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Kurzfassung

Durch den rapiden Fortschritt der Mikroelektronik haben die charakteristischen Gréfien
der realisierten Bauteile Dimensionen im Nanometerbereich erreicht. Dadurch treten
quantenmechanische Effekte auf, die die Leistungsmerkmale der modernen Bauelemente
entscheidend beeinflussen. Das stellt neue Herausforderungen an die Modellierung und
Simulation der Halbleiterbauelemente, da semi-klassische Modelle nur empirische, quan-
tenmechanische Korrekturen beinhalten.

Die Wellennatur der Elektronen in quantenmechanischen Systemen bedarf einer korrek-
ten Beschreibung durch die Schrodingergleichung. Fiir die Darstellung des Quanten-
transports mussten fortschrittliche, physikalische Modelle, die offene Randbedingungen
stellen, entwickelt werden.

Das Themengebiet der Greenschen Funktionen, die ein generelles Konzept zur Losung
von inhomogenen Differentialgleichungssystemen bieten, wird schrittweise aufgerollt.
Alle Annahmen und Naherungen, die gemacht wurden, um stationdren Transport unter
Zuhilfenahme der Greenschen Funktionen Methode zu beschreiben, werden besonders
hervorgehoben. Weiters wird der Ubergang von einer generellen Quantentransportthe-
orie, die die Nichtgleichgewichts Greenschen Funktionen verwendet, hin zu einer nu-
merischen Implementierung in einer rechnerunterstiitzten Simulation néher untersucht.
Im Zuge dieser Diplomarbeit wurde der Nichtgleichgewicht Greensche Funktionen For-
malismus verwendet, um die Phinomene des Quantentransports zu simulieren. Der
Vienna Schridinger Poisson-Gleichungsloser, der am Institut fiir Mikroelektronik der
Technischen Universitdt Wien entwickelt wurde, wurde um ein Modul zur Lésung eindi-
mensionaler Nichtgleichgewichts Greenschen Funktionen erweitert. Die Schrédingergle-
ichung in der effektiven Massenndherung wird im Rahmen des Greenschen Funktio-
nen Formalismus behandelt und konsistent mit der Poissongleichung gelést. Die Im-
plementierung ermdoglicht ebenso zukiinftige Erweiterungen, um Effekte wie Streuung
oder komplexere Bandstrukturen zu beriicksichtigen. Die Simulation von ballistischem
Transport in einer resonanten Tunneldiode wurde durchgefithrt. Der Gleichungsloser
liefert die lokale Zustandsdichte und Besetzung im Simulationsgebiet. Die erlangten
Strom-Spannungs Kurven zeigen den typischen negativen differentiellen Widerstand der
resonanten Tunneldiode.




Abstract

With the continuous progress of microelectronics, the featured structure size has been
scaled down to the nanometer regime. Therefore, quantum mechanical effects signifi-
cantly influence the characteristics of state-of-the-art devices. This poses new challenges
to the modeling and simulation of semiconductor devices, since semi-classical models
only allow to incorporate empirical quantum corrections.

The wavelike nature of the electrons in quantum mechanical systems requires a proper
treatment by the Schrédinger equation. For quantum transport very elaborate physical
models posing open boundary conditions have been developed.

The subject of Green’s functions, which are a general concept to solve for inhomogeneous
differential equation systems, is approached gradually. All assumptions and approxima-
tions that have been made to allow a numerical treatment of steady-state transport
within the non-equilibrium Green’s functions (NEGF) method are pointed out. The
intersection of a general quantum transport theory using Green’s functions and its nu-
merical implementation within a computer simulation is examined in detail.

In this diploma thesis the NEGF formalism has been used to simulate quantum trans-
port phenomena. The Vienna Schrédinger Poisson solver, developed at the Institute for
Microelectronics at the Technical University of Vienna, has been extended with a one-
dimensional non-equilibrium Green’s functions solver. The effective mass Schrodinger
equation is treated within the NEGF framework and solved self-consistently with the
Poisson equation. The implementation allows for future improvements especially consid-
ering scattering events and more complicated bandstructures. The simulation of ballistic
transport in resonant tunneling devices was performed. The NEGF solver provides the
local density and occupation of states within the simulation domain. Furthermore, the
current-voltage curves showing the characteristic negative differential resistance were
obtained.
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Abandon all hope, you who enter here.

DANTE ALIGHIERI

CHAPTER 1

Introduction

Semiconductor industry has undergone a rapid development process through the last
half century. It is best couched into terms by Moore’s law stated by Gordon Moore, one
of the co-founders of Intel. He predicted a doubling of the number of transistors in an
integrated circuit every two years whereas the production costs would decrease by the
same factor. Up until 2007, all encountered technological difficulties have been overcome
and Moore’s law is still valid. The pace in research and development to further continue
on this path is set by the International Technology Roadmap for Semiconductors [1].
In the field of semiconductor device development, modeling and simulation are of in-
creasing significance. Numerical simulation allows a deeper understanding of the physi-
cal processes within existing semiconductor devices and facilitates predictions for future
developments. Computer simulations are no substitution to experiments but provide a
valuable complement which give new insights to the physics within an iterative research
process.

To accurately describe physical phenomena by numerical simulation the subjacent mod-
els have to be valid within the domain of application. For microelectronic devices,
one effect of great interest is carrier transport. The simulation of transport in Metal-
Oxide-Semiconductor (MOS) field effect transistors was dominated by the drift-diffusion
model [2,3]. More advanced approaches considering higher order moments of the Boltz-
mann equation [4] allow to investigate hot carrier effects.

As device dimensions are going to hit the nanoscale, classical models fail due to emerging
of quantum mechanical effects. Electrons show wavelike behavior and they are reflected
or transmitted through finite barriers, i.e. tunneling occurs. Furthermore, electrons
contained in a potential well lead to energy quantization. Unique effects such as reso-
nances in double barrier structures are of growing interest for new devices. A wide range
of different approaches to treat quantum mechanical transport phenomena have been
proposed in the literature. For instance, they govern the solution of the Pauli master
equation [5] or Monte Carlo methods to solve for the Wigner distribution function [6].
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INTRODUCTION

The approach presented in this thesis is called non-equilibrium Green’s function (NEGF)
method. Its roots go back to the sixties of the past century, where the foundation of the
theory was developed by Kadanoff and Baym [7] and Keldysh [8]. In the last decade,
increasing interest arose to apply Green’s functions to device simulation because they
enable computer simulations of resonant tunneling devices [9] and nanoscaled transis-
tors [10].

Chapter 2 provides a compact overview of the theory of quantum transport. Fur-
thermore, it points out the difficulties of open boundary conditions needed to describe
transport phenomena. The Schrodinger equation is reviewed with regard to semicon-
ductor device simulation. Therefore, the density and occupation of states are presented.
A description of transmission through potential barriers has been given to facilitate the
understanding of resonant tunneling devices, which is used as benchmark for the imple-
mentation of the non-equilibrium Green’s function formalism presented at the end of the
chapter.

In Chapter 3, the numerical methods to solve for the Schrodinger equation are sum-
marized. The implementation of the NEGF method has been realized by means of
a recursive algorithm. For comparison the quantum transmitting boundary method
(QTBM) is illustrated. A great challenge is posed by the numerical integration methods
which have been presented in further detail.

The results of the conducted simulations are given in Chapter 4. Plots of the local
density of states, the occupation of states, and current-voltage curves are provided.
Finally, a summary and outlook for future developments are stated in Chapter 5.




To the electron:
may it never be of any use!

J. J. THOMSON

CHAPTER 2

Theory of Open Quantum Systems

This chapter provides the necessary concepts of physics and mathematics that are essen-
tial for the treatment of open quantum mechanical systems. First, a brief introduction to
the Schrodinger equation is given which finally will lead to the non-equilibrium Green’s
functions formalism.

2.1 The Schrodinger Equation

Approaching smaller and smaller dimensions classical mechanics based on Newton’s law
are no longer applicable to correctly describe the motion of the particles invoked. There-
fore, quantum mechanics is necessary to obtain physical insight. Eighty years ago the
formulation of Schrodinger’s wave mechanics and Heisenberg’s matrix mechanics pro-
vided the tools to understand the effects that can be seen regarding small particles such
as electrons. Hence, it is unavoidable to apply quantum mechanics if one is interested
in accurately describing the behavior of electrons in nanoscaled semiconductor devices.
An introduction to this topic with emphasis on low-dimensional semiconductors is given
by Davies [11].
In wave mechanics physical quantities are no longer given directly but have to be derived
from the wave function W. Since the wave functions only describe probabilities, quantum
mechanical statistics have to be applied to obtain the expectation values of the desired
quantities.
The one-dimensional time-dependent Schrédinger equation of a single particle under the
influence of a varying potential V' (z) reads as
hZ 2
—%%\P (x,t) +V () U (2,t) = 'Lh%lll (x,1). (2.1)

In semiconductors the electrons are under the influence of the conduction band edge of
the band structure and the applied electrostatic potential. Hence, the problem reduces

3



THEORY OF OPEN QUANTUM SYSTEMS 2.1. The Schrédinger Equation

to the stationary case and the Schrédinger equation may be separated into a time-
independent part ¢ (z) and a spatial-independent part T'(¢):

U (2,t) = (2) T (1) (2.2)

Applying ansatz (2.2) to the time-dependent Schrodinger equation (2.1) leads to the
equation system

B,
theo T(t) = ET (1), (2.3a)
BT @)+ V() = E0(a) (2:35)

The separation constant £ can be identified as the energy of the particle. Equation

(2.3b) is the one-dimensional time-independent Schrédinger equation. An expansion to
. . . 2 2 2 .

three dimensions using the Laplace-operator V2 = % + aa—yg + % gives

(~3e ¥+ V00) vl = £0(x) 2.4)

2m

An equivalent operator notation was introduced by Dirac. It combines all terms on the
left-hand side of the Schrodinger equation into the Hamiltonian H which acts on the
state [1) denoted by the infinitely-dimensional ket-vector.

Hlp) = Ey) (2.5)

2.1.1 Band Structure and Effective Mass Approximation

In semiconductors, the movement of electrons within the crystal is determined by the
bandstructure. The periodicity of the lattice leads to a periodic potential. Hence, the
Schrodinger equation can be solved by applying Bloch functions. This gives a wavevector
for the electrons passing through the periodic lattice. For a face-centered cubic lattice,
the reciprocal lattice which forms the Brillouin zone is body-centered cubic (Fig. 2.1).
The dispersion relation of these electrons gives the band structure, which needs to be
plotted within the first Brillouin zone in three-dimensional k-space. This can be done by
defining directions between distinctive points in the Brillouin zone. There, the I'-point
defines the origin in k-space, X lies in the center of a square and L in the center of a
hexagon. K is situated in the middle of an edge shared by two hexagons and U bisects
the edge between a square and a hexagon. Finally, W is the intersection point of two
hexagons and a square [11].

