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Abstract

Transport Phenomena in Nanowires, Nanotubes,

and other Low-Dimensional Systems

Enrique Montes Muñoz

Nanoscale materials are not new in either nature or physics. However, the

recent technological improvements have given scientists new tools to understand

and quantify phenomena that occur naturally due to quantum confinement effects.

In general, these phenomena induce remarkable optical, magnetic, and electronic

properties in nanoscale materials in contrast to their bulk counterpart. In addi-

tion, scientists have recently developed the necessary tools to control and exploit

these properties in electronic devices, in particular field effect transistors, magnetic

memories, and gas sensors.

In the present thesis we implement theoretical and computational tools for

analyzing the ground state and electronic transport properties of nanoscale ma-

terials and their performance in electronic devices. The ground state properties

are studied within density functional theory using the SIESTA code, whereas the

transport properties are investigated using the non-equilibrium Green’s functions

formalism implemented in the SMEAGOL code.

First we study Si-based systems, as Si nanowires are believed to be important

building blocks of the next generation of electronic devices. We derive the electron

transport properties of Si nanowires connected to Au electrodes and their depen-

dence on the nanowire growth direction, diameter, and length. At equilibrium
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Au-nanowire distance we find strong electronic coupling between electrodes and

nanowire, resulting in low contact resistance. For the tunneling regime, the decay

of the conductance with the nanowire length is rationalized using the complex

band structure. The nanowires grown along the 〈110〉 direction show the smallest

decay and the largest conductance and current. Due to the high spin coherence in

Si, Si nanowires represent an interesting platform for spin devices. Therefore, we

built a magnetic tunneling junction by connecting a 〈110〉 Si nanowire to ferro-

magnetic Fe electrodes. We have find a substantial low bias magnetoresistance of

∼ 200%, which halves for an applied voltage of about 0.35 V and persist up to 1

V. In order to account for shallow impurities coming from bulk Si, the nanowire

is doped with either P or B atoms (n or p type). Doping in general decreases the

magnetoresistance as soon as the conductance is no longer dominated by tunnel-

ing.

On the other hand, we study the electron transport properties of Si nan-

otubes connected to Au electrodes. The general properties turn out to be largely

independent of the nanotube chirality, diameter, and length. However, the tun-

neling conductance of Si nanotubes is found to be significantly larger than in Si

nanowires, while having a comparable band gap. For this reason we simulate a Si

nanotube field effect transistor by applying an uniform potential gate. Our results

demonstrate very high values of the transconductance, outperforming the best

commercial Si field effect transistors, combined with low values of the subthresh-

old swing.

Phosphorene (monolayer black P) is the only elemental two-dimensional ma-

terial besides graphene that can be mechanically exfoliated and also can support

electronics. Specific dislocations of the atoms in the phosphorene lattice generate

another stable two-dimensional allotrope with buckled honeycomb lattice, blue

P. We demonstrate structural stability of monolayer zigzag and armchair blue P

nanotubes by means of molecular dynamics simulations. The vibrational spec-

trum and electronic band structure are determined and analyzed as functions of

the tube diameter and axial strain. The nanotubes are found to be semiconduc-
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tors with a sensitive indirect band gap that allows flexible tuning. We study the

adsorption of CO, CO2, NH3, NO, and NO2 molecules on blue P nanotubes. They

are found to surpass the gas sensing performance of other nanoscale materials. In-

vestigations of the gas adsorption and induced charge transfer indicate that blue

P nanotubes are highly sensitive to N-based molecules, in particular NO2, due to

covalent bonding. The current-voltage characteristics of nanotubes connected to

Au electrodes is used to evaluate the change in resistivity upon adsorption. The

observed selectivity and sensitivity properties make blue P nanotubes superior

gas sensors for a wide range of applications.

Using black P and blue P nanoribbons, we configure field effect transistors with

atomically perfect junctions by using armchair nanoribbons as semiconducting

channel and zigzag nanoribbons as metallic leads. We characterize the devices and

observe a performance superior to Si-based devices, with on/off ratio of ∼ 103,

low subthreshold swing of ∼ 60 mV/decade, and high transconductance of ∼ 104

S/m.
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0.01 electrons/Å3). . . . . . . . . . . . . . . . . . . . . . . . . . . 139

8.4 Schematics of αP and βP FETs, composed of O-functionalized

semiconducting zigzag and metallic armchair nanoribbons. . . . . 141

8.5 Transmission coefficients of the αP and βP FETs. The right hand

side shows for the states contributing most to the transmission the

eigenfunctions originating from the left electrode at the valence
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Chapter 1

General Introduction

Nanotechnology is defined as the understanding and control of the properties of

matter at the microscopic scale, involving dimensions of roughly 1 to 100 nanome-

ters (1 nm = 1×10−9 m) [1]. As comparison, the human hair has around 80 000

nm thickness and the DNA double helix has 2 nm diameter. Nanotechnology may

also be considered as the practical realization of Richard Feynman’s vision, who in

his talk; There is plenty of room at the bottom: An invitation to enter a new world

of physics (December 1959), proposed the use of atoms as information storage

elements, thus allowing a planar bit density on the scale of 10−5 cm−2 [2, 3].

Nanoscale materials are a broadly defined set of substances that have at least

one critical dimension less than 100 nanometers and possess unique optical, mag-

netic, and electrical properties which are very different from their bulk counter-

parts, due to the strong influence of quantum confinement [4, 5]. The quantum

confinement effect is observed when the size of the particle is comparable to the

wavelength of an electron, thereby confining the motion of randomly moving elec-

trons into discrete energy levels. As a result, the electrons react to the particle

boundaries and respond to changes in particle size by adjusting their energy.

The quantum nature of nanoscale materials is frequently exploited as they

are already appearing in commerce as industrial and consumer products, and

encompasses science, medicine, engineering, computing, and robotics. These ma-

terials can be practically engineered from nearly any chemical substance and due

to their structural restrictions could adopt either a one-dimensional (nanotubes

[6, 7], nanowires [8, 9], nanoribbons [10], etc) or two-dimensional (monolayers)
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Chapter 1. General Introduction

nature [11, 12, 13]. Therefore, there is a wide variety of possibilities for techno-

logical device applications [14]. For instance, the quantum confinement effect is

known to effectively tune the band gap of the materials, which has lead to a new

generation of devices, such as transistors [15], memories [16], and gas sensors [17].

In general, for practical uses, most of these nanoscale devices require to be

connected to a much larger system, which is generally modeled by attaching it

to electrodes, that will input/output current. Therefore, the theoretical charac-

terization of the the electronic transport properties of the nanoscale material is

essential to estimate the performance of the device [18].

Transistors

The transistor is the fundamental building block of modern electronics. Invented

by J. Bardeen, W. Brattain and W Shockley in 1947 [19], it consist of a linear

semiconductor device used to control the current with the application of a lower-

power electrical signal. In general, transistors may be roughly grouped into two

major divisions: bipolar and field effect. The bipolar transistor commonly uses

an external small current as the low-power electrical signal, while the field effect

transistor (FET) utilizes a small voltage [20].

A transistor is usually composed of at least three terminals for connection to

external circuits. The low-power electrical signal applied into two of the terminals

changes the current flowing through the device with respect to the third terminal.

For the bipolar transistor the terminals are labeled base (B), collector (C), and

emitter (E) (see left part of Fig. 1.1). A small current flowing between the base

and the emitter can control a much larger current that is flowing between the

collector and the emitter. For the FET the terminals are labelled gate (G), source

(S), and drain (D) (see right part of Fig. 1.1). A set-up voltage at the gate can

control the current flowing between the source and the drain.

In electronic devices transistor could operate as switches or amplifiers [21]. A

switch is an essential part of a digital circuits that defines either an “on” or “off”
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Figure 1.1: Schematic representation of a bipolar and field effect transistor (FET).

In the bipolar transistor the terminals are labelled as base (B), collector (C), and

emitter (E). In the FET the terminals are labelled as gate (G), source (S), and

drain (D).

state. The performance of the switch is determined by the rise and fall time, and

the saturation current, i.e. the current where the switch is in on state. In general,

the current in the collector modulates the switching behavior. On the other hand,

amplifiers are essentially designed in such a way that small changes in the voltage

would change the current through the base of the transistor [22].

Most of the integrated electronic devices are indeed constituted by transistors,

connected in such a way that assigned electrical functions could be performed,

even the most sophisticated and complex circuit functions. Therefore, the market

of electronic devices have grown exponentially since the invention of the transistor.

Also the market was positively affected by the possibility of scaling down the

size of the transistors composing the circuit. The development of the integrated

circuit technology is therefore described by a standard notion, known as Moore’s

law, which states; The number of transistors per square inch on integrated circuits

doubles every 18 months for memories, or every 24 months for microprocessors.

(Fig. 1.2 supports this statement) [23, 24, 25].
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Figure 1.2: The Moore’s law: time variation of the number of transistors in inte-

grated circuits.

Evidently, the Moore’s law cannot hold true indefinitely, sooner or later physi-

cal and technological constrains will limit the effort toward higher integration. An

economic argument states that the basic cost of manufacturing the microchip has

not dramatically increased over the last four decades, then the cost per functional

unit, and the cost of computing power, has gone down exponentially, therefore

the physical limit of material scaling is rapidly approaching [26].

The use of nanoscale materials such as nanotubes, nanowires, and nanoribbons

[27, 28] for the fabrication of functional FETs would allow to keep in track the

scaling down of circuit devices and to further improve the miniaturization of in-

tegrated circuits increasing the physical constrains existing in modern technology

[29].
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Memories

The memory is the principal hardware device inside a computer, it is used to store

information and instructions for immediate or later use. In general, the memories

are built from semiconductor integrated circuits, based on Si-based transistors.

There are two main kinds of memories, volatile and non-volatile. The volatile

memory requires power to maintain the stored information and are generally used

as random access memories that provide specific access to programs with higher

capacity and speed up the cpu. The non-volatile memory can retain the stored

information even when not powered up, therefore, they are used as primarily

(hard drive) or external (flash) memories for the long-term persistent storage of

information [30, 31].

The non-volatile memory are categorized in accordance to their operation,

into electrically and mechanically addressed systems. In general mechanically ad-

dressed systems operates with a contact structure that read or writes on a desig-

nated storage medium, for example optical discs or magnetic tapes. The optical

discs storage data by modifying the pigment layer on a plastic disk, whereas in

the magnetic tape, the information is recorded by using a tape head (usually Fe)

in a thin, magnetizable coating on a long-narrow strip of plastic film. These de-

vices are cheap but have drawbacks related to speed and storage limit. On the

other hand, electrically addressed systems are expensive memories built using

semiconductor integrated circuits, which can operate at high speeds categorized

accordingly to their writing mechanism, like erasable programmable read-only

memory (EPROM), ferroelectric thin film memory (F-RAM) and magnetoresis-

tive memory (M-RAM) [32, 33].

Among the non-volatile memories, the magnetoresistive random-access mem-

ory is one the newest and more promising approaches. Its development was trig-

gered by the combination of electronic and magnetic degrees of freedom, after the

discovery of the giant magnetoresistance (GMR) in 1988 by the groups of Peter

Grünberg and Albert Fert [34, 35] . The memory stores data by connecting a
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Figure 1.3: Schematic representation of a spin-valve device with parallel and an-

tiparallel alignment of the magnetic moments of the electrodes. The arrows indi-

cate the direction of the magnetizations of the ferromagnetic electrodes.

series of magnetic dotage elements called magnetic tunneling junctions (MTJs),

formed from two ferromagnetic plates, each of which can hold a magnetization,

separated by a thin insulating layer. One of the two plates is a permanent magnet

set to a particular state, while the other plate’s magnetization can be changed

[36, 37]. The simplest way to describe the operation of a MTJ is a spin valve. A

spin valve consists of two electrodes that are ferromagnetic metals, separated by a

thin spacer (see Fig. 1.3). The current that passes through the device is sensitive

to the mutual orientation of the magnetization electrodes. The resistance is usu-

ally small when the magnetizations of the contacts are parallel (P) with respect

to each other, but rises when the two magnetizations are antiparallel (AP). The

magnetization of one of the ferromagnets is usually pinned, while the other is

free to rotate, so that it aligns to an externally applied field. A reversal of the

magnetic field therefore results in a large change in the resistance of the device

[38]. The general dependence of the resistance of a device on the magnetic field is
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called magnetoresistance (MR). The term giant magnetoresistance was chosen by

Fert’s group, since their measured MR was much larger then that of other known

systems. A GMR spin-valve is therefore an efficient detector of the orientation

of magnetic field, and this is the principle behind the magnetoresistive memory

[39, 40].

Therefore, the investigation of the magnetic properties, such as the magne-

toresitance in nanoscale materials would allow to envision future platforms for

the design of magnetoresistive memories [41].

Gas sensors

A gas sensor is a device used to detect the presence of gas in a determined area,

mostly used as part of a security systems [42, 43]. They have gained a lot of in-

terest due to the society current concern over environmental and health issues,

in which the possibility of detecting very low concentration of gases in a vari-

ety of processes, such as industrial/environmental monitoring, and medicine [44].

These devices are specially used for the detection of common toxic gases such as

N oxides (NO and NO2) [45, 46], S dioxide (SO2) [47], ammonia (NH3) [48, 49],

and C oxides (CO and CO2) [50, 51]. The gas sensors can be classified accord-

ing to the operation mechanism as homogeneous semiconducting, mass sensitive,

electrochemical, photoionization, microcalorimetric, etc [52].

Homegeneous semiconducting sensors detect gases when the gas comes in di-

rect contact with the surface of the sensor material [53]. Tin dioxide (SnO2) is

the most common material used in semiconductor sensors. Typically the sensors

operate by resistance changes due to alien species binding to the surface of the

device. For example, the resistance of the Sn dioxide is typically ∼ 50 kΩ in air,

but can drop to ∼ 3.5 kΩ in the presence of methane (CH4) [54, 55].

However, gas sensors based on metal oxides usually operate only at high tem-

peratures in the range of 450-800 K, which leads to drackbacks as high power

consumption and safety problems [56, 57]. Therefore, a solid state gas sensing
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material with a pronounced sensitivity and low power consumption is in great

demand. To resolve these issues nanoscale one-dimensional structures could pro-

vide such progress. Due to their high surface area to volume ratio the adsorption

of molecules on the surface of one-dimensional systems (even in small concentra-

tions) can lead to significant changes on their electronic and transport properties

[58, 59].

Nowadays, several nanostructured materials have been proposed for the devel-

opment of new gas sensor devices, for example, one-dimensional structures such as

nanotubes [60] and nanowires [61], and two-dimensional structures such as tran-

sition metal dichalcogenides [62]. However, most of them have shown limitations

due to their electronic structure and intrinsic chemical properties, which lead to

the search of new material to overcome these limitations [63].

Modelling nanoscale devices

Considering the above mentioned devices, one-dimensional and two-dimensional

materials have a wide potential range of applications. However, in order to evaluate

the performance of nanoscale FETs, or in order to study the strong magnetore-

sistance properties of nanoscale MTJs, or in order to predict the gas sensitivity

of nanoscale materials, etc, it is therefore necessary to encounter a proper model-

ing methodology [64]. Considering that the transport through nanoscale objects

cannot be described by ordinary circuit analysis, due to its quantum nature, a

quantum transport theory has to be applied. However, there are several model

which can be applied, and the applicability of a specific model depends on various

length scales connected to the motion of the electrons:

• Elastic mean free path: Average distance traveled by an electron before

changing its momentum. This change is generally given by scattering to

impurities or to interfaces. Electron processes occurring at shorter length

scales are sensitive to quantum interference such as weak localization [65].
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• Phase coherent length: Average distance that an electron travels before un-

dergoing a scattering event that changes its energy. For example lattice vi-

brations, electron-electron or spin-wave scattering. For devices smaller than

the phase coherent length there is quantum interference between the differ-

ent possible paths an electron can take across a device, and the transport

is denoted as coherent. Otherwise, if the device dimensions are larger than

the phase coherent length, then there is no long-distance interference, and

the transport is dissipative [66, 67].

