, ., 7k, ., 7a,t). Let me assume a wave-function
whose probability presence occupies regions inside and outside 2. Then, the limit of the sum in the
Hamiltonian (2.35) depends on the exact value of the variable 7. In principle, the k-particle have to
be included into the first sub-ensemble when the Hamiltonian deals with 7, € © and into the second
sub-ensemble when 7 ¢ Q. In order to avoid a very complicated notation, we do only write the time
dependence of N (t) for either classical or quantum systems. In any case, since our quantum solution will
deal with quantum (Bohm) trajectories (rather than wave-functions), the simpler notation mentioned
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inside, N(t), is a time-dependent function that provides an explicit time-dependence to
the many-particle (open-system) Hamiltonian. As drawn in figure 2.2.2, we assume a
parallelepiped where the six rectangular surfaces S = {S', 52, ..., 5%} are the boundaries
of Q. Tuse 7 as the “boundary” vector representing an arbitrary position on the surfaces

S!. Now, the number of carriers in the system N (¢) will vary with time, i.e.

Si
Q (active region) j

S'(Drain)

S4(Source)

Figure 2.2.2: Schematic representation of the open volume 2 = Lz - Ly - Lz and its limiting
surface S = {S1,52,...,59}. There are N(t) particles inside and M — N (t) outside this volume.
The vector 7 points to an arbitrary position at the boundary surface S°.

A N(t) R M
HP (P oy Taa D1, - DN() ) = Z {K (k) + 3 Z eV (7, ) + Z eV(Fk,Fj)}
k k=1 J=N(t)+1
(2.36)
Since throughout this dissertation I will work continuously with the many-particle open
system Hamiltonian (2.36), in order to simplify its notation, let me simply refer to it as
H.

As T will show in the next section, the third term in (2.36) can be included in the
Hamiltonian of the open system through the boundary conditions of the Poisson equation.
The roughness of the approximation bringing together the effects of all the external
particles over the N (¢) carriers will depend on our ability of formulating the boundary
conditions at the borders of the active region of the electron device (see section 2.3 for
an extent discussion on this point).

In the previous paragraphs, the assumption of a series of approximations have make
it possible to go from the complex circuit Hamiltonian described in equation (2.4), to the
much more simple one describing the “interesting” region of the circuit (2.36). However,
although up to this point we have discussed the many-particle Hamiltonian in terms
of the Coulomb force, this approach is inconvenient to deal with solid-state scenarios
with a spatial-dependent permittivity [116]. For this reason, we rewrite here our many-

particle Hamiltonian in terms of the more generic Poisson equation, which can be applied

here is appropriate for the classical and quantum algorithms.
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to systems with (or without) a spatial-dependent permittivity (by simply substituting
e — ¢(7) in the Poisson equation).

I start the discussion rewriting the previous many-particle open system Hamiltonian
(2.36) as

H(7y, T P - D), t) =

N(t) N(t) M N(t)
Z{K(ﬁk)_}'ze'v(ﬁmf}')‘i‘ Z e V(7 75) Ze V (7, T } (2.37)
* J#k

k=1 = J=N(t)+1
Each term V(7},7;) that appears in (2.37) can be explicitly obtained from a Poisson
(or Laplace) equation inside the volume 2. Using the superposition property of the

Poisson equation, we can rewrite (2.37) as:

H(Fla "7FN(t)7ﬁl7 "75N(t)7t) =
N(t)

Z{K(pk)+e Wi (71, .y TN ——Ze Vrk,rj} (2.38)

k=1

where the term Wy (71, ., 7%, ., Pn()) is a particular solution of the following Poisson equa-
tion:

Vi (e Wi (71, Tnw)) = ok (71 0 Fve) (2.39)

The term py (71, .., Pn() in (2.39) depends on the position of the first N(t) electrons:

P (P s Ty s Tv) = e 0 (7 = 75) (2.40)

=1

ik
but (2.40) is independent of the position of the external particles because they only affect
the boundary conditions of (2.39). Let me notice that there are still terms, V (7}, 7;), in
(2.38) that are not computed from Poisson equations in (2.39), but from (2.8). However,

we will show that these terms V (%, 7;) have no role in the classical (i.e. section 2.4.1) or

quantum (i.e. section 2.4.2) solutions of (2.38).

By construction, comparing (2.37) and (2.38), the term Wy (7, ..,7"nw),t) can be

rewritten as:

M
WP, oo P, 1) = Y V() + Y V(i) (241)
';k i=N(t)+1

The dependence of Wi(7, .., "n(),t) on the positions of the external particles is explic-
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itly written in the last sum in (2.41), while in (2.39) this dependence is hidden in the
boundary conditions of Wy (71, ., 7%, ., Pn() on the surface S = {S*, 57, ..., S°}. In fact,

the boundary conditions are a delicate issue that we will discussed in next section.

2.3 Boundary conditions for the many-particle open

system Hamiltonian

Since we want to deal with solutions of the Poisson equation (2.39), the boundary con-
ditions for the N(t) terms Wy(r1, ., 7%, ., 7n()) must be specified on the border surfaces
S = {S1,52% ..., 5% of figure 2.2.2. Such boundary conditions will provide, somehow,
information on the electrostatic effect that outside particles (i.e. N(t) + 1,..., M) have
on the electrons inside (2.

In practical situations, the volume (2 describes the active region of some kind of
electron device. I will assume here a two-terminal device (source and drain) to explain
our boundary conditions algorithm®. This means that only two, S* and S* | of the six
border surfaces S = {S*, 52, ..., 5%} are really opened to the flow of carriers (see figure
2.3.1). These opened surfaces represent indeed, the most complicate boundary conditions
to be modeled, and are the ones I will discuss in detail in this section (see also [65]). On
the “closed” non-metallic surfaces  , Neumann boundary conditions are used with the
educated guess that the component of the electric field normal to that surfaces is zero.
The continuity of the displacement vector normal to surfaces justifies this assumption
on “closed” boundaries when the relative permittivity inside is much higher than the
corresponding value outside. On “closed” metallic surfaces?, we assume a many-particle
version of the standard Dirichlet boundary conditions [66].

Before introducing our time-dependent boundary conditions, let me emphasize the

important role that they play in modeling of electron transport at the nanoscale.

2.3.1 On the importance of boundary conditions

In order to correctly model the DC and/or AC conductance of nanoscale systems, one has
to assure the accomplishment of the “overall charge neutrality” and “current conserva-
tion” [11, 13]. The implementation of such requirements into modern nanoscale electron
simulators demands some kind of reasonable approximation for the Coulomb interaction.

On one hand, the importance of the “overall charge neutrality” (i.e. that the total

charge in the whole device is zero) in nanoscale ballistic devices was clarified by the work

8In any case, the boundary conditions can be straightforwardly adapted to multi-terminal systems
with an arbitrary number of “opened” borders.
9Here closed means that carriers do not cross that surface.
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Figure 2.3.1: Schematic representation of the volume Q = Lz - Ly - Lz. Only S' and 5%,
corresponding to the drain and source surfaces respectively, are opened to electron flow. On
the rest of surfaces standard Neumann boundary conditions are assumed.

of Landauer, Buttiker and co-workers on the “two-terminals” and the “four-terminals”
conductance of ballistic devices [117]. The well-known standard textbook expression of
the DC (zero temperature) conductance through a tunneling obstacle is known as the
“two-terminal” expression because it is defined as the current divided by the voltage drop
sufficiently far from the obstacle. However, the original formulation of the conductance
proposed by Landauer [9, 102] in 1957 was known as the “four-terminal” conductance
because its experimental validation needs two additional voltages probes to measure the
voltage drop close to the tunneling obstacle. The presence of resistances in the leads °
explains the difference between both expressions. The ultimate origin of such resistances
is the requirement of “overall charge neutrality” that transforms unbalanced charges in
the leads into a voltage drop there, via the Poisson (Gauss) equation. See ref. [65] for a
detailed discussion of such lead resistances.

On the other hand, the “current conservation” (i.e. the total current computed on any
surface in the simulation box is equal to the total current measured inside an ammeter
located far from the sample) is a necessary “requirement” for the prediction of AC con-
ductances. The displacement current, i.e. the time-dependent variations of the electric
field, assures that the total (conduction plus displacement) current density is a divergent-
less vector. Important theoretical contributions were done by Biittiker and co-workers
for predicting AC properties of mesosocopic systems within a frequency-dependent scat-
tering matrix formalism, in weakly non-linear regimes taking into account “overall charge
neutrality” and “current conservation” [11, 25-27, 53, 54, 56].

In general, modern electron transport simulators do include reasonable approxima-

tions for the coulomb interactions that can guarantee the accomplishment of the “overall

10T refer to “sample” as the active region and the “leads” as the regions connecting the sample and
the ideal (black body) reservoirs. The reservoirs are usually called “contacts” in mesoscopic devices. I
avoid this last name here because “contacts” are usually understood as what we call here the sample in
those papers related with the simulation of atomistic structures.
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charge neutrality” requirement. In addition, those simulators that are developed within
a time-dependent or frequency-dependent framework can also assure the “current conser-
vation” requirement. However, the powerful treatment of quantum and atomistic effects
can only be applied to a very limited number of degrees of freedom [118]. In fact, due to
computational restrictions, a small simulation box is a mandatory requirement in many
modern simulators. This restriction on the dimensions of the simulating-box implies that
either very short leads (with screening length of few Armstrongs) are included into the
small simulation box, or the leads are directly excluded from the simulation box. The
first solution is only acceptable for metallic leads [28, 61] close to equilibrium, but it
becomes inappropriate in general scenarios ranging from highly doped poly-silicon leads
(with screening length of few nanometres) till modern juntionless devices [119]. In far-
from equilibrium conditions (i.e. high bias conditions), the standard screening lengths
have to be complemented by an additional depletion length in the leads. The second
solution (neglecting the leads) implies serious difficulties for the achievement of “overall
charge neutrality”. In any case, a possible inaccuracy in the computation of the “overall
charge neutrality” affects our ability to treat the time-dependent Coulomb correlation
among electrons and, therefore, the requirement of “current conservation”. In conclu-
sion, due to computational difficulties, modern electron transport simulators have to be
implemented in small simulation boxes that imply important difficulties for providing
accurate simulations of the DC or AC conductances of nanoscale devices.

In principle, the problem of excluding the leads from the simulation box, while re-
taining the lead-sample Coulomb correlation, can be solvable by providing adequate
boundary conditions on each of the “opened” borders of the simulation box. However,
such boundary conditions are not easily predictable. The standard boundary conditions
found in the literature for nanoscale electron device simulators are based on specifying

two conditions in each of the borders of the simulation box:

(Border-potential-BC).- We have to specify the value of the scalar potential
(or electric field) at the borders of the simulation box. These condition is a
direct consequence of the uniqueness theorem for the Poisson equation [116]
which tells that such condition are enough to completely specify the solution
of Poisson equation, when the charge inside the simulation box is perfectly
determined (the reason for discarding the electromagnetic vector potential in

nansocale systems is explained in ref. [65]).

(Border-charge-BC).- Contrarily to what is needed for the uniqueness solu-
tion of the Poisson equation, the charge density inside the simulation box
is uncertain because it depends on the electron injected from the borders

of the simulation box. Therefore, any boundary condition algorithm has to
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include the information on the charge in the borders as an additional condi-
tion. In many cases, the electron injected on the borders depends, somehow,
on the scalar potential there determined by the “Border-potential-BC” (and
a fixed electrochemical potential). Therefore, a coupled system of boundary

conditions appears.

Educated guesses for both boundary conditions (“Border-potential-BC” and “Border-
charge-BC”) are present in the literature when describing nanoscale electron devices with
simulation boxes large enough to include the leads. However, such boundary conditions
are not applicable for small simulation boxes that exclude the leads. An extent discussion
on the limitations of the standard boundary conditions when applied to small simulation
boxes, in either classical or quantum electron device simulators, can be found ref. [65].

Here, I present a novel self-consistent and time-dependent definition of the boundary
conditions for small simulation boxes (excluding most of the leads) that is able to capture

the lead-sample Coulomb correlations.

2.3.2 Single-particle time-dependent boundary-conditions at the

borders of the sample for overall charge neutrality

As explained in the previous paragraphs, all boundary condition of electrons transport
simulators are based on specifying the value of the scalar potential (or the electric field)
in the borders and the charge density there. Therefore, according to the levels of figure
2.2.1, we have to specify the values Vg(t) and Vp(t) for the “Border-potential-BC”, and
ps(t) and pg(t) for the “Border-charge-BC” .

As we have explained in section 2.3.1, it is very difficult to provide an educated
guess of the scalar potential, the electric field or the charge density on the borders of
a small simulation box that excludes the leads. For large simulation boxes, one can
assume a known value of the electrochemical potential (deep inside the reservoir) to
controls the electron injection. However, close to the active region, where the far from
equilibrium momentum distribution can be quite arbitrary, the prediction of any value of
the electrochemical potential is quiet inappropriate. Fortunately, from the results in this
section we will be able to translate the “Border-potential-BC” and “Border-charge-BC”
discussed in 2.3.1 for the borders of a small simulation box into simpler conditions deep
inside the reservoirs. This is the key point of our boundary condition algorithm. In

particular, the two new boundary conditions that we will impose at * = F L are:

1Tn section 2.3.2, I will provide analytical relationships between scalar potentials, electric fields and
charge densities in the borders of the simulation box, at z = 0, and those values deep inside the reservoirs,
at z = FL¢, which adds the unknowns V& (t), VS (t), ES(t) and E§(t). In total, for our two-terminal
models, we have eight unknowns and, thus, we need eight conditions to specify the boundary conditions.
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“Deep-drift-BC”: We assume that the inelastic scattering mechanisms at,
both, the source x < — L and the drain x > L¢ reservoirs provides a non-
equilibrium position-independent “thermal” distribution of electrons there
(it is implicitly assumed that the contact length L¢ is large enough and the
temperature © high enough so that inelastic scattering is relevant there).
Such position-independent electron distribution is consistent with the “local”
charge neutrality deduced in expression (2.47) that implies a uniform electric
field there. According to the Drude’s model, the electric fields there tend

both to Eg/D(t) — Eg;gt(t) [see expressions (2.45) and (2.46)].

“Deep-potentail-BC”: We assume that electro-chemical potentials can be de-
fined for the “thermal” distribution deep inside both reservoirs. As a conse-
quence of the previous position-independent electron distribution deep inside
the reservoirs, we can assume that the energy separation between such electro-
chemical potential level and the bottom of the conduction band, in the drain
and source reservoirs (at © = FL¢) are equal. Therefore, the energy separa-
tion between the bottoms of the conduction bands at both reservoirs (which
coincides with the separation of the electrochemical potentials) is equal to the
difference of the external voltages. Thus, V& (t) = 0 and VS (t) = Vewrernai (t).

These two conditions, “Deep-drift-BC” and “Deep-potential-BC” are quite reasonable
deep inside the reservoirs. In fact, it can be shown that the numerical MC solution of the
non-equilibrium Boltzmann equation in a large simulation box provides these scenarios
in the reservoir [65].

In this subsection I will describe a formulation of the previous boundary conditions for
a single-particle system. That is, I will assume that all electrons are subjected to the same
boundary conditions. Again, this is a simplification of the real many-particle problem.
As T have shown in the previous section (see equations (2.38), (2.39) and (2.39)), every
single electron “sees” its own electrostatic potential, electric field and charge distribution.
Consequently, each electron should see its own boundary conditions. In subsection 2.3.3

I will extent the boundary conditions presented here to the many-particle ones.

Time-dependent “overall charge neutrality” in nanoscale electron devices

In order to impose a time-dependent condition for the solutions of the charge density
p(7,t), the electric field E(F, t) and the scalar potential V' (7, t), we start by integrating the
local continuity equation (i.e. the condition of charge conservation implicit in Maxwell’s

equations. See ref. [65]) in a large volume £’ (see a 1D schematic representation in figure
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2.2.1), that includes the sample, the leads and the reservoirs:

% / p(7t) - d3F + / Jo(7,t) - d§ =0, (2.42)

94 S’

where the volume €' is limited by the surface 5.
Under some reasonable assumptions deep inside the reservoirs, expression (2.42) de-

termines the time-evolution of the total charge Q(t) = [ p(7,¢) - d*7 in the whole system
Q/

[65]. Its solution is:

Q(t) = Q(to) - exp (—t — to) (2.43)

Tc
with the dielectric relaxation time (sometimes called Maxwell relaxation time) defined

as:
T.=¢/o (2.44)

being ¢ the effective permittivity and o the conductivity.

As expected, the meaning of expression (2.43) is that the total charge inside the system
tends to zero in periods of time related to the dielectric relaxation time. Identically, it
can be seen that the electric fields deep inside both reservoirs (see figure 2.2.1) tends to

be identical and equal to the drift value'? Eg;gt(t) as:

BS(0) = B0 = (BS () = BS7'()) - exp (——2) (245)
and
B~ B§ () = (B (0)0) - BSw)) e (<) (246)

The main approximation used to obtain (2.43), (2.45) and (2.46) is Drude’s law. This
implies that our time-dependent boundary condition algorithm is only valid for frequen-
cies below the inverse of the average electron scattering time (see ref. [65]). In good
reservoirs such frequencies are much higher than the THz range, which is high enough

for most practical electronic applications.

Analytical spatial-dependent charge density, electric field, and scalar potential
in the leads

In order to be able to evaluate the total charge in expression (2.43) or to apply expression
(2.45) and (2.46), we need a knowledge of the charge densities or the electric fields

deep inside the leads. Since we are interested in not simulating explicitly the leads, we

12In fact, the value of the Eg,;:(t) is not a parameter, but it will be determined from the conduction
current, via the Drude formula.
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look for analytical expressions. Nonlinear screening theory is important, but a general
analytical solution to the Poisson equation does not exist. Therefore, we have to take
some simplifying assumptions. We will use the schemes depicted in figure 2.2.1 to explain
our analytical solution in the leads and the simplifications that will be assumed.

We assume that all expressions in the leads depend only on the variable z along the
transport direction, but are independent on the lateral directions y and z, so that a 1D
scheme is appropriate. In order to develop simpler analytical expressions we consider one
specific (negative) x-axis for the source and another (positive) for the drain with different
origins. The point x = 0 is located at the interface between the numerical solution in the
simulation box and the analytical solution in the lead (see figure 2.2.1). Let me notice
that a small part of the lead is explicitly included into the numerical simulation box (see
the length ALx in figure 2.2.1) in order to take into account some complex effects in the
interfaces that our simple analytical model cannot capture (e.g. the presence of quasi-
bound states [120] in the accumulation well that appears in the sample-lead interface or
the Friedel oscillations [121]).

Then, assuming some additional approximations, a reasonable expression for the

charge density, the electric field and the scalar potential at the drain are [65]:

x— LY
t~exp<— D); LE < x < L¢;
ooty = 471 l ? ¢ (2.47)
pp(t); 0<az< L
. —z+LP
Blo.t) = ES(t) — pDS)l - exp <_Jlr D) . LY <z < Lg; (2.48)
e EC po®)-(HLD) | pp(t). p. '
b(t) — B + = 0<x<Lp;
(VE(t) + E5(1) - (—o + L) — 2202 oxp (=2EE)
Y <ax<Lg;
V(l’,t) - c c pD(t)-D(;+L7$_)2 : pD(t)-l-(l+L%fx) (249>
Vi (t) + Ep(t) - (=2 + Lo) — 9z - . ;
\ 0<z<ILh,;

In the previous three equations, L#, is the depletion length of the drain lead indicated
in figure 2.2.1 and [ is the standard Debye length [122]. Analogous expressions for the
source region can be identically deduced [65].

The validity of expressions (2.47) till (2.49) are limited to frequencies lower than the
plasma frequency in the leads. Such frequencies will also be higher than few THz in
normal highly doped leads.

Expressions (2.47) till (2.49), evaluated at = = 0, provides a relationship between the
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values of the charge densities, the electric fields and the scalar potentials deep inside the
reservoir and those in the border of the simulation box. In particular, the electric field

deep inside the leads must vary in time as [65]:

psin(t) - (1+ L (1))

€

ES)p(t+ At) = Eg/p(t + At) T (2.50)

where we have defined Eg/p(t + At) = E(0,t 4+ At). The analogous expressions for the

scalar potential are [65]:

ps/n(t) - (l + Lﬁ/D(t)>2 psp(t) - P

2e 2¢ !
(2.51)

We fix the value VE(t + At) = 0 and VS (t + At) = Vegternar(t + At). Finally the charge
density at source and drain borders of the simulation box pg/D must vary in time as
[65]:

Vayp(t+At) = Ve p(t+At) F ES)p(t+ At) - Lo —

e- AT
L4 L8 p(1)) - 7o

psyp (t+ At) = psyp (t) + (Eg/D (t) - B (t>) ( (2.52)

Although equations (2.52) together with the values pg(t) and pp(t) clearly defines pg(t+
At) and pp (t + At) we do not have an exact control on how to increase/decrease these
value in our simulator. On the contrary, we do only have the possibility of increas-
ing/decreasing the injecting probability (see expression (B.1) in Appendix B) through
the parameters of Fg” (t + At) and Fj}7 (t + At) that appear in expression (B.5) and
(B.6) of Appendix (B). The exact relationship between the displacement of the inject-
ing energy levels and the variation of the “injected” charge density in the simulation
box boundaries is not trivial. We perform a pre-processing computation of the function
P (F g% +qVs, D) according to the injection model described in Appendix B. Once such
a relation has been established, we can determine exactly in which way the injecting en-
ergy levels have to be displaced. There is, however, a particular scenario that can not
be managed just by modifying the injecting energy levels. Very far from equilibrium, at
high applied bias, we can “accumulate” electrons as much as needed to decrease pg(t) in
order to achieve “overall charge neutrality”. However, we cannot “deplete” electrons as
much as possible in the sample-lead interface. Once we arrive at zero injected electrons,
we cannot decree this number any more. In such situations, the only way to decrease the
negative charge is to enlarge the depleted (positive charge) region in the drain (see figure
2.2.1.c). The same “depleted” procedure could be needed in the source for a negative

bias. [65]
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2.3.3 Extension of the boundary conditions to many-particle

Hamiltonians

In the previous subsection I have developed a single-particle algorithm describing a unique
set of time-dependent boundary conditions for all electrons to account for overall charge
neutrality. Here I want to extent such results to a many-particle approach where each
electron has its own boundary conditions. Let me recall, that we are looking for solu-
tions for the N(t) Poisson equations (2.39). Thus, we need to specify N(¢) boundary
conditions on the two opened border surfaces S' and S* (see figure 2.3.1) for the N(t)
terms Wk(Fl, . Fk, . FN(t))'

In order to provide a clear notation for discussing the boundary conditions of
W71 ooy Ty oy Tvgry), We distinguish between the “source” vectors {71, ..., Th—1, Thi1, .-y
TN} and the additional “observation” vector 7 that runs over all space [116]. In partic-
ular, the electrostatic potential that appears in the Hamiltonian (2.37) is defined as the
value of the potential Wy (7, ..., Th—1, 7, Tht1, ..., "), t) at the particular position 7= 7;:

Wi (1, - The1, Ty Th 1 T () 1) = W71, e, Ty Thgr TN(t),t)‘ﬂ - (2.53)
Our goal is to find an educated guess for all the N (t) terms Wy (7, ..7%—1, 7, Ths1., TN () )
at all “observation” points ¥ = 7y and ¥ = 7'p on the surfaces S' and S*. The information
of such boundary conditions comes from the value of the total voltage (due to internal
and external electrons) at position 7s/p and time t. We define such a voltage as the
electrostatic potential associated to an additional probe charge ¢y, situated on that
boundary, 7s/p = Tam41 € S4/1 which can be now identified with the voltages VS/D(t)
defined in (2.51) (see fig. 2.3.2). The electrostatic potential “seen” by this extra charge

due to the presence of the rest of the particles is just:

M
Vs/p(t) = Z V(FM“’?:}”FMH:FS/D (2.54)

j=1

where the expected restriction j # M + 1 is hidden in the limit of the sum.
Once the relationship (2.54) is established, we can easily define the boundary con-

ditions of any of the N(t) electrostatic potential Wy (rl, STy TN ) from the function

Vs/p(t). In particular, from (2.41), we know that:

M
Wie(Fy, o Phet, 7 Pogt o, Ty )] o E (Tsyp,75) = Vs/p(t) — V(Fs/p, T)
Jj=1
J#k

. 1=1,..,6 (2.55)
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where V (7s/p, %) is defined according to (2.8). The discussion done here is valid for

either classical or quantum systems'3.

v (t
st (Source) S'(Drain) )

Lz

Py © P

Figure 2.3.2: The electrostatic potential Vp(t) (due to internal and external electrons) measured
on the surface S' at position 7#p and time ¢ by an additional probe charge ¢4 situated on
the boundary #p = 741 € St

The reader can be surprised by the fact that the right hand side of expression (2.55)
tend to infinite V(7's/p, %) — oo when 7, — r's/p. However, when 7}, — 7s/p, the extra
particle at 7s/p = 741 € S; would also provide an infinite value of the electrostatic
potential, i.e. Vg/p(t) — oo, due to the presence of the k-particle on the surface. There-
fore, the first infinite, V' (¥s/p, 7%) — 00, is canceled by the second infinite, Vg p(t) — oo.
Strictly speaking, our assumption that the potential at one particular surface is position-
independent, Vs/p(t), is not completely accurate because it should reproduce, somehow,
the atomistic charge distribution and the carrier inhomogeneity on the surface. In par-
ticular, one can expect Vg/p(t) — oo when the electron is close to the border, 7, — 7s/p.
However, due to our ignorance about the atomistic description of the contact interface,
we apply the boundary conditions (2.55) assuming that the distance between 7 and
rg/p is always greater than 1 nm (this value is interpreted as a measure of range of the
atomistic pseudo-potential [15] in the spatial-dependent permittivity scenarios discussed
here).

Finally, it can be shown that the boundary conditions (2.55) developed here provides,
for metallic contacts, the same electrostatic description obtained from the image-charge
method. But moreover, it has the fundamental advantage that it can be directly imple-
mented into realistic (classical or quantum) electron device simulators via a 3D Poisson
solver [66].

13(Classically, the definition of Vs/p(t) can be directly associated to the voltage “measured” at 's,p
by an external meter. On the contrary, quantum mechanically, the voltage “measured” at 7s/p would
require evaluating a bracket between the many-particle wave-function and Vg, (t). In this section we are
not discussing the many-particle wave-function, but only an expression of the many-particle Hamiltonian.
Therefore, it is important to remark that Vg, p(t) is not defined as the voltage “measured” at 7s,p, but
as the electrostatic potential that describes the interaction of the electron at 7s/p with the rest of M
electrons. This last definition is identical for classical and quantum cases.
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2.4 Numerical solution of the many-particle open

system Hamiltonian

Once I have introduced the many-particle open system Hamiltonian and its boundary
conditions, we are ready to solve it. In this section I present two kind of solutions. On
one hand I present a semi-classical solution based on Hamilton-Jacobi equations. On the

other, I present a quantum solution based on Bohmian mechanics.

2.4.1 Semi-classical solution of the many-particle Hamiltonian

The classical description of the particle dynamics subjected to the many-particle Hamilto-
nian (2.38) can be computed by using the well-known Hamilton equations. In particular,
we can obtain the (Newton like) description of the classical trajectory 7[t] in the real

space through:

dpi[t] L. L

dt = [_vFi‘H(Th -y 'N(@#)s P15 -3 PN ()5 t)} FL=F1[t],..PN (1) =P () [t] (2568‘)
dr;|t] S Lo

dt - [VﬁiH(rh - 'N(@), P15 -y PN(t)» t)} Fl=71 [ﬂwwﬁN(t):ﬁN(t)[ﬂ : (256b)

For the many-particle Hamiltonian studied in this work, expression (2.56b) gives the
trivial result m - @;[t] = p;[t], while the evaluation of expression (2.56a) requires a detailed
development. We know that the rj-gradient of the exact many-particle Hamiltonian

(2.38) can be written as:

N (1) L V@
Vs, {e-Wk(Fl,..,FN(t),t) — gze-vm,fj)}] . (2.57)
R=R]t]

k=1

Vi H] R=R[t] —

=1
ik

We define the multi-dimensional vector B = (Fl, o FN(t)) to account, in a compact way,
for the classical trajectories of N(t) electrons R[t] = (71[t], ... PN [t]). Substituting the
definition of Wi, (71, .., "n@), t) done in expression (2.41) into equation (2.57), we find:

(Ve ] gy =
N(t) M N(t)
vﬂ{zzewfj,ﬁw > eV@,ﬁ)}—vﬁZe-V@,m . (2.58)
J_;il J=N(t)+1 j;_l R=R][t]

Note the elimination of the factor 5 in the first term of the right hand part of (2.58)

that accounts for those terms e - V/(7,7;) in (2.57) where 7 # 7; and 7; = 7}, that are

identical to the term e - V(7;,7%) in (2.58). For the same reason, we include a factor 2
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on the first term of right hand of (2.58). From expressions (2.41) and (2.58), we realize
that:
[vFiH]ﬁ:Fg[t} = [Vﬁ-VVi(Fl, - FN(t))}R‘:é[t] . (2.59)

Only the term W;(7, .., 7n()) of the whole Hamiltonian (2.38) becomes relevant for a
classical description of the i-particle. In fact, since we only evaluate a r;-gradient, the
rest of particle positions can be evaluated at their particular value at time t, i.e. 7 — 7%]t]
for all k # 4. Therefore, we define the single-particle potential W;(7,¢) from the many-

particle potential as:
VT/%(F;? t) = I/I/Z(Fl[t]a ) Fi—l[t]u Fi; Fi—l—l[t]v ) FN(t) [tD (260)

We use a “hat” to differentiate the (time-dependent) single-particle electrostatic poten-
tial from the many-particle potential. Each i-term of the single-particle electrostatic

potential, W;(7;, 1), is a solution of one particular 3D-Poisson equation:

VE (e(73) - Wi (7,)) = pi (7, 1) (2.61)

where the single-particle charge density is defined as:

N(t)

(i) = Y eb (7 = 7). (2.62)

and the boundary conditions are adapted here as:

Wi (7). = Ven(t) =V (P, 7lf]) - (2.63)

Ti=Fs/D

Let me remind that expressions (2.60), (2.61) and (2.62) together with the boundary
conditions in (2.63), provide an exact treatment of the many-particle correlations in
classical scenarios. The N(t) Newton equations are coupled by N(t) Poisson equations.
Therefore, the many-particle Hamiltonian of (2.38) can be written exactly (without mean-

field approximation) as a sum of single particle Hamiltonian for classical scenarios:

N(t)

H(Flv ) FN(t)uﬁ\l) "7]7N(t)7t) = Z {K(ﬁk) +e- Wk<Fka t)} (264)
k=1

As I have already argued, our many-electron method applied to semiclassical devices can-
not be considered as a solution of the Boltzmann equation because the latter is developed
within a classical mean-field approximation. The term Wj(7%,t) in the Hamiltonian of

expression (2.64) means that each particle “sees” its own electrostatic potential which is
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different to that of the others. Apart from the scattering rates, this is the fundamental
difference between our “many-electron” method applied to classical transport and the

standard Monte Carlo solution of the Boltzmann equation method for electron devices.

2.4.2 Quantum Solution of the many-particle Hamiltonian

The many-particle open-system Hamiltonian developed in expression (2.38) is also valid
for quantum systems. In this section, I will explain its practical quantum solution using
a quantum (Bohm) trajectory formalism discussed in Appendix A. For convenience, we

rewrite the many-particle Hamiltonian in (2.38) as:

N(t) 2
H (7, v 1) = {; ~5 o VA U, ..,fw),w}, (2.65)
where we explicitly write the electron momentum as p, = —thVy, in the kinetic en-

ergy. According to eq. (2.38), the many-particle electrostatic potential U(7, .., "n), t)

is defined as:

N(t) N(t)
— — — — ]' — —
U(r1, ., Ty, t) = Z {e - Wi(T1, -, Py, t) — 3 Z eV (T, Tj)}. (2.66)
k=1 j=1

Gk
Then, the time-dependent Schrdinger equation that provides the many-particle wave-

function, ®(7, .., "), t), that describes the electron dynamics associated to our many-

particle (open-system) Hamiltonian is:

N(t) 2

. " _

5 mv,%k + U(7, ..,FN(t),t)} (P, T, t). (2.67)
The practical utility of expression (2.67) in understanding quantum scenarios can seem
quite doubtful because its direct solution becomes computationally inaccessible for more
than very few electrons [14, 15, 123]. However, we can use a transport formalism based
on Bohm trajectories that simplifies the complexity of evaluating (2.67) (see appendix
A and [67]). Here, I go directly to the main result of Ref. [67] (see also Appendix A),
where it is shown that a many-particle electron Bohm trajectory 7,[t] computed from
the many-particle wave-function, ® (7, .., "), t), solution of the equation (2.67) can be

equivalently computed from the single-particle wave-function W,(,,t) solution of the
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following single-particle Schrdinger equation:

2
M:{ "G 4 U Rl )

ot 2-m
(2.68)
G, Ralt], t) + i - Ju(7%, éa[z],z)} Uo7, 1),
where T have defined Ro[t] = {7[t], 7a1[t], Fara|t], Px[t], t} as a vector that contains all

Bohm trajectories except 77, [t]. The exact definition of the other potentials that appear
1 (2.68), Go(7y, Ra[t],t) and J,(7,, Ra[t],t), can be found in Appendix A (see also [67]).

The total many-particle electrostatic potential in (2.67) can be divided into two parts:

U(Fa, Ralt], ) = Ua(Fa, Ralt], t) + Uy(Ralt], 1). (2.69)

N(t) M
Ua(rm _QZQa' TQ,T] )+ Z qa'V(Fmﬁ[t])_
-1 i=N(t)+1
] a

The rest of the terms V/(7;[t], 7[t]) of expression (2.70) appear in Uy(R,[t],#) and they
are included in the potential G (7, R,t],t). However, the term Uy, (R,[t],t) has no role
on the single-particle wave-function W, (7, t) because it has no dependence on 7, and it

only introduces an irrelevant global phase on W, (7,,1).

Let me notice that, in the right hand side of expression (2.70), we have used the
same definition of the potential profile as in the classical expression (2.60). The only
difference here is that R,[t] are not classical trajectories, but quantum (Bohm) trajecto-
ries. Therefore, the computation of the potential profile W, (7, R, [t],t) that appears in
the single-particle Schrodinger equation (2.68) just needs a 3D Poisson equation (2.61),
(2.62) with the boundary conditions (2.63). Interestingly, since the term W, (7, Ra[t], )
is computed from a Poisson equation, our quantum-trajectory algorithm can also be

directly extended to spatial dependent permittivity systems.

In fact, in order to effectively solve the Schrédinger equation (2.68), we need to know
the position of the rest of Bohm particles R,[t] = {F1[t], Fa_1[t], Fas1[t], 7 [t], t}. There-
fore, all N(t) Bohm trajectories have to be computed simultaneously within a system

of N(t) Schrdinger equations coupled by N(t) Poisson equations. The keystone of our
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quantum trajectory algorithm is that, in order to find #,[t], we do not have to evalu-
ate the electrostatic potential, U(7, ..,7n(),t), and the wave-function, ® (71, .., 7N, 1),
everywhere in the N-multidimensional configuration space {Fl, o Ty s FN(t),t}, but only
over a smaller number of configurations points where all positions of electrons are fixed,
R, [t], except 7, i.e. {Fl [t], ., Ty o TN [T t}. We want to remark that the full (short and
long range) Coulomb interaction present in (2.38) is considered explicitly in (2.68) with-
out any (mean-field or perturbative) approximation. In particular, defining W, (7,,t) =
Tq (Tay t) €Xp [W}

at {7, R, [t]}, we can write the trajectory 7, [t] (see appendix A) as

from the many-particle wave function ® (Fl, s TN () t) evaluated

7 [t] = 7o [to] + / T, (7, [, ) dt’, (2.71a)

to

T (Fu[t], 1) = —Vi,sa (Fast) (2.71b)

In this quantum (Bohm) trajectory algorithm, the use of single-particle Schrédinger
equations (2.68) is exact to treat many-particle system as demonstrated in [67]. However,
the exact values of the terms G,(7,, Ru[t],t) and J, (7., R,[t],t) that appear in the Hamil-
tonian (2.68) are unknown (because they require the partial knowledge of the shape of
the many-particle wave-function). Thus, form a practical point of view, they need to be
approximated by some educated guess. In addition, the exchange interaction among the
(fermions) electrons can also be considered in the present quantum algorithm. A brief
explanation of how the exchange interaction can be introduced in the present quantum
(Bohm) trajectory algorithm is mentioned in Ref. [67]. Here we will use a particular

algorithm, discussed at the end of Appendix A, which let us avoid the computation of

—

Ga(7y, Ra[t], t) and J, (7, Ralt], t).

2.5 A simple example: Simulation of a two-electron

system

In this sub-section I will explain the origin of the important differences appearing between
a time-dependent mean-field algorithm described below and our time-dependent many-
particle algorithm. Although I will use here a simple semi-classical two-electron system,
the conceptual differences remarked here between the mean-field and the many-particle
approaches, can be extrapolated not only to quantum simulations but also to much
complex systems. Let me first introduce the mean-field version of expression (2.38), and

then analyze some remarkable results for a simple two-electron system.
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2.5.1 Semi-classical solution of the mean-field Hamiltonian

As described in the introduction of this chapter, the mean-field approximation provides
a single average potential for computing the dynamics of all electrons. This average po-
tential, that we label here by the suffix “mean” W,,can(7, 1), is still capable of preserving
most of the collective effects of the Coulomb interaction. Here, I compare this approxi-
mation with our exact many-particle Hamiltonian. The term W,,eqn (7, ) is computed by
taking into account all charges inside the volume 2. However, since one particle can not
“feel” its own charge, in fact, Winean (7,t) can be interpreted as the electrostatic potential

“seen” by an additional probe charge whose position is 7.

Wnean (7, 1) = Wara (71t .., TN [t], T)- (2.72)

This term W,ean (7, 1) is a solution of a unique 3D-Poisson equation:
V%Wmean (F7 t) = ﬁmean (F, t) ) (27?))

where the charge density is defined as:

Prmean (75 1) Zq] , (2.74)

and, according to expression (2.54) in the previous section, the boundary conditions for

this additional probe charge must be:

Wmean (Fv t) ’ =

T:F5/D

= Ve (). (2.75)

Let me notice that the time-dependent mean-field approximation discussed here can be
applied to either the classical or quantum systems. Both approaches share expressions
(2.73), (2.74) and (2.75) for the computation of the electrostatic potentials (change the
classical trajectories by the quantum ones). I also want to remark the time-dependence
of expression (2.73). This is a common feature for classical (semiconductor Monte Carlo

[32]) simulations, but less frequent for quantum mean-field approaches.

Now, I estimate the error of our time-dependent mean-field approximation. First, I
show that the mean-field potential can be written in terms of the potentials W; (7, ) men-
tioned in equation (2.60). In particular, we can write the mean-field potential W,,cqy, (7, 1)

as:

N(t) N(t

Wmean( ) Nl(t {Z Wmean r, } Z { + V( [ ])} (276>
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Now, I compute the error, Errory (7,t), as:

N(t)
_ 1 _ _
Errory, (7,t) = Wean (7, 1) — Wy (F,t) = —{Z W, (7,t) + V(F, fj[t])} — Wi (7 1),

NONES
(2.77)
that can be finally rewritten as:
. Mo
Brron (7,1) = w5 ; {0V (7.0 = W (7.0) + VER I Y = VERL),  (278)
where, according to (2.41), we have used the identity:
) ) M M
Wi (7 ) = Wi (7 8) = Y V() = Y VERE) = V(F Rl) — VESE). (2.79)
i=1 i=1
J ik

Expression (2.78) shows that Errory (7,t) — oo, when 7 — 7%[t]. The mean-field
approximation implies that the potential “felt” by the k-particle at 7 — 7%[t] is its own
potential profile. In fact, from a numerical point of view, the use of the mean-field
approximation is not so bad. For example, classical simulators uses 3D meshes with cell
sizes of few nanometers, DX ~ DY ~ DZ > 10 nm. Then, the error of the mean-field
approximation is smaller than the technical error (i.e. mesh error) due to the finite size
of the cells. The long range Coulomb interaction is well captured with the mean-field
approximation, while this approximation is really bad strategy to capture the short range

Coulomb interaction (see figure 2.5.5).

Finally, let me remark another important point about the mean-field approxima-
tion. Looking at the final expression (2.78), rewritten here as Wy, (7, t) = Wiean (7, 1) —
V (7, 7%[t]), it seems that Wy (7, t) can be computed from a unique mean-field solution of
the Poisson equation W,,e., (7, 1) when subtracting the appropriate two-particle potential
V (7, 7[t]). However, such an strategy is not as general as our procedure because it re-
quires an analytical expression for the two-particle Coulomb interaction V (7, 7%[t]). The
analytical expression of V(7,7 [t]) written in expression (2.8) is only valid for scenarios
with homogenous permittivity. On the contrary, our procedure with N(t) electrostatic
potentials computed from N(¢) different Poisson equations in a limited 3D volume 2 can

be applied inside general scenario with (or without) spatial dependent permittivity.
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2.5.2 Simulation of a two-electron system

I consider one electron (labeled as 1-electron) injected from the source surface, Sy, at an
arbitrary position. A second electron is injected, arbitrarily, from the drain surface, S;.
A battery provides an external voltage equal to zero at the drain and source surface. A
3D cubic system with a volume of Q = (20 nm)? is considered as the active device region.
We consider Silicon parameters for the numerical simulation. Within the mean-field
approximation only the potential profile W,,cq,(7,t) is calculated for the two electron
system using expressions (2.72)-(2.75). Then, we realize from figure 2.5.1 that each
electron can be reflected by an artificial alteration of the potential profile related to its

own charge. In figures 2.5.2 and 2.5.3 we have plotted the energy potential profile “seen”

Source

-
[$)]

-
N

Potential Energy (meV)

Figure 2.5.1: Potential energy profile Wyean (7, ) computed with a 3D Poison solver using the
classical “mean-field” approximation on the plane X-Y of the active region Q = (20nm)? at
z=6nm at 0.4 fs. The solid points are electron positions.

by the l-electron, Wi (7y,t), and by the 2-electron, Wy(7%,t), using the many-particle
algorithm described by expressions (2.60)-(2.63). Electrons are not affected by their
own charge. We clearly see that, within the mean-field approximation, electrons can be
unable to overcome the large potential barrier that appears at their own position (due
to their own charge). In addition, the simple results confirm that the mean-field error
is equal to expression (2.78), i.e. the error of the mean-field potential profile at each
position of the active region is Errory (7,t) = V(7,7 [t]). Finally, a discussion about
the role of the spatial mesh used for the numerical solution of the Poisson equation is
relevant. For an electron device with a length of hundreds of nanometers, we need a mesh
of the 3D active region with spatial step DX ~ DY ~ DZ > 10nm to deal with no

more than one thousand nodes in the numerical solution of the Poisson equation. This
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Figure 2.5.2: Potential energy profile of the l-electron, W;(7,t), with the “many-electron”
algorithm in the plane X-Y of the active region Q = (20nm)3 at z=6nm at 0.4 fs. The solid
point is the 1-electron position.
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Figure 2.5.3: Potential energy profile of the 2-electron, Wo(7,t), with the “many-electron”
algorithm in the plane X-Y of the active region Q = (20nm)? at z=6nm at 0.4 fs. The solid
point is the 1-electron position.

computational limitation in the resolution of the potential is present either when solving
the mean-field or the many-electron algorithm. With such spatial resolution, the short-
range interaction is missing in both procedures because two electrons inside the same
spatial cell will not repel each other. In addition, the error between both procedures,
Errory (7,t) = V(7,7[t],), is reduced because the numerical Coulomb potential profile
is smoothed due to the low resolution (i.e. the diameter of the region where V(7,7 [t],)
has a strong influence is shorter than the cell dimensions). Therefore, we obtain roughly
identical results with both schemes. In the subplots of figure 2.5.4, the same electron
trajectory is presented for different mesh resolution. As can be seen, for the best mesh
resolution (DX = DY = DZ = 2nm), the differences between both treatments are
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maximized due to the important spurious auto-reflection effect found in the mean-field
trajectory. On the other hand, as the resolution of our mesh is reduced, differences
between both treatments disappear, giving roughly equal trajectories for cell dimensions

above 5 nm. In summary, when the spatial cells are large, the mean-field and the many-

N}
i

—— "many-electron"

20| —@— "mean-field"
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X POSITION (nm) X POSITION (nm)

Figure 2.5.4: Electron trajectory computed with the “mean-field” (circles) and the “many-
electron” (squares) algorithms for four different mesh resolutions. a) DX = DY = DZ = 2nm,
b) DX =DY =DZ =4nm,c) DX = DY = DZ =6nm, and d) DX = DY = DZ = 8nm.

electron schemes correctly model the long-range Coulomb interaction, but both neglect
the short-range component. On the contrary, with smaller spatial steps DX ~ DY ~
DZ < 5nm, the many-electron resolution takes into account long- and short- range
Coulomb interaction correctly, whereas the description of the short-range component
within the mean-field approximation is completely incorrect (i.e. electrons are repelled
by themselves). In other words, when DX, DY, DZ — 0 the mesh error in our many-
electron algorithm reduces to zero, while the error in the mean-field approach tends
to infinite, Errory (r,t) — oo. See a schematic summary of the explanation of this
discussion in figure 2.5.5. Finally, it is important to remark that the electron trajectories

Error, (F.t)
[ |
Long-range I Long-range
+ -
Short-range #e percell > 1

“mean-field” (1 Poisson Eq.)

#e percell=0or1 |

“many-electron” (N Poisson Eq.)

5nm DX

Figure 2.5.5: Schematic representation of the errors associated to mean-field and many-electron
approaches as a function of the size of the discretization mesh.
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in Fig. 2.5.4 are computed using the classical scheme of section 2.4.1, but the electrostatic
potential profiles are computed from a 3D Poisson solver that is identical for the classical
or quantum algorithms. Therefore, the conclusions drawn here for the classical algorithm
can be directly extrapolated to our quantum algorithm. In the classical algorithm, the
wrong potential profile of Fig. 2.5.1 affects the electric field [equations 2.56] that modifies
the electron dynamics. Identically, the wrong "mean-field” potential in expression (2.68)
will affect the solution of the Schrodinger equation that will modify Bohm trajectories
(2.71).
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CHAPTER 3

The prediction of measurable results

As I have pointed out several times along this dissertation, the exact many-body state of
the system can not be solved. Nonetheless, from a pragmatic point of view, the knowledge
of the exact microstate of the system is not useful by itself. What is really usable is to
predict measurable properties such as the electrical current flowing through a particular
nanostructure.

In the first section of this chapter I will argue that the kind of information extracted
from our simulations that can be ultimately associated to real measurement results is
that of expectation (or average) values. In section 3.2 I will discuss the definition of
expectation values for classical and quantum open systems. Finally, in sections 3.3 and
3.4 T will focus on two particularly important observable measurements, that of the

electrical current and that of the electric power consumption.

3.1 Observable results from stochastic simulations

It is important to recall here that the theoretical study of electron transport ultimately
constitutes an statistical problem. Due to computational limitations, we have been forced
to reduce the degrees of freedom of our system. Since we can only describe a very reduced
number of variables in a very reduced region of space (an open system representing the
active region of an electron device), we are obliged to deal with an essentially uncertain en-
vironment (see the discussion in section 1.2.2). In particular, although electron dynamics
within our open system is deterministically described by the many-particle Hamiltonian
(2.38) supplied with the Hamilton-Jacobi equations (2.56) for classical systems and the
pseudo-Schrédinger equations in (2.68) for quantum systems, our simulations are subject
to an stochastic injection of electrons describing how (i.e. in which position, time and
momentum) electrons enter the simulated region, or equivalently, how are those electrons
outside the open system distributed in phase space. Certainly, this is an information that

can be known, at best, statistically, i.e. according to the Fermi-Dirac statistics (the reader
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is referred to section 2.3 and Appendix B for a detailed discussion on this point). The
injection process, is then the responsible of coupling an statistical external environment
to our “deterministic” simulation box, and thus, it is also one of the main responsibles of
converting the information that we have on the dynamics occurring inside the simulation
region into something statistical® (see figure 3.1.1 for an schematic representation of this

problem).

S* (Source) Statistical

Enyironment

S' (Drain)

Stochastic injection
of electrons

Stochastic injection
of electrons

Statistical
paramelers: m *, &

Figure 3.1.1: Schematic representation of the whole closed circuit available information. The
statistical description of the simulation box environment is coupled to the deterministic de-
scription of the active region by an stochastic injection process.

Although the injection of electrons in the open system constitutes an essentially
stochastic process, it is indeed capable of politely reproducing the probabilistic distribu-
tion of electrons in the spatial limits of the simulation box (see section 2.3 and Appendix
B). Therefore, although we are not capable of describing at every single time which is the
real microstate occupied by our open system, we do are able to predict the probability
that our system occupies a particular microstate. In other words, although we cannot
reproduce the result of a single measurement (associated to a particular microstate of
the system), we can reproduce the probability of measuring such a result, and hence, we
can also predict the mean value of a long series of identical measurement results, i.e. its
expectation value?. Repeating several times the same simulation, we can elaborate a list
of possible outcomes a;, e.g. {as, a1, ass,ay, ...}, of an observable A(t), with an occurrence
probability P(a;,t). From these data we can then compute the expectation value of the
observable A(t) as:

(A1) = 3 Pait). (3.1

IThe injection process is also the responsible of converting our open system into an irreversible system.
Irreversibility of physical process is related to loss or transfer of information during time evolution from
the system whose dynamics we are interested in to other degrees of freedom, that either we choose not
to consider, or their number is so large that it is practically impossible to follow each and every one of
them in time.

2In practice, since we simulate a single open system and we let it evolve in time, then, at time t
we will deal with a single possible microstate of the system. Such a microstate is not able to give us
information about the result of a real measurement.



3.2. Expectation values from stochastic simulations 59

This is the standard (either classical or quantum) definition of the expectation value of
an observable measurement A(t), and represents the kind of information that we can
obtain from our electron transport approaches. The previous discussion is valid for both
classical and quantum systems, however, when dealing with quantum systems there is an
additional source of statistical uncertainty associated to the wave nature of the carriers
(see section 3.2.3 for an extended discussion on this point).

In conclusion, the price that we have to pay for the reduction of the degrees of freedom
is that we do not deal anymore with a pure many-particle microstate, but with a mized
many-particle microstate (the reader can find an extensive discussion on this point in
Appendix C), and therefore, only that information referring to expectation values has to
do with real measurable results. In the next sections I will extend the previous discussion
for both classical and quantum open systems, focusing on the practical computation of

expression (3.1).

3.2 Expectation values from stochastic simulations

3.2.1 The measurement as a detection of pointer positions

Clearly, in all measurements, we are not directly measuring the outcomes a; but the
position of a pointer. These data are, indeed, of a very simple nature. Usually the value
of a; can be ascribed to a detector pointer described by the positions of the particles
conforming it, 7,[t] = 7u[t], ..., Tpn[t]. Hence, the measurement of any magnitude is a
position measurement. In this regard, the outcomes of an observable A can be always
defined as a function, fa, of the pointer positions, i.e. f4(7,[t]). In particular, expression

(3.1) can be also written as

[e.9]

(A1) = > a;Pla;t)

=1

= D falipilt)) - Pl (3.2)

where fa(7yp:(t]) = ai, Tpilt] = {TFp1alt], .., Tpnilt]}, and P(7,,[t]) = P(a;,t). As I will
show in brief, the position vectors 7),;[t] can refer either to classical or quantum trajec-
tories.

Although the previous affirmation could seem quite obvious when dealing with clas-
sical systems, as I will discuss in section 3.2.3, it is certainly a delicate issue when we
discuss the measurement process within its “orthodox” formulation of quantum mechan-
ics (i.e. the problem of the wave function collapse). Bell expressed this point in this

way:
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In physics the only observations we must consider are position observations,
if only the positions of instrument pointers. It is a great merit of the de
Broglie-Bohm picture to force us to consider this fact. If you make axioms,
rather than definitions and theorems, about the “measurement” of anything
else, then you commit redundancy and risk inconsistency. — John S. Bell
(1987) [124].