The bandstructure of silicon is shown in Figure 2.2. The dispersion relation is plotted
along the secants between L, I', X, K and back to I"'. The full picture emerges by
folding back higher Brillouin zones into the first one, which is called the reduced zone
scheme. The gaps between different band edges are the so-called band gaps where
classical propagation is not possible.




THEORY OF OPEN QUANTUM SYSTEMS 2.1. The Schrédinger Equation

Figure 2.1: First Brillouin zone of silicon [12]. The significant points I', L, K , and X
used in the band structure diagram of silicon are marked. Additionally, the equivalent
energy surfaces of the three valley types forming ellipsoids and its minimum close to the
X points are illustrated.

As shown in Fig. 2.2 the band structure has a very complex shape. Therefore, instead of

a full description, a widely used concept, called effective mass approximation, is applied.

The energy minimia in the bandstructure are called valleys. Around these a Taylor series

expansion of the energy is performed. Thereby, the electron energy is approximated by
h2

E(k) = & (kuin) + [(k )" (k= k)| (2.6)

The minimum energy of the valley is given by & (ki) and the curvature enters through
the so-called effective mass tensor m [12]. The inverse of this tensor is given by
0*E 0*E 0*E
ok2 Ok Ok, OkyOk,
4 1 0*E 0*E 0*E
m == . (2.7)
h? | Ok,Ok,  Ok?  Ok,Ok,
0*E & 0*E
Ok,0ky Ok, 0k,  Ok2

The effective mass approximation to the band structure is reasonable for electrons with
a low kinetic energy. It enters the Schrodinger equation by substituting the electron
mass as follows:

(-%valv i V(X)) B(x) = EY(x). (2.8)
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Figure 2.2: Bandstructure diagram of Silicon [13].

For some materials in certain directions, further simplifications are possible. The equiv-
alent energy surface of the valleys of silicon form six ellipsoids, which can be described
by a lateral and transversal mass m; and my;. According to their orientation, one can
distinguish three valley types with a twofold degeneracy. The effective mass tensor for
a silicon substrate with (100) orientation takes a diagonal form, given by

— 0 0
My 1
mi=0 — 0 |. (2.9)
my ]
0 0
My

According to the orientation of the valley type, the coefficients equal m; = 0.91m,
and my = 0.19my, respectively. Hence, there are three different effective mass tensors
conforming to the ellipsoids. Therefore, the Schrédinger equation needs to be solved
three times and the solutions due to each valley have to be summed up.

2.1.2 Separation of the Schrédinger Equation

The geometrical structure of semiconductor devices often allows to reduce the simulation
domain to a one-dimensional cross section of the device. For example, in heterostructures
the electrons are not free to move in any direction. In a potential well their motion is
confined perpendicular to the well and leads to discrete energy levels. The behavior of
electrons bound to these discrete states is two-dimensional opposed to the continuous
free or propagating states of higher energy than the confining potential well [14]. Tt is
possible to separate the Schrodinger equation in a longitudinal and transversal part. The

6



THEORY OF OPEN QUANTUM SYSTEMS 2.1. The Schrédinger Equation

general procedure will be shown in the following. Starting from the time-independent
Schrodinger equation as derived in Section 2.1

(—%Vm_l (x)V + V(X)) Y(x) = EYP(x), (2.10)

we are able to derive a formula that describes the motion of an electron in a low-
dimensional system. We make use of the effective mass approximation and assume
that the mass perpendicular to the heterostructure layers is m,(z) whereas the effective
mass parallel to the layers is constant and therefore reads m, and m, respectively.
Furthermore the electrostatic potential varies only normal to the heterostructure layers,
i.e. V(x) = V(z). Hence, the Schrodinger equation reads

( o 1 0 h* 0? n* 9?

2 0rmy(x) 0r  2my, Oy?  2m, 022

+ V(x)) U(x,y,z) = EP(x,y,2).  (2.11)

The following ansatz uses plane waves for the motion along y and z, which is plausible
for a heterostructure with varying potential solely along the growth direction.

Y(z,y, 2) = ou(x) exp(tkyy) exp(tk,z). (2.12)

Applying ansatz (2.12) to the Schrodinger equation (2.11) gives

<__§f:?_ 19 Bk} RS

2 0rmy(x) 0r  2m, 2m,

+vu0¢4@:e%my (2.13)

The energy ¢, follows the solution ¢, of the one-dimensional Schrédinger equation, where

g_h%f_h%f

= . 2.14
s 2m,, 2m, ( )
Substituting (2.14) for the energy &£ in equation (2.13) yields
o 1 9
B N V4 () = e,0.(x). 2.15
(-5 e + V) #ule) =l 215

Therefore, the solution of the original three-dimensional problem can be rewritten with
r = (y,2) and k = (k,, k.) and the effective mass of the y-z-plane m,, to give

Yy (r,z) = exp(tk - ), (z), (2.16a)
Ek)=c¢e,+ ;mk . (2.16Db)

Assuming closed boundary conditions implies discrete states as solution of (2.15) along
the x-direction. For each quantum number n, i.e. each allowed energy ¢, in x-direction,
a dispersion relation (2.16b) for the y-z-plane holds. The wavefunctions, the parabolic
dispersion relation and the stepwise growth of the electron density are illustrated in
Figure 2.3. This introduces the concept of subbands.

7



THEORY OF OPEN QUANTUM SYSTEMS  2.2. Density of States and Occupation

€2

{1

. a:[nm] . knm™1] n(£)[eV ™ nm~?]

Figure 2.3: This diagram shows subbands corresponding to the discrete energy levels
within a quantum confined system [11].

2.2 Density of States and Occupation

This section introduces the concept of the density of states and the distribution function.
Together, they allow to determine the carrier concentration within a device.

2.2.1 Density of States

To be able to describe the number of states that are available in quantum mechanical
systems the density of states p(€) is defined. It gives the number of states within an
energy range [£,€ + d€] as p(€)dE [11]. The density of states is generally defined with
Dirac delta functions 0(&)

p(E€) = 3(E —zn). (2.17)

Each state n is accounted for by a Dirac function at its energy level €,,. Therefore, the
number of states within the energy range from &; to & is given by the integration

Ea & &2
Z=[p@E)dE= [ > 6(E—e)dE =D [(E—cn)dE. (2.18)
Jreve=]3 -/

Equation (2.18) shows that due to the delta function only states within the given energy
range contribute to the total sum of states, which is the desired property of the density
of states.

The density of states for a free electron gas in one, two, and three dimensions are given

8
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Dimension d 1D 2D 3D
(8) 1 2m<1i]c?s mczilc?s 7ndos V deosg
pd V€ Th? T2h3
EC — SF SC - gF
na || NPT (_ kT ) NE2In (1+ e/BeT) | NPy <_ knT
mlD ]{TBT 1/2 mQD k’BT m k’BT
Nd dos dos dos
C gsgv (—ZWFLQ ) 989\/—27%2 gsgv (—2 72
mgos m, My, = /MyMm; Mygyz = FMgMyMm,

Table 2.1: The density of states, the electron density, the effective density of states and
the density of states mass are summarized for one-, two- and three- dimensional systems.

1/2

in Table 2.1. It shows a typical energy dependency of £7'/2 in one dimension, £/2 in

three dimensions and a constant behavior in two dimensions.

Equation (2.17) allows to describe the density of states of an arbitrary system. For
systems, which are not translationally invariant, the density of states varies locally.
Therefore, a local density of states is defined where every state is weighted by its wave-
function [11],

= > [n(@)[*8(E - &n). (2.19)
The density of states can be recovered by employing a spatial integration

= 368 ~ ) [ 1no)dn = 37 5(E - 2.). (2.20)

An even more general case of the density of states is the so-called spectral function

p(z,2', E) Zz/zn (€ —en). (2.21)

This is an important quantity for the Green’s functions formalism and will reappear
later in the according sections governing the non-equilibrium Green’s functions.

2.2.2 Occupation of States

After having calculated the number of available states, they have to be filled according
to an occupation function. Fermions such as electrons need to obey the Pauli exclusion
principle, which means that a state can only be occupied by a single particle at once.

9
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Their behavior is described by the Fermi-Dirac distribution function

1
1 +exp (gk_;F)
B

where & is the Fermi level, which is the energy at which the probability that the state
is occupied equals the probability that it is empty. Figure 2.4 shows the Fermi-Dirac
distribution function. Knowing the distribution function and the density of states it is
possible to calculate the number of electrons within a quantum system according to

F(E, &0, T) = (2.22)

o0

n= /p(ﬁ)f(E,EF,T) d€. (2.23)

—0o0

Table 2.1 summarizes the density of electrons in a free electron gas with the given
dimensionality. N¢ is called the effective density of states in the conduction band which
has the band edge at £¢. The effective masses m,,. and m,, are the respective density
of states masses calculated form the coefficients of the effective mass tensor (see Section
2.1.1). The constant gs gives the degeneracy due to the spin of the electrons, which is
twofold (spin up and spin down). The degeneracy of equivalent valleys within a band
is given by gy. Equation (2.23) is of the same form as the so-called Fermi integrals and
needs to be evaluated accordingly. The Fermi integral of order j is defined as

2=00

1 i
Fle) = — / dn, 2.4
O ) Tremm-9Y 220
m=¢
where I'(z) is the gamma function and
E—&c
Ec — &
—& = . 2.25b
g= (2.25)

The complete Fermi integral used for the calculation of the electron density of the free
electron gas requires a lower integration boundary of ¢ = 0.

In Section 2.1.2 it has been demonstrated, that it is possible to separate the Schrédinger
equation, if the potential V' (x) meets some special constraints. If it were dependent
on one spatial direction solely, the problem is split in a two-dimensional problem that
describes the electron behavior within the subband itself and a one-dimensional problem
that gives rise to these subbands. If a system with discrete states is occupied with elec-
trons, each subband is filled sequentially. The number of electrons within a subband with
index n,, which is a two-dimensional electron gas, is therefore given by (cf. Table 2.1)

m zk’BT gF — En,

10
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Figure 2.4: Fermi-Dirac distribution function for 7= 0 K and 7" > 0 K. [12].

Now, the electron density of the complete system can be written as a summation over
the electron contributions of all subbands

. . myszT SF — Enz
n = nZnnz = Z T In [1 + exp (kB—T)] . (2.27)

Ny

If the spectrum of states becomes continuous, the summation in equation (2.27) can be
approximated as an integral. Instead of the discrete states, the density of states p, (&)
of a one-dimensional system arises. These states are filled according to two-dimensional
subbands. Therefore, the electron density of these subbands can be interpreted as oc-
cupation function f(&,) of the one-dimensional density of states p,(£;). The overall
electron density is given by

n = /pm(c‘?z)mj:—;;len [1+exp (&k;;x)} dg, = /pw(é’x)f(é’m)dé’x, (2.28)
—0o0 f(vz) —0o0

where p,(&,) is acquired by solving the one-dimensional Schrodinger equation.