• Spin diffusion length: Average distance that an electron travels before losing

its spin direction. If the length scale of the device is smaller than the spin

diffusion length, then each spin current is treated independently and spin-

mixing is ignored. The spin diffusion length can be affected by spin-orbit

interaction, scattering to magnetic impurities or spin-wave scattering [68].

In the present work we assume that the transport is in the ballistic regime,

which implies neglecting all the dissipative effects (considering however the spin

polarization whenever necessary). Therefore, the quantum transport is calculated

in its steady state (non-time dependent evolution). A detailed description of the

electronic structure of the device is consequently crucial for making quantitative

transport calculations. The most used method for computing electronic, magnetic

and structural properties of materials from first principles (i.e. without using

fitting experimental parameters: ab initio) is density functional theory (DFT). For

the case of non-interacting single particle Hamiltonians most methods are based

on the non-equilibrium Green’s functions (NEGF) formalism, which connects the

transport properties directly to the electronic structure of the system.

1.1 Dissertation layout

The main focus of the thesis is the application of theoretical and computa-

tional tools for the ab initio study of the electronic transport properties in one-

dimensional and two-dimensional materials. The application of such knowledge
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allow us to evaluate the performance of nanoscale devices. The ground state prop-

erties are studied within density functional theory (DFT) using the SIESTA code,

whereas the transport properties are investigated using the NEGF formalism im-

plemented in the SMEAGOL code, which is interfaced with SIESTA.

In chapter 2 we introduce the many-electron problem and give an overview

of DFT and its implementation in the SIESTA code. We present the Hohenberg-

Kohn theorems, the Kohn-Sham equations, and the most popular exchange-correlation

functionals. We also present the NEGF formalism used for the quantum transport

calculations. This formalism allows to calculate the charge density of a nanoscale

device attached to metallic electrodes with different chemical potentials. The cur-

rent flowing through the device can be calculated once its charge density reaches

self-consistently using the Landauer-Büttiker equation. At last, we present the

pathway in which the transport code SMEAGOL incorporates all these concepts.

In chapter 3 we study the electronic structure and transport properties of Si

nanowires (SiNWs) attached to Au electrodes. We systematically study the depen-

dance of the transport properties on the nanowire geometry. We also investigate

the tunneling regime and the decay conductance that shows to be dependent on

the growth direction.

In chapter 4 we investigate the tunneling magnetoresistance (TMR) of SiNWs

attached to ferromagnetic Fe electrodes. We systematically study the spin trans-

port properties of pristine and both, n and p doping conditions. In general we

encounter a low bias magnetoresistance that decreases with the doping.

In chapter 5 we investigate the electronic transport properties of Si nan-

otubes (SiNTs) attached to metallic Au electrodes. The influence of the surface

termination is studied as well as the dependence of the transport characteristics

on the geometry. SiNT field effect transistors (FETs) are simulated by applying a

uniform potential gate. Our results demonstrate very high values of the transcon-

ductance, outperforming the best commercial Si FETs.

In chapter 6 we demonstrate structural stability of monolayer blue P (βP)

nanotubes using molecular dynamics simulations. The melting temperature and
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vibrational spectrum are determined and analyzed as functions of the tube diam-

eter. These nanotubes are found to be semiconductors with a diameter dependent

band gap that is sensitive to axial strain.

In chapter 7 we study the adsorption of several gas molecules on βP nanotubes.

The nanotubes are found to surpass the gas sensing performance of other one-

dimensional and two-dimensional materials. βP nanotubes are highly sensitive

to N-based molecules, due to strong interaction. The relative current change is

quantitatively evaluated as an experimental gas sensor marker.

In chapter 8 we investigate the electronic properties of black P (αP) and

βP nanoribbons, which enables us to propose junction-free FETs that comprise

metallic armchair nanoribbons as electrodes and, in between, a semiconducting

zigzag nanoribbon as channel material (cut out of a single sheet of monolayer

black or blue P). It turns out that these FETs achieve outstanding performance.

Finally, in chapter 9 we present the general conclusions of the thesis, and point

to some questions related to the presented work that require further investigation.
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Theoretical Methodology

In this chapter we present an overview of the basic concepts of density functional

theory (DFT) and electronic transport calculations within the non-equilibrium

Green’s functions (NEGF) method.

First the full many-body description of the ground state for a system of elec-

trons and nuclei is given within the Born-Oppenheimer approximation. Then the

basic theorems of Hohenberg-Kohn and the Kohn-Sham equations are presented,

where the complex many-body electron system is replaced by an equivalent system

of non-interacting particles moving in an effective potential. The various contri-

butions to this effective Hamiltonian are discussed, and special attention is given

to the most common approximations for the exchange-correlation potential.

In the second part the ab initio DFT code SIESTA is introduced. This is the

basic computational tool used in this work. In SIESTA a linear combination of

atomic orbitals is used as basis set, where the nuclei and core shell electrons are

replaced by pseudopotentials. The mapping of the real space coordinates repre-

sentation to the matrix representation used in SIESTA is presented, where the

fundamental quantity is the density matrix.

In the third part some general features of Green’s functions in electronic

structure calculations are presented. Then the Green’s function for the partic-

ular system consisting of a scattering region attached to semi-infinite electrodes

is introduced. The spectral function and the electron density for such a system

are presented in a Green’s function formulation. The way to obtain the current

through the scattering region is outlined with the introduction of the transmission
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coefficient.

2.1 Density functional theory

Density functional theory (DFT) is a theory of correlated many-body systems

[69, 70, 71, 72]. The fundamental principle of DFT is to describe the quantum-

mechanical ground state properties of a system composed of Ne electrons and Nn

nuclei. The charge on each nuclei is Q.e, where Q denotes the atomic number of

the particular chemical element and e is the electronic charge. In order to describe

the electronic properties of the system, the hamiltonian can be defined as

Ĥ = Ĥn + Ĥe + V̂ne, (2.1)

where Ĥn corresponds to the nuclei, Ĥe corresponds to the electrons and V̂ne is

the electron-nuclei interaction. The nuclei hamiltonian is composed by a kinetic

term T̂n and the potential term V̂nn due to nuclei-nuclei iteration, so that

Ĥn = T̂n + V̂nn =
∑

µ

(
− h̄2

2M
∇2
µ +

e2

4πε0

∑

µ6=ν

ZµZν
|Rµ −Rν |

)
. (2.2)

Similarly, the electronic hamiltonian is written as

Ĥe = T̂e + V̂ee =
∑

i

(
− h̄2

2m
∇2
i +

e2

4πε0

∑

i 6=j

1

|ri − rj|

)
. (2.3)

The electron-nuclei interaction is calculated in terms of the Coulomb interac-

tion

V̂ne = − e2

4πε0

∑

µ

∑

i

Zµ
|Rµ − ri|

, (2.4)

where the masses and positions of the nuclei and electrons are represented by

(M,Rµ) and (m, ri), respectively.

Since the aim is to describe the time-independent ground state properties, and

the external potential generated by the nuclei is assumed to be constant in time,

the system can be described by the time-independent Schrödinger equation [73]

ĤΨ = EΨ, (2.5)
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where Ψ = Ψ(Rµ, ri) is the many-particle wavefunction and E is the total energy

of the system.

Since the mass of the electrons me is much smaller than those of the nuclei, the

electrons dynamics happens at a time-scale much faster than that of the nuclei.

Therefore the the Born-Oppenheimer approximation [74] is commonly used, in

which the nuclei are assumed to be classical particles generating a static time-

independent potential in which the electrons move, and where only the electrons

are described quantum-mechanically. We decouple the electronic and nuclei degree

of freedom. Therefore the total hamiltonian Ĥ from Eq. (2.1) is rewriten as

Ĥ = T̂e + V̂e + V̂ne, (2.6)

which completely decouples the electronic and nuclei degree of freedom. Therefore,

for a given solution of Eq. (2.5) the total energy W of the nuclei-electrons system

is given by

W = E + Vnn, (2.7)

where V̂nn is the nuclei-nuclei iteration (external constant for a given position of

the nuclei), which determines the ground state structure.

As we have decoupled the nuclei degrees of freedom, the probability to find the

electrons at the positions ri is given by the many-body wavefunction |Ψ(ri)|2 =

|Ψ(r1, r2, . . . , rNe)|2, and the probability to find an specific electron at position r

is given by

ρ(r) =

∫
|Ψ(r1, r2, . . . , rNe)|2dr1dr2 . . . rNe , (2.8)

this quantity is called the electron density and it is normalized as

Ne =

∫
ρ(r)dr. (2.9)

The expectation value of an observable A corresponding to an operator Â is

then given by

A[Ψ] = 〈Â〉 = 〈Ψ|Â|Ψ〉, (2.10)

with

〈Ψ|Â|Ψ〉 =

∫
Ψ∗(r1, r2, . . . , rNe)ÂΨ(r1, r2, . . . , rNe)dr1dr2 . . . rNe . (2.11)
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The total energy E of the system corresponds to the expectation value of the

Hamiltonian Ĥ

E[Ψ] = 〈Ψ|Ĥ|Ψ〉. (2.12)

With base to Eq. (2.6), the total energy can be split up as

E[Ψ] = Te[Ψ] + Ve[Ψ] + Vne[Ψ], (2.13)

with the kinetic energy

Te[Ψ] = 〈Ψ|T̂e|Ψ〉, (2.14)

the electron-electron potential

Ve[Ψ] = 〈Ψ|V̂e|Ψ〉, (2.15)

and the electron-nuclei potential

Vne[Ψ] = 〈Ψ|V̂ne|Ψ〉. (2.16)

However there is a huge problem within this approach, as is almost impossible

to calculate the many-body wavefunction for a large system (Ne) containing more

than a few electrons. Therefore, it is necessary to reduce the degrees of freedom

of the system, in order to do so, it is necessary to introduce the Hohenberg-Kohn

theorems.

2.1.1 The Hohenberg-Kohn theorems

The problem of solving the many body interacting system is to reduced it to a

single-particle problem. If we rewrite the electron-nuclei potential V̂ne as a general

external potential V (r), then the ground state wavefunction, and consequently all

the ground state properties, are uniquely determined by V (r) and by the number

of electrons Ne. In order to do so, we introduce the first Hohenberg-Kohn theorem

[75],

Theorem 1 For any system of interacting particles within an external potential

V (r), the potential V (r) is uniquely determined, within a trivial additive constant,

by the ground state electron density ρ(r).
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Therefore, since ρ(r) determines the potential V (r) it implicitly also deter-

mines all the electronic properties of the system in the ground state. All quantities

are therefore functionals of ρ(r), so that we can write the kinetic energy as Te[ρ],

the electron-electron potential as Ve[ρ] and the electron-nuclei potential as Vne[ρ].

Therefore the total energy of the system EV [ρ] for a given potential V (r) is given

as

EV [ρ] = Te[ρ] + Ve[ρ] + Vne[ρ]. (2.17)

All these quantities depend only on ρ, which is a function of a single vari-

able r, instead of being a functional of the many-body wavefunction which itself

is a function of the Ne variables ri. This simplify the problem encountered in

large systems (with more than a few electrons) as it reduces the degrees of free-

dom. However the explicit functional dependence of the observables on ρ(r) is

not known, and therefore rewriting them as functionals of ρ instead of Ψ is of no

practical advantage at this point.

In order to define the ground state, is necessary to introduce the second

Hohenberg-Kohn theorem,

Theorem 2 The total energy functional EV [ρ] has a minimum at the correct

ground state electron density ρ0(r), such as

E0 ≤ EV [ρ]. (2.18)

Demonstrating that is possible to obtain all the ground state properties of

the system by finding the ρ that that minimizes EV [ρ]. However, due to a wide

variety of constrains it is difficult to obtain an efficient initial electron density.

The Kohn-Sham scheme is a practical way to overcome these problems and to

obtain ρ(r).

2.1.2 The Kohn-Sham equations

Based on the solution of an equivalent non-interacting particle system, where the

exact calculation of the kinetic energy and all the many-body effects are included
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in the so called exchange-correlation potential, Kohn and Sham were able to show

a practical means to solve the problem of the ground state ρ(r) [76]. The energy

functional (Eq. (2.17)) is rewritten in an equivalent form as

EV [ρ] = Ts[ρ] + Vne[ρ] + J [ρ] + EXC[ρ], (2.19)

where

EXC[ρ] = Te[ρ]− Ts[ρ] + Ve[ρ]− J [ρ] (2.20)

is the exchange-correlation energy,

J [ρ] =
1

2

∫
ρ(r)ρ(r′)

|r− r′| drdr
′ (2.21)

is the classical Coulomb repulsion energy for a electron density ρ(r),

Vne[ρ] =

∫
ρ(r)V (r)dr, (2.22)

and Ts[ρ] is the standard kinetic energy for a reference system of non-interacting

particles, which would be a good approximation to Te[ρ], so that the difference

Ts[ρ]−Te[ρ] is small. The exchange-correlation energy contains all the information

of the many-body electron system, including the non-classical contributions to the

energy. The non-interacting reference system is defined by the following single-

particle Schrödinger-like equation

ĤKSΨi(r) = εiΨi(r), (2.23)

where ĤKS is the Kohn-Sham Hamiltonian, defined as

ĤKS = T̂ (r) + Veff(r). (2.24)

The single-particle kinetic energy operator T̂ (r) is

T̂ (r) = −1

2
∇2, (2.25)

and the effective Kohn-Sham potential is defined by

Veff(r) =
δ(EV [ρ]− Ts[ρ])

δρ(r)

=
δ(Vne[ρ] + J [ρ] + EXC)

δρ(r)
. (2.26)
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This potential is rewritten as

Veff(r) = VH(r) + VXC(r), (2.27)

where VH(r) the electrostatic Hartree potential (Coulomb potential)

VH(r) =

∫
ρ(r′)

|r− r′|dr
′, (2.28)

and VXC(r) is the exchange-correlation potential

VXC(r) =
δEXC[ρ]

δρ(r)
. (2.29)

The fermionic many-body ground state wavefunction for such non-interacting

system can by constructed as a Slater determinant for the matrix with the lowest

energy of the single-particle states [77]

Ψ(r1, r2, . . . , rNe) =




Ψ1(r1) Ψ1(r2) . . . Ψ1(rNe)

Ψ2(r1) Ψ2(r2) . . . Ψ2(rNe)
...

...
. . .

...

ΨNe(r1) ΨNe(r2) . . . ΨNe(rNe)



. (2.30)

Using the orthogonality relation for the single-particle wavefunctions
(∫

Ψ∗i (r)Ψj(r)dr = δij
)
,

the ground state electron density (Eq. (2.8)) for such system is

ρ(r) =
Ne∑

i=1

Ψ∗i (r)Ψi(r), (2.31)

which is equivalent to populating the Ne lowest lying single-particle levels. It is

possible to generalize this to non-integer occupation, so that the electron density

becomes

ρ(r) =
∑

i=1

niΨ
∗
i (r)Ψi(r), (2.32)

where the sum goes over all the wavefunctions and ni is the occupation number

of the eigenstate with index i and energy εi. The correct set of ni that minimizes

the total energy with constrain Ne =
∑

i ni.

The kinetic energy of this non-interacting system with electron density ρ(r) is

Ts =
∑

i=1

ni

∫
Ψ∗i (r)

(
−1

2
∇2

)
Ψi(r)dr. (2.33)
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Although the functional dependence of Ts on ρ(r) is unknown, this equation

shows that is possible to calculate Ts indirectly by solving the Kohn-Sham equa-

tion (Eq. (2.23)) to obtain the set of ground state single-particle wavefunctions

Ψi. The possibility to calculate an approximate value for the kinetic energy is the

main advantages of the Kohn-Sham scheme in practical applications. Also, a num-

ber of approximations for the exchange-correlation potential have been developed

and work well for a variety of materials.

2.1.3 The exchange-correlation functionals

The Kohn-Sham formalism is exact and based on the assumption that the exchange-

correlation potential VXC(r) from Eq. (2.29) can be calculated exactly, which in

practice is not possible. However, different approximations have been developed

for the exchange functional that work well for a specific set of systems. Since

VXC(r) is a functional of ρ(r), in general the value of VXC at a point r depends on

the value of the function ρ(r′) over the whole space spanned by r′, therefore, the

need for an approximation becomes relevant.