In any case, in practical situations, accounting for the degrees of freedom of the
pointer would force us to include the whole measuring apparatus, the battery and the
wires into our simulations. Obviously, this is computationally unviable, and hence, we
should be capable of finding a function, f/;, relating the simulated degrees of freedom of
the open system, i.e. {7,...,7n(}, and the measured quantities a;. In Appendix C I
will discuss in detail how the probabilities appearing in expression (3.2) can be formally
rewritten in terms of the simulated degrees of freedom and the function f/, (for both
classical and quantum systems). In the rest of this section I will explain how we can
compute, in practice, the expectation value of a particular observable A(t) departing
from the supposition that we already know the function f/. In sections 3.3 and 3.4 I will

provide a reasonable definition of f/; when measuring the electrical current and power.

3.2.2 The classical expectation value of an observable result

The uncertainty associated to the electrons entering the simulation box can be practically
represented by an h-ensemble of different electron characteristics. As I have already
noticed, such an uncertainty, h = 1, ..., H, is partially related to the lack of information
we have on the energies, positions and injection times of the electrons at the borders of
the simulation box.

Now, the practical procedure to compute the expectation value of the observable A at
time ¢ is the following. At t = 0, we select a particular realization of the h-uncertainty.
Then, we solve the (many-particle) Hamilton-Jacobi equations (2.56b) and (2.56b) from

time ¢ = 0 till ¢ = ¢;. Next, we compute the values ap(t;) as

an(ty) = AG(FLnlta], -, Py w(t])- (3.3)

After that, we repeat the previous procedure for h = 1, ..., 00. The expectation value or

the ensemble average of the observable A at time ¢; can be then computed as:
.1
< Alty) >= lim — " ap(ty). (3.4)
h

The probability of each element of the h—ensemble is 1/H.
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For a stationary process, the mean value (3.4) is independent of time. Then, if the
process is ergodic, we can compute the expectation value of A from the next time average

expression:

on(D) = lim ~ / " an(t)dt (3.5)

In this case, the practical procedure for the computation of the mean value of the
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Figure 3.2.1: Schematic representation of the simulation box for a particular selection of classical
trajectories during an infinite time.

observable A is the following. Before beginning the simulation, we select a particular
realization of the whole h-uncertainty for an “infinite” number of electrons, that is the one
of a whole closed circuit, i.e. {7\ p,...,"an, to} (With M the total number of unbounded
electrons in the whole circuit). In figure 3.2.1 I have represented an scheme of the
simulation box in position and time. A single sample function will often provide little
information about the statistics of the process. However, if the process is ergodic, that
is, time averages equal ensemble averages®, then all statistical information can be derived

from just one sample function.

3.2.3 The quantum expectation value of an observable result

The use of quantum mechanics is certainly a delicate issue when discussing the measure-
ment process. In this regard, let me first introduce the measurement problem of quantum
mechanics.

A measurement performed on a quantum system with a pure wave function, typically
yields a random result. However, the quantum dynamics governing the evolution of the

wave function over time, at least when no measurement is being performed, given by

3The trajectory of a representative point in the phase-space traverses, during a time evolution, any
neighborhood of any relevant point of the phase space.
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the Schrodinger’s equation, is completely deterministic. Thus, insofar as the particular
physical processes which we call measurements are governed by the same fundamental
physical laws that govern all other processes, one is naturally led to the hypothesis that
the origin of the randomness in the results of quantum measurements lies in random
initial conditions, in our ignorance of the complete description of the system of interest
of which we know only the wave function.

The measurement problem, however, is often expressed a little differently in the con-
text of orthodox quantum mechanics. Textbook on quantum theory provides two rules for
the evolution of the wave function of a quantum system: A deterministic dynamics given
by Schrodinger’s equation for when the system is not being “measured” or observed, and
a random collapse of the wave function to an eigenstate of the “measured observable”

455

for when it is In short, the measurement problem of the orthodox formulation of

quantum mechanics is this:

It would seem that the theory [quantum mechanics] is exclusively concerned
about “results of measurement”, and has nothing to say about anything else.
What exactly qualifies some physical systems to play the role of “measurer”?
Was the wavefunction of the world waiting to jump for thousands of millions
of years until a single-celled living creature appeared? Or did it have to wait
a little longer, for some better qualified system ... with a Ph.D.? If the theory
1s to apply to anything but highly idealized laboratory operations, are we not
obliged to admit that more or less “measurement-like” processes are going on
more or less all the time, more or less everywhere. Do we not have jumping
then all the time? — John S. Bell (1987) [124].

From these considerations Bell has drawn the conclusion that we have only two possibil-
ities. Either we add something to the wave function for the description of the state of
the system or we modify the Schrodinger equation®. The former solution given by Bell

fits perfectly with Bohmian mechanics, which in order to wholly describe a system adds

4According to orthodox quantum theory, the wave function of any individual system provides a
complete description of that system.

5John Bell emphasized several times that the ’orthodox’ formulation of the quantum theory is un-
professional. It does not explain with accuracy which parts of the whole quantum system forms the
measurement apparatus and which the quantum system itself, or wheatear the measurement process
requires some kind of human action or not.

6The allure of wave function monism (monism means here that the complete description of a system is
provided by only its wave function) is so strong that some solutions to the orthodox measurement problem
in fact involve the abrogation of Schrodinger’s equation. There have been several recent proposals [125—
129] suggesting explicitly that the quantum evolution is not of universal validity, that under suitable
conditions, encompassing those which prevail during measurements, the evolution of the wave function
is not governed by Schrodinger’s equation. A common suggestion is that the quantum dynamics should
be replaced by some sort of “nonlinear” (possibly nondeterministic) modification, to which, on the
microscopic level, it is but an extremely good approximation. One of the most concrete proposals along
these lines is that of Ghirardi, Rimini, and Weber [129].
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the configuration space, i.e. the position of the particles are guided by the wave function
(see Appendix A).

Next, I introduce the quantum expectation value of an observable in terms of Bohmian
mechanics. The reader can find a particular deduction of this formulation, departing from

the orthodox definition of an expectation value, in Appendix C.

The quantum expectation value of an observable result in terms of bohmian

trajectories

Contrarily to orthodox quantum mechanics, the Bohmian formulation of quantum me-
chanics states that an observable is finally measured by an apparatus that provides a
relationship between the value of a particular outcome of the observable and the position
of a pointer (just as in classical mechanics). The very relevant point of the Bohmian
measurement process is that it emphasizes that what we have ultimately “measured” is
the position of the pointer, not the observable itself. In this regard, if we are able to find
a function f’ relating the position of the simulated bohmian trajectories (in the open
system) and the positions of the pointer 7, then we can also compute its expectation
value in terms of theses trajectories.

As T have already announced, the addition of the wave nature of the electron intro-
duces an additional source of uncertainty in the classical definition of the expectation
value, i.e. in quantum open systems there exists two types of uncertainty. One is shared
with classical systems, and another one belongs exclusively to quantum systems. The
former is ultimately related with the characteristics of the electrons injected into the
simulation box and, as in the classical case, I will use the subindex h to refer to it. The
second uncertainty, has a pure quantum mechanical origin, and it can be ultimately re-
lated with the initial positions of Bohmian trajectories. In the predictions of Bohmian
mechanics concerning the result of a quantum experiment, it is assumed that, prior to the
experiment, the positions of the particles involved in the system are randomly distributed
according to Born’s statistical law. In this sense, according to the quantum equilibrium
hypothesis (see expressions (A.14) in Appendix A and (C.14) in Appendix C), we know
that there exists an ensemble ¢ = 1,..,G of possible distributions of Bohmian initial
positions that exactly reproduce the modulus of the wave function at any time.

Therefor, similarly to its classical counterpart, the practical procedure to compute the
quantum expectation value of an observable A is the following. At ¢t = 0, we select a par-
ticular realization of the h-uncertainty and a particular realization of the g-uncertainty.
Then, we solve the (many-particle) pseudo-Schrédinger equations (2.68) from time ¢ = 0

till ¢ = ¢;. Next, for each particular observable A, we compute the values a,;(t1) as

agn(tr) = fa(Finglta], - T nglts)- (3.6)
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Finally, we repeat the procedure for g = 1,...,00 and h = 1, ..., 00, and after that, the

expectation value or the ensemble average of A at time t; can be computed as:

H G
) 1
< A(tl) >= lim _H hz Z g,h tl (37)

G,H—><>o

The probability of each element of the g—ensemble is 1/G. Identically, the probability
of each h—element is also 1/H.

Again, for a stationary process, the mean value (3.18) is independent of time. Then,
if the process is ergodic, we can compute the expectation value of A from the next time

average expression:

L T
aon(®) = lim — / Ay (bt (3.8)

T—o0 —T/2

In this case, the practical procedure for the computation of the mean value of the observ-
able is the following. Before beginning the simulation, we select a particular realization of
the h-uncertainty for an “infinite” number of electrons, that is the one of a whole closed
circuit, i.e. {F1 g, ..., M hgs to} (With M the total number of unbounded electrons in the
whole circuit). Simultaneously, we fix the “quantum” g-uncertainty of this particular
realization (see figure 3.2.2 where I have represented an scheme of the simulation box in
position and time). Again, a single sample function will often provide little information
about the statistics of the process. However, if the process is ergodic, then all statistical

information can be derived from just one sample function.
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Figure 3.2.2: Schematic representation of the simulation box for a particular selection of wave-
packets and Bohmian trajectories during an infinite time.

In summary, the ability of Bohmian mechanics to predict measurable results without

invoking the wavefunction collapse resides in the fact that the measured quantity de-
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pends, ultimately, on the distribution of positions of a set of Bohmain particles. Roughly
speaking, we avoid collapsing the wavefunction to a particular position 7[t| at time ¢

because we have already “collapsed” it to 7[to] at the initial time .

3.3 Computation of the electrical current

The functionality of any electronic device is determined by the relationship between the
current measured by an ammeter an the voltage imposed at the external battery. See
Fig. 3.3.1 for a description of the whole circuit that will support most of our explanations

in this section. The current I(t) is experimentally measured by an ammeter located far

Pointer

= Device Active Region
Sa

Figure 3.3.1: Schematic representation of the current measurement in an electron device. Device
simulators compute the current in the surface, Sp, of the device active region, while the ammeter
measures the current in the surface, S4.

from the device active region using, for example, the magnetic deflection of a pointer”.
We define, as in the previous section, 7, = 71, .., 7pn as those positions of the particles
forming the pointer that completely specify its spatial location. In principle, if one
solves the many-particle Hamiltonian (with classical or quantum trajectories) of the
whole circuit including the measuring apparatus, the exact microstate of the system can
be exactly known at every time ¢. Then, each possible experimental value of the current
I(t) is related to a particular distribution of the particles of the “pointer” at time ¢.
Unfortunately, the huge number of variables contained in the Hamiltonian make its
solution through the many-particle Hamiltonian untractable. Instead of trying to describe
a whole closed circuit, we have been forced to drastically reduce the number of degrees
of freedom being simulated. In particular, we can only describe electron dynamics in
the active region of an electron device. The elimination of all the degrees of freedom of
the wire, the battery and the ammeter can seem surprising. At the end of the day, we

will compare our predictions for I(¢) with the current measured experimentally at the

"A current passing through a coil in a magnetic field causes the coil to move. The position of a
‘pointer’ fixed to this coil will indicate the value of the current.
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ammeter, not at the device active region. Therefore, if we eliminate the “pointer” of the
ammeter from the set of simulated degrees of freedom, we need another definition of the
current [(t), based on the position of the simulated electron trajectories. In the next

subsection I will provide a reasonable expression for such a function.

3.3.1 The relationship between currents on the ammeter and

on the active region surfaces

Let us assume that we deal with a particular h—element and g—element of the Bohmian
trajectories of the circuit (if we deal with a classical systems we just remove the subindex
g in the next argumentation). We will keep the subindexes g and h to remind this point.
Next. we show that the current Ig, ,,(t) crossing a surface of the ammeter, Sy, drawn in
Fig. 3.3.1 can be related to the current Ig, ,,(t) on the surface of the device active region,
Sp8. We will provide this demonstration without simulating explicitly the dynamics of
the Bohmian trajectories, but assuming that they fulfill Maxwell equations. Let us start

by rewriting the current conservation in any point along the wire:

apg7h<f: t)

Vieon(Tt
jygvh(r )+ at

=0. (3.9)
The first term of Eq. (3.9) is the divergence of the conduction current density, jeq4 (7, 1),
while the other is the temporal variations of electron charge density p, (7, t). The second
term can be related to the electric field, E;h(ﬁ t), by using the Poisson (i.e. first Maxwell)
equation:

v (e(f)Eg,h(ﬁ t)) = pon(F)1), (3.10)

where the electric permittivity, £(7), is assumed to be a time-independent scalar function.

Thus, we can rewrite Eq. (3.9) as:

i d = = 5 aE 'F:t =d v d = - =
Viegn(Tt)+V <€(r)$> =V (jgg,h(r,t) +jd7g,h(r,t)) =0. (3.11)
where the displacement current density is jg o (7,t) = e(F)aEgé—};(F’t) From equation

(3.11), we can define the total current jp g (7,t) = jogn(7)t) + jagn(7,t) as a divergence

free vector. Finally, we arrive to the following identity for the total currents:

Vo (7 1) dA = / Fron(Ft)ds =0, (3.12)
A S

8In principle, we do also need a demonstration that the current I,(¢) indicated by the “pointer”
positions can be related with the current crossing a surface of the ammeter, S4. We avoid the explicit
demonstration, which will follow the identical steps done in this section.
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where the first integral is evaluated inside an arbitrary volume A and the second integral
over the closed surface S limiting this volume A drawn in Fig. 3.3.1. The surface S is
composed of the ammeter surface, S, the device surface, Sp and a lateral cylindrical
surface. We assume that this lateral surface is so far away from the metallic wire, so that
the electric field there is almost zero and there are no particles crossing it?. Thus, the

integral surface of the right hand side of expression (3.12) can be rewritten as:

/ (T, 1)d5 + / Jrgn(Fit)ds =0 (3.13)
SD SA

Expression (3.13) tells us that Ig, 44(t) = —1(t)s,gn- There is an irrelevant sign
related with the direction of the vector ds. In conclusion, the current measured on the
surface of an ammeter is equal to the current measured on a surface of the simulation

box.

3.3.2 The relationship between the current on the active region

surfaces and the simulated trajectories

Now, we determine the function f/; between the positions of the open system trajectories
{Pikglt], s TN kgt and the value of the current Ig, j 4(t) measured on the surface Sp
(recall that for recovering a classical explanation we just have to erase the subindex g in
what follows).

I will discuss the charge associated with the conduction and displacement components
of the total current. From the continuity equation 3.9 that accomplishes the simulated

trajectories, we conclude that:

. d T=xp
/ Foonleniy, 2 )ds = & / / pon(@,y, 2 t)dedyd: (3.14)
Sp dt Jsy, Jo=—oo

We have defined xp as the x-position of the Sp surface. In principle, we known that
the density of particles at time ¢ in the whole circuit can be written as pg;(r,t) =

Zi‘f{ (7 —rign[t]). Then, we can define the conduction charge as:

i=1 =1

Qegn(t) = /S ds / Ji dz Z 0(F — T gnlt]) = q (Zu(mi,g,hm — xD>> (3.15)

where the unit step function (Heaviside) is u(§) = 1 when £ > 0 and zero elsewhere and

the number of particles M accounts for all the unbounded electrons in the whole circuit.

9In fact, the relevant point is not only that the lateral surface is far away from the wire, but also that
the difference between the relative dielectric constants in the wire and in the air tends to concentrate
the electromagnetic field inside the wire
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In addition, we know that the displacement current is defined as j’d%h(ﬁ t) =

5(77)%"’8—’@. Therefore, we can interpret the displacement charge, as:

Qugn(t) = /5 45=(7) B, n(2m, 1y, 2 1) (3.16)

The electric field, Eg,h(x D, Y, 2,t) depends directly on the position of the simulated par-
ticles and the boundary conditions on the borders of our simulation box. Finally, we can
interpret one particular outcomes of the total current measured by an ammeter, I, (%),

as the time-derivative of the conduction plus displacement charge:

d (Qc,g,h(t) + Qd,g,h(t))

Ispgn(t) = 7

. (3.17)

Notice that the title of this subsection makes reference to find a relationship between the
current on the active region surfaces and the simulated trajectories. From the definition
of the conduction charge (Eq. (3.15)), however, it could seem that what we have done
is finding a relation between the trajectories (simulated and non-simulated) of the whole
circuit and the current on the active region surfaces. Fortunately, the time derivative of
this quantity appearing in (3.17), can be computed by simply counting the number of
trajectories (all of them simulated) crossing the surface Sp [130].

In conclusion, we have found a function between one particular set of trajectories
TLhglt], s Tne),hglt] and the charge Qcpg(t) + Qapng(t). According to expression 3.13,
hereafter, we simplify our notation Is,  4(t) = I 4(1).

3.3.3 The practical computation of DC, AC and transient cur-

rents

As discussed in subsections 3.2.2 and 3.2.3, when dealing with an open simulation box,
the measured observables need one subindex for each of the two sources of uncertainty,
h and ¢ (only the subindex h when dealing with classical systems). We can determine
the average value of the current at time ¢; (or the expectation value, or the mean, or the
first moment) from the following ensemble average:

| SG.H

< I(t)) >= S > ; In(ty) (3.18)

g=1 1

As we have discussed, the probability of each element of the g—ensemble is 1/G. Identi-
cally, the probability of each h—element is also 1/H.
When the battery of Fig. 3.3.1 is fixed to a constant value, then, the whole circuit

becomes stationary. This is the DC measurement of the current. Now, for a stationary
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process, the classical mean current computed from (3.18) is independent of time. Then,
if the process is ergodic, we can compute the mean current from the a time average

expression:

@) = Jim — / v L(t)dt. (3.19)

Equivalently, for quantum systems, we can compute the mean current from the (first-

order) time average expression:

. 1 T/2
Ig’h<t) = lim —/ Ig’h(t)dt. (320)

Electrical engineers are not only interested in the DC behavior of nanoelectronic de-
vices, but also in their transient or AC performance. For these time-dependent scenarios,
the circuit is no longer neither stationary nor ergodic. Then, we cannot use ergodicity
and we have to compute the mean value of the current at each particular time, t;, only

from the ensemble average in (3.18).

3.3.4 The computation of the current fluctuations for a station-

ary and ergodic system

When we measure experimentally the current, we found a randomly varying function of
time, not a constant value. We named these fluctuations of the current as noise. The
characterization of the noise is a extremely important issue in electronics to understand
how to avoid it in practical applications. In addition, from a physical point of view,
there is a lot of useful information in the noise that is missing (because of the average)
in the mean values discussed above. Before writing the mathematical expression for the
practical evaluation of noise, we provide a brief summary of noise features in electronics

that will be useful latter to discuss the noise results.

The thermal and shot noises

Noise in electronic devices can be understood as a consequence of uncertainties in the
electron transport process. Theoretical approaches to analyze and model noise in semi-
conductor devices are carried out using stochastic calculus and microscopic noise sources
(see for example [131] for a semi-classical treatment of noise in semiconductor devices).

There are two fundamental sources of noise in nanostructures, the thermal and the
shot noise. The former is at non-zero temperature where the thermal agitation causes the
occupation number of the state to fluctuate. Typically, we can characterize the presence
or not of an electron in a particular region of phase-space by the occupation number n

which is either zero or one, at each particular time. In simple scenarios, the average of
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the occupation number (n) is determined by the Fermi distribution function f and we
have simply (n) = f. At equilibrium the probability that a state is empty is on the
average given by 1 — f, and occupied is on the average given by f. Taking into account
that n? = n, we find immediately that the fluctuations of the occupation number are

given by:

((n—=(m)*) =Ff(1—=f) (3.21)

At high temperatures and high enough energies f is much smaller than one and thus
the factor 1 — f in Eq. (3.21) can be replaced by 1. Thus the fluctuations are determined
by the Boltzmann distribution.

The latter noise source, namely the shot noise, can be explained with the simple
case of a flux of particle incident upon a barrier. At the barrier the particle is either
transmitted with probability 7" or reflected with probability R =1 — T (not both!). We
now only consider the transmitted state characterized by the occupation numbers ny and
its average value simply given by (nr) = T. To find the mean squared fluctuations in
the transmitted state, we consider the average of the product of the occupation numbers
of the transmitted and reflected beam (ng (1 —ng)). Since in each event the particle
is either transmitted or reflected, the product ny (1 —ny) vanishes. Notice that this
mechanism is essentially the particle nature of the charge as anticipated above. Hence

the average (ny (1 — ny)) vanishes also and we find easily:

((nr = (nr))?) = T(1 = T) (3.22)

Such fluctuations are called partition noise since the scatterer divides the incident
carrier stream into two streams.

Both the thermal and shot noise at low frequencies and low voltages reflect in many
situations independent quasi-particle transport. Electrons are, however, interacting en-
tities and both the fluctuations at finite frequencies and the fluctuation properties far
from equilibrium require in general a discussion of the role of the Coulomb interaction.
A quasi-particle picture is no longer sufficient and collective properties of the electron
system come into play. Moreover, for finite frequency the electrodynamics (Maxwell
equations) must be included. Please see the review of Blanter and Biittiker [11] as a

guide for theoretical approach to noise in mesoscopic devices.

The practical compaction of current fluctuations

Now, we return to the practical expressions for the computation of the current fluctu-
ations in nanoelectroinc devices with trajectories. Since we directly know all possible

measurable current values I, ,(¢1) and their probabilities 1/(GH), we can use standard
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techniques for characterizing the fluctuations of the current (this is a very relevant ad-

vantage of using Bohmian mechanics to study electron transport).

The fluctuating signal of the current can be defined from Al ,(t) = I, 5(t)— <
I, (t) >. We can obtain information of the noise from the variance (or the mean square
or the second moment) defined as < AI(t)? >=< I(t)*> > — < I(t) >*. However, exper-
imentalist are interested in having information on the distribution of noise at different
frequencies'®. Therefore, the characterization of fluctuations of the current, i.e. the noise,

are computed from the covariance:

< AI(t))AI(ty) >= lim LHZZ Iyn(t) AT, (1) (3.23)

g,h~>oo

If the process is ergodic, we can compute the noise equivalently from the autocorrelation

function:

/2
AOAIG+7) = lim ~ / AL p(O) AT, u(t + 7)dt (3.24)

T—o0 —T/2

We mention ergodicity of the correlation when < Al ;,(£) ALy p(t+7) >= AL()AL(t+ 7).
In addition, a process is called wide-sense (or weakly) stationary if its mean value is con-

stant and its autocorrelation function can be defined as:

R(T) = AI(t)AI(t+ 1) (3.25)

because depends only on 7 = t;, — t;. Wide-sense stationary processes are important
because the autocorrelation function 3.24 and the power spectral density function S(f)

(measured by experimentalist) form a Fourier transform pair:

S(f) = /_00 R(1)e %7 dr (3.26)

o0

This is known as the Wiener-Khinchine theorem. In many systems, without correlations

one obtains the well known Schottky’s result [132] for the shot noise:

Sschot(f) = 2e <[> (327)

which is also referred to in literature as Poissonian value of shot noise.
Our ability to make a “continuous” measurement of the time-dependent current needs,
perhaps, some additional explanation. When we have considered the elimination of the

degrees of freedom associated to the battery, the wire and the ammeter and re-introduce

10Most of electronic apparatuses and the ammeter itself have to be interpreted as low-pass filters.
Therefore, they are able to measure the noise up to a maximum frequency
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them , somehow, by the boundary conditions in our simulation box and electron injection
algorithm, we have also assumed that the simulated electrons of the active region have
a significant influence on the degrees of freedom of the ammeter, 7,, but the degrees of
freedom of the ammeter have small (negligible) influence on the simulated particles. In
the literature, this type of measurement is called “ideal” or “weak” measurement and
they are also present in the orthodox interpretation of quantum mechanics!'.Under the
“weak” measurement done by the ammeter, we can consider the measurement of the

current of one particular sample at two different times.

3.4 Computation of the electrical power

Power consumption is one of the main drawbacks when scaling down any new technology
[133, 134]. In the last few years, the electronic development is being driven not only by
the desire of improving circuit density and speed but also of reducing power consumption.
The ITRS has identified this last constraint as one of the top three overall challenges for
the next 15 years [72]. In this sense, accuracy is a mandatory requirement when predicting
electric power in the active region of a FET transistor because the results of the single
transistor are then extrapolated to the large number of transistors in present-day CPUs.
In this section I show that the formulation of the electric power in nanoscale open classical
and quantum systems can not be reduced to the standard expression I - V' when dealing
with full Coulomb correlations. Only when taking the single-particle classical limit we
recover the well known textbook expression.

In the next discussion I will eliminate again the “pointer” of the measuring apparatus
from the set of simulated degrees of freedom. Then, we need a definition of the electrical
power P(t), based on the position of the simulated electron trajectories (both classical and
quantum), i.e. we must find the function f5. Let me notice that if we could associate the
electric power to the standard expression, I - V', we would not had major problems when
comparing our theoretical predictions with the results obtained with an experimental
setup. In the previous section I discussed how to associate our predictions of electric
current with the measure performed in an ammeter. It is not more difficult to associate
the applied voltage V' with the measure performed with a voltmeter. Unfortunately, if

we take a look to expressions (3.44) and (3.46), which correspond to the electrical power

1 The type of measurement process with orthodox quantum mechanics first introduced to students
is the so-called “strong” measurement. the measurement transforms “instantaneously” the wavepacket
into one of the eigenstate of an operator. However, there are many measurements that do not fit with the
(von Neumann) “strong” measurement. For example, when one illuminates an object and continually
detects the reflected light in order to track the object motion, or when one sees the bubbles originated by
a electrically charged particles (coming from cosmic reactions) moving through a bubble chamber. The
‘orthodox’ theory itself has developed its own formal formalism to discuss these new type of continuous
measurements named 'weak’ measurements [125].
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for quantum and classical open systems respectively, things seem much complicated.
Nonetheless, as I will show, these expressions are reasonable. Moreover, the kinetic
energy gained or loosed by electrons in the open system (consider for instance the active
region of a particular electron device), which is directly related to the electric power
P(t), could be, in principle, related to other magnitudes such as thermal dissipation in
the leads. In this regard, we should be able to measure the discrepancies between the
standard I -V electric power and expressions (3.44) and (3.46).

In section 3.4.1 T will first deduce the expression of the electrical power and the energy
conservation law in a simple closed system. Such expressions will be useful later, in
subsection 3.4.2; in order to identify the proper expressions of the classical and quantum
electric power for open systems. Although along the whole section I will use a quantum
formulation of the problem in terms of Bohmian mechanics for a pure microstate of
the system, when taking the expectation values of the electric power I will assume a
summation over both the h- and g-uncertainties. Moreover, I will present the classical
limit of the most relevant results. Finally, in 3.4.3 T will use the measurement theory
discussed at the beginning of this chapter in order to recover the standard expectation

value of the electric power, I -V, for a single-particle classical system.

3.4.1 Expectation value of the energy in closed systems

Let me start with a closed system Hamiltonian such as the one described in (2.7). The
3-dimensional generalization of the quantum Hamilton-Jacobi equation, (A.36), deduced

in Appendix A reads

2m 2 4
=1
ik

k=1

. 2
M <kaS(F177FM7t)) 1 M S5 N -
—|——E eV (75, 75) + Qu (T, - T, 1) p+

S (71, ..., Par t)
=0. .2
+ 5 0. (3.28)

Taking the gradient, 67«]., of (3.28) and using the hydrodynamic derivative 4 =

Zi‘i(lt)?l . ﬁm + %, we obtain the quantum analogous of the Newton’s second law for

many-particle systems

M M
mi;[t] = —3 eV,;V (7[t], ) — E Vo, Qr (T1[t], .., T, o T[], 1), (3.29)
k=1 k=1
[

where the coordinates 77 [t] are now understood as quantum trajectories. In order to do

not complicate the notation, however, from now on I will omit the explicit apparition of
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[2].

The first term on the right side of (3.29) is just the Lorentz force in absence of
magnetic fields. The second term represents the quantum force (the reader is referred
to Appendix A for a brief discussion on its significance). Except for the quantum force,
which is the ultimate source of quantum phenomena, equation (3.29) is identical to the
classical Newton’s second law for the j-th particle.

Taking now the product of (3.29) and '7"3-, and then summing over all j —th terms, we
finally find:

M d 1 M M )
P(t) = ZE (erj +Q, (rl,...,FM,t)) = —§ZZe?jVTjV(Fk,ﬁ)+
=t =R
862] (Tl,...,FM,t)
. (3.30
+jZl = (3.30)

The term in parenthesis on the left hand of (3.30) is the total quantum kinetic en-
ergy, K, (the many-particle generalization of expression A.32), i.e. K = Z;V:(? K, =

Z;V:(? (%m?’? + Qj). Then, expression (3.30) can be identified with the electric power,

if we realize that it leads to the energy conservation law. In order to see it, let me use

again the hydrodynamic derivative to rearrange equation (3.30) and write

d (1 ., = 0Q; (71, s T, )
Z—(—m?%Zevm,ﬂ)+@j<a,...,fM,t>>=Z P (331)

j=1

Since we are dealing with a closed system, it can be demonstrate that the expectation

value of % vanishes [135]:

% — +/OOdS R28 ﬁsz
ot N ot\ R

—0o0

“+o00

OR OR-
_ 3 V2 o VZ
B /dT<RT8t ot JR>

—00

+oo

= OR OR
= d?
/ TVTJ (RVTJ 5% o V,,JR)

—0o0

+oo
OR 0ORg
_ 2
= / d°r <er] at 8t Vr] R)

—0o0

= 0, (3.32)
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where in the last equality I have used the boundary condition 7R — 0 as ¥ — oo.

Therefore, from (3.31) and (3.32) we can identify the total energy of the system, €(t),
with

2 J

e(t) = Z <_m7»2 + Zev (P, 7)) + Qj (T, ooy Par, t)> . (3.33)
k=1

j=1

Thus, the conservation law for the total energy of our closed system in terms of Bohmian

mechanics reads

<dz_(tt)> _ i <%(%m;7’“j2. + éev (7 75) + Q; (7, ...,FM,t))> —0. (334)

=t k]

The last term on the right hand of equation (3.30) can be interpreted as the quantum
deviation from the classical electrical power, and from (3.32) we can conclude that it
is both positive and negative. In other words, the system borrows energy or gives up
energy per unit time to an unspecified source or sink, which is sometimes identified as the
quantum field. The previous demonstration constitutes the generalization of the Donald

H. Kobe’s result presented for a single-particle system in Ref. [135].

From (3.34), if we let Q — 0 we recover the energy conservation law for classical

closed systems, i.e.

M

dgclass d (1 592 7 e
yr = E A GULE + g eV (1%, 75) = 0. (3.35)
—1 k=1
[

1=

3.4.2 Expectation value of the energy and electric power in

open systems

Let me now show what happens with the energy and the electric power when we open
the previous system. Let me first recall the many-particle Schrodinger equation defined

in equation 2.67, i.e.

. aé(rl)'wrN(t)at) h2 2 - - — —
ih 5 = ;—2.mvfk—i—U(T’l,..,TN(t),t) -@(Tl,..,TN(t),t) (3.36)
where
N(t) N(t)
— — — — 1 — —
U(r, ., Ty, t) = {e-Wk(Tl,..,rN(t),t) — §Ze~V(rk,rj)}. (3.37)
k=1 Jj=1

£k
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From (3.37), it can be deduced the next many-particle quantum Hamilton-Jacobi equa-

tion:

=0. (3.38)

As in the previous subsection, taking the gradient, ﬁrj, of expression (3.38) and using
the hydrodynamic derivative, we obtain the quantum analogous of the Newton’s second

law for many-particle systems, but now for open systems:

=

(®)

ity = =V5U (R, o T ) = 3 (Ve QuFis v 1)), (3.39)
k=1
We can now rewrite (3.39) as
N(#)
ity = =V, Wy P ) = 3 (Ve @ulFis o v 1)) (3.40)
k=1

where I have omitted the second term on the right side of equation (3.37) using the
same argument discussed in reference to equation (2.70). Except for the quantum force,
equation (3.40) is again the classical Newton’s second law. Taking now the product of

(3.40) and '7"]- and summing over the N (t) particles conforming the open system, we find

N(t) 4 /1 N(¢) N(t) N(t)
> - (im_f’?) ==Y eV Wi Py ) = > ) Ve k(i o vy, ), (3.41)
j=1 j=1 k=1 j=1

If we use once more the hydrodynamic derivative we can rearrange expression (3.41) to

finally read

=

(t)
1 - . . LS . .
—Z —mrf-—i—Qj(ﬁ,..,rN(t),t) = (—eerTjo(rl,..,rN(t),t)—l—
+8Qj<F17"7FN(t)7t)>
ot '

<
Il
—

<
Il

The term in parenthesis on the left hand of (3.42) is again the total quantum kinetic

energy, K. Therefore, we can identify the right hand of (3.42) as the quantum power,
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d - L 0Q;(T1, .., TN, t
Pit)y=> —Kj=Y (—erjverVj(n,..,rN(t),t)+ @, 5 M) )>. (3.43)

Taking the expectation value of (3.43) we find:

N(t) N(t)

d J N R aQ(FaafN 7t)
<P>:Z<EKj>=Z<—eererVj(r1,..,TN<t>,t)+ PR (3.44)

=1

Contrarily to the previous closed case, now the expectation value of the time derivative

9Q;

» 5> does not vanish:

of the quantum force

40, (3.45)

where Q is the volume of the active region (see figure 2.3.1). Since we are dealing now
with an open system, we can not use anymore the boundary condition 7R — 0 as 7 — oo

for the two opened surfaces.

We can probably better recognize the classical limit of expression (3.44) letting @ — 0:

N(t) N(t)

d ]_ N P — —
(P = 3= (5 (5772) ) = X (=609 W37 v 1)) =
— =
N(t)
=3 (5 F), (346)
j=1
where F} = —eﬁj is the Lorentz force in absence of magnetic fields. As expected, the

many-particle classical limit of the electric power is nothing more but the sum over all

electrons of the product of their velocities and their correspondent electrostatic forces.
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3.4.3 Computing the classical single-particle limit: Recovering

the standard classical P = [ -V expression

We have still not recovered the standard expression I-V, neither for classical nor quantum
open systems. In what follows, I will demonstrate that the classical expression (3.46) leads

to the standard prediction of power consumption when the single-particle limit is taken.

From expression (3.46) it is easy to realize that if we approximate the scalar potential

as
I/Vj (Fl,...,FN(t),t) —>W(T_’}), (347)
that is taking the single-particle limit, then 2W (i) = éfjﬁjW (7). In such a particular

case, we can express the expected value of equation (3.46) for a mixed microstate as

N(t) N(t)

d d . .
<Pcla85(t)> - ; <%KJ> = ; <€£M/J’ (T1> oo TN(t)at)> : (3-48)
Expression (3.48) evidences that the total energy of every single electron is conserved for

single-particle systems.

If the previous process is ergodic, then we can convert this ensemble average into a

time average and the expectation of the single-particle classical power can be computed

from:
+T/2N *)
(P(t)) = Tlggof / ]Ze yrll (71yeoes Py t) (7 (1)) - dt. (3.49)
-T/2 77

Expression (3.49) can be rewritten as

+T/2
e d . d
(P) = lim - / {dtwl (75 (1)) - 0 (t1os tag) + e+ Wi (7 (1)) - 0 (tzvmtm)} -dt
~T/2
(3.50)
where I have defined
0 tin <t <t
g(t,tw,tzf) = { . f } (351)
1 otherwise

In (3.51), N is the total number of electrons that have entered the volume € from time
t = 0 until ¢ — oo. Assume now the open system subject to an applied voltage (the
channel of an electron device for instance). Then, it can be easily argued that only those

electrons crossing the volume 2, from one opened surface to the other, will contribute to
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Single-particle approximation:
IIZ> Ki(tio)
W, (7o By ) = W (7)

i

AKi= -eAWi
x=0

Vapplied

x=L

Figure 3.4.1: Schematic representation of the open volume 2 = Lz - Ly - Lz subject to an
applied bias. Only two boundary surfaces, S and S*, corresponding to the drain and source
respectively, are opened to electron flow. For single-particle classical systems the energy of
every single electron is conserved and the energy gained or loosed when traversing the open
region equals £e - Vyypiied-

the integral in (3.50) with exactly the amount

+T/2

1 d
lim — / thWi (75 (£)) - 0 (tio, tiy) = eW, (75 (tif)) — eWi (75 (tio)) = £e - Vapplied,

(3.52)
where the sign of the contribution depends on the direction electrons crosse the volume
and the polarity of the applied voltage. From (3.52) and (3.50) we can finally conclude
that the expectation value of the classical electric power in the single-particle limit reduces

to
N, N
<P> =e (% — %50) : ‘/applied = <I> ' ‘/applieda (35?))

where Ngp is the total number of electrons that have traversed the active region from
source to drain, and N ps 1s the total number of electrons that have traversed the active

region from drain to source.
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CHAPTER 4
Application to the simulation of

electron devices

Up to now I have been mainly focused on the theoretical aspects of our trajectory-based
classical and quantum approaches to electron transport. Chapters 2 and 3 constitute the
keystone pieces for the development of a versatile simulation tool capable of describing
electron transport including Coulomb correlations at a many-particle level. The aim of
this chapter is to present some examples of the capabilities of such a simulator to predict
certain relevant aspects of future nanoscale electron devices. Let me first summarize in

a few paragraphs the state-of-the of nanoelectronic devices.

4.1 Simulation models for state-of-the-art nanoelec-

tronic devices

For over four decades, microelectronics industry has been characterized by an exponential
growth of the performance of its products [72, 136]. On one hand, the level of integra-
tion has increased (Moore’s law), as well as the switching velocity and functionality of
integrated circuits. On the other hand, power consumption and cost per operation has
decreased. Most of these developments have arisen as a direct consequence of the ability
of the electronics industry to further reduce the size of conventional MOSFET. How-
ever, there is nowadays a broad consensus that the geometric scaling of MOSFET is not
enough to provide the expected performance gain of future electronic devices [72, 136].
Given this, the scientific community has identified the “More Moore” domain, which
looks for avenues to evolve traditional CMOS devices by means of a tradeoff between
the traditional miniaturizing and the introduction of new technological solutions (high-k
dielectric, multiple gate transistors, stressed silicon, metal gates, etc.), known as “equiv-
alent scaling” [72]. There is a wide agreement that these are currently the best strategies
for the electronics industry in the 2007-2022 period predicted by the latest ITRS [72].

81
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However, the scientific community is searching also for completely different alternatives
to CMOS, since the long-term scaling required by Moore’s law (4 nm channel length
transistors predicted for 2022 [72]) will be technologically and economically unattain-
able. In this sense, the “Beyond CMOS” domain explores emerging electronic devices
whose operation is based on different physical principles than MOSFET, being able to
improve at least some aspects of the FET performance. For example, devices based on
the spin orientation control rather than the electron charge dynamics are being pursued
(“spintronics”), as well as devices based on tunnel transport such as “Resonant Tun-
neling Diodes” and “single-electron devices”. Building block materials different from
bulk Silicon are also under investigation, such as “silicon nanowires” or “Carbonbased
Nanoelectronics” (i.e. carbon nanotubes and graphene). It is currently not clear which
of these proposals may replace the FET. In any case, it is believed that in the near
future some of these emerging devices can coexist with nanometer CMOS structures by
using technologies not necessarily based on electronics (MEMS, sensors, etc), combined
with new architectures (quantum computing, bio-inspired, etc.) or new connections (3D,
“Silicon-on-Package” ), what has come to be known as the “More than Moore” domain
(72, 136].

Here, our many-particle approaches to electron transport are applied to predict the
behavior of certain relevant aspects of future nanoscale electron devices. In particular, we
will study mainly two different electronic devices belonging to the transition between the
“More Moore” and “Beyond CMOS” domains whose relevance is widely acknowledged in
the international community. In one hand, as pointed out by subsequent ITRS predictions
[72]), a considerable effort is required to understand the real limitations of the “ultimate
Nanoscale MOSFETSs”. In this chapter we examine multi-gate FETs with channel lengths
on the order of 10 nanometers or less by means of our many-particle classical simulator to
explore the dynamic performance where the correlations are more relevant. Our results
show, for example, that fluctuations in current can generate “BIT-errors” or intolerable
“Signal-to-noise” ratios [70], or that the study of discrete doping induced fluctuations ne-
glecting the time-dependent Coulomb correlations among (transport) electrons can lead
to misleading predictions [68], or that the conventional single-particle I - V' definition of
the electric power can ultimately induce not negligible errors when computing the ener-
getic consumption of aggressively scaled MOSFETSs [69]. On the other hand, nowadays
there is a revival of the interest in Resonant Tunneling Diodes, the goal not being the
substitution of the MOSFET in general applications, but their use as devices that may
have some niche applications of interest (such as oscillators, frequency multipliers, etc.)
because their use can imply a dramatic reduction of circuit complexity when compared
to the traditional CMOS implementation. Our quantum simulator provides a unique

tool to describe rigorously these Resonant Tunneling devices, and its predictions shows
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important divergences with respect to those of mean-field approaches [65, 66].

In summary, in this chapter, the importance of accounting for strongly-correlate phe-
nomena is demonstrated when predicting several macroscopic and microscopic charac-
teristics, such as the mean current, electric power consumption, electron transit times or

current and voltage fluctuations, for two particularly relevant nanoelectronic devices.
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4.2 Many-particle transport in the channel of quan-
tum wire DG-FETs with charged atomistic im-
purities

Differences in number and the position of dopant atoms in Sub-10nm channel devices will
produce important variations on the devices’ microscopic behavior, and consequently, the
variability of macroscopic parameters such as drive current or threshold voltage will in-
crease. This particular phenomenon is known as discrete dopant induced fluctuations,
and constitutes one of the most reported causes of variations in electron devices char-
acteristics (coming from the atomistic nature of mater). In this work we highlight the
importance of accurately accounting for (time-dependent) Coulomb correlations among
(transport) electrons in the analysis of discrete doping induced fluctuations. In particu-
lar, we study the effect of single ionized dopants on the performance of a quantum wire
double-gate FET, mainly when its lateral dimensions approach the effective cross sec-
tion of the charged impurities. We reveal the significant impact of the sign and position
of the impurity along the transistor channel on the on-current, the threshold voltage,
the distribution of the current in the channel cross-section, the transmission probabili-
ties and the distribution of transit times. We find that neglecting the (time-dependent)
Coulomb correlations among (transport) electrons can lead to misleading predictions of
the previous results.

G. Albareda, X. Saura, X. Oriols, and J. Suné, “Many-particle transport in
the channel of quantum wire DG-FETs with charged atomistic impurities”,
Accepted for publication in J. Appl. Phys.
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Figure 4.2.1: Spatial distribution of the transit times along the y direction (centred in z) when
a negatively charged impurity is placed at different places of the channel.



4.3. Electric power in nanoscale electron devices with full coulomb interaction 85

4.3 Electric power in nanoscale electron devices with

full coulomb interaction

Power consumption is one of the main drawbacks when scaling down any new technology.
In the last few years, the electronic development is being driven not only by the desire of
improving circuit density and speed but also of reducing power consumption. The ITRS
has identified this last constraint as one of the top three overall challenges for the next
15 years. In this sense, accuracy is a mandatory requirement when predicting electric
power in the active region of a MOS transistor because the results of the single transis-
tor are then extrapolated to the large number of transistors in present-day CPUs. The
conventional single-particle IV definition of the electric power is compared here with the
many-particle formulation presented in chapter 3 for classical 3D, 2D and 1D double-gate
MOSFETs. The results computed with our many-particle approach show not-negligible
discrepancies when compared with the conventional definition of electric power. Such
small discrepancies become very important when the single-transistor power is multi-

plied by the huge number of transistors present in state-of-the-art integrated circuits.

G. Albareda, A. Alarcon and X. Oriols, “Electric power in nanoscale elec-
tron devices with full coulomb interaction”, Int. J. Numer. Model. DOI:
10.1002/jnm.748 (2010).
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Figure 4.3.1: Time evolution of the power consumption in the 1D DG-FET, (a), 2D DG-FET,
(b), and 3D DG-FET, (c), for the two computational methods at Vdrain=1V and Vgate=0.05V
in (a) and (b), and Vgate=0V in (c). Dashed line refers to the many-electrons method and
solid line refers to the mean-field method.
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4.4 Intrinsic noise in aggressively scaled DG-FETs

The ITRS predicts for the near future the introduction of nanoscale field-effect transistors
with channel lengths below 30 nm, including novel structures with two, three or even four
gates provided in order to improve the gate control over the sourcedrain conductance.
The advantages of these nanoscale FETSs in overcoming the physical limits of traditional
FETs are clearly established in terms of size, speed and power consumption. However,
few studies deal with the noise performance of these aggressively scaled FETs. This is
the main goal of this work. Here, an study of the effect of the intrinsic (thermal and shot)
noise of aggressively scaled (3D and 1D) FETs on the performance of an analog amplifier
and a digital inverter is carried out by means of our many-particle approach. The numer-
ical data indicate important drawbacks in the noise performance of aggressively scaled
FETs that could invalidate roadmap projections as regards analog and digital applica-
tions. In particular it is shown that smaller devices produce a smaller average current
and a larger Fano factor, leading to a signal-to-noise (S/N) degradation. Moreover, the
increase of the clock frequency and reduction of the FET lateral dimensions result in
a drastic increase of the Bit-Error-Rate, mainly because smaller devices (with smaller

capacitances) are more sensitive to electrostatics.

G. Albareda, D. Jimenez and X. Oriols, “Intrinsic noise in aggressively scaled
DG-FETS”, J. Stat. Mech. (2009), P01044.
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Figure 4.4.1: Semi-classical results for the probability density for finding different drain voltages
at 50 and 500 GHz for a 1D double-gate FET.
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4.5 Semi-classical simulation of a N"NN* structure
with time-dependent boundary conditions includ-

ing lead-sample Coulomb correlations

In this manuscript, we consider an N* NN resistor with two different simulation boxes.
First, a large simulation box (Lx(LB) = 42nm), that includes the leads and reservoirs
(N region) plus the sample (N region). Second, a smaller simulation box, (Lx(SB) =
8nm), that only includes the sample (N region) plus a small part of the leads. It is
shown that our BC (described in section 2.3) provides an excellent description of the
coulomb coupling between the sample and the leads, even at (far from equilibrium) high
bias conditions for classical systems. The (reservoir plus lead) resistance obtained from
a LB simulation box is practically identical to that obtained from a SB simulation. The
comparison of the current voltage-characteristic are discussed in detail. We do also show
numerically the enormous difficulties that the standard BC, applied to small simulation
boxes that exclude the leads, have when trying to reproduce the previous set of results
obtained with our algorithm. The ultimate reason why none of the standard BC types
are able to produce reasonable results is because they do not achieve the “overall charge

neutrality” requirement.

G. Albareda, H. Lopez, X. Cartoixa, J. Suné, and X. Oriols, “Time-dependent
boundary conditions with lead-sample Coulomb correlations: Application to
classical and quantum nanoscale electron device simulators”, Accepted for

publication in Phys. Rev. B.
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Figure 4.5.1: Pseudo-resistance of the contact plus lead computed through our boundary con-
ditions model for the large simulation box (dashed lines) and the small simulation box (solid
lines).
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4.6 Quantum simulation of a RTD structure with
time-dependent boundary conditions including

lead-sample Coulomb correlations

Here, we provide an example of the implementation of our BC algorithm into a Resonant
Tunneling Diode. In order to emphasize the relevance of taking into account the Coulomb
correlations among the active region and the leads, we compare the results obtained with
our BC model and those obtained through standard Dirichlet external bias at the borders
of the simulation box. We emphasize the ability of our boundary conditions algorithm
to assure overall charge neutrality in simulation boxes much smaller than the total lead-
sample-lead length. The results are compared with those obtained with standard fixed
bias boundary conditions showing relevant discrepancies. In the results of the RTD with
our BC algorithm, we can guarantee that the profile of the charge density along the whole
device (the reservoirs, the leads and the sample) is compatible with the requirement of
“overall charge neutrality”. In addition, we can also guarantee that the profiles of the
electric field and scalar potential are self-consistent with the profile of the charge density.
Even more, the requirement of “overall charge neutrality” is achieved in time intervals

related with the relaxation dielectric time.

G. Albareda, H. Lépez, X. Cartoixa, J. Suné, and X. Oriols, “Time-dependent
boundary conditions with lead-sample Coulomb correlations: Application to
classical and quantum nanoscale electron device simulators”, Accepted for

publication in Phys. Rev. B.
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Figure 4.6.1: RTD current-voltage characteristic. Results taking into account the Coulomb
correlations between the leads and the active region are presented in solid circles. Open circles
refer to the same results neglecting the lead-active region interaction.
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4.7 Many-particle semi-classical computation of the
I-V characteristics of a DG-FET

We use the classical solution of the many-particle Hamiltonian to provide a full simula-
tion for a nanoscale DGFET. The classical many-electron algorithm is compared with the
classical mean-field one. It is shown that when the FET remains under the subthreshold
region, the results are quite similar for both methods. However, interestingly, the average
current of the FET system in the subthreshold region predicted by the many-electron
algorithm is slightly larger than the result obtained by the mean-field approximation. In
other words, the mean-field results remain in the subthreshold region, while the many-
electron results show a DG-FET channel partially opened. In any case, the most im-
portant differences occur for higher gate voltages. The number of electrons inside the
channel tends to be identical within both methods. However, the average current that
is sensible to electron dynamics is higher with the many-electron method than with the
mean-field approximation because fewer electrons are reflected in the former (i.e., there
are no electrons reflected by its own charge). For the highest gate voltages, equal results
for the mean current are obtained for both methods.

G. Albareda, J. Suné and X. Oriols, “Many-particle Hamiltonian for open
systems with full Coulomb interaction: Application to classical and quantum

time-dependent simulations of nanoscale electron devices”, Phys. Rev. B 79,
075315 (2009).
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4.8 Many-particle quantum computation of the I-V
characteristics of a RTD

In this manuscript, we provide a numerical example of the solution of the quantum
many-particle Hamiltonian for an ensemble of electrons in a RTD. We again compare
our many-electron method with the mean-field approximation. In the resonant region,
the correct consideration of the electron-electron interaction is very relevant because the
quantum transport is very sensible to the quantum well electrostatics. The potential
profile determines the shape of the quantum well and, therefore, the resonant energies.
When a “mean-field” electron tries to traverse the “empty” double barrier structure, it
“feels” a perturbation in the quantum well due to its own charge implying an increase
in the resonant energy and the possibility of being finally reflected by its own charge. In
other words, the “mean-field” electron can be Coulomb blockaded by itself. Our many-
electron algorithm is free from this pathological behavior. This important difference
explains the spurious reduction in the current with the mean-field method at resonance.
It also explains the movement of the position of the resonant voltage (i.e., the voltage at

the maximum current).

G. Albareda, J. Suné and X. Oriols, “Many-particle Hamiltonian for open
systems with full Coulomb interaction: Application to classical and quantum
time-dependent simulations of nanoscale electron devices”, Phys. Rev. B 79,
075315 (2009).

Collector Collector

r'ﬁ )
/i -a- "mean-field” (S1)
/" —-v-- "mean-field" (S4)

0.2
—A— "many-electron" (S1)
0.0} ) 7V7‘”many-ele‘ctron" (842 )
0.0 0.2 0.4 0.6 0.8 1.0
Bias (V)
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CHAPTER 9

Conclusions

In this dissertation I have presented both a classical and a quantum trajectory-based
approach to electron transport at the nanoscale without assuming any mean-field or per-
turbative approximation to describe the Coulomb interaction among transport electrons.

In chapter 1, I have presented an introductory motivation for the development of an
electron transport simulator capable of accurately describing electron-electron Coulomb
correlations beyond standard mean-field approaches. I have emphasized the essentially
many-body and statistical characters of electron transport at the nanoscale. Due to
the huge number of variables involved in a whole closed system, we are obliged to re-
strict our study to a limited number of degrees of freedom within a reduced region of
space. During the process of reduction of degrees of freedom, most approaches to electron
transport subjugate the role of the Coulomb correlations to different kinds of mean-field
approximations. However, it is known that a very reduced number of carriers involved in
nanoscale active regions are determining the ultimate functionality of an electron device.
The Coulomb correlations among these carriers become, hence, critical in the establish-
ment of a particular value of any macroscopic magnitude such as electrical current. In
this regard, an improvement of the description of the electrostatic correlations among
electrons would not only contribute to provide more accurate predictions of the function-
ality of modern electron devices, but also to understand many-body phenomena taking
place at the nanoscale.