2.3 Transmission

After the discussion of the separation approach to reduce the Schrodinger equation to a
one-dimensional problem, we will now focus on the transmission and reflection of particle
waves incident perpendicularly on barriers within the transport direction [14, Chapter
3]. The simplest model of quantum transport in devices is to describe the problem in

11
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Figure 2.5: A single rectangular potential barrier

terms of the scattering of the electron wave by a spatially varying potential [15]. One
assumes that this potential is situated inbetween two electron reservoirs, each emitting
particles with an equilibrium distribution into the scattering region. An applied voltage
causes two different chemical potentials within the contact regions. The flux of electrons
passing between the reservoirs constitutes the electrical current conducted through the
device.

In wave mechanics, the particle density is written as

¢(x,t) = U(x,t)U*(x,t). (2.29)

Using this quantity, the Schrédinger equation can be rewritten in the form of a continuity
equation for ¢(x,t),
Js(x,t) h

5 = _Qmozv U (x, )V (x, ) — U(x, 1) VP (x,1)] . (2.30)

With mg being the mass of an electron and ¢q the elementary charge, the electron current
is given as
h
= 0 g (x, )V (x, t) — U(x, ) VT (x, 1)] . (2.31)

2mgt

2.3.1 Transmission and Scattering Matrix

A single potential barrier with the width W = 2a and the height V; as depicted in
Figure 2.5 will be considered next [14]. Regarding an electron coming from the left of

12
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the barrier, the single particle Schrodinger equation with a single-band effective mass is
again written as

LD 2 VW) i) = ) (232

The solution of this equation may be written as piecewise-continuous function

Aexp(tkz) + Bexp(—tkz) =< —a
P(x) =< Cexp(yz)+ Dexp(—yx) —a<z<a (2.33)
Eexp(thkz) + Fexp(—kz) x>a

where

V2mz€

k=Y (2.34a)
_ VIl =€) (2.34b)

h

The coefficients A and B are associated respectively with incoming and outgoing waves
on the left side relative to the barrier. Likewise, the coefficients £ and F' are outgoing
and incoming waves on the right. For energies £ < Vj, the solutions in the barrier are
exponentially decaying functions corresponding to evanescent states.

The coefficients C' and D may be eliminated using the continuity of the envelope function
and its derivative as boundary condition at the interfaces © = —a and = = a. This leads
to the matrix equation

A My M E
_ 11 12 (2.35)

B My Mo F

where the matrix elements of the transfer matrix M are given by
i v (K2 —~2\ |
My, = M, = |cosh(2va) — ) sinh(2va) | exp(2ika), (2.36a)
k’2 2

My = My = —2 ( +7 ) sinh(27a). (2.36D)

The transmission and reflection coefficients are associated with the ratio of fluxes. As-
suming that there is a wave incident from the left side with amplitude A and no wave
from the right side we can set F' = 0. Using equation (2.31) we are able to calculate the
probability flux incident to the barrier as

hik
Fine = |A\2m— =v|A]?, (2.37)

13
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Figure 2.6: Transmission of a single barrier with a height of V; = 0.5 eV and three
different widths.

where v = (1/h)dE/dk denotes the group velocity of a particle of wavevector k (here
assuming parabolic bandstructure). For the transmitted wave the probability flux is

hk
ftrans = ‘E‘z_ = U‘E‘Q- (238)
My

Hence, the transmission coefficient, defined as the ratio of the transmitted to the incident
probability flux density, writes

ftrans |E|2 1
T(E) = = = .
(5) finc ’A|2 |M11|2

(2.39)

The reflection coefficient is likewise defined as the ratio of the incident to reflected flux,

B [ My ?

BE) = 1AF = [t

= | Mo PT(€). (2.40)

The transmission of a single barrier with a height of V5 = 0.5 eV and three different
widths is shown in Figure 2.6. The matrix equation (2.35) may be rewritten in a way,
that it provides a relation between incoming and outgoing fluxes,

_[511 S || A

F

B

. (2.41)

S21 522

Here, the matrix S is referred to as the scattering matrix. The transmission and reflection
coefficients are obtained as before. For /' = (0 and the more general case of asymmetric

14
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barriers which give different group velocities v, for the left and v, for the right side
respectively, the coefficients result from

2 Ur

I
U1

R(E) = S| (2.42b)

Equivalently, the transmission may be calculated for waves incident from the right by
letting A = 0 which gives

T(E) = Sl (2.43)

The transmission coefficients obtained are reciprocal and relate to the off-diagonal ele-
ments of the scattering matrix. The diagonal elements of the S-matrix are the reflection
coefficients.

The properties of the scattering matrix are briefly summarized. Due to time reversal
symmetry the matrix product of the scattering matrix and its complex conjugate is the
unity matrix [14]

S's=1 (2.44)
It follows from (2.44) that
1Su1[* + 5755, = 1, (2.45)
which simply denotes the conservation of flux
T+ R=1. (2.46)
To turn the scattering matrix into a unitary matrix
S's=1 (2.47)

the coefficients have to be normalized by the flux ratio S;;+/v;/v; which leads to

S = [Tl b ] . (2.48)

Zfl Ty

The coefficients r and ¢, denote the reflection and transmission amplitudes from left to
right whereas r, and ¢, describe the opposite case from right to the left. The transmission
and reflection coefficients are therefore given by T' = |#)]? and R = |rj|?>. Further examples
and a more detailed description are presented in [14].
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2.3.2 Conductance - The Landauer Formula

If a system is near thermal equilibrium, i.e. the applied voltages are very small, trans-
port can be described using linear response theory. One approach is the Kubo formalism
which is based on the fluctuation-dissipation theorem [15-17]. It allows the calculation
of the conductivity via the autocorrelation of the current density.

Another widely used approach is the so-called Landauer formula [16,18]. Assume a
one-dimensional system with two ideal contact regions connected to a ballistic conduc-
tor between them. The contact shall be reflectionless, i.e. electrons from the ballistic
conductor are not reflected entering the contact regions [16]. The contact regions are
characterized by their chemical potentials y; and p,, which is equal to the corresponding
quasi-Fermi levels for the mentioned assumptions. Hence, the applied bias is given by
V= — py

The electron states in the ballistic conductor are given by the subbands starting from
certain energy levels €,,. Therefore, the number of transverse modes which contribute to
the current for a certain energy &£ is given by

Z 0(E—¢,). (2.49)

The current from a single mode can be calculated separately and then summed up to the
total current. For a single mode the +k states, i.e. the states with propagation from left
to the right, are occupied with electrons due to the left contact according to a certain
distribution function f*(&€). The total current through a ballistic conductor of length L
resulting from this electrons in positive k states writes as

qo 10&
It = Z vi*(E R AMCL (2:50)

where v denotes the group velocity of the electron gas. This sum can be converted to
an integral (including spin) over energy:

= % / FHE)E, (2.51)

where the lower integration boundary is the cut-off energy ¢ of the transverse mode.
Using equation (2.49) this integral can be rewritten to give the current for multiple
modes

o U / ME)fHE (2.52)
For a constant number of modes the current reads
2
1= =2M(u = ). (2.53)
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which allows us to calculate the conductivity, i.e. the contact resistance of a ballistic
conductor

2
Ge = Z%M. (2.54)

Assuming a slightly different geometry with two contact regions connected by two bal-
listic leads to a conductor with transmission probability 7" the previous results can be
applied again. In the low temperature limit the whole current flows in the energy range

w < & < u, which leads to an inflow of electrons due to the left lead as expressed be
equation (2.53)

I = Z—,Z]OM(M — fhr)- (2.55)
Knowing the transmission probability the outflux of the right lead is given by
1= 22 0T~ ), (2.56)
and the remaining electrons are reflected back to the left lead
=220 =T~ ) 2.57)
Therefore, the total current through the device becomes
T= I~ I =1 = 22N T~ ), (2.58)
which gives rise to the conductance
G = QTQSM T. (2.59)

This is the conductivity for a two-probe measurement and includes the contact resis-
tance of the leads [14]. The conductivity of the scatterer alone is given by a four-probe
measurement and leads to the original Landauer formula
2¢5. . T _2q5 T
—M——=—M-—.
h 1-T h R
Biittiker has generalized this formula to the multichannel case [19]. If there are N

conducting channels to the left and N’ conducting channels to the right the conductivity
is given by

G = (2.60)

3

T

2 y ?

G = 20 =1 . (2.61)

o [Ee] [Be] - o] B

i=1 =1 =1

Here v} and 1} denote the injection velocities on the left and right side respectively.
Since linear-response theories only study small departures from equilibrium state both
the Kubo and Landauer formalism are not able to deal with situations far from equilib-
rium, i.e. when a large voltage drop occurs [15]. Therefore, more advanced methods as
described later in Section 2.4 need to be applied.

17



THEORY OF OPEN QUANTUM SYSTEMS 2.3. Transmission
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Figure 2.7: (a) A rectangular potential well with a bound state. (b) In a well with
barriers of finite thickness a and height V[, a resonant or quasi-bound state arises.

2.3.3 Resonant Tunneling

In quantum wells with a finite barrier height, quasi bound states (QBS) may occur. The
QBS are related to resonances in the transmission of the quantum well. Hence, they are
also called resonant states (Fig. 2.7) [11]. The double barrier structures can be treated
with the methods that were presented in Section 2.3.1 and applied to a single barrier.
The transfer matrix of the barrier is described as before by equations (2.35) and (2.36).
Additionally, we have to account for the wave propagation within the well to obtain
the full transfer matrix. Since the potential in the well is uniform, just a phase factor
depending on the width b and a propagation constant k is introduced [14]. Therefore,
the barriers are connected by the transfer matrix

eflkb 0
My = 0 okd|” (2.62)

The transfer matrix of the complete double barrier system is given by
M =M, - My - Mg, (2.63)

where M, and My, are the transfer matrices of the left and right barrier. As stated in
equation (2.39) the transmission coefficient is determined by the coefficient

Mryy = My Mgye™™ + Mpiy Mpore™ (2.64)

of the transfer matrix.
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Figure 2.8: Transmission coefficient for a double barrier structure with a height of V{ =

1.355 eV, a barrier width of Ly = 6 nm, and three different well widths.

For the geometry in Figure 2.7b with symmetric barriers the propagation constant £ is
the same in the leads and in the well (cf. equation (2.34a)). Furthermore, for equal barrier
width a and height Vj there is a single attenuation constant 7 given by equation (2.34b).
Following Ferry [14], the results for a single barrier can be applied to M; and My, directly.
The matrix element M;i; of the single barriers can be expressed in polar coordinates

o 20
My = mqe”,

which leads to the magnitude

k2 — ~2 2
my = cosh2(27a)+< ) sinh?(2vya),

2k~

and the phase

2 _ .2
0 = — arctan [( ij ) tanh(27a)] + 2ka.

Therefore, the square of the matrix coefficient (2.64) becomes

|Mrii|* = Jma|* + [ Mo [* 4 2)ma [ Man | cos [2(kb — 6)]

2
= (|m11|2 — |M21|2> + 4|m11|2|M21|20052(k;b — 0)

[\ J/

de?M

(2.65)

(2.66)

(2.67)

(2.68)
(2.69)
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Figure 2.9: Schematic band edge diagram of a resonant tunneling diode and an according
[-V characteristic. The hatched areas at the left and right leads symbolize the Fermi sea
of electrons. If the bias voltage V5 is applied, resonance occurs which manifests itself as
a peak in the I-V curve.