The local density approximation

The most basic approximation is the local density approximation (LDA). It as-

sumes that VXC at a point r is a function of the electron density at that point

only, so that

V LDA
XC (r) = VXC(ρ(r)). (2.34)

The function V LDA
XC (ρ(r)) depends on the position of the particle and the

exchange-correlation energy per particle (εXC) is integrated over the whole space,

V LDA
XC (ρ(r)) =

∫
ρ(r)εXCρ(r′)drdr′. (2.35)

This approximation is chosen to be the exact solution for a uniform electron

density, and is therefore a good approximation for electron densities that vary

slowly over space, and an exact approximation within the limit of constant electron
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density. Experience has shown that metals are much more accounted for within

this approximation, due to a high mobility of charge carriers, as compared with

semiconductors and insulators.

The generalized gradient approximation

In the generalized gradient approximation (GGA) VXC depends on the gradient

of ρ(r), so that

V GGA
XC (r) = VXC(ρ(r),∇ρ(r)). (2.36)

This approximation offers a significant improvement in the treatment of molecules

in terms of the atomization energies, energy barriers and total energy differences,

but its main drawback is related to overcorrection on the LDA predictions (for

example the badgap of semiconducting materials).

Both the LDA and GGA are local approximations in the sense that VXC de-

pends on the properties of the electron density at that single point r. Therefore

they usually both give similar results, so that for systems where LDA gives a

fundamentally wrong result also GGA will not improve the results much. The

failures of the LDA and GGA are mainly found for materials where the electrons

tend to be localized and strongly iterating, which is for example the case of many

transition-metal oxides. In order to solve this problem is necessary to introduce a

correction in the exchange-correlation energy in which the Hubbard-U type orbital

is included. However, these methods are beyond the scope of this work.

In our calculations we use either LDA or GGA, depending on which functional

is better suited to the studied materials. The LDA as parametrized by Ceperly

and Alder [290] and the GGA as parametrized by Perdew, Burke and Ernzerhof

[79].

2.2 The SIESTA code

There are variety ab initio codes that implement DFT to calculate the electronic

structure of materials [80, 81, 82, 83, 84]. The differences between the various
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codes generally lie in the basis set over which the Kohn-Sham wavefunctions are

expanded, and in the approximations used, where the usual tradeoff lies between

accuracy and speed. In this work the SIESTA (Spanish Initiative for Electronic

Simulations with Thousands of Atoms) code is used [85, 86, 87, 88, 89, 90].

The basic set in SIESTA is a numerical basis obtained by solving the Schrödinger

equation of an isolated atom in a hard-wall potential,

φn,l,m(r, θ, ϕ) = Rn,l(r)Yl,m(θ, ϕ), (2.37)

where Rn,l is the radial function for energy state n, and Yl,m is the spherical

harmonic for the angular momentum l and magnetic number m. The radial part

of the wavefunction satisfies the normalization relation

∫
|Rn,l(r)|2r2dr = 1. (2.38)

2.2.1 Pseudopotentials

In order to reduce the number of states in the calculation it is of advantage to

split the number of electrons of an atom, into core and valence electrons. The

valence electrons are the ones occupying the outer shells that are responsible for

the chemical bonding, so that the electronic properties of these states depends

strongly on their chemical environment. The core electrons on the other hand

are the ones in the fully occupied inner shells. These do not participate in the

chemical bonding, and their electronic properties are only slightly affected by the

chemical environment, so that the potential generated by the core electrons can

be assumed to be independent. It is therefore possible to remove the core electrons

from the calculation and only consider the valence electrons. The nuclei and the

core electrons are then replaced by an effective potential. This effective potential

is singular at the position of the nuclei, and in order to describe it properly a very

fine mesh would be needed. However, since the electronic properties of molecules

and solids are determined by the electron density in the bonding region, it is not

necessary to describe it close to the nuclei accurately. It is therefore possible to
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Figure 2.1: Pseudo-wavefunction and all-electron wavefunction for the Si 3s shell

and the corresponding pseudopotential.

replace the effective potential by the so-called pseudopotential, which avoids the

singularity at the nuclei, but reproduces the right potential at larger distances.

In the same way the corresponding pseudo-wavefunctions differ from the atomic

wavefunctions close to the nucleus, but they are identical in the bonding region.

In SIESTA Trullier-Martins norm-conserving pseudopotentials are used, the

effective single-particle atomic potential Veft,vc acting on the valence electrons is

equal to the sum of the effective potential generated by the nuclei and the core

electrons Veft,c, and the one generated by the other valence electrons alone Veft,v,

so Veft,vc = Veft,v + Veft,c. The radial part of the wavefunction Rn,l can be obtained

by solving the radial Khon-Sham equation for the pseudo-atoms
[
−1

2

d2

dr2
+
l(l + 1)

2r2
+ VPS,l(r) + Veff,v(r)

]
rRPS,l(r) = εlRPS,l(r), (2.39)

where VPS,l(r) andRPS,l(r) are the l-dependent pseudopotential and pseudo-wavefunctions,

respectively. We note that there is no dependence on n, but, since for each quan-

tum number l a different equation is solved, the pseudopotential will be different

for each l. The pseudopotential is uniquely constructed with Eq. (2.39) following

the constrains [91]

1. For a given principal quantum number n the atomic wavefunctions have n−1
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nodes. The corresponding pseudo-wave-functions however has no nodes, this

means that all information about the n quantum number is lost.

2. The pseudo-wavefunction is identical to the atomic wavefunction beyond a

critical radius rc.

3. The charge inside a sphere of radius rc is the same for both atomic- and

pseudo- wavefunction.

4. The eigenvalues calculated for both the atomic- and pseudo-wavefunction

are equal.

In Fig. 2.1 the all-electron radial wavefunction is shown together with the cor-

responding pseudo-wavefunction for the Si-3s shell, its corresponding pseudopo-

tential is also shown. The pseudopotential converges to the unscreened potential

−Z/r for r > rc, where Z is the number of valence electrons.

2.2.2 Basis set

In order to achieve the variational freedom, SIESTA includes the possibility of

using a multiple-ζ basis set. Each ζ orbital retains the same spherical harmonics

as the original atomic orbital, where the radial form is constructed with the split

valence method [92]. Using this method, the radial part of the second ζ outside a

split-radius rsl has a polynomial form

R2ζ
n,l =




rl(al − blr2) if r < rsl

R1ζ
n,l(r) if r ≥ rsl

, (2.40)

the constants al and bl are determined by matching the wavefunction and its

first derivate. There is also another possibility, when the radial function Rn,l(r)

remains unchanged while the spherical harmonics with higher angular momentum

are considered, known as polarized orbitals

φn,l′,m = Rn,lYl+1,m, (2.41)
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with −(l + 1) < m < l + 1. These extra basis functions enlarge the variational

freedom in the minimization procedure and allows to construct the basis function

with an angular momentum larger than the largest allowed by the pseudopotential.

Usually, the dimensions of the basis set is larger than the allowed number of

electrons, whenever the number of basis functions equals the number of valence

electrons there is a minimal basis function.

2.2.3 Hamiltonian and density matrix

For a set of pseudo-atoms the Kohn-Sham equation is rewritten as

ĤΨ(r) = EΨ(r), (2.42)

the wavefunction Ψ(r) is expanded over the localized basis orbitals

Ψ(r) =
∑

n,l,m

ψn,l,mφn,l,m(r). (2.43)

The Kohn-Sham equation becomes

∑

ν

Ĥ(r)ψνφν(r) = E
∑

ν

ψνφν(r). (2.44)

Multiplying this equation from the left by φ∗µ(r) and integrating over r we

obtain the matrix equation

∑

ν

Hµνψν = E
∑

ν

Sµνψν , (2.45)

where we have introduced the overlap matrix

Sµν = 〈φµ|φν〉 =

∫
φ∗µ(r)φν(r)dr, (2.46)

and the Hamiltonian matrix

Hµν = 〈φµ|Ĥ|φν〉 =

∫
φ∗µ(r)Ĥ(r)φν(r)dr. (2.47)

The dimension of the matrices S and H are equal to the number of basis

orbitals in the simulation cell N . The normalization of the wavefunctions in the
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real space
∫
|Ψi(r)|2dr = 1 leads to the normalization of the expansions coefficients

ψ†Sψ = 1. The electron density for the real space is

ρ(r) =
∑

i

ni|Ψi(r)|2, (2.48)

where the sum now goes over all N wavefunctions and ni is the occupation number

of the eigenstate. Within SIESTA ni is given by the Fermi-Dirac distribution

ni = f(Ei)

f(Ei) =
1

1 + e
Ei−EF
kBT

, (2.49)

where kB is the Boltzmann constant, T is the electronic temperature and EF is

the Fermi energy.

The electron density is expanded as function of the basis orbitals and becomes

ρ(r) =
∑

µν

ρµνφ
∗
µ(r)φν(r), (2.50)

where we have introduced the density matrix

ρµν =
∑

i

niψ
∗
iµψiν . (2.51)

Since within the LDA and GGA the real space Hamiltonian is a functional

of ρ(x), and in the matrix representation is a functional of the density matrix

H = H(ρ). The integral over the simulation cell for the electron density is equal

to the number of valence electrons Ne, as a function of the density matrix

Ne =

∫
ρ(r)dr =

∑

µν

ρµνSµν = Tr[ρS]. (2.52)

Since the Hamiltonian H depends on ρ, and in turn ρ depends on H, the

solution has to be self-consistent. Starting from a trial density matrix ρin the

corresponding HamiltonianH(ρin) is constructed, and from this the density matrix

ρout = ρ(H(ρin)) is obtained. If ρout is the self-consistent solution then ρout = ρin.

In a practical calculation the criterion for self-consistency is ||ρout − ρin|| < εSC,

usually the maximum norm, and εSC is a small number setting the degree of

convergence. In SIESTA the self-consistent solution is found by updating ρin using

part of the output density matrix ρout until the self-consistent criterion is fulfilled.
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2.2.4 Brillouin zone sampling

An infinite periodic system is obtained by specifying a unit cell by its three lattice

vectors together with the internal positions of the atoms inside the unit cell. The

crystal is then constructed by stacking cells separated by the lattice vectors in

all directions, and the electron density can be constructed by applying Bloch

theorem [93, 94]. For a given k-vector k = (kx, ky, kz) in the Brillouin zone the

wavefunction is expanded as [66, 95]

ψk,µ′ = eik·Rµ′ψkµ, (2.53)

where R̄µ′ = Rµ′ − Rµ is the lattice vector translation between the equivalent

orbitals µ and µ′. For each k-point the matrix Kohn-Sham equation for the infinite

system can be reduced to a matrix equation that involves only the orbitals of the

unit cell
∑

ν

Hkµνψkν = E
∑

ν

Skµνψkν . (2.54)

Although in principle these sums run over all the unit cells of the infinite

crystal, the number of non-zero terms in the sum is finite since the basis orbitals

have strictly finite range. This is reflected in the structure of H and S. The

wavefunction with energy Ei in real space is then given by

Ψki(r) =
∑

µ′

ψkiµ′φµ′(r). (2.55)

Since only a finite number of orbitals φµ′(r) is non-zero at a given point r,

this sum effectively only runs over this finite number of orbitals and not over the

whole crystal. The corresponding electron density is

ρ(r) =
1

ΩBZ

∫

BZ

∑

i

nki|Ψki(r)|2dk. (2.56)

The k-space integral runs over the Brillouin zone, and ΩBZ =
∫

BZ
dk is the

volume of the Brillouin zone. The density matrix is now

ρµ′ν′ =
1

ΩBZ

∫

BZ

eik·(R̄µ′−R̄ν′ )ρkµνdk (2.57)
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with the matrix ρkµν is defined as

ρkµν =
∑

i

nkiψkiµψ
∗
kiν . (2.58)

With this the total number of particles becomes

Ne =
1

ΩBZ

∫

BZ

∑

i

nkidk. (2.59)

This equation again implicitly sets the Fermi energy. For periodic systems

therefore an independent Kohn-Sham equation is solved for each k-point to obtain

the set of eigenvalues and wavefunctions.

The density of states is defined as

N (E) =
1

ΩBZ

∫

ΩBZ

∑

i

δ(E − Eki)dk, (2.60)

so that the total number of particle is obtained as N =
∫
N (E)dE.

2.2.5 Total energy

The Kohn-Sham total energy per unit cell is

EKS = Tr[ρH]− 1

2

∫

UC

VH(r)dr + EXC[ρ]−
∫

UC

VXC(r)dr +
∑

I<J

ZIZJ
RIJ

. (2.61)

Once the self-consistent electron density is obtained, the forces and stresses

can be calculated by taking the derivative of the total energy with respect to the

atomic positions and lattice vectors.

The main advantages of SIESTA for the purposes of this work are that it is

a very efficient code and therefore makes it possible to calculate systems with

a rather large number of atoms. However, it cannot treat open systems, i. e., it

can only treat finite or periodic Hamiltonians. In order to calculate the transport

properties additional approached must be used to evaluate the electronic structure

of non-infinite periodic systems.
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2.3 Non equilibrium Greens function formalism

The non-equilibrium Green’s functions (NEGF) formalism [96, 97, 98, 99] de-

scribes the out of equilibrium state of a quantum system, which consists of a

scattering region (or extended molecule), attached to semi-infinite electrodes (or

leads). Each electrode is assumed to be in local equilibrium, so that the states are

occupied up to the local Fermi energy. The state of the scattering region is then

determined by the rate of in-flow and out-flow of electrons from the electrodes.

The NEGF calculates two central properties, the electron density of the scattering

region, and the current through the device for a given chemical potentials of the

electrodes.

2.3.1 Green’s functions

Assuming a system described by the single-particle Hamiltonian

Hψn = EnSψn, (2.62)

where ψn are the single-particle wavefunctions with eigenvalue En, and S the

overlap matrix. The ψn are normalized with orthogonality relation ψ†nSψm = δnm,

and completeness relation
∑

n ψnψ
†
m = 1. The retarded Green’s function is defined

as

G(E) = [(E + iδ)S −H]−1. (2.63)

If the Hamiltonian is written in its spectral representation

H =
∑

n

EnSψnψ
†
nS, (2.64)

its corresponding retarded Green’s function takes the form [100]

G(E) =
∑

n

1

E + iδ − En
ψnψ

†
n. (2.65)

The spectral function is defined as

A(E) = i[G(E)− F †(E)], (2.66)
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and it can be seen as a generalized electron density. In fact, by using the spectral

representation of G(E), it can be rewritten as

A(E) = 2
∑

n

δ

(E − En)2 + δ2
ψnψ

†
n, (2.67)

and in the limit δ → 0+, it becomes

A(E) = 2π
∑

n

δ(E − En)ψnψ
†
n. (2.68)

With this result, and by using the normalization of the ψn, the density of

states N =
∑

n δ(E − En) can be written as

N (E) =
1

2π
Tr[A(E)S]. (2.69)

From Eqs. (2.68) and (2.69) is possible to observe that the spectral function,

and therefore the Green’s function, contains all the information about the states

of the system. Also, A(E) is a positive semidefinite matrix, since all its eigenvalues

are greater than or equal to zero. The density matrix (Eq. (2.32))

ρ =
∑

n

nnψnψ
†
n, (2.70)

can be equally expressed as function of A(E). If it is assumed that the system is in

thermal equilibrium with the environment, for a system of Fermions one obtains

nn = f(En), where f(En) s the Fermi-Dirac distribution calculated at the energy

En (Eq. (2.49)). Using Eq. (2.68) the density matrix can then be written as

ρ =
1

2π

∫
F (E)A(E)dE, (2.71)

where the energy integral is over the entire real energy axis. Therefore, at equi-

librium the knowledge of the spectral function uniquely determines ρ, and conse-

quently all the ground state properties of the system.

2.3.2 The scattering region

The first step towards a non-equilibrium transport theory is to split up the system

into separate subsystems. The scattering region, also called the extended molecule
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Figure 2.2: Schematic representation of the two-terminal device comprising the left

and right leads, also the extended molecule (EM), which composed by the region

of interest and part of the leads. Both leads are keep at the chemical potentials

µL and µR and the Hamiltonian is an infinite matrix comprising the two block

diagonal parts describing the leads and a part (finite) describing the extended

molecule.