Chapter 2 constitutes the theoretical core of our classical and quantum approaches.
In section 2.2, a many-particle Hamiltonian for N(¢) electrons inside an open system
has been developed. Departing from the exact Hamiltonian of a whole closed circuit,
after assuming a single-band effective mass approximation, we are capable of construct-
ing a many-particle Hamiltonian (2.38) built of a sum of N(¢) electrostatic potentials,
Wi (71, ., Tks -, TN (), solutions of N (t) Poisson equations (2.39). We use the Poisson equa-
tion to define Wy (74, ., 7%, ., (), instead of the Coulomb law, because the former is valid
for scenarios with (or without) a spatial-dependent permittivity. After that, in section

2.3, I have presented a novel boundary conditions algorithm describing the Coulomb
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correlations among electrons inside and outside the open system without having to en-
large the explicitly simulated degrees of freedom. Interestingly, we have seen that in
terms of analytical expressions describing the charge density, the electric field and the
scalar potential along the leads and reservoirs, we can transfer the assumptions about the
boundary conditions at the borders of a small simulation boxes into the simpler specifi-
cations of the boundary conditions deep inside the reservoirs. In particular, the two new
boundary conditions that we impose deep inside the reservoirs are, first, the electric field
tends to a drift value Eg/ p(t) — Eg;gt(t) (that we refer as Deep-drift-BC) and, second,
the scalar potentials deep inside the reservoir is fixed by the external bias V& (¢) = 0 and
VE () = Vewternar(t). We have highlighted that our algorithm is able to discuss far from
equilibrium situations where depletion lengths in the leads have to be added to standard
screening. More over, the frequency-dependent correlations included into our boundary
conditions algorithm, due to sample-lead Coulomb interaction, allow us to investigate
the computation of (zero-frequency or high-frequency) current fluctuations beyond the
standard external zero impedance assumption (i.e. most of the computations of current
fluctuations in electron devices assume that the voltage applied in the simulation box
is a non-fluctuating quantity). Finally, it is shown that the boundary conditions (2.55)
are different for each term Wi (7, ., 7%, ., 7n(). In particular, these particle-dependent
boundary conditions of the electrostatic potentials provide the same electron dynamics
than the image charge method applied to electron transport. However, our many-particle
approach has the fundamental advantage that it can be directly implemented into 3D re-
alistic (classical or quantum) electron device simulators, while the image-charge method
is an excellent analytical approach applicable only to very simple systems (such as one
electron crossing an ideal infinite metallic surface). In section 2.4, I have present classi-
cal and quantum solutions of the many-particle open system Hamiltonian supplied with
our many-particle boundary conditions. Classically, the solution of this time-dependent
many-particle Hamiltonian is obtained via a coupled system of Newton-like equations
with a different electric field for each particle. This solution constitutes a generalization
of the Monte Carlo technique for the semi-classical single-particle Boltzmann distribution
towards many-particle systems. The quantum mechanical solution of the Hamiltonian has
been achieved using a time-dependent quantum (Bohm) trajectory algorithm described
in appendix A and in reference [67]. In this quantum (Bohm) trajectory algorithm,
the use of single-particle Schrédinger equations is exact to treat many-particle systems.
However, similarly to Density functional theories, the formidable simplification allowing
an exact treatment of the many-particle Coulomb interaction comes at price that some

terms appearing in the single-particle Schrodinger equation are in general unknown.

In chapter 3, I have discussed in detail which kind of information is accessible through

our classical and quantum approaches. The ultimate reason that determines the success



93

of the different approaches to electron transport is their practical ability to improve our
capabilities of predicting measurable observables. Therefore, it is quite relevant to recog-
nize the amount of information extracted from our simulations that really has to do with
real experimental results. First, due to computational limitations, we have been forced to
reduce the degrees of freedom of our system. Since we can only describe electron dynam-
ics in a very reduced region of space, we are obliged to deal with an essentially statistical
environment. Therefore, although electron dynamics within the open system is deter-
ministically described by the many-particle Hamiltonian, our simulations are subject to
an stochastic injection of electrons and certain statistical parameters such as the effective
mass or the effective permittivity, and hence, our predictions can provide only statistical
information, i.e. expectation values of observable results (see section 3.1). Second, I have
emphasized the necessity of recognizing the real nature of the measurement process. In
all measurements, data can be always ascribed to a detector pointer described by the
positions of the particles conforming it. Hence, all detectors are ultimately position mea-
surements. Contrarily to this simple statement, “ortodox” quantum mechanics presents
several difficulties when discussing the measurement process (i.e. the problem of the wave
function collapse). The Bohmian formulation of quantum mechanics, on the other hand,
emphasizes that what we have ultimately “measured” is the position of the pointer, not
the observable itself (see section 3.2). Unfortunately, due again to computational lim-
itations, we can not simulate the degrees of freedom of the measuring apparatus, and
then we need another definition of an observable result based on the position of the sim-
ulated electron trajectories within our open system. In section 3.3 I have demonstrate
the existence of a relationship between the current on the ammeter and the simulated
trajectories. Such a relationship provides a rigorous definition of the expectation values
of the electrical current and noise in terms of the classical and quantum trajectories con-
stituting our open system. In particular, it is shown that if the process is ergodic and
stationary, then we can compute the expectation value of the current and its fluctuations
from time average expressions. Finally, in section 3.4 I have reformulated the expression
of the electric power for many-particle classical and quantum open systems with the aid
of the energy conservation law for closed systems. I have shown that only when taking
the single-particle limit of the classical expression for the electric power, we recover the
standard textbook formula 7 - V.

Finally, in chapter 4, our many-particle approaches to electron transport have been
applied to predict the behavior of some relevant aspects of future nanoscale electron de-
vices. After a brief introduction of the state-of-the-art of the nanoscale devices, I have
emphasized the importance of accounting for Coulomb correlated phenomena when pre-
dicting several macroscopic and microscopic characteristics such as the mean current,

electric power consumption, electron transit times or current and voltage fluctuations for
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two particular devices belonging to the frontier between the “More Moore” and “Beyond
CMOS” domains: a nanoscale double-gate transistor and a resonant-tunneling diode.
Results in this section are simply summarized, and the reader is referred to the corre-

spondent articles published by the author to discuss the details.
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APPENDIX A

A Primer on Bohmian Mechanics

A.1 Introduction

Early twentieth-century experiments on the physics of very small-scale phenomena led
to the discovery of results that could not be explained with classical mechanics. It was
mandatory a new physical theory capable of interpreting these experiments from novel,
abstract and imaginative formalisms. In 1927, Louis de Broglie proposed an interpreta-
tion of these experiments based on a pilot field that guides particles towards non-classical
trajectories [110]. This was the origin of the pilot-wave formulation of quantum mechanics
(also referred as Bohmian mechanics to account for the posterior work of David Bohm
[109]). Simultaneously, Niels Bohr, Max Born and Werner Heisenberg, in the course
of their collaboration in Copenhagen, provided an original formulation of these experi-
ments without the need of trajectories [137, 138]. This was the origin of the so-called
Copenhagen interpretation of quantum phenomena. For historical reasons, the latter is
widely accepted as the orthodox formulation of quantum mechanics and it is the only
interpretation of quantum phenomena explained at most universities.

“Orthodox” quantum mechanics explored a route to understand quantum mechan-
ics where waves and particles were incompatible properties of the electrons, while the

Bohmian mechanics explored the compatible route.

1. .. Wave and particle: In this route, the wave and particle concepts are merged
on atomic dimensions by assuming that a pilot-wave solution of the Schrodinger
equation guides the electron trajectory. In the same manner as an electron is guided

by an electromagnetic field. This is what we call the Bohmian route.

2. .. Wave or particle?: The successful route to merge wave and particles concepts
was, however, the so called Copenhagen interpretation. Electrons are associated
basically to probability (amplitude) waves. The particle nature of the electron ap-
pears when we measure the position of the electron. In Bohr’s words, an object

cannot be both a wave and a particle at the same time; it must be either one or
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the other, depending upon the situation.

The ability of the wave and particle route to explain quantum phenomena is ex-
plained in a very didactic way in the double-slit experiment (see figure A.1.1). In this
particular example, a beam of electrons with low intensity (so that electrons are injected
one by one) travels through a barrier with two slits removed. If one puts a detector screen
on the other side, the pattern of detected particles shows interference fringes character-
istic of waves; however, the detector screen responds to particles. The system exhibits
behavior of both waves (interference patterns) and particles (dots on the screen). Let me

summarize what is going on in such an experiment with an enlightening quotation:

“Is it not clear from the smallness of the scintillation on the screen that we
have to do with a particle? And is it not clear, from the diffraction and
interference patterns, that the motion of the particle is directed by a wave?
De Broglie showed in detail how the motion of a particle, passing through just
one of two holes in screen, could be influenced by waves propagating through
both holes. And so influenced that the particle does not go where the waves
cancel out, but is attracted to where they cooperate. This idea seems to me
so natural and simple, to resolve the wave-particle dilemma in such a clear
and ordinary way, that it is a great mystery to me that it was so generally
ignored.” — John S. Bell (1987) [124].

Figure A.1.1: An ensemble of trajectories for the two-split experiment. Notice that while each
trajectory passes through but one of the slits, the wave passes through both, and the interference
profile that therefore develops in the wave generates a similar pattern in the trajectories guided
by this wave.
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A quite general way of introducing Bohmian mechanics is as the theory of motion
that resolves the dilemma of the appearance of both particle and wave properties in
a rather trivial manner. In Bohmian mechanics, particles are moving in a completely
deterministic —but non Newtonian— way, with the wave function guiding this motion.
This wave and particle route to quantum mechanics appears in contraposition to the

standard wave or particle interpretation.

Bohmian Mechanics for 1D single particle non-relativistic sys-

tems

We can start from the quantum wave equation (i.e the Schrodinger equation) and arrive
at a quantum Hamilton-Jacobi equation. That is, directly following the work presented
by Bohm in his original paper [109]. We write the quantum (complex) wavefucntion,
U(x,t) = . (z,t) + i (z,t), in a polar form:

R (z,t) = ¥y (x,t) + ¥ (2, 1) (A1)
S(x,t) = htan™! (%) (A.2)

We assume that the wavefunction is single-valued so that R(x,t) is also single-valued.
However, the definition of S(x,t) has some practical difficulties'. Similarly, the function
S(x,t) can not be computed when ¥, (z,t) = 0 and ¢;(x,t) = 0. However, then R(z,t) =
0 meaning that no electrons will reach this configuration point, so that we do not need

the compute the velocity.

In order to find the quantum Hamilton-Jacobi equation, we can introduce ¥ (z,t) =
R(z,t)exp(iS(x,t)/h) into the Schrédinger equation

L OY(x,t h? 0%(x,t
zh% = —%% + V(z, t)(z,t). (A.3)

Then, the imaginary part of (A.3) gives a local conservation law:

ot Or \m Oz

w + 9 (lMRQ(x,t)) =0, (A.4)

n principle, S(z,t) is a multi-valued function because the function tan™'(z) itself is a multi-valued
function. All action functions S'(z,t) = S(z,t) + 27mn with an arbitrary value of n give identical
wavefunction. In fact, they do also provide identical velocity because its spatial derivative is independent
on the constant 27mn. Therefore, such technical multi-valued value of the action function is not a practical
problem for computing the Bohmian trajectories from the wavefunction. If we want to use (A.1) and
(A.2) to reconstruct the wavefunction, then, the multi-valued problem can be eliminated by imposing
an (arbitrary) additional restriction on the definition of S.
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and the real part of (A.3) gives the following quantum Hamilton-Jacobi equation:

35;”” L <—35(§Z’ t>> L V(e t) + Qat) =0, (A.5)

where the term Q(x,t) is the so-called quantum potential defined as:

h* 9?R(x,t)/0z*

Q(z,t) = QmW (A.6)

On one hand, from the quantum Hamilton-Jacobi equation (A.5) it can be defined
the velocities of an ensemble of quantum trajectories as 0S(x,t)/dz. From A.2, it can

be easily shown that this new expression of quantum velocity is:

_0S(zt) 0 Vi, t)
v(x,t) = o = hf)_xt <¢r(x,t))

8 wz(x t)
Oz Yr(z,t)

L+ (8)
wr(x’ t) 81/11 (z,t) ¢Z< )87,07« (z,t)
wf(%t)Jrl/Jf( x, t)

— h (A7)

Using now the following identity:

(97/1;;,15) aiﬂ({gx t) % (Q#T(I,t)% — dh(xi)%) (A.8)

we obtain another common way of introducing the velocity of quantum trajectories in

¢($7t> —W(% )

terms of the probability current density J(z,t):

1 0S(z,t) J(z,t)

DS e T P 49
where J(z,t) is defined as
h o* 0
T, t) = i (1/}(@75)% (@ t) ‘”g;’ “) (A.10)

On the other hand, since the quantity R(z,t) reproduces the wave function’s modulus,
|t(z,t)], at time to, from the local conservation law (A.4) it can be demonstrate that
a set of quantum trajectories with velocities 0S(x,t)/0z will reproduce at any time the

wave function ¢ (x,t).
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The quantum Newton-like equation
Now, it can be interesting to compute the time-derivative of the Bohmian velocity
(A.9) to realize if some kind of quantum Newton-like equation can be recovered. In

particular, we compute:

d d [8S 928 . 0 08
gttt = g |5 o ) ey HIE o) B
and rewrite (A.11) as:
d o (1 [0S\*> 0S

Finally, using (A.5) we conclude:
d 0
mEv(a:[t],t) = [—a—x (V(z,t) + Q(x,t))} . (A.13)

r=x[t]

The quantum (complex) single-particle wave-function can be interpreted as an ensem-
ble of trajectories which are all solutions of the same single-particle experiment but with
different initial conditions. The quantum trajectories are not solutions of the classical
Newton law with a classical potential energy, but solutions of the a “quantum” Newton
law (A.13) where a quantum potential (that accounts for all non-classical effects) is added

to the classical potential.

A.2 The basic postulates

Here I present the basic postulates of Bohmian mechanics. Although I present them for
the single-particle case, they can be directly extended to many-particle systems. In gen-
eral, the postulates of any physical theory can be presented in different alternative (and
compatible) ways. For example, classical mechanics can be postulated from Newton’s
laws, from Lagrange’s equations, Feynman paths, etc. We follow here the standard pre-
sentation of Bohmian mechanics that provides the smaller number of ingredients needed
to present the theory.

First postulate: The dynamics of a single-particle in a quantum system comprises a
wavefunction ¢ (z,t) plus a trajectory z[t] that moves continuously under the guid-
ance of the wave.
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a.- The wavefunction ¢ (z,t) is a solution of the Schrdinger equation (A.3):

L O0U(z,t) h? 9y (x,t)
ZFLT = 2m 891:2 + V(.Qf, YfW(iB? t)

b.- The trajectory z[t] is obtained by time-integrating the particle velocity v(t)
defined in expression (A.9):

()
[t (x, )2

where [1(z,t)]* = ¥(x,t)*(x,t) is the square modulus of the wavefunction and

v, t) =

J(z,t) is the mean value of the current density defined in (A.2)as:

M)

X

J(x,t) = z% (¢(m,t)%j’t) —*(x,t)

The initial position z[t,] = z, has to be specified to completely determine the tra-

jectory x[t]. The initial velocity v[t,] = v, is already determined by the knowledge
of ¥(z,,t,).

Second postulate (Quantum equilibrium Hypothesis) An ensemble of N — oo

trajectories, z;[t], associated to the same ¢ (x,t) have to be generated by varying
the initial position z,; of each trajectory. In particular, the number of particles
of the ensemble that lies between x and x + dz at the initial time ¢, have to be
selected proportionally to R?(x,t,) = [¢(z,t,)|>. This condition can be written

mathematically as:

N—oo IV

R*(x,t,) = lim — (Zé xi[t,] ) fort=t, (A.14)

where 1/N is a constant that determine the proportionality between the number
of particles and R*(z,t,).

This second postulate has one very important corollary on how Bohmian mechanics

reproduce the predictions of the “orthodox” quantum theory. It can be seen that an

ensemble of Bohmian trajectories will reproduce R(z,t)? = |1 (z,t)|* at any time.

The computation of the mean value of a measurement

In chapter 3 I have shown that the definition of the measurement process in terms of

Bohmian mechanics can be related with the position of the pointer of a measuring ap-
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paratus. In other words, in order to predict observable results, Bohmian mechanics does
not require the use of Hermitian operators and the wavefunction collapse as the orthodox
quantum mechanics does. Nonetheless, Bohmian mechanics can also express the expec-
tation value of an observable in terms of “local” observables which are directly deduced
from “orthodox” Hermitian operators. Indeed, this is a quite usual way of introducing
the Bohmian average of a measurement. Here, contrarily to chapter 3, I will follow this
path to introduce the Bohmain expectation value of an observable.

The exact outcome of a particular quantum experiment described by the pure wave-
function v (z, t) is uncertain. If we repeat a quantum experiment many times with exactly
the same wavefunction v (z,t), we will obtain different outcomes. The probabilistic in-
formation of the experiment can be treated to obtain the mean value. There are several
equivalent ways for computing the mean value of the magnitude that we are measuring.
We named this magnitude as the observable A.

1. .. Mean value from the list of outcomes and its probabilities: After a large
number N of repetitions of the same experiment, we can elaborate a list of the
possible outcomes a; with its occurrence probability F;. From these data we can

compute the mean value as:
<A>=Y aP (A.15)

This is a standard (classical or a quantum) definition of the mean value.

2. .. Mean value from the wavefunction and the operator: According to the
orthodox quantum theory, an observable is associated to a hermitian operator A
that describes the measurement process. Such operator determines the possible

outcomes a; and the eigenstates, u;, with 121|uZ >= a;|u; >.

Therefore, P; =< ¥ |u; >< w;|t) > so that we can write:

N

< A>y=< 1| (Z a; - Ju; >< ui|> [ >=< p|Aly) > (A.16)

i=1

where we use a;lu; >= Alu; > and we have identified expression S, |u; >< ]
as the identity because of the ortonormality of the eigenstates. Therefore, we can
compute the mean value of an ensemble of experiments from (A.16) by only knowing
the wavefunction and the operator (without knowing neither the eigenstates nor
the outcome values and its probabilities). The reader can be surprised because

we use a bra-ket notation in (A.16) instead of our wavefunction in the position
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representation. The bra-ket notiation provides a more compact notation. In any
case, expression (A.16), can be rewritten in the position representation by write
the hermitian operator A in the position representation. Then, the mean value of

this operator over the wavefunction ¢ (x,t) is given by:
0
< A>y= / v (x,t)A (m —zha )¢(x t)dx (A.17)

. Mean value from the Bohmian mechanics in the position representa-
tion We can always write the hermitian operator A an the mean value < A >,
in the position representation. Then, the mean value of this operator over the

wavefunction ¥ (x,t) is given by:

< A>y= /00 Y (z,1)A (x, —Zh(,%) Y(z,t)dx (A.18)

Alternatively, the same mean value can be computed from Bohmian mechanics by

defining an spatial average of a “local” magnitude Ag(x) weighted by R?(x,t):
< A>y= / R*(x,t)Ap(z)dx (A.19)

In order to obtain the same value with (A.18) and (A.19), we can easily identify

the “local” mean value Ap(x) as:

V*(x,t)A (z, —ihd) ¢(z,t)
*(,1) - (517 t)

. (A20)

Ag(x) = Real [ ]
. S(z,t)
Y(z,t)=R(z,t)e' h
where we take only the real part, Real(), because we know that the mean value is
real, but expression (A.20) without Real() can take complex values. In any case,

it is clear that the integration of the imaginary part in (A.19) would give zero.

Mean value from the Bohmian trajectories For practical computations,
we will compute the mean value using (A.19) with a finite number of Bohmian
trajectories. Let us assume that we compute N trajectories z[t]. We will select
the initial position x,; of the Bohmian trajectories z;[t,] according to the second
postulate. Therefore, we can use expression (A.14) to rewrite R%*(z,t) in (A.19).
Finally, we obtain:

< A>y= lim — ZAB x;[t (A.21)

N—oo N
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By construction, in the limit N' — oo, the value of expression (A.21) is identical to
the value of (A.19).

Now, we provide several examples on how some common mean values are computed
from the orthodox quantum formalism and from Bohmian trajectories. First, we compute

the mean value of the position:

<x >¢:/ V¥ (z, t)x(z, t)de, (A.22)
with xp(x) = x so that
<z >¢:/ R*(z,t)xdr. (A.23)

Identically, the mean value of the momentum:

<p>y= /_OO w*(x,t)(—ih%)w(:v,t)daz, (A.24)

with pg(z) = 0S(x,t)/0x is

0S(z,t)

= R*(x,t dx. A.25
<rr= [ Ry (229
For the classical potential energy, we have:
<V >¢:/ V*(z, )V (z, t)(x, t)de, (A.26)
with Vg(z) = V(x,t) so that:
<V >¢:/ R*(z,t)V (x,t)dx. (A.27)
Now, we compute the mean value of the kinetic energy:
00 hQ 62
K >y /_OO¢ (2,1) (—%%> o, )de. (A.28)

It is important to notice that the local mean value of the kinetic energy takes into account
the Bohmian kinetic energy plus the quantum potential energy. In particular, Kg(z) can

be obtained from the expression:

2m

R2(z,1)

(A.29)

R(x,t —iS(x,t)/R A2 (D 2R t)eiS@t)/h
Kp(z) = Real (— (, D)e (3)" Bz, t)e .
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The real part? of Kp is:
2
Kp= (M> +Q(x, 1), (A.30)

so that, finally, we obtain the Bohmian expression of the mean kinetic energy of the
ensemble of trajectories:

<, 0S(z,t)\2
Finally, we compute the mean value of the current density operator. First, let us notice
that probability density operator can be written as |z >< x| and its expected mean value
is < ¢lr >< z|tp >= |[¢(x,t)|? or, in the Bohmian language, < |z >< x|ip >= R*(z,t).
The (hermitian) current operator can be written as J = 1/(2m)(|z >< z|p—plz >< z|).

It can be easily demonstrated that:

N
1
— — 2 — 1 _ ) . — .
<J >y=J(w,t) = v )R @, 1) = Jim Zlv(xz[t]) 5(x — z;[t]) (A.32)
The average value of the current density depends on the position and it is equal to the
average Bohmian velocity multiplied by the square modulus of R. At a particular position
“x”, this current is just the sum of all particles that reside at this position z = x;[t] at

time ¢ multiplied by their bohmian velocities v(z;[t]).

A.3 Bohmian Mechanics for 1D many-particle non-

relativistic systems

Most of our knowledge about the behavior of a quantum system has been understood for
a simple systems composed of just one particle (i.e. the so-called single-particle systems
discussed in the previous section). However, a single particle system is some kind of
idealization of real systems. A macroscopic object is composed of a very large number
of particles. This is true even for an atom which is composed of several protons and

neutrons, plus few electrons.

2It can be demonstrated quite easily that the imaginary part of (A.29) is equal to the spatial derivative
of the current that becomes zero when integrated over all space. We use that J(z = £o0,t) = 0 which
is always valid for wavefunction that are normalized to unity, but it is not true for other types of
wavefunctions such as plane wave.
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Many-particle quantum Hamilton-Jacobi equation

We start by introducing the polar form of the many-particle wavefunction ¢ (1, .., xy, t) =

R(x1, .., 2, t)e?¥@-28D/M into the (non-relativistic) many-particle Schrédinger equation

. aQ/}(xl?"'wr]\ﬁt) h’z - 82¢($1,...,IN,t)
ik ot = —% 2 8x? —|—V<£L'1,...,l'N,t)w(l'l,...,l'N,t). <A33)

Then, after a quite simple manipulation, one obtains from the imaginary part:

N
8R (xla-- :CNa Z (1 aS xl,“7xN’t)R2(x17-.7$N7t)) = 07 (A34)

—1 X axz

where we recognize the velocity of the x; particle as:

oi(t) = l@S(azl, TN, 1)

m ox; ’

(A.35)

and from the real part:

N

8S(m1,..,xN,t) 4 1 825(1’1,..,1']\[,t)

ot <~ 2m Ox?

+V(z1,..,xn,t) + Q(z1,..,xN,t) =0 (A.36)
where we have defined the quantum potential as

N
Qz1, .y, t) = Y Qilw1, ., 2y, 1) (A.37)
=1

with
12 O*R(wy,., wy, 1) /0]

2m  R(zy,..,zN, 1)

Qi(xlu“axl\fat) - - (A38)

Let us emphasize the similarities and differences between the classical potential energy
V(z1,..,xy,t) and the quantum potential energy Q(x1,..,zy,t) that appears in (A.36).
In principle, both, provides correlations among electrons because the dynamics of the
x; particle depends on the positions of the rest of the particles. In general, the term
V(z1,..,xN,t) can produce classical correlations and the term Q(z1,..,2y,t) quantum
(or nonclassical) correlations which are generally refereed as entanglement. The impor-
tant point is that the classical correlations will be slower than light speed because the
dependence of all variables in V(xy,..,zy,t) imposes such restriction. For example, the
potential energy that determines the electromagnetic interaction among different parti-
cles takes into account the distance among the particles to assure that the influence of

one particle into the other is not faster than the light speed. However, such restriction
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is not present in the quantum potential that is directly defined from the wave-function
as expression (A.38), and therefore it does not vanish at large distances. Very far par-
ticles have an “instantanecous correlation”. In addition, let us notice that the quantum
potential obtained from (A.38) with R(z1,..,zn,t), or with a - R(x1,..,zx,t) under the
condition a — 0, is exactly the same. A typical example of this nonlocal characteristic

is the quantum entanglement [139].

Solution of the many-particle Schrainger equation from a cou-

pled system of single-particle Schrodinger equations

As we have discussed, the main reason why the many-particle Scrodinger equation is
practically unsolvable is because it seeks for a unique solution within the whole con-
figuration space of all the particles xy, .., x;, .., xy, while the classical equations seeks
for one solution for each particle using a much smaller configuration space where all
other particles are assumed as “known” parameters {x1[t], ..., z;_1[t], s, za[t], ..., xn[t]}
The Newton solution of z;[t] just needs the spatial dependence of V(zy,...,zx) on the
variable x; to make the derivative. The rest of spatial variables can be fixed to the
particle positions x; = x;[t] (i.e. we do not need information on its spatial dependence
for computing x;[t]). The main idea behind the work developed in [67] is that any tra-
jectory x,[t] that is computed from the many-particle wave-function ¢ (x,, Z,t), where
Tplt] = z1[t], .. wa—1[t], Tas1[t], ..z n[t], can be alternatively computed from a much sim-
pler single-particle wave-function 1, (x4, t) = (x4, Tp[t],t). It is quite trivial to realize
that this is true. By definition, the angle S,(z,,t) of ¥,(z,,t) is identical to the angle
S(xq, Ty, t) of U(x,, T, t) when evaluated at z,, Z[t]. Therefore, since the velocity of the
trajectory x,[t] is computed from the spatial dependence of S(x,, T, t) on z, when all
other positions are fixed at &, = @ [t], the same velocity will be obtained from the spatial
dependence of S,(xz,,t). Interestingly, 1,(x,,t) is a solution of single-particle (pseudo)
Schrodinger equation because it depends only on time ¢ and position x,. Next, our effort

will be knowing which is such single-particle equation.

First of all, it is easily verifiable that any (single-valued) function ,(x,,t) which has
well-defined (i) second order spatial derivative and (ii) first order temporal derivative,
can be obtained from a Schrodinger like equation when the following potential energy
W (z,,t) is used:

Z‘hawa(acaat) h2 0%g(ast)
ot 2m 92,

Va(Za, t)
for Vg (za,t) # 0, and W(x,,t) = 0 for ¥,(x,,t) = 0. In fact, it would be interesting

to rewrite the expression of W(z,,t) in terms of the polar form of the wavefunction

W(z,,t) = (A.39)
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U(14,1) = R(x4,1)e?*@H/" We obtain for the real part,

RelW (20, 1)] = — (Kam, D) + Qulart) + W) (A.40)

the Hamilton-Jacobi equation. However, we do also obtain I'm[W(z,,t)] that accounts

for the “strange” wavefunctions that do not preserve its total norm:

h OR%(z4,t) O [ R%(x4,t) 0Sa(wa,t)
Im[W (z4,8)] = afab) a\ta, ! A.41
mW (@, )] 2R2(x,, 1) ( ot Oz, ( m 0z, )) ( )
It can be easily verified that Im[W(x,,t)] = 0 when the wavefunctions preserver the

norm. Finally, we are interested in rewriting this expressions in terms of the global
many-particle wave-function. Then, we realize that the total many-particle Schrédinger

equation can be written in terms of a coupled single-particle pseudo-Scrédinger equations:

2 o2
Z,h(?wa(a:a,t) _ (_ h* 0

C i g U8 .0)+ Gl Bl]8) + e Tl 1)) ).

(A.42)
where we have defined

Ga(f, ) Ub xb, —l— Z ( +Qa(f,t) — as;f;t>vk(f[t],t)), (A43)
k=1;k#a
and
I h OREt) (o o\ O (RY&1)OS(F1)
Ja(a:,t)—klz;];#a ZRQ(M)( o, K(Z[t], 1) axk( e )) (A.44)

In the previous equations we have defined ¥ = {z,,Z}}. In order to obtain this expres-

sions, one have to carefully evaluate:

0 (wa, Tylt] 1) _ (85(%, Ty, t) O5@a Bl V) 1), (A4B)

+

ot ot ) Ty=Tp[t]  p=1 O,
and use expression (A.35) evaluated at {z,, Z}[t]}. Identically for OR?(x,, Zt], t) /Ot with
expression (A.34).

It is interesting to understand what will be the solution ,(x,,t) when the wave-
function is separable. Then, equation (A.5) is valid for each summand of the term of

Go(q, Tp[t], 1), so that it can be written as:
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Go(za, Blt]. 1) = — Y — (A.46)

Then, a (real) time-dependent term (without any spatial dependence) appears in the
potential energy of expression (A.42). It can be easily demonstrated that such term

introduces a time-dependent term [3,(¢) into the phase of ¥, (xz,,t):

dS(z al
Z / WS} E) g - S Sywle)e). (A7)
k=Tik#a " to k=Tiheta

Identically, equation (A.4) is valid for each term of J,(x,, Z[t], t), so that it can be written

T B0 =~ 3 2% (Bailt)). (A.48)
k=1;k#a

Using that In(ab) = In(a) +1n(b), then, we can obtain an a,(t) term multiplying the wave

function:
t d N
g (t) = —h/ —1In ( [T Rellt), ’)) dt') = —hln ( [T Rezlt).t) ) . (A.49)
dt k=1;k#a k=1;k#a
Finally, we obtain:
wa(l’a,t) = wl(]]l[t],t)....wa((%a,t) ....... wN(l'N[t],t), <A50)

certainly, the expected result.

In the rest of this section, I explain how the previous formulation of the many-particle
Schrodinger equation is used in combination with our quantum approach to electron
transport. The procedure that I will explain here have similarities with the original work
of Kohn and Sham on the DFT [22]: the formidable simplification on the many-particle
computations comes at the price that some terms of the potential energy of the cor-

responding single-particle Schrodinger equations are unknown [the exchange-correlation
functional in the DFT and, here, the terms (A.43) and (A.44)].

I consider a system of N electrons with Coulomb interaction but without exchange
interaction. As mentioned, the solution of Eq. (A.42) needs educated guesses for the
terms (A.43) and (A.44). Since no exchange interaction is considered, the correlation be-
tween the x, electron and the rest is mainly contained in the term U, (x,, Z[t],t). Thus,
we can assume a zero-order Taylor expansion of the terms (A.43) and (A.44) in the vari-
able z, around z,[t] to obtain G,(x., Tp[t],t) = Gu(za[t], Tp[t], t) and J, (x4, Tp[t],t) ~
Ju(xa[t], Tplt], ) [67]. Then, the wave-function solution of (A.42) can be written as
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Va(Ta,t) = o(@a, t ) exp[a“(t) Del] where aq(t) = [; Ju (alt'], a[t'],) - dt' + q(to)
and [3,(t) fto xp[t'], ) - dt’ + B (to). The wave function 1, (24, t) is the solu-
tion of Eq. (A.42) w1th Ua(xa,fb[t],t) = U, (24,t). Since the velocity in (A.35) does not
depend on the terms a,(t) and G,(t), we do not have to compute them explicitly. Finally,
if we fix the initial many-particle wave function ¥ (xz,, Ty, to) = x1(x1,t0) - - - xw (21, t0)
as a product of single-particle wave functions. Then, the initial boundary condition for

solving zﬁa(xa, to) is just Xa(za,to).
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APPENDIX B

Electron injection model for non

zero-external impedance systems

A time-dependent degenerate (i.e. taking into account Pauli the exclusion principle)
injection model for electron devices is presented here under the assumption that the
sample is part of a circuit with non zero external impedance (see figure B.0.1). In this
appendix, I will present a brief summary of such an injection model and its ability
to determine either the average value of the current or its time-dependent fluctuations
for non-zero external impedance systems and also its limit for zero external impedance
systems. There are well-know analytical expressions for the average current and its
fluctuations at zero frequency in either equilibrium or far from equilibrium situations,
when the zero-external impedance assumption is considered. We will reproduce those

expressions here as a particular case.

Ry Sample

=t

Figure B.0.1: Schematic description of a circuit with non-zero external impedance

123
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Electron injection probability

The rate and randomness of the injection of electrons into the sample can be modeled
through the following binomial probability P(E, N, 7) defined in Ref. [140]:

M,
NI (M, — N)

M,—N

P(E,N,T) = !fS/D(E>N (1= fs/p(E))

(B.1)
This expression defines the probability that N electrons with wave-vectors in the range
ky € [kow, kox + Ak,) are injected into the sample during the time interval 7. The
parameter M, is the number of attempts of injecting electrons during the previous time
interval 7, defined as a number that rounds the quotient 7/t, to the nearest natural
number towards zero. The number of injected electrons can be N =1,2,.... < M,. The
time ty is the minimum temporal separation between the injection of two electrons into
the particular cell phase-space cell k, € [koz, kow + Ak,) and z € [z,, 2, + Ax). For a
1D system, the value of t;, can be easily estimated. The number of electrons n,p in the
particular phase space cell Ak, - Az is nip = 2- Ak, - Ax/(27) where we consider a factor
2 for spin degeneracy [140]. These electrons have been injected into Az during the time
interval At defined as the time needed for electrons with velocity v, = Ax/At = hk,/m;
to travel a distance Ax. Therefore, the minimum temporal separation, ty, between the
injection of two electrons into the previous particular cell is At divided by the maximum

number n;p of electrons:

At 1 hk, !
ol = 4 = (52 Ak, ) (B2)

n1D ™ Mt

The practical application of such definition of ¢y requires a mesh with a small step Ak,

on all possible values of k,. Identically, for a 2D and 3D system, we obtain:

At 1 hk, !
ol = - = <27T2 e Ay, Aky> (B.3)
and )
At 1 hk, -
to(y, 2, k:x,k;y,k:z)|3D = o = (47T3 mt Ay Az Ak, Ak, Akz> (B.4)

On the other hand, the function fs(£) that appears in (B.1) determines the proba-
bility that a state with kinetic energy F measured from the bottom of the conduction
band —q - Vs(t) is occupied by an electron that will effectively enter into the simulation
box. In particular, we assume that such probabilities is determined by half of the Fermi

distribution:
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1

1o (EFE0)

for E = E(k) with ky > 0 (B.5)

where the electron wave-vector k is related with the ”kinetic” energy by the appropriate
energy dispersion relationship E(k). The term F “(t) is defined here as the source
injecting energy level and it determines how to increase the rate of injection of electrons,
while respecting the Pauli restriction. This restriction implies that injecting two electrons
with identical velocity have to be injected with a temporal separations equal or larger
than the ty5. In order to avoid confusion, we avoid the name electrochemical-potential
for such energy Fo¥(t) because (B.5) does not refer to all electrons, but only to those
with k, > 0. In addition, close to the active region the electron distribution for k, < 0
will be quite unpredictable (see insets of figure 18 in ref. [65]). We reserve the name
electrochemical-potential to the energy levels of the “thermalized” energy distribution
deep inside the reservoirs, at * = FLc. In other words, the parameter F! ;”j (t) is a
parameter that control the rate of injection of electrons in the border of the simulation
box. Equivalently, the electrons injected from the drain have an energy distribution
determined by:

1

L+ exp (BT TET00)

for E = E(k) with k, <0 (B.6)

with Fli)”j () the drain injecting energy level.

It is very instructive to understand the Binomial distribution of the injection process,
expression (B.1), as a consequence of the discreetness of the electron charge. For a
particular cell, at zero temperature, we inject an electron every interval of time ¢,. The
average current per cell is e/t,. At room temperature, the average current is lower,
e- f(E)/t,, because of the uncertainty in the occupation. However, it is not possible to
inject a fractional charge e - f(E) into the system at each interval of time ¢y (i.e. the
electron charge is indivisible). Therefore, at each interval of time t, either we inject the
full charge, e (if the state is occupied), or we do not inject charge (if the state is empty)
according to the probability f(F).

Test for zero external impedance

As a simple test of our injection model in the zero-external impedance limit, we compute
analytically the current and its fluctuations (i.e. the noise) for a one-subband ballistic
1D system. According to the zero external impedance, we assume that F g/LJD(t) — Er
(where E is the Fermi level) and that Vs p(t) — Vgj},, where V7], are the external

applied voltages in (B.5) and (B.6). We assume a transmittance equal to unity. For such
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conditions, the injection probability and the transmitting probability are identical and
there are well-known analytical results in the literature for both, average current and
noise [8, 11].

The average current (I) is an experimental measure of the charged transmitted
through the system during a long time interval. For our ballistic system, the charge

transmitted through the source is just the charge injected over the barrier. Therefore:

: Ey 1, E]

I) = et .

()= Jim ey  —— (B.7)
E

An irrelevant negative sign (the current and the electron flow have opposite direction)

is omitted in (B.7). The average number Ey [1, E] of injected particles during the time

interval 7 is computed from the probability P(E, N, T):
N=o0
Ey[r,E]= > P(E,N,7)-N (B.8)
N=0

As we mentioned before, we divide the whole phase-space into cells with a small Ak,,
so that all electrons in the cell have roughly the same energy. The average number of
injected particles with wave vector k, during the time 7 can be computed from (B.8)
as Ey |1, E] = fs(E) - 7/t,(k,) for each cell of the source injection. Previous expression
is just the mean value of the Binomial distribution (B.1) where fg(F) is defined by
expressions (B.5). From (B.7), the average current of each k,-phase-space cell can be
computed as < [ >*= ¢ fg(F)/t,(k;). The sum over all phase-space cells with k, > 0,

< I >= Y < I >k does exactly reproduce the Landauer average current. The drain
ka
current is computed equivalently. The total current is the source component minus the

drain component:
o0

<I>=2¢/h [ (15(B) - fo(E)) -dE (B.9)

0
where we have used dE =~ h%k, - Ak,/m; and 1/to(k,) = hk, - dk./(7 - m;). This is
just expressions [49] and [47] in ref. [11] for a transmission coefficient equal to one. For
low temperature (i.e. f(E) = 1 for all injected electrons), we obtain the well-known

Landauer conductance G = 2¢2/h.

For the ballistic devices, the one-side power spectral density of the current fluctuations

at zero (low) frequency can be also obtained from probability (B.1) as:

S;(0) = lim 2 - ¢?

T—00

Z Ene 1, E] — (En [T, E])Q’ (B.10)

T
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where we defined Ey: |1, E] as:

N=o0o
Ene |7, E] = ZN:O P(E,N,7)- N2 (B.11)
For the binomial distribution of expression (B.1), we obtain En: [, E] — (Ey [1, E])* =
fs(E) - (1 — fs(E)) - 7/to(k,). Then, using (B.10), we found S5 (0) = 2 ¢* - fs(FE) -
(1 = fs(E)) /to(ky) for the source injection. Identical results are obtained for the drain
injection. Since there is no drain-source correlation in our simple ballistic model, the

total power is the sum of both. After integration over all energies, we obtain:

o0

$1(0) = (4¢2/h) / (fs(E) - (1= fs(E)) + fo(E) - (1= fo(E))) -dE (B.12)
This expression does exactly reproduce Biittiker results for a system with transmission
coeflicient equal to one. See expression (61) in Ref. [8]. Expression (B.12) includes the
thermal and the shot noise (i.e. it is valid at equilibrium and far from equilibrium). Un-
der equilibrium conditions, the previous result reproduces the Nyquist-Johnson thermal
noise, as can be shown by introducing the identity —kgT-0f(F)/0E = f(E)- (1 — f(F))
into the previous result.

In conclusion, the (time-dependent) injection model discussed here correctly accounts
for the Pauli correlations amount electrons under the assumption that the active region
is part of a circuit with zero external impedance. In this case, the voltages applied to
the sample can be viewed as a fixed non-fluctuating quantity and the noise properties
are determined only by the Pauli correlations discussed above. In general, the sample
is a part of a larger circuit (with non-zero external impedances). Then, the current
fluctuations in the sample, implies voltage fluctuations in the leads [through the time-
dependence of Vg(t) and Vp(t) in (B.5) and (B.6)] that, in turn, implies fluctuations on
the injecting probabilities into the sample [through expression (B.1)] and the current in
the sample. The complicated correlations that appears between sample and leads shows
the importance of such time-dependent correlations to correctly achieve the “current

conservation” requirement.
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AppenDIx O
Classical and quantum expectation

values for mixed open systems

In this section I provide a formal (in contraposition to the practical discussion of sections
3.2.2 and 3.2.3) discussion of the expectation value of an observable A(t) for classical and

quantum mixed open systems.

Classical expectation values of mixed states in open

systems

Let me first reintroduce the concept of the many-particle distribution function (already
defined in expression (1.2)). That is f(71,..., 7wk, t), i.e. the probability of finding
a carrier distribution with locations centered at (7 g, ..., "w , t) and time ¢, where the
subindex W’ refers to the total number of variables conforming a whole closed circuit
plus the variables conforming the measuring apparatus.

Now, we know that, the many-particle distribution function, f, fulfills, by construc-
tion, the normalization relation

1= f(Fl,ky--wFpla-”anNu---yFW’,k,t)- (Cl)

00
k=1

We can extend the previous expression to the case of an open system subject to an

stochastic injection of electrons as

Z F (Flis o PN T) (C.2)

1 N(t)=1

1=

o]
k=

where now f (7, ..., "n @)k, t) is defined as the probability of finding N (t) electrons within

the opened region with positions {Fl,k, e FN(t),k} at time ¢. Equation (C.2) emphasizes

129
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the fact that, since our knowledge on how the electrons are distributed outside the open
system is certainly statistical, our knowledge on how are distributed those inside be-
comes also unprecise. As I have already mentioned in chapter 3, such a transference of
uncertainty from the environment into the active region of an electron device is partially
introduced by the stochastic injection of electrons (see figure 3.1.1).

As discussed at the beginning of chapter 3, we can now relate an outcome a; of
the observable A at time ¢ to the position of the pointer of the measuring apparatus
{rp14[t], ..., Tpni[t]}. Such a particular microstate of the pointer, however, can be identi-
fied, in general, to more than one microstate of the open system. For any particular num-
ber of electrons conforming the open system, N(t), the s microstates {7 x[t], ..., Tn()k[t]},
with k& = k1N, .- Ksin@) (Where the value of s depends, at the same time, on the
subindexes ¢ and N(t)) are all giving rise exactly to the same outcome a;. Expression
(3.2) can then be written in terms of the many-particle distribution function of the open

system as

Z Z Z o APL[t] s v klt]) - fFLEt] - Pveslt])- (C3)

k=k
i th) 1 lzN(t)

Comparing expressions (C.3) and (3.2), we realize that

Plas, t) = P(Ft Z > TN e klt]) (C.4)

k=k
N(t) 1 1 1N(t)

is the probability of finding the outcome a;, when measuring A at time ¢, in terms of the
classical trajectories simulated within our open system.

In expression (C.3), it is implicit that, in principle, we can compute the expecta-
tion value of an observable without explicitly simulating the degrees of freedom of the
“pointer” of the measuring apparatus. Such an affirmation could seem a little bit tricky:.
Indeed, although we can easily find an expression for the function of the pointer positions
fa (given directly by the functionality of the measuring apparatus), it is not obvious how
to find the function f/.

Quantum expectation values of mixed states in open

systems
Here, I will first discuss the quantum expectation of an observable by means of orthodox

quantum mechanics. Later, in contraposition, I will introduce the same concept in terms

of bohmian trajectories.
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The quantum expectation value of an observable result in orthodox quantum
mechanics

We can establish an analogy between the classical many-particle distribution function
introduced in (C.1) and the quantum many-particle density matrix, already introduced

in section 1.3, i.e.

p=_ P ert) ek (1) (pr (1), (C.5)

In particular, expression (C.5) tells us that in orthodox quantum mechanics the definition
of a particular microstate of the system is no longer defined by the distribution of particles

in the phase-space configuration but by the wave functions ¢y (t), (i.e. {71k, ..., "W/, t} —
ok (1))

Now, the expectation value of the operator Q (Thy ooy T ) = |71, s Twr) (F1, oo Ty |
(where, again, the subindex W’ refers to the total number of particles conforming the
whole closed circuit plus those of the measuring apparatus) can be defined in terms of

the density matrix as:

“+oo

P(%t)/d%l...d3rfW|<pk(f1,...,ﬂW,t)yz, (C.6)

—0o0

1=tr (/3 Q (7, ...,f'W)> =

o0
k=1
where I have used the cyclic property of the trace [139]. Expression (C.6) can be un-
derstood as the quantum counterpart of the classical equality (C.1). However, while
we can establish a direct analogy between f (7, ..., 7w x,t) and P (¢g,t), we have an
additional uncertainty with a pure quantum origin, |k (71, ..., 7}y, t)|2, that has not any
classical counterpart. Even if we could have total confidence on the definition of the
microstate occupied by the system, let me say @i (P (¢;,t) is 0 for all unoccupied states
and 1 for the single occupied state k), then, contrarily to the classical case, we would
be still dealing with some amount of uncertainty coming from the wave nature of the

carriers, |y (71, ..., Ty, t)|”. In other words, a pure density matriz contains an intrinsic

uncertainty described by the square modulus of the wave function, i.e.

“+o00

1= (ﬁpureQA (Fb 77_’¥W)> - / d37‘1 o dBT{/V |§0 (Fla ---aT_JW7t)’2 (C7>

— 00

We can now extend expression (C.6) to the case of an open system subject to an
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stochastic injection of electrons as

0o 0o oo
L =tr (ﬁ Q (Fv t)) = Z Z P (@N(t),lﬁ t) / d37,,1 dSTN(t) |90N(t),k (Fla 7FN(t)7 t) ‘2 )
k=1 N(t)=1 e

(C.8)
where @n ) (t) is now the k-th many-particle wave function describing N(t) electrons at
time t!. Although P (gpN(t),k, t) has a clear analogy in classical systems f(7 k, ..., "n() %, t)
— P (gp N(#)k> t), again we cannot find a classical counterpart for the quantum probability

(t).k (Fl, e FN(t),t) |2. Therefore, contrarily to the classical case, due to

the uncertainty related to the wave nature of electrons, we cannot associate the outcome
a; of an observable A to a particular microstate of the system anymore (the outcome
of the quantum measurement of a pure state is still uncertain). Instead, according to
the orthodox quantum theory, an observable A is associated to an hermitian operator
A which describes the measurement process®. Such an operator determines the possible
outcomes a; and the eigenstates, u;, with A|ui = a;|u; >. Therefore, the expectation

value of fl, ie.
<121(t)> tr (pA ) i i P ko t) <<p1v(t k|A o t)k> (C.9)
k=1 N(t)=1

can be written as

<A<t>>:2ai2 >~ Pewtt) [(uslonwe)] (C.10)

i=1 k=1 N(t)=1

where I have used the identity relation I = »"°° |u;) (u;| defining the ortonormality of
the eigenstates u;. Now, comparing equation (C.10) with expression (3.2) we can state

the next equality

an Z Z P @N(t k> )}<uz|(10N >|27 (C'll)

k=1 N(t)=1

As in (C.3), equation (C.10) expresses the probability of measuring a particular observ-

able result a; as a function of the uncertainties involved in our quantum open system, one

!For a quantum system, the number of particles inside the volume N (¢) has not only a dependence
on time, but a dependence on all particle positions. In any case, since our quantum solution will deal
with quantum (Bohm) trajectories (rather than wave-functions), the simple notation mentioned here is
appropriate for the classical and quantum algorithms.

2Recall that the “orthodox” time-evolution of a wavefunction is governed by two different dynamical
laws. First, there is a dynamical (deterministic) evolution according to the Schrodinger equation. Second,
there is an (stochastic) evolution known as “collapse” of the wavefunction when it interacts with a
measurement apparatus
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with a classical counterpart and another with a pure quantum origin. However, expres-
sion (C.10) does not say anything about any “pointer” position or a measuring apparatus.
The measurement process explained by orthodox quantum mechanics states that we mea-
sure directly an observable instead of the position of a “pointer”, and furthermore, it is

done by a rather strange process called wavefunction collapse.

The quantum expectation value of an observable result in Bohmian mechanics

~

Whenever we can express the operator A as a function of the position operator X,
fe. A= fg()? ), then we can assure that the eigenstates of A are also eigenstates of
the position operator, i.e. f4(X) ‘Fl,k, s TN@k) = Fh (Pl oo PN )R) |F1,k7 o N k)
Therefore, from (C.9) we can write the expectation value of A in (C.9) as

o0 +OO
(F450) = S Plont) [ @R v fo (s )
k=1 .
. ’(,Dk (FlJm ceey FN(t),ka t) ‘2 s (0.12)
where I have used the identity operator I = fj;o ’Fl, e FN(t)> <F1, - FN(t)| drq - d3rN(t).

In the predictions of Bohmian mechanics concerning the result of a quantum ex-
periment, it is assumed that, prior to the experiment, the positions of the particles of
the system involved are randomly distributed according to Born’s statistical law. Then,
according to the quantum equilibrium hypothesis (also called the second postulate of
Bohmian mechanics, i.e. expression (A.14) in Appendix A), the relation between the
quantum trajectories and the modulus of the wave function in the position representa-

tion is:
2 1 &
R, ooy vy ) = [0k (Fr oo Pvan )| = lim = T 6(Fjn — Fiaglt]),  (C-13)

where the summation over trajectories (referred with the subindex ¢) implicitly accounts
for the shape of the initial wave function. Indeed, expression (C.13) can be alternatively

written as

oo N()

BR3P, oo P t) = O LT 10 (s ooos Pty to) | 07 — 7ialt])- (C.14)

1=1 j=1



134 ChapterC. Classical and quantum expectation values for mixed open systems

Now, if we introduce expression (C.14) into (C.12) we obtain

(X)) = ZZJCA (PLaealt]s - P walt]) - P (0nst) - |0k (FLks - TN k0 To) ‘2-
k=1 =1
(C.15)

In expression (C.15), each value of f) (7 x[t], ..., Pn()ka[t]) corresponds to a particu-
lar outcome a; corresponding to a particular position of the pointer of the measuring ap-
paratus {7 ;[t], ..., Tpni[t]}. Indeed, such a particular microstate of the pointer can corre-
spond, again, to more than one microstate of the open system {7 j[t], ..., "n()k[t] }. For
each initial wave function, oy (), all the above microstates with [ = 1y ; N ks -5 Lsi N () &
(where the value of s depends, at the same time, on the subindexes i, N(t), and k), give
rise to the same outcome a;. Expression (3.2) can then be written for quantum open

systems in terms of bohmian trajectories as

A0 =3 3 3 il Pralt)

1=l 5, N(),k
P (v “PN(t (Fl,k,h“wFN(t),k,l,tO)F- (C.16)

Now, comparing from (C.16) and (3.2), we can identify

Pla;t) = Z ZZ o P (onwat) - [onxwan (71, Py, to)

1=l
= 1,i,N(t),k

2

Y

(C.17)
as the probability of finding the outcome a; when measuring the observable A at time ¢
in terms of the bohmian trajectories explicitly simulated in our open system.