Since det(M) is unity for a symmetric barrier, the transmission coefficient simplifies
further to

1 1 B s
|Mria|)® 1+ 4my|*| Moy |* cos?(kb— 6)  Ty® + 4Rp cos?(kb — 0)

T(€) (2.70)

The transmission and reflection coefficients T and Rp are given by equations (2.39) and
(2.40) derived for the single barrier system.

There are two special cases to consider for the transmission coefficient of a resonant
tunneling device. For off-resonance the minimum transmission occurs when the cosine
becomes unity, i.e. kb — 0 = nmw

Ts> Ts>
Tmin = b) & ~ b s (271)
15" +4Rp 4

where the approximation usually holds for typical resonant tunneling devices.
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For the second case, the cosine vanishes and the system is in resonance:
s
a0

Thax =1,  for k;b—@z(?n—i—l)2

n=0,1,... (2.72)
If the quasi-bound state within the double barrier device is biased in resonance with
the ground state of a lead the transmission becomes unity. This can be clearly seen in
Fig. 2.8, where the transmission of a double barrier with a height of V5 = 1.355 eV and
a barrier width of Ly = 3 nm is plotted for three different well widths.

A schematic band edge diagram of a resonant tunneling device is depicted in Figure 2.9.
A quasi-bound state is marked as a dashed line between the two barriers. As the voltage
is increased from V; to V5 the current rises up until it reaches its peak at the resonance
level (V5). After the resonance, a region with negative differential resistance occurs and
the current drops into a valley after which it starts to grow again (V3) due to conduction
states at higher energies.

2.4 Green’s Function Method

In this section, the non-equilibrium Green’s functions formalism and its connection to
the physical quantities will be presented. First, a basic introduction to the mathemat-
ical meaning of Green’s functions will be given providing common terminology needed
for device simulation. Subsequently, the different types of Green’s functions and its
application to describe quantum transport phenomena will be discussed.

2.4.1 Introduction to Green’s Functions

This section summarizes the introduction of Supriyo Datta [16] which provides the math-
ematical background. Green’s functions provide a tool to solve inhomogeneous differen-
tial equation systems. A system with the differential operator D responds with R to an
excitation given by S,

DR =S. (2.73)
A Green’s function G = D! can be determined, that describes the response by
R=D'S=GS. (2.74)
In an analogous way, one can write
(€-H)v =85, (2.75)

where 1 is the wavefunction, S is an excitation due to a wave incident from a lead and H
is the Hamiltonian. Like equation (2.73), the response for this system can be expressed
via a Green’s function,

G=(E-H". (2.76)
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Figure 2.10: Excitation leading to the retarded Green’s function

To fully determine the inverse of this differential operator it is necessary to define proper
boundary conditions. For a one-dimensional wire with the constant potential energy Vg,
the Hamiltonian writes

n* o2
H=—— : 2.
2m Ox? Vo (277)
Hence, the Green’s function of the system is given by
B2 92\ !
G=|EE- W+ —— 2.78
( o W) | (2.73)
which can be rewritten as
h? o2
/ /
_ -~ = — ). 2.
(5 VO+2m8w2) G(z,2") =6(x — 2') (2.79)
The similarities with the Schrodinger equation (2.4) can be clearly seen
n* 02
_ L2 =0. 2.
(6= Vo g ) (e =0 (2.50)

The difference lies in the source term d(x — z’) whereby the Green’s function G(z,x’)
describes the propagation of a disturbance at x’ to . Such an excitation causes two
waves originating from 2’ (Fig. 2.10). These wavefunctions with the amplitudes A™ and
A~ are given by

G(z,2") = A" exp ik (z — 2')], if > a2/ (2.81a)
G(z,2') = A" exp|[—ik (z — 2')], ifx<d (2.81b)
with the wave vector k = /2m(E — Vp)/h. This is a solution for every point x # z’ but

in order to fulfill equation (2.79) at + = 2’ additional boundary conditions have to be
specified. The Green’s function and its derivative need to satisfy:

I) G(z,2")| L G(z,2")] =0 (2.82a)
0G(x,x") 0G(x,x") _ 2m
I7) e i el B 2 (2.82Db)
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Figure 2.11: Excitation leading to the advanced Green’s function

Thereby, the amplitudes of the wave functions are uniquely determined

_ m 7

with v = (hk)/m which leads to the Green’s function of an infinite one-dimensional wire
Gz, ) = —é exp[ik |z — 2'|]. (2.84)

However, equation (2.84) is only one of two possible solutions, which is called the re-
tarded Green’s function G®(z,2"). The other solution, called advanced Green’s function,
consists of incoming waves vanishing at the point of excitation x = z’ instead of outgo-
ing waves which originate from it (cf. Fig. 2.11). Hence, two different sets of boundary
conditions determine the advanced and retarded Green’s function

GR(x,2) = —% exp [tk [z — 2'|], (2.85a)
G (x,2) = —i—hi exp[—ik [z — 2'[]. (2.85Db)
v

Here

k=+2m(E—-Vy)/h and  v=(hk)/m (2.86)

is the wave vector and the particle velocity, respectively.

Another way to account for the boundary conditions is to introduce an infinitesimal
imaginary part to the energy. Equation (2.79) then becomes the constituting relation
for GR(x,2’). Introducing n > 0,

n* 9?2

(5 —Vo+ p—— + m) GR(z,2") = d(x — o). (2.87)
This gives a positive imaginary part in the wavevector k, which furthermore renders
the advanced Green’s function exponentially growing at the boundary and therefore
unphysical. Likewise, with n > 0 the advanced Green’s function is the only acceptable
solution of

2 o2
2m 92

(5 —Vo+ - m) G (x,2") = 6(x — o). (2.88)
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This leads to the commonly used definitions of the retarded and advanced Green’s func-
tions as

GR=(E-H+wm) ™", n—0F (2.89a)
Gr=(E-H-um)™", n—o0t (2.89D)

2.4.2 Equilibrium Green’s Functions

In this section, the relation of the Green’s functions used within this thesis and its origin
will be provided. The work on non-equilibrium Green’s functions has been pioneered by
Martin and Schwinger [20], who provided the base for the work of Kadanoff and Baym [7]
and Keldysh [8]. Following Haug [21] the time-ordered single-particle Green’s function
writes as

2 (Wl T (v (x, ) (X, 1)) [ W)
h (Wo|Wyo) ’

G(x,x;t,t") = — (2.90)

where the ground state of the interacting system is given by H|Wy) = &|V¥y) and
T(A(t)B(t)) is the time-ordering operator, that moves the operator with the earlier
time-argument to the right

T(A@®)B(t)) =6(t —t")A(H)B(t') — 6(t' — t)A(t)B(t'). (2.91)

The operators ¢y(x,t) are in the Heisenberg picture which means that they are time-
dependent. Calculating the time derivative of the Green’s function gives

oG (X, X/§t>t/) <\IIO|{¢H(X7 t)7¢L(X/7t/)}|\P0>

g o=t (To[To)
0 (Wo|T (R0 (X, 1)) [ W)
h <‘1’0|‘1’0>
B ) 0 {Wo| T (2T (x! 1)) | W)
—(5(t—t)(5(x—x)—i—i (ToTo) (2.92)

where {A, B} denotes an anti-commutator. Equation (2.92) is of the same form as equa-
tion (2.74) with the delta functions providing the excitation to the system. Therefore,
the time-ordered Green’s function defined in (2.90) obeys an inhomogeneous differential
equation.

For example, consider free particles with the Hamiltonian H = — /2 [ dayt () V()
following the Heisenberg equation of motion [21]

2%72

5 [Yu(z,t),H] = - Sy Lopy(m,t), (2.93)

with the square brackets [-, } denoting the commutator relation. Therefore, the dif-
ferential equation of the free particle Green’s function turns into the inhomogeneous
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Schrodinger equation

th— +

( 0 h*V2
ot 2m

)G@mﬁaf):hat—ﬂﬁ@r—fy (2.94)

Additionally to the time-ordered Green’s function the retarded and advanced Green’s
functions as well as the lesser and greater Green’s functions are defined as

G (x, x5 1,) = =2 (t = ) ({0 (x,0), w1 (¢, £)}) (2.950)
G (e, x5, ) = 20 = )({(x, 1), 01 (1)) (2.95D)
G= (x,Xt,t') = 5 (W ) (x, 1)) (2.95¢)
G (s, x5, ') = = ((x, 01 (<, 1) (2.950)

where the angle brackets (---) denote the calculation of the expectation value. The
normalization factor (Uy|Wy) has been omitted here [21].

The retarded Green’s function G® gives the response at time ¢ to a perturbation of
the system at an earlier time t’. The lesser Green’s function G< is also called particle
propagator or correlation function, whereas the greater Green’s function is called hole
propagator [21]. The differences between the four Green’s functions become important
when treating non-equilibrium systems, which will be done in the succeeding section.
The Green’s functions are related to each other by

GR - G* =G~ - G-, (2.96)

and the time-ordered as well as the retarded and advanced Green’s functions can be
expressed in terms of the lesser and greater Green’s functions

Gx,x5t,t) =0t —tG” (x;t) +0(t' —t")G= (x,%x;t,1), (2.97a)
GRA (x, % t, 1) = £0(£t F ) (G (x,x';t,t') — G= (x,x; 1, 1)]. (2.97b)

Every Green’s functions has its domain, where it is best applied. The time-ordered
Green’s functions are used for perturbation theory. The retarded and advanced Green’s
functions allow to treat physical responses and therefore provide information on spectral
properties, density of states and scattering rates. The lesser and greater Green’s func-
tions describe kinetic properties and allow to obtain physical quantities, i.e. quantum
mechanical observables [21]. As an example, the particle density is given by

(¢(x)) = —1G=(x, x, t,t) (2.98)

in terms of the lesser Green’s function.
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2.4.3 Non-Equilibrium Green’s Functions

In the following paragraphs the Green’s functions defined in (2.95) will be applied to
a system under nonequilibrium conditions [16]. Since we are interested in steady-state
problems, we make use of the fact, that under this prerequisite the correlation functions
only depend on time differences. This can be used to Fourier transform the two-times
correlation function (2.95), which gives

o0

1
G* (x,x;€) = / EG< (x,x;7) e "€/ "dr, T=t—1t, (2.99)

—00

where the energy dependence of the treated particle is revealed.
An important quantity is the so-called density matrix p(x,x’,t), which is derived from
the two-times correlation function by setting t = t/,

p(x,x', t) = —G= (x, x5 t,t") | . (2.100)
t=t/
This is equal to an integration over energy which yields
/ < ’ / < / d&
p(x,x',t) = =G~ (%, x5, 1) =— | G (x,x;&) o (2.101)
t=t' ™

Therefore, the electron density (2.98) is given by the diagonal elements of the density
matrix:

n(x) = -2 / G (x,x;E) % (2.102)

The factor of two accounts for spin degeneracy.