(EM), is the central part and interacts with all the other subsystems, each one

corresponding to a separate electrode. It is assumed that the electrodes do not

interact directly with each other, but they are connected through the EM. The idea

then is that each electrode is in local thermal equilibrium and has a corresponding

chemical potential [96]. The electrodes are further split up into a set of left and

right. A schematic representation of such a two-terminal system is shown in Fig.

2.2. This configuration is used in most of the calculations in the present work.

The Hamiltonian H of the two-terminal device has the structure

H =




HL HLM 0

HML HM HMR

0 HRM HR


 , (2.72)

where HL and HR are the Hamiltonians of the left and right electrodes, respec-

tively, HM is the Hamiltonian of the EM, HLM (HMR) is the hopping Hamiltonian

between the left (right) electrode and EM (see Fig. 2.2). Since H is Hermitian
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HML = H†LM and HRM = H†MR. The zero terms are due to the lack of interation

between the left and right electrodes. The overlap matrix S has a similar structure

S =




SL SLM 0

SML SM SMR

0 SRM SR


 . (2.73)

We introduce a matrix K, defined as K = H − (E + iδ)S,

K =




KL KLM 0

KML KM KMR

0 KRM KR


 , (2.74)

where K 6= K† for all δ 6= 0, however as the limit δ → 0 the matrix becomes

Hermitian. The retarded Green’s function for the whole system is defined as G =

[(E + iδ)S −H]−1,

G =




GL + TLMGMTML TLMGM TLMGMTMR

GMTML GM GMTMR

TRMGMTML TRMGM GR + TRMGMTMR


 , (2.75)

where

GL = −K−1
L (2.76)

GR = −K−1
R (2.77)

are the Green’s functions of the left and right electrodes, respectively, and

TLM = GLKLM, (2.78)

TML = KMLGL, (2.79)

TRM = GRKRM, (2.80)

TRM = GRKRM, (2.81)

TMR = KMRGR, (2.82)

are called the transfer T matrices. The Green’s function of the EM GM is given

by

GM = (−KM − ΣL − ΣR)−1, (2.83)
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where ΣL and ΣR are the self energies of the left and right electrodes, respectively,

defined as

ΣL = KMLGLKLM, (2.84)

ΣR = KMRGRKRM. (2.85)

These self-energies are a measure of the impact of the contacts on the device.

Therefore, the full Green function G, and with it the properties of the whole

system, can be determined by calculating GL, GR and GM. Once G is known the

density matrixes known the density matrix of the whole system can be calculated

via the spectral function (Eq. (2.66)). Therefore the Green’s function formalism

solves the Kohn-Sham problem without calculating the eigenvalues of H, just as in

a standard DFT calculation. However, the density matrix and the Hamiltonian H

have to be calculated self-consistently. If EM is chosen to be large enough, only HM

depends on the electron density for the scattering region ρM. Therefore, changes to

the electron density in the center do not affect the Hamiltonian at its boundaries.

Equivalently the requirement is that all charge fluctuations in the center of the EM

are screened on its boundaries. For metallic systems with a short screening-length

this requirement is fulfilled in a few atomic layers, for semiconducting systems

however the screening-length is very large, so that also the size of the EM must

be increased accordingly. In all our calculations we therefore use metals at the

boundary of the EM in order to keep the system size small.

According to Eq. (2.71) in order to obtain ρM (for the EM ground state), it is

first necessary to evaluate the spectral function

AM = i(GM −G†M), (2.86)

which in terms of the self-energies is given by

AM = iGM(G†−1
M −G−1

M )G†M

= iGM[−K†M − Σ†L − Σ†R +KM + ΣL + ΣR]G†M (2.87)

= G†M(ΓL + ΓR)GM + 2δG†MSMGM,

51



Chapter 2. Theoretical Methodology

where the Γ matrices have been introduced

ΓL = i(ΣL − Σ†L), (2.88)

ΓR = i(ΣR − Σ†R). (2.89)

As a consequence of the infinite size of the electrodes, they set the Fermi

energy, which acts as electron reservoirs. Whereas in a normal DFT calculation

the number of electrons in the system is fixed and determines the Fermi energy,

now the opposite is true: the Fermi energy of the electrodes determines the number

of electrons in the EM.

2.3.3 The non-equilibrium properties

If the EM joining the electrodes is removed, then each electrode is independent and

has its own Fermi energy. If the EM is then added back again the system is out of

equilibrium, and this will cause a flow of electrons trying to equilibrate the system

to one common Fermi energy. However due to the infinite size of the electrodes

it will take an infinite time to reach equilibrium. The system will rather reach a

non-equilibrium steady state with a constant flow of electrons through the EM.

Therefore, it is necessary to derive the NEGF equations for the charge distribution

in the EM at steady state [101, 102].

Wavefunctions

The wavefunctions are split into those originating from each of the electrodes.

Since they are semi-infinite, have a continuous spectrum, so that for each energy

E there is a finite number NL (NR) of states ϕL,n (ϕR,n) in the left (right) electrode

with

HLϕL,n = ESLϕL,n, (2.90)

HRϕR,n = ESRϕR,n. (2.91)

When the isolated electrode is connected to the EM, the wavefunctions will

however be different due to their interaction with the EM and the other electrode
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(indirectly). The wavefunction for the entire system ψ satisfies the Kohn-Sham

Schrödinger-like equation

(H − ES)ψ = 0. (2.92)

As a matter of notation ψ is subdivide into a three components vector

ψ =




ψL

ψM

ψR


 , (2.93)

where ψL (ψR) is the part of the wavefunction extending over the left (right)

electrode, and ψM is the part extending over the EM. The wavefunctions are

now split up into the ones originating from the left electrode ψL, and the one

originating from the right electrode ψR. Which have the solution

ψL,n =




1L + TLMGMKML

GMKML

TRMGMKML


ϕL,n, (2.94)

and

ψR,n =




TLMGMKMR

GMKMR

1R + TRMGMKMR


ϕR,n, (2.95)

where 1L (1R) is an unitary matrix with the dimension the left (right) electrode.

Spectral function

The spectral function of the electrodes can be written as

AL = i(GL −G†L) = 2π

NL(E)∑

n=1

NL,n(E)ψL,nψ
†
L,n (2.96)

AR = i(GR −G†R) = 2π

NR(E)∑

n=1

NR,n(E)ψR,nψ
†
R,n. (2.97)

NR(E) and NL(E) are the electron density for the isolated left and right

electrodes, respectively. Therefore, the total spectral function ca be written as

A = AL + AR = i(G−G†). (2.98)

53



Chapter 2. Theoretical Methodology

The spectral function of the EM can be split up as

AM = AML + AMR, (2.99)

where

AML = GMΓLG
†
M (2.100)

is the part of the spectral function generated by states originating from the left

electrode. These states describe a flow of particles from the left lead into the EM

and further into the right lead. In the same way

AMR = GMΓRG
†
M (2.101)

is the part of the spectral function generated by states originating from the right

electrode.

Density matrix

In the same way as the spectral function, the density matrix of the EM, also ca

be split up into the components originating from the single electrodes

ρM = ρML + ρMR. (2.102)

The individual parts are

ρML =

∫ NL(E)∑

n=1

pL,n(E)NL,n(E)ψM
L,nψ

M†
L,ndE, (2.103)

ρMR =

∫ NR(E)∑

n=1

pR,n(E)NR,n(E)ψM
R,nψ

M†
R,ndE, (2.104)

where the occupation number pL,n(E) (pR,n(E)) lies between 0 and 1 and deter-

mines the occupation of each state. The electrodes are assumed to be in local

thermal equilibrium, and therefore have a local Fermi energy. Then each of the

states ψM
L,n (ψM

R,n) has a probability of being occupied given by the Fermi distribu-

tion fL/R(E) of the electrode it originates from, with approximation f(L/R),n(E) =
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fL/R(E), therefore

ρML =

∫
fL(E)



NL(E)∑

n=1

NL,n(E)ψM
L,nψ

M†
L,n


 dE (2.105)

=
1

2π

∫
fL(E)AMLdE, (2.106)

and in the same way

ρMR =
1

2π

∫
fR(E)AMRdE. (2.107)

Therefore the the density matrix of the EM becomes

ρM =
1

2πi

∫
G<

M(E)dE, (2.108)

where G<
M(E) is the lesser Green’s function for the EM, defined as

G<
M = iGM[fL(E)ΓL + fR(E)ΓR]G†M. (2.109)

Transmission and current

In the same way, the current can also be constructed as a the sum over the contri-

butions from the single wavefunctions. Since the wavefunctions ψ are normalized

in such a way ψ†Sψ, the electron charge in the EM (qM), is

qM = ψM†SMψ
M. (2.110)

In order to obtain the current we need to define the time-dependent wavefunc-

tion. We now assume that the time dependence of a Kohn-Sham single-particle

eigenstate with energy E

Hψ = ESψ (2.111)

is determined by a time-dependent Schrödinger-like equation

Hψt = ih̄S
∂ψt
∂t

. (2.112)

The solution for the time-dependent wavefunction is therefore ψt = e−iEt/h̄.

The time derivative of the occupation of the EM for such an eigenstate has a

continuity equation in which the change in charge is zero, because the in-flowing
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current from one electrode is equal to the out-flowing current through the other.

These two currents can be obtained by explicitly taking the time-derivative of qM

∂qM

∂t
= IL,n + IR,n = 0, (2.113)

where IL,n and IR,n are the the single wavefunction current flowing from the left

and right electrodes, respectively

IL,n =
i

h̄

(
ψL†KLMψ

M − ψM†KMLψ
L
)
, (2.114)

IR,n =
i

h̄

(
ψR†KRMψ

M − ψM†KMRψ
R
)
. (2.115)

The total currents due to the states originating in the left (IL
L ) and right (IR

R

) electrodes into EM, are equal to the sum of all the contributions from the single

wavefunctions

IL
L =

∫ NL(E)∑

n=1

fL(E)NL,n(E)IL,ndE, (2.116)

IR
R =

∫ NR(E)∑

n=1

fR(E)NR,n(E)IR,ndE, (2.117)

so that the total current is I = IL
L + IR

R . These equations can be rewritten as

IL
L =

1

h̄

∫
fL(E)Tr

(
ΓLG

†
MΓRGM

)
dE, (2.118)

IR
L = −1

h̄

∫
fR(E)Tr

(
ΓLG

†
MΓRGM

)
dE. (2.119)

The transmission coefficient T is defined as

T = Tr
(

ΓLG
†
MΓRGM

)
. (2.120)

The total current probability is multiplied by the electron charge e, in order

to obtain the electron current

I(Vb) =
e

h̄

∫
T (E, Vb) [fL(E)− fR(E)] dE, (2.121)

this is the well-known Landauer equation. It computes the current through a two-

terminal device [96, 103, 104]. The introduction of a bias voltage Vb is defined as
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the difference of the Fermi energies of the two leads divided by the electron charge

e, so that eVb = EF,L − EF,R. Since the energy eigenvalue spectrum of the entire

system is only defined up to a constant, we can set the energy scale of the system

by using the Fermi level of the system at equilibrium, EF, as reference and setting

EF,L = EF + eVb/2 and EF,R = EF − eVb/2. The current depends only on the

difference between the Fermi energies of the leads, which is therefore equal to the

bias voltage eVb. This equation shows that only the states in the bias window, i.e.

those lying in the energy range between EF,L and EF,R, contribute to the current

with an amplitude proportional to T (E).

In the spin-polarized case the transmission for majority spins and the one

for minority spins are independent, and have to be evaluated separately for each

spin (T σ(E), where σ is the spin index). The total transmission then is T (E) =

T ↑(E)+T ↓(E). The total current is I = I↑+I↓, where the spin-dependent current

is given by

Iσ(Vb) =
e

h̄

∫
T σ(E, Vb) [fL(E)− fR(E)] dE, (2.122)

as a generalization to the Landauer equation.

2.4 The SMEAGOL code

SMEAGOL is an ab initio electronic transport code based on a combination of

DFT and the NEGF method [105, 106, 107, 108]. It has been designed to describe

two-terminal nanoscale devices. SMEAGOL uses SIESTA as interface for its DFT

electronic structure platform, which constructs the Hamiltonian efficiently even

for large systems, in fact in SIESTA this operation scales linearly with system

size. Also, the Hamiltonian and overlap matrices are constructed in the required

tight-binding like form.

In the SMEAGOL code, the combination of DFT and NEGF is a multistage

transport process, which can be outlined as:

1. Establish a calculation of the EM Kohn-Sham Hamiltonian.
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−1

2∇ + VH + VXC

Ψi(r) = ǫiΨi(r)

Leads

Density Matrix

G<
M(E) = iGM [fL(E)ΣL + fRΣR]G

†
M

ρM = 1
2πi ∫ G<

M(E)dE

Kohn-Sham Hamiltonian

Transmission and Current

T = Tr

ΣMG

†
MΣRGM




SMEAGOL

SIESTA

ΓL,R = i(ΣL,R − Σ
†
L,R) GM = [ES −HKS − ΣL − ΣR]

−1

Green’s Function

I(V ) = e
h̄ ∫ T (E, V ) [fL(E)− fR(E)] dE

ΣL = HMLGLHLM

ΣR = HMRGRHRM

Figure 2.3: Flow-chart of the DFT+NEGF calculation, interfacing SMEAGOL

and SIESTA. SIESTA provides the Kohn-Sham Hamiltonians and SMEAGOL

the self-energies for the electrodes, with a self-consistency parameter to calculate

the density matrix. Then SMEAGOL calculate the transport properties.
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2. Obtain the corresponding tight-binding representation of the converged Hamil-

tonian.

3. Calculate the self energies ΣL/R for the semi-infinite bulk electrodes.

4. Alignment of the chemical potential of the electrodes and EM.

5. Calculation of the transport properties across the system.

In Fig. 2.3 we show a general flow-chart of SMEAGOL and how it interfaces

with SIESTA. We can clearly see that SIESTA provides the Kohn-Sham Hamil-

tonian and SMEAGOL introduces the self-energies turning the system from peri-

odic to a central scattering region attached to semi-infinite electrodes. The codes

exchange Hamiltonians and density matrices iteratively until self-consistency is

achieved. Then SMEAGOL is used to calculate the transport properties such as

the transmission coefficients and the current-voltage characteristics.
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Structural and Tunneling

Properties of Si Nanowires

One-dimensional medium-sized nanostructured systems such as nanowires are be-

lieved to be the most important building blocks for the next generation of elec-

tronic devices. In particular, Si nanowires (SiNWs) are attractive candidates due

to their compatibility with the existing Si technology [109, 110]. Control of the

physical properties of nanowires can be achieved through changes in the growth

conditions and dimensionality [111, 112]. SiNWs are usually grown by the vapor-

liquid-solid technique [113, 114] for varying diameters. Recently the synthesis of

diameters below 10 nm has been achieved [115]. It has been demonstrated that

SiNWs are rodlike structures with a bulk Si single crystalline core [116], thus

grow along well-defined crystalline directions [117, 118], and follow the Si surface

reconstruction criteria according to Wulff’s minimum energy law [119], thereby

having a well defined shape in their cross section [120]. Due to the sp3 nature of

the Si bonding, the atoms at the surface have dangling bonds [121], which need to

be passivated in order to ensure chemical stability. To this aim, the synthesized

SiNWs are coated with an oxide layer (amorphous oxide formed by exposure to

the environment), which is then removed by hydrofluoric acid, resulting in hydro-

genated (H-terminated) SiNWs [122].

Due to the difficulty of synthesizing SiNWs with various diameters, the optical

and electrical properties have been determined experimentally only partially. The-
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oretical studies thus can fruitfully complement the field. For instance, it has been

shown that the electronic structure of SiNWs depends on the growth direction

and diameter [123, 124]. The band gap, Eg, is strongly anisotropic and follows

the order E
〈100〉
g > E

〈111〉
g > E

〈110〉
g for nanowires of comparable diameter [125]

(the superscripts indicate the growth direction). Additionally, the gap decreases

exponentially with increasing the diameter from a high value for thin to the bulk

Si value for thicker nanowires [115, 126]. While bulk Si has an indirect band gap

[127], SiNWs usually have a direct band gap, which enables usage as optically

active materials for photonics applications [128, 129].