Let me now compare expression (C.16) with its classical counterpart, expression
(C.3). It can be seen that they are very similar in structure. Indeed, the only dif-
ference between them is the additional summation over quantum trajectories in (C.16)

(referred with the subindex [) weighted by the square modulus of the initial wave function

}@N(t),k (FLkds s TN () s T0) }2-
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1 Time-dependent boundary conditions with lead-sample Coulomb correlations:
Application to classical and quantum nanoscale electron device simulators

N

3 G. Albareda, H. Lopez, X. Cartoixa, J. Sufié, and X. Oriols*
4 Departament d’Enginyeria Electronica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
5 (Received 28 March 2010; revised manuscript received 1 June 2010)
6 Standard boundary conditions (BCs) for electron-transport simulators are based on specifying the value of
7 the scalar potential (or the electric field) and the charge density at the borders of the simulation box. Due to the
8 computational burden associated to quantum or atomistic descriptions, the use of small simulation boxes that
9 exclude the leads is a mandatory requirement in modern nanoscale simulators. However, if the leads (where
10 screening takes place) are excluded, standard BCs become inaccurate. In this work, we develop analytical
11 expressions for the charge density, the electric field, and the scalar potential along the leads and reservoirs.
12 From these expressions, we present a (time-dependent) BCs algorithm that transfers the specification of the
13 BCs at the boundaries of the simulation box to a deeper position inside the reservoirs. Numerical solutions of
14 the time-dependent Boltzmann equation with our algorithm using a large (reservoir, leads, and sample) and a
15 small (sample alone) simulation boxes are compared, showing an excellent agreement even at (far from
16 equilibrium) high bias conditions. Numerical results demonstrating the limitations of standard BCs for small
17 simulation boxes are presented. Finally, time-dependent simulations of a resonant tunneling diode (using a
18 quantum trajectory-based simulator) are presented, emphasizing the ability of this BCs algorithm to ensure
19 overall charge neutrality in simulation boxes much smaller than the total lead-sample-lead length. This BCs
20 algorithm requires a minimum computational effort and it can be applied to study dc, ac, and current or voltage
21 fluctuations in nanoscale devices.
22 DOI: XXXX PACS number(s): 85.30.—z, 41.20.Cv, 02.70.—c, 73.40.—c
23
24 I. INTRODUCTION rent, i.e., the time-dependent variations in the electric field, 56
assures that the total (conduction plus displacement) current 57
25 In order to correctly model the dc and/or ac conductance  density is a divergenceless vector. Important theoretical con- 58
26 of nanoscale systems, one has to ensure “overall charge neu-  tributions were done by Biittiker and co-workers for predict- 59
27 trality” and “current conservation.”!> The implementation of  ing ac properties of mesoscopic systems within a frequency- 60

28 such requirements into modern nanoscale electron simulators

dependent scattering matrix formalism, in weakly nonlinear

61

29 demands some kind of reasonable approximation for the regimes taking into account overall charge neutrality and 62
30 Coulomb interaction. current conservation.!7-12 63
31 On one hand, the importance of overall charge neutrality In general, modern electron-transport simulators do in- 64
32 (i.e., that the total charge in the whole device is zero) in clude reasonable approximations for the Coulomb interac- 65
33 nanoscale ballistic devices was clarified by the work of Lan- tions that can guarantee the accomplishment of the overall- 66

34 dauer, Biittiker, and co-workers® on the “two-terminal” and

charge-neutrality requirement. In addition, those simulators

67

35 the “four-terminal” conductance of ballistic devices. The that are developed within a time-dependent or frequency- 68
36 well-known standard textbook expression of the dc (zero- dependent framework can also assure the current conserva- 69
37 temperature) conductance through a tunneling obstacle is tion requirement. However, the powerful treatment of quan- 70

38 known as the two-terminal equation because it is defined as
39 the current divided by the voltage drop sufficiently far from
40 the obstacle. However, the original formulation of the con-
41 ductance proposed by Landauer*> in 1957 was known as the
42 four-terminal conductance because its experimental valida-
43 tion needs two additional voltage probes to measure the volt-
44 age drop close to the tunneling obstacle. The presence of
45 resistances in the leads® explains the difference between both
46 expressions. The ultimate origin of such resistances is the
47 requirement of overall charge neutrality that transforms un-
48 balanced charges in the leads into a voltage drop there, via
49 the Poisson (Gauss) equation. See Appendix A for a qualita-
50 tive discussion of such lead resistances.

51 On the other hand, the “current conservation” (i.e., the
52 total current computed on a surface in the simulation box is
53 equal to the total current measured on a surface of an amme-
54 ter located far from the sample) is a necessary requirement
55 for the prediction of ac conductances. The displacement cur-

1098-0121/2010/81(24)/1(0)
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tum and atomistic effects can only be applied to a very
limited number of degrees of freedom.'3 In fact, due to com-
putational restrictions, a small simulation box is a mandatory
requirement in many modern simulators. Here, the adjective
small means that the leads are directly excluded from the
simulation box. Neglecting the leads implies serious difficul-
ties for the achievement of overall charge neutrality in the
simulation box because the unbalanced charge in the leads is
not considered. In addition, a possible inaccuracy in the com-
putation of the overall charge neutrality affects our ability to
treat the time-dependent Coulomb correlation among elec-
trons and, therefore, the requirement of current conservation.
In conclusion, due to computational difficulties, modern
electron-transport simulators have to be implemented in
small simulation boxes that imply important difficulties for
providing dc or ac conductances of nanoscale devices be-
cause they neglect the lead-sample Coulomb correlation. An
exception to this conclusion appears in nanoscale devices
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71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88


http://dx.doi.org/XXXX
galbareda
A


JANMOF CoPY [BQ11438] 061024PRB

ALBAREDA et al.

89 with metallic leads that imply screening lengths of few
90 Angstroms.'*!> However, many other scenarios with highly
91 doped polysilicon leads or modern junctionless devices!®
92 have screening length on the order of few nanometers. In
93 addition, in all scenarios with far-from equilibrium condi-
94 tions (with high bias), the screening length in the leads have
95 to be complemented by the presence of a depletion length
96 there.

97  In principle, the problem of excluding the leads from the
98 simulation box, while retaining the lead-sample Coulomb
99 correlation, could be solvable by providing adequate bound-
100 ary conditions (BCs) on each of the “open” borders of the
101 simulation box.!” In the literature, there are many different
102 and successful BCs (Refs. 18-39) for describing nanoscale
103 electron devices with simulation boxes large enough to in-
104 clude the leads. However, BCs found in the literature are not
105 directly applicable for small simulation boxes. This is the
106 main motivation of this work. Before presenting our BCs
107 proposal, let us describe the standard BCs found in the lit-
108 erature for nanoscale electron device simulators. They are
109 based on specifying two conditions at each of the borders of
110 the simulation box:

111 (i) “Border_charge_BCs.” The charge density inside the
112 simulation box depends on the electrons injected from its
113 borders. Therefore, any BCs algorithm for electron devices
114 has to include information on the charge density at the bor-
115 ders as an additional BCs assumption.

116 (ii) “Border_potential_BCs.” The value of the scalar po-
117 tential (or electric field) on the borders of the simulation box
118 has to be specified. This condition is a direct consequence of
119 the uniqueness theorem for the Poisson equation'” which en-
120 sures that these values are enough to completely determine
121 the solution of Poisson equation, when the charge inside the
122 simulation domain is perfectly determined.

123  In many cases, the electrons injected through the bound-
124 aries depend, somehow, on the scalar potential determined by
125 the “border_potential_BCs” (and a fixed electrochemical
126 potential). Therefore, a coupled system of the two BCs ap-
127 pears.

128  Elaborated semiclassical electron-transport simulators
129 solve the time-dependent Boltzmann equation by means
130 of the Monte Carlo (MC) technique. In particular, most of
131 them fix the potential at the borders of the box equal to the
132 external bias an assume ad hoc modification of the injection
133 rate to achieve local charge neutrality.'2® Some works do
134 also include analytically the series resistances of a large
135 reservoir’’ which can be considered an improvement over
136 the previous “border_potential_BCs.” Other MC simulators
137 consider Neumann BCs (i.e., a fixed zero electric field for
138 “border_potential_BCs”).®® In principle, there are no com-
139 putational difficulties in applying the semiclassical MC tech-
140 nique in large (=50-100 nm) simulation boxes. Neverthe-
141 less, the possibility of using smaller boxes will be very
142 welcomed for some intensive time-consuming simulations.
143 For example, to repeat multiple (~100 000) simulations to
144 obtain statistical information about the macroscopic role of
145 some uncertain microscopic parameter (such as impurity
146 positions);29 to simulate real three-dimensional (3D) solu-
147 tions of the Poisson equation (involving matrix inversions of
148 ~2-3000 nodes),>® to compute (not only average values,

PROOF COPY [BQ11438] 061024PRB

1-2

PHYSICAL REVIEW B 81, 1 (2010)

but) current or voltage fluctuations that need very large simu- 149
lation times (with ~103 and 10° time steps) to obtain reason- 150
able  estimators,>'* to go beyond mean-field 151
approximations,’ etc. 152

The development of electron-transport simulators with the 153
explicit consideration of the wave nature of electrons implies 154
an important increase in the computational burden. The use 155
of the external bias as the Dirichlet BCs (“border_potential- 156
_BCs”) was quite usual’’* in the simulation of ballistic 157
electron devices such as the resonant tunneling diode (RTD). 158
The “border_charge_BCs” was directly specified from the 159
energy difference between the fixed scalar potential and the 160
fixed electrochemical potential. In 1989, Potz*3 was one of 161
the first in emphasizing the importance of flexible BCs at the 162
borders of the simulation boxes of RTD to ensure local 163
charge neutrality. Recently, more elaborated quantum- 164
mechanical simulators are being used based on the self- 165
consistent solution of the nonequilibrium Green’s functions 166
and Poisson equation pioneered by Datta.?*=3° They use ei- 167
ther Dirichlet-type BCs (Refs. 34 and 35) or Newmann BCs 168
(Refs. 36-39) for the “border_potential_BCs.” Again, the 169
“border_charge_BCs” condition was indirectly determined 170
from a fixed electrochemical potential and a fixed or floating 171
scalar potential. All these BCs algorithms are very successful 172
because they are implemented into simulation boxes large 173
enough to explicitly include the leads. However, such algo- 174
rithms are basically developed for static scenarios within a 175
mean-field treatment of the Coulomb interaction. Its exten- 176
sion to time-dependent scenarios or the inclusion of correla- 177
tions beyond the mean-field approximation has many com- 178
putational difficulties that will certainly benefit from the 179
possibility of using smaller simulation boxes. 180

As mentioned in the initial paragraphs, the extension of 181
such quantum-transport to time-dependent scenarios is a 182
complicated issue that requires not only overall charge neu- 183
trality but also current conservation. Biittiker and co-workers 184
were the first to study quantum ac conductances with both 185
requirements. They applied different many-body approxima- 186
tions (a simple one potential per conductor,” a Thomas-Fermi 187
screening potential, Hartree-type approximations,” a treat- 188
ment of the electron-electron interactions on the level of a 189
Hartree-Fock approach,'® and also a generalization of the 190
scattering matrix to deal with a Coulomb blockade system'!) 191
to provide self-consistent theories for the ac conductance of 192
mesoscopic systems. As a relevant example of their deep 193
understanding of time-dependent mesoscopic scenarios, they 194
predicted the value of the resistance in a quantum RC (single 195
electronic mode) circuit,'> which has been recently experi- 196
mentally confirmed.*® However, the practical implementation 197
of the Biittiker theory for ac conductance in real RTD [with 198
two-dimensional (2D) or 3D treatments] has many computa- 199
tional difficulties because of the use of large simulation 200
boxes that have to include the leads explicitly (see Refs. 41 201
and 42). 202

Finally, there are even more computational difficulties in 203
using large simulation boxes to include the leads in the so- 204
called “first-principles” electron-transport simulators because 205
of its huge demand of computational resources for their ato- 206
mistic description. One strategy of such first-principles 207
simulators!#13 is based on dividing the whole system in three 208
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209 regions (left lead, sample,® and right lead) and solving them
210 separately. Once the (Hartree) potentials at the leads are
211 known, the solution of the potentials in the sample is ob-
212 tained by imposing that the Hartree potential in the simula-
213 tion box matches those in the leads at equilibrium. If an
214 external bias is applied, they shift the scalar (Hartree) poten-
215 tial between each lead exactly equal to this applied bias con-
216 sidering a negligible voltage drop in the leads. This specifies
217 “border_potential_BCs” assuming that the screening effects
218 are shorter than few tens of Angstroms. However, as dis-
219 cussed in the introduction, such small screening lengths are
220 only applicable for metallic leads close to equilibrium but
221 invalid in most practical scenarios of electron devices. In
222 addition, although it is not explicitly explained, the “border-
223 _charge_BCs” is determined from standard Fermi (zero-
224 temperature) statistics that depend on the energetic separa-
225 tion between a fixed electrochemical potential and the
226 bottom of the conduction band. Whether or not such condi-
227 tion implies local or overall charge neutrality in the whole
228 structure is not considered. Another approach is the one de-
229 veloped by Di Ventra, Lang, and co-workers****’ where a
230 specific discussion of the “border_charge_BCs” to ensure
231 overall charge neutrality inside the simulation box is consid-
232 ered. Assuming a jellium model for the leads and letting the
233 bottom of the conduction band to move relative to the elec-
234 trochemical potential, they are able to assure overall charge
235 neutrality in their lead-sample-lead simulation box. Their al-
236 gorithm imposes an energy separation between a fixed elec-
237 trochemical potential and a floating bottom of the conduction
238 band (i.e., “border_potential_ BCs”) that provides local
239 charge neutrality deep inside the leads. In addition, an ad hoc
240 (delta) charge density has to be included into the sample-lead
241 interface (without any clear physical justification), in order to
242 make compatible their local and global charge-neutrality re-
243 quirements. Once more, the algorithm is numerically applied
244 to systems with leads and small screening length. The modi-
245 fication of the previous BCs toward explicit time-dependent
246 density-functional models, where the requirement of current
247 conservation will be necessary, 1is starting to be
248 developed.6~4

249  In summary, the strategies mentioned above for specify-
250 ing the BCs at the borders of the simulation box are similar
251 for classical or quantum simulators. However, as we will
252 show numerically in Sec. IV B, none of these BCs can be
253 applied in simulation boxes that explicitly exclude the leads.
254 The successful educated guesses applied in large simulation
255 boxes become inapplicable in small simulation boxes. Nei-
256 ther the charge density, nor the electric field nor the scalar
257 potential has easily predictable values at the borders of the
258 sample. In addition, the energy distribution of electrons close
259 to the active region can be very different from its thermal
260 energy distribution deep inside the reservoirs. Therefore, the
261 value of the electrochemical potential deep inside has no
262 direct relevance close to the sample. The key point of our
263 BCs is that we will not impose any of the previous require-
264 ments at the borders of the sample. We will obtain analytical
265 expressions for the charge density, electric field, and scalar
266 potential in the leads. Such analytical expression will allow
267 us to transfer the BC deep inside the reservoirs into informa-
268 tion of charge density, electric field, and scalar potential at
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the sample borders. This BCs algorithm requires a minimum 269
computational effort and it can be implemented into either 270
quantum or classical time-dependent simulators with large or 271
small simulation boxes, for dc and ac conditions, and even 272
for the study of current (or voltage) fluctuations. 273

The structure of this paper is as follow. After this intro- 274
duction, in Sec. II, we discuss some preliminary issues that 275
will be used for the description of the BCs. In particular, we 276
first discuss the time-dependent overall charge neutrality re- 277
quirements, modeled through the dielectric relaxation time. 278
Later, we present a simple parametric analytical expression 279
of the impedance of the leads. Finally, we present a time- 280
dependent degenerate injection model to control the charge 281
density at the borders of the simulation box. In Sec. III, we 282
develop our original time-dependent BCs algorithm taking 283
into account all the ingredients discussed in Sec. II. In Sec. 284
IV, we test our BCs algorithm with semiclassical MC simu- 285
lations of a nanoscale silicon resistor with large and small 286
simulation boxes. The excellent agreement between both sets 287
of simulations (without any fitting parameter) confirms the 288
merit and accuracy of our BCs algorithm. We also present a 289
numerical simulation for a (quantum) double barrier RTD to 290
show the importance of the BCs discussed here. The conclu- 291
sions are presented in Sec. V. There are two additional ap- 292
pendixes. First, we summarize the enlightening work of Lan- 293
dauer and Biittiker about the role of the lead resistances in 294
the overall charge neutrality. Second, we discuss the limits of 295
the quasistatic electromagnetic approximation to justify the 296
exclusive use of a scalar potential. 297

II. PRELIMINARY ISSUES 298

The original motivation of this work was the development 299
of a BCs algorithm with an appropriate treatment of the lead- 300
sample correlation for a general-purpose many-particle 301
quantum-trajectory electron-transport simulator, previously 302
developed by one of the authors.®® From a computational 303
point of view, such a quantum-trajectory algorithm (with 304
Coulomb and exchange interactions) can only be imple- 305
mented in small simulation boxes. Before presenting our al- 306

gorithm, we develop some preliminary expressions that will 307
be later used in Sec. III. 308
A. Time-dependent overall charge neutrality 309

in nanoscale electron devices 310

311
312
313

We are interested in developing our BCs algorithm in a
time-dependent framework because of the following two rea-
sons. First, because it will be applicable not only to obtain dc
(zero-frequency) result, but also to ac (high-frequency) ones. 314
Second, because it is known that the lead-sample correlations 315
are better treated with time-dependent BCs conditions that 316
allow the exchange of energy between the leads and the 317
sample. 318

In order to impose a time-dependent condition for the 319
solutions of the charge density p(7,f), the electric field 320
E(F ,1), and the scalar potential V(7,), we start by integrating 321
the local continuity equation [i.e., the charge conservation 322
implicit in Maxwell’s Eq. (B2)] in a large volume (), that 323

A
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324 includes the sample, the leads and the reservoirs

d
P p(7,1) - dv + (1)

Q

f Jo(7.1) - d§=0.
S

325

326 The volume () is limited by the surface S. We assume that
327 the particle current J(7,7) in Eq. (1) is parallel to all the
328 subsurfaces of S, except in those open surfaces'” (75 € Ag in
329 the source and 7, e Ap in the drain reservoirs), which are
330 perpendicular to the transport direction

d .
0_th p(7,t) - dv + L
(2)

332 Next, we assume that the current density and the electric
333 field at the surfaces 7y € Ag and 7 € Ap, deep inside the res-
334 ervoirs, are related by the Ohm law’' (no Ohmic assumption
335 is imposed in this volume ()). Thus

J

337 being o the reservoir (frequency-independent) conductivity.
338 The use of expression (3) imposes an important limitation on
339 the frequency validity of our BCs algorithm. For example,
340 the Drude’s deduction of Ohm’s law requires times which are
341 larger than the inelastic scattering time. We can rewrite Eqs.
342 (2) and (3) as

jc(i'_')s,f) . dé_‘)5+ J jc(FD,l‘) . d§D=O.
s Ap

331

Jo(7p)-ds=o f E(#1) - d§

Asip

3)
336

S/ID

2 f p(7.1) - dv + ol ES (1) + Ef(1)] =0, (4)
at)o

343

344 where we have defined ESC(t)=— I ASE(FS,I)~d§S and Elc)(t)
345 = ADE(FD,I) -ds). See Fig. 1 for the explicit location of ES(r)
346 and ES(7), deep inside the reservoir. The next step is the

347 integration of the Gauss equation [Eq. (B4) in Appendix B]
348 in the same volume

f p(?,t)~dv—fl§(?,t)~d§:0, (5)
Q S

349

350 where D(7,1)=¢(7)-E(7,t) is the electric displacement field
351 and &(7) the (frequency-independent) dielectric constant.
352 Again, we assume that 5(7, t) is very small at all surfaces
353 except at those at the source and drain. Therefore

J p(7.1) - dv = [ E(1) + Ep(1)]= 0 (6)
Q

354

355 with e=g(7;)=&(F,). Combining expressions (4) and (6), we
356 obtain

o

&

Jd
Efﬂp(?,t)'dl):— fnp(f,t)‘dv. (7)

358 Expression (7) provides the time evolution of the total charge
359 Q(1)=[qp(7,1)-dv in the whole system. Its solution is

357
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FIG. 1. (Color online) Definition of the variables used in the
BCs algorithm and schematic representation of the (a) scalar poten-
tial, (b) electric field, (c) total charge density, and (d) doping den-
sity. An analytical parametric 1D solution is deduced in the (blue)
dashed region while a numerical 3D solution is obtained in the
(yellow) solid central region that we define as the simulation box. A
part ALx of the highly doping leads is included into the simulation
box in order to account for complex phenomena that can appear at
the interface.

r— to)
TC

with the dielectric relaxation time (sometimes called Max- 361
well relaxation time) being defined as 362

(9) 363

(8)

o) = 0(to) - exp( 360

T.=¢lo.

As expected, the meaning of expression (8) is that the total 364
charge inside the system tends to zero in periods of time 365
related to the dielectric relaxation time. Identically, from 366
Egs. (4) and (6), we see that 367

S0~ E50)= 500~ E5)-oxo - =2) (100

this meaning that the electric field tends to be the same deep 369
inside both reservoirs. Finally, we know that the time- 370
averaged electric field deep inside the reservoir tends to the 371
Drude value E&J(1). Therefore, one possible solution of Eq. 372
(10) with the additional requirement EgD(t)Hngg’(t) when 373
1>7. 18 374
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Eg(0) - ES"(0) = [E (1) - E5™(1,)] - exp(—

t—to)
TC

375 "
376 and

E¥i (1) = ES(1) = [ES (1) (1,) — ES(1,)] - exp(‘ t;_t()> '
377 "

378 When imposing E&(1)=E%"(r), we recover Eq. (10) by
379 summing Egs. (11) and (12). The frequency limitation of
380 expressions (11) and (12) is ultimately determined by the
381 assumption that the parameters o and & are constant (time
382 independent and frequency independent). Therefore, the di-
383 electric relaxation time used in expressions (11) and (12)
384 cannot be shorter than the interval of time needed for making
385 reasonable the assumption that o and & are constants.

386 B. Analytical spatial-dependent charge density, electric field,
387 and scalar potential in the leads

388  In order to evaluate the total charge in expression (8) or to
389 apply expressions (11) and (12), we need to know the charge
390 densities or the electric fields deep inside the leads. Since we
391 are interested in not simulation explicitly the leads, we look
392 for analytical expressions. Nonlinear screening theory is im-
393 portant but a general analytical solution to the Poisson equa-
394 tion does not exist. Therefore, we will have to make some
395 simplifying assumptions. We will use the schemes depicted
396 in Fig. 1 to explain our analytical solution in the leads and
397 the assumed simplifications. Throughout this paper, we will
398 assume a two-terminal device, source and drain, to explain
399 our BCs algorithm. In any case, it can be straightforwardly
400 adapted to multiterminal systems with an arbitrary number of
401 open boundaries.>?

402  First, we assume that all expressions in the leads depend
403 only on the variable x along the transport direction but are
404 independent on the lateral directions y and z so that a one-
405 dimensional (1D) scheme in the leads and reservoirs is ap-
406 propriate. In order to develop simpler analytical expressions
407 we consider one specific negative x axis, (-,0], for the
408 source and another positive, [0,+o), for the drain with dif-
409 ferent origins. The point x=0 is located at the interface be-
410 tween the numerical solution in the simulation box and the
411 analytical solution in the lead (see Fig. 1). Let us notice that
412 a small part of the lead is explicitly included into the simu-
413 lation box (see the length ALx in Fig. 1). The exact length
414 ALx depends on a trade-off between computational limita-
415 tions and accuracy to treat complex effects in the interfaces
416 (such as the presence of quasibound states in the accumula-
417 tion well>® or the Friedel oscillations>*).

418  Second, we assume that the electron charge distribution in
419 the leads can be reasonably described by standard textbook>!
420 expressions and that charge density due to ionized impurities
421 is uniformly distributed in the leads and reservoirs. There-
422 fore, we write the Poisson equation as
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l

(13)

€ FPAEc(x,1)
q ax*

AEc(x,
=p(x,1) = qND{l —exp{ﬁ

423

424
425
426
427

where N, is the uniform doping density, AEc(x,1)=Ec(x,1)
—Ec is the offset of the bottom of the conduction band mea-
sured from its average value deep inside the reservoir Ec
=Ec(xgp,t), O the absolute temperature, and kg the Boltz-
mann constant. The bottom of the conduction band Ec(x,t) 428
and the scalar potential are related by Ec(x,f)=—qgV(x,r) 429
(more complex screening theories can also be adapted to our 430
BCs algorithm as far as they provide analytical solutions 431
in the leads’%). We assume the standard Debye 432
approximation®' |AEc(x,t)|<kg-® to solve the Poisson Eq. 433
(13). Then, under a first-order Taylor expansions, we obtain 434

Ny AEc(x, : )
plx,1)= quB—(;(“) Then, the solution of Eq. (13) in the 435
source lead -L-=x=0 is 436
P

x+LS>
l b

where we have assumed p(x,7)=0 when x— — because of 438

p(x,1) = ps(1) eXp( (14)

437

the screening. We have defined ps(r)=p(-L%,f) as the 439
(surface-averaged) electron density at x=-L% (see Fig. 1). 440
We can identify the parameter [ as the Debye length®! 441
€ kg0
I= \|——. (15) 442
q°Np
Identically, the solution in the drain lead 0=x=L is 443
x- L’Z))
1) = t) exp| — . 16
p(x,1) = pp(1) p( 7 16) .4

For simplicity, we assume equal doping densities and 445
screening lengths in the drain and source leads. Expressions 446
(14) and (16) are only valid for small applied bias, i.e., close 447
to equilibrium conditions. However, large bias can drive the 448
device far from equilibrium. For such conditions, it is quite 449
usual that one lead suffers accumulation of electrons while 450
the other suffers depletion. In the depleted regions, there are 451
no electrons that can participate on the screening of positive 452
charge, therefore, the screening length has to be comple- 453
mented with an additional depletion length. See a schematic 454
plot in Fig. 1(c). Then, a reasonable expression for the charge 455
density at the source is 456

x+ L%
l

ps(1)

where L is the depletion length of the source lead indicated
in Fig. 1. Identically, the charge density in the drain lead is

plx,1) = (17)

-Lg=x=0, 457

458
459

-

X
pol1) exp(— ) Lhy=x=Lc

p(x,1) (18)

pp(?) 0=x=1L}.

By applying the gauss Eq. (B4), from Eq. (17) we can deter-
mine the electric field along the source lead and the source
reservoir

460

461
462
463
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1l + IR
Eg(t)+MeXp<)%) —Le=x=-1L§
&
E(x,t) =
H(l+LE t
Eg(t)+Ps()( S)+PS()X —LgsxSO.
&

€

464 (19)
465 We use the field flux Eg(t) as a boundary condition at
466 x=—L that reflects the expected series resistance of the
467 reservoir. The other term in the right-hand side of Eq. (19)
468 is due to the nonhomogeneity of the charge distribution in
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the lead-sample region. Identically, in the drain lead, we 469

obtain 470
nl —-x+ 17
Eg(t)—pD() exp( xl D) Lh=x=L¢
E(x,1) =
n(l+L~ t
Eg(t)—pD()( D)+PD()X OSXSL’L’).
g g
(20) 47

Finally, the definition of the scalar potential in the source 472
leads is given by the spatial integration of expression (19) as 473

474 |
475
e +15
Vg(l)—Eg(t)(X+Lc)—pS(8) exp(x l S) —Le=x=-1%
V(x,t) = 21)
)(x+LB)? I+ L5 +
476 V(1) = ES(D(x + L¢) - ol );x 9°_ eI+ Ls+ ) L=x=0
e s
477 and integration of Eq. (20) in the drain
s —x+ L7
Vg(t)+ElC)(f)(—X+Lc)—pD() exp( xl D) h=x=L¢
e
Vix,t) = (22)
(= x+ LR)? NI+ L -
e VG0 + B 3L - 2O OB =0 oy
e e
479
480 |
481

482 Apart from the frequency restrictions mentioned in Sec. IT A,
483 the validity of expressions (17)—(22) is limited to frequencies
484 lower than the plasma frequency in the leads. In addition,
485 when large bias conditions are considered, the presence of
486 hot carriers (with high velocities) in the leads will modify the
487 (quasiequilibrium) screening length found in Eq. (15). This
488 effect will provide a limitation of our BCs model for very
489 high bias.

490 C. Electron injection model for a zero-external
491 impedance system
492  As discussed above, the previous expressions depend on

493 the charge density at the source pg(f)=p(0,7) and drain
494 pp(1)=p(0,1) borders. Electrons leaving the sample affect
495 these charge densities but they cannot be controlled. On the
496 contrary, we can model electrons entering into the simulation
497 boxes through the injection of electrons from its borders. Let
498 us discuss how to define such injection of electrons.

499 A time-dependent degenerate (i.e., taking into account the
500 Pauli exclusion principle) injection model for electron de-
501 vices has been presented by one of the authors in Ref. 56
502 under the assumption that the sample is part of a circuit with
503 zero-external impedance. In this simplified scenario, the volt-
504 age drop in the sample can be viewed as a fixed nonfluctu-
505 ating quantity equal to the external bias. In this section, we
506 will present a brief summary of such injection model and its
507 ability to determine either the average value of the current or
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509
510
511
512
513

its time-dependent fluctuations. Then, in Sec. III, we will
discus how this injection model can be adapted to situations
with arbitrary external impedance.

The rate and randomness of the injection of electrons into
the sample can be modeled through the following binomial
probability P(k,,N,7) defined in Ref. 56

|
o)

P(kx’N9 T) = fS/D(E)N[l _fS/D(E)]MT_N~

N!- (M, N)!

(23) 514

This expression defines the probability that N electrons with 515
wave vectors in the range k, € [k,,,k,,+Ak,) are injected 516
into the sample during the time interval 7. The parameter M . 517
is the number of attempts of injecting electrons during the 518
previous time interval 7, defined as a number that rounds the 519
quotient 7/¢, to the nearest natural number toward zero. The 520
number of injected electrons can be N=1,2,..., =M. The 521
time f, is the minimum temporal separation between the in- 522
jection of two electrons into the particular cell phase-space 523
cell k, € [k, k,,+Ak,) and x € [x,,x,+Ax). For a 1D sys- 524
tem, the value of f, can be easily estimated. The number of 525
electrons n;p in the particular phase space cell Ak,-Ax is 526
np=2-Ak.-Ax/(27) where we consider a factor 2 for spin 527
degeneracy.’” These electrons have been injected into Ax 528
during the time interval Ar defined as the time needed for 529
electrons with velocity v,=Ax/Ar=%k./m, to travel a dis- 530
tance Ax. Therefore, the minimum temporal separation, #,, 531
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532 between the injection of two electrons into the previous par-
533 ticular cell is A¢ divided by the maximum number n;p of
534 electrons

)—1

536 The practical application of such definition of #, requires a
537 mesh with a small step Ak, on all possible values of k,.
538 Identically, for a 2D and 3D system, we obtain

At
tolk)|ip=—
D

1 fik,
= (——Ak (24A)
535 m m

At 1 hk, -l
k. k, 2— <A Ak, Ak , (24B
539 to(y,ky, y)|2D - (271_2 m Y ) (24B)
At 1 #k, -
t()(y,z,kx,ky,kz)|3D:n— (4 = AyAzAk Ak Ak) )
3D
540 (24C)

541 On the other hand, the function f(E) that appears in Eq. (23)
542 determines the probability that a state with kinetic energy E
543 measured from the bottom of the conduction band —¢V(r) is
544 occupied by an electron that will effectively enter into the
545 simulation box. In particular, we assume that such probabil-
546 ity is determined by half of the Fermi distribution [E
547 =E(k) with k,>0,] as:

Is(E) =
1+ exp[

549 where the electron wave vector k is related to the kinetic
550 energy by the appropriate energy-dispersion relationship
551 E(k). The term F2(#) is defined here as the source injecting
552 energy level and it determines how to increase the rate of
553 injection of electrons while respecting the Pauli restriction.
554 This restriction implies that two electrons with identical ve-
555 locity have to be injected with a temporal separation equal or
556 larger than 7,. We avoid the name electrochemical potential
557 for such energy F/(1) because Eq. (25) does not refer to all
558 (source) electrons but only to those with k,>0. In addition,
559 close to the active region, the electron distribution for k,
560 <0 will be quite unpredictable (see insets in Fig. 18 in Ap-
561 pendix A). We reserve the name electrochemical potential to
562 the thermalized energy distribution deep inside the reser-
563 voirs, at x= F L. Here, Fi/(¢) is just a parameter that con-
564 trols the rate of injection of electrons at the border of the
565 simulation box to ensure overall charge neutrality. Equiva-
566 lently, the electrons injected from the drain have an energy

567 distribution determined by [E=E(k) with k,<0] as:

E—
1 +exp

1

E-F(1) + qV(0) ]
kB . @

(25)

548

1

Fi2I(6) + qVD(t)}
ky- O

fo(E) (26)

568
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with F/(¢) the drain injecting energy level. We will later use
the parameters Fg"j (r) and Fg’j (r) to indirectly increase/
decrease the charge density pg,p(7) at the lead-sample inter-
face, at each time step of the simulation.

It is very instructive to understand the Binomial distribu-
tion of the injection process, expression (23), as a conse-
quence of the discreteness of the electron charge. For a par-
ticular cell, at zero temperature, we inject an electron every
interval of time 7,. The average current per cell is —¢g/¢,. At
room temperature, the average current is lower, —q-f(E)/t,,
because of the uncertainty in the occupation. However, it is
not possible to inject a fractional charge —gf(E) into the
system at each interval of time , (i.e., the electron charge is
indivisible). Therefore, at each interval of time 7, either we
inject the full charge, —q (if the state is occupied), or we do
not inject charge (if the state is empty) according to the prob-
ability f(E).

As a simple test of our injection model in zero-external
impedance circuits, we compute analytically the current and
its fluctuations (i.e., the noise) for a one-subband ballistic 1D
system. According to the zero-external impedance, we as-
sume that V(¢) and Vj(¢) in Egs. (25) and (26) are fixed by
the time-independent external bias. We assume a transmit-
tance equal to unity. For such conditions, all injected elec-
trons are finally transmitted (i.e., injection probability and
the transmitting probability are identical) and there are well-
known analytical results in the literature for both, average
current and noise.!%

The average current (/) is an experimental measure of the 597
charged transmitted through the system during a long time 598
interval. For our ballistic system, the charge transmitted 599
through the source is just the charge injected. Therefore 600

569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

EN[Tk]

(Iy=~lim,_., qE (27)

601
602

603
604

The average number EN[T,kX] of injected particles during
the time interval 7 is computed from the probability
P(k.,N,7)

N=co

Eyx[.k]= >, P(k,,N,7N.
N=0

(28)
605

As we mentioned before, we divide the whole phase space
into cells with a small Ak, so that all electrons in the cell
have roughly the same energy. The average number of in-
jected particles with wave vector k, during the time 7 can be
computed from Eq. (28) as E\[ 7,k ]=f(E)- 7/1,(k,) for each
cell of the source injection. Previous expression is just the
mean value of the Binomial distribution in Eq. (23), where
fs(E) is defined by expression (25). From Eq. (27), the aver-
age current of each k -phase space cell can be computed as
(D*=—qfs(E)/t,(k,). The sum over all phase-space cells
with k,>0, (I):Ekx(l)ka does exactly reproduce the Land-
auer average current. The drain current is computed equiva-
lently. The total current is the source component minus the
drain component

606
607
608
609
610
611
612
613
614
615
616
617
618
619
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0= ymr-penE )
0

620

621 where we have used dE=~h%k,-Ak,/m, and 1/ty(k,)
622 =fik,-dk,/(-m,). This is just expressions (39) and (40) of
623 Ref. 1 for a transmission coefficient equal to one. For low
624 temperature [i.e., f(E)=1 for all injected electrons], we ob-
625 tain the well-known Landauer conductance G=2¢>/h.

626  For ballistic devices, the one-side power spectral density
627 of the current fluctuations at zero (low) frequency can be also
628 obtained from probability in Eq. (23) as

ENZ[T, kx] - (EN[ 7, kx])z

$,(0) =lim,_..2¢* >, . (30)
629 ky T
630 where we defined Ey2[ 7,k,] as
N=cxo
Eyxl7.k]= > P(k,N,7N. (31)
631 N=0

632 For the binomial distribution of expression (23), we obtain
633 Ena[ 7,k - [EN(T,k) P=Fs(E)[1-f4(E)]- 7/t,(k,). Then, us-
634 ing Eq. (30), we found S’,‘X(O)=2q2fs(E)[1 —fs(E)]/t,(k,) for
635 the source injection. Identical results are obtained for the
636 drain injection. Since there is no drain-source correlation in
637 our simple ballistic model, the total power is the sum of both.
638 After integration over all energies, we obtain

2 o
$,(0) = 4% J {F(B)1 = fs(E)] + foE)1 - fo(E)}E.
0

639 (32)
640 This expression does exactly reproduce Biittiker results for a
641 system with transmission coefficient equal to one [see ex-
642 pression (61) in Ref. 58]. Expression (32) includes the ther-
643 mal and the shot noise (i.e., it is valid both at equilibrium and
644 far from equilibrium). Under equilibrium conditions, the
645 previous result reproduces the Nyquist-Johnson thermal
646 noise, as can be shown by introducing the identity
647 —kg® - If(E)/ dE=f(E)[1—-f(E)] into the previous result.

648  In conclusion, the (time-dependent) injection model dis-
649 cussed here correctly accounts for the Pauli correlations
650 among electrons under the assumption that the active region
651 is part of a circuit with zero-external impedance. In this case,
652 the voltages applied to the sample can be viewed as a fixed
653 nonfluctuating quantity and the noise properties are deter-
654 mined only by the Pauli correlations discussed above. In
655 general, the sample is a part of a larger circuit (with nonzero-
656 external impedances). Then, the current fluctuations in the
657 sample imply voltage fluctuations in the leads [through the
658 time dependence of V(z) and Vj(7) in Egs. (25) and (26)]
659 that, in turn, imply fluctuations on the injecting probabilities
660 into the sample [through expression (23)] and the current in
661 the sample [see expression (63) in Ref. 1]. These compli-
662 cated correlations between sample and leads highlight the
663 importance of the BCs algorithm mentioned here.
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III. TIME-DEPENDENT BOUNDARY-CONDITIONS AT 664
THE BORDERS OF THE SAMPLE FOR OVERALL 665
CHARGE NEUTRALITY 666

A. General consideration 667

According to Fig. 1, we have to specify the values V() 668
and Vp(t) for the “border_potential_BCs,” and pg(r) and 669
pp(t) for the “border_charge_BCs.” In addition, in Sec. I B, 670
we have derived analytical relationships between scalar po- 671
tentials, electric fields, and charge densities at the borders of 672
the simulation box, at x=0, and those values deep inside the 673
reservoirs, at x=+ L. We have to add the four additional 674
unknowns Vg(t), Vg(t), Eg(t), and ESC(t). In total, for two- 675
terminal models, we have eight unknowns. Hence, we need 676
eight conditions to specify the BCs. 677

As we have explained in the introduction, and it will be 678
numerically confirmed in Sec. IV, it is very difficult to pro- 679
vide an educated guess of the scalar potential, the electric 680
field or the charge density at the borders of a small simula- 681
tion box where leads are excluded. In addition, the electro- 682
chemical potential for thermal distributions becomes an ill- 683
defined parameter for small simulation boxes. One can 684
assume a well-known value of the electrochemical potential 685
deep inside the reservoir. However, close to the active re- 686
gion, where the (far from equilibrium) momentum distribu- 687
tion can be quite arbitrary, the prediction of any value of the 688
electrochemical potential for injected and reflected electrons 689
is quite inappropriate. 690

Fortunately, the analytical results of Sec. II for the leads 691
and reservoirs can be used to transfer the unknown “border- 692
_potential_BCs” and “border_charge_BCs” at the borders 693
of the simulation box into simpler BCs deep inside the res- 694
ervoirs. This is the key point of our BCs algorithm. 695
In particular, the two new BCs that we will impose at 696
Xx= %+ L are: 697

(i) “Deep_drift_BCs.” We assume that the inelastic scat- 698
tering mechanisms at, both, the source x=—L and the drain 699
x=L, reservoirs provides a quasiequilibrium position- 700
independent thermal distribution of electrons (it is implicitly 701
assumed that the contact length L. is large enough so that 702
inelastic scattering is relevant there). Such position- 703
independent electron distribution is consistent with charge 704
neutrality deduced in expressions (17) and (18), deep inside 705
the reservoir, that implies a uniform electric field there. Then, 706
according to the Ohm’s law mentioned in expression (3), we 707
known that the electric fields tend to Eg/ (1) —>E§/’g’(t) at the 708
source and drain reservoir. 709

(ii) “Deep_potential_BCs.” We assume that electrochemi- 710
cal potentials can be defined for the position-independent 711
thermal distribution deep inside both reservoirs. We known 712
that the applied bias coincides with the energy separation of 713
the electrochemical potentials between the source and drain 714
reservoirs. In addition, due to the position-independent elec- 715
tron distribution deep inside the reservoirs, we assume that 716
the energy separation between the electrochemical potential 717
and the bottom of the conduction band is perfectly known in 718
the drain and source reservoirs. When equal doping is used 719
in both contacts (as done in the numerical examples of this 720
work), the energy separation between the bottoms of the 721
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722 conduction bands at both reservoirs is equal to the difference
723 of the external voltages. Hence, Vg(t)=0 and Vg(t)
724 = Vexterna](t)-

725  These two conditions, “deep_drift_BCs” and “deep_po-
726 tential_BCs” are quite reasonable for any electron device
727 deep inside the reservoirs. In fact, we will show in Sec. III B
728 that the numerical MC solution of the nonequilibrium Bolt-
729 zmann equation in a large simulation box confirms the ad-
730 equacy of these conditions in the reservoirs. Therefore, from
731 the initial eight unknowns, we have the “deep_drift_ BCs”
732 and “deep_potential_BCs” considerations that provide four
733 conditions (two for each border). However, we do still need
734 four additional conditions in order to completely specify our
735 BCs unknowns. Such conditions come from imposing, at the
736 borders of the simulation box, the continuity between the
737 analytical expression of the electric field (and the scalar po-
738 tential) in the leads and the numerical values obtained inside
739 the simulation box. Therefore, we will be able to determine
740 the initial unknowns V(¢), V(), ps(2), and pp(7) in the bor-
741 ders of the simulation box, by imposing four conditions deep
742 inside the reservoir and imposing continuous profiles. The
743 value of the EZJ'() is not a parameter because it is imposed
744 by the conduction current, via the Ohm’s law. As discussed
745 in Sec. I A, imposing equal electric fields deep inside the
746 reservoirs guaranties the overall-charge-neutrality require-
747 ment.

748  Finally, we have to comment on the time dependence of
749 our algorithm. On one hand, most of the expressions devel-
750 oped in Sec. II have some frequency restrictions. In Appen-
751 dix B, we have also discussed the frequency limitations re-
752 lated to assuming that only the scalar potential is necessary
753 to describe time-dependent nanoscale scenarios. Our BCs al-
754 gorithm is valid for frequencies lower or equal than the
755 lowest-frequency restriction mentioned above. We will refer
756 to such frequency limit as the, f7°, which will be considered
757 in next section.

758 B. Practical implementation of the boundary conditions
759 in classical or quantum time-dependent simulators
760 In Fig. 2, we represent schematically the flux diagram of

761 the BCs algorithm presented in this paper. After initializing
762 all variables and functions to predetermined values and mov-
763 ing particles (or solving wave-equation time evolution), we
764 arrive at the specific BCs algorithm. We know the old values
765 of V(1), Vp(1), ps(t), and pp(r) at time . The BCs algorithm
766 will provide their new values at time t=r+A¢. We have di-
767 vided the algorithm into five different steps that we will de-
768 scribe in detail below:

769  Step-(1) evaluation of the charge density at the sample
770 (inside) boundary. The first step is the evaluation of the
771 charge density at the boundaries of the sample at time 7. This
772 will be computed in the spatial cell closer to the border but
773 still inside the simulation box (see ALx in Fig. 1). Since we
774 describe a one-dimensional version of the BCs algorithm, we
775 will need a surface integration of such magnitudes that we
776 refer to as the instantaneous charge densities pirs)(t'). As
777 mentioned before, due to frequency restrictions of the algo-
778 rithm, what we will finally compute is a running average
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Initialize all variables and functions (electric field
and scalar potential) to predetermined values

v

Move particles (and waves) inside the active region

PU—

Time-dependent Boundary conditions algorithm

Step Evaluate (running average) charge density

(1).

Py, p (1) at the borders of the simulation box.
v

Newton-Raphson method to achieve a continuous
electric field (and scalar potential) at the borders of
the simulation box.

{

Compute the drift current and drift electric field deep
inside the reservoir.

¥

Modify the injecting energy levels or the depletion
length to globally achieve charge neutrality within
the dielectric relaxation time.

'

Ramdom Fermi-Dirac injection of particles (and

Step
(2).

Step
(3).

Step
(4).

Step
(5).

waves) in the simulation box (Sec. II.C).

v

t=t+At

FIG. 2. (Color online) Schematic representation of our (time-
dependent) BCs algorithm coupled to a particle-based electron
(classic and quantum) transport simulator.

ins

t
: f psip(t') - dt’
=T

with the temporal interval 7% equal to the integer N%° mul- 780
tiplied by the simulation time step, T%=N%-Ar=1/f%. Let 781
us notice that we just calculate the charge density at time ¢, 782
not at time 7+At. 783

Step (2)—imposing continuity of the electric field and the 784
scalar potential at the sample-lead interface by means of a 785
Newton-Raphson method. As mentioned in the previous sec- 786
tion, the electric field and the scalar potential have to be 787
continuous at both lead-sample interfaces. In one hand, the 788
electric field, at the x=0 and the electric field at x=—L, of 789

- (33)

779

psip(t) =

the source lead, are related from expression (19) as 790
D[+ Lt
ES(1+ Af) = Eg(+ A1) — M, (34)
€ 791
where we have defined Eq(t+Atf)=E(0,t+At). Here, we as- 792

793
794
795

sume pS/D(t+At) %pS/D(t) and Lg/D(t'i‘At)ng/D(t) We will
later relax these assumptions. Identically, from Eq. (20), we
define in the drain

A
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O+ LAt

ro ES(1+ Ar) = Ep(r+ Ar) + M. (35)
797 In addition, from Eq. (21), we obtain
798 Vi(t+ At) = VS (t + Ar) — ES(1 + Af) L

a ps(O[1 + Lg(l)]z 3 ps()I* (36)
799 2¢e 2¢e
800 and from Eq. (22)
801 Vp(t+ Ar) = V(1 + Ar) + ES(1 + A)L¢

N+ L2 N

U LGOP 0P

802 2¢e 2¢e

803 As mentioned before, we fix the value Vg(t+At):0 and
804 V(14 A1)=V,pma(t+Ar). We also know the charge density
805 pg(t) and pp(r) from “step 1.” We will use Eg(t+At) and
806 Eg(t+ At) to find the continuous solution of the electric field
807 according to the procedure explained in the next paragraph.
808 Later, in “step 4,” we will relate the new parameters of
809 ESC(t+At) and Eg(t+At) to new values of pg(r+Ar) and
810 pp(t+Ar).

811 We will follow a Newton-Raphson method to find the best
812 parameters Eg(t+At) and Eg(t+ Ar) that provide continuity
813 of the electric field at the borders of the simulation box. We
814 use expressions (34) and (35) to determine E(r+Af) and
815 Ep(r+Af), and Egs. (36) and (37) for Vy(t+Atf) and Vj(z
816 +A¢). Then, we apply these new voltages on the source and
817 drain surfaces of the 3D simulation box and solve the 3D
818 Poisson equation there. Next, we compute the electric field at
819 the spatial step closer to the borders but still inside the 3D
820 simulation box. We made a surface integral to transform the
821 electric field in the surface of the simulation box into a 1D
822 parameter. In order to obtain a continuous shape of the elec-
823 tric field in the whole system we repeat the previous se-
824 quence by slightly modifying the values of E§(t+Ar) = SE
825 and/or Eg(t+ At) = SE until we find new values Vg(r+Af) in
826 Eq. (36) and Vj(t+Ar) in Eq. (37) so that the analytical and
827 numerical electric fields at the borders of the simulation
828 boxes coincide. Such a loop will provide a continuous
829 analytical-numerical coupling for the electric field and, as a
830 consequence, will also assure the continuity of the scalar
831 potential. In summary, in this step 2, we determine the new
832 values V(r+Ar) and Vp(t+Ar).

833  Step-(3) calculation of the drift electric field at x= "~ L.
834 The J%/'(z) is computed inside the sample from the number
835 of electrons crossing the source (or drain) surfaces. In addi-
836 tion, the value J,,;4(¢) is time averaged as described in ex-

837 pression (33).
1 t
6= f
Y‘b [_Tbc

839 where J%/-"(¢') is the value computed at each time step.
840 Finally, from the Ohm’s law of expression (3) we will com-
841 pute the average drift electric fields deep inside the reservoirs
842 at x= + L. Let us notice that we just calculate the drift elec-
843 tric field at time ¢, not at #+At.

Jdri ift

drift_ins
S/D J

b (edt' (38)

838
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Step 4—modification of the injecting energy levels and 844
the depletion lengths. In step 2 we have already computed 845
Eg(t+ Ar) and Eg(t+At) as fitting parameters instead of 846
ps(t+At) and pp(t+Ar). In this step, we will relate the modi- 847
fication of the electric fields deep inside the reservoir to the 848
charge density at the borders of the simulation box. This 849
two-step procedure is justified because we deal with a very 850
small time step, which implies very small variations of all 851
these parameters. From Egs. (11) and (19), we can state a 852
direct relationship that gives the value of the charge density 853
required at the borders of the active region in the next time 854
step 855

e- AT
[[+L5(N)]- .
(39)

ps(t+ A1) = pg(r) + [ES(0) - EL7'(1)]
856
and from Egs. (12) and (20) 857

e- AT
(+Lp(0]- 7.
(40)

pplt+ Ab) = pp(1) - [ES(1) — E&F(5)]
858

859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888

We have assumed the following simplification,
exp[—(t—1y)/ 7.]=1-At/7, with Ar=r—1t, which is much
smaller than 7, in expressions (11) and (12). Since we are
only interested on relating ES (1) with pgp(t+Atr), we have
assumed that Eg,;(¢) and Lf,;,(¢) in expressions (19) and (20)
does not change with time.

Although Egs. (39) and (40) together with the values
ps(?) and pp(7) clearly define pg(r+Af) and pp(t+Ar), we do
not have a complete control on how to increase/decrease
these values in our simulator. On the contrary, we only have
the possibility of increasing/decreasing the injecting prob-
ability in Eq. (23) through the parameters Fi’(t+Atf) and
FiD"j (t+Ar) that appear in Egs. (25) and (26). The exact rela-
tionship between the displacement of the injecting energy
levels and the variation in the injected charge density in the
simulation box boundaries is not trivial. We perform a pre-
processing computation of the function p™/(F{},+¢ Vs p) ac-
cording to the injection model described in Sec. II C. Once
such a relation has been established, we can determine ex-
actly in which way the injecting energy levels have to be
displaced.

As mentioned several times along this paper, there is a
particular scenario that cannot be managed just by modifying
the injecting energy levels. Far from equilibrium, at high
applied bias, we can accumulate electrons as much as needed
to decrease pg(7) in order to achieve overall charge neutrality.
However, we cannot deplete electrons as much as possible in
the sample-lead interface. Once we arrive at zero injected
electrons, we cannot decree this number any more. In such
situations, the only way to decrease the negative charge is to
enlarge the depleted (positive charge) region in the drain [see 889
Fig. 1(c)]. The same depletion procedure could be needed 890
in the source for a negative bias. From Egs. (11) and (19), if 891
we consider pg(r) fixed but Lg(z) variable, we obtain in the 892
source 893
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FIG. 3. (Color online) Schematic representation of the N*NN*
structure.

e At
pS(t) *Te

895 and, identically from Egs. (12) and (20), we obtain in the
896 drain

LE(t+ A1) = LE(r) + [ES (1) — E&T'(1)] (41)

894

Lt + A1) = L(1) - [ES() - EL T (]2

pD(t) © T . (42)

897
898 At this point, we have determined the evolution of the injec-
899 tion energy levels FiJ(t+Af) and the depletion lengths
900 LE, ,(1+Af).

901  Step 5-electron injection. Finally, according to the new
902 values of the scalar potential V,,(r+Af) (step 2) and the
903 injecting energy levels Fi(¢+At) (step 4) at the boundaries
904 of the simulation box, a new injecting process is performed
905 according to expressions developed in Sec. II C. This is the
906 last step of the BCs algorithm before the simulator can go
907 back to moving the particles (and waves) as shown in the
908 flux diagram of Fig. 2.