The lesser and greater Green’s function describe the propagation of a particle within a
state. To cover the transitions from one state to another the self-energies ¥< (x, x’; ¢, 1)
and ¥~ (x,x’;t,t') are introduced. In steady state, a Fourier transformation similar to
the procedure for the lesser Green’s function gives < (x,x’;€) and ¥~ (x,x’;E). The
self-energies allow to describe scattering events and are used to incorporate the effects
of leads on a device as described in Section 3.2.

To achieve a more compact notation, the product of two terms is interpreted as a matrix
product in the internal variables [21]. The four types of Green’s functions and the self
energies are related by the kinetic equations

G< = GRE<GH, (2.103a)
G~ = GRy>Gh. (2.103b)
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Contrary to the equilibrium case, these have to be solved simultaneously with the equa-
tions for the Green’s functions [16] given by

Gt = [EI-H-x ", (2.104a)
ar =™ (2.104b)

Equation (2.104a) is for the sake of completeness equivalently rewritten in real space
representation:

€ —H|G* (x,x;&) — /ER (x,x"; ) GR (x",x; &) dx" = § (x — X/). (2.105)

To solve equations (2.103) and (2.104), the knowledge of the retarded self-energy X®
and the lesser and greater self-energies X< and ¥~ is necessary. The self-energies to
incorporate the leads are derived in Section 3.2. The modeling of scattering requires
great care. The modeling of electron-phonon interactions and the resulting self-energies
will be given in the following Section 2.4.4. More details on self-energies have been given
by Mahan [22].

A further important quantity, the current density (2.31), can be expressed in terms of
the non-equilibrium Green’s functions [16]

1hqo

j(X7 8) = 2m0

[(V = V) (x)p*(x)] (2.106)

x'=x

Here, the gradient operators V and V' act on x and x’, respectively. The definition of
the lesser Green’s function is used to substitute ¢ (x)y*(x’). Furthermore, considering
the steady-state condition gives a factor of 2. Hence, we derive the current density at
the energy &£ as

i, E) = ==~ [(V = V)G (x,x;€)]

(2.107)

x'=x

Finally, integration over energy and taking the electron spin into account gives the overall
current density

o0

i) = —252 [ [(v = V)67 (x.x5)]

—0o0

e

x'=x 27'('.

(2.108)

2.4.4 Scattering

The self-energies depend on the type of phase breaking interaction that is modeled.
They can be obtained by applying perturbation theory. As a result, the form of the self-
energies depends on the order of the perturbation. As an example, the incorporation
of electron-phonon interaction in the self-consistent Born approximation will be given
according to [16]. More sophisticated modeling approaches to other scattering processes
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can be found in [22].
The lesser and greater self-energies for the electron-phonon interaction read

Yoo (X,x5E) = /D (x,x"; hw) G= (x,%x; & — hw) d(Iw), (2.109a)
Yoo (%, x5 E) /D x, X' hw) G” (x,x'; € + hw) d(hw). (2.109b)

Hence, D (x,x; iw) describes the spatial correlation and energy spectrum of the phase-
breaking scatterers [16]. Absorption occurs if iw > 0 and emission occurs in the opposite
case. Given the number of phonons Ny with the wavevector q and frequency wq where
a single phonon exerts a potential Vg on an electron, we get

D (x,x'; hw) = Z |Vq|2{exp[—zq~ (x — X') | Ngb (w — wq)
" (2.110)
+exp[+iq - (x —x)] (Ng+1)6 (w+ wq)}.

Assuming thermal equilibrium, the number of phonons is given by the Bose-Einstein
distribution

1
Ngq = . (2.111)
exp % -1
kgT

The retarded self-energy is given by

2§ph (x,x";&) = ngh (x,x; &)+ %Fe_ph (x,x; &), (2.112)
where
e &'

(%, %) qs/ Phgx ’5{ Jag' (2.113)

In (2.113) B denotes the principal part which yields the Hilbert transform of the broad-
ening I'epn. The broadening depends on the lesser and greater self-energies via the
relation

LCepn (x,%X58) = z(Z;ph (x,x";&) — Z;ph (x,x'; 5)) (2.114)

Therefore, the retarded self-energy in the defining equation G® = [51 H- ER] ! for
the retarded Green’s function itself is connected to the lesser and greater self-energies in
the lesser Green’s function G< = GREL <G and greater Green’s function G~ = GRY>GA.
This couples the retarded and advanced Green’s functions to the lesser and greater

Green’s functions. Hence, a computationally very demanding self-consistent calculation
of the self-energies (2.109), (2.112) and Green’s functions (2.103) and (2.104) is required.

28



A little inaccuracy sometimes saves a
ton of explanation.

H. H. MUNRO

CHAPTER 3

Numerical Methods

For nanoscaled devices, numerical simulation based on the non equilibrium Green’s func-
tions (NEGF) formalism has been successfully applied by several groups [9,23-25]. After
depicting a method to solve for the Schrodinger equation, the numerical implementation
of the non-equilibrium Green’s functions formalism introduced in the previous section is
described. A very efficient implementation of this method has been achieved by means
of a recursive algorithm [10].

Proper integration methods are vital for the stability and accuracy of NEGF simulations.
This chapter is concluded with an overview of numerical integration methods, that were
adopted for the NEGF solver.

3.1 Numerical Solution of Schrodinger Equation

In this section, numerical methods based on spatial discretization to directly solve for
the Schrodinger equation will be presented. The closed and the open quantum system
will be discussed separately but their mathematical similarities will be pointed out.

3.1.1 Closed Boundaries

The time-independent Schrodinger equation can be solved numerically by applying a
finite difference scheme. For the one-dimensional time-independent Schrodinger equation

———~——~—+ww)w@:5ww, (3.1)

where the position-dependent inverse effective mass 1/m,(z) is evaluated from the ef-
fective mass tensor. For a discretization, the first and second derivative of the wave
function have to be determined. For a uniform grid (Fig. 3.1) z; = jAz and the values
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Figure 3.1: Discretization points on an equidistant one-dimensional grid

of the wavefunction are given as t; = 1(x;). The application of central finite differences
gives

D ptay) = B oA, (32
for the first and
0? Vi1 — 2 + 1,
S (y) = Il Ax; =L 4 O(AD?), (3.3)

for the second derivative of the wavefunction ¢ with a remaining second order error
O(Az?) due to the Taylor series expansion. This leads [15] to a set of equations of the
form

Hypj = —sjihj1 + djhj — sty = Ey, (34)

which allows one to write the Hamiltonian as a tridiagonal matrix. The equation system
reads

(i — & —so U1
—S9 dQ — 5 —S3 '(ﬂg
—S53 ds — & —S54 3

—0.  (35)

—Sp—1 dnfl - 5 —Sn ¢n71
—Sn dn - g ¢n

The coefficients of the Hamiltonian matrix d and s take account for variations in the

effective mass like heterojunctions correctly. Is is required, that the wavefunction ¢ (x)
and m;(w)% (x) are continuous to ensure conservation of current. A piece-wise linear
xT

wave function between adjacent mesh points is eligible and yields the following discretiza-
tion [15]

h? 1 1
dj = —— + +V;, (3.6a)
2Az m;—1 + m; m; + mj41
h? 1
Sj (36]3)

CO2A22my i +my

Here, V; is the potential and m; is the effective mass at grid point x;. This results in
an eigenvalue problem that can be solved fast and accurately with standard numerical
methods.
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3.1.2 Open Boundaries

The methods described in the previous section have to be expanded for the application
to open quantum systems connected to leads. The approach by Lent and Kirkner [26],
the so-called the quantum transmitting boundary method (QTBM) will be presented as
proposed by Frensley [15]. The quantum transmitting boundary conditions are deter-
mined by a linear combination of the values of the wavefunction ¢ on two neighboring
grid points. Therefore, the system defined by (3.5) with the endpoints j =1 and j =n
will be extended by an additional boundary point at each side. The wavefunctions take
the form

Y = qelU— Dbz 4 o(1=j)ki Az for j <1, (3.7a)
Y = a,eInde L limn)tkn Az for j > n, (3.7b)

where k; and k, are the wave vectors. They may be found by solving the Schrédinger
equation at the boundaries, which leads to the dispersion relation

E=di— s (e”“m + e’““m”) , (3.8a)

E=d,— s, (elk”m + e_”k"m) ) (3.8b

The wavefunctions at the boundary of the simulation domain are given by

Y1 = ar + b, (3.9a)
Uy = a, + by, (3.9b)
They are connected to the nearby wavefunctions
o = are AT AT (3.10a)
Vni1 = ape” FrAT 4 p ethnde, (3.10b)

The two unknowns by and b,, are eliminated using equations (3.9) and (3.10) which leaves
a; and a, to be determined by

Yo — eR1ATY,

efzkl Az + ezk1 Ax

¢n+1 - elknAx@Z)n
a, =

= a1ty + B1¢, (3.11a)

a; =

e—zkn Ax + ezknA;t

This eventually results in a (n + 2)-dimensional equation system

a B Yo a
—381 d1 - & —S2 wl 0
—S9 d2 — 5 —S3 ¢2 0
= . (3.12)
—Sn dp—& —Spi1 Un, 0
L DB Qpn | _Q/}n—&—l_ | On |

31



NUMERICAL METHODS 3.2. Numerical Solution of NEGF

By setting a; = 1 and a,, = 0, the wave function for a left-incident wave is obtained by
solving the system for ¢;. For the numerical solution of the open quantum system it
is to be mentioned that (3.12) represents a complex non-Hermitian matrix contrary to
(3.5) of a closed system which results in a Hermitian Hamiltonian matrix. But since it
is tridiagonal, fast numerical methods may be applied advantageously.

The QTBM is closely related to the non-equilibrium Green’s functions formalism, which
is discussed in further detail in Section 3.2.4.

3.2 Numerical Solution of NEGF

Various numerical techniques have been proposed to implement the non-equilibrium
Green’s functions formalism. In the following, derivations of a discretized representa-
tion of the Green’s functions are given. A numerical solution procedure using matrix
operations, as well as highly efficient use of a recursive algorithm are described.