Since the current-voltage (I-V ) characteristics are important in circuits de-

sign, the transport properties of SiNWs have been widely reported within both

theoretical and experimental frameworks. For a system that uses Li electrodes to

connect the nanowire, applying the non-equilibrium Green’s functions (NEGF)

method, the I-V characteristics have been studied as function of the nanowire

geometry [125, 130] and surface modifications created by atomic substitutions

and vacancies [115]. The hole and electron transmission characteristics have been

determined for pristine nanowires and nanowires that contain dopants and vacan-

cies by the Kubo method, recursive Green’s function method and tight binding

approaches [131, 132, 133, 134]. Ge nanowires have similar properties to SiNWs

and it has been shown that Ge vacancies reduce the thermal conductivity. The

transmission coefficients of SiNWs with vacancies have been obtained by the non-

equilibrium Green’s function method [135]. The usage of Au electrodes attached

to nanowires as well as the surface conduction and current distribution has been

investigated by the tight-binding method and Landauer formalism [137]. Exper-

imentally the I-V characteristics have been determined using two-terminal gate

dependent measurements on doped nanowires [136]. It has been shown that it

is possible to introduce a high dopant concentration and thereby approach the

metallic regime.

In this chapter we investigate systematically the electron transport properties

of SiNWs attached to semi-infinite Au electrodes as function of the nanowire di-
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Figure 3.1: (a) Cross sections of 〈100〉, 〈110〉 and 〈111〉 SiNWs. Blue and red

spheres represent Si and H atoms, respectively. The diameter is 1.5 nm. (b) Con-

figuration of the two-probe system comprising two electrodes and the central

scattering region. For the leads we use both SiNWs (left) and Au 〈111〉 metallic

electrodes (right).

62



Chapter 3. Structural and Tunneling Properties of Si Nanowires

ameter (D), length (l), distance from the electrodes (d) and growth direction. In

the first part we study the influence of the Au/SiNW interface, before addressing

the dependence on the diameter. We determine the length at which a transition

from metallic to semiconducting behavior occurs, where at low bias the conduc-

tance is via tunneling. For this tunneling transport regime we determine the decay

coefficient and compare it to the complex band structure of pristine SiNWs, and

analyze the influence of the growth direction and symmetry of the system. Finally

we discuss the I-V characteristics for different diameters and growth directions.

3.1 Methodology

We investigate SiNWs with diameters D = 0.6, 1.0, 1.5, 2.0 and 2.5 nm for the

〈100〉, 〈110〉 and 〈111〉 principal growth directions. Figure 3.1(a) shows the cross

section for each growth direction for D = 1.5 nm. We do not consider surface

reconstructions and apply the Wulff’s law for minimal free energy equilibrium

shapes [119] generalized to nanowires, where a cylindrical shape with a core that

retains the diamond structure is favoured [120]. Figure 3.1(b) shows the config-

urations used in the transport calculations: On the left-hand side a pristine long

SiNW is presented, where the outermost units are used as electrodes, while on the

right-hand side the SiNW is placed between two Au 〈111〉 electrodes. All struc-

tures are fully relaxed until the forces on all atoms are less than 0.04 eV/Å. A

Monkhorst-Pack mesh of 3×3 k-points in the xy-plane (the z-axis is the direction

of the transport) is used for the calculations with Au electrodes.

In all simulations, double zeta basis sets with polarization functions are em-

ployed for all atomic species. The same basis set is used for the transport calcu-

lations, with exception of the Au atoms which are described by only one orbital

(6s) in order to reduce the computational cost. The use of an only-s basis for the

Au electrodes has been shown to provide reliable results [138, 139]. In all cases

the core electrons are described by norm-conserving Troullier-Martins pseudopo-

tentials [140] and the exchange-correlation potential is calculated within LDA, ac-
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cording to the parameterization proposed by Ceperley and Alder. The real space

mesh is set by an equivalent energy cutoff of 150 Ry.

Electron transport calculations are performed using the NEGF as implemented

in the SMEAGOL code, described in Section 2.4. The system is partitioned in

three regions: a left electrode (L), a right electrode (R) and a central scattering

region (C). The electrodes are modelled as semi-infinite and their influence account

via the left and right self energies ΣL,R(E). The transmission coefficient through

the scattering region is calculated using Eq. (2.120) and the current using the

Landauer equation (Eq. (2.121)).

3.2 Results and discussion

We first evaluate the density of states (DOS) and T (E) for a fixed length of

SiNWs grown along the 〈110〉 direction, as function of the diameter and Au-

SiNW distance. We then investigate the length dependence of the transmission

and rationalize the tunneling conductance in terms of the complex band structures

of the pristine SiNWs. The results are evaluated for the different growth directions,

where the influence of the symmetry of the conducting states is analyzed.

3.2.1 Dependence of the DOS and transmission on the

SiNW diameter

We start by presenting the electronic properties of a 〈110〉 SiNW with l = 30.72

Å and D = 1.0 nm attached to Au electrodes, as a function of the Au-SiNW

distance d. The reported Au-Si bonding distances for various systems range from

2.30 to 3.50 Å [141, 142]. Our structural relaxations give an optimal geometry with

d = 2.30 Å, in agreement with previous results [137]. Using the relaxed geometry

as a reference, we construct additional structures by increasing the distance to 3.0,

3.5 and 4.0 Å. Such variations might appear for electrodes with rough surfaces

or for SiNWs with different terminations. To observe the effect of changes in d

on the electronic structure we calculate the projected DOS for a Si atom that
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Figure 3.2: Projected DOS for the Au-SiNW-Au system (D = 1.0 nm, l = 30.72

Å) for different Au-SiNW distances d. The Si1 atom belongs to the plane in contact

with Au, while Si2 is located approximately in the middle of the SiNW between

the Au planes.

belongs to the SiNW plane in contact with the Au (Si1) and for a Si atom in

the middle of the nanowire (Si2). The results are shown in Fig. 3.2. While the

Si2 atom shows a gap around the Fermi energy (EF ), the Si1 atom has a rather

high and smooth DOS for all energies. This indicates metallicity of the Si interface

layers and therefore a good contact between Au and the SiNW. As d progressively

increases the electronic coupling to the SiNW decreases and, as a result, the peaks

in the Si1 DOS become sharper. This is especially notable for the peak near EF ,

which stems from the fact that pulling apart the nanowire from the Au leaves the

sp3 surface Si atoms unsaturated. The DOS of Si2 is also smoother for smaller d

but overall preserves its shape for increasing d. We note that EF for all values of
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Figure 3.3: Transmission coefficient for different diameters of the SiNW: 0.6, 1.0,

1.5 and 2.0 nm (l = 30.72 Å and d = 2.3 Å). The growth direction is 〈110〉.

d is approximately at midgap of the Si2 DOS, so that at low bias the short SiNWs

are expected to conduct in a tunneling regime, where the conductance is expected

to decay exponentially with increasing length.

Next we investigate the dependence of the transport properties on the diameter

D. To this aim we calculate T (E) for a range of diameters of SiNWs grown

along the 〈110〉 direction, at the optimal d and for l = 30.72 Å. To disentangle

interface effects from inherent changes in the transmission, we compare T (E) for

a setup where SiNWs are used as semi-infinite leads (SiNW-SiNW) to the Au

electrode case (Au-SiNW-Au), see Fig. 3.1(b). T (E) for the SiNW-SiNW system

corresponds to the number of open channels (the number of right-propagating

states at a given energy) in the infinite SiNWs and therefore represents an upper
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limit for a finite SiNW. In Fig. 3.3 we present T (E) for the two systems. The

transmission is higher for the SiNW-SiNW system, since it is homogeneous and

thus lacks scattering at the interface, in contrast to the Au-SiNW-Au system.

There is, however, a good correspondence between T (E) for the two systems,

also with respect to the magnitude and position of the transmission gap. In the

high conductance regions away from the energy gap T (E) for the Au-SiNW-Au

system is reduced by a factor of up to 2 with respect to the conductance of the

SiNW-SiNW system. The fact that the transmission reduction across the two Au-

SiNW interfaces is only of about 2 indicates that overall the contact resistance is

rather small. This is consistent with the metallic DOS of the interface Si atoms,

see Fig. 3.2(a), which originates from the good electronic coupling to the Au

electrodes. For the thinnest SiNW the transmission of the Au-SiNW-Au system

shows a peaked structure, indicating that it behaves like a molecule due to its

finite length. For the thicker SiNWs the transmission is a rather smooth function.

This is also reflected by the larger number of open channels in the valence and

conduction bands of the infinite SiNWs, which increases from well below 10 for

D = 0.6 nm to about 40 for D = 2.0 nm. Since the electronic states are mainly

bulk-like, in a first approximation the number of open channels is proportional

to D2. In Fig. 3.4 the increase of T (E) for larger diameters in the Au-SiNW-Au

system is clearly visible. The transport gap around EF is shown in Fig. 3.4 as a

function of D. It can be seen that it is reduced exponentially for increasing D

towards the bulk Si value, in agreement with the literature [126].

3.2.2 Length dependence of the transmission

We move on to the investigation of the dependence of the transmission on the

length of the nanowire. In Fig. 3.5 the transmission is shown for different lengths

of the 〈110〉 SiNW with D = 1.0 nm and d = 2.3 Å. For short SiNWs there is a

metallic state induced by the contact with Au, which also has been found for Li

electrodes [130]. For longer SiNWs a semiconducting state is found, allowing usage

of the system in electronic devices. Within the gap the transmission occurs via
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Figure 3.4: Transmission coefficient of the Au-SiNW-Au system (l = 30.72 Å and

d = 2.3 Å) for different diameters. Transport gap around EF as a function of the

diameter: The dashed line is the value for bulk Si.

tunneling. In order to determine the behavior of T (E) in this regime we calculate

the complex band structure [143, 144], which allows us to find the dominant

contributions to T (E). For tunneling transport we have

T (E) = T0(E)e−2κ(E)l, (3.1)

where T0 is a constant and corresponds to the extrapolated transmission for l = 0

and κ is the decay or damping coefficient. By calculating the transmission for two

lengths l1 and l2 the damping coefficient can be obtained as

κ(E) =
1

2(l2 − l1)
ln
T1(E)

T2(E)
. (3.2)

It can also be approximated by application of the Bloch theorem for infi-

nite periodic SiNWs by the inverse dispersion relation, where for a given energy

one computes all possible kz values that correspond to eigenstates of the system.
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Figure 3.5: Transmission coefficient for the Au-SiNW-Au system for lengths 7.68

Å, 15.36 Å, 23.04 Å and 30.72 Å (D = 1.0 nm and d = 2.3 Å) in the direction

〈110〉.

If kz(E) is real then the state is propagating along the z-direction, whereas if

Im [kz(E)] > 0 (Im [kz(E)] < 0) then it is an exponentially decaying (increas-

ing) state. For infinitely extended systems the imaginary solutions of the band

structure represent an unreasonable physical behavior, since they blow up ex-

ponentially. For systems of finite size the complex wave vectors have a relevant

physical meaning, since they determine how an electron with a given energy tun-

nels trough a finite length of the material. Within the gap region there are no

propagating states and T (E) thus is dominated by the state with the slowest de-

cay, which corresponds to the smallest Im [kz(E)] at that energy, Im [kz(E)]min.

We therefore have κ(E) ≈ Im [kz(E)] [144].

In Fig. 3.6 we present the complex and real solutions for 〈110〉 SiNWs with

69



Chapter 3. Structural and Tunneling Properties of Si Nanowires

-2

-1

0

1

2

E
-E

F
 (

eV
)

0.2 0.15 0.1 0.05 0

Im [k
z
] (1/Å)

-2

-1

0

1

2

E
-E

F
 (

eV
)

0 1
Re [k

z
] (π/a)

D = 1.5 nm

D = 1.0 nm
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different diameters. The real band structure shows the expected direct band gap.

Within the gap region between the valence states (the highest occupied molecular

orbital, HOMO) and conduction states (the lowest unoccupied molecular orbital,

LUMO) there is no real band (kz is purely imaginary). Note that at each energy

there are many complex decay vectors. However, for the transmission only those

with the smallest values are relevant, since the others have negligible tunneling

probability. In the fundamental gap region the smallest values of the complex

band structure are given by a semielliptical curve, see Fig. 3.6.

In Fig. 3.7 we present T (E) for the 〈110〉 Au-SiNW-Au system for various

lengths on a logarithmic scale to emphasize the values in the tunneling regime

around EF . We calculate κ(E) using Eq. (3.2) by considering l1 = 23.04 Å and
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Figure 3.7: Transmission coefficient (top), complex band structure (bottom, color)

and damping coefficient (bottom, black) for SiNWs with diameters D = 1.0 nm

(left) and D = 1.5 nm (right), and 〈110〉 growth direction.

l2 = 30.72 Å. The resulting decay coefficient is shown as black line in the bottom

part of Fig. 3.7 for D = 1.0 and D = 1.5 nm. The colored dots correspond

to the complex band structure Im [kz(E)] from Fig. 3.6. It can be seen that we

have in good approximation κ(E) ≈ Im [kz(E)]min. This demonstrates that the

transmission is indeed in the tunneling regime for energies within the gap and

follows the model.

In order to analyze the symmetry of the HOMO and LUMO states we plot

the isosurface electronic wave functions of the 〈110〉 SiNWs with D = 1.0 nm in

the top part of Fig. 3.8. Positive lobes are indicated in blue and negative lobes

in red. The HOMO mainly consist of Si 3pz states with an evenly distributed
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Figure 3.8: Isosurface wave functions for the (left) HOMO and (right) LUMO.

The SiNW growth direction is (top) 〈110〉, (middle) 〈100〉 and (bottom) 〈111〉,
and the diameter is D = 1.0 nm.
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weight across the area. The LUMO is more located on the surface, where the

main contribution also comes from the Si 3pz states. The equal symmetry of

the HOMO and LUMO is the origin of the anti-crossing semielliptical behavior

indicate by arrows in Fig. 3.6. For the D = 1.5 nm SiNW the symmetry of the

HOMO and LUMO is analogous.

When connected to Au electrodes we expect the dominant contributions to

T (E) to come from the HOMO and LUMO states for energies around EF . To

verify this expectation we calculate the transmission eigenchannels and plot the

transmission wave functions [145] for states originating from the left electrode

and for the transmission eigenchannel with the largest transmission in Fig. 3.9

for three energies: −0.87 eV (Fig. 3.9(a)), 0.16 eV (Fig. 3.9(b)) and 1.53 eV (Fig.

3.9(c)). In the central region of the SiNW the transmission wave functions have

the character of the HOMO and LUMO for −0.87 eV and 1.53 eV, respectively, see

Figs. 3.8 (a) and (b). At these energies the system exhibits metallic conductance

and, in fact, the transmission wave functions extend over the whole system. In the

region close to the Au electrodes the transmission wave functions have different

character due to strong hybridization of the Au and Si states. The Au induced

states extend only over a part of the SiNW. For an energy in the gap (Fig. 3.9 (b))

the transmission wave function decays exponentially in the NW from left to right,

where for the chosen energy the character of the decaying state is HOMO-like. We

note that the amplitude at the left boundary of the SiNW is rather large due to

the good contact to the Au electrode, reflecting the metallic DOS in this region

as discussed in the previous sections.

3.2.3 Different growth directions

We now generalize the presented results to the 〈100〉 and 〈111〉 growth directions.

We find that the optimum distance between Au and the SiNW is equal for all

cases. The reduction of the transmission and electronic gaps with the diameter

D is also analogous for all directions, as is the critical length l above which the

system with Au electrodes becomes semiconducting.
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Figure 3.9: Isosurface transmission wave functions for the (a) HOMO, (b) gap

region, and (c) LUMO, for the Au-SiNW-Au system with SiNW growth direction

〈110〉.
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Figure 3.10: Complex and real band structures for SiNWs with D = 1.0 nm and

growth directions (top) 〈100〉 and (bottom) 〈111〉.