909  These five steps of the BCs algorithm are repeated for
910 each time step. The time step is so small, Az~ fs, so that
911 very small variations in all magnitudes are obtained. In turn,
912 these very small variations justify the approximations devel-
913 oped in the procedure explained above.

914 IV. NUMERICAL RESULTS

915  Now, we report the numerical results obtained by apply-
916 ing the previous BCs to classical and quantum (time-
917 dependent) electron-transport simulators. All simulations are
918 carried out at room temperature.

919 A. Testing of our boundary condition algorithm: Comparison
920 between large and small simulation boxes

921 In this section, we consider the N*NN* resistor depicted in
922 Fig. 3 with two different simulation boxes. First, a large
923 simulation box (LB), Lx(LB)=42 nm, that includes the
924 leads and reservoirs (N* region) plus the sample (N region).
925 Second, a smaller simulation box (SB), Lx(SB)=8 nm, that
926 only includes the sample (N region) plus a small part,
927 ALx(SB), of the leads. See Fig. 3 and Table I. We will use the
928 semiclassical MC simulator® of Ref. 30 that provides a de-
929 tailed treatment of the Coulomb correlations among electrons
930 inside the device. The use of the smaller simulation box cer-
931 tainly implies a considerable reduction in the computational
932 burden. In particular, while the computational times related
933 with the LB simulations imply approximately 1 day per bias
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TABLE 1. Parameters for the N*NN* structure depicted on
Fig. 3.

Units Symbol Value
Lengths (nm) L.(LB) 42
L.(SB) 8
L 60
L. 60
LLB) 3
Lc(SB) 20
Spatial step (nm) Ax 1
Ay 60
Az 60
Relative permittivity Air 1.0005
Silicon 11.7514
Dielectric relaxation time (sec.) 7. 1x10°13
Silicon conductivity (Qm)! o 2.5%10°
Screening length (nm) l 0.95
Doping (cm™3) Channel N Intrinsic
Contact N* 210"
Simulation time (sec.) T 2% 10710
Temporal step (sec.) At 2x 10716

point in our computing tools because of the large number of 934
particles simulated, its simulation with the SB decreases 935
down to only 3 h. 936

Before comparing the SB and LB results, let us mention 937
some details commons to both sets of MC simulations.®® We 938
assume an effective-mass approximation.®> Electron trans- 939
port in the “x” direction (from source to drain) takes place 940
along a silicon (100) orientation channel, at room tempera- 941
ture. In particular, the electron mass is taken according to the 942
six equivalent ellipsoidal constant energy valleys of the sili- 943
con band structure.3%* The effective masses of the ellipsoids 944
are m;=0.9163m,, and m;=0.1905m, with m the free elec- 945
tron mass. Finally, all simulations use a 3D finite-difference 946
Poisson solver. Hence, the volumes gy (for the small box 947
simulations) and ), g (for the large box simulations) are di- 948
vided into cells of spatial dimensions AX=1 nm, AY 949
=60 nm, and AZ=60 nm. See Table I for more details. 950

In Fig. 4, we have plotted (in dashed lines) the (time- 951
averaged) self-consistent scalar potential for the LB. The re- 952
sults are obtained by applying our BCs algorithm explained 953
in Sec. III for the large simulation box. In particular, we have 954
used Lc(LB)=3 nm so that, according to Fig. 1, the total 955
length of the resistor is 2Lc(LB)+ Lx(LB)=48 nm. Interest- 956
ingly, the simulations reproduce a net charge equal to zero 957
deep inside the reservoirs (see dashed line in Fig. 5) and a 958
small uniform electric field proportional to the current, 959
i.e., the drift value. The deep region of the reservoir can 960
be modeled by a simpler series resistance confirming that 961
our BCs algorithm can be perfectly used in large simulation 962
boxes that include the leads. Then, our model provides the 963
voltage drop due to a simpler (reservoir) series resistance. 964
Another relevant issue of these LB results is that they pro- 965
vide a numerical justification of our “deep_drift BCs” that 966

A
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FIG. 4. (Color online) Potential-energy profile computed with
our BCs algorithm for a large simulation box (dashed line) and for
a small simulation box (solid lines).

967 we impose on our BCs algorithm deep inside the reservoir,
968 i.e., ES (1) — Eoii().

969 In Fig. 4, we have also plotted (in solid line) the (time-
970 averaged) self-consistent scalar potential profiles obtained
971 for the SB. In particular, we have used Lc(SB)=20 nm so
972 that, according to Fig. 1, the total length of the resistor in this
973 second set of simulations, 2Lc(SB)+Lx(SB)=48 nm, is
974 identical to the first ones. The agreement between both sets
975 of simulations is excellent, even for large external bias. This
976 highlights the accuracy of our BCs algorithm for simulation
977 boxes of few nanometers and its ability for incorporating the
978 Coulomb correlations among the electrons inside the sample
979 (N region) and those located in the leads (N* region).

980 Figure 5 shows the charge density distribution along the
981 N*NN* structure for both sets of simulations. The agreement
982 among the LB and SB curves is quite acceptable. Let us
983 notice that charge density is the second derivative of the
984 scalar potential distribution, and hence, the imperceptible
985 discrepancies encountered in Fig. 4 are now magnified. The
986 depletion region in the drain for large bias merits some spe-
987 cial attention. An exponential shape describes reasonably
988 well the charge density in the source lead, however, due to

Lx (SB)

25
2.0
1.5
1.0
0.5
0.0
-0.5

N
o
T

-1.5
-2.0

Charge Density (x10° Cm™)

Position (nm)

FIG. 5. (Color online) Charge-density profile computed with our
BCs algorithm from a large simulation box (dashed line) and from
a small simulation box (solid lines).
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FIG. 6. Pseudoresistance of the reservoir plus lead computed
from our BCs algorithm with a large simulation box (dashed lines)
and with a small simulation box (solid lines).

the formation of a depletion region in the drain side, the 989
charge there does not tend to zero within the five Debye 990
lengths (~5/). Due to the important voltage drop there, elec- 991
trons coming from the drain reservoir are not able to reach 992
the sample-lead interface and, therefore, they cannot screen 993
the positive doping charge and a depletion region appears. 994
The ability of dealing with depletion regions appearing in far 995
from equilibrium scenarios represents an important landmark 996
of our model. 997
There is an interesting explanation for the slight differ- 998
ences between the charge density in the LB and SB results. 999
The semiclassical MC method®® used in both sets of simula- 1000
tions only takes into account the Pauli exclusion principle in 1001
the electron injection process as described in Sec. II C. For 1002
example, in the source, it will not be possible to inject two 1003
electrons with identical positive velocity (wave vector) si- 1004
multaneously. Our injecting process waits, at least, an inter- 1005
val of time 7, before sending the second identical electron. 1006
However, once the electrons are inside the simulation box, 1007
the semiclassical MC technique does not impose any Pauli 1008
restriction on their dynamics so that, after a large enough 1009
time from their injection, two electrons can occupy the same 1010
position with the same velocity. In this sense, the momentum 1011
distribution at the boundaries (close to the active region) will 1012
be different when large or small simulation boxes are con- 1013
sidered. When using small simulation boxes, the addition of 1014
electrons into the active region implies an increase in its 1015
energy because lower states are already occupied (i.e., the 1016
quantum capacitance). On the contrary, when using a large 1017
simulation box, the addition of electrons into the active re- 1018
gion can come from identical energies. Interestingly, we can 1019
argue that (in the MC simulations) the small simulation box 1020
provides a better electron momentum close to the sample 1021
than that obtained with a large simulation box. The slight 1022
differences appearing in Fig. 5 might partially be explained 1023
by this effect. 1024
Finally, Fig. 6 shows the contact plus lead pseudoresis- 1025
tances as a function of bias. They are defined directly as the 1026
voltage drop in the lead region divided by the (average) cur- 1027
rent flowing through the whole structure. From our defini- 1028
tion, a negative value of the source resistance means that the 1029
potential energy deep inside the reservoir is lower than that 1030
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1040 complex electrostatic coupling of the leads and the sample
1041 described by expressions (36) and (37). This result shows
1042 that a constant resistance cannot account accurately for the
1043 Coulomb correlations between electrons in the active region
1044 and those in the leads.

1045 In conclusion, in this section we have shown that our BCs
1046 provides an excellent description of the coulomb coupling large simulation box with our BCs algorithm (dashed lines) and that

1047 between the sample and the leads. The (reservoir plus lead) corresponding to the implementation of the Dirichlet external bias

1048 resistance obtained from a LB simulation box is practically  B(s in the small simulation box (solid lines).

1049 identical to that obtained from a SB simulation. The com-

1050 parison of the current-voltage characteristic will be discussed scribed in Sec. II C with a fixed Fg’}fb(t) equal to the equilib- 1069
1051 in next section. Let us emphasize that our BCs algorithm is a rium electrochemical value (“border_charge_BCs”). Since 1070

1.5+

0
o
T
.
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1031 at the lead-sample interface (see, for example, the 0.0 V 30 Lx (SB)
1032 potential profile in Fig. 4). Obviously, the total (reservoir, LI
1033 leads plus sample) resistance in the whole electron device S ig
1034 will be positive. We use the word “pseudo” to emphasize that ° 1'5
1035 such resistances cannot be directly associated to energy dis- e 1'0
1036 sipation. As it can be observed, although the contact series X 0'5
1037 resistances (related to the drift electric field deep inside the *(%’ 0' 0
1038 reservoir) are constant, the bias dependence of the resistance S _0'5
1039 in the lead is far from trivial because it takes into account the % ] 1' 0
g
O

10 15 20 25 30 35
Position (nm)

FIG. 8. (Color online) Charge-density profile computed in the

1052 parameter free algorithm. Only the external bias is necessary. such Dirichlet BCs consider zero-external impedance so that 1071
1053 Even the electric drift field is obtained from the numerical it can only be acceptable for large simulation boxes. Here, 1072
1054 computation of the average conduction current. In next sec- we explicitly demonstrate its limitations for small simulation 1073
1055 tion, we show numerically the enormous difficulties that the boxes. 1074
1056 standard BCs, applied to small simulation boxes that exclude The second type of BCs, that we named local charge 1075
1057 the leads, have when trying to reproduce the previous set of  neutrality, is based on ensuring that the total charge is zero at 1076
1058 results obtained with our algorithm. the borders (“border_charge_BCs”). The local charge neu- 1077

trality is achieved by moving the bottom of the conduction 1078

. . . oy . 1 1 in 1

1059  B. Limitations of standard boundary condition algorithms (border_scalar_BCs), while fixing Fij,(¢) equal to the equi- 1079
1060 for (small) simulation boxes that exclude the leads librium electrochemical value, to increase/decrease the 1080

charge at the border. This second type can be used in simu- 1081
lation boxes slightly smaller than the ones required by the 1082
previous BCs algorithm. In any case, although the assump- 1083
tion of local charge neutrality inside the leads (i.e., a few 1084
Debye lengths away from the lead-sample interface) is cor- 1085
rect, it is not valid close to the active region as shown below. 1086

The LB results depicted in Figs. 7-10 are the ones ob- 1087
tained in the previous subsection. The first type of BCs, the 1088
Dirichlet external bias implies a very restrictive constriction 1089

1061  In the present section, we simulate the same N*NN* struc-
1062 ture with the same MC technique and the same small simu-
1063 lation box (that excludes the leads) considered in the previ-
1064 ous section. The only difference will be the consideration of
1065 two different BCs algorithms.

1066  The first type of BCs, that we named Dirichlet external
1067 bias, uses the external bias as the BCs for the Poisson equa-
1068 tion (“border_potential_BCs”) and the injection model de-

Lx (SB) Lx (SB)
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FIG. 7. (Color online) Scalar potential-energy profile computed FIG. 9. (Color online) Scalar potential-energy profile computed
in the large simulation box with our BCs algorithm (dashed lines) in the large simulation box with our BCs algorithm (dashed lines)
and that corresponding to the implementation of the Dirichlet ex- and that corresponding to the implementation of the local charge
ternal bias BCs in the small simulation box (solid lines). neutrality BCs model in the small simulation box (solid lines).
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Position (nm)

FIG. 10. (Color online) Charge-density profile computed in the
large simulation box with our BCs algorithm (dashed lines) and
with the local charge neutrality BCs model in the small simulation
box (solid lines).

1090 that neglects any correlation among the electrons inside and
1091 outside the active region. The scalar potential at the borders
1092 does not depend on the charge (accumulated or depleted) in
1093 the leads. As seen in Figs. 7 and 8, these limitations are
1094 obviously translated into a bad description of the conduction
1095 band and the charge density.

1096  The second type of BCs in small simulation boxes, local
1097 charge neutrality, is plotted in Figs. 9 and 10. It cannot prop-
1098 erly describe the (accumulated or depleted) charge at the
1099 N*-N and N-N* interfaces. The charge density at those inter-
1100 faces is always zero with these BCs (see Fig. 10). The con-
1101 dition of charge neutrality is reasonable deep inside the
1102 leads, but not close to the sample, where the excess/deficit of
1103 charge has not yet been screened. This second type of BCs is
1104 unable to properly describe the bottom of the conduction
1105 band depicted in Fig. 9.

1106  The ultimate reason why none of the two previous BCs
1107 types are able to produce reasonable results is because they
1108 do not achieve the overall-charge-neutrality requirement dis-
1109 cussed in the introduction. In Fig. 11, we demonstrate that a
1110 nonaccurate description of the lead-sample Coulomb corre-
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S 300- ]
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£ 2004 O
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ho] *
8 -200 . < Local Charge Neutrality (source)_
n‘? -3004 @ Local Charge Neutrality (drain) |
----- LB (source) </ Dirichlet External Bias (source)
-400) ----LB(drain) A Dirichlet External Bias (drain)
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0.1 02 03 04 05 06 07
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FIG. 11. (Color online) Pseudoresistance of the reservoir plus
lead computed from our BCs model for the large simulation box
(dashed lines) and from the Dirichlet external bias and local charge
neutrality for the small simulation box (symbols).
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FIG. 12. (Color online) Current-voltage characteristics for the
N*NN™ structure. The solid line corresponds to our BCs algorithm
applied in the small box region. Open triangles correspond to Di-
richlet external bias and open diamonds to local charge neutrality
BCs. In dotted line we have plotted the /-V characteristic correspon-
dent to our BCs applied in the large box including the leads.

lations cannot provides an accurate description of the (lead 1111
plus reservoir) pseudoresistance. The first type of BCs, Di- 1112
richlet external bias, gives a trivial and incorrect zero resis- 1113
tance. The second type, local charge neutrality, accounts for 1114
a nonlinear dependence of the resistances on the applied 1115
voltage that assumes some kind of electrostatic correlations 1116
between sample and leads. However, Fig. 11 shows that such 1117
correlations are clearly unphysical when small simulation 1118
boxes are considered. 1119

Finally, in Fig. 12, we plot the characteristic current- 1120
voltage curves for the large and small simulation boxes com- 1121
puted by means of our BCs algorithm and those computed 1122
through the Dirichlet external bias and the local charge neu- 1123
trality algorithms with small boxes. For very small voltages 1124
(close to equilibrium), all BCs gives similar results. How- 1125
ever, for large voltages (far from equilibrium), the discrep- 1126
ancies among the different models are more than notable. 1127

The Dirichlet external bias (open triangles) fixes not only 1128
the potential at the borders of the simulation box but also the 1129
electrochemical potentials there. This means that the injec- 1130
tion of electrons in each side is independent of the rest of the 1131
system (and neglects the Coulomb correlations between elec- 1132
trons in the sample and the leads). Therefore, when the ap- 1133
plied bias is enough to avoid that electrons coming from the 1134
drain contact reach the source, the current saturates. The lo- 1135
cal charge neutrality (open diamonds) wants to preserve 1136
charge neutrality, locally, in the lead border. As we increase 1137
the voltage, in the source border, the number of electrons 1138
reflected by the sample (with negative momentum) tends to 1139
decrease because most of source electrons are finally trans- 1140
mitted. In addition, the mean velocity of the carriers tends to 1141
increase in the active region implying a reduction in negative 1142
charge in the sample (while the positive charge remains con- 1143
stant). Therefore, when we increase the voltage, the source 1144
electron density at the source border tends to decrease and, 1145
consequently, the injection rate must increase to ensure local 1146
charge neutrality in the source border. This explains why the 1147
current saturates at a much larger voltage (not plotted in Fig. 1148
12) than that obtained for the Dirichlet external voltage. A 1149
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13. (Color online) Schematic representation of the

1150 similar explanation can be applied to understand the current-
1151 voltage obtained with our BCs model for a SB (solid lines).
1152 Again, the solution to obtain overall charge neutrality is to
1153 incorporate more and more electrons from the source but at
1154 slower rate. Certainly, our BCs model with a small box (solid
1155 line) is the one that provides currents closer to the LB results
1156 (dashed lines).

1157  The small differences between the two curves obtained
1158 with our BCs for small and large boxes can be explained
1159 with the same arguments used to explain the differences in
1160 the charge density of Fig. 5. The MC method®® used in both
1161 sets of simulations only takes into account the Pauli exclu-
1162 sion principle in the electron injection process at the bound-
1163 aries of the simulation box, as described in Sec. II C. How-
1164 ever, once the electrons are inside the simulation box, the
1165 semiclassical MC technique does not impose any (Pauli) re-
1166 striction on their dynamics. When using small simulation
1167 boxes, the addition of electrons at the borders of the active
1168 region implies an increase in their (Kinetic) energy because
1169 lower states are already occupied (this is not true for the LB
1170 because the injection is far from the borders of the active
1171 region). This means that the average velocity in the borders
1172 is slightly higher with the small simulation box than with the
1173 large one. Hence, as depicted in Fig. 12, the current com-
1174 puted with the SB is slightly higher than the LB current.

1175 C. Application of our boundary condition algorithm for
1176  (time-dependent) quantum electron transport simulators
1177  In this section, we provide an example of the implemen-

1178 tation of our BCs algorithm into a time-dependent quantum
1179 simulator, where the need for small simulation boxes is still a
1180 more relevant computational requirement. In fact, it is not
1181 strange to find in the literature, atomistic structures with
1182 simulation boxes of few tens of Angstrom.!'*!3% In order to
1183 emphasize the relevance of taking into account the Coulomb
1184 correlations among the active region and the leads, we will
1185 compare the results obtained with our BCs model and those
1186 obtained through standard Dirichlet external bias at the bor-
1187 ders of the simulation box. Contrarily to Sec. IV A, no com-
1188 parison with a large simulation box (including the leads and
1189 reservoirs) is done because such simulation would be com-
1190 putationally inaccessible. This computational difficulty was,
1191 precisely, the initial motivation for this work.

1192 As described in Fig. 13 and Table II, we consider an RTD
1193 consisting on two highly doped drain-source GaAs regions
1194 (the leads), two AlGaAs barriers, and a quantum well (the
1195 active region). Such structure is simulated with a quantum
1196 electron-transport simulator based on the algorithm dis-
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TABLE II. Parameters for the RTD depicted on Fig. 13.

Units Symbol Value
Lengths (nm) L, 17.1
L 48.6
L. 48.6
AL, 45
Le 6
Equilibrium screening
lengths (nm) l 1.8
Barrier dimensions (eV) High 0.6
Relative permittivity (nm) Lyon 5.7
(nm) Woarrier 1.2
Air 1.0005
Spatial step GaAs 13.1800
(Poisson equation) AlGaAs 11.7760
(nm) Ax 0.30
Spatial step (nm) Ay 8.1
(Schrédinger equation) Az 8.1
Axg 0.3
Doping (em™3) Channel N Intrinsic
Contact Nt 4.8x 108
GaAs conductivity (Qm)! o 1.5%10°
Dielectric relaxation time (sec.) 7. 5% 1071
Simulation time (sec.) T 4x 10711
Temporal step
(Poisson equation) (sec.) At 8x 10710
Temporal step
(Schrodinger equation) (sec.) Aty 2x 10717

cussed in Ref. 50, where it is demonstrated that the many- 1197
particle Schrodinger equation can be efficiently solved using 1198
quantum (Bohmian) trajectories computed from (time- 1199
dependent) single-particle Schrodinger equations. In this pa- 1200
per, we assume a constant effective mass m=0.067m,, with 1201
m, the electron free mass, along the whole structure that 1202
accounts for the interaction of free electrons with the peri- 1203
odic atomic structure under the Born-Oppenheimer 1204
approximation.®? In any case, the BCs algorithm presented in 1205
this paper can be straightforwardly adapted to a discrete de- 1206
scription of the atom structure. Then, the analytical expres- 1207
sions of Sec. II B have to be matched to the Hartree potential 1208
of the simulation box. Transport takes place from source to 1209
drain direction. The lateral dimensions are L,=L,=48.6 nm. 1210
The practical quantum algorithm for the RTD implies solving 1211
numerically N(¢) time-dependent single-particle 1D 1212
Schrédinger equations®® for the transport direction x. All 1213
Schrodinger equations are coupled to the Poisson equations 1214
with the BCs given by our algorithm. The number of elec- 1215
trons, N(z), around 20-30, implies a computational time on 1216
the order of 1-2 days per bias point. In order to take into 1217
account the Friedel oscillations®* and the formation of qua- 1218
sibound states® in the leads, we extend the simulation box 1219
inside the leads a distance AL,. More technical details about 1220
the computation of Bohmian trajectories can be found in 1221
Refs. 30 and 50 and Table II. 1222
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FIG. 14. (Color online) RTD Current-voltage characteristic tak-
ing according to our BCs algorithm (solid circles) and to a Dirichlet
external bias BCs (open circles).

1223  In Fig. 14, we present the current-voltage curves of the
1224 simulated RTD using our BCs algorithm (solid circles) and
1225 standard Dirichlet external bias BCs (open circles). As it can
1226 be observed, the differences between these two approaches
1227 appear not only in the magnitude of the current but also in
1228 the position of the resonant voltage. These differences are
1229 fully compatible with previous current-voltage simulations
1230 done with/without explicitly including the leads in the self-
1231 consistent simulation scheme.?® The differences in Fig. 14
1232 can be easily explained from the information depicted in Fig.
1233 15.

1234  In Fig. 15, we represent the (time-averaged) voltage drop
1235 AV, of the scalar potential outside the simulation box de-
1236 fined as, AVg= VS -V in the source and AV,,=V,—V§ in the
1237 drain regions. While Dirichlet BCs assume a zero-voltage
1238 drop outside the simulation box, our BCs algorithm predicts
1239 a nonlinear drop of the bottom of the conduction band at the
1240 borders of the simulation box. In particular, AV} is higher
1241 than AV in magnitude and it is the main responsible of the
1242 displacement of the resonant voltage. As seen in the insets
1243 (a) and (b) of Fig. 15, our model predicts a drop of the scalar
1244 potential in the drain lead that maintains the resonant energy

0.02
0.00 =
—a&— Our BCs (source)
-0.02 ¢ —e— Our BCs (drain) E
— ------- Dirichlet BCs (source/drain)
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(on
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FIG. 15. (Color online) Potential-energy drop in the highly
doped drain lead, —gAV) (red circles), and in the source lead,
—qAVy (black squares). The insets represent a schematic represen-
tation of the potential energy profile at V=0.2 V using (a) our BCs
algorithm and (b) the Dirichlet external bias approach.
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FIG. 16. (Color online) On the left axis: injecting charge density
at the borders of the simulation box as a function of the applied
bias. On the right axis: depletion lengths as a function of the applied
bias. The dashed line represents the constant injected charge density
obtained with external bias Dirichlet BCs.

level significantly above the bottom of the source conduction
band at that particular 0.2 V bias (i.e., the resonant voltage
for the Dirichlet external bias). As explained in Sec. III, the
behavior of AV, and AV is also coupled to the value of pp,
and pg. The latter, in turn, are the responsible of a higher
source injection that explains the higher current when our
BCs algorithm is used.

In Fig. 16, we discuss in detail the coupling between
AV, and pgp. First, let us notice that the BCs with a stan-
dard Dirichlet conditions equal to the external bias always
injects electrons at the same rate because it does not allow
neither a displacement of the bottom of the conduction band
Vgp nor a movement of the injecting energy levels Fy'y,.
Thus, the injecting probabilities of Egs. (25) and (26) remain
bias independent. On the contrary, our BCs algorithm does
not fix any of the two parameters. We have only an indirect
control on the values of pg,p because we can only increase/
decrees the rate of injection into the simulation box by modi-
fying the values FiJ, and Vg, [see expressions (25) and
(26)]. As seen in Fig. 16, for bias below 0.15 V, the charge
injected from the source border decreases while the charge
injected from the drain increases with the bias. These in-
jected charges and the potential profiles are consistent with
the requirement of overall charge neutrality. In particular, the
increase of the electrons injected from the source is the main
reason why our algorithm predicts a larger current than the
results obtained from a Dirichlet external bias. The situations
changes when the external bias approaches 0.2 V. The prob-
ability of injecting electrons from the drain is very low so
that any further decrease in the injecting energy level does
not cause any variation in the charge density there. There-
fore, the only way to decrease an excess of negative charge
in the whole system, in order to achieve overall charge neu-
trality, is creating a depletion region at the drain side [see
expression (42)]. For larger values of AV}, the most relevant
effect in the drain lead is not the screening of positive charge
by electrons but the appearance of a depletion region. As
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discussed in Sec. IV A, this is an important contribution of 1282
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FIG. 17. (Color online) Pseudoresistance of the RTD in the
drain and source regions.

1283 our BCs algorithm that allows us to satisfactory simulate far
1284 from equilibrium conditions in small simulation boxes of
1285 electron devices.

1286  Finally, in Fig. 17, we discuss the resulting pseudo- (res-
1287 ervoir plus lead) resistances. The external bias Dirichlet BCs
1288 predicts a zero effective resistance and our BCs algorithm
1289 describes a highly asymmetric and nonlinear behavior. Even
1290 more, the source pseudoresistance takes negative values up
1291 to very high applied bias (the negative sign in the pseu-
1292 doresistance means a positive spatial derivative of the poten-
1293 tial energy). In any case, obviously, the total (source, sample
1294 plus drain) resistance is positive. Importantly, the practical
1295 results of such lead resistances are quite different from the
1296 expressions (Al) and (A2) deduced in Appendix A, where a
1297 constant value of both resistances is predicted. In Appendix
1298 A, zero temperature is assumed while, here, we consider a
1299 room temperature and an energy-dependent density of states.
1300 In addition, in Appendix A, Poisson equation is substituted
1301 by some kind of linear “capacitor” that can be justified for
1302 small variations around equilibrium. However, here, we
1303 solve explicitly the Poisson equation and the charge is re-
1304 lated not only to the number of electrons but also to its
1305 dynamics (fast electrons provide less charge than slow elec-
1306 trons).

1307  In conclusion, in the results of the RTD with our BCs
1308 algorithm, we can guarantee that the profile of the charge
1309 density along the whole device (the reservoirs, the leads, and
1310 the sample) is compatible with the requirement of overall
1311 charge neutrality discussed in the introduction. In addition,
1312 we can also guarantee that the profiles of the electric field
1313 and scalar potential are self-consistent with the previous pro-
1314 file of the charge density. Even more, the requirement of
1315 overall charge neutrality is achieved in time intervals related
1316 with the relaxation dielectric time.

1317 V. CONCLUSIONS

1318  The Coulomb interaction among electrons introduces two
1319 fundamental requirements for the accurate simulation of
1320 electron devices. First, the screening of electrons implies that
1321 the total charge in the whole (reservoirs, leads plus sample®)
1322 device region is zero, i.e., overall charge neutrality. Second,
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the total time-dependent current computed in a surface of the 1323
simulation box is equal to that measured by an ammeter far 1324
from the sample, i.e., current conservation. 1325

Due to the computational burden associated to quantum 1326
and atomistic description of nanoscale structures, the explicit 1327
and accurate simulation of the lead-sample-lead region® is 1328
not always possible. Therefore, quite often, a small simula- 1329
tion box that excludes the leads® is a mandatory requirement 1330
in modern electron-transport simulators. This restriction on 1331
the box length is a serious problem for the requirement of 1332
overall charge neutrality because the total charge has to in- 1333
clude the (accumulated/depleted) charge in the leads. In ad- 1334
dition, the inaccuracy in achieving the overall-charge- 1335
neutrality requirement affects the computation of the time- 1336
dependent variations in the scalar potential (i.e., the electric 1337
field) and, thus, the requirement of current conservation. 1338

As explained in the introduction, all BCs used in electron 1339
transport simulators are based on specifying the value of the 1340
scalar potential, or the electric field, at the borders of the 1341
simulation box (“border_potential_BCs”) and the charge 1342
density there (“border_charge_BCs”). However, it is very 1343
difficult to anticipate an educated guess for these magnitudes 1344
at the boundaries of a small simulation box that excludes the 1345
leads (see Sec. IV B). Alternatively, in Sec. II, we have de- 1346
veloped analytical and time-dependent expressions for the 1347
charge density, the electric field, and the scalar potential 1348
along the leads and reservoirs. These analytical expressions 1349
take into account electron screening leading to accumulation 1350
and depletion regions in the leads. From these analytical ex- 1351
pressions, we can transfer the assumptions about the BCs at 1352
the borders of a small simulation box into the simpler speci- 1353
fications of the BCs deep inside the reservoirs. This is the 1354
key point of our BCs algorithm. In particular, the two new 1355
BCs that we impose deep inside the reservoirs are, first, the 1356
electric field tends to a drift value ES,(1) — E9'(7) (that we 1357
refer as “deep_drift BCs”) and, second, the scalar potentials 1358
deep inside the reservoir is fixed by the external bias Vg(t) 1359
=0 and V§(1) =V, yerma(?). In Sec. IV A, we have shown that 1360
these two new BCs conditions are perfectly supported from a 1361
numerical MC solution of the nonequilibrium Boltzmann 1362
equation in a large simulation box that includes the leads and 1363
reservoirs. 1364

Our BCs algorithm requires a minimum computational 1365
effort and it can be implemented into either quantum or clas- 1366
sical time-dependent simulators, for dc, ac, and current (or 1367
voltage) fluctuations. We have tested our BCs algorithm with 1368
semiclassical MC simulations of a nanoscale silicon resistor 1369
with large and small simulation boxes. As seen in Fig. 4, the 1370
excellent agreement between both sets of simulations con- 1371
firms the accuracy of our BCs algorithm. Let us emphasize 1372
that no fitting parameter is used and that our BCs algorithm 1373
includes the trivial series resistance plus the complicated 1374
lead resistance (see Appendix A). We have also presented a 1375
numerical simulation for a (quantum) double barrier RTD to 1376
show the importance of the BCs discussed here. In particular, 1377
we have highlighted that our BCs algorithm is able to discuss 1378
far from equilibrium situations where depletion lengths in 1379
the leads have to be added to standard screening. Our BCs 1380
algorithm guarantees that the profile of the charge density 1381
along the whole device (not only along the simulation box 1382
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1383 but the reservoirs, the leads, and the sample) is compatible
1384 with the requirement of overall charge neutrality and that the
1385 profiles of the electric field and scalar potential are self-
1386 consistent with the charge density along the whole device.
1387  The numerical results presented in this paper deal with
1388 classical and quantum dc scenarios. However, our BCs algo-
1389 rithm can be equivalently applied to ac (time-dependent)
1390 scenarios up to a frequency f% (defined from the lowest-
1391 frequency restriction for the validity of expressions devel-
1392 oped in Sec. II). The requirement of overall charge neutrality
1393 is achieved in time intervals related with the relaxation di-
1394 electric time of the device. Therefore, for time intervals
1395 lower than the inverse of f%°, the temporal variations in the
1396 scalar potential (and the electric field) at the borders of the
1397 simulation box are physically meaningful because they are
1398 the reaction of the Coulomb interaction in the whole electron
1399 device system to temporal perturbation that deviates the de-
1400 vice from its “state” compatible with overall charge neutral-
1401 ity. Such frequency-dependent correlations allows us to con-
1402 fidently compute the displacement current (i.e., time-
1403 dependent variations in the electric field inside) in the
1404 simulation box and assume that the total current computed
1405 there is equal to the value measured in an ammeter far from
1406 the simulation box, i.e., current conservation.

1407  Identically, the frequency-dependent correlations included
1408 into our BCs algorithm, due to sample-lead Coulomb inter-
1409 action, allow us to investigate the computation of (zero-
1410 frequency or high-frequency) current fluctuations beyond the
1411 standard external zero impedance assumption (i.e., most of
1412 the computations of current fluctuations in electron devices
1413 assume that the voltage applied in the simulation box is a
1414 nonfluctuating quantity). As discussed at the end of Sec.
1415 IV C, the intrinsic charge fluctuations are coupled to voltages
1416 fluctuations at the borders of the simulation boxes that, in
1417 turn, induce additional fluctuations of the injected charge
1418 (i.e., current) in a quite complicated self-consistent loop.
1419 Studies of these two directions are in progress.

1420 ACKNOWLEDGMENTS

1421 This work has been partially supported by the Ministerio
1422 de Ciencia e Innovacién under Project No. TEC2009-06986
1423 and by the DURSI of the Generalitat de Catalunya under
1424 Contract No. 2009SGR783. J. Suiié acknowledges support
1425 from ICREA ACADEMIA.

1426 APPENDIX A: QUALITATIVE ESTIMATION OF LEAD
1427 RESISTANCE IN PURE BALLISTIC DEVICES

1428  As mentioned in the introduction, the importance of the
1429 resistance in the leads when dealing with electric transport
1430 through ballistic devices was well understood some time ago
1431 due to the enlightening work of Landauer, Biittiker, and
1432 co-workers'™ on the “two-terminal” G* and “four-terminal”
1433 G* conductances. We will use here an argument to obtain the
1434 same lead resistances but emphasizing the role of the overall-
1435 charge-neutrality requirement mentioned along this paper.
1436 The effect of these lead resistances on the measured charac-
1437 teristics of the electron device is, somehow, rediscovered for
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FIG. 18. (Color online) Schematic representation of the bottom
of the conduction band and the electrochemical potential as a func-
tion of position for a tunneling obstacle with transmission 7 and
reflection R coefficients. Left/right insets: particle density on the
source/drain lead as a function of the kinetic energy (with sign
defined by their velocity direction) of electrons. The total particle
density g, (7igp) of electrons in the source/drain lead is equal to
the area above of the negative (positive) axis. Solid green (dashed
red) indicates electrons initially injected from the drain (source)
Treservoir.

each new generation of electron-transport simulator (see, for 1438
example, Ref. 33 for a discussion of this issue on the self- 1439
consistent scattering-states algorithm for a RTD or Ref. 45 1440
for a DFT electron-transport simulator). 1441

As depicted in Fig. 18, we define the sample (or the active 1442
region®) as an obstacle that is tunneled by electrons. We do 1443
also consider two ideal reservoirs acting as a perfect 1444
(absorbing/emitting) black bodies with a source ug and drain 1445
mp well-defined electrochemical potentials. We defined the 1446
leads as the region that connects the obstacle (i.e., sample) 1447
with the ideal reservoirs. Electrons leaving the sample, either 1448
by transmission or reflection, are effectively screened and 1449
they suffer inelastic scattering, so that their energy distribu- 1450
tion becomes a (quasi-) equilibrium distribution at the reser- 1451
voir. The “two terminals” conductance G*'=1/V*=2¢°T/h is 1452
defined as the total average (dc) current I divided by the 1453
voltage drop V?'=V¢—V between the reservoirs.' The pa- 1454
rameter 7 is the transmission coefficient of a tunneling ob- 1455
stacle, h the Plank constant. The original formulation of the 1456
“four terminals” conductance proposed by Landauer*® was 1457
GY=1/V¥=24?/h(T/R), when V*=V,—V,. The difference 1458
between both expressions is due to the resistance (i.e., volt- 1459
age drop) in the leads. 1460

Now, we deduce the value of such lead resistances in 1461
the source and drain by imposing (a simplified version of) 1462
the overall-charge-neutrality requirement mentioned in the 1463
paper. As seen in Fig. 18, we apply a bias V2’=Vg—VSC 1464
=(us—pmp)/ g with net flux of electrons from source to drain. 1465
The energies —¢V§ and —¢ VY are the conduction band bot- 1466
tom at the source and drain reservoir, respectively. Deep in- 1467
side the source reservoirs, the total particle density is equal 1468
to the doping density Np. Thus, ng=ﬁ§+ﬁg=ND, where r'ig 1469
and ﬁg refer to the particle density of electrons with positive 1470
(from left to right) and negative velocities, respectively. If 1471
the series resistances of the reservoirs are negligible, we can 1472
assume 75 =g(us+qV$)=Np/2 and 1§ =g(us+qVs)=Ny/2 1473
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1474 where g is the density of states that we assume constant in
1475 order to avoid irrelevant energy integrals in our gualitative
1476 argumentation. In addition, zero temperature is assumed to
1477 simplify arguments. Identical charge distribution can be de-
1478 fined in the drain reservoir.

1479  However, close to the barrier, in the leads, the electron
1480 charge density depends on the barrier transmittance. The
1481 number of electrons arriving at one lead depends on the
1482 number of electrons injected from the reservoir of the other
1483 side and the transmission of the barrier. For example, elec-
1484 trons with negative velocity in the source lead are those in-
1485 cident from the drain region and effectively transmitted, plus
1486 those incident from the source that have been reflected by the
1487 barrier, ng=Tg(up+qVs)+Rg(us+qVs). On the other hand,
1488 electrons with positive velocity in the source lead are 7ig
1489 =g(ug+qVs). In particular, in a simple treatment of the Cou-
1490 lomb interaction, we define —gV and —gV/}, as the energies
1491 of the conduction band bottom at the source and drain leads,
1492 respectively. See left inset in source region of Fig. 18.

1493  In order to accomplish the overall-charge-neutrality con-
1494 dition, assuming that the reservoirs are already neutral and
1495 that the charge in the barrier regions is negligible, then, the
1496 total charge in each lead must be neutral (i.e., electron charge
1497 equal to the doping) to assure overall charge neutrality in the
1498 whole device. This is the crucial point of our argumentation
1499 in this appendix. Therefore, for the degenerate system con-
1500 sidered here (where the Pauli principle implies that any in-
1501 crease in charge must come from higher energies) the voltage
1502 close to the barrier must vary to accommodate the previous
1503 charge-neutrality restriction. Thus, the charge neutrality at
1504 the leads, rig+ng=Np with ng=Tg(up+qVs)+Rg(us+qVs)
1505 and 7ig=g(ug+qVs), implies the following relationship
1506 between the reservoir and lead voltages, VS=V§+ T(ug
1507 — up)/(2g), with a source lead “pseudoresistance” equal to

Vs— Vs T(us—pp)/(2q) 1 h
I 2¢*TIhV 224%

Ry, = (A1)

1508
1509 The bottom of the conduction band decreases in the source
1510 lead because the number of electrons with negative velocity
1511 is less than expected in the energy range ug—pup (i.e., only
1512 electrons reflected by the barrier in the source will contribute
1513 to 75). Identically, electrons with positive velocity in the
1514 drain lead are transmitted electrons from the source or re-
1515 flected electrons from the drain, 7ip=Tg(us+qVp)+Rg(up
1516 +¢Vp) and 1ip=g(up+qVp) Then, from the charge neutrality
1517 condition, 7ip+np=Np, we obtain the relation V= Vlc)
1518 — T(ug—pp)/(2-g) that implies the drain lead pseudoresis-
1519 tance

V-V _ T(ps— pp)/(29)
I 24°T/hV*

h
2q2 '

RDL -

(A2)

1
1520 "2
1521 Again, we realize that the bottom of the conduction band in
1522 the drain lead have to be a bit higher than that deep in the
1523 reservoir because the number of electrons with positive ve-
1524 locity is more than expected in the energy range wg— tip.
1525  In many textbooks,% there is an even simpler develop-
1526 ment of the expression of the source in Eq. (A1) and drain in
1527 Eq. (A2) lead expressions of the pseudoresistances. If we
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1528
1529

assume a zero-series resistance in the reservoir, the total con-
ductance G*=1/V*=2¢T/h can be decomposed as follows:

LI
B 2¢°  2¢°T
I R
24°T’

1-T

T

1530

(A3)

=Ry +Rp, +
SLT DL 1531

where Rg; =h/44? is the source lead resistance, R, =h/4q> 1532
is the drain lead resistance and hR/(2¢>T) the intrinsic 1533
sample resistance deduced by Landauer, originally. 1534

This simple example does show the inevitable presence of 1535
lead resistances in ballistic systems. The accurate computa- 1536
tion of such resistances needs a more appropriate treatment 1537
of the Coulomb interaction among electrons than the capaci- 1538
tive linear relation between charge and voltage that we have 1539
assumed above. Therefore, a better treatment of coulomb in- 1540
teraction in the leads needs a self-consistent solution of the 1541
charge density and scalar potential, as we did in the paper. 1542

Finally, let us emphasize the different origins of the 1543
standard-series resistance present in any electron device and 1544
the lead resistances discussed here. The former is due to the 1545
presence of a small and homogenous electric field deep in- 1546
side the reservoir, which provides a net current. The voltage 1547
drop in the reservoir is only due to this homogenous electric 1548
field deep inside the reservoir where local charge neutrality 1549
is guaranteed. However, the voltage drop in the leads is im- 1550
posed by the Poisson (Gauss) equation that relates the shape 1551
of the charge density to the voltage drop in the conduction 1552
band close to the tunneling obstacle with a complicated non- 1553
homogenous electric field. As seen in Sec. II B, the first term 1554
of the right-hand side of expressions (21) and (22) account 1555
for the reservoir series resistance while the rest account for 1556
the complicated lead resistance. 1557

APPENDIX B: THE QUASISTATIC ELECTROMAGNETIC
APPROXIMATION FOR THE TIME-DEPENDENT
SIMULATION OF NANOSCALE ELECTRON DEVICES

1558
1559
1560

Along this paper, we have assumed that the dynamics of 1561
electrons is controlled only by the scalar potential. We have 1562
argued that our algorithm is valid even for terahertz frequen- 1563
cies. However, in principle, any time-dependent variation in 1564
the scalar potential must imply a time-dependent vector po- 1565
tential. We discuss here the validity of our assumption of 1566
neglecting the vector potential. 1567

In principle, electron dynamics in nanoscale electron de- 1568
vices are determined by, both, the (time-dependent) electric 1569
field intensity, E(7,7), and the magnetic flux density, E(F, 1). 1570
The electric field intensity is computed from the scalar po- 1571
tential, V(7,1), and the vector potential, X(F, 1) 1572

B1
( ) 1573
while B(7,7) depends only on the vector potential B(7,r) 1574

=V X A(#,1). These electromagnetic fields can be computed 1575
from the four well-known Maxwell'7 equations 1576

A
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1577 V. D(7,1) = p(F,1), (B2a)
1578 V.B(71) =0, (B2b)
N aE(F,t)
\Y4 7o) =— , B2
1579 N (r ) ot ( C)
. . aD(7,1)
VAHFH=JF)+——, B2d
. AH(R1) = J(7.) (B24)

1581 where H(7,1)=B(7,1)/u and D(7,1)=¢E(F,1) are the mag-
1582 netic and electric flux intensities, and .7(.(17, t) and p(7,t) are
1583 the (particle) current and charge densities, respectively.

1584  However, when no external magnetic field is applied to a
1585 nanoscale electron device, the electron dynamic in nanoscale
1586 systems can be computed only from the scalar potential. This
1587 quasistatic electromagnetic approximation assumes that the
1588 time-dependent magnetic induction in the definition of the
1589 electric field in Eq. (B2¢) can be neglected. Then, the electric

1590 field is essentially an irrotational vector, VAE (#,1)=0 There-
1591 fore, the electric field, decoupled from the magnetic counter-
1592 part, can be computed from

1593 E(#,1) = - VV(#,1). (B3)

1594 Equations (B3) leads to the time-dependent Poisson equation
1595 used in our paper

1596 V[eVV(i1)] == p(.1). (B4)

1597 The (time-dependent) boundaries conditions of the scalar po-
1598 tential imposed on the open® borders of the simulation box
1599 are the central issue of this paper.

1600  Let us discuss the limits of applicability of the quasistatic
1601 approximation in nanoscale electron devices. For a simple
1602 estimations, we assume only one typical length scale L so
1603 that we can approximate spatial derivatives that make up the
1604 curl and divergence operators by d/dx~ 1/L. Identically, we
1605 assume that time derivatives are roughly equal to a multiply-
1606 ing factor f related to the frequency of the signal, 4/t~ f.
1607 Then, from the gauss law in Eq. (B1) we obtain for the
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charge density p(7,f)~&-E/L with E=max|E(7,1)|. Identi- 1608
cally, from the continuity equation 1609
ap(Ft)  =-
UiGUIN VI =0, (B5)
Jt 1610

1611
1612

1613

we obtain for the current density J(7,7)~e&-E-f. From the
knowledge of the current and charge density, we can estimate
the magnetic flux, using Eq. (B1), as B(7,7)~ u-&-fLE (we
neglect numerical factors such as 2). Then, the vector poten- 1614
tial is A(7,f)~pu-e-fL*E and its time derivative is 1615
OA(F,1)/ dt= - fAL2E. On the other hand, the gradient of 1616
the scalar potential can be written as ﬁV(F, t)=E. Finally, we 1617
obtain that the electric field in Eq. (B1) can be written as 1618
expression (B3) under the quasistatic assumption w-&|f>L> 1619
< 1. This inequality can be interpreted as the condition that 1620
the length L of the system is much smaller than the wave- 1621
length N=c/f of the electromagnetic signal of frequency 1622
f (with c¢=1/ \E the speed of the electromagnetic signal). 1623
For the dimensions used in this work, never longer than few 1624
hundreds of nanometers, the contribution of the electromag- 1625
netic vector potential can be reasonably neglected at frequen- 1626
cies lower than about 10 THz.%%%7 If one is interested in 1627
using larger reservoirs (with L on the order of microns) this 1628
approximation is not valid and a whole electromagnetic so- 1629
lution is needed to treat electromagnetic transport, as dis- 1630
cussed in Ref. 68. 1631

Let us clarify that one can arrive to the time-dependent 1632
Poisson Eq. (B4) directly from the Coulomb gauge. We have 1633
not followed this path here because we are not only inter- 1634
ested in arriving to Eq. (B4) but also in showing that the 1635
electric field is much more important than the magnetic field 1636
when describing electron dynamics. In particular, with the 1637
approximations discussed above we realize that the Lorentz 1638
force ﬁ(?,t):q‘E(F,th'E(F,t)Xé(?,t) can be written as 1639
|F(7,1)|=q-E+qu-&-f2L*E, where we have assumed that 1640
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7 One of the most reported causes of variations in electron devices characteristics (coming from the

8 atomistic nature of matter) are discrete doping induced fluctuations. In this work we highlight the

9 importance of accurately accounting for (time-dependent) coulomb correlations among (transport)
10 electrons in the analysis of such fluctuations. In particular, we study the effect of single ionized
11 dopants on the performance of a quantum wire double-gate metal-oxide-semiconductor field-effect
12 transistor, mainly when its lateral dimensions approach the effective cross section of the charged
13 impurities. In this regard, we use a recently developed many-particle semiclassical simulation
14 approach by Albareda et al. [Phys. Rev. B 79, 075315 (2009)] which provides an accurate treatment
15 of electron—electron and electron—impurity interactions (avoiding the mean-field approximation).
16 We reveal the significant impact of the sign and position of the impurity along the transistor channel
17 on the on-current, the threshold voltage, the distribution of the current in the channel cross-section,
18 the transmission probabilities, and the distribution of transit times. We find that neglecting the
19 (time-dependent) coulomb correlations among (transport) electrons can lead to misleading
20 predictions of the previous results. © 2010 American Institute of Physics. [d0i:10.1063/1.3455878]
21

22 |. INTRODUCTION

23 At deep nanometer scale, the number of dopants con-
24 tained in sub-10 nm channel devices will decrease to a few
25 tens.” In addition, this number and the position of dopant
26 atoms, introduced either deliberately to improve device
27 characteristics or accidentally from contamination sources,
28 will vary among electron devices. Such differences will pro-
29 duce important variations on the devices’ microscopic
30 behavior,” ' and consequently, the variability of macro-
31 scopic parameters such as drive current or threshold voltage
32 will increase."'® This particular phenomenon, known as
33 discrete dopant induced fluctuation (DDIF), represents a
34 little fraction of the whole set of nondesirable effects arising
35 from the atomistic nature of matter, but is considered as one
36 of the main drawbacks in downscaling complementary
37 metal-oxide semiconductor (CMOS) technology. In order
38 to predict the impact of such phenomena in future
39 decananotransistors, during the last decade, several works,
40 both experimental and theoretical, have been carried
41 out.” ' In particular, many simulations have been done using
42 drift-diffusion approaches,™''™* Monte Carlo (MC) solu-
43 tion of the Boltzmann equation,376’25728 and quantum
44 approaches.7_lo’25

45 The aim of the drift-diffusion simulations of DDIF, in-
46 stead of predicting the characteristics of a single device, is
47 focused on obtaining quantitative estimations of the variance
48 of basic design parameters, such as threshold voltage, sub-
49 threshold slope, or drive current for a whole ensemble of
50 microscopically different devices. Since such a statistical job
51 has to manage with a large ensemble of electron devices, a
52 fast simulation technique is required. Drift-diffusion simula-
53 tions have limitations due to their inability of capturing non-
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equilibrium quasiballistic transport effects.'* 4% They uti- 54
lize bulk mobilities that are not able to describe the complex 55
effects associated with the variations in the discrete configu- 56
ration of ionized dopants within the channel. Therefore, the 57
variation in the drive current obtained from drift-diffusion 58
simulations underestimate the real magnitude of the intrinsic 59
parameter variations.**>*® On the other hand, the “atomistic” 60
resolution of individual charges in drift-diffusion simulations 61
using fine meshes generate some problems.ls’lg’32 Due to the 62
classical time-independent nature of the drift-diffusion ap- 63
proach, a significant amount of mobile charge can become 64
trapped in the sharply resolved coulomb potential wells cre- 65
ated by discrete dopant (donors) charges assigned to a very 66
fine mesh.”> Such an artificial charge trapping in drift- 67
diffusion simulations give rise to several detrimental effects. 68
Attempts to correct these problems in “atomistic” simula- 69
tions have been made by charge smearing,33 incorporating 70
density gradient corrections' ' or by splitting of the cou- 71
lomb potential into short- and long-range components.32 72

Due to its particle-based nature, the MC technique for 73
solving the Boltzamnn equation can easily account for time- 74
dependent nonequilibrium phenomena. However, this advan- 75
tage over the drift-diffusion approach entails an increment of 76
the computational time required to perform numerical simu- 77
lations. In this regard, although the MC method cannot man- 78
age with large statistical analysis, it is an excellent tool for 79
accurately studying electron transport phenomena related 80
with time-dependent coulomb correlations. In the last de- 81
cade, several works have remarked the electrostatic origin of 82
the DDIF phenomena and thus the necessity of paying maxi- 83
mum attention to electron—electron (e—e) and the electron— 84
impurity (e-i) coulomb interactions.>*® Historically, e—i 85
(and also part of the e—e) interactions have been introduced 86

© 2010 American Institute of Physics
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87 perturbatively as an “instantaneous” and “local” transitions
88 of electrons between different regions of the k-space. How-
89 ever, such approach is clearly inapprop1date34_38 for studying
90 DDIF because it assumes a homogenous distribution of im-
91 purities, so that the effects of “scattering” of electrons with
92 impurities become independent of the position of the impu-
93 rity. In addition, the expressions for the e—i scattering rates in
94 k-space are based on a two-body model which accounts for
95 many-particle (MP) contributions only through an assumed
96 screening function for the effective potentia\ls,35 and it does
97 not take into account the electrostatic effects of the gate,
98 drain, and source terminals on the interaction. The standard
99 solution to avoid such important limitations, without signifi-
100 cantly increasing the computational cost of the simulations,
101 is defining an ad hoc division of the spatial range of the e—e
102 and e—i interactions into two parts. The long-range part is
103 enclosed in the solution of the scalar potential from the
104 mesh-dependent mean-field Poisson equation, and the short-
105 range part is introduced, either as an analytical expression of
106 the scalar potential4’34’36 (the so-called MC molecular dy-
107 namics approach, MCMD), or sometimes perturbativelly.38
108 The MCMD approach, however, shows up several inconve-
109 nient. The first reported limitation was the so-called “double
110 counting” of the electrostatic force in the short-range inter-
111 action term.** Since the e—e and e-i interactions is already
112 included, in a smoothed way, in the self-consistent potential
113 computed through the Poisson equation, the addition of a
114 separate analytical force (the molecular dynamics term) in
115 the MC transport kernel leads to the overestimation of both
116 the e—e and the e-i interactions.”® Such a problem can be
117 avoided by properly identifying the spatial region where
118 short-range coulomb interactions have to be included. Then,
119 the Molecular dynamics routine®***" uses a “corrected”
120 short-range coulomb interaction there, that excludes the
121 long-range contribution from the Poisson equation. However,
122 then, the problem is the analytical nature of the corrections
123 incorporated in the short-range region that can lead to un-
124 physically large forces that cause artificial heating and cool-
125 ing (for acceptors and donors, respectively) of the
126 carriers.””’ This problem can be corrected by introducing
127 modifications for the analytical expressions of the coulomb
128 interaction inside the short-range zones™*° or by introducing
129 density gradient quantum corrections that accounts for the
130 formation of bound states in the donor induced wells.”>®
131 Nevertheless, the MCMD continues suffering from its intrin-
132 sic analytical description of the short-range interaction. Stan-
133 dard analytic short-range coulomb corrections cannot ac-
134 count for the electrostatic influence of the (gate, source, and
135 drain) boundaries.