3.2.1 Hamiltonian

When dealing with one-dimensional devices it is convenient to split the Hamiltonian
into a longitudinal and a transversal part [27]. Therefore, the procedure presented in
Section 2.2 may be applied. The effective mass Hamiltonian (2.11) yields the longitudinal
Hamiltonian in transport direction

(3.13)

A discretization of this Hamiltonian can be determined with the central differences
scheme (cf. Section 3.1.1). Using a one-dimensional infinite simulation domain the dis-
cretized Hamiltonian is an infinite-dimensional matrix of the form [16]

[ —li—2i-1 0 0 0
—ti—ti—o Vici + 261,10 —tisig 0 0
H=| o0 Ctin Vit 2% —tum 0 (3.14)
0 0 ~tiv1i Vigr + 200 —tip1ige
| 0 0 0 —tit2,i41 ]

where V; is the potential at grid point i. The coefficients ¢; ; for a uniform grid with
spacing a are given by [23]

ti;

B h? 1 N
202 \mt

h? 1

1
__)—i_vjv
m

tiit1 = —

(3.15a)

(3.15b)

202 mj +m;

For a non-uniform grid one has to ensure hermiticity of the Hamiltonian ; ;. = ¢! 114 28]
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3.2.2 Discretization of Green’s Functions

After obtaining the Hamiltonian, the retarded Green’s function (see Section 2.4) can be
calculated by the matrix inversion

GR=[(E+mI—H", (3.16)

where 7 — 07 has to be considered in the correct limit. This matrix is infinite dimen-
sional and so it has to be truncated correctly to reflect open boundary conditions [16].
By partitioning the matrix into a device region and a contact region one obtains the
matrix equation:

R —1

G" Gpe
Gop  Gce

E1-H -7
—7rt (&4 wm)I - Hg

(3.17)

The unknown retarded Green’s function G® of the device needs to be determined. It
does not include the infinitesimal imaginary part :n because this term is introduced via
the coupling to the contact region as shown by [16, page 146]. Hence, the retarded
Green’s function writes as

GR=[fI-H-x]". (3.18)

The interaction with the lead is taken into account via the self-energy > which is given
by

2= 7-Glg,isolatedTT7 (319)
with the retarded Green’s function of the isolated contact as
Gg,isolated = [(5 + “7)1 - HC]il . (320)

A remarkable simplification is achieved, because the coupling parameter 7 is only non-
zero for points adjacent to the contact region. Hence, the Green’s function of the isolated
lead can usually be calculated analytically.

For the one-dimensional lattice, the self-energy due to a semi-infinite lead can be deter-
mined by the discretized Schrodinger equation at the boundary of the device and contact
region.

g1 = —thg + (Vi + 2t)hy — tahy (3.21)

Here, ¢; is given by equation (2.14) and t = h?/(2ma?) for an equidistant grid with
constant mass. This assumption is eligible for the calculation of the self-energy of a
semi-infinite wire [27]. To eliminate the wavefunction 1 just outside the device, one has
to consider, that the retarded Green’s function gives the response for excitation within
the device and therefore only outgoing waves are to be assumed at the boundaries.

Yo = ¥y exp (1hra) (3.22)
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Therefore, the Schrédinger equation at the boundary becomes

€1w1 = —t exp (zkla) wl + (‘/1 + 2t)1/11 — th (323)

Hence, the self-energy of a semi-infinite lead on the left of the device is a matrix with
only one non-zero element at the upper left:

25;171 (&) = —texp (1kra) (3.24)
Similarly, the self-energy of the right lead is given by the non-zero element
SR (€) = —texp (tksa) (3.25)

where the wave vectors are to be determined via the dispersion relation and therefore
give the energy dependence of the self-energies.

The retarded Green’s function with a N x N Hamiltonian of the device region and the
self-energies YR that take the leads into account exactly, is given by

GR(E)=[EI-H-xF-xF] " (3.26)

The self-energies are non-Hermitian and their anti-Hermitian parts are given by

Iy = [SF - 5p] = 25 {=F} = o (3.27)
I'p=1[SF — 53] = 28 {53} = TRi(ie) (3.28)

which are called broadening. They can be seen as the scattering rate of the electrons in
the device into the lead region and vice versa [27,28]. Having calculated the retarded
Green’s function, we are able to determine the requested physical quantities. The density
of states is given by

p(x,x,E) = —%% {GR(X, X, 5)} , (3.29)

but to obtain the electron density an integration over energy space is necessary. The
electron density at grid point i of an equidistant grid with grid spacing a writes as [28]:

) d€

= —= GRY<GA L GRysgh] =, 3.30
n a |: 4,0~ L i + ,i~R z,z] It ( )
The new quantity introduced here is the lesser self-energy. It is given by [29]
Yp(€) = lLfu(é), (3.31a)
YR(E) = IR fr(E), (3.31b)

for the left and right lead, respectively, where fi(£) and fr(€) are the Fermi-Dirac
occupation functions. Furthermore, this integral may include the effect of the transverse

34



NUMERICAL METHODS 3.2. Numerical Solution of NEGF

direction by a modified occupation function as pointed out in Section 2.2.2. Similarly,
the current density from grid point ¢ to grid point ¢ + 1 is given by

h
2ma?

%
2

Jii+1 = Qo 2/ [G;{i-‘rlZEGéﬂ—l - G&1,iE§Gﬁ1,i} (3.32)
A different way to define the electron and current density is achieved by using correlation
functions. The lesser Green’s function is determined by the equation

[E1I-H-XF -SR] G<(£) =X (£)G* (€), (3.33)

where X< is the self-energy matrix due to the leads containing the non-zero elements
YT =Xf and Xy y = ¥R, After solving for G< by a full matrix inversion, the electron
and current densities (coherent transport, [28]), are given by

2 < o dE
d&

2 / (GLin(€) = GEL(E)] o (3.34b)

ji,i-l—l = qo a2
The evaluation of the electron and current densities demands two numerical operation.
First, the inversion and the multiplications to obtain the retarded and lesser Green’s
functions are very time costly. To circumvent this problem, the recursive Green’s func-
tion algorithm was developed, which will be presented in the succeeding section. Second,
the integration over energy spaces requires special care. Small peaks within the energy
integration in the Green’s functions need to be resolved correctly but simultaneously the
number of energy grid points for the numerical integration should be kept low due to
memory requirements. Therefore an adaptive numerical integration method was devel-
oped (cf. Section 3.3).

3.2.3 Recursive Green’s Function Algorithm

The inversion of a matrix is a very time consuming computer operation. Since only
the diagonal and first off-diagonal elements of the retarded and lesser Green’s function
are needed, an algorithm that only calculates these elements is desirable. The recursive
Green’s function algorithm by Svizhenko [10] accomplishes this demand.

Recursive Algorithm for the Retarded Green’s Function

The retarded Green’s function G® of a one-dimensional system given by a N x N Hamil-
tonian is defined by

(EI-H-%p —Yg — 8g)GR = AGR =1, (3.35)

where ¥, and Y are the self-energies due to the left and right lead and Xg is the self-
energy due to scattering events, which can be combined into the retarded self-energy
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Algorithm 1 Recursive algorithm for the retarded Green’s function

1
Glill’l = > Initialize first element
11
fori=1: N—-1do
R1i+1 ) .
ST = - > Left connected Green’s function
+1,i+1 R,
o A — AiGi A
end for
GR N = G%{’fvv > Nth element of

> retarded Green’s function
fori=N-—-1:1do

R .—— R R/LZ ]
Gl = —Gh i AiiGyy > Off-diagonal element
R R R171 R ]
G = =G N1 Gl i > Off-diagonal element
R . ~Rlg Rli R .
G =G — G A Gl > Diagonal element
end for

YR =¥ + ¥g + Yg . The left connected Green’s function GR is defined by the first
i % i elements of (3.35).

Al:i,l:iGRLi =1 (3.36)

Similarly, the (i +1) x (i + 1) dimensional left connected Green’s function GR»*1 is
given. The element Gﬁ’fﬁl can be expressed via GRY by using Dyson’s equation [14,28]

RIi+1 1
Gt = : . (3.37)
LA A GRIA
i1+ T 1,50 At

The last element G%{’]]\,V is equal to the fully connected retarded Green’s function G y.
The remaining elements of the fully connected retarded Green’s function are to be cal-
culated by the relation

Gl =G + G (A Gl A G
i i
=G = GA Gl (3.38)
The off-diagonal elements of the retarded Green’s function are given by
L
GE&-L%’ = _GE&-l,i-l—lAi-i-l,iGR ! (3.39a)

i, )

wal = _Gfil’iAi,z'HGﬁl,Hl- (3.39b)

The diagonal and the first off-diagonal elements of the retarded Green’s function are
needed for the recursive algorithm for the electron correlation (i.e. lesser Green’s) func-
tion. The whole recursive algorithm for the retarded Green’s function is summarized in

Alg. 1.
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Algorithm 2 Recursive algorithm for the lesser Green’s function

L1 11 ALl T
ot =ales el > Initialize first element
fori=1:N—-1do

<lLi+1 _ ~RlLi+1 < < Ali+1 5 .

Gitiv = Giin (Zi+1,z'+1 +054) Gii1iy1 > Left connected Green’s function

end for
LN
Gy ny=Gxy > Nth element of
> lesser Green’s function

forti=N-—-1:1do

< _ (R <L < t Al :
T = G A G+ G A Gl > Off-diagonal element
< _ <l Rl < t Al
G =G+ Gy <Ai,i+1Gi+1,i+1Ai+1,i G
<Lipt A R <l :
+ [G” Al Gl + Gl A, G } > Diagonal element
end for

Recursive Algorithm for the Lesser Green’s Function

The constituting equation of the lesser Green’s function writes as
(EI-H-X") G = AG= = £°G". (3.40)

Here ¥ < is the lesser self-energy and G* is the advanced Green’s function, i.e. the

Hermitian conjugate of the retarded Green’s function. A left connected Green’s function
is defined

A 1aG = 25, LG (3.41)

which also allows the calculation of G<"*! using a recursive algorithm,

<Litl _ ARLiFL (yi< < AlLi+1
Giirin = Gt (Ei-i-l,i-l-l + Ui-i-l) Gttt (3.42)
. < - <l,’L 'i' . . .
with 073, = Ai1,:Gy;7 Ay ;- The self-energies are assumed to be diagonal matrices. The

knowledge of the left connected lesser Green’s function and the main and second diago-
nals of the retarded Green’s function permits the calculation of the electron correlation
function. Its second diagonal is given by

R <l Al
Gz'<+1,z' = Gz’+1,z’+1Ai+1,iGi,z’ L+ Gi<+1,i+1AzT+1,z‘Gz',i ' (3-43)
which is used for the calculation of the main diagonal
Li Rl Al
Gr=GL'+ Gy (Ai7i+1Gi<+1,i+1A}L+1,i> Gy
Li A R L
+ [sz Al Gl + Gl A, Z] : (3.44)

The presented algorithm allows the evaluation of the correlation functions and hence,
the desired physical quantities by a highly efficient algorithm without time consuming
matrix-matrix operations. The recursive algorithm for the lesser Green’s function is
finally composed by the steps illustrated in Alg. 2.
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3.2.4 Analogies to QTBM

Using the quantum transmitting boundary method, the equation system to be solved
writes as

aq B Yo ai
—S1 d1 — g —S9 wl 0
—S9 d2 - & —S3 wg 0
- . (3.45)
—Sp dp— & —Spi1 U 0
L B Qn | _wnﬁ—l_ | On |

~ —_— =

D R S

Comparing (3.45) with DR = S in Section 2.4.1, the matrix on the left hand side can
be identified as the inverse of the retarded Green’s function. Therefore, the quantum
transmitting boundary method equation system is equivalent with the non-equilibrium
Green’s functions in the ballistic case,

[EI-H-3} -]y =8 =1l (3.46)

The matrix coefficients a; and a, (3.11) correspond to the self-energies of the left and
the right lead contained in the broadening I' in equation (3.46).