For the 〈100〉 SiNW the complex band structure is shown in Fig. 3.10 for

D = 1.0 nm and the transmission and decay coefficient are addressed in Fig. 3.11.

While the band gap is direct, however, the states with the lowest Im [kz(E)] in

the midgap region are not the HOMO and LUMO states but rather HOMO−1

and LUMO+1. The tunneling therefore is expected to have contributions from

HOMO−1, HOMO, LUMO and LUMO+1, depending on the energy. The damping

coefficient is again in good agreement with Im [kz(E)]min. The HOMO and LUMO

wave functions for the infinite SiNW are presented in middle part of Fig. 3.8.

The HOMO is mainly characterized by Si 3px and Si 3py states with the weight

distributed evenly across the nanowire. The LUMO, on the other hand, has a

different spatial distribution with a high level of delocalization and contributions
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Figure 3.11: Transmission coefficient (top), complex band structure (bottom,

color) and damping coefficient (bottom, black) for SiNWs with growth directions

〈100〉 (left) and 〈111〉 (right), and diameter D = 1.0 nm.

of states along all principal directions, namely Si 3px, Si 3py and Si 3pz. Due to

the different symmetries, the HOMO and LUMO complex band structures do not

anti-cross, whereas HOMO−1 and LUMO+1 have the same symmetry, resulting

in an anti-crossing. The overall transmission is reduced with respect to the 〈110〉
orientation.

For the 〈111〉 growth direction (D = 1.0 nm) analogous data are plotted in

Figs. 3.10 and 3.11. The main difference is that Im [kz(E)]min does not follow a

semielliptical shape and that there is a crossing between the complex band origi-

nating from the HOMO and the one originating from the LUMO. This indicates

that the HOMO and LUMO have different symmetry. Wave function plots for the
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Table 3.1: Effective mass and band gap for different SiNW orientations with di-

ameter D = 1.0 nm (me is the electron mass).

〈100〉 〈111〉 〈110〉
Effective mass 0.4292 me 0.1688 me 0.1202 me

Band gap 2.6856 eV 2.2351 eV 1.7216 eV

infinite SiNW are presented in the bottom part of Fig. 3.8. Both the HOMO and

LUMO are characterized by a combination of Si 3px, Si 3py and Si 3pz states.

Comparing the decay coefficients of the different orientations, we find for sim-

ilar diameters for the 〈110〉 SiNW a value of 0.15/Å at midgap, whereas for the

other orientations the value is larger by about a factor 2. This implies that the

tunneling conductance for the 〈110〉 growth direction is significantly larger than

for the other orientations. The origin of the different decay coefficients is the

different effective mass of the conduction and valence electrons for the different

growth directions, where the effective mass of the 〈110〉 direction is the smallest,

corresponding also to the smallest gap, see Table 3.1. The smaller effective mass

of the 〈110〉 orientation also implies that the mobility can be expected to be the

largest.

3.2.4 I-V characteristics

Finally, we present the I-V characteristics of the Au-SiNW-Au system for nanowires

of diameters D = 1.0 and 1.5 nm, grown in the 〈110〉 direction, see Fig. 3.12(a).

As expected, the nanowire of larger diameter has a higher current for any given

voltage. This is in agreement with the observed transmission dependence on the

diameter, see above, since the current is the integral of the transmission over the

bias window (energy region that contributes to the current integral). A similar

trend is also observed when comparing the I-V characteristics for nanowires of

different growth directions at a constant diameter D = 1.0 nm, see Fig. 3.12(b):

For a given bias voltage the current follows the order I〈110〉 > I〈111〉 > I〈100〉, which
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Figure 3.12: I-V characteristics for Au-SiNW-Au systems: (a) 〈110〉 SiNWs with

diameters D = 1.0 and 1.5 nm. (b) SiNWs with D = 1.0 nm, grown in the three

principal directions.

confirms the trend reported in the literature [125]. The gap size order is inverted

E
〈100〉
g > E

〈111〉
g > E

〈110〉
g .

3.3 Conclusions

In this chapter we have systematically studied the dependence of the electron

transport properties of SiNWs attached to Au 〈111〉 electrodes on their diameter,

length and growth direction. Such knowledge is essential for the design of SiNW-

based electrical devices such as nanotransistors. The band gaps of the modelled

SiNWs depend both on the growth direction and the diameter. An increase of

the latter results in larger cross sections, which in turn induces an enhanced

transmission. The relaxed distance of 2.3 Å between the SiNW and Au electrodes

is in agreement with previously reported results. At this distance we find a low

contact resistance to Au, indicating good electronic coupling. An increase of the
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distance, which might appear for uneven Au surfaces, leads to a weakening of

the Au-SiNW coupling and results in more states around EF as a consequence

of the formation of dangling bonds on the Si atoms in the vicinity of the Au.

For nanowires longer than four unit cells the transmission around EF is found

to be of tunneling type, with EF approximately in the middle of the nanowire

electronic gap. For the tunneling regime of the electron transport we find that

〈110〉 SiNWs have the largest conductance and smallest decay with the length for

fixed diameter. This is due to the smaller effective mass of both the conduction

and valence electrons as well as the smaller band gap. Finally, the transmission

and band gap dependencies on the nanowire diameter and growth direction are

reflected in the I-V characteristics of the modelled devices. We find a current

order of I〈110〉 > I〈111〉 > I〈100〉 for the different growth directions.
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Tunneling Magnetoresistance in

Si Nanowires

Magnetic tunneling junctions (MTJs) are the basic elements in modern magnetic

sensors and magnetic data storage systems [146]. They are formed by sandwiching

a thin insulating tunnel barrier between two ferromagnetic electrodes. If the insu-

lating layer is thick enough, electrons will tunnel between the ferromagnets, and

when the mutual alignment of the magnetization vectors of the electrodes changes

from antiparallel to parallel there is a drop in the resistance of the junction. This

is known as the tunneling magnetoresistance (TMR) effect [147].

TMR was observed for the first time in a Co/Ge/Fe junction, where the change

in tunneling current was found to be nearly 14% at 4.2 K [148]. It is also established

that the magnitude of the effect is related to the spin polarization of the electrodes,

namely to the spin imbalance of the current carried in the ferromagnets [148, 149].

This prediction held true for a vast range of subsequent experiments, all using

amorphous tunnel barriers as spacer between the electrodes [147, 150]. At the

same time it stimulated the use of highly spin-polarized electrodes, and in fact

the maximum TMR values are expected for half-metals, namely for ferromagnets

presenting a band gap at the Fermi energy (EF ) in only one of the two spin sub-

bands [151]. However, usually the half-metallic state depends sensitively on the

materials purity, and typically this is limited in real devices. For this reason there

are not many examples of high-performing MTJs made of half-metals.
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Fortunately, the problem of the spin polarization of the electrodes can be

circumvented by an appropriate tunnel barrier choice. In fact, in crystalline insu-

lators the exponential decay of the wave function of the tunneling electrons across

the barrier depends on the symmetry of the tunneling states. Thus, one can en-

gineer junctions in which only one spin type is transmitted across the barrier

with high efficiency, while the other is almost completely reflected. For instance,

this is the case for Fe/MgO/Fe grown along the 〈001〉 direction [152, 153], a

system that displays giant TMR [154, 155]. This aspect of TMR inspired a signif-

icant number of studies aiming at designing novel junctions with high-performing

and sometimes multifunctional tunnel barriers. These, for instance, include fer-

roelectric materials [156, 157, 158, 159], ferromagnetic semiconductors [160, 161]

and two-dimensional layered compounds [162, 163]. There are also proposals for

unconventional magnetoresistance at the surface of topological insulators [164].

Recently, there have been attempts to perform magnetoresistance experiments

with semiconductor nanowires [165], as quantum confinement can be a tool to

manipulate spin scattering.

SiNWs are attractive candidates for spintronics applications, since the spin

coherence in Si has been demonstrated to be extremely long [166]. SiNWs are

compatible with conventional Si technology and have been adapted in a variety

of nanoscale devices, such as transistors [252], photodetectors [167] and solar cells

[168]. The ability to control their diameter, composition and length makes them

a desirable platform for spintronics studies [169], and previous work has demon-

strated that the tunneling properties depend on the structural parameters [170].

In addition, the inclusion of n and p dopants has shown to modify the conductance

[171].

In this chapter we investigate Fe/SiNW/Fe MTJs having a SiNW as spacer

and Fe magnetic electrodes. We first characterize the properties of the Fe/SiNW

interface and then analyze the magneto transport by calculating the transmission

coefficient at zero and finite applied bias. We compute the I-V characteristics

and evaluate the bias-dependent TMR. Then we study the influence of n and p
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dopants on the magnetic properties, the I-V characteristics and the TMR of the

nanowire, and compare the magneto transport for the two doping situations.

4.1 Methodology

The SiNWs have been generated without considering surface reconstruction by

applying Wulff’s law for minimal free energy equilibrium [119], where a cylin-

drical shape with a core that retains the diamond structure is the most stable

configuration [120]. In order to ensure chemical stability, dangling bonds have

been passivated with H. The growth direction has been chosen to be 〈110〉, which

was reported to have the smallest tunneling decay coefficient among all possible

orientations [170, 125] and therefore is the orientation able to support the largest

conductance. Figure 4.1(a) displays the cross section of a SiNW grown in the 〈110〉
direction with diameter D = 1.0 nm, where the blue and red spheres represent Si

and H atoms, respectively. Single impurities dope the SiNW and are placed on its

surface, since these positions have the lowest overall formation energy [172, 173].

In Fig. 4.1(b) we show the cross section of a doped SiNW, where the gray spheres

correspond to P and B atoms in the case of n and p doping, respectively.

The structures are fully relaxed until the forces on all the atoms are less than

0.04 eV/Å. A double zeta basis set with polarization functions is used for all the

simulations. Core electrons are described by norm-conserving Troullier-Martins

pseudopotentials [140] and the exchange-correlation functional is approximated

by the Perdew-Burke-Ernzerhof [174] parameterization of the GGA. The real-

space grid cutoff has a corresponding cutoff energy of 500 Ry and an electronic

temperature of 300 K is used for all the calculations.

Transport calculations are performed using the SMEAGOL code, as described

in Section 2.4. Semi-infinite electrodes are connected to a central scattering re-

gion by means of energy, E, and spin-dependent self-energies, Σσ
L,R(E). The spin-

dependent transmission coefficient, T σ, is then calculated with as a generalization
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Figure 4.1: Cross sections of (a) a pristine and (b) a doped 〈110〉-oriented SiNW.

Blue and red spheres represent Si and H atoms, respectively. The dopant atoms

are shown in gray. (c) geometry of the MTJ, comprising a SiNW sandwiched

between two Fe 〈111〉-oriented electrodes.

of Eq. (2.120)

T σ(E) = Tr
[
Gσ

C(E)ΓσL(E)Gσ†
C (E)ΓσR(E)

]
, (4.1)

where σ is the spin index (σ =↑, ↓), The spin current is calculated with the spin-

dependent Landauer equation (Eq. (2.122)). The total current is then given by

I = I↑ + I↓ and the TMR is calculated with the ‘optimistic’ definition

TMR =
IP − IAP

IAP

, (4.2)

where IP (IAP) is the current that flows through the junction for the parallel

(anti-parallel) alignment of the magnetization of the two magnetic electrodes. The

MTJ under study is presented in Fig. 4.1(c), and consists of a SiNW (pristine or

83



Chapter 4. Tunneling Magnetoresistance in Si Nanowires

doped) placed between two Fe 〈111〉-oriented electrodes. The SiNW has a total

length of l = 30.7 Å and the dopant atoms are distributed equidistantly through

the scattering region in positions that have equivalent formation energy.

4.2 Results and discussion

We divide the results into two parts. Firstly we characterize the Fe/SiNW interface

and discuss the TMR effect of a pristine SiNW-based MTJ. Secondly, we analyze

the effect of n and p doping on the TMR.

4.2.1 Pristine SiNW

In Fig. 4.2 we present the spin-dependent DOS projected on the Fe and Si atoms

for both bulk-like positions (far away from the interface) and at the Fe/Si inter-

face. The DOS of the Fe atoms placed in the middle of the electrodes behaves, as

expected, as that of bulk Fe. There is a predominant majority d state contribution

at EF in virtue of a valley in the minority DOS due to d orbital splitting. Simi-

larly, the DOS associated with Si atoms in the middle of the SiNW is consistent

with the electronic structure of the nanowire in isolation. The DOS is that of a

semiconductor with a spin-independent band gap of about 1.5 eV, in agreement

with literature (considering this particular diameter) [170]. From this electronic

structure one should expect a tunnelling conductance.

At the Fe/Si interface the situation is, however, different. The DOS of the in-

terface Fe atoms appears similar to that of bulk Fe, except for an energy downshift

of about 1 eV. This reduces drastically the contribution of the majority channel

at EF , so that the DOS becomes completely dominated by the minority spins.

The minority spin DOS presents a relatively sharp peak just above EF . In the

case of the Si interfacial atoms the native bandgap disappears and the DOS ac-

quires a small spin-polarization. This is the result of the Si/Fe hybridization at

the interface, which indicates a strong electronic coupling between the SiNW and

electrodes. Otherwise the DOS of the interfacial Si atoms is relatively featureless
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Figure 4.2: Spin-dependent density of states projected on Fe and Si. Left parts

are for atoms located at the Fe/Si interface, while right parts are for atoms in the

bulk, respectively, in the middle of one electrode and in the SiNW.
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with the exception of a peak in the majority channel at 1.5 eV below EF , which

mirrors that of bulk Fe, and again is due to strong hybridization.

In order to characterize the entire MTJ, in Fig. 4.3 we present the total DOS

(left) and the spin-dependent transmission coefficients (right) for the two possible

relative orientations of the electrode’s magnetizations, namely parallel and an-

tiparallel (upper and middle parts, respectively). In this case the DOS appears as

a superposition of the DOSs of the SiNW and Fe electrodes. It is spin-polarized

for the parallel configuration but not for the antiparallel configuration, since the

device is almost perfectly symmetric. Turning our attention to the transmission,

as expected, there is a large drop in T σ(E) for an energy window of approximately

2 eV around EF , which approximately corresponds to the SiNW bandgap. This

means that our device operates in the tunnelling regime, with the Fermi level of

the electrodes positioned approximately at mid-gap in the SiNW. If one looks at

the parallel configuration, it is possible to note that at EF the transmission of

the majority channel is approximately one order of magnitude larger than that of

the minority channel. Since T σ(E) for both spins in the antiparallel configuration

is approximately a convolution of the different spin transmissions in the parallel

configuration, a TMR has to be expected.

Since the nanowire breaks the translational invariance of the electrodes it

is not possible to analyse our data by using the symmetry filtering argument

valid for perfectly epitaxial junctions [152, 153]. However, the lateral confinement

associated with the SiNW suggests that only electrons with small transverse wave-

vector will be transmitted efficiently across the nanowire [175]. These are more

abundant for the majority band, since there is a significant contribution to the

DOS at EF from states with s character.

The magnetoresistance is also shown in Fig. 4.3 (lower part), obtained as

the linear response limit of Eq. (4.2), i.e., by replacing the current with the total

transmission coefficient. Clearly, the linear response limit is valid only for E = EF ,

but here we present the TMR as a function of E, i.e., for a range of possible

positions of EF . We find an appreciable TMR ratio only within the gap region, in
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Figure 4.3: The four upper parts present (left) the spin-dependent total DOS and

(right) the transmission coefficient of the MTJ pictured in Fig. 4.1. The upper
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particular for energies between −0.5 eV and 0.5 eV, with a peak of about 200%

at EF .

We now analyse the finite bias results, obtained up to 1 V (in steps of 0.2

V), i.e., for voltages low enough to keep the junction in the tunneling regime.