136 During the last years, also some works have been de-
137 voted to study electron transport in presence of atomistic
138 impurities with full-scale quantum transport simulators.” >
139 A common limitation of quantum simulations dealing with
140 such systems is the high time-consumption related with the
141 self-consistent solution of the Schrodinger and Poisson equa-
142 tions. In order to reduce the degrees of freedom of the sys-
143 tem, a common practice consists on assuming and effective
144 mass approximation for the description of the electronic
145 band structure and on suppressing the time-dependence of
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the transport problem.7’9’25 Such approximations neglect an 148

important part of the coulomb correlations among electrons 147
and dopants. Finally, more sophisticated quantum approaches 148
can avoid the effective mass approximation by describing the 149
whole atomic structure from ﬁrst-principles.lo Then, those 150
simulators provide a rigorous treatment of the effect of elec- 151
tron correlation on the description of the band structure, but 152
fail in providing a reasonable description of the correlation 153
among transport electrons. The reason is that electron de- 154
vices work under nonequilibrium conditions, while band- 155
structure improvements are generally computed from 156
(ground-state) equilibrium conditions."” In other words, elec- 157
tron dynamic properties (such as charge distribution or cor- 158
relations among electrons) far from equilibrium can be quite 159
different from that computed at equilibrium. 160

Finally, let us notice that, when device dimensions are 161
drastically reduced to a few nanometers in both the lateral 162
and the longitudinal directions, the separation between long- 163
(screened) and short-(unscreened) range contributions of the 164
coulomb interaction becomes quite misleading. Then, the 165
fact that all electrons share the same solution of the Poisson 166
equation, at least for the long-range of the scalar potential 167
profile, implies important drawbacks for the correct treat- 168
ment of the e—e and e—i interactions. The charge of the whole 169
system is included in the kernel of the Poisson equation (in a 170
mean-field approximation) that provides an unphysical 171
self—interaction,4o i.e., an electron interacts with itself. This 172
effect becomes more relevant in small than in large meshed. 173
In particular, it can become quite dramatic when the reso- 174
Iution of the mesh is increased up to cell spacing below 175
~2 nm.* 176

In the present work we describe the coulomb correla- 177
tions by means of a semiclassical particle-based electron 178
transport formalism (MC like) that goes beyond the standard 179
mean-field 21ppr0ximati0n40’41 by considering a particular 180
scalar potential profile for each electron on the device active 181
region (computed as a solution of a Poisson equation where 182
the own charge of electron is excluded). This procedure al- 183
lows us to include, semiclassically, the effect of the e-e and 184
the e—i coulomb interactions with an exact procedure, i.e., 185
without setting any arbitrary division between long- and 186
short-range,40 even in far from equilibrium conditions. On 187
the contrary, the effect of the e—e and electron—atom correla- 188
tions in the description of the band structure is considered 189
within the simple effective-mass approximation. Although 190
our approach fails to capture the energy levels and density of 191
states close to the impurity, it is sufficient for our purpose 192
and allows us to capture the effects of e—e and e—i correla- 193
tions among (transport) electrons in far from equilibrium (re- 194
alistic) scenarios. 195

Here we will employ the approach mentioned above™ to 196
study DDIF effects within a particular example of deep 197
nanoscale few-electron device, i.e., the silicon quantum wire 198
double-gate metal-oxide-semiconductor field-effect transistor 199
(MOSFET) (Refs. 2, 22, 24, and 42) (QWDG-FET). Such 200
device is now-a-days accepted as one of the most promising 201
candidates to fulfil near future CMOS technology scaling 202
requirements. The addition of multiple-gate structures to the 203
near vicinity of the extremely thin nanowire channels, offers 204
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205 ap exceptional electrostatic robustness that prevents from the

206 jeopardizing short-channel effects and makes their operation
207 without channel doping feasible. In one hand, the undoped
208 nature of the channel region dictates that the threshold volt-
209 age is determined by the work function difference between
210 the gate material and the intrinsic silicon body. On the other
211 hand, it makes such devices inherently more resistant to ran-
212 dom dopant fluctuation effects than conventional single-gate
213 MOSFETs. Nevertheless, with regard to this second point,
214 even “undoped” channels can contain ionized doping atoms
215 arising from contamination or from source/drain implanta-
216 tion processes. Due to the random nature of such processes,
217 the number, sign, and position of doping atoms are subject to
218 stochastic variations. Furthermore, at deep nanometer scale,
219 the effective cross section of such impurities dangerously
220 approaches the lateral dimensions of the channel, thus having
221 a much more stronger impact on carrier transport.

222 This paper is organized as follows: after this introduc-
223 tion, in Sec. II, we discuss the details of our MP approach. In
224 Sec. III we describe how DDIF affect the main characteris-
225 tics of the QWDG-FET and we highlight the importance of
226 accurately account for the dynamic MP effects. Finally, in
227 Sec. IV we summarize the main results of the work.

228 Il. COMPUTATION OF MANY-ELECTRON COULOMB
229 CORRELATIONS IN OPEN SYSTEMS INCLUDING
230 E-I1 INTERACTION

231 This section is devoted to describe the semiclassical
232 many-electron MC used to simulate DDIF. We discuss the
233 expression of the MP Hamiltonian, under standard effective
234 mass approximation,43 “ that describes a system of spinless
235 electrons in a solid-state semiconductor open system40 in-
236 cluding charged impurities. As discussed in the introduction,
237 due to the fundamental electrostatic origin of DDIF effects,
238 this approach is focused in accurately describing the e—e and
239 e—i coulomb interactions.

240 We start the discussion with the description of a system
241 consisting of M (valence) electrons and P ionized atoms.**®
242 Because we are interested only on electron dynamics (with a
243 Born—Oppenheimer  approximation), the corresponding
244 Hamiltonian contains only the e—e and e—i coulomb interac-
245 tion terms and the kinetic energies of the M electron system,
246 i.e.,

M M
1
H(Vl,---,rM’Pl"--’PM)=E K(pk)+52 q'V(rk’rj)
k=1 j=1

JjFk

247

P
+2q- V(R L (1)
248 J=1

249 where ¢ represents the charge of the k-th electron and the
250 condition j # k takes into account the obvious restriction that
251 a particle cannot interact with itself. We refer to 7, or p, as
252 the k-th electron position and momentum, respectively. No-
253 tice that the right hand side of Eq. (1) contains also the
254 positions of the charged impurities, Ej. The kinetic energy
255 term K(p,) is defined as
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7

o S\(Drain)

S*(Source)
o

FIG. 1. (Color online) Schematic representation of the volume ()
=Lx-Ly-Lz and its limiting surface S={S',$%,....S°}. There are N(¢) elec-
trons inside and M —N(¢) outside this volume.

1
K(py) = Z—mk(ﬁk)z, (2) 256

where m, is the particle effective mass. On the other hand, 257

the coulomb interaction potentials in Eq. (1) are defined as 258
. q
V(#,7)=——""—, 3
(T, 4relF, 7| G) 259
for e—e interaction and 260
. B 4q;
V(rkaRj) = R > (4)
d7e|i,— R g 261

for e—i interaction. The parameter g; is the charge of the j-th 262
ionized atom and ¢ is the electric permittivity. As mentioned 263
above, the contribution of the atomic structure is accounted 264
for by considering a dielectric medium and using an effective 265
mass. 266

A complete electronic circuit (including the devices, the 267
wires and the batteries) behaves as a closed system with a 268
large number (M, P— ) of electrons and dopants. However, 269
since we can only deal with a finite number of degrees of 270
freedom, we restrict our system to a small part of the circuit, 271
for example, the channel of a transistor. Therefore, we divide 272
the previous ensemble of M electrons and P dopants into a 273
subensemble of electrons, {1,2,3,...,N(¢)}, and dopants 274
{1,2,3,...,D}, with positions inside the volume () and a 275
second subensemble, {N(¢)+1,...,M} and {D+1,...,P}, 276
which are outside it. As drawn in Fig. 1, we assume a paral- 277
lelepiped with six rectangular surfaces S={S',S?,...,5° 278
which are the boundaries of (). Since we are only interested 279
in the dynamics of the N(r) particles, the kinetic energy and 280
the coulomb interaction between the carriers of the second 281
subensemble does not appear in the new Hamiltonian of the 282
open system. Thus, according to the detailed procedure de- 283
scribed in Ref. 40, the MP Hamiltonian describing the dy- 284

namics of the N(z) particles can be written as 285
N(t)
H(Fy, oo FngsDis - - 5PN D) = E {K(p) + q - W7 1)}
k=1
(5) 286

Each i-term of the electrostatic potential, Wk(Fk,t), is a solu- 287
tion of one particular three-dimensional (3D) Poisson equa- 288
tion 289
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90 Vf‘i[s(ﬁ') : Wi(ﬁ"f)] = pi(7it), (6)

291 Notice that the use of the Poisson Eq. (6) for the scalar
292 potential, instead of expressions (3) and (4), has the addi-
293 tional advantage of using position dependent electric permit-
294 tivity &(7;). The charge density depends on the position of the
295 N(t) electrons and the D ions
N(1) D
piFt) = 2 q - 8= Fi) + 2 g;- 87~ R)), (7)
j=1 j=1
296 J#i
297 where 7j[1] is the classical trajectory of the j-th electron.
298 Now Eq. (5) is independent of the position of the exter-
299 nal particles because they only affect the boundary condi-
300 tions of Eq. (6) in the six rectangular surfaces S.
301 The classical description of the electron dynamics sub-
302 jected to the MP Hamiltonian of Eq. (5) will be computed
303 using the well-known Hamilton equations. In particular, we
304 can obtain the (Newton-type) description of the classical tra-
305 jectory 7] in the real space through

dPTEt] =[=VeHFr PP - PN D=7 [0,y =yl
306 (®)
307 and

dit]

dt = [Vp'l-H(Fl’ oo ’FN(t)sﬁla oo ’ﬁN(t)’[)]Fl=71[[]’~-~~ﬁN(z)=ﬁN(t)[t]'
308 9)

309 For the MP Hamiltonian of Eq. (5), Eq. (9) gives the trivial
310 result

311 m-vjlt]=pit], (10)
312 while Eq. (8) can be expressed as
dpil1] —
=V:W(7.1). 11
313 dt W) ()

314 Let us therefore keep the important idea that expressions
315 (5)—(7), together with a set of appropriate boundary condi-
316 tions, provide an exact treatment of the MP coulomb corre-
317 lations in semiclassical scenarios. Let us emphasize that the

318 subindex “k” in W,(7,7) implies that there are N(r) scalar
319 potential, one for each electron. This implies a coupled sys-
320 tem of Newton equations that will be used to describe DDIF
321 effects in Sec. IIL

322 lll. NUMERICAL SIMULATION OF ELECTRON
323 TRANSPORT WITH SINGLE DOPANTS IN THE
324 CHANNEL OF A NANOWIRE DOUBLE-GATE MOSFET

325 As mentioned in the introduction, although silicon nano-
326 wire multiple-gate MOSFETs are semiconductor devices
327 with a great acceptance due to its relevant electrostatic im-
328 provement with respect to other structures, DDIF effects can
329 significantly degrade their expected performance. In order to
330 qualitatively evaluate the importance of such limitation, in
331 this work we study the effects of DDIF in a silicon QWDG-
332 FET. We are especially interested in analyzing the impact of
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! 4

Source-channel

. ~ g .
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FIG. 2. (Color online) Schematic representation of the QWDG-FET.

the sign of the dopant charge and its position along the chan- 333

nel. After exposing some relevant details of the simulated 334
device and some technical remarks, we will evaluate the im- 335
portance of random doping fluctuation effects on the main 336
characteristics of the QWDG-FET. 337

A. Device characteristics and simulation details 338
1. Description of the simulated device: QWDG-FET 339

The structure of the simulated QWDG-FET (see Fig. 2) 340
is described in Table I. Two highly N doped Si contacts 341
(N*=2X%10" cm™) are connected to an intrinsic Si channel 342
with lateral dimensions L,=5 nm and L.=2 nm. Such di- 343
mensions originate quantum confinement in the lateral direc- 344
tions (a quantum wire), not only reducing the degrees of 345
freedom of the system but also inducing volume inversion 346
within the channel?’ (see Sec. III A 2 for a detailed explana- 347
tion on how is quantum confinement taken into account in 348
our semiclassical approach). In this sense, the electrostatic 349
blockade generated by the ionized dopants is expected to be 350
favored when impurities are distributed mainly in the center 351
of the channel cross section. At the same time, the length of 352
the quantum wire is 10 nm. This results in a volume of only 353
100 nm?, so that the number of interacting channel electrons 354
is of the order of 10. Under such special conditions, the 355
importance of the interaction among electrons is particularly 356
relevant. 357

TABLE I. Simulation parameters for the DG-FET depicted on Fig. 9.

Units Symbol Value
Lengths (nm) L, 10
L, 5
L 2
T, 2
Spatial step (nm) DX 0.85
DY 0.5
DZ 0.2
Relative permittivity Air 1.0005
Oxide 3.8000
Silicon 11.7514
Doping (cm™) Channel N Intrinsic
Contact N* 2x 10"
Simulation time (s) T 1X107°
Temporal step (s) Dt 210710
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358 2. Simulation details

359 We use the classical solution of the MP system described
360 in Eq. (5) to simulate the electron transport in the quantum
361 wire DG-FET depicted in Fig. 2. Electron transport in the
362 “x” direction (from source to drain) takes place along a Sili-
363 con (100) oriented channel, at room temperature. In particu-
364 lar, the electron mass is taken according to the six equivalent
365 ellipsoidal constant energy valleys of the silicon band
366 structure.*®* The effective masses of the ellipsoids are m;
367 =0.9163m, and m;=0.1905m, with m, being the free elec-
368 tron mass.”> As commented above, the lateral dimensions of
369 the Si channel L, and L, are both small enough (see Table I),
370 so that the active region behaves as a one-dimensional (1D)
371 system and the energy of an electron in one particular
372 valley is E=#k./(2m,)+E{,, where E1D=h2772/(2th§)
373 +#i27?/(2m,L?) represents the minimum energy of the first
374 subband, whose value is Ef,=0.182 eV for L.=2 nm and
375 L,=5 nm. The energies of the next lowest subbands (Ef,
376 =0.418 eV or E{,=0.489 eV) are assumed to be high
377 enough to keep a single band simulation. Therefore, we use a
378 3D Poisson solver to deal with the device electrostatics, but a
379 1D algorithm to describe the velocity of each electron in the
380 “x” direction. Due to the lateral electron confinement, the
381 velocities in the “y” and “z” directions are zero.”>! This is
382 an exact result for describing electron confinement in the
383 rectangular structure of Fig. 2 when the e—e and e—i are not
384 considered. The explicit consideration of the effect of e—e
385 and e—i correlations on the electron confinement (energy lev-
386 els) is an extremely complicated issue within the MP strategy
387 developed here (which considers one different scalar poten-
388 tial for each electron) and it is far from the scope of this
389 work.

390 All the simulations carried out in the present work use a
391 3D finite-difference Poisson solver scheme. The whole vol-
392 ume () of the active region drawn in Fig. 1 is divided
393 into Nx-Ny-Nz cells. Each 3D cell has spatial dimensions
394 DX, DY, and DZ (see Table I). Thus, the active region
395 of our simulated device has a volume equal to
396 (Nx-DX)-(Ny-DY)-(Nz-DZ)=L,-L,-L,. The boundary con-
397 ditions of the Poisson equation on the six rectangular sur-
398 faces of Fig. 1 are defined using either Dirichlet or Neumann
399 criteria. On the closed “nonmetallic” surfaces, Neumann
400 boundary conditions are used with the educated guess that
401 the component of the electric field normal to that surfaces is
402 zero. The continuity of the displacement vector normal to
403 surfaces justifies this assumption at the boundaries when the
404 relative permittivity inside () is much higher than the corre-
405 sponding value outside. On the other hand, in the contact
406 surfaces of Fig. 1 we use the Dirichlet boundary conditions
407 reported in Ref. 40.

408 B. Effects of single ionized impurities in a QWDG-ET

409 In this section we evaluate the impact of single ionized
410 impurities on the previously defined QWDG-FET, consider-
411 ing three different positions along the transistor channel.
412 Since the lateral confinement induces volume inversion in
413 the channel of the QWDG-FET, in order to maximise the
414 DDIF effects, we place the impurities centered in the lateral
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directions. Most of the carriers are hence forced to cross the
channel in the very vicinity of the impurity positions. We
will analyze three different scenarios corresponding to three
different positions of the impurities along the channel, i.e.,
the source—channel interface, the center of the channel, and
the channel—drain interface (see Fig. 2).

We will start by discussing a series of microscopic char-
acteristics of the QWDG-FET. First we will consider the
spatial distribution of the current density, J,. After that we
will discuss the transmission characteristics of the device.
We will also study the variations in the transit time, the pa-
rameter that ultimately defines the intrinsic switching speed
of the technology. Finally, we will compute the macroscopic
current-voltage characteristics and the threshold voltage
variations.

The importance of accurately treating the coulomb cor-
relations in the study of DDIF in such nanoscale devices has
been advanced in the introduction. Here, in order to highlight
the importance of taking into account the time-dependent e—e
and e—i correlations, we compare some results with those
obtained with a single-particle (SP) mean-field approach dis-
cussed in Appendix A. In this regard, we will refer to MP
results to describe the simulation performed with the algo-
rithms that require solving N(¢) Poisson equations with N(z)
charge densities [expressions (5)—(7)] at each time step. Al-
ternatively, we refer to the time-independent SP approxima-
tion to the more simplistic (though usual) approach that con-
sists in solving a single time-independent Poisson equation
[expressions (A1) and (A2) in Appendix A] for all electrons
at each time step of the simulation.

1. Spatial distribution of the current density

In this section we analyze how dopants placed in the
channel of a QWDG-FET induce significant changes in the
spatial distribution of the current density across the channel
section. We consider the steady state current corresponding
to a fixed bias point (Vgue=0 V; Vp,in=0.5 V) and ana-
lyze the spatial distribution of the current in the channel
cross section. Since we deal with a confined electron system
under stationary conditions, the continuity equation reduces
to ﬁjx=o and consequently the spatial distribution of J, is
the same in any section along the transistor channel. Before
discussing some interesting results, it is important to recall
that, due to the lateral confinement, the injection of carriers
obeys a sinusoidal spatial distribution centered on the y and z
directions that causes volume inversion along the channel. In
Fig. 3 we present the current density distribution when a
negative impurity is located at the source—channel interface.
As it can be observed, for zero applied gate voltage [Fig.
3(a)], its presence produces an important deformation of its
spatial distribution, pushing carriers away from its location.
As shown in Fig. 6 such a result can be justified through the
potential barrier induced by the presence of the negative im-
purity. Figure 4(a) represents the same information but now
placing the dopant in the center of the channel. Even though
the height of the potential barriers corresponding to these
two previous cases are quite similar (see Fig. 6), the magni-
tude of the current density is importantly reduced in the sec-
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FIG. 3. (Color online) Current density across the channel section when the
negative impurity is placed at the source—channel interface. In (a) the results
correspond to a MP treatment of the system (see Sec. II). In (b) the results
have been computed within a SP mean-field approach discussed in Appendix
A.

472 ond case with respect to the former. Notice that from a SP

473 point of view (see Appendix A) such a situation cannot be
474 accepted. Due to the one-by-one electron energy conserva-
475 tion, two identical potential barriers (despite its position
476 along the channel) would result in an identical current distri-
477 bution. From a MP point of view, the time-dependent e—e
478 interaction implies a much looser restriction on the energy of
479 the carriers. This result will be discussed later. On the con-
480 trary, as shown in Figs. 3(b) and 4(b), a SP treatment of the
481 electron transport gives quite similar current density distri-
482 butions for these two cases. Finally, in Fig. 5, the impurity
483 has been placed at the channel-drain interface. In this a case,
484 the applied bias reduces drastically the influence of the po-
485 tential deformation induced by the ionized dopant atom (see
486 Fig. 6). Under such conditions, the electron transport is
487 roughly ballistic, the e—e interaction effects are masked, and
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FIG. 4. (Color online) Current density across the channel section when the
negative impurity is placed at the center of the channel length. In (a) the
results correspond to a MP treatment of the system (see Sec. II). In (b) the
results have been computed within a SP mean-field approach discussed in
Appendix A.
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FIG. 5. (Color online) Current density across the channel section when the
negative impurity is placed at the channel-drain interface. In (a) the results
correspond to a MP treatment of the system (see Sec. II). In (b) the results
have been computed within a SP mean-field approach discussed in Appendix
A.

the predictions of the current density distribution arising 488

from a MP simulation are practically equivalent to those cor- 489
responding to a SP simulation. 490

2. Fluctuations of the transmission coefficient 491

Another important magnitude that can contribute to the 492
understanding of the influence of single charged impurities 493
within the channel of a QWDG-FET is the transmission co- 494
efficient. The probability of an electron injected from the 495
source contact to reach the drain contact (i.e., transmission 496
probability) is presented in Fig. 7 as a function of the inject- 497
ing energy (i.e., the kinetic energy of the carrier when it 498
enters the channel through the source—channel interface), 499
again for Vg,.=0 V and Vp,;,=0.5 V. The transmission is 500
computed in the presence of an ionized acceptor at the three 501
predefined positions along the channel. Once more, in order 502
to highlight the relevance of the coulomb correlations among 503
the electrons, we also present the same type of results though 504

obtained with a SP treatment (see Appendix A). 505
0-2 T T T T T T
1 2 - 4  Drain
> N
L "
=
S
)
<
L
s
=
o
S}
o i
-0.5 T T T T T T
2 4 6 8 10 12
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FIG. 6. (Color online) Mean potential energy profiles along the channel
(centered in lateral directions) for the three different positions of the nega-
tively charged impurity. This curves are identical independently of the used
treatment (SP or MP).
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FIG. 7. (Color online) Transmission coefficients as a function of the injec-
tion energy for three different positions of a negatively charged impurity.
Results are presented for the MP framework presented in Sec. II and for the
SP one developed in the Appendix A. MP refers to the MP (solid symbols)
and SP to SP (empty symbols).

506 As evidenced in Fig. 7, the transmission probabilities for

507 low-energy electrons decrease as the impurity is moved from
508 the channel—drain to the source—channel interface. While the
509 important difference between the channel-drain case and the
510 other two can be easily understood through the potential en-
511 ergy profiles depicted in Fig. 6, the differences between the
512 centered and the source-channel cases at low energy require
513 a more detailed explanation. Since the height of the potential
514 barriers is very similar in both cases, a SP treatment of the
515 electron transport gives identical results (see Fig. 7). Hence,
516 as already discussed for the spatial distribution of J,, major
517 differences can only be attributed to coulomb correlations.
518 Even more, when the impurity is located at the channel-drain
519 interface, the SP approach results in a constant transmission
520 value equal to the unity. Therefore, the e—e interaction also
521 explains why, even in the absence of a potential barrier, there
522 is no total transmission. At higher energies (from 0.05 eV
523 and above), the order of the transmission curves at low en-
524 ergies (higher transmission when the dopant is moved from
525 source to drain) is lost as a consequence of a different slope
526 of the transmission curves in their linear region (dotted lines
527 in Fig. 7). This effect is a particular feature of the MP sys-
528 tem. As the ionized impurity is moved from source to drain,
529 the time required for any electron to reach the position of the
530 impurity increases. Thus, when the ionized impurity is
531 placed toward the drain, the electrons will have more time to
532 interact with the rest of the carriers before reaching the po-
533 sition of the ion and hence, the probability of conserving
534 their initial energy decreases. From Figs. 6 and 7, it can be
535 inferred that, despite the similarity of the potential profiles
536 corresponding to the impurities located at the source and the
537 channel center, a displacement of the ionized dopant toward
538 the drain induces a reduction in the slope of the transmission
539 curve in its linear region. Let us remark that such a particular
540 behavior cannot be described by a SP approach of electron
541 transport, which forces every electron to conserve its total
542 energy (see the empty squares and circles in Fig. 7).

543 Recently, a study of the transmission coefficient in ultra-
544 thin Si nanowires in the presence of charged impurities has
545 been addressed with a density functional theory approach.lo
546 In that work, a boron ionized atom was placed in a (100) Si
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nanowire with a diameter of approximately 2 nm. Under 4
these particular conditions, the results showed transmission 54
coefficients of the order of 1X 1073 for minority carriers 549
(electrons). The origin of the divergence between these dras- 550
tically reduced transmission values and those presented in 551
Fig. 7 can be ascribed to several differences related to both, 552
the simulated device and to the underlying assumptions of 553
both simulation procedures. First of all, the nanowire consid- 554
ered in Ref. 10 is quite thinner than the one considered in 555
this paper. This means that the impact of an impurity on the 556
electron transmission is expected to be stronger because the 557
nanowire cross-section is similar to the effective cross- 558
section of the impurity. On the other hand, the 1D description 559
of the channel of the nanowire reported in Ref. 10 certainly 560
overestimates the electrostatic blockade induced by the im- 561
purities even if tunnelling is naturally included in the calcu- 562
lations. In the semiclassical 3D approach considered in our 563
work, the current density is found to flow (as shown in Figs. 564
3 and 5) far from the ionized dopants, where the potential 565
barrier is substantially lower. Such a spatial distribution can- 566
not be reproduced by a 1D approach as that of Ref. 10, 567
which would only allow the current to flow above a potential 568
barrier which is homogeneous in the nanowire cross-section. 569

3. Fluctuations of the transit time 570

Let us discuss how single ionized impurities influence 571
the transit time, 7, of the carriers traversing the QWDG-FET. 572
The relevance of studying this particular characteristic comes 573
from the fact that the switching speed of any FET technology 574
depends ultimately on the transit time. As far as we know, 575
this is the first time that the effects of single ionized dopants 576
on the carrier transit time are analyzed. Within the (frozen) 577
time-independent SP approach, the time spent by the k-th 578
electron (injected in a particular y; and z; positions at the 579
source contact with an injecting energy Ej,) to achieve the 580

drain contact, can be analytically calculated as 581
*D dxk
Ti(E0» Yk0s2k0) = f = , (12)
s \/Eko + g W (e Yoks Zor) 582

where xg and xj, refer to the position of the source—channel 583
and channel-drain interfaces in the transport direction, and 584

W(xg, Vr0-240) is the mean-field potential profile [see expres- 585
sion (A2) in Appendix A]. 586

When using the time-dependent MP approach described 587
in Sec. II, E; in Eq. (12) is no longer a constant because the 588
total energy of each carrier is no longer a constant of move- 589
ment. Moreover, each electron is affected by its own poten- 590
tial profile, which is different from that affecting the other 591
carriers. The transit time corresponding to the k-th electron is 592
hence, 593

P dx,[1]
[ — i)
xg VE ([ 1]) + gWixil 11,100 200 1)
(13) 594

T(Ex0»Yk0,2k0) =

where W, (x;,V10.210) is the MP potential profile described in 595
Sec. II, the injecting energy is now Ey =FE,(xs), and x;[1] is 596
the classical trajectory of the k-th electron. 597
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FIG. 8. Transit times as a function of the injection energy for the three
different positions of the negatively charged impurity. Results are presented
for the MP approach (solid symbols) presented in Sec. II and for the SP
treatment of Appendix A (empty symbols). Here, MP refers to the MP and
SP to SP.

598 In Fig. 8 we present the transit time, averaged over y and
599 7 directions, for the carriers traversing the QWDG-FET from
600 source to drain as a function of the injecting energy, E;,. The

601 symmetry of the potential profiles W(x;,yio.2x) When the
602 ionized dopant is placed at source and drain contact-channel
603 interfaces lead to identical transit times for the SP treatment
604 [see Eq. (12) and open symbols in Fig. 8]. Moreover, since
605 the variations in the potential profiles introduced by the MP
606 interaction effects are minimized when the dopant is placed
607 at the borders of the active region, we find a roughly identi-
608 cal result for these two situations in the MP approach (solid
609 symbols). The highest transit times correspond to the cen-
610 tered impurity, which largely exceed those corresponding to
611 the previous two cases. The differences between the SP re-
612 sults and those coming from the MP approach are maximized
613 in this case, and thus, the switching speed predictions from
614 these methods would notably differ in this particular case.
615 While the differences among the SP results come exclusively
616 from the differences in the shape of the potential profiles, in
617 the MP approach such differences are added to those coming
618 from the MP correlations. In this regard, as we will further
619 discuss below (in relation to Figs. 9 and 10), the physical
620 origin of the differences between the SP and the MP results
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FIG. 9. (Color online) Spatial distribution of the transit times along the y
direction (centered in z) when a negatively charged impurity is placed at
different places of the channel.
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FIG. 10. (Color online) Spatial distribution of the transit times along the z
direction (centered in y) when a negatively charged impurity is placed at
different places of the channel.

corresponding to the centered impurity are found to be re- 621

lated to a transfer of energy between the electrons crossing 622
the channel and those that are reflected back to the source. 623

From Fig. 8 two important results can be extracted. First, 624
that the transit time variations related to random impurity 625
fluctuations are not negligible in QWDG-FETs. Second, that 626
considering e—e coulomb interactions is crucial to correctly 627
simulate the time-dependent response of such nanoscale de- 628
vices in the presence of atomistic impurities. 629

Finally, let us discuss the spatial distribution of transit 630
times in the cross-section of the device averaged over the 631
injecting energies. Figures 9 and 10 represent the distribution 632
of the transit times along the y (centered in z) and z (centered 633
in y) directions, respectively. If all the traversing carriers had 634
the same total energy, according to Eq. (12) one would ex- 635
pect to find the largest times concentrated around the impu- 636
rity location, where the potential barrier is higher (see Fig. 637
6). Nevertheless, since the injected carriers are energetically 638
spread according to Fermi statistics, only the fastest electrons 639
(the most energetic ones) are able to achieve the drain con- 640
tact across the top of the barrier. Consequently, a minimum 641
of the transit time is found at the location of the impurity 642
atom. When the dopant is placed at the source—channel in- 643
terface, the largest transit times appear away from the impu- 644
rity and the minimum above the dopant becomes absolute. 645
Although both, SP and MP simulations give similar overall 646
results in this case, some discrepancies can be appreciated 647
due to an energy exchange among the different regions of the 648
channel. On the other hand, when the impurity is placed in 649
the center of the channel, the transit times increase drasti- 650
cally up to 60 fs. Although the shape of the scalar potential 651
has to do with the important increment both in the SP and the 652
MP results, e—e interactions play a crucial role in the varia- 653
tion in transit times. While the SP and the MP results show 654
again a very similar pattern in this particular case, the mag- 655
nitude of the transit time differs enormously between these 656
two approaches. Since the spatial integral of the MP aver- 657
aged transit times along the y and z directions diverges sig- 658
nificantly from its SP counterpart, it can be inferred that the 659
exchange of energy is produced not only among the electrons 660
crossing the channel but also between them and those being 661
backscattered. If the energy transfer would only involve elec- 662
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FIG. 11. Average drain current at Vp;,=1 V as a function of the gate
voltage for positive/negative impurities located at different places along the
channel.

663 trons crossing the device, their total energy would remain
664 unchanged, and thus their averaged transit time would be
665 identical to that found for the SP approach. On the contrary,
666 the mixture of energy exchange among the traversing elec-
667 trons and among traversing and backscattered electrons give
668 rise to a nonconserving averaged transit time. In fact such an
669 energy transfer is at the origin of the big transit times differ-
670 ences found in Fig. 7. Finally, when the impurity is placed at
671 the channel-drain position, the system becomes basically bal-
672 listic, and divergences between expressions (12) and (13)
673 become negligible.

674 4. Fluctuations of the threshold voltage

675 In order to avoid an excessive increase in the length of
676 this paper, these results will be presented only for our novel
677 algorithm that includes e—e and e—i coulomb correlations.
678 Threshold voltage (V;) fluctuations are a well known effect
679 related to DDIF in MOSFETs.'"™® In this section we analyze
680 this phenomenon in the QWDG-FET from both positive and
681 negative impurities. Figure 11 shows the value of the mean
682 current as a function of the applied gate voltage (transfer
683 characteristic) in the saturation region (Vp,i,=1 V). As
684 shown in Fig. 12, while negative ions induce a shift of the
685 threshold voltage toward higher values, positively charged
686 impurities shift it down to lower values. The explanation of
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FIG. 12. (Color online) Saturation threshold voltage, V;, as a function of the
position of the p- and n-type impurities along the channel.
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such a behavior is quite simple. Since the majority carriers 58
are electrons, positive charged impurities introduce a poten- 68
tial well that favors the flow of the current, while negative 689
impurities appear as potential barriers which tend to block 690
the transmission of electrons. A dependence of the saturation 691
threshold voltage on the position of the impurities along the 692
channel can also be observed (see Fig. 12). As a negative 693
(positive) dopant is displaced from drain to source, the 694
threshold voltage is increased (decreased) in a nonlinear way 695
due to an increment of the height (depth) of the induced 696
potential deformation that is less and less masked by the 697
applied drain voltage. As shown in Fig. 12, positive impuri- 698
ties generate less variation in the threshold voltage than 699
negative ones in NFET devices (the opposite is expected to 700
occur in PFETS). 701

IV. CONCLUSIONS 702

The atomistic nature of matter is an important source of 703
random variations on the performance of electron devices 704
scaled to the nanometer scale. In this work, we have focused 705
on one of the most promising device structures to reach the 706
limit of CMOS with sufficient electrostatic control, the quan- 707
tum wire DG-FET. This device is very robust from the point 708
of view of the control of short-channel effects. Nevertheless, 709
since its dimensions are very small, its performance is 710
strongly influenced by fluctuations in the number, sign, and 711
position of impurities. To avoid the use of the mean-field 712
approximation and the arbitrary separation of the e—i inter- 713
action into short-range and long-range terms, we have stud- 714
ied the impact of single impurities using an exact treatment 715
of the e—e and e-i interactions in the framework of MP MC 716
simulation. We have revealed the significant impact of the 717
sign and position of the impurity along the transistor channel 718
not only on the threshold voltage but also on hidden aspects 719
of electron transport such as the distribution of the current in 720
the channel cross-section, the transmission probabilities and 721
the distribution of transit times, which finally determine the 722
intrinsic speed of the device. Comparison with more standard 723
simulations which assume a time-independent mean-field ap- 724
proximation has allowed us to reveal the importance of an 725
accurate treatment of the e—e interactions in the study of 726
DDIF in nanometer scale devices. The correlations between 727
electrons in these ultrascaled systems are very strong and 728
have significant impact on the electron transport, in general, 729
and on the DDIF, in particular. Finally, let us emphasize that 730
many efforts are being done in the literature to improve the 731
treatment of electron (and electron—atom) correlations on the 732
description of the band structure for electron devices in 733
(ground-state) equilibrium conditions. On the contrary, in 734
this work we open a new path to study the effects of e—e (and 735
e—i) correlations in the current measured in nanoscale elec- 736
tron device under (applied bias) far from equilibrium condi- 737
tions. Future work will improve the treatment of confinement 738
and exchange interactions’" in the many particle strategy pre- 739
sented here. 740
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741 APPENDIX A

742 1. SP HAMILTONIAN FOR AN OPEN SYSTEM

743 In order to highlight the importance of accurately ac-
744 count for the e—e time-dependent coulomb correlations,
745 throughout the discussion of the results we compare our MP
746 approach with a particular mean-field approach. In this ap-
747 pendix we want to describe such a mean-field approach.
748 The SP approach consists on a mean-field treatment of
749 the e—e interaction described by the next Hamiltonian
N(1)

H(f)l? ’FN(I)’ﬁh 7ﬁN(t)’t) = E {K(ﬁk) + 4 W(Fk)}
k=1

750 (A1)

751 Comparing Egs. (5) and (A1), let us notice that the potential
752 W(7,) has no longer a subscript k, neither a time dependence.
753 The potential profile, W(Fk), describing the electrostatics of
754 the problem is now time-independent and equal to the aver-

755 age (over time and particles) value of the MP potential pro-
756 file, i.e.,

1 7 N(@t)
W)= ——| 2 W) - dr, (A2)
757 T-NiT)Jy 1=

758 where T— o and N4(T) is the total number of electrons that

759 have been involved in the QWDG-FET during T. W(7,1) is
760 defined as in Egs. (6) and (7). The static potential profile
761 appearing in Eq. (A2) is only capable of capturing the mean
762 behavior of the system electrostatics.

763 Once the electrostatic potential is defined, the time-
764 dependent 3D electron dynamics are computed using the
765 Hamilton equations in Egs. (8) and (9). In particular, we can
766 obtain the (Newton-type) description of the SP classical tra-
767 jectory 7] in the real space through

768  m-Ut]=pt] (A3)

769 and

dplt _
P _g ).
770 dt i

(A4)

771 exactly in the same way as in the MP case (see Sec. II).
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Electric power in nanoscale devices with full Coulomb
interaction
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SUMMARY

An accurate reformulation of the electric power in quasi-ballistic (classical or quantum) scenarios is
deduced within an explicit many-particle treatment of the Coulomb interaction. The traditional definition
of the electric power is compared with the new formulation presented here for classical bulk, quantum well
and quantum wire double-gate MOSFETSs by means of 3D many-electron Monte Carlo simulations. The
accurate results with the many-electron approach show not-negligible discrepancies when compared with
the conventional definition. Such small discrepancies become very important when the single-transistor
power is multiplied by the huge number of transistors present in the state-of-the-art integrated circuits.
Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Power consumption is one of the main drawbacks when scaling down any new technology [1, 2].
In the last few years, the electronic development is being driven not only by the desire of
improving circuit density and speed but also of reducing power consumption. The ITRS has
identified this last constraint as one of the top three overall challenges for the next 15 years [3].
In this sense, accuracy is a mandatory requirement when predicting electric power in the active
region of a MOS transistor because the results of the single transistor are then extrapolated to
the large number of transistors in present-day CPUs.

For any set of electrons (for example, a nanotransistor), the dynamic of one particular
electron is coupled to all other electrons because of their mutual Coulomb interactions. This
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indicates that the electrostatic force made over each particular electron depends on the
instantaneous position of the rest of charges. In other words, and hence that the trajectory
followed by a particular electron depends on the trajectories followed by the rest of the electrons.

From a computational point of view, the direct solution of such a many-electron Coulomb-
interacting system is usually inaccessible. In most electron transport models, the standard
solution to overcome this computational barrier is based on assuming that electrons move
according to a unique ‘average’ potential profile (the so-called mean field approximation). This
is the strategy used in the traditional Monte Carlo method applied to study electron transport in
semiconductor electron devices, where the Coulomb interaction is separated into two parts
[4-7]. The first part is the long-range Coulomb interaction that is included in a mean-field
solution of Poisson equation in the real space. The second part is the short-range Coulomb
interaction that is usually taken into account perturbatively (i.e. approximately) in the
reciprocal space via the consideration of electron-electron scattering rates.

Nowadays, in state-of-the-art nanometric electron devices, the output current is carried by
very few electrons inside very small (nanometric) regions. One can expect that the simulation
of electron devices using the mean-field approximation is not accurate enough for power
estimations. Many works are being devoted to deeply understand the energy consumption in
both, on/off and switching states. However, to our knowledge, the energy consumption problem
from a perspective beyond the mean-field approach has not been addressed in the literature.
This is the goal of this seminal manuscript.

After this introduction, in the second section of this work, we present an accurate
reformulation of the electric power in ballistic (classical or quantum) nanoscale devices based on
a direct solution of the many-particle equation of motion of the system by solving a particular
Poisson equation for each electron. A third section is devoted to a numerical comparison
between the standard expression for the electric power and the new reformulation. In particular,
we use a numerical simulation of a double-gate quantum-wire FET (1D DG-FET), a double-
gate quantum-well FET (2D DG-FET), and a double-gate bulk FET (3D DG-FET). The final
part is dedicated to summarize the most important conclusions of this work.

2. ELECTRIC POWER IN CLASSICAL AND QUANTUM ELECTRON DEVICES

We consider a system of N(¢) electrons inside a volume Q. Here we are especially interested on
the application of our results to nanoscale electron devices and, hence, we consider the volume Q
as the active region of a DG-FET (see Figure 1). Each clectron is defined by a particular
trajectory 7i[f] and velocity ¥;(¢) = V;(¥i[f]). When dealing with pure quantum systems, the
previous definitions are ascribed to a quantum (Bohm) trajectory [8, 9].

In order to treat Coulomb interaction among electrons exactly, we have to avoid the electron
self-interaction that arises from the resolution of a common Poisson equation for all electrons.
Hence, we solve a particular Poisson equation for each electron:

VA(eVi(7, 1) = pi(F, 1) (M

where V(F, t) represents the electrostatic potential ‘seen’ by the i-th electron and p,(7, f) accounts
for all charges except the i-th electron [10] (in the present work the assignation of charge will
follow a cloud-in-cell scheme) The parameter ¢ is the permittivity. From expression (1), it can be

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)
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Source z

Gate -
Vas Drain

Figure 1. Schematic representation of the DG-FET geometry from source to drain.

easily inferred that the force over each electron is ¢; - E«(7, 1), which does not account for the self-
interaction because each electron has its own electric field.

Now, the work done to ‘move’ the i-th electron from the initial position, 7;[0], to a final
position, 7], is

Wio) = /0 g - VEID - EFIOL D) - df @)

Then, our original reformulation of the many-electron electric power, computed as the time-
derivative of this work, can be written as

Pooi(t) = qi - ViFl1]) - EiFil1), 1) ?3)

where ji(f) = ¢; - Vi(f) can be understood as the current density associated to the i-th charge.
Note the subindex m-e indicating that we are using a many-electron formulation. A simple
integration over the whole volume Q gives the total electric power for this particular region
of space

N(1)

Puce(t) =D qi - ViFH) - EFL]. 1) )
i=1

where N(¢) is the number of electrons in the volume Q at time ¢. Let us notice the use of N(r)
different electric fields in (4). On the contrary, the standard definition of electric power assumes
the following mean-field approximation, E(?, 1) x E(?, t); a common electric field for all
electrons. For the particular mean-field model we are considering, E(7,) is defined from the
solution of a single Poisson equation,

VAV (7, 0) = p(F, 1) ©)

where p(7, t) accounts for all charges (the charge assignment follows a cloud-in-cell scheme in the
same way as in the exact treatment).

Using (4) and the previous approximation, (5), one obtains the standard definition of the
power

N()

Pa i) = | BG0-0-d = 3 g 50)- Gl ©)
i=1
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where J(7, 1) = vaz(i) q; - Vi(7, ) - 6(F — (1)) is the total conduction current density in the volume
Q. To compare these different expressions (4) and (6) for the electric power it is convenient to
define the error between the mean-field approximation and the exact many-electron i-th electric
field as:

AE(F,1) = E(F, 1) — E7,0) ()
Hence, the error AP(t) = Py — Py_r when defining (6) as the time-derivative of the work
done over a set of N(¢) charges in Q is:
N()
AP() =" q; - ¥i(0) - AE(F[1, 1) ®)
i=1

Notice the dependence of the error on the number of electrons, N(f), the electron velocity,
Vi(t), and the value of AE;(¥[1], ?).

3. NUMERICAL COMPUTATION OF THE ELECTRIC POWER

In this section, we evaluate the differences on the electric DC power obtained from the accurate
many-electrons (m-e) method, (4), and the approximate mean-field (m-f) method, (6), within an
electron device Monte Carlo simulation of a 1D DG-FET, a 2D DG-FET and a 3D DG-FET.

3.1. Device description

We consider a Monte Carlo simulation for a DG-FET electron device (see Figure 1), where
electron transport (from source to drain) takes place along a Silicon (100) orientation channel,
at room temperature. In particular, the electron mass is taken according to the six equivalent
ellipsoidal constant energy valleys of the silicon band structure [11, 12]. The effective masses of
the ellipsoid are m}k = 0.9163 my and m? = 0.1905 my with my the free electron mass. For details
on the particular effective mass taken by the electrons in each direction and valley, see reference
[13, 14]. The dimension of the channel of the device depicted in Figure 1 are L, W, and T.
We consider three different geometries with different degrees of electron confinement in order
to be able to deal with a bulk device (3D), a quantum well (2D), and a quantum wire (1D).
When W and T are much larger than the electron de Broglie wave length, the active region is a
three-dimensional (3D) system (bulk) and there is no restriction in the possible values of the
energies of an electron in each of the six valley. The total electron energy for a particular
valley is E = E.+E,, where the energies E, and E, are defined in the parabolic approach as
E, :ﬁzky /(2m,) and E,| :ﬁzk_‘, /(2my,) +ik. /(2my). On the other hand, for a small enough value
of T, the system becomes a two-dimensional 2D (quantum well) and the total electron energy for
one particular valley of the first sub-band is £ :ﬁzkx/(Zm,)—i-EL, where E | :ﬁzky/(Zm,)+E§’D.
The energy Ei, =R*n2/(2m;T?) is the minimum quantized energy level of the first sub-band,
whose value is Ei, =0.103eV for T'=2nm. The energy of the second sub-band is
Ej, =0.410eV. Under this conditions only two identical valleys become relevant, and
although energies above the first level can be reached at high drain bias, in this particular
work we assume that only the first energy sub-band is available. In this sense, our numerical
results would be slightly modified for supplied drain voltages beyond 0.5eV. We assume, in
addition, that the electron velocity in the z-direction is zero due to the electron confinement.
This last statement can be formally justified, for example using Bohm trajectories, when the

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)
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probability presence in the z-direction does not change with time. The main approximation here
is assuming that the single-particle wave-function is separable in the 3D space and that only one
subband is relevant for electron transport. Finally, when 7 and W are both small enough, the
active region becomes a 1D system (a quantum wire) and the energy of an electron in one
particular valley is E =%k, /(2m;)+E{,, where E!, =*n®/(2m,W?)+i*n* /(2m T?) represents
the minimum energy of the first sub-band, whose value is E{,, = 0.182¢V for 7=2nm and
W = 5nm. The energies of the next lowest sub-bands are EY,, = 0.418eV or E{, = 0.489¢V. As
in the previous case (2D system), although energies above the first level can be reached at high
drain bias, we assume that only this first energy sub-band is available. Again only two valleys
become relevant.

The details of the geometries, doping, and simulating parameters of the three simulated
devices can be found in Table I.

3.2. Numerical simulation algorithm

All simulations use a 3D finite-difference Poison solver scheme. The whole volume Q2 mentioned
in Section 2 is now understood as the active region drawn in Figure 1 and is divided into
Nx-Ny- Nz cells. Each 3D cell has spatial dimensions DX, DY, and DZ. Thus, the active region
of our simulating device has a volume equal to (Nx-DX)-(Ny-DY)-(Nz-DZ)=L-W -T.
A total number of cells, Nx- Ny- Nz, in the order of 100 and a number of electrons, N(¢), about
20-50, implies a simulation time on the order of 3—4h for each bias point within our many-
electron algorithm, while it takes 20-30 min within the mean field approximation.

The boundary conditions of the Poisson equation on the six rectangular surfaces of the
volume Q of Figure 1 are defined using either Dirichlet or Neumann arguments. In general, on
the interfaces air-silicon, Neumann boundary conditions are used with the educated guess that
the component of the electric field normal to the surface is zero there. The continuity of the
displacement vector normal to the surfaces justifies this assumption at the boundaries when the
relative permittivity inside Q is much higher than the corresponding value outside. On the other
hand, at the four metal interfaces (drain, source, and two gates) we use Dirichlet boundary
conditions. In order to avoid charge imbalance on the source and drain contacts, at each
simulation time, we slightly modify the value of the conduction band in order to increase/
decrease the electron injecting probability [15].

Table I. Main parameters of the Monte Carlo simulation for the 1D, 2D, and 3D DG-MOSFET.

Magnitude 3D bulk 2D quantum well 1D quantum wire

Channel dimensions (nm) L 15 15 15

w 10 10 5

T 8 2 2
Spatial step (nm) DX 1.5 1.5 1.5

DY 2.5 2.5 1.6

DZ 2 1
Doping (cm ™) Channel 2% 10" 2% 10" 2% 10"

Contact 2x10" 2x10" 2x 10"
Simulation time (s) T 3x 10710 4x10°1° 5% 10710
Temporal step (s) Dt 2% 10716 2% 10716 2% 10716
Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)
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When dealing with our many-particle model, the numerical algorithm for solving the
dynamics of an ensemble of interacting electrons is quite close, but not identical, to the standard
Monte Carlo method applied to semiconductor electron devices. In the later, a unique Poisson
equation is solved at each time step of the simulation, while in our many-electron method we
solve N(¢) Poisson equations with N() different boundary conditions and charge densities [10].
In addition, our numerical algorithm includes electron confinement. We also use an injection
model applicable to systems with arbitrary electron confinement, valid for degenerate and non-
degenerate systems [13].

3.3. Main results

Our reformulation of the electric power can be applied to switching or maintenance logic states
in a CMOS circuit. In this work we deal with a simple ON state of a DG-FET, focusing on the
computation of the DC electric power consumption.

Figure 2 shows this characteristic curves computed by means of the exact many-electron
method, for the 1D, 2D, and 3D DG-FETs mentioned in the Section 3.2 (schematically
represented in Figure 1). The computation of the electric power has been carried out within the
saturation region of this I-V characteristic. Power results are presented in Figures 3 and 4.
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Figure 2. Current—voltage characteristic for the simulated 1D DG-FET (a), 2D DG-FET (b), and 3D DG-

FET (c), computed by means of the exact method (m-e). For a fixed drain voltage (1 V), five different gate

voltages have been considered in (a) and (b) (—0.25, —0.10, 0.05, 0.20, and 0.35V), and other five different
gate voltages have been considered in (c) (0.0, 0.15, 0.30, 0.45, and 0.60 V).
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Figure 3. Time evolution of the power consumption in the 1D DG-FET (a), 2D DG-FET (b), and 3D DG-
FET (c), for the two computational methods at Vyain = 1 V and Vyue = 0.05 Vin (a) and (b), and Vyae =0V
in (c). Dashed line refers to the many-electrons method and solid line refers to the mean-field method.

Figure 3 presents a zoom of the instantaneous time-dependent electric power defined as (4)
and (6) for the three geometries mentioned in Table I at low-gate voltages. Even when decreasing
the supplied voltage at the gates, differences between both methods remain instantaneously
appreciable. The disagreement between the many-particle and the mean-field method become
larger when the lateral area of the DG-FET is increased. The explanation of this divergence lies
on the presence of a higher number of electron in the active region (see expression 8).

Figure 4 presents time averaged DC values of the power consumption per transistor on the
saturation region (V4in = 1 V) as a function of the gate voltage. At the same time, we represent the
differences between the exact (m-¢) method and the approximated (m-f) method defined
in (8). Roughly speaking, for higher gate voltages we find higher longitudinal electric fields and,
consequently, electron velocities rise. This is why differences become larger in magnitude (there is an
irrelevant negative sign in Figure 4) when the applied gate voltage is increased. Again, the increment
on the number of electrons in the channel region due to an enlargement of the lateral area makes the
upper limit of the sum in (8) grow. Hence, we find the largest discrepancies for the 3D system.