3.3 Adaptive Energy Integration

The numerical evaluation of the physical quantities requires a discretized representation
of the energy space. A simple approach using an equidistant energy grid suffers from
two problems. Too few grid points are not able to correctly resolve narrow resonances,
whereas a vast number can lead to an unpredictable summation of numerical errors
and to intractable memory requirements. These effects cause poor or even unstable
convergency of a self-consistent Poisson loop [30]. Therefore, adaptive energy integration
on a non-equidistant grid is the method of choice to increase accuracy, numerical stability,
and memory efficiency.

An adaptive algorithm has been developed, which is depicted in Fig. 3.2. Additional grid
points are inserted as long as the local error criterion regarding the electron concentration
is not met. This procedure is repeated until the whole energy space is covered.

In the following sections different numerical integration methods implemented with adap-
tive grid refinement will be presented.
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Start with
inital grid
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Figure 3.2: Illustration of the adaptive integration algorithm with grid refinement. Grid
points are added as long as the error criterion is not met.

3.3.1 Simpson’s Rule

The Simpson rule! is a closed Newton-Cotes rule of second order. The integral of an
function f(x) over an interval [a, b] is given by

b;“[f<a)+4f(a;b)+f(b)]. (3.47)

f(z) is interpolated by a parabola, hence Simpson’s rule gives an exact result for poly-
nomials up to second degree only. One strategy to decrease the interpolation error is to
subdivide the interval into two equal parts and to apply Simpson’s rule on each subin-
terval. This leads to the composite Simpson’s rule which, for five grid points, writes

. I — bl_; {f(a)+4f (“Ib) Lof (“;b) +af (3&“’) +f(b)]. (3.48)

11:

4

An illustration of a grid on which these two rules are applied is depicted in Fig. 3.3.
To obtain an error criterion for the adaptive integration algorithm (Fig. 3.2) mentioned
before, the electron concentration within the current integration interval is calculated
using the 3-point Simpson rule and the 5-point composite Simpson’s rule. This leads to
a local error which is compared to the desired tolerance factor 7

I — I,
I

< T (3.49)

Lafter Thomas Simpson, English mathematician, 1710-1761
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O 3-point Simpson’s rule
X 5-point composite Simpson’s rule
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Figure 3.3: The deviation of two integration methods applied to the same integration
interval is used as a local error criterion.

If the condition in equation (3.49) is met, the integral is accurate enough and no more
grid refinement in the given interval is needed.

3.3.2 Akima Interpolation

The Akima interpolation is a method to fit curves as it would be done in a natural
way by humans [31]. A piecewise function, composed of polynomials up to third degree,
is fitted to the data points. The slopes of two adjacent points defines the polynomial
between them. The interpolation method uses five grid points X, X5, X3, X, and Xj;
to determine the slope t of the curve at point X3 (cf. Fig. 3.4). my, ms, ms and my
are the slopes of the line segments X7 X5, X5X3, X3X, and X, X5, respectively. Akima
defines the slope t as

f— |m4—m3|m2+|m2—m1\m3

(3.50)

]m4 — m3| -+ |m2 — ml\

This imposes that t = msy if m; = my and ms # my, and t = mg if m3 = my and
my # msg. Furthermore, if my = mg the slope becomes t = my = mg3. Although the
slope is not defined under the condition m; = my # mg = my4, Akima equates the slope
tot = % (mg + mg). This assures invariance under a linear scale transformation of the
coordinate system.

A piece of the curve between two consecutive grid points will be fitted in such a manner
that the curve passes through the points and will have the slopes t; and ¢5, determined
by the procedure described above. This gives rise to four conditions which allow to
calculate a polynomial of third order between two points (x1, ;) and (x2,ys)

f(x)=y; and f'(z)=1t; at z =z, (3.51a)
f(x)=ys and f'(z) =1ty at x = x. (3.51Db)

An interpolation polynomial could be chosen to have the following form

f@)=po+p(x—a1)+po(x—x1) +ps (@ —21)°, (3.52)
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A
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my
ms X4
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m1 X3
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-
xr
Figure 3.4: Points used to calculate the slope at point X3
where the coefficients p; are therefore given by
Po = Y1, (3.53a)
p1=t, (3.53b)
32N o 1,
py = —2 1 : (3.53¢)
To — T
ty 1y — 22—
To — X1
= 3.53d

The interpolation polynomial (3.52) can be integrated easily. Hence, the integral of the
fitted curve f(z) in the interval [z, z5] writes as

F(x)| == (xq— x1)4 + % (x9 — 21)

3+%(3:2 —x1)2+po (22 — 1) (3.54)

3.3.3 Polynomial Interpolation

Simpson’s rule is based on equidistant grid points and the interpolation polynomial is
only of second order. Hence a more general approach with non-equidistant grid points
and arbitrary degree would be eligible. For a monomial power basis the interpolation
polynomial on N nodes takes the form

N
p(x) = a1+ agx + aza® + - - + ayaz™ ' = Z az' (3.55)
i=1
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Algorithm 3 Fast Algorithm to solve Vandermonde system [32]

function VANDERMONDE([21, %2, ..., ZN], [Y1, Y2, - - - UN])
fori=1: N do
a; =y, > Copy y to a
end for
fori=1: N do
forj=N:(-1):i+1do
aj = (a; —a;—1)/(z; — x;—;) > Apply divided differences scheme
end for
end for
fori=N-1:(—-1):1do
for j=i: N—1do

aj = aj — Tilj, > Apply Horner’s rule
end for
end for
return [a;,as, ..., ay] > Return coefficient vector a

end function

To obtain the coefficient vector a = [aq, as, as, ...,ay]" it is necessary to solve a N x N
dimensional equation system

Iz - mx ay Y1
1 xzy o 2y |as Y2
=1 |, (3.56)
1 =y --- x%‘l an YN
v

where V is called the Vandermonde matrix. Unfortunately this system is very ill-
conditioned and hence its solution numerically unstable. Bjork and Pereyra [32] de-
veloped an algorithm (Alg. 3) that is able to calculate the coefficient vector a in a very
fast and stable manner.

In a first step, divided differences are used to obtain the coefficients in Newton basis.
The second step applies Horner’s rule to compute the vector a. The algorithm never
builds the whole equation system since only the grid point vector x = [z1,xa,...,TN]
and the right-hand side vector y = [y1,¥2, ..., yn] are needed. Hence, no memory for
the whole Vandermonde matrix V needs to be associated.

After applying the Bjorck and Pereya algorithm to obtain the coefficients of the polyno-
mial, the integral of the interval [z1, xy] of the interpolation function can be calculated.
For an arbitrary even number N of grid points, a subset of (N + 1)/2 grid points may
be used to obtain a second polynomial and consequentially a second integral. These two
results are then compared and yield the error criterion for the adaptive integration al-
gorithm. Unfortunately polynomial interpolation functions on equidistant points suffer
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from Runge’s phenomenon for a higher degree. This results in oscillations towards the
both ends of the interval which have to be carefully considered. They can be avoided by
using non-equidistant grid points as done by the Clenshaw-Curtis Rule described in the
succeeding section.

3.3.4 Clenshaw-Curtis Integration

A method to circumvent oscillations of the interpolation polynomial is to use a non-
equidistant grid, i.e. to use more grid points at the interval borders. Fejér [33] proposed
to use the zeros of the Chebyshev polynomial 7}, = cos(n arccos z) in the interval |—1, 1]
as quadrature points of the integral of f(x),

/f(x)dx = wef (). (3.57)

For Fejér’s second rule, the n—1 extreme points of T,, are used. Clenshaw and Curtis [34]
extended this open rule to a closed form which includes the boundary points xqg = —1
and z,, = 1 of the interval [—1, 1], i.e. the n + 1 quadrature points are to be found at

xy = cos(Vy), U := /{:g, k=0,1,...,n. (3.58)

The weights wy, of equation (3.57) are to be obtained by an explicit expression or by
means of discrete Fourier transforms [35]. For a low number of n, the explicit expressions
of the Clenshaw-Curtis weights are sufficient regarding calculation speed and numerical
accuracy, determined by:

2l
Gk J : _
wp = (1 — j§:1 71 cos(2j19k)> , k=0,1,... n. (3.59)

The coefficients b; and ¢ are defined as

3.60
2, ifj<n/2 2, otherwise. (3:60)

1, if j=n/2 1, if k=0 modn
b = and ¢, =
A useful property of the Clenshaw-Curtis rule is the possibility to create subsets of the
quadrature nodes, i.e. to move from n+ 1 points to 2n+ 1 points only the function values
of the inserted n points need to be evaluated.

3.3.5 Comparison of Integration Methods

Concluding this section, a comparison of the advantages and disadvantages of the pre-
sented adaptive integration methods is given. In order to achieve convergence within a
self-consistent NEGF-Poisson loop using Simpson’s rule, a stringent error criterion has
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Figure 3.5: Self consistent calculation of potential and electron density

been necessary, which leads to a huge amount of grid points. The Akima interpolation
has not proven suitable for the application in the Green’s function solver, as it did not
allow a stable grid refinement for sudden strong variations in the local density of states.
The polynomial interpolation worked best for an order of five and nine but suffered from
Runge’s phenomenon for a higher polynomial degree. The Clenshaw-Curtis integration
is based on an interpolation method using Chebyshev nodes and therefore circumvents
this disadvantage. Because of its numerical stability, computation time, and memory
consumption the two latter approaches rendered most applicable within the NEGF for-
malism.

3.4 Self Consistent Solution

Charged carriers within a semiconductor device influence the electrostatic potential,
which is expressed by Poisson’s equation

V- (Vo) = o. (3.61)
In semiconductors charge is due to ionized dopants (Na and Np), electrons and holes.

0(¢) = —qo(n(¢) — p(¢) + Na — Np) (3.62)
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Charge itself depends on the electrostatic potential since electron and hole concentrations
are influenced by the band edge energy and the Fermi level. Therefore it is necessary
to calculate the space charge distribution obtained through the non-equilibrium Green’s
functions and the potential profile resulting from Poisson’s equation within a self consis-
tent iteration scheme. The basic principle is depicted in Fig. 3.5. A Poisson solver using
a predictor corrector approach is provided by the Vienna Schrodinger Poisson Solver [12].
This scheme requires an estimation of the local derivative of the carrier concentration
with respect to the electrostatic potential do/dy. The non-equilibrium Green’s functions
formalism allows to obtain the carrier concentration and this derivative in a similar man-
ner.
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We have to remember that what we
observe is not nature herself, but nature
exposed to our method of questioning.

WERNER HEISENBERG

CHAPTER 4

Results

The non-equilibrium Green’s functions method as described in the previous chapters was
implemented in C++ within the framework of the Vienna Schrédinger Poisson solver
developed at the Institute for Microelectronics at the Technical University of Vienna [36].
Ballistic quantum transport is simulated for a simple single barrier. The local density of
states, the occupation and its transmission function have been evaluated. Furthermore,
resonant tunneling has been investigated. The results are split into two parts. First a
linear potential drop across the device was assumed. Then the effects of charge on the
band edge was taken into account by a self-consistent solution with the Poisson equation.
The simulation output of the one-dimensional physical quantities is given as a .crv file.
They were processed with XMGRACE. Two-dimensional quantities such as the local
density of states have been displayed using the IBM DATA EXPLORER.