In Fig. 4.4 we present the spin-dependent transmission coefficient at zero and

positive applied bias for both spin configurations. Since the current is essentially

the integral of the bias and energy-dependent transmission coefficient over the

bias window [see Eq. (2.122)], we mark the bias window in the figure with vertical

lines. In a tunnel junction the electrostatic potential drops approximately linearly

within the insulator, meaning that the only effect of the bias is that of shifting

rigidly the DOS of the two electrodes with respect to each other by an energy

eV. Furthermore, since the junction under investigation is symmetric, this shift is

symmetric with respect to the common EF established at V = 0. These two facts

help us in analysing Fig. 4.4.

In general, we note that the transmission coefficient remains small for all spin

directions and configurations at any bias in the energy interval−1 eV to 1 eV. This

demonstrates the symmetric potential drop across the junction. In the parallel

configuration T σ(E) is little affected by the bias for the majority spins, while for

the minority spins it undergoes small modifications. Namely, the low-transmission

region, which is present for energies in the interval [−0.5, 0.5] eV at V = 0,

starts spreading over a wider energy range as the bias is applied. This is the

result of the relative energy shift of the band structures at the two electrodes.

As a consequence, the transmission for the majority spin channel remains lower

than that for the minority spin channel at all energies in the gap for any bias. In

contrast, in the antiparallel case the transmission spin degeneracy, which is present

at zero bias, is lifted as the bias is applied and T σ(E) becomes different for the two

spin channels (note that majority and minority here refer to the magnetization

orientation of the left-hand side electrode). This is due to the inversion symmetry

breaking induced by the external bias. Interestingly, for the largest applied bias

investigated the transmission coefficient of the majority (minority) spins in the
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antiparallel configuration resembles closely that of the minority (majority) spins

in the parallel configuration. Since the total current determines the TMR, we

expect that it will be reduced as the bias increases.

The I-V characteristics and the TMR ratio as function of the bias are pre-

sented in Fig. 4.5. As expected from the small bias dependence of the transmission

coefficients the I-V characteristics are rather smooth for both the parallel and the

antiparallel configurations. In general they are both defined by a relatively shallow

slope for voltages smaller than 0.7 V and then by a rapid increase in the current

for V > 0.7 V. Such a rapid slope for higher voltages is due to the fact that the

upper edge of the bias window starts approaching the SiNW conductance band

and therefore the transmission rapidly increases [see Fig. 4.4 for V = 0.8 V and

V = 1 V]. A second feature of the I-V characteristics is that for high voltages

the current for the parallel configuration becomes similar to that of the antipar-

allel configuration, as expected from the observed dependence of the transmission

coefficient as a function of the bias for the two configurations. As a consequence,

the TMR is high at low bias (approximately 150% for V = 0), halves its value

for V ∼ 0.35 V and vanishes almost entirely at 1 V. This bias dependence of the

TMR is similar to that found for the Fe/MgO/Fe junction, although in that case

the absolute value of the TMR is significantly larger [176].

4.2.2 Effect of doping

We finally move to studying the effect of doping on the magneto transport proper-

ties. P and B atoms are, respectively, used to obtain n and p doping in the SiNWs.

These ions are known to behave as shallow impurities in bulk Si, and can be easily

ionized to create free carriers at the band edges approaching the metallic regime

[136]. The doping concentration considered is about 1.8%, which corresponds to

two dopant atoms in the entire SiNW. We include both dopant atoms at edge

positions, in alternate unit cells along the nanowire, having equivalent distance to

the closest electrode. Thus the junction remains symmetric also in this case. We

place the dopants at edge positions of the nanowire, since previous studies have
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reported lowest formation and segregation energies for these positions [130, 177].

In Fig. 4.6 we present the zero bias spin-dependent transmission coefficients for

n and p doped SiNW-MTJs, for both the parallel and antiparallel configurations

of the electrodes. The TMR as a function of energy is also plotted. In general,

the effect of doping is that of simply re-positioning EF from the middle of the

SiNW band gap closer to one of the band edges. As a consequence, the T σ(E)

curves simply shift rigidly in energy with respect to EF , but maintain a shape

similar to that of the neutral case. The shift is more evident in the case of n

doping, for which EF enters the conduction band completely, while for p doping

the transmission at EF is still tunneling-like.

Since the maximum contrast in transmission for different spins is found in the

full tunneling regime, i.e., when EF of the electrodes is placed close to mid-gap,

it is expected that doping will reduce the TMR. This is indeed the case at zero

bias. The TMR as a function of energy (see Fig. 4.6 lower parts) still presents a

peak with values in the region of 300%, but this peak is shifted to higher energies

for p doping and to lower energies for n doping. In both cases the low bias TMR

is then smaller than that calculated for the neutral case.

Finally, in Fig. 4.7 we plot the I-V characteristics and the TMR ratio as a

function of the bias for voltages up to 1 V, for the n and p-doped SiNWs. This

time the current appears to be approximately linear with the bias, indicating that

the dominant transport mechanism is no longer tunneling but direct injection

into one of the SiNW extremal bands. The linear behavior is more evident for

n doping, since, as note before, EF is located essentially at the conduction band

edge. In contrast, for the p doping tunneling is still the dominant mechanism for

voltages up to 0.4 V where direct spin injection into the valence band becomes

dominant. The TMR as a function of the bias reflects the I-V characteristics,

namely, the TMR is substantial as long as the transport is tunneling-like and

then drops drastically. Thus, for p doping we have an abrupt collapse of the TMR

at 0.4 V, while for n doping the TMR is small across the entire voltage range

investigated.
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4.3 Conclusions

In this chapter we have systematically studied the TMR of pristine and doped

SiNW-MTJs sandwiched between Fe electrodes. The developed knowledge is es-

sential for the design of SiNW-based magnetic nanodevices. The pristine (un-

doped) system shows a high TMR ratio of ∼ 200% at low bias, and the current

through the nanowire flows in the tunneling regime. While the current increases

rapidly with the bias, the TMR decreases and is suppressed at about 1 V. For n

and p doped SiNWs the I-V characteristic is metallic-like, showing an approxi-

mately linear dependance of the current on the bias. The onset of the linear I-V

characteristics depends on the doping condition, i.e., on the position of EF of the

electrodes with respect to the SiNW band edges. The TMR remains strong only

when the current is tunneling-like, meaning that it is generally smaller than that

in the neutral situation and decays fast with the bias.
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H-passivated Si Nanotubes and Si

Nanotube Field Effect Transistors

As quantum confinement effects can be harnessed to control electronic proper-

ties, there is nowadays a large interest in one-dimensional structures as possible

elements of nano-electronic devices. C nanotubes have triggered scientific inter-

est due to various reasons [178, 179], noteworthy their high mechanical strength

[180] combined with thermal and chemical stability [181]. They can be metallic

or semiconducting depending on the chirality and diameter [182, 183]. Alterna-

tive one-dimensional structures also have been considered, among them SiNWs,

which may become essential elements in future electronics due to easy integration

with modern Si technology [109]. The electronic properties of SiNWs depend on

the growth direction and diameter, most being robust semiconductors with direct

band gap [123, 128]. The size of the band gap is strongly anisotropic and follows

the order E
〈100〉
g > E

〈111〉
g > E

〈110〉
g for nanowires of comparable diameter [125]. For

increasing diameter it decreases almost exponentially to the bulk Si value [126].

SiNWs can be synthesized by various techniques, in particular by vapor-liquid-

solid and chemical vapor routes [113, 114]. They have been used in solar cells

and field effect transistors (FETs), for example, but the poor scalability currently

limits applications [121].

While there is chemical similarity between C and Si (same column of the peri-

odic table, four valence electrons), only C can form bucky balls due to its stable sp2
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hybridization. The sp3 hybridization of Si rather favors the formation of nanoclus-

ters and nanowires [184]. However, Si nanotubes (SiNTs) with wall thicknesses of

few atomic layers may be fabricated by carving out nanowires [185]. They also

can be synthesized by chemical vapor deposition on alumina nanochannel arrays

using gold particles as catalysts [186], by molecular beam epitaxy on porous alu-

mina [187], and by self-assembly from Si monoxide [188]. Transmission electron

microscopy images have been reported in Ref. [189]. Several studies have consid-

ered the properties of hexagonal SiNTs [190, 191], which can be understood as

rolled up sheets of Si with the flat honeycomb structure of graphene [192]. The

obtained band structures show close similarity to the corresponding C nanotubes,

with a metallic character for armchair and a semiconducting character for zigzag

SiNTs [184].

As two-dimensional Si forms a hexagonal buckled structure, known as silicene

[193], theoretical work has addressed the stability of corresponding gearlike SiNTs

(cross-section resembles gear) [194]. According to first principles calculations, they

are more stable than hexagonal SiNTs due to the sp3 contribution to the chemical

bonding [195, 196]. They are semiconducting with a band gap largely independent

of the tube chirality and diameter (close to that of silicene) [197, 198]. FETs

based on C nanotubes [199, 200], Si nanoribbons [201], and SiNWs [202, 203] are

being investigated since some time, as at dimensions comparable to the Fermi

wavelength (sub-10nm) the quantum mechanical details of the carrier transport

play a key role. While SiNTs likewise are very attractive components [204], their

transport properties are largely unknown and therefore will be scrutinized in this

chapter.

5.1 Methodology

By rolling up silicene we construct SiNTs defined by a chiral vector ~C = n~a1 +

m~a2 that connects two atomic sites of the silicene sheet, with integers n, m and

hexagonal lattice vectors ~a1, ~a2. We focus on axial and diagonal chiral vectors,
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i.e., on zigzag (n, 0) and armchair (n, n) SiNTs, for which cross-section and side

views are presented in Fig. 8.1 (top). Due to the buckling, there are inequivalent

Si atoms with larger and smaller distance to the tube axis. The diameters of the

considered SiNTs are 8.4 Å for (6, 0), 10.1 Å for (7, 0), 10.7 Å for (8, 0), 12.3 Å

for (9, 0), 13.1 Å for (10, 0), 13.5 Å for (6, 6), 15.7 Å for (7, 7), 17.7 Å for (8, 8),

19.9 Å for (9, 9), and 21.9 Å for (10, 10). The Si atoms can be passivated by H to

enhance the chemical stability by avoiding dangling bonds (sp3 bonding).

All the structures are fully relaxed until the atomic forces have declined to

less than 0.02 eV/Å. We employ a 1 × 1 × 10 k-mesh and a double zeta plus

polarization basis set. The same basis set is used for the transport calculations,

with the exception that for the Au atoms only the 6s orbital is taken into account

in order to reduce the computational cost. This approach is known to provide re-

liable results, see Ref. [139]. In all cases the core electrons are described by norm-

conserving Troullier-Martins pseudo-potentials [140] and the exchange-correlation

potential is treated in the Ceperley-Alder local density approximation [290]. The

real space mesh is given by an energy cutoff of 150 Ry. Electron transport cal-

culations are performed using the non-equilibrium Green’s function approach, as

implemented in the SMEAGOL package (Section 2.4). SiNTs of different chiral-

ity and diameter are connected to metal electrodes to investigate the tunneling

transport. The transport configuration with Au electrodes added left and right of

the scattering region is shown in Fig. 8.1 (bottom). We implement a square-shape

uniform potential gate in the scattering region (which neglects the effect of the

gate structure) in order to model a FET.

5.2 Results and discussion

We first evaluate the electronic properties of the SiNTs and discuss the effect of

the H-passivation. We then investigate the diameter and length dependence of the

transmission and rationalize the tunneling conductance in terms of the complex

band structures of the SiNTs. At last we characterize the performance of the SiNT
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Figure 5.1: Cross-section and side views of zigzag (10, 0) and armchair (8, 8) SiNTs.

Blue and red spheres represent Si and H atoms, respectively. The transport con-

figuration with Au electrodes is also shown for the zigzag (8, 0) SiNT.

99



Chapter 5. H-passivated Si Nanotubes and Si Nanotube Field Effect Transistors

FETs.

5.2.1 Electronic properties of pristine and H-passivated

SiNTs

Electronic band structures of the zigzag (10, 0) and armchair (10, 10) SiNTs are

shown in Fig. 5.2 as representative examples of the two chiralities. We compare the

electronic properties without (left) and with (right) H-passivation, demonstrating

a significant influence of the termination. For the zigzag (10, 0) SiNT we observe a

transition from a small band gap of 0.5 eV to a large band gap of 2.2 eV, whereas

for the armchair (10, 10) SiNT the valence and conduction band edges shift from

the Γ-Z direction with a band gap of 0.3 eV to the Γ point with a band gap of 2.2

eV. The sizable band gaps are due to transition from sp2 to sp3 hydridization in

the SiNTs upon H adsorption [205] and make H-passivated SiNTs good candidates

for application in FETs [206]. To reduce the resistance of the SiNT-Au contacts,

we optimize the contact geometry, finding an ideal distance of d = 2.30 Å, which

is similar to SiNWs studied previously [137, 170]. We address in Fig. 5.3 the

projected density of states (DOS) for Si atoms in the middle of the SiNT and

in contact with Au, again showing representative results for zigzag (10,0) and

armchair (10,10) SiNTs. Si atoms in the middle of the SiNT exhibit a band gap

and those in contact with Au a high and smooth DOS at the Fermi energy (EF ),

reflecting strong coupling with properly saturated sp3 bonds.

5.2.2 Diameter and length dependence of the transmission

To investigate the dependence of the transport properties on the diameter, we

calculate the transmission coefficient T (E) (Eq. (2.120)). The results in Fig. 5.4

shows strong electronic coupling between the SiNT and Au electrodes. The dif-

ference between the n = 6 and n = 10 curves is about 40%, i.e., much less than

in corresponding SiNWs (because the cross-section area scales quadratic with the

diameter) [170]. In addition, the transport gap around EF shows hardly any vari-
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Figure 5.2: Electronic band structures of the zigzag (10, 0) and armchair (10, 10)

SiNTs, without (left panels) and with (right panels) H-passivation.

ation with the diameter, in contrast to nanowires [170].

Concerning the dependence of T (E) on the length of a SiNT, we find that

the minimum length for that a semiconducting behavior occurs (as required for

electronic devices) is 11.0 Å and 13.4 Å for the zigzag (10, 0) and armchair (10, 10)

SiNTs, respectively. Shorter SiNTs are metallic due to the proximity of the Au

electrodes (wave function overlap). In order to find the dominant contribution

to T (E) when the transmission is due to tunneling (semiconducting SiNTs), we

address the complex band structure [143, 144, 152]. For tunneling transport the

transmission is defined in terms of the damping coefficient κ(E) (Eqs. (3.1) and

(3.2)). The damping coefficient can be approximated by applying the Bloch theo-

rem to an infinite SiNT and calculating the inverse dispersion relation (all vectors

kz that are eigenstates to a given energy). Within the band gap the complex wave

vectors determine the tunneling of an electron with given energy.

In Fig. 5.5 we plot representative examples of the complex and real band

structures of the zigzag (10, 0) and armchair (10, 10) SiNTs. Within the band gap

kz is purely imaginary and T (E) is dominated by the most slowly decaying state

(minimal Im[kz(E)]). T (E) is shown in Fig. 5.5 on a logarithmic scale in order
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Figure 5.3: Projected DOSs of Si atoms in the middle of the SiNT and in contact

with Au, comparing zigzag (10, 0) and armchair (10, 10) SiNTs.

to emphasize the values in the tunneling regime, addressing zigzag (10, 0) SiNTs

of lengths l1 = 11.0 Å, l2 = 16.5 Å, l3 = 22.1 Å, l4 = 27.6 Å and armchair

(10, 10) SiNTs of lengths l1 = 13.4 Å, l2 = 20.1 Å, l3 = 26.9 Å, l4 = 33.6 Å. The

damping coefficient κ34(E) calculated by Eq. (3.2) is added to the complex band

structures of Fig. 5.5 in black color. It coincides well with the minimal Im[kz(E)],

demonstrating that the transmission is due to tunneling for energies within the

band gap. At midgap we have κ34(E) ∼ 0.13/Å, largely independent of n and

the chirality, whereas for SiNWs larger values of 0.15/Å, 0.28/Å, and 0.32/Å have

been reported for the 〈110〉, 〈111〉, and 〈100〉 growth directions, respectively [170].

This implies that the tunneling conductance is significantly larger than in SiNWs.