Differences on a single transistor are in the order of 0.12, 0.24, and 0.55 uW for the 1D, 2D,
and 3D systems respectively. Nevertheless, when we multiply these errors per transistor by the
number of transistors present in a CPU (approximately 10° transistors), the global error in the
estimation of the consumption is dramatic. In particular, the computation of the electric power
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Figure 4. Time averaged (DC) values for the electric power computed from the many-electron method and
the mean-field approach in a single 1D DG-FET (a), 2D DG-FET (b), and 3D DG-FET (c). Differences
between time averaged powers, < P> ean-field A1d < P> any-electrons, ar€ also presented in absolute values.

consumption by means of the mean-field approach leads an erroneous prediction per CPU
around 150, 240, and 550 W for 1D DG-FETs, 2D DG-FETs, and 3D DG-FETs respectively.
At the same time, not only the prediction of the electric power grows (in magnitude) as the gate
voltage rises, but also the difference between both methods. This non-linearity of the error is
quite relevant because it implies that extrapolations carried out with mean-field approximations
can lead to erroneous predictions.

4. CONCLUSIONS

Although power consumption is an extremely important parameter in scaling down electronic
technology, its standard predictions are based on approximate expressions that can become
inaccurate in some scenarios. A reformulation of the electric power is presented for (classical or
quantum) electron devices within a many-particle formulation of the Coulomb interaction [10].
When many-electron and mean-field simulations are carried out, results show subtle differences
per transistor for the simulated 1D, 2D, and 3D DG-FET. Nevertheless, the multiplication of
the error-per-transistor by the huge number of them present in a CPU makes estimation of
power consumption within a mean-field framework quite inaccurate.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)
DOI: 10.1002/jnm


Guille
C


ELECTRIC POWER IN NANOSCALE DEVICES

ACKNOWLEDGEMENTS

This work has been partially supported by the Ministerio de Ciencia e Innovacion through project N.
MICINN TEC2009-06986.

—_

5. REFERENCES

. Frank DJ. Power-constrained CMOS scaling limits. IBM Journal of Research and Development 2002; 46(2/3):235.

2. Horowitz M et al. Scaling, power, and the future of CMOS. In Electron Devices Meeting, 2005. IEDM Technical

Digest. IEEE International, Washington, DC, December 2005.

. International Technology Roadmap for Semiconductors, 2008 Update.
. Jacoboni C, Reggiani L. The Monte Carlo method for the solution of charge transport in semiconductors with

applications to covalent materials. Reviews of Modern Physics 1983; 55:645-700.

. Anil KG, Mahapatra S, Esiele 1. Electron-electron interaction signature peak in the substrate current versus gate

characteristic of n-channel silicon MOSFETs. IEEE Transactions on Electron Devices 2003; 49(7):1283—1288.

. Gross WJ, Vasileska D, Ferry DK. A novel approach for introducing the electron-electron and electron-impurity

interaction in particle-based simulations. IEEE Electron Device Letters 1999; 20(9):463—465.

. Wordelman CJ, Ravaioli U. Integration of a particle- particle-mesh algorithm with the ensemble Monte Carlo

method for the simulation of ultra-small semicondcutor devices. IEEE Transactions on Electron Devices 2000;
47(2):410-416.

. Oriols X . Quantum-trajectory approach to time-dependent transport in mesoscopic systems with electron-electron

interactions. Physical Review Letters 2007; 98:066803.

. Kobe DH. Quantum power in de Broglie-Bohm theory. Journal of Physics A: Mathematical and General 2007,

40:5155.

. Albareda G, Sufie J, Oriols X. Many-particle Hamiltonian for open systems with full Coulomb interaction:

application to classical and quantum time-dependent simulations of nanoscale electron devices. Physical Review B
2009; 79:075315.

. Jacoboni C, Reggiani L . The Monte Carlo method for the solution of charge transport in semiconductors with

applications to covalent materials. Reviews of Modern Physics 1983; 55:645.

. Sverdlov V, Oriols X, Likharev K . Effective boundary conditions for carriers in ultrathin SOI channels. /JEEE

Transactions on Nanotechnology 2003; 2:59.

. Oriols X, Fernandez-Diaz E, Alvarez A, Alarcon A . An electron injection model for time-dependent simulators of

nanoscale devices with electron confinement: application to the comparison of the intrinsic noise of 3D-, 2D- and
1D-ballistic transistors. Solid State Electronics 2007; 51:306.

. Biittiker M. Scattering-theory of thermal and excess noise in open conductors. Physical Review Letters 1990;

65:2901.

. Lopez H, Albareda G, Cartoixa X, Sufi¢ J, Oriols X. Boundary conditions with Pauli exclusion and charge

neutrality: application to the Monte Carlo simulation of ballistic nanoscale devices. Journal of Computational
Electronics 2008; 7(3).

AUTHORS’ BIOGRAPHIES

Guillem Albareda Piquer received his Bachelor Degree in Physics from the
Universidad Autonoma de Barcelona (Spain) in 2006 and a Master in Micro and
NanoElectronics from the Universidad Autonoma de Barcelona in 2007. He is
currently elaborating his PhD thesis at the Computational Nanoelectronics group at
the Department d’Enginyeria Electronica at Universidad Autonoma de Barcelona.
His present research activity is focused on the numerical simulation of classical/
quantum transport in nanoelectronic devices.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)

DOI: 10.1002/jnm



Guille
C


G. ALBAREDA, A. ALARCON AND X. ORIOLS

Alfonso Alarcon Pardo received his Bachelor Degree in Physics from the Universidad
Autonoma de Barcelona (Spain) in 2007 and a Master in Nanotechnology from
Universidad Autonoma de Barcelona in 2009. He is currently elaborating his PhD
thesis at the Computational Nanoelectronics group at the Department d’Enginyeria
Electronica at Universidad Autonoma de Barcelona. His present research activity is
focused on the numerical simulation of quantum transport in nanoelectronic
devices.

Dr. Xavier Oriols received his BS, MS degree in Physics from the Universitat
Autonoma de Barcelona (Spain) in 1993 and 1994 respectively. During 1997, he
worked at the Institute d’Electronique, Microelectronique and Nanotechnology
(France) on the simulation of resonant tunneling devices. He received his PhD
degree in Enginyeria Electronica from the Universitat Auténoma de Barcelona
(Spain) in 1999 and the Diploma d’Estudis Avangats in Signal Theory and
Communications from Universitat Politécnica de Catalunya in 2001. During 2001
and 2002 he was a visiting professor at the State University of New York (USA)
working on the simulation of nanomosfets. He is currently an associate professor at
the Department d’Enginyeria Electronica in the Universitat Auténoma de Barcelona.
He is the author or co-author of over 100 contributions for scientific journals and
conferences in the field of semiconductor device physics. In 2008, he received the
prize for young investigators in the framework of the Spanish I3 Program. His present research is focused
on the time-dependent simulation of electron correlations (high-frequency and noise) in nanoelectronic
devices and the inclusion of ‘first principles’ band-structure techniques in the modelling of electron
transport for nanoelectronic applications.

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)
DOI: 10.1002/jnm


Guille
C


PHYSICAL REVIEW B 79, 075315 (2009)

Many-particle Hamiltonian for open systems with full Coulomb interaction: Application to
classical and quantum time-dependent simulations of nanoscale electron devices

G. Albareda, J. Suiié, and X. Oriols*

Departament d’Enginyeria Electronica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
(Received 12 July 2008; published 17 February 2009)

A many-particle Hamiltonian for a set of particles with Coulomb interaction inside an open system is
described without any perturbative or mean-field approximation. The boundary conditions of the Hamiltonian
on the borders of the open system [in the real three-dimensional (3D) space representation] are discussed in
detail to include the Coulomb interaction between particles inside and outside of the open system. The many-
particle Hamiltonian provides the same electrostatic description obtained from the image-charge method, but it
has the fundamental advantage that it can be directly implemented into realistic (classical or quantum) electron
device simulators via a 3D Poisson solver. Classically, the solution of this many-particle Hamiltonian is
obtained via a coupled system of Newton-type equations with a different electric field for each particle. The
quantum-mechanical solution of this many-particle Hamiltonian is achieved using the quantum (Bohm) trajec-
tory algorithm [X. Oriols, Phys. Rev. Lett. 98, 066803 (2007)]. The computational viability of the many-
particle algorithms to build powerful nanoscale device simulators is explicitly demonstrated for a (classical)
double-gate field-effect transistor and a (quantum) resonant tunneling diode. The numerical results are com-
pared with those computed from time-dependent mean-field algorithms showing important quantitative

differences.

DOI: 10.1103/PhysRevB.79.075315

I. INTRODUCTION

The exact computation of a system of interacting elec-
trons is extremely complicated!? because the motion of one
electron depends on the positions of all others (i.e., electrons
are correlated®). Thus, the prediction of the collective behav-
ior of many electrons is still a very active field of research in
nanoelectronics, quantum chemistry, nanobiology, quantum
computing, materials science, etc. Several theoretical ap-
proximations have been proposed to improve the treatment
of electron-electron correlations.

In quantum systems in equilibrium, the time-independent
mean-field approximation appears as a successful solution to
treat a set of interacting electrons. It simplifies the exact
many-particle potential by an average or mean potential® that
transforms the many-body Schrédinger equation into a much
more simple set of time-independent single-particle
Schrodinger equations. The Hartree-Fock method*? is a suc-
cessful example of such approximation. However, by con-
struction, the correlations among electrons can only be
treated approximately. In principle, the density-functional
theory®’ provides an exact path to deal with full electron
correlations using single-particle potentials. However, since
the exact form of the single-particle potentials®® is un-
known, an educated guess for these average single-particle
potentials is needed in all practical algorithms. Therefore,
again, the electron-electron correlations are treated
approximately.®

The accurate treatment of the electron-electron correla-
tions in electric circuits is even a more difficult issue!!~2¢
because we deal with nonequilibrium open systems!'~!3
(where the system interchanges energy and particles with its
environment). In fact, the Coulomb interaction among elec-
trons is directly not considered in many quantum transport
formalisms'"*'? under the assumption that the open system

1098-0121/2009/79(7)/075315(16)
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behaves as a Fermi liquid.'* The well-known Landauer
approach!>1° is a very successful example of the applicabil-
ity of this assumption. Nevertheless, the Fermi-liquid para-
digm has difficulties dealing with high-frequency,'’!”
low-dimensionality,"? or Coulomb blockade regimes.'"!® On
the other hand, the nonequilibrium Green’s-function formal-
ism (also referred to as the Keldysh formalism) provides an
interesting path to solve the Schrodinger equation with the
Coulomb interaction introduced perturbatively.!” Alterna-
tively, under the assumption that the system behaves like a
capacitor, one can use a simple linear relationship between
the number of electrons and the electrostatic potential in a
particular region to introduce partially Coulomb effects.!>!3
The mean-field approximation appears again as a solution for
electron transport. For example, an average single-particle
time-independent potential profile can be computed, self-
consistently, from the set of wave-function solutions of a
single-particle time-independent Schrodinger equation.>!?
This represents a zero-order approximation (sometimes
called the Hartree* approximation) to the complex problem
of electron-electron correlations. Additionally, remarkable
efforts have been done by Biittiker and co-workers?*2? to
include Coulomb interaction in their scattering matrix ap-
proach by applying different many-body approximations to
provide self-consistent electron-transport theories with over-
all charge neutrality and total current conservation. Finally,
extensions of the equilibrium density-functional theory to
deal with electron transport, by means of a time-independent
formalism,? or with a powerful time-dependent version*-26
can also be found in the literature. The exact exchange-
correlation functionals needed in both formalisms are un-
known and they have to be approximated. Therefore, in all
the descriptions of nonequilibrium quantum systems men-
tioned here, the electron-electron correlations are approxi-
mated to some extent.

©2009 The American Physical Society
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For classical electron devices, the electrostatic interaction
among electrons is commonly obtained from an explicit so-
lution of the Poisson (Coulomb) equation. However, again,
this does not provide an exact treatment of the classical
electron-electron  correlations but only an average
estimation.?’?8 It is well known that the solution of a classi-
cal many-particle system can always be written as a coupled
system of single-particle Newton-type equations. However, a
classical mean-field approximation is explicitly assumed in
semiclassical transport simulators in order to deal with a
unique average electrostatic potential for all electrons.”’ A
successful application of the classical mean-field approxima-
tion appears, for example, in the semiclassical Boltzmann
equation that describes the time evolution of the electron
distribution function in a one-electron phase space.?” The use
of a unique electric field (i.e., a unique average electrostatic
potential) in the Boltzmann equation neglects the correct
electron-electron correlations because each electron “feels”
its own charge.?®3? A powerful time-dependent technique to
solve the Boltzmann equation is the semiconductor Monte
Carlo method applied to electron devices.?’

In this work, we are interested in revisiting the computa-
tion of an ensemble of Coulomb-interacting particles in an
open system without any of the approximations mentioned in
the previous paragraphs. With this goal, we have developed
an exact many-particle Hamiltonian for Coulomb-interacting
electrons in an open system in terms of the solutions of the
Poisson equation. To our knowledge, the type of develop-
ment of the many-particle Hamiltonian proposed in this pa-
per has not been previously considered in the literature be-
cause, up to now, it was impossible to handle the
computational burden associated with a direct solution of a
many-particle Hamiltonian. Here, we present a classical and
also a quantum solution of the many-particle Hamiltonian,
both of which are applicable to realistic three-dimensional
(3D) electron devices. The classical solution is obtained by
solving a coupled system of Newton-type equations with a
different electric field for each particle. The quantum solu-
tion of the many-particle Hamiltonian is obtained from the
use of quantum trajectories.>® The merit of the quantum so-
lution is certainly remarkable because, nowadays, the com-
putational burden associated with the direct (i.e., without any
approximation) solution of the many-particle wave function
is only accessible for very few (2,3,...) electrons.'2 Our
quantum algorithm is able to treat electron dynamics without
any (mean-field or perturbative) approximation in the de-
scription of the electrostatic interaction among a larger num-
ber (~50) of electrons. In this paper, we present the classical
and quantum algorithms together because they solve exactly
the same many-particle Hamiltonian and both share many
technical details (such a 3D Poisson solver to treat spatial-
dependent permittivity scenarios) in their implementation
into realistic 3D electron devices.

After this introduction, the rest of the paper is divided as
follows. In Sec. II, we write the many-particle Hamiltonian
for an ensemble of electrons in an open system. We discuss
the role of the boundary conditions on the borders of the
open system to include the Coulomb interaction between par-
ticles inside and outside of the open system in Sec. III. In
Sec. IV, we discuss the solution of the many-particle Hamil-

PHYSICAL REVIEW B 79, 075315 (2009)

tonian in classical scenarios. The path for the quantum solu-
tion is provided in Sec. V using quantum (Bohm) trajecto-
ries. In Sec. VI, we show the numerical results for the
classical and quantum solutions of the many-particle Hamil-
tonian for nanoscale electron devices and we compare the
results with time-dependent mean-field approximation. We
conclude in Sec. VII. Appendixes A and B discuss the tech-
nical details of the image-charge method and mean-field ap-
proximation.

II. MANY-PARTICLE HAMILTONIAN IN OPEN SYSTEM

In this section, we develop an exact expression for the
many-particle Hamiltonian that describes a set of electrons in
an open system. Throughout this paper, we will assume that
the magnetic field is negligible and that the particle velocity
is small enough to assume a nonrelativistic behavior. In ad-
dition, in order to provide a discussion valid for either clas-
sical or quantum systems, we will assume spinless particles.
Let us clarify that the exchange interaction is always present
in a system of identical particles (electrons), but it will not be
mentioned in this section because it does not affect explicitly
the expression of the (first-quantization) many-particle
Hamiltonians discussed here. The exchange interaction is in-
troduced into the symmetry (when electron positions are in-
terchanged) of the many-body wave function. We will briefly
revisit this issue in Sec. V when dealing with the quantum
solution.

A. Many-particle Hamiltonian for a closed system

First, we start our discussion with a set of M particles in a
closed system. The many-particle Hamiltonian contains ki-
netic plus Coulomb energies,

M M
- . - L] .
H(rl, N 7841 ,pM)=E K(pk)-'-EE qi* V(rk,rj)
k=1 j=1
J#k

(1)

The factor % that appears in the second term of the right-hand
side is due to the fact that each two-particle interaction is
counted twice [i.e., V(ry,r;) is identical to V(r;,7;)]. The con-
dition j # k takes into account the obvious restriction that a
particle cannot interact with itself. The kinetic energy K(p;)
that appears in Eq. (1) is defined, for a classical system, as

1

K(py) = (P’ (2a)
2- my
while for a quantum system
> o
K(py) =- V. 2b
(pk) 7. m, T ( )

Let us notice that the position and momentum in Hamil-
tonian (1) can be either classical variables, 7, and p, in Eq.
(2a), or quantum (real-space representation) operators, 7; and
—ifiV; in Eq. (2b). In particular, it is important to emphasize
that when we refer to r, as the electron position, we are not
referring to a fixed position but a variable vector. On the

075315-2


Guille
D


MANY-PARTICLE HAMILTONIAN FOR OPEN SYSTEMS...

S'(Drain)
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FIG. 1. (Color online) Schematic representation of the volume
Q=Lx-Ly-Lz and its limiting surface S={S', 52, ...,S%}. There are
N(t) particles inside and M —N(z) outside this volume. The vector 7
points an arbitrary position at the boundary surface S'.

contrary, when we are interested in specifying a fixed elec-
tron position, we will write 7,[t]. The parameter m; is the
particle mass that, in Sec. VI, will be understood as the par-
ticle effective mass. Identically, we define the Coulomb po-
tential in Eq. (1) as

V T
(T ) 4778|rk |

where g; is the particle charge and € is the permittivity. Al-
though we are always thinking about electrons in semicon-
ductors, the development of this section is valid for arbitrary
particles with different masses and charges.

A complete electronic circuit (including the devices, the
wires, and the batteries) behaves as a closed system with a
large (M — ) number of electrons. However, since we can
only deal with a finite number of electrons, we restrict our
system to a small part of the circuit, for example, the channel
of a transistor. Thus, we need to develop the Hamiltonian
that describes the dynamics of a subensemble of the whole
set of M particles in an open system inside a limited volume
Q (see Fig. 1).

B. Many-particle Hamiltonian for an open system

We divide the previous ensemble of M particles into a
subensemble {1,2,3,...,N(¢)} of particles whose positions
are inside the volume () and a second subensemble {N(?)
+1,...,M} which are outside it (see Ref. 34). We assume
that the number of particles inside, N(z), is a time-dependent
function that provides an explicit time dependence in the
many-particle (open-system) Hamiltonian. As drawn in Fig.
1, we assume a parallelepiped where the six rectangular sur-
faces S={S',52,...,5% are the boundaries of {). Along this
paper, we use 7 as the “boundary” vector representing an
arbitrary position on the surfaces S'.

Since we are only interested in the dynamics of the first
N(¢) particles, the kinetic energy and the Coulomb interac-
tion between the particles of the second subensemble do not
appear in the new Hamiltonian of the open system. Never-
theless, the Coulomb interaction between particles of the first
and second subensembles must explicitly appear. Thus, the
many-particle Hamiltonian for the first N(¢) particles can be
written as

PHYSICAL REVIEW B 79, 075315 (2009)

H(}_’)l, ’FN(t)’p_)l’ ’ﬁN(t)’t)
N(1) 1N(t)
=2 K(ﬁk)+52 g V(7)) + E qi- V()
k=1 j=1 J=N(®+1
j#k

(4)

Let us notice also that the factor % disappears in the last term
of Eq. (4) because there is no double counting of interactions
between electrons inside and outside (). For convenience, we
rewrite Eq. (4) as

H(Fl» 7;N(t)’p_)l’ 95N(t)7t)
N(1) N(t)
= 2 K@p) + 2 g V(ir )+ E qi- V(7))
j=1 J=N(1)+1
Jj*k
N(t)
__E i - V(rk’ . (5)
jik

Although up to this point we have discussed the many-
particle Hamiltonian in terms of the Coulomb force, this ap-
proach is inconvenient to deal with solid-state scenarios with
a spatial-dependent permittivity.3>3® For this reason, we re-
write our many-particle Hamiltonian in terms of the more
generic Poisson (or Laplace) equation, which can be applied
to systems with (or without) a spatial-dependent permittivity
[by substituting € — &(7) in the Poisson equation].

Each term V(r,r;) that appears in Eq. (5) can be explic-
itly obtained from a Poisson (or Laplace) equation inside the
volume (). Then, using the superposition property of the
Poisson (or Laplace) equations, we can rewrite Eq. (5) as

H(;l’ ’FN(I)’I;I’ ’ﬁN(t)’t)
N(t)
:2 K(ﬁk)-l_qk'wk(;l’ "'9FN(t)’t)
k=1
N(1)
-2 a Vi), (6)
2j=l
j#k
where the term W (7|, ..., 7}, ..., Fy() is a particular solution

of the following Poisson equation:

V}Z:k{{-: . Wk(;l’ ’;N(t))}: pk(719 ’;N(t))' (7)

The term py(7y, ..., y) in Eq. (7) depends on the position
of the first N(7) electrons,>*
N(1)
~5;N(t)):qu'5(;k_;j)a (8)
j=1

JjFk

pi(Fiy oo T

but Eq. (8) is independent of the position of the external
particles because they only affect the boundary conditions of
Eq. (7). Let us notice that there are still terms, V(ry,r;), in
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Eq. (6) that are not computed from Poisson equation but
from Eq. (3). However, we will show that these terms
V(7 ;) have no role in the classical (i.e., Sec. IV) or quan-
tum (i.e., Sec. V) solutions of Eq. (6).

By construction, comparing Eqgs. (5) and (6), the term
Wi(Fy, ... .Fx@),1) can be rewritten as

N(t)

M
’FN(t)»t): 2 V(;k»’_:j)"' 2 V(rr).  (9)
j=1

i=N(1)+1

Wilry, ...

Jj#Fk

The dependence of W, (7}, ...,Fy(),t) on the positions of the
external particles is explicitly written in the last sum in Eq.
(9), while in Eq. (7) this dependence is hidden in the bound-
ary conditions of Wy(ry,..., 7, ..., y) on the surface §
={S",S?,...,5%. In fact, the boundary conditions are a deli-
cate issue that we will discuss in Sec. III. Finally, we want to
remark that this discussion is valid for either classical or
quantum Hamiltonians because the expression (9) [or its
equlvalent definition in (7) and (8)] of W (ry, ..., y(.1) at
FlseoesThs .. TNy is identical for a classical or a quantum
system.

III. BOUNDARY CONDITIONS FOR THE
ELECTROSTATIC POTENTIAL Wy (Fy, ... sFi_1sFsFist s Py o)
ON THE BORDERS OF THE OPEN SYSTEM

Since we want to deal with solutions of the Poisson equa-
tion [Eq. (7)] the boundary conditions for the N(7) terms
Wi (r, .. rk,.. ."xn(y) have to be specified on the border
surface S {st, 52 ,5%. Such boundary conditions will
provide, somehow, 1nformat10n on the electrostatic effect
that outside electrons [i.e., N(f)+1,...,M] have on the elec-
trons inside ). In order to provide a clear notation for dis-

cussing the boundary conditions of Wi(Fy,..., 7, ... (),
we d1st1ngulsh between the  “source”  vectors
FloersTpe l,rk+1,rN(,) and the additional “observation” vector

r that runs over all space.® In particular, the electrostatic
potential that appears in Hamiltonian (6) is defined as the
value of the potential Wi(ry,... 71,7, 41, N, 1) at the
particular position r=ry,

Wk(rh ,rk_l,rk,rk+1,rN(,),t)

= Wk(;li e ’;k—l’F»;k+l’;N(t)’t)|F:Fk' (10)

Our goal is to find an educated guess for all the N(¢) terms
Wi(Fy, ..o Fot s Fo Trg1 P - 1) at all observation points 7=7"
on all surfaces [=1,...,6. For example, the information of
such boundary conditions can come from the value of the
total voltage (due to internal and external electrons) at posi-
tion 7 and time ¢ We define the total voltage
B(Fy....,Fn(s --- s Ty T 1) as the electrostatic potential asso-
ciated to an additional probe charge ¢, situated on that
boundary, =7, € S’ (see Fig. 2). The electrostatic poten-
tial “seen” by this extra charge due to the presence of the rest

of the particles is just

PHYSICAL REVIEW B 79, 075315 (2009)

B, Py 7 1)

Ty O*
FIG. 2. (Color online) The electrostatic — potential
B(fl,...,FN(t),...,FM,Fl,t) measured on a surface S’ at position 7

and time 7 (due to internal and external electrons) by an additional
probe charge gy, situated on the boundary =7, € S’

M

i) = > |{GYRERD]
j=1

B(Fr. .. Py ..

z
M=

(11)

where the expected restriction j # M +1 is hidden in the limit
of the sum.

Once relationship (11) is established, we can easily define
the boundary conditions of any of the N(z) electrostatic po-

tential ~ Wi(ry,....7,....,7yp)  from  the  function
B(Fi,.... N - ,7y»7,1). In particular, from Eq. (9), we
know that

Wi(ry, ... ’;k—l9;s;k+1’FN(t)9t)|F:FI

M

= 2 V(7. 7) = B(Fy, ... iy Pat) = V(7).
J=1
Jj*k

I=1,...,6. (12)

The discussion done here is valid for either classical or quan-
tum systems (see Ref. 37). In the previous discussion we
have assumed Dirichlet boundary conditions; however it is a
straightforwardly procedure to develop the same argumenta-
tions for Neumann boundary conditions.

The reader can be surprised by the fact that the right-hand
side of expression (12) tends to infinite, V(#,7,) — %, when
7,— 7. However, when 7,—7, the extra particle at 7
=7y €5, will also provide an infinite value of the electro-
static potential, i.e., B(Fy,... . (s --- Py, 1) — 0, due to
the presence of the k particle on the surface. Therefore, the
first infinite, V(#,7,) —°, is canceled by the second infinite,
B(Fy,....TN)s - .7y ,1) — 2. This discussion will be rel-
evant in Sec. VI when we discuss the numerical implemen-
tation of these boundary conditions.
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B(F e Py 71 1)

s

)

7o ;
w2 Gove Imaginary particles

FIG. 3. (Color online) The imaginary charges q(y. 1y and gy,
located outside the volume () at ;(N+l)’ and 7/, together with the
real particles inside () reproduce the electrostatic potential
B(Fy,....n()» --- s Fag, 7 1) on all [ surfaces.

Up to here, our argumentation might seem somehow
tricky. We have defined the value of W,(r|,....7,...,7y) s
on the volume boundaries without mentioning the position of
the external particles but wusing the function
B(Fy,...,Fx()» --- »Far- 7 1) which is unknown. This strategy
transforms the complexity of finding the boundary conditions
of N(t) electrostatic potential Wy(ry,...,7,...,Fy() into pro-
viding an educated guess for a unique function
B(Fys ... sTN@ys - 7.7, 1). In our numerical results in Sec.
VI, we will fix B(ry,.... 7y, - ,7y.7,1) based on standard
arguments for electron devices. We will assume a uniform
value of the voltage on the [ surface independent of
the external electrons, B(ry,....PN@ys -+ T 7,1)
~B!(F|,....Fy@.1). Such value can be obtained taken into
account the voltage fixed by the external battery and the
requirement of charge neutrality at the contacts.?>-8

Finally, we want to enlighten the physical interpretation of
the many-particle Hamiltonian (6) and boundary conditions
of Eq. (12) developed here. To do this, we compare our ap-
proach with the image-charge method applied to electron
transport. The image-charge method is a basic solving tool in
electrostatics®® that has been successfully applied, for ex-
ample, in the calculation of the electric field in field-emission
devices* or the barrier-reduction in the metal-semiconductor
Schottky contacts.*’ The name of the method originates from
the replacement of certain “real” charges by a set of few
“imaginary” charges that replicate the real boundary condi-
tions at the surface (see Fig. 3). From the uniqueness theo-
rem of electrostatics,’® once the charge of the 1,...,N(f)
particles inside a volume is fixed and the correct electrostatic
potential (or electric field) is specified at the boundaries of
that volume, B(ry, ... .7xq), .- 7.7, 1), the solution of the
Poisson equation inside the volume is unique and does not
depend on whether the external charges are real or imagi-
nary. Then, according to the image-charge method, the elec-
trostatic potential seen by the k particle is equal to the elec-
trostatic potential generated by the sum of the imaginary plus
the real particles except the k particle. Thus, identically to
our many-particle Hamiltonian, the image-charge method
goes beyond the mean-field approximation (discussed in Ap-
pendix B) because each particle feels its own potential pro-
file that excludes the Coulomb interaction with itself. In Ap-
pendix A, we show in detail that the boundary conditions in
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Eq. (12) are identical to the boundary conditions found with
the image-charge method.

However, although the outcome of the image-charge
method and our many-particle Hamiltonian are identical, the
Hamiltonian presented in this paper has an unquestionable
advantage over the image-charge method: the former can be
directly implemented into practical 3D electron device simu-
lators as we will see in Sec. VI while the latter cannot. For
example, let us consider the numerical simulation of the tran-
sistor done in Sec. VI. The system consists in a large number
(~20) of electrons inside a volume () limited by surfaces
{s',82,...,5%} with Dirichlet and Neumann boundary condi-
tions. Then, the exact application of the image-charge
method faces up to the following serious difficulties. The
computation of the imaginary charges in an arbitrary surface
(different from the standard infinite plane whose imaginary
charges are found in textbooks*!) is not at all obvious.*> Let
us notice that each imaginary charge that provides the correct
value of the Neumann boundary condition on S’ does also
affect the Neumann (or Dirichlet) boundary condition on all
other surfaces {S',S?,...,5°. Finally, even after assuming
that we would be able to find somehow the density distribu-
tion of imaginary charges that reproduces simultaneously the
boundary conditions on all six surfaces, the practical appli-
cation of this method in a time-dependent simulator with a
3D Poisson solver (to be able to deal with spatial-dependent
permittivity scenarios) would require simulating much more
particles (the real plus the imaginary) in a larger simulation
box (to include the location of those imaginary particles out-
side of ). In summary, the image-charge method is an ex-
cellent approach to obtain analytical expression for the
many-body description of electron transport in simple sys-
tems (such as one electron crossing an infinite ideal*' metal-
lic surface), but it is not practically possible to implement it
in simulators for actual 3D electron devices.*> On the con-
trary, as we will show in our numerical result in Sec. VI, the
many-particle Hamiltonian (6) and the boundary conditions
of Eq. (12) can be implemented in a extremely simple and
transparent way in, either classical or quantum, realistic elec-
tron device simulators using a 3D Poisson solver for arbi-
trary surfaces.

IV. EXACT MANY-PARTICLE HAMILTONIAN FOR
CLASSICAL OPEN SYSTEMS

In this section, we discuss the classical solution of the
many-particle open-system Hamiltonian of expression (6).
Interestingly, the results obtained here can partially be used
for the quantum solution of the many-particle Hamiltonian
developed in Sec. V.

The classical description of the particle dynamics sub-
jected to the many-particle Hamiltonian (6) can be computed
by using the well-known Hamilton’s equations. In particular,
we can obtain the (Newton-type) description of the classical
trajectory r;[t] in the real space through
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dpi1] . ..
——=[=V:H(ry, ... ,Fn()s D1y -
dr [ r: (7 N(1)»P1
drit] - I
j =[V;H(ry, ... .Pn@)P1s -

For the many-particle Hamiltonian studied in this work, ex-
pression (13b) gives the trivial result m-v,[¢]=p,[t], while the
evaluation of expression (13a) requires a detailed develop-
ment. We know that the 7; gradient of the exact many-particle
Hamiltonian (6) can be written as

N(t)
[ViHikin=| Vi 2 L di WilFrs - o Fae)
k=1

N(r)

1 .
-5 2 e V) L4
2
j=1
j#k R=R{1]
We define the multidimensional vector I$=(71, TN O

account, in a compact way, for the classical trajectories of
N(1) electrons, R[1]=(ry[t], ..., ryq[t]). Substituting the defi-

nition of Wy(ry, ... ,7y(.?) done in expression (9) into Eq.
(14), we find
N(t) M
[ViHlpogin=| Vil 22 ¢V(Fr) + 2 V(7R
=1 J=N()+1
J#i
N(r)
~Vi2 g V| (15)
=1
Jj#i R=R[1]

Note the elimination of the factor % in the last term of the
right-hand part of Eq. (15) that accounts for those terms
i V(ry.rj) in Eq. (14), where 7 # r; and r;=7; that are iden-
tical to the term g¢;- V(r;,7) in Eq. (15). For the same reason,
we include a factor 2 on the first term of right hand of Eq.
(15). From expressions (9) and (15), we realize that

[ViHlg=gin = [VEWi(F1s - i) IR (16)

Only the term W(r|,...,7y)) of whole Hamiltonian (6) be-
comes relevant for a classical description of the i particle. In
fact, since we only evaluate a r; gradient, the rest of particle
positions can be evaluated at their particular value at time ¢,
i.e., 7,— (] for all k#1i. Therefore, we define the single-

particle potential W,(r;,7) from the many-particle potential as

Wi(;i,f) =Wir e, ..., 7 e, 7l ,;N(t)[t])-
(17)

We use a “hat” to differentiate the (time-dependent) single-
particle electrostatic potential from the many-particle poten-
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PN DIF [ =1 (13a)

PN DIF = [ =1 (13b)

tial. Each i term of the single-particle electrostatic potential,
Wi(7:,1), is a solution of one particular 3D-Poisson equation,

Vile(F) - WiFuD)] = piFt), (18)

where the single-particle charge density is defined as

N(t)
pi(rst) = > 61]5(;1' - ril)), (19)
j=1

J#Fi

and the boundary conditions [Eq. (12)] are adapted here as

Wi(;[’t)h[:;l = BI(FI[I]’ e »FN([)[I]’I) - V(Fl’ ;t[t])’
I=1,....6. (20)

where we  have included the  approximation
B(Fys .oy PGy - s P T D) =B(Fy, ..., Fy(y,1) mentioned in
Sec. III. Let us remind that expressions (17)—(20) provide an
exact treatment of the many-particle correlations in classical
scenarios. They imply a coupled system of Newton equa-
tions. The N(f) Newton equations are coupled by N(z) Pois-
son equations. Therefore, as mentioned in Sec. I, the many-
particle Hamiltonian of Eq. (6) can be written exactly
(without mean-field approximation) as a sum of single-
particle Hamiltonian for classical scenarios,

N(1)
H(FI’ ’;N(I)’ﬁl? ’ﬁN(t)’t) = 2 {K(ﬁk) + 4 Wk(Fkat)}'
k=1

21

The term W,(7,,1) in Eq. (21) means that each particle “sees”
its own electrostatic potential (or electric field), which is dif-
ferent from that of others.

V. EXACT MANY-PARTICLE HAMILTONIAN FOR
QUANTUM OPEN SYSTEMS

The many-particle open-system Hamiltonian developed in
expression (6) is also valid for quantum systems. In this sec-
tion, we will explain its practical quantum solution using the
recent quantum (Bohm) trajectory formalism in Ref. 33. For
convenience, we rewrite the many-particle Hamiltonian in
Eq. (6) as
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N(1) 2
H(Fl""’;N(t)’t)= E—
k=1

Vi L UG, .. Fymt) [
2~mk 7 (l N(r))

(22)

where we explicitly write the electron momentum as
ﬁk=—iﬁV;k in the kinetic energy [as mentioned in Eq. (2b)].
According to Eq. (6), the many-particle electrostatic poten-
tial U(ry, ..., y(),1) is defined as

N(t)
U(Fl, ’FN(t)J) = E qri Wk(;l’ ,;N([),t)
k=1

1 N(1)
- 52 ar - V(7 L. (23)
j=1

Jj#k

Then, the many-particle time-dependent Schrodinger equa-
tion that provides the many-particle wave function,
O(ry, ..., y@),1), which describes the electron dynamics as-
sociated to our many-particle (open-system) Hamiltonian, is

) 5(1)(;1, ’;N(t)’t)
h——————— =

+U(;1?H~’FN(t)’t) 'CI)(;D'”?FN(t)?t)-

(24)

The practical utility of expression (24) in understanding
quantum scenarios can seem quite doubtful because its direct
solution becomes computationally inaccessible for more than
very few electrons.'>*3 However, one of the authors has re-
cently developed a transport formalism®? in terms of Bohm
trajectories that simplifies the complexity of evaluating Eq.
(24).

Some introductory explanations about Bohm trajectories
in single-particle and many-body scenarios can be found in
Refs. 44-47. Here, we go directly to the main result of Ref.
33 where it is shown that a many-particle electron Bohm
trajectory 7,[] computed from the many-particle wave func-
tion, ®(ry,...,ryq.1), solution of the Eq. (24) can be
equivalently computed from the single-particle wave-
function W ,(7,,1) solution of the following single-particle
Schrodinger equation:

oV (v .t h2 L - L -
AL )={— V2 + U7 R[110) + GoFp R 11.0)
ot 2-m ‘a

+i- Ja(?aﬁa[t],t)}‘lfa(a,t), (25)

where we have defined R [t]={r\[t],7,_i[t],Fuilt]. FAl1]. 1}
as a vector that contains all Bohm trajectories except 7,[t].
The exact definition of the other potentials that appear in Eq.
(25), Ga(Fa,IEa[t],t) and Ja(fa,lsa[t],t), can be obtained from
Ref. 33. The total many-particle electrostatic potential in Eq.
(24) has been divided into two parts,
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UGF R [1),0) = U7 R0 + UpR [0, (26)

From expressions (9) and (23), we realize that Uu(Fu,ﬁa[t],t)
can be greatly simplified as

N(1) M
Ua(;wRa[t]at) = 22 9a V(;a’;j[t]) + E 9a- V(Fa7;i[t])
j=1 i=N(t)+1
Jj#a
N(r)
- 2 9a- V(;m’_:j[t]) = Wa(;asRa[t]’t)' (27)
j=1
Jj#a
The rest of the terms V(r[¢],7[]) of expression (26) appear

in U,,(Isa[t],t) and they are included in the potential

G,(r,,R[t],t). However, this term U,(R,[t],f) has no role
on the single-particle wave function ¥ ,(7,,7) because it has
no dependence on 7, and it only introduces an irrelevant
global phase on W (7,,1).

Let us notice that, in the right-hand side of expression
(27), we have used the same definition of the potential profile
as in classical expression (17). The only difference here is

that Isa[t] are not classical trajectories but quantum (Bohm)
trajectories. Therefore, the computation of the potential pro-
file W,(7,,R[f],r) that appears in the single-particle
Schrodinger equation [Eq. (25)] just needs 3D Poisson equa-
tions [Egs. (18) and (19)] with the boundary conditions [Eq.

(20)]. Interestingly, since the term W,(r,,R,[t],7) is com-
puted from a Poisson equation, our quantum-trajectory algo-
rithm can also be directly extended to spatial-dependent per-
mittivity systems.

In fact, in order to effectively solve the Schrodinger equa-
tion [Eq. (25)], we need to know the position of the rest of
Bohm particles R, [t]={r[t],7,_i[t],7,1[t], 7N £],1}. There-
fore, all N() Bohm trajectories have to be computed simul-
taneously within a system of N(r) Schrodinger equations
coupled by N(z) Poisson equations. The keystone of our
quantum-trajectory algorithm is that, in order to find 7,[7],
we do not have to evaluate the electrostatic potential,

U(Fy, ...,y 1), and the wave function, ®(ry, ... ,7yq).1),
everywhere in the N-multidimensional configuration space
{F1,....Fas ., Fy» 1}, but only over a smaller number of

configuration points where all positions of electrons are
fixed, R,[t], except r,, ie., {rlt],....7y, ..., ;’yplt].1}. We
want to remark that the full (short- and long-range) Coulomb
interaction present in Eq. (6) is considered explicitly in Eq.
(25) without any (mean-field or perturbative) approximation.

Finally, according to the summary done in Sec. I of this
work, we want to emphasize the similarities between the
(open-system) Bohm-trajectory computational algorithm dis-
cussed in Ref. 33 and the (electron-transport version)
density-functional theory mentioned in Sec. I. For the latter,
the decomposition of the many-particle system into a set of
coupled single-particle Schrodinger equations is exact and
demonstrated by the Hohenberg-Kohn-Sham theorem.®’
However, from a practical point of view, the exact exchange-
correlation functionals that appear in the single-particle
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Schrodinger equations are unknown and, therefore, require
some approximation. Identically, in the quantum (Bohm) tra-
jectory algorithm, the use of single-particle Schrodinger
equation [Eq. (25)] is exact to treat many-particle system as
demonstrated in the theorem considered in Ref. 33. However,

the exact values of the terms G,(r,,R,[t],f) and

J(7,,R,[t],?) that appear in Hamiltonian (25) are unknown
(because they require the partial knowledge of the shape of
the many-particle wave function). Thus, from a practical
point of view, they need to be approximated by some edu-
cated guess as in the density-functional theory.

Finally, the exchange interaction among the (fermions)
electrons can also be considered in the present quantum al-
gorithm. A brief explanation of how the exchange interaction
can be introduced in the present quantum (Bohm) trajectory
algorithm is mentioned in Ref. 33, but the discussion of this
issue is far from the goal of the present paper.

VI. NUMERICAL RESULTS FOR THE MANY-PARTICLE
HAMILTONIAN IN CLASSICAL AND QUANTUM
ELECTRON DEVICES

In Secs. I-V of this paper, a many-particle Hamiltonian
has been developed for an arbitrary ensemble of particles
with Coulomb interaction among them. In this section, our
numerical examples will deal with electrons in solid-state
semiconductors. Therefore, first of all, we have to specify
under what approximations the theoretical many-particle
Hamiltonian developed in the first part can be used to de-
scribe solid-state semiconductors. Only the dynamics of the
free electrons will be studied in our numerical results. The
interaction with the rest of the charges (associated to core
electrons and ions) will be considered as average polarization
charges via a spatial-dependent permittivity.>® We do also
assume an effective mass*® for the free electrons that ac-
counts for their interaction with the periodic atomic structure
under the standard Born-Oppenheimer approximation*® (that
neglects the interaction of valence electrons with other kind
of particle such as phonons). These are reasonable approxi-
mations in most electron-transport models of ballistic
devices.'>?’

We solve the many-particle (open-system) Hamiltonian
from expression (6) to compute the current-voltage charac-
teristic for classical and quantum electron devices. We use
the classical algorithm discussed in Sec. IV for the simula-
tion of a double-gate field-effect transistor’® (DG-FET),
while we use the quantum algorithm discussed in Sec. V for
a resonant tunneling diode*” (RTD). As mentioned above, no
phonon, impurity, or roughness scattering mechanism is in-
cluded in the simulations and only the full Coulomb interac-
tion is considered explicitly. In order to emphasize the im-
portance of our treatment of the -electron-electron
correlations in such nanoscale devices, we will compare
these current-voltage characteristics with the results obtained
with a time-dependent “mean-field” approach that will be
discussed in Appendix B. We refer to “many-electron” re-
sults to describe the simulation done with either classical
(Sec. IV) or quantum (Sec. V) algorithms that requires solv-
ing N(r) Poisson equations with N(z) different boundary con-

PHYSICAL REVIEW B 79, 075315 (2009)

ditions and charge densities [expressions (17)—(20)] at each
time step. Alternatively, we refer to the time-dependent
“mean-field” results when a single Poisson equation [expres-
sions (B1)—(B4)] is solved for all electrons at each time step
of the simulation.

For all simulations (quantum, classical, mean field, or
many electron), the same electron injection model is used.
We use an injection model applicable to systems with arbi-
trary electron confinement, which is a time-dependent ver-
sion of the Landauer boundary conditions, valid for degen-
erate and nondegenerate systems. We inject electrons
according to the Fermi-Dirac statistics defined by a Fermi
level (an electrochemical potential) deep inside the
contacts.®® The applied bias provides a difference between
the values of the Fermi level at each injecting surface. Our
injection model, coupled to the boundary conditions of the
Poisson equation, also ensures charge neutrality at the
contacts.?

All simulations use a 3D finite-difference Poisson solver
scheme. The whole volume () of the active region drawn in
Fig. 1 is divided into Nx-Ny-Nz cells. Each 3D cell has
spatial dimensions of DX, DY, and DZ. Thus, the active re-
gion of our simulating device has a volume equal to
(Nx-DX)-(Ny-DY)-(Nz-DZ)=L,-L,-L,. The boundary con-
ditions of the Poisson equation on the six rectangular sur-
faces S={S',5%,...,5° of Fig. 1 are defined using either
Dirichlet or Neumann arguments. In general, on the surfaces
S5, 83, S5, and S, Neumann boundary conditions are used
with the educated guess that the component of the electric
field normal to the surface is zero there, El(Fl,t) -n'=0, where
n' is a unit vector normal to the mentioned surfaces and
pointing outward. The continuity of the displacement vector

normal to surfaces justifies the assumption E'(#,7)-n'=0 at
the boundaries when the relative permittivity inside €} is
much higher than the corresponding value outside. On the
other hand, in the surfaces S; and S, of Fig. 1 we use the
Dirichlet boundary conditions discussed in Sec. III,
B'(Fy, ..., Tx.),1), with final expression (20).

Finally, a technical remark about the application of ex-
pression (20) in the classical or quantum many-electron
simulations is mandatory. Strictly speaking, our assumption
that the potential at one particular surface is position inde-
pendent, B(Fi,...,Tx(), .. Tar. 7o) =BUF, . Py 1), s
not completely accurate because we known from the discus-
sion in Sec. III that the original function
B(ry,....Tn@» - ,Fy.7,1) in expression (11) has to repro-
duce, somehow, the atomistic charge distribution on the
surface.*! In particular, one can expect
B(Fy,....nps - .7y ,1) — % when the electron is close to
the border, r,— 7. However, due to our ignorance about the
atomistic description of the contact interface,*! we apply the
boundary conditions [Eq. (20)] assuming that the distance
between 7, and 7 is always greater than 1 nm (this value is
interpreted as a measure of range of the atomistic
pseudopotential® in the spatial-dependent permittivity sce-
narios discussed here).

A. Classical simulation of two-electron system: Many electron
versus mean field

In this section we will explain the origin of the important
differences that will appear later between the mean-field and
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FIG. 4. (Color online) Potential energy profile W,o,,(7,1) com-
puted with a 3D Poisson solver using the classical mean-field ap-
proximation on the plane X-Y of the active region Q=(20 nm)? at
z=6 nm at 0.4 fs. The solid points are electron positions.

many-electron algorithms using a simple semiclassical two-
electron system. We consider one electron (labeled as one
electron) injected from the source surface, S,, at an arbitrary
position. A second electron is injected, arbitrarily, from the
drain surface, §;. A battery provides an external voltage
equal to zero at the drain and source surfaces. A 3D cubic
system with a volume of Q=(20 nm)? is considered as the
active device region. We consider silicon parameters for the
numerical simulation. Within the mean-field approximation

only the potential profile Wi, (7,1) is calculated for the two-
electron system using expressions (B1)—(B4). Then, we real-
ize from Fig. 4 that each electron can be reflected by an
artificial alteration of the potential profile related to its own
charge. In Figs. 5 and 6 we have plotted the energy potential

profile seen by the one electron, Wl(?l,t), and by the two

electron, Ws(75,1), using the many-electron algorithm de-
scribed by expressions (17)—(20). Electrons are not affected
by their own charge. We clearly see that, within the mean-
field approximation, electrons can be unable to overcome the
large potential barrier that appears at their own position (due
to their own charge). In addition, the simple results confirm
that the mean-field error is equal to expression (B7), i.e., the

Source
14
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4 T
6 8101214161820 A
X Position (nm)

NS N A O ®

FIG. 5. (Color online) Potential energy profile of the one elec-
tron, W, (7, ,1), with the many-electron algorithm in the plane X-Y of
the active region (2=(20 nm)? at z=6 nm at 0.4 fs. The solid point
is the one-electron position.
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FIG. 6. (Color online) Potential energy profile of the two elec-
tron, W (7,, ), with the many-electron algorithm in the plane X-Y of
the active region Q=(20 nm)> at z=6 nm at 0.4 fs. The solid point
is the two-electron position.

error of the mean-field potential profile at each position of
the active region is Error,(r,1)=V(r,r[t]).

Finally, a discussion about the role of the spatial mesh
used for the numerical solution of the Poisson equation is
relevant. For an electron device with a length of hundreds of
nanometers, we need a mesh of the 3D active region with
spatial step DX~DY~DZ>10 nm to deal with not more
than 1000 nodes in the numerical solution of the Poisson
equation. This computational limitation in the resolution of
the potential is present when solving either the mean-field or
the many-electron algorithm. With such spatial resolution,
the short-range interaction is missing in both procedures be-
cause two electrons inside the same spatial cell will not repel
each other. In addition, the error between both procedures,
Error,(r,t)=V(r,{t],), is reduced because the numerical
Coulomb potential profile is smoothed due to the low reso-
lution [i.e., the diameter of the region where V(7,7{¢],) has a
strong influence is shorter than the cell dimensions]. There-
fore, we obtain roughly identical results with both schemes.
In the subplots of Fig. 7, the same electron trajectory is pre-
sented for different mesh resolutions. As can be seen, for the
best mesh resolution (DX=DY=DZ=2 nm), the differences
between both treatments are maximized due to the important
spurious autoreflection effect found in the mean-field trajec-
tory. On the other hand, as the resolution of our mesh is
reduced, differences between both treatments disappear, giv-
ing roughly equal trajectories for cell dimensions above 5
nm.

In summary, when the spatial cells are large, the mean-
field and the many-electron schemes correctly model the
long-range Coulomb interaction, but both neglect the short-
range component. On the contrary, with smaller spatial steps
DX~DY~DZ<5 nm, the many-electron resolution takes
into account long- and short-range Coulomb interactions cor-
rectly, whereas the description of the short-range component
within the mean-field approximation is completely incorrect
(i.e., electrons are repelled by themselves). In other words,
when DX,DY,DZ—0 the mesh error in our many-electron
algorithm reduces to zero, while the error in the mean-field
approach tends to infinite, Error,(7,f)— % (see a schematic
summary of the explanation of this discussion in Fig. 8).
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FIG. 7. (Color online) Electron trajectory computed with the
mean-field (circles) and the many-electron (squares) algorithms for
four different mesh resolutions. (a) DX=DY=DZ=2 nm, (b) DX
=DY=DZ=4 nm, (¢) DX=DY=DZ=6 nm, and (d) DX=DY
=DZ=8 nm.

Finally, it is important to remark that the electron trajec-
tories in Fig. 7 are computed using the classical scheme of
Sec. IV, but the electrostatic potential profiles are computed
from a 3D Poisson solver that is identical for the classical or
quantum algorithms. Therefore, the conclusions drawn here
for the classical algorithm can be directly extrapolated to our
quantum algorithm. In the classical algorithm, the wrong po-
tential profile of Fig. 4 affects the electric field [Egs. (13a)
and (13b)] that modifies the electron dynamics. Identically,
the wrong mean-field potential in expression (25) will affect
the solution of the Schrodinger equation that will modify
Bohm trajectories.

B. Classical simulation of a double-gate field-effect transistor

Now, we use the classical solution of the many-particle
Hamiltonian (6) to provide a full simulation’! for the DG-
FET depicted in Fig. 9. Electron transport in the x direction
(from source to drain) takes place along a silicon (100) ori-
entation channel at room temperature. In particular, the elec-
tron mass is taken according to the six equivalent ellipsoidal
constant energy valleys of the silicon band structure.?’-° The
effective masses of the ellipsoid are m;=0.9163m, and m,
=0.1905m,, with m as the free-electron mass. For details on

Error, (l’,t)
1 1
Long-range | Long-range
+ -
Short-range #e percell >1

“mean-field” (1 Poisson Eq.)

#e percell=0or1 1 “many-electron” (N Poisson Eq.)

5nm DX

FIG. 8. (Color online) Schematic representation of the errors in
the mean-field and the many-electron approaches as a function of
the size of the discretization mesh.
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FIG. 9.
DG-FET.

(Color online) Schematic representation of the

the particular effective mass taken by the electrons in each
direction and valley see Ref. 38. The dimensions of the chan-
nel of devices L, and Ly are both small enough, so that the
active region becomes an effective one-dimensional (1D)
system (a quantum wire) and the energy of an electron in
one particular valley is E=#7%k./(2m,)+E{,, where E,
=ﬁ2ﬂ'2/(2m,L§)+fi2w2/(2m,L§) represents the minimum en-
ergy of the first subband, whose value is E,=0.182 eV for
L,=2 nm and L,=5 nm. The energies of the next lowest
subbands (E{,=0.418 eV or E{;=0.489 eV) are assumed
high enough to keep a single band simulation. Therefore, we
use a 3D Poisson solver for electrostatic, but a 1D algorithm
to describe the velocity of each electron in the x direction.
Due to the lateral electron confinement, the velocities in the
y and z directions are zero.”> We solve N(f) 1D Newton
equation [Eq. (13)] coupled by N(¢) 3D Poisson equation
[Eq. (18)].