4.1 Single Barrier

A symmetric rectangular potential barrier with a height of V5 = 0.5eV and the width
of 6 nm was simulated first. The effective mass m, = 0.05m is assumed to be constant
across the whole simulation region.

In Figure 4.1, the local density of states of the unbiased barrier is shown. Because of the
ballistic simulation, the interference due to the reflections of the electrons at the barrier
can be seen clearly. The band edge of the device is marked in red. It is recognizeable
that the electrons are allowed to penetrate into the barrier, which would be forbidden
classically. This is also illustrated in Figure 4.2 showing the energetic distribution of the
electrons in the semiconductor structure by occupying the local density of states.

The last figure for the rectangular barrier shows its transmission coefficient plotted over
the energy range from 0 to 1eV (Fig. 4.3). Comparison with the analytical result for
the same barrier depicted in Figure 2.6 shows perfect agreement.
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Figure 4.1: The local density of states of a single barrier with a height of 0.5eV and a
width of 6nm. The effective mass m, = 0.05mg is assumed to be constant across the
whole device. The band edge is marked by a red line.
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Figure 4.2: Occupied density of states for a single barrier.
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Figure 4.3: Transmission coefficient plotted over energy for the device in Figure 4.1. The
numerical solution perfectly agrees with the analytical calculation.

4.2 Resonant Tunneling Diodes

This section provides the results of a simulation of a GaAs/AlAs/GaAs resonant tun-
neling device. The AlAs barriers are 1.355eV high and 3nm wide. They are separated
from the contact region by an undoped 2nm GaAs spacer layer. The contacts are made
of a 50nm region with a doping of Np = 1.0 x 10" cm™3 and a highly doped 20 nm
layer next to the lead with Np = 5.0 x 10®® cm™. The well is made of undoped GaAs
with a width of 9nm. The effective mass of GaAs is m, gaas = 0.067my and for AlAs
Mg a1as = 0.15mg. The device is discretized on a uniform spatial grid with a constant
grid spacing of Az = 0.1 nm.

This section is divided into two parts. The results assuming a linear potential drop
across the double barrier structure are shown in the succeeding Section 4.2.1. The self-
consistent solution is given in Section 4.2.2.

4.2.1 Linear Potential Drop

For the simulations in this section, the potential drop under bias occurs over the spacer,
barrier and well layers. In the contact regions, the potential is assumed to be constant.
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Figure 4.4: Local density of states of a GaAs/AlAs/GaAs resonant tunneling device
with a barrier width of 3nm and height of 1.355eV. The GaAs well width is 9nm. The
effective mass of GaAs is My caas = 0.067mg and for AlAs m, a1as = 0.15m. The density
of states of the lowest quasi-bound states in the well is too low to be visualized, only
the fourth and fifth resonance can be seen clearly. As for the single barrier structure in
Section 4.1 wave function penetration into the barriers occur.

Figure 4.4 shows the local density of states of the double barrier structure described
in Section 4.2 without bias. The wave function penetration of the electrons into the
barriers can be seen clearly. It is important to note, that the value of the local density of
states of the lowest resonant states within the well is too low to be displayed. However,
the higher quasi-bound states can be recognized at an energy level of about 0.75€V.
Assuming a linear potential drop, the local density of states of the RTD under a bias of
0.3V is shown in Figure 4.5.

In Figures 4.6 and 4.7 the occupied states are depicted without and with applied bias,
respectively. Under bias, that is chosen around the second resonance, the occupation in
the well can be seen clearly.

The transmission probability for this structure is illustrated in Figure 4.8. The sharply
peaked resonances reach a transmission of 1.

The current-voltage curve in Figure 4.9 shows that for a decreasing well width, the
resonance levels are shifted to higher energies. The peaks in the IV-curve are therefore
shifted to higher voltages. After a resonance the negative differential resistance, that is
typical for a resonant tunnel device, is reproduced.
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Figure 4.5: Local density of states for the resonant tunneling device with a bias of 0.3 V.
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Figure 4.6: Occupied density of states of the RTD without bias.
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Figure 4.7: Occupied density of states of the RTD in Figure 4.4 with applied bias of
0.3 V. The occupation of the second quasi-bound state in the well can be seen.
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Figure 4.8: Calculated transmission probability of the resonant tunneling device pre-
sented in Figure 4.4. The sharp resonances reach a transmission probability of 1.
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Figure 4.9: Calculation of a current-voltage curve of the double barrier structure in
Fig. 4.4 with three different well widths. A reduction of the well width shifts the reso-
nance levels to higher energies. Hence, the peaks in the IV-curve occur at higher bias.

4.2.2 Self Consistent Simulation

The double barrier device is simulated within a self-consistent loop of the non-equilibrium
Green’s functions solver and the Poisson solver.

Using the self-consistent Schrodinger-Poisson loop, the resulting local density of states
of the resonant tunneling device is illustrated in Figure 4.10. A higher doping within the
contact region leads to a bending of the conduction band edge. Likewise, the carriers
in the GaAs well have an effect on the band edge. The influence of the spacer layer
on the left and the right of the barriers is shown. Due to the sharpness of the first
resonant state, it could not be displayed in the figure. The other quasi-bound states can
be identified.

In Figure 4.11 the local density of states is given for a bias of 0.46 V. This is around the
second resonant level. A triangular potential well that forms in the left contact region
can be recognized. Electrons incident from the left device region are able to occupy the
quasi-bound state in the well, that lies at the same energy level. This is depicted likewise
in Figure 4.13 which shows the occupation of the states and especially the quasi-bound
states in the well. The electrons filling the contact regions are clearly distinguishable.
Figure 4.12 gives the occupation of the density of states if no bias is applied.
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Figure 4.10: Local density of states of a GaAs/AlAs/GaAs resonant tunneling device
with a barrier width of 3nm and height of 1.355eV. A GaAs well width of 9nm is
assumed. As effective mass of GaAs m, gaas = 0.067my and AlAs my a1as = 0.15mg
is given. Due to the sharpness of the lowest quasi-bound state in the well, it can not
be recognized. Contrary, the higher resonances can be clearly seen. The wave function
penetration into the barriers is depicted. Near the left and right leads a high doping
was used, which yields a bending of the conduction band edge. Within the well, the
influence of the carriers can be seen by the deflection of the band edge.

The band edge of the resonant tunneling device is given in Figure 4.14. The electron
concentration that results from the self-consistent calculation is depicted. It particularly
illustrates the penetration of the electrons into the barriers and the high carrier concen-
tration in the quantum well due to the quasi-bound states that appear in this region.
To depict the current, that is carried by the resonant states, the current density spec-
trum at a bias of 0.46V is given in a semi-logarithmic plot. It shows that most of the
current is provided through the sharply peaked resonances. The contribution of the first
resonance is much lower, since its energy lies below the conduction band edge of the left
lead, as seen in Figure 4.13. The quasi-bound states above the third resonance can not
contribute to the current, because the electrons have not occupied this states yet, since
their energy is too high for this bias. Therefore, only the second quasi-bound state, that
is in resonance with the contact region, and the third quasi-bound state can be seen in
the range of the illustrated eight decades.
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Figure 4.11: Self-consistent calculation of the local density of states for the resonant
tunneling device biased in the second resonance at 0.46 V.
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Figure 4.12: Self-consistent calculation of the occupied density of states for the resonant
tunneling device without bias. Only the second resonant level is noticeably occupied.
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Figure 4.13: Self-consistent calculation of the occupied density of states for the resonant
tunneling device biased in the second resonance at 0.46 V.
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Figure 4.14: Self-consistent calculation of the band edge and the carrier concentration
of the resonant tunneling device.
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Figure 4.15: Current density spectrum of the resonant tunneling device. The bias of
0.46 V leads to a high current at the energy of the second resonant level as well as the
third quasi-bound-state.

The current-voltage characteristic for the resonant tunneling device with three different
well widths is given in Figure 4.16. Comparing the results of the self-consistent solution
and the linear potential drop (Fig. 4.9) a more abrupt change from the peak current
to the valley current in the negative differential resistance regime can be seen for the
former figure.

The IV-curve shows how the peak to valley ratio of the current rises with decreasing
well width due to broader resonances. Furthermore, a shorter well leads to resonances
at higher energy levels. This yields the shift of the current peak to higher voltages.
The self-consistent simulation takes account of the doping of the resonant tunneling
device. A Schrodinger-Poisson solver loop ensures charge neutrality and therefore adjusts
the conduction band edge correspondingly. This leads to an overall higher current in the
self-consistent simulation.
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Figure 4.16: Self consistent calculation of the current-voltage characterstic of the device
from Figure 4.10 with a variation of the GaAs well width. Compared to the IV char-
acteristic of the non-self-consistent simulation, the peaks are much sharper. The higher
current is a result of the charge neutrality of the ionized dopants and the free carriers
by the self-consistent simulation. That yields a total shift of the conduction band edge
and therefore has an effect on the current.
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In all things success depends on previous
preparation, and without such previous
preparation there is sure to be failure.

CONFUCIUS

CHAPTER b

Summary and Outlook

Quantum transport in systems with open boundary conditions was investigated. The
non-equilibrium Green’s functions formalism for one-dimensional devices was imple-
mented within the framework of the Vienna Schrédinger Poisson solver.

Starting from the time-independent effective mass Schrédinger equation the concept of
the local density of states was introduced. Assuming a Fermi-Dirac distribution function
the occupation of states was derived. Tunneling through single and double barrier struc-
tures has been examined by means of the transmission formalism. The basic theory of
Green’s functions has been presented. Its application to solve the Schrodinger equation
with emphasis on quantum transport phenomena has been pointed out. All assump-
tions in order to allow a numerical treatment of the non-equilibrium Green’s functions
formalism were stated clearly. To ensure a performant implementation of the Green’s
functions method an efficient recursive algorithm has been applied. A major issue of
the realization is the numerical integration over the discrete energy space. In order to
keep the memory requirements low an adaptive energy grid refinement proved neces-
sary. Various quadrature rules, namely Simpson’s rule, Akima interpolation, polynomial
interpolation, and the Clenshaw-Curtis rule, have been examined were only the latter
two were identified to be applicable for this case. To include the effects due to electro-
statics, a self-consistent Schrédinger-Poisson loop is required. The developed simulation
model has been applied to single and double barrier structures. As physical quantities
of interest, the transmission, the local density of states, and the occupation have been
evaluated. Furthermore, the current-voltage characteristics of resonant tunneling devices
posing the typical negative differential resistance have been shown.

For future development, the adaption of a more sophisticated Hamiltonian could re-
produce the dispersion relation for high energetic electrons and holes. Furthermore,
the treatment of phase-breaking interactions to describe incoherent transport should be
incorporated.
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