We obtain the transistor current-voltage characteristics by
computing the time evolution of many interacting electrons
inside the 1D DG-FET. The classical many-electron algo-
rithm is compared with the classical mean-field one. The
details of the simulation are described in Table 1. A total
number of cells, Nx-Ny-Nz, on the order of 1000 and a num-
ber of electrons, N(z), about 20-50, implies a simulation time
on the order of 3—4 h for each bias point,>® while it takes
20-30 min within the mean-field approximation.

TABLE I. Parameters for the DG-FET depicted in Fig. 9.

Units Symbol Value
Lengths (nm) L, 15
(nm) L, 5
(nm) L, 6
(nm) Lg; 2
(nm) Wox 2
Spatial step (nm) DX 3.0
(nm) DY 1.6
(nm) DZ 1.0
Relative permittivity Air 1.0005
Oxide 3.8000
Silicon 11.7514
Doping (em™3) Channel Intrinsic
(cm™) Contact N* 2x10"
Simulation time (sec.) T 5% 10710
Temporal step (sec.) Dt 2x 10710
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FIG. 10. (Color online) Average current for the 1D DG-FET of
Fig. 9 using the many-electron and mean-field algorithms. The open
ellipses include results with the same gate voltage indicated on the
left.

In Figs. 10 and 11 average values for current and number
of particles are presented for different gate and drain volt-
ages. When the FET remains under subthreshold region, the
results are quite similar for both methods. However, interest-
ingly, the average current of the FET system in the sub-
threshold region predicted by the many-electron algorithm is
slightly larger than the result obtained by the mean-field ap-
proximation. In other words, the mean-field results remain in
the subthreshold region, while the many-electron results
show a DG-FET channel partially opened. In any case, the
most important differences occur for higher gate voltages. In
order to understand the results, we have to remind that the
DG-FET tends to behave as a capacitor where the charge
inside the channel is controlled by the gate voltage. In addi-
tion, the charge at the contacts is controlled by the injection
process that achieves local charge neutrality there. Therefore,
the number of electrons inside the channel tends to be iden-
tical within both methods. However, the average current that
is sensible to electron dynamics is higher with the many-

6 T T T T T T T T T T T T

—eo— "mean-field" i
—m— "many-electron”

Number of electrons

0 n n 1 1 1 1 n n
00 02 04 06 08 10 12
Drain Voltage (V)

FIG. 11. (Color online) Average number of particles inside the
active region of the DG-FET of Fig. 9 using the many-electron and
mean-field algorithms. The open ellipses include results with the
same gate voltage as indicated on the left of Fig. 10.

PHYSICAL REVIEW B 79, 075315 (2009)

TABLE II. Parameters for the RTD depicted in Fig. 12.

Units Symbol
Lengths (nm) L, 6.4
(nm) L, 9.0
(nm) L, 9.0
Barrier dimensions (eV) High 0.5
(nm) Lyen 2.4
(nm) Wharrier 1.6
Relative permittivity Air 1.0005
GaAs 13.1800
AlGaAs 11.7760
Spatial step (nm) DX 0.20
(nm) DY 1.12
(nm) DZ 1.12
Doping (cm™3) Channel Intrinsic
(cm™) Contact N* 2% 10"
Simulation time (sec.) T 2% 10710
Temporal step (sec.) Dt 1x 1077

electron method than with the mean-field approximation be-
cause fewer electrons are reflected in the former (i.e., there
are no electrons reflected by its own charge). For the highest
gate voltages, equal results for the mean current are obtained
for both methods.

C. Quantum simulation of a resonant tunneling diode

In this section, we will provide a numerical example of
the solution of the quantum many-particle Hamiltonian (6)
for an ensemble of electrons in a RTD of Fig. 12. We again
compare our many-electron method with the mean-field ap-
proximation. We consider a RTD composed of two highly
doped drain-source GaAs regions, two AlGaAs barriers, and
a quantum well (see Table II). We assume a constant effec-
tive mass m=0.067my, with m, as the electron free mass
along the whole structure. Transport takes place from emitter
to collector in the x direction. The lateral dimensions are
small enough to consider electron confinement in y and z
directions.’> The energy of an electron in one particular
valley is E=#%,/(2m)+E{,, where E‘{D=h2ﬂ2/(2mL§)
+h22/(2mL?) represents the minimum energy of the first
subband, whose value is E{,=0.137 eV for L.=9 nm and
L,=9 nm. The energies of the next lowest subbands are in-
accessible to electrons (E{,=0.551 eV or E{,=1.239 eV).
Again, room temperature is assumed.

The practical quantum algorithm for the RTD implies
solving numerically N(z) time-dependent single-particle 1D
Schrodinger equation [Eq. (25)] for the transport direction x.
Due to the confinement in the lateral directions, we assume
that the Bohm velocity in y and z directions is negligible.>?
Since expression (25) deals with time-dependent potential
profiles, its solution must be computed with a numerical
finite-difference scheme method (see the numerical algo-
rithm presented in Appendix A of Ref. 54). In particular, as
discussed in Ref. 33, we assume the zero-order Taylor ap-
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FIG. 12. (Color online) Schematic representation of the
RTD.

proximations Ga(Fa,Ifa[t] N =G, (r[t],R,[t],1) and
J (7, R (1], =T, (7 [t],R,[t],1) in expression (25). We do
also emphasize that the term U,(7,,R,[],) that appears in
Eq. (25) contains the full (long and short ranges) Coulomb
interaction with the particular boundary conditions devel-
oped in Sec. III. All Schrodinger equations are coupled by
N(r) 3D Poisson equations with N(¢) different boundary con-
ditions and charge densities [expressions (17)—(20)]. The to-
tal number of cells, Nx-Ny- Nz, on the order of 1000, and the
number of electrons, N(z), about 10-20, implies a computa-
tional time on the order of 2-3 days for each bias point,>?
while it takes 10 h within the mean-field approximation. The
calculations of the mean-field approximations and our many-
electron approach are identical except in the computation of
the potential profile. In the former a unique potential profile
is computed, while in the later there is one potential profile
for each electron. Finally, let us notice that we consider reso-
nant tunneling, electron confinement, and Coulomb interac-
tion in our quantum solution of the many-particle Hamil-
tonian, but we do not include the exchange interaction
among electrons. The algorithm to include such interaction
in our quantum (Bohm) trajectory proposal is presented in
Ref. 33.

In Fig. 13 average values for current are presented for
different biases with the many-electron and mean-field algo-
rithms. We compute the average current at each bias point
using a detailed version of the Ramo-Shockley theorem>* in
surface S4 (emitter) and surface S1 (collector). As expected,
identical results are obtained from both surfaces showing the
numerical accuracy of our simulator. When the RTD remains
far from the resonant voltage, the results are quite similar for
both methods, but the many-electron approach provides a bit
higher current because it avoids the self-reflected electrons in
the contact that are found in the mean-field approach, as
mentioned previously in Figs. 4—6. On the contrary, in the
resonant region, the correct consideration of the electron-
electron interaction is very relevant because the quantum
transport is very sensible to the quantum well electrostatics.
Now, the potential profile determines the shape of the quan-
tum well and, therefore, the resonant energies [dashed hori-
zontal line in insets (a) and (b) of Fig. 13] of the electrons.
When a “mean-field” electron tries to traverse the “empty”
double barrier structure, it “feels” a perturbation in the quan-
tum well due to its own charge implying an increase in the
resonant energy and the possibility of being finally reflected
by its own charge. In other words, the “mean-field” electron
can be Coulomb blockaded by itself. Our many-electron al-
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FIG. 13. (Color online) Average current through surfaces S1 and
S4 for the RTD of Fig. 12 as a function of bias using the many-
electron (solid symbols) and mean-field (open symbols) algorithms
(lines are a visual help). Nonuniform voltages steps are used to
focus on the resonant region. Insets show schematically the effect of
an electron crossing an empty well on its own electrostatic potential
using (a) the mean-field or (b) the many-electron approaches.

gorithm is free from this pathological behavior. This impor-
tant difference explains the spurious reduction in the current
with the mean-field method at resonance. It also explains the
movement of the position of the resonant voltage (i.e., the
voltage at the maximum current) as schematically explained
in the insets of Fig. 13. The inset of Fig. 13(a) shows how the
electron that traverses an empty quantum well feels its own
repulsion when the mean-field approximation is used (in-
creasing the resonant energy in dotted line), while in inset of
Fig. 13(b), the electron with a many-electron simulation is
free from this pathological effect.

In summary, the relation between the shape of the poten-
tial profile and the behavior of the electron can be much
more complex in the quantum regime than in its classical
counterpart (where the spatial derivative of the potential pro-
file directly defines the electron acceleration). Figure 13
shows the importance of providing the exact many-particle
Coulomb description of electrons in the current-voltage char-
acteristic of a RTD. The time-dependent mean-field approach
used here provides spurious effects on the correlations of
electrons that are evident even in the dc behavior of RTD
simulations. To be fair, let us notice that the time-dependent
mean-field approach (the same as in Ref. 47) does improve
the treatment of the Coulomb correlations when compared
with the standard Fermi-liquid approaches'®!* because, in
spite of providing a pathological “autointeraction” with it-
self, it captures the Coulomb correlation between one elec-
tron and the others.*’” In any case, the many-electron ap-
proach developed here, with the exact description of the
electron Coulomb interactions, is greatly preferred.

VII. CONCLUSIONS

The prediction of the collective behavior of many elec-
trons is a very active field of research and several theoretical
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approximations have been proposed to improve the treatment
of electron-electron correlations. In this work, an exact
many-particle Hamiltonian for N(z) electrons inside an open
system is developed, without any mean-field or perturbative

approximation. The many-particle Hamiltonian (6) is
built from a sum of N(z) electrostatic potentials
Wi(Fy, ... s ..., Ty solutions of N(r) Poisson equation

[Eq. (7)] in a 3D Volume We use the Poisson equation to
define Wi(ry,... .7y, ..., Fyq) instead of the Coulomb law
because the former is vahd for scenarios with (or without) a
spatial-dependent permittivity. In particular, it is shown that
the boundary conditions [Eq. (12)] are different for each term
WiFy, ... gy Ty)- It is shown that these particle-
dependent boundary conditions [Eq. (12)] of the electrostatic
potentials provide the same electron dynamics than the
image-charge method applied to electron transport. However,
our many-particle approach has the fundamental advantage
that it can be directly implemented into 3D realistic (classical
or quantum) electron device simulators, while the image-
charge method is an excellent analytical approach applicable
only to very simple systems (such as one electron crossing
an ideal*! infinite metallic surface).

A classical solution of the many-particle Hamiltonian is
presented for a DG-FET. The results are compared with a
time-dependent mean-field approach described in Appendix
B. Within the mean-field approximation only one potential

profile Wean(7.7) is calculated for all electrons. Then, each
electron can be reflected by an artificial alteration of the po-
tential profile due to its own charge. On the contrary, in the
many-electron algorithm described here, electrons are not af-
fected by their own charge. The average current and the
number of particles are computed for the DG-FET showing
that the differences between the mean-field approximation
and the exact many-electron approach become important
when small geometries (that imply stronger electrostatic in-
teraction) are involved.

A quantum solution of the many-particle Schrodinger
equation with the exact many-particle (open-system) Hamil-
tonian developed here is presented in terms of the quantum
(Bohm) trajectory algorithm mentioned in Ref. 33. The rel-
evant point of the quantum-trajectory formalism is that
Bohm trajectories can be computed without the full knowl-
edge of the many-particle wave function, ®(r, ..., y(),1),
but with the knowledge of the single-particle wave function,
W, (r,,t). It is emphasized that the approach presented in
Ref. 33 has similarities with the density-functional theory. In
both, the decomposition of many-particle system into a
coupled set of single-particle Schrédinger equations is exact,
but both need an approximation for the single-particle poten-
tials that appear in their equations [i.e., the exchange-
correlation functionals in the latter and the terms
G,(r,,R,[t],t) and J (7,,R,[t],?) in the former]. We do also
emphasize that the electrostatic term U,(r,,R,[t],t) that ap-
pears in the time-dependent Schrodinger equation with time-
dependent potentials, expression (25), contains the full (long
and short ranges) Coulomb interaction with the particular
boundary conditions developed in Sec. III. Numerical results
are presented for a RTD and compared with time-dependent
mean-field approach developed in Appendix B. The many-
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electron approach developed here is greatly preferred be-
cause it avoids the “self-interaction” found in the time-
dependent mean-field approach discussed in Appendix B.

Finally, since either the classical or the quantum many-
electron solutions of the Hamiltonian are time-dependent
Coulomb-interacting algorithms, apart from the average (dc)
current shown in this work, both many-particle approaches
are a really valuable simulation tools to obtain reliable infor-
mation on the high-frequency and (dc and ac) noise perfor-
mances of the state-of-the-art nanoscale devices. Future work
will follow this direction.
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APPENDIX A: THE ELECTRON DYNAMICS OBTAINED
BY THE BOUNDARY CONDITIONS [EQ. (12)] AND
BY THE IMAGE-CHARGE METHOD

In this appendix, we show that, in principle, the electro-
static potential that guides the dynamics of the i particle
obtained by the image-charge method is identical to the one
computed with our many-particle Hamiltonian. In fact, we
only have to show that the boundary conditions are identical
in both approaches.

As seen in Fig. 3 of the paper, we define a subensemble of
imaginary particles {(N+1)’,...,M'} located outside (). The
essential property of these imaginary particles is that, to-
gether with the first N() particles inside (), they reproduce
the expected value of the potential B(F|, ..., Fyq, " ,1) mea-
sured at the boundary surface St

N() M’ q;
2 VAR + 2 # B(Fy, - Ty 751),
N sl -7
(A1)

where the primes M’,j" in the second term remind that we
deal with imaginary charges (the generalization to a distribu-
tion of imaginary charge, rather than point particles, is also
available). Then, the electrostatic potential seen by the i par-
ticle at the S’ boundary is just

N(r) M’ g;
W7 £)| o = E VR R+ > —; —.
o N 4are|i = 7]

k#i
(A2)

Therefore, from Egs. (A1) and (A2), the electrostatic poten-
tial of the i particle at the boundary can be computed as

Wlmage( 7 l)

=B, ... Py, 7st) = V(AL F7). (A3)

Expression (A3) is exactly the same result that we obtain
from the use of our many-particle boundary conditions [see
expression (12)]. Since the charge distribution inside the vol-
ume () does not change with the image-charge method or
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with our algorithm and both have identical boundary condi-
tions, the uniqueness electrostatic theorem guarantees that
the potential distributions obtained by both algorithms are
identical not only in the boundaries but in any point inside

the volume (). Therefore, we obtain the identity ngage(ﬂ 1)

=Wi(r,1); VFe Q. An explanation in terms of the electric
field, rather than the electrostatic potential, follows identical
steps.

Finally, as mentioned in the paper, let us remind that the
demonstration of the identity is quite simple, but the relevant
point to compare both methods is that finding the imaginary

charges, E;.V,I;N(t) 45/ 47T€|;l—;'jr , which fulfill expression
(A1) in 3D realistic scenarios is not at all trivial.*'**> On the
other hand, the ability of our many-particle Hamiltonian to
be included into 3D realistic devices is explicitly demon-
strated in Sec. VI.

APPENDIX B: TIME-DEPENDENT MEAN-FIELD
APPROXIMATION FOR THE MANY-PARTICLE
HAMILTONIAN

As described in Sec. I, the mean-field approximation pro-
vides a single average potential for computing the dynamics
of all the electrons. This average potential, which we label
here by the suffix “mean” W,,..,(7,1), is still capable of pre-
serving most of the collective effects of the Coulomb inter-
action. Here, we compare this approximation with our exact
many-particle Hamiltonian. The term W,,,,(7,7) is computed
by taking into account all charges inside the volume ().
However, since one particle cannot “feel” its own charge, in
fact, W,ean(7,7) can be interpreted as the electrostatic poten-
tial seen for an additional probe charge whose position is 7,

Wmean(;’t) = WMH(Fl[t]’ vee 7FN(t)[t]7;)' (Bl)

This term W,,.,,(7,7) is a solution of a unique 3D Poisson
equation,

Vf’Wmean(F’ t) = ﬁmean(;’ t)’ (Bz)

where the charge density is defined as
N(1)
Prean(7i1) = 25 ;607 = 71)), (B3)

J=1

and, according to expression (11) in the paper, the boundary
conditions for this additional probe charge must be

Wanean (D) = B(R[E], ... Pyl 750, 1=1,...,6.
(B4)

Let us notice that the time-dependent mean-field approxi-
mation discussed here can be applied to either classical or
quantum systems. Both approaches share expressions
(B2)—(B4) for the computation of the electrostatic potentials
(change the classical trajectories by the quantum ones). We
also want to remark the time-dependence of expression (B2).
This is a common feature for classical (semiconductor Monte
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Carlo’!) simulations but less frequent for quantum mean-
field approaches.

Now, we estimate the error of our time-dependent mean-
field approximation. First, we show that the mean-field po-

tential can be written in terms of the potentials W;(r;,7) men-
tioned in Eq. (17). In particular, we can write the mean-field

potential Wiean(7,7) as
N(@) N(@)

_ 1 _
E Wmean(;vt) = _2 {Wj(;vt)
J=1 =1

Wmean(;,t) = ]%

N(@) 2
+ V(7. F{D}.

Now, we compute the error, Error,(7,1), as

(B5)

N(t)

> Wi(i1)

J=1

Errory(F,1) = Wipean(71) — Wi(7,1) = %

+ V(7,7 {t]) [ = Wi(7.1), (B6)

which can be finally rewritten as

N(1)
Errory(F,1) = WE {Wi(F.0) = Wi(7.0) + V(7,7 [1])}
j=1

= V(r,rft]), (B7)
where, according to Eq. (9), we have used the identity
M M
W0 - Wi(F) = 3 VR - 3 VERLD
- »
= V(r,rlt]) - V(r,7[1]). (B8)

Expression (B7) shows that Error,(r,t)—c when
7— r4[t]. The mean-field approximation implies that the po-
tential “felt” by the k particle at 7— 7] is its own potential
profile. In fact, from a numerical point of view, the use of the
mean-field approximation is not so bad. For example, classi-
cal simulators uses 3D meshes with cell sizes of few nanom-
eters, DX=DY=DZ>10 nm. Then, the error of the mean-
field approximation is smaller than the technical error (i.e.,
mesh error) due to the finite size of the cells. The long-range
Coulomb interaction is well captured with the mean-field
approximation, while this approximation is really bad strat-
egy to capture the short-range Coulomb interaction?®=3? (see
Fig. 8 in the paper).

Finally, let us remark another important point about the
mean-field approximation. Looking at final expression (B7),
rewritten here as Wi(F,1)=Wiean(7, 1) — V(7,7 [1]), it seems
that W,(7,1) can be computed from a unique mean-field so-
lution of the Poisson equation W,.,,(7,f) when subtracting
the appropriate two-particle potential V(7,7,[t]). In fact, this
is the strategy used in several recent works?*=3? to improve
the treatments of the short-range Coulomb interaction in
electron device Monte Carlo simulators. However, this strat-
egy is not as general as our procedure because these works
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need an analytical expression for the two-particle Coulomb
interaction V(7,7,[¢]). The analytical expression of V(7,7[t])
written in expression (3) is only valid for scenarios with
homogenous permittivity. On the contrary, our procedure

PHYSICAL REVIEW B 79, 075315 (2009)

with N(z) electrostatic potentials computed from N(z) differ-
ent Poisson equations in a limited 3D volume () can be ap-
plied inside general scenario with (or without) spatial-
dependent permittivity.
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Abstract. According to roadmap projections, nanoscale field-effect transistors
(FETSs) with channel lengths below 30 nm and several gates (for improving their
gate control over the source—drain conductance) will come to the market in the
next few years. However, few studies deal with the noise performance of these
aggressively scaled FETs. In this work, a study of the effect of the intrinsic
(thermal and shot) noise of such FETs on the performance of an analog amplifier
and a digital inverter is carried out by means of numerical simulations with
a powerful Monte Carlo (quantum) simulator. The numerical data indicate
important drawbacks in the noise performance of aggressively scaled FETs that
could invalidate roadmap projections as regards analog and digital applications.
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1. Introduction

The I'TRS predicts for the near future the introduction of nanoscale field-effect transistors
(FET) with channel lengths below 30 nm, including novel structures with two, three
or even four gates provided in order to improve the gate control over the source—drain
conductance [1]. The advantages of these nanoscale FETs in overcoming the physical
limits of traditional FETs are clearly established in terms of size, speed and power
consumption. However, few studies deal with the noise performance of these aggressively
scaled FETs. This is the main goal of this work.

At very small (a few nanometers) dimensions of FETSs, two important physical features
appear in the description of electron transport. On one hand, ballistic transport comes into
play. For advanced FETs with channel length smaller than 30 nm, an electron crossing
the channel suffers very few inelastic collisions and its total (kinetic plus electrostatic)
energy is nearly constant. On the other hand, when the lateral dimensions of the
channel are comparable to the de Broglie wavelength of the electron, its wave nature
is manifested. The only available energies for electrons are those that provide a solution
of the Schrodinger equation whose modulus is zero at the lateral boundaries. The role of
such particularities in the noise performance of FET structures will be studied in this work
using a powerful Monte Carlo (quantum) simulator. Although there are other sources that
provide time-dependent fluctuations of the electronic current in FETs [2], when all those
‘spurious’ sources of noise are eliminated, thermal and shot noise still remain. Therefore,
we will consider only these two sources of noise within a particular 3D (bulk) FET and a
1D (quantum wire) FET.

In section 2, we provide analytical estimations for the signal-to-noise ratio (S/N) of a
simple analog amplifier, and the bit—error ratio (BER) of a simple CMOS inverter. Then,

doi:10.1088/1742-5468,/2009/01 /P01044 2
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Figure 1. (a) Schematic representation of an analog amplifier. D and S denote
the drain and source respectively. (b) Equivalent FET circuit, where §Ipg(t) and
Ips(t) denote noise and signal sources respectively and G represents the FET
conductance.

in section 3, we will compute numerical results for the analog and digital applications by
means of an electron device Monte Carlo simulator coupled to a full Poisson solver [3] with
a novel injection model suitable for electron devices with or without quantum confinement
conditions [4]. We conclude in section 4 summarizing the most important results of this
work.

2. Intrinsic noise in quasi-ballistic devices

Here, we obtain analytic estimates for the noise performances in both analog and digital
FET applications. Such analytic expressions for the S/N ratio and the BER will help in
the understanding of the Monte Carlo numerical noise results.

2.1. Analytical results for noise in analog applications

In the present subsection we deduce an analytical expression for the S/N ratio for the
analog amplifier depicted in figure 1(a).

The current fluctuations can be extracted from the equivalent circuit shown in
figure 1(b):

Alps = G AVpg + dpg (1)

where G is the FET conductance, AVpg is the source—drain voltage fluctuation and d/pg
denotes the intrinsic current noise. At the same time, since the FET is operated in the
saturation region,

d/ps

G =
dVps

~ 0, (2)

we assume that the fluctuation of the drain—source current in (1) will depend not on the
drain—source voltage variation, but only on 0/pg(t). This is a reasonable approximation for
the saturation region and the low-frequency limit assumed here. Thus, we can rewrite (1)
as

Alps(t) = dIps(t). (3)
doi:10.1088/1742-5468,/2009/01 /P01044 3
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On the other hand, using the superposition principle, Vpg and I, can be broken down into
signal (capital letters) and noise (§). Removing signal sources from figure 1, it is easy to
demonstrate that the noise current on the resistor Ry, is

5VDS (t) R
0lg, (t) = = ol(t). 4
Equation (4) can be expressed in the frequency domain as
0lg, (w) = Hw)dl(w) (5)

where H(w) is a transfer function. Now, integrating over a bandwidth B associated with
a specific amplifier configuration, the resulting total noise power is

B
Na, = [ 1H@) SiRy )
0
which yields, using H(w) = R/(R+ Ry), the following result:

R*Ry,
Ng, = —=2qlpsF'B. 7
Ry (R + Rp)? 41ips (7)

Note that in equations (6) and (7), we have used the corresponding power spectral density
of the thermal noise (S), expressed in terms of the Fano factor (F):

S[ = 2q[D5F. (8)
Now, let us calculate the signal power. First, we express Vpg as
InsRR + Vee Ry,
Ve = . 9
g = DL L )
Then, we solve (9), obtaining expression for I, :
R Voo R
Ir, =1 . 10
R DS<R+RL)+ R <R+RL) (10)
Finally, the signal power S, = I, Ry can be written as
R’Ry Vee')” Voo
Sp, = —————{ I? — 2Ips—— 7. 11
Ry, (R+ RL)2 { DS + < R + DS R ( )
Assuming R > Ry, expressions (7) and (11) reduce respectively to
NRL ~ 2qIDsFBRL (12)
and
Sg, = IpsRy. (13)

Finally, the signal-to-noise ratio is
Sk, _ Ips 1
Ngr, 2qBF’

(14)

The expression (14) tells us that when the current Ipg decreases or the Fano factor (F')
increases, the signal-to-noise ratio is degraded.

doi:10.1088/1742-5468,/2009/01 /P01044 4
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Figure 2. (a) Schematic representation of a digital inverter. (b) Equivalent
circuit for N1 and P2, where dIpg(t) and Alpg(t) denote noise and signal
sources respectively assuming a linear region of operation. G represents the FET
conductance and C' the associated capacitance for P2 transistors.

Hereafter, we show that, in fact, the downscaling trend of CMOS technology towards
low-dimensional active regions provides lower current and also higher Fano factor. For
ballistic devices, only the electrons crossing the FET channel contribute to the average
and the noise currents [4]. As an example, let us assume a potential barrier within a
FET channel. Only those electrons energetically above this barrier will contribute to the
current and noise (if tunneling can be neglected). These ‘hot’ electrons come from the
Fermi distribution tail. Thus, they are mainly uncorrelated electrons, so they provide
little current but a high Fano factor (close to the uncorrelated Poisson value of F' = 1),
resulting in a degraded S/N ratio. Similarly, within a ballistic confined FET system,
only those electrons above the confinement energy will enter the channel. In this sense,
confinement introduces an additional potential barrier that makes the system deal with a
‘hotter’ region of the fermi distribution, where noise is greater and current lower, giving
rise to a degradation of the S/N ratio. On the other hand, bulk FETs do not present
potential barriers linked to confinement, resulting in a better S/N ratio. In conclusion,
low-dimensional FETs implicitly exhibit higher S/N ratios. Later, in section 3, numerical
results obtained with a powerful Monte Carlo (quantum) simulator will be computed
for the same system without some of the analytical (low-frequency) simplifications used
above.

2.2. Analytical results for noise in digital (logic and memory) applications

Next we deduce analytical expressions for the BER of the digital inverter depicted in
figure 2(a), taken as a simple digital circuit for analyzing the role of scaling. When a
logical ‘17 is applied at the first inverter, the P-type transistor P1 is turned off, while the
N-type transistor N1 is turned on. N1 is now working in the equilibrium region, giving a
logical ‘0’ at the input of the second inverter. Thus, N2 will be turned off while P2 will
be turned on. Under these operation conditions, N1 and P2 can be equivalently defined
as depicted in the figure 2(b). Transistor N1 can be modeled as the parallel combination
of a signal source Ipg, a noise source dIps and a conductance G. On the other hand P2
can be modeled as a capacitor.

doi:10.1088,/1742-5468,/2009/01 /P01044 5
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Since N1 has its channel completely open, it works within the equilibrium region of
operation. Then the current fluctuations around zero mean value, Ips(t) ~ 0, are given
by

Alps = G AVis(t) + 6Ing(t) (15)

where the conductance G is linked with the linear region of operation, i.e. GG is roughly
constant under small voltage fluctuations. Therefore, G only depends on the applied gate
voltage and it can be defined on the equilibrium region, i.e. G = 0Ips/0Vps|vps—o- The
first term on the right in equation (15) corresponds to the current fluctuations associated
with the voltage fluctuations in the capacitor. The second term corresponds to the intrinsic
transistor noise.

Under the equilibrium conditions that we are assuming, noise in the transistor N1 is
characterized by the Nyquist-Johnson thermal noise [5]. Then, the corresponding power
spectral density for 0Ipg(t) at low frequencies exhibits the form

S;1(0) = 4kgTG. (16)

We can relate variations of the current for the N1 transistor to voltage variations at the
capacitor representing P2. Then, making equation (15) equal to the one corresponding to
the capacitor current, the intrinsic current noise can be expressed as

d(A t
STps(t) = —G AVig(t) — cw. (17)
The previous expression can be rewritten in the frequency domain as
0l (w) = G AVps(w) + jwC AVpg(w). (18)

Therefore, the bias fluctuations are
1 1
C((1/RrC) +jw)

AVbs(w) = 01 (w) (19)

Combining equations (16) and (19), the total power for the bias fluctuations can be
calculated by integrating the spectral density over the frequency:

SV(O):%/O t%((l/Rzé)erQ)%BTde' (20)

A bit error appears when (during a period Tc = 1/f. with f. the clock frequency) the

mean value of the bias fluctuations exceeds the threshold value for a logical ‘0’. Therefore,

when we use the superior limit of the integral of expression (20) as W; = 27 f., we obtain
_ 14kgT

Sv(O) = - C tan_l (27TfCRTC) . (21)

Therefore, the bit error probability can be expressed as [6]

A Vvl
Fo=@Q (5 4kpT tan™! (27TfCRTC)> (22)

doi:10.1088,/1742-5468,/2009/01 /P01044 6
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where A is the bias value associated with the logical value ‘17, and (@) is the error function

defined as
1 R

From (22) and (23), the BER is higher with higher clock frequencies (see the dependence of
expression (22) on the clock frequency through the inverse tangent). For clock frequencies
far below the intrinsic frequency (RrC)™!, the following simplification can be made:
tan~!(x) ~ x. Then, the total power, obtained from expression (21), can be approximated
as

Sv(O) ~ 8kBTfCRT. (24)

It can be seen from expression (24) that under this frequency limit, there is no capacitance
dependence of the BER. On the other hand, for clock frequencies higher than the intrinsic
frequency (RrC)~!, then tan~'(z) &~ 7/2, and the total power can be approximated as

2kgT
Sy (0) & g

In expression (25), the variance of the normal distribution shrinks with the capacitance
value. In other words, smaller FET's will show higher error probabilities. A similar result,
obtained through a different reasoning, has been presented in [7].

So far, analytical estimations for noise performance for analog and digital applications
have been deduced. In fact, expressions (14) and (22) will only capture the main trends
as regards the understanding of intrinsic noise behavior in nanoscale devices. In view of
this, the main goal of the next section is to obtain numerical values for S/N and BER
through a much more complex and detailed description of the electron dynamics. Next,
we use a Monte Carlo (quantum) simulator which is a powerful and robust technique that
allows the study of time-dependent fluctuations without some of the approximations used
in this section.

: (25)

3. Numerical results for nanoscale field-effect transistors

The numerical results presented in this work are computed using a Monte Carlo (quantum)
simulator that introduces some features that allow solving a many-electron scenario within
3D and 1D systems. First, we present a brief description of the device under study and
the numerical algorithm behind our simulations. Finally we present DC current and noise
results for analog and digital applications.

3.1. Device description

We assume that electron transport (from source to drain) takes place along a silicon (100)
oriented channel, at room temperature (see figure 3). A double-gate (DG) geometry for the
transistor has been considered for numerical simulations, but the qualitative conclusions
can be extended to other gate geometries. We assume that electrons can reach the six
equivalent ellipsoidal constant energy valleys of the silicon band structure. The effective
masses of the ellipsoid are m; = 0.9163 my and m; = 0.1905 my with mg the free electron
mass. For details on the particular effective mass value taken by the electrons in each

doi:10.1088,/1742-5468,/2009/01 /P01044 7
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Vas Drain

Figure 3. Schematic representation of a DG-FET. Electron transport from source
to drain takes place along the x direction. The channel (open system) of the FET
has arbitrary lateral dimensions, W and T', determining electron confinement.

direction and valley see [4]. We consider two different geometries to be able to deal with a
3D bulk and a 1D quantum wire, by controlling the electron confinement. When W and
T are much larger than the electron de Broglie wavelength, the active region is a three-
dimensional (3D) system (bulk) and there is no restriction on the possible values of the
energies of an electron in each of the six valleys. The total electron energy for a particular
valley is F = E, + E |, where the energies F, and E| are defined as E, = h*k,/(2m;) and
E, = Wk, /(2m;)+1*k./(2my). On the other hand, when 7" and W are both small enough,
the active region becomes a 1D system (a quantum wire) and the energy of an electron in
one particular valley is E = ik, /(2my)+ Ef,, where Efy, = WPn*/(2m, L) +h*m?/(2m, L?)
represents the minimum energy of the first sub-band, whose value is Ef,, = 0.182 eV for
T =2nm and W = 5 nm. The energies of the next lowest sub-bands are inaccessible
for electrons (Ef, = 0.418 eV or EJ = 0.489 eV) and only two valleys become relevant.
For the quantum wire, the electron velocities in the z and y directions are zero due to
the electron confinement'. Let us notice that we refer to a 3D (bulk) or 1D (quantum
wire) system to emphasize the energy confinement in the active region that determines
the available energies for electrons. However, the paths of the electrons are defined in the
x,1, z directions and, consequently, the electrostatics are obtained through a 3D Poisson
solver for all simulations (even for the 1D quantum wire).

3.2. Numerical Monte Carlo simulation algorithm

Our numerical algorithm for solving the dynamics of an ensemble of interacting electrons
is quite close, but not identical, to the standard Monte Carlo method applied to

! The electron velocity is equal to zero in the direction where there is energy confinement. This is a reasonable
assumption that can be formally justified, for example using Bohm trajectories, when the probability of presence
in that direction does not change with time. The main approximation here is assuming that the time dependence
of the wavefunction involves only one quantized energy in the aforementioned direction, exp(iE{pt/h), because it
assumes that the single-particle wavefunction is separable in the 3D space and that only one sub-band is relevant
for electron transport. We define the geometries of the 1D system to support these approximations.

doi:10.1088,/1742-5468,/2009/01 /P01044 8
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semiconductor electron devices. This technique is a powerful method for solving the
Boltzmann transport equation, which is developed under the mean-field approximation.
In the latter, a unique Poisson equation is solved at each time step of the simulation,
while in our many-electron Monte Carlo approach we solve N(t) Poisson equations with
N(t) different boundary conditions and charge densities. We use a 3D Poisson solver
based on a finite-difference scheme. We divide the whole volume €2 of the scenario
drawn in figure 3 into Nx Ny Nz cells. Each 3D cell has spatial dimensions DX, DY
and DZ. Thus, the active region of our simulating device has a volume equal to
(Ne DX)(NyDY)(NzDZ) = LWT. The most time-consuming algorithm is that for
the solution of the Poisson equation. Therefore, in our algorithm, the simulation time
is proportional to N(¢t) Nx Ny Nz, while it reduces to Nx Ny Nz under standard Monte
Carlo simulations. As an example, for a total number of cells, Nx Ny Nz, on the order
of 1000-2000 cells and a number of electrons, N(t), of ~20-50, the computational time is
about 2-3 h for each bias point using a state-of-the-art workstation?.

At the same time, our numerical algorithm includes electron confinement in the
active region. Considering the Bohm trajectory modeling of quantum mechanics, it
can be demonstrated that the study of electron transport for confinement conditions
can be hugely simplified if only one relevant energy level is meaningful in the confined
directions [8] (see footnote 1). In this work we take advantage of this fact by taking into
account the same result for the classical Monte Carlo trajectories.

We also use an injection model applicable to systems with arbitrary electron
confinement, which is a time-dependent version of the Landauer boundary conditions,
valid for degenerate and non-degenerate systems. We inject electrons according to the
Fermi-Dirac statistic defined by a Fermi level deep inside the contacts [9, 10]. The applied
bias provides a difference between the values of the Fermi level at each injecting surface.
Our injection model, coupled to the boundary conditions of the Poisson equation, also
assures charge neutrality at the contacts [10].

Finally, as mentioned in the introduction, phonon, impurity, and roughness scattering
mechanisms are not taken into account, and only the full (long and short range) Coulomb
interaction is considered explicitly. In our algorithm, randomness appears in the rate and
properties of the electron injection from the contacts into the volume €.

3.3. DC results

In the present section we compute the time evolution of many interacting electrons inside
3D and 1D DG-FETs with the characteristics defined in table 1. The DG-FETs are
surrounded by air and metal at the boundary surfaces.

Figures 4 and 5 present the average values for current at different gate and drain
voltages for 1D and 3D configurations. Vg represents the saturation gate—source bias
and Vpg the saturation source—drain bias. The linear region is enclosed below a source—
drain bias of 0.1 V while the saturation region is found beyond 0.3 V approximately.
On the other hand, saturation gate—source biases are reached around 0.5 V. There,
the saturation currents differ between the two configurations. The highest source—drain
current is achieved by the 3D configuration, while the lowest is achieved by the 1D system.

2 The time is computed using a dual Xenon 3.06 GHz.
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Figure 4. Average current for the 1D DG-FET.

Table 1. Parameters for the DG-FET depicted in figure 3.
Magnitude 3D bulk 1D Quantum wire

Channel dimensions (nm) L 30 15
w 10 5
T 8 2
tox 2 2
Spatial step (nm) DX 3 3
DY 2.5 1.6
DZ 2 1
Doping (cm™3) Channel 1 x 1010 1 x 1010
Contact 2x10" 2% 10"
Simulation time (s) T 3x 10710 5x10710
Temporal step (s) Dt 2x 10716 2x 10716

3.4. Analog noise results

As mentioned earlier in section 2.1, differences between confined and non-confined systems
are expected. Figure 6 indicates these important differences for 3D and 1D FETs. For
our 1D system, the Fano factor is bigger than that of the 3D system and the average
current is smaller than the 3D one. Therefore, from expression (14) with a bandwidth
B =1 MHz, the 1D S/N ratio is approximately one order of magnitude smaller than the
3D S/N ratio (see figure 7). Hence, the qualitative behavior of the S/N ratio discussed
in terms of equation (14) is confirmed numerically by these Monte Carlo results: smaller
FETs offer substantially worse analog noise performances than bigger ones.

3.5. Digital noise results

For digital applications (an inverter), a bit error appears when an input voltage ‘0" or ‘1’
leads to an erroneous interpretation of the output voltage, because of noise. Here we are
wondering about those errors due to intrinsic noise fluctuations. In figures 8 and 9 the

doi:10.1088,/1742-5468,/2009/01 /P01044 10
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Figure 6. Average current (solid), I, and Fano factor (dashed) as a function of
gate voltage for the three double-gate FET geometries mentioned in the text.
The oxide thickness is 2 nm. The drain—source voltage is 0.5 V.

probability density for finding certain drain voltages when 0 V is expected is computed
for the 1D and 3D systems respectively. Results for two different clock frequencies are
presented: 50 and 500 GHz.

On one hand, the clock frequency plays a key role in the BER. As the clock frequency
grows, the faster voltage fluctuations are less and less averaged (see the explanation linked
to equation (21)). Therefore, the probability of finding higher drain voltages increases with
faster switching.

On the other hand, since the voltage fluctuations are directly related to the
capacitance value C' (see figure 2), different results are obtained for 1D (C' = 1.26 x
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Figure 8. Monte Carlo results for the probability density for finding different
drain voltages at 50 and 500 GHz for the 1D system.

107® F), and 3D (C = 5.05 x 107!8 F) systems. From figures 8 and 9, the corresponding
system variance is increased from the 3D configuration to the 1D configuration. Again, the
1D system presents a poorer noise performance behavior. Thus, increasing miniaturization
of the FET dimensions implies an important drawback for digital applications, mainly due
to a decrease of the associated gate capacitance.

It is worth pointing out that both shrinking dimensions and increasing clock
frequencies, two of the principal targets of the ITRS roadmap [1], imply an important
increase of the BER due to intrinsic noise.
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4. Conclusions

In this work, we have discussed the noise performance of aggressively scaled FETs (with
and without confinement) in digital and analog applications. First, the noise performance
for analog applications was discussed in terms of the signal-to-noise ratio. Smaller devices
produce a smaller average current and a larger Fano factor, leading to a signal-to-noise
(S/N) degradation. Second, the performance for digital applications was analyzed in terms
of the bit error probability. Incrementation of the clock frequency and reduction of the
FET lateral dimensions result in a drastic incrementation of the BER, mainly because
smaller devices (with smaller capacitances) are more sensitive to electrostatics. Our results
are supported by analytical estimations and numerical results obtained with a powerful
Monte Carlo (quantum) simulator. In summary, our work predicts that smaller FETs are
intrinsically noisier. This statement may imply a serious limitation for the continuous
shrinking of FET dimensions and increasing of clock speed predicted by the ITRS [1].
In view of these (single-finger-device) results, the consideration of new scaling-related
strategies (such as using multi-finger devices) seems mandatory for providing nanoscale
devices with acceptable noise performances.
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Abstract For nanoscale electron devices, the role of a
single-electron (or a single-impurity) can have a large im-
pact on their electrical characteristics. A new method for
introducing the long-range and short-range Coulomb inter-
action in semiconductor semi-classical Monte Carlo simula-
tions is presented. The method is based on directly dealing
with a many-particle system by solving a different Poisson
equation for each electron. The present work shows the nu-
merical viability of this alternative approach for nanoscale
devices with few (<100) electrons. The method is compared
with the traditional “mean-field” Monte Carlo simulations.
It is shown, numerically, that the “mean-field” approxima-
tion produces important errors for aggressively-scaled de-
vices.

Keywords Semiconductor device modeling - Monte Carlo
methods - Electron-electron scattering

1 Introduction

For any system of electrons (for example, a nanotransistor),
the dynamics of one particular electron is coupled to the rest
of electrons (and atoms) of the system because of their mu-
tual interactions. From a computational point of view, the
direct solution of such a many-electron quantum system is
inaccessible. This issue is at the heart of almost all the un-
solved problems in modeling electron transport.

In most semi-classical/quantum electron transport mod-
els, the standard solution to overcome this computational

G. Albareda (X)) - J. Suiié - X. Oriols

Departament d’Enginyeria Electronica, Universitat Autdbnoma
de Barcelona, 08193 Bellaterra, Spain

e-mail: guillem.albareda@uab.cat

barrier is based on assuming that electrons move accord-
ing to a unique “average” potential profile (the so-called
“mean field” approximation). Nevertheless, in the state-of-
the-art nanometric electron devices the output current is car-
ried by very few electrons inside very small (nanometric)
regions. In these scenarios, the role of a single electron (or
a single-impurity) can have a large impact on the charac-
teristics of these devices. Therefore, the simulation of elec-
tron devices using the “mean-field” approximation can be
quite inaccurate. For example, experimental phenomena as-
sociated to Coulomb Blockade in nano transistors (which
completely escape to the “mean-field” approximation) have
already been reported [1, 2].

In the literature, several approaches are proposed to in-
clude the short-range Coulomb interaction into the tradi-
tional Monte Carlo “mean-field” procedure by taking into
account the precise location of electrons within the same
spatial cell [3, 4]. In this work, we propose an alterna-
tive method for the study of the dynamics of a set of
electrons inside an electron device: we treat the electron
system, directly, as a many-particle system by solving a
particular Poisson equation for each electron. Such model
is implemented in a semi-classical semiconductor Monte
Carlo 3D simulator. The numerical results clearly show that
the “mean-field” approximation can be inaccurate for the
simulation of aggressively-scaled nanoscale devices.

2 Theoretical background
In this section, in order to provide a common language for a
classical and quantum description of electrons, we describe

the dynamics of each individual electron in terms of the
Hamiltonian of the system of electrons.
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The whole many-particle Hamiltonian related with a
system of electrons inside a semiconductor (involving the
atoms) is unsolvable. Therefore, different approximations
are mandatory. First of all, the Born-Oppenheimer approx-
imation (being the mass of the atoms much larger than the
mass of electrons) assumes that atoms are always at rest in
the electronic time scale. Second, the use of the effective
mass approximation (for “infinite” structures) decouples the
study of the electron transport from that of the electronic
structure. Within these approximations, the Hamiltonian that
describes the dynamics of a system of electrons inside the
device is:

N(t)
- - L oint = -
Hexact = Z{K(Pi) + UieXt(ri) + EUl-lm(rl, RN rN)} (1a)

i=1

_ N(t) 6]2
U™F, ..., i)=Yy ———— (1b)
! ]; 4re eorik
ki

where the first term of the right-hand side of (1a) is the ki-
netic energy of the i-electron with p; momentum, the sec-
ond term is the potential energy at the position 7; of the i-
electron due to the external bias and the third term is the
Coulomb interaction that couples the dynamics of all elec-
trons through r;; = |F; — 7x|. Hereafter g; is the electric
charge and ¢, /¢ are the relative/vacuum permittivity. For
the ith electron, the two potentials terms in (1a) can be com-
puted by solving a 3D Poisson equations taking into account
the charge of the other N(¢) — 1 electrons inside the active
region [see the condition k # i in (1b)] with the appropriate
boundary conditions that accounts for the interaction with
external electrons (at the gates or contacts).

2.1 Mean-field approximation

An enormous simplification in the computational procedure
of the Coulomb interaction among the electrons can be ob-
tained when the expression of the potential terms in (1a) is
assumed to be equivalent for all electrons. Therefore, the so-
lution of a system of N(¢) electrons can be obtained from:

N(t)
_ IO (.
Huean-ficld = ) _ { K(pi) + U™ + EU”“(H)} (2a)

i=1

. N(@) q2
uMr) =)y ——— 2b
i) k; drereorik (2b)

[Tl
l

Notice that we have eliminated the subindex in the po-
tentials terms of the Hamiltonian (1a) by omitting the re-
striction k # i in the potential expression in (2b). Then, we

@ Springer

just need to solve a unique Poisson equation for all elec-
trons (at one particular position, all electrons move accord-
ing to the same electric field). Such enormous simplifica-
tion comes at the price that the charge of the ith electron
is also counted in (2b) and this charge affects the dynamics
of the ith electron. This simplification is obviously not ex-
act and it incorrectly treats the short-range Coulomb inter-
actions among electrons. However, it captures most of the
long-range component.

In this work, we directly solve the many-particle system
(1) by computing an individual 3D potential profile for each
electron. From a numerical point of view, the solution of the
exact 3D Hamiltonian (1) is accessible for active regions of
few nanometers, where the number of electrons is <100 [5].

Finally, let us mention that the numerical results of this
work are obtained taking into account the Coulomb interac-
tion among electrons, but without considering the additional
quantum exchange interaction among them (fermions). This
is why we say that our treatment of Hamiltonians (1) and (2)
is semi-classical.

3 Numerical comparison for nanoscale device

As we mentioned, in this work we want to check the va-
lidity of the mean-field approximation for the simulation of
nanoscale devices. We compare the results obtained with the
exact solution (1) to the results of the approximation (2) with
the Monte Carlo technique.

3.1 Comparison for the average current in a nanoscale
devices

In Fig. 1, we represent the active region of the nanomet-
ric two-terminal NTNNT (Nt =2 x 102 ecm™3, N =1 x
10'7 ¢cm™3) device that we simulate in the present work. For
simplicity, neither (phonon, impurity, surface, .. .) scattering
nor electron confinement is considered inside the active re-
gion. Electron transport (from source to drain) takes place
along the Silicon (100) channel orientation at room temper-
ature with a relative permittivity ¢, = 11.9. External elec-
trons outside the active region (with volume Ly - Ly - L;)
are not explicitly taken into account in the Hamiltonian, but
they are considered through the boundary conditions of the
Poisson equation. Hereafter, we refer to the results obtained

Fig. 1 Schematic representation of a 3D two-terminal nano device
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Fig. 2 Average current and number of electrons for the two-terminal
device of Fig. 1 using the “exact” Hamiltonian or the “mean-field” ap-
proximation

from (1) as “exact” results. Alternatively, the term “mean-
field” refers to the solution of (2).

The solution of the 3D Poisson equation is performed
with the method of finite-differences. As we will discuss
later on, the dimensions of the spatial steps, DX, DY and
DZ, that define the grid in the 3D volume of the active re-
gion, have important consequences on the modeling of the
“short-range” Coulomb interaction.

The electron injection model is based on imposing charge
neutrality at the contacts and preserving the Fermi-Dirac
distribution there [6]. When dealing with the “exact” Hamil-
tonian, each electron “sees” a different boundary condition
at the contacts.

In Fig. 2, we show the numerical computation of the av-
erage current and number of electrons through the device
depicted in Fig. 1 using the “exact” Hamiltonian (1) and the
“mean-field” approximation (2). We use DX = DY = DZ =
3nm, Ly =12 nm and Ly = L; =9 nm. In Fig. 2 we see
that the “mean-field” approximation gives considerable er-
rors in the output current before saturation. The errors in the
output current are closely related to the difference between
the computation of the average number of electrons involved
in the “mean-field” and the “exact” results.

3.2 Comparison for a two-electron system

In the rest of the manuscript we will explain the origin of
the important differences depicted in Fig. 2, by studying the
behavior of a simpler two-electron system (just two carriers
inside the active region of Fig. 1). One electron (labeled as
1-electron) is injected from the source surface at an arbitrary
position. A second electron is injected, arbitrarily, from the
drain surface. Within the “mean-field” approximation only
one potential profile is calculated for the two electrons (see
Fig. 3). Then, each electron can be reflected by an “artificial”
alteration of the potential profile due to its own charge.

Potential Energy (meV)

Fig. 3 Common potential energy profile (“mean-field” approxima-
tion) in the plane X-Y of the active region of Fig. 1 at z =6 nm at
0.4 fs with Vexy = 0 V. The solid points are electron positions
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Fig. 4 Potential energy profile (“Exact” Hamiltonian) for 1-electron
in the plane X-Y of the active region of Fig. |1 at z =6 nm at 0.4 fs
with Vex = 0 V. The solid point is the 1-electron position

In Figs. 4 and 5 we have plotted the potential profile
“seen” by electron 1 and by electron 2 in the active region of
Fig. 1 using the “exact” Hamiltonian (1). Electrons are not
affected by their own charge. We clearly see that, within the
“mean-field” approximation, electrons are unable to over-
come the “large” potential barrier that appears at their own
position (due to their own charge). Therefore, the results ob-
tained with the “mean field” approximation are unphysical
in some situations (unless a large applied bias minimizes the
error).

3.3 The role of the spatial step in the numerical solution

Finally, in order to correctly understand the applicability
of the “mean-field” approximation in the traditional Monte
Carlo simulation, a comment about the 3D discretization
mesh used for the solution of the Poisson equation is needed.
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Source

2-Electron

Potential Energy (meV)

Fig. 5 Potential energy profile (“Exact” Hamiltonian) for 2-electron
in the plane X-Y of the active region of Fig. 1 at z =6 nm at 0.4 fs
with Vex = 0 V. The solid point is the 2-electron position

For an electron device with a length of hundreds of
nanometers, we need a mesh of the 3D active region with
spatial step DX ~ DY ~ DZ > 10 nm to deal with no
more than one thousand nodes in the 3D Poisson numeri-
cal solution. This computational limitation in the resolution
of the potential is present either when solving (1) or (2).
With such spatial resolution, the short-range interaction is
missing in both procedures because two electrons inside the
same spatial cell will not repel each other. Therefore, we ob-
tain roughly identical results with both schemes. In simpler
words, when the spatial cells are large, both schemes cor-
rectly model the long-range Coulomb interaction, but both
neglect the short-range component.

On the contrary, for electronic device with lengths of 10
to 20 nanometers, we can numerically afford the 3D Monte

Carlo simulations with spatial steps DX ~ DY ~ DZ ~ 3 nm.

Then, the scheme described in (1) takes into account long-
and short-range interaction correctly, whereas the descrip-
tion of the short-range component within the “mean-field”

@ Springer

approximation is incorrect (electrons are repelled by them-
selves!).

4 Conclusion

In conclusion, in this work, the “mean-field”” approximation
is tested. Our results clearly show that this approximation
may imply important errors for nanoscale devices with a
small (DX ~ 3 nm) spatial step. Within the Monte Carlo
technique, the “exact” solution of the many-particle (1) in
real 3D scenarios is numerically accessible for nanoscale ac-
tive regions with <100 electrons [5].
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