For both the zigzag (10, 0) and armchair (10, 10) SiNTs effective masses around

10% of the free electron mass are obtained, which is, within the accuracy of the

band fitting procedure to derive the values, the same as reported for SiNWs [170].

The small effective masses correspond to high mobilities.

I-V curves of zigzag (n, 0) and armchair (n, n) SiNTs of length l4 are plotted
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Figure 5.4: Transmission coefficients of zigzag (n, 0) and armchair (n, n) SiNTs of

different diameter.

in Fig. 5.6 for different diameters. We observe a semiconducting nature despite

the presence of electrodes, showing that those do not play a critical role for the

transport. The fact that larger diameters correspond to higher currents at given

voltage agrees with the dependence of T (E) on the diameter, see above. We notice

that armchair (n, n) SiNTs carry more current than zigzag (n, 0) SiNTs for a given

voltage as the diameter is larger. We show the transmission eigenchannel wave

function corresponding to the largest eigenvalue for the left electrode (results for

the right electrode are equivalent) in Fig. 5.6 (bottom), calculated within the band

gap (from 0.2 eV to 0.3 eV). The figure demonstrates good coupling between the

SiNT and electrodes, which explains why Si atoms in contact with Au contribute

states at the Fermi energy (see Fig. 5.3).

5.2.3 SiNT FETs

We next study FET geometries with a gate placed at a distance of 10 Å from the

zigzag (8, 0) and armchair (8, 8) SiNTs, employing gate voltages of Vgate = −1, . . . 1
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Figure 5.6: I-V characteristics of zigzag (n, 0) and armchair (n, n) SiNTs, and

isosurface plots of the transmission wave function for n = 10.

V. In Fig. 5.7 (top) we plot the I-Vgate characteristics for fixed V = 0.02 V. The

curves are almost symmetric as it is characteristic of ambipolar transistors. The

on/off current ratio is relatively small in both cases, about 210, reflecting the small

effective masses and contact resistances. The I-V characteristics given in Fig. 5.7

(bottom) for different values of Vgate exhibit the typical power law behavior of

transport in semiconductors, gradually changing into an Ohmic behavior for large

Vgate. The transconductance, dI/dVgate, calculated at the threshold voltage, 0.12

V for the zigzag (8, 0) SiNT and 0.20 V for the armchair (8, 8) SiNT, in the

Ohmic regime (V = 2.0 V) is very high. We obtain 17 kS/m for the zigzag (8, 0)

SiNT and 14 kS/m for the armchair (8, 8) SiNT, which exceeds the experimental

values of C nanotube [207], SiNW [208, 209], and the best commercial Si (7 to 9
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kS/m) [210, 211] FETs. The sub-threshold swing, (d ln I/dVgate)
−1, amounts to 78

mV/decade for the zigzag (8, 0) SiNT and 89 mV/decade for the armchair (8, 8)

SiNT, being similar to commercial values (∼ 80 mV/decade) and close to the

theoretical limit of 60 mV/decade [212].

5.3 Conclusions

In this chapter we have studied the dependence of the electronic transport prop-

erties of SiNTs attached to Au electrodes on their chirality, diameter, and length.

These results enable design of devices based on SiNTs, in particular FETs. The

length of the SiNTs is chosen sufficiently high that the semiconducting properties

are not affected by the presence of the Au electrodes. It turns out that in order to

enhance the size of the band gap it is necessary to terminate the dangling surface

bonds of the SiNTs with H atoms. We find in each case good electronic coupling to

the Au electrodes, which results in low contact resistance. In contrast to SiNWs,

the transport gap does hardly depend on the diameter. Both zigzag (n, 0) and

armchair (n, n) SiNTs show small effective masses, i.e., high mobilities. We find

that the current-voltage characteristics are subject to only small variations when

the diameter changes, in particular for the zigzag (n, 0) SiNTs. FETs have been

simulated using a square-shape uniform potential gate. Our results demonstrate

high transconductances, clearly exceeding those of the best commercial Si FETs,

and low sub-threshold swings (approaching the theoretical limit).
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Stability of βP Nanotubes

Layered structures based on P very recently are attracting considerable attention

[213, 214], initiated by research on black P (αP), the most stable P allotrope

[215] and the only elemental two-dimensional material besides graphene that can

be mechanically exfoliated [216]. αP consists of layers of hexagonally arranged

P atoms with two different P-P bond lengths that are held together by weak

van der Waals forces, thus resembling graphite, but with a puckered structure.

Phosphorene, a monolayer of αP, has a high carrier mobility of up to ∼ 1000

cm2/Vs [217] and a direct band gap, which is tunable by means of strain and

shrinks from 1.5 eV for a monolayer to 0.6 eV for a five-layer slab [218]. The size

of the band gap lies between those of graphene (zero) and the transition metal

dichalcogenides (1.5 to 2.5 eV) [219]. A distinct directional anisotropy between

the zigzag and armchair directions (∼ 2 for holes and ∼ 4 for electrons) has

been reported in Ref. [220]. Phosphorene has been put forward as candidate for

high performance thin film electronics and already has been used for fabricating

reliable field effect transistors [221].

It has been demonstrated theoretically that specific dislocations of the atoms

in the phosphorene lattice can generate additional layered phases (βP, γP, and δP)

[222, 223]. Of particular interest is the blue P (βP) allotrope, which is nearly as

stable as monolayer αP and has a honeycomb lattice with buckled structure (not

puckered), showing a largely isotropic thermal conductivity [224]. Dirac cones have

been predicted for hydrogenated and fluorinated βP under tensile strain [225]. βP

has been synthesized by molecular beam epitaxial growth on Au〈111〉 substrate
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[226] and it has been proposed to be used as anode for high capacity Li ion bat-

teries [227]. While intense research has aimed at understanding the electronic and

transport properties of two-dimensional layered structures based on P [228, 229],

one-dimensional structures rarely have been explored. Nanotubes based on phos-

phorene have been introduced in Ref. [230] and the electronic properties of βP

nanotubes have been discussed in Refs. [231, 232]. In the latter works round tubes

have been generated by rolling up pristine βP and faceted nanotubes by creating

defect lines. While it turns out that faceted nanotubes are energetically favorable

for small diameters, round nanotubes do not spontaneously transform into faceted

geometries at elevated temperature. In addition, it is expected that round nan-

otubes are energetically favorable for large diameters. Since the stability so far has

been investigated only by means of phonon calculations, we study in this chapter

monolayer zigzag and armchair βP nanotubes by means of molecular dynamics

simulations. In addition, the phonon spectrum and electronic band structure are

analyzed as functions of the tube diameter and axial strain.

6.1 Methodology

Using density functional theory as implemented in the SIESTA code (Section 2.2)

we optimize the structure and calculate the phononic and electronic dispersion

relations of βP nanotubes. Three-dimensional periodic boundary conditions are

applied, which give rise to a tube in the z-direction but require the addition of

a sufficiently thick vacuum region in the xy-plane to avoid artificial interaction

with image tubes. We employ double zeta plus polarization basis sets, describe

the core electrons by norm-conserving Troullier-Martins pseudopotentials [140],

and calculate the exchange correlation functional within the LDA (Ceperley-Alder

parameterization [290]). The reciprocal space is sampled on a Monkhorst-Pack 1×
1×10 k-mesh and the real space mesh is determined by an energy cutoff of 200 Ry.

For calculating the vibrational spectrum we use a supercell consisting of 5 unit cells

of the nanotube along the axial direction. The stability of the nanotubes is verified

109



Chapter 6. Stability of βP Nanotubes

Figure 6.1: Structures of βP as well as zigzag (10, 0) and armchair (10, 10) βP

nanotubes. The two atomic layers are distinguished by color.
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Figure 6.2: Curvature energy as a function of the tube diameter. Fitting curves

are given by green dashed lines.

by calculations of the vibrational spectra as well as by finite temperature molecular

dynamics simulations, using the Nosé algorithm (since a structure with stable

phonon spectrum still can become unstable by thermal fluctuations at elevated

temperature). The same procedure has been used previously to determine the

stability of several other structures [222, 193]. A supercell consisting of 5 unit

cells is found to be sufficient to converge the total energy.

6.2 Results and discussion

In the first part we discuss the stability of βP nanotubes in terms of curvature

energy, vibrational spectrum and thermal dynamics. In the second part we present

the electronic properties of the nanotubes and its effect to axial strain.
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6.2.1 Stability of βP nanotubes

Nanotubes are built by rolling up βP such that either the zigzag or armchair

direction corresponds to the tube axis. For different diameters D, we consider

zigzag (n, 0) and armchair (n, n) nanotubes, specifically (5, 0) with D = 7.6 Å,

(6, 0) with D = 7.9 Å, (7, 0) with D = 9.4 Å, (8, 0) with D = 9.9 Å, (9, 0)

with D = 11.2 Å, and (10, 0) with D = 11.9 Å as well as (5, 5) with D = 10.5

Å, (6, 6) with D = 12.2 Å, (7, 7) with D = 14.0 Å, (8, 8) with D = 15.7 Å,

(9, 9) with D = 17.6 Å, and (10, 10) with D = 19.2 Å. All structures are fully

relaxed using the conjugated gradient method [233], until the residual forces on all

atoms have declined below 0.02 eV/Å. The reference structure of βP is presented

in Fig. 8.1 (top) in top and side views. The buckling of the honeycomb lattice is

illustrated using different colors for the atoms in the two sublattices. Cross-section

and side views are given in Figs. 8.1(middle) and 8.1(bottom) for the zigzag (10, 0)

and armchair (10, 10) nanotubes, respectively. Due to the buckling, there are two

classes of atoms with small and large distances to the tube axis. The curvature

energy Ec (formation energy) is defined as the energy difference per atom between

a nanotube and βP. Our results in Fig. 6.2 show that Ec is positive and increases

with the curvature. In accordance with the classical theory of elasticity [234], we

find in good approximation Ec ∝ 1/D2.

Our molecular dynamics simulations cover time periods of at least 2 ps with

time steps of 1 fs. Each system is first equilibrated for 3000 steps at 0 K before

the temperature is increased in steps of 150 K or 300 K. In each step the system is

equilibrated for at least 2000 steps. In Fig. 6.3 we present as an example snapshots

of the zigzag (8, 0) βP nanotube after equilibration at increasing temperatures.

From 300 K to 1500 K the nanotube shows growing structural fluctuations both in

the cross-section and side views. At 2100 K it starts to deform and at 2700 K the

structural integrity is largely lost. In order to estimate the melting temperature

we follow the approach of Refs. [235, 236]. The converged potential energy of the

molecular dynamics simulations is plotted as a function of the temperature in
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Figure 6.3: Snapshots from the molecular dynamics simulation of the zigzag (8, 0)

βP nanotube at increasing temperatures.
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Figure 6.4: Left: Potential energy per atom as function of the temperature for

zigzag (6,0), (8,0), (10,0) and armchair (6,6), (8,8), (10,10) βP nanotubes. Right:

Melting temperature as function of the tube diameter. The inset shows the tem-

perature dependence of the potential energy of bulk P.

Fig. 6.4 (left) for different nanotubes. Melting is reflected by deviation from a

linear dependence. The estimated melting temperatures summarized in Fig. 6.4

(right) show an increase with the tube diameter, as expected from the decreasing

curvature. Our results indicate that βP nanotubes are not only stable at 300 K

but also above the melting temperature of bulk P (863 K [95]). The inset of Fig.

6.4 demonstrates that the employed methodology results in a melting temperature

of ∼ 825 K for bulk P, in good agreement with the experiment.

The phonon dispersion is presented in Fig. 6.5 (left) from the Γ point (kz =

0) to the Z point (kz = π/a). The nanotubes are stable in the sense that all

frequencies are positive, the acoustic and optical modes being well separated in

both the zigzag and armchair cases. This separation depends on D, being hardly
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Figure 6.5: (Left) Vibrational spectrum and (right) electronic band structure of

(top) zigzag and (bottom) armchair βP nanotubes. Color is used to mark the

breathing (red) and twiston (green) modes.

noticeable for small zigzag nanotubes and comparable to that of βP, see Fig.

6.6, for large armchair nanotubes. The hardness of the longitudinal optical modes

observed in βP [222] is even slightly increased in the nanotubes.

In any tubular nanostructure the acoustic modes are determined by breathing

(radial translations of the atoms) and twiston (torsion of the tube) distortions

[237, 238]. The breathing mode is identified in Fig. 6.5 (left) at low frequency

(red color), as expected from its radial nature. The frequency at the Γ point

turns out to decrease as D increases. The twiston mode is required to have zero

frequency at the Γ point [239] and is highlighted in Fig. 6.5 (left) by green color.

Its dispersion is almost linear close to the Γ point. The other two acoustic modes

correspond to translations of the nanotube perpendicular to the tube axis, and do

not appear for the monolayer. While the low frequency modes describe the radial

and torsional properties of the nanotube, the intermediate and high frequency

modes are inherited from βP and accordingly depend on the chirality. We observe

that particularly the high frequency modes become stiffer for increasing D due to
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Figure 6.6: (Left) Vibrational spectrum and (right) electronic band structure of

βP in the hexagonal Brillouin zone.

the decreasing curvature.

6.2.2 Electronic properties of βP nanotubes

The band structure of βP in Fig. 6.6 (right) shows an indirect band gap of about

2 eV, with the valence band maximum located along the Γ-K direction (armchair

direction) and the conduction band minimum along the Γ-M direction (zigzag

direction). The band structures of the nanotubes given in Fig. 6.5 (right) are

also characterized by indirect band gaps (Γ-Z correspond to the tube axis). For

the zigzag nanotubes the valence band maximum appears at the Γ point and the

conduction band minimum at about 65% of Γ-Z, while for the armchair nanotubes

the valence band maximum is located at about 25% of Γ-Z and the conduction

band minimum at the Γ point. Since the Γ-M and Γ-K directions of βP, see Fig.

6.6 (right), correspond to the Γ-Z directions of the zigzag and armchair nanotubes,

respectively, it turns out that the valence band edge of βP qualitatively resembles

that of the armchair nanotube and the conduction band edge of βP that of the

zigzag nanotube.

The dependence of the band gap size on D is shown in Fig. 6.7 (left), in
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The green dashed line refers to the band gap of βP and the blue line is obtained

by exponential fitting. (Right) Dependence of the band gap size on axial strain

for the zigzag (8,0) and armchair (8,8) nanotubes.

comparison to βP. For the nanotube with the smallest D the separation between

opposite P atoms (5.3 Å) is similar to the interlayer distance in αP (5.5 Å) and

the band gap (0.31 eV) also resembles that of αP (∼ 0.3 eV) [213]. The larger

the nanotube, the smaller is the curvature and the larger is the distance between

opposite P atoms. We find that the band gap grows strongly for increasing D in

the case of the zigzag nanotubes, while remaining almost constant for the armchair

nanotubes. However, in both cases it approaches the band gap of βP (1.93 eV) for

large D. For the zigzag nanotube the dependence of the band gap can be fitted as

Egap = 1.93 eV − ae−bD, with parameters a and b. It is important to notice that

in layered P systems the band gap decreases with the thickness, exponentially

when they are based on phosphorene [220] and linearly when they are based on

βP [222]. For phosphorene nanotubes the band gap also approaches exponentially

the value of the corresponding monolayer for growing D [230].
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Another similarity is the sensitive dependence of the band gap on axial strain,

which is useful in electronic applications [286]. For strain between −8% (com-

pression) and +8% (tensile) this dependence is shown in Fig. 6.7 (right) for the

zigzag (8,0) and armchair (8,8) βP nanotubes (structure optimized for each value

of the strain). Interestingly, the maximal band gap is obtained in the pristine

cases (0% strain). A similarly strong dependence (with the maximum close to 0%

strain) has been reported for βP [222], whereas for phosphorene nanotubes the

band gap grows continuously from −4% to 4% strain [230]. In order to analyze the

abrupt change from growing and shrinking band gap in the case of the armchair

(8,8) nanotube, see Fig. 6.7 (right), we show in Fig. 6.8 electronic band structures

under −2% and +2% axial strain. We find transitions for both the valence and

conduction band edges, see the blue and red arrows, which explain the observed
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behavior.

6.3 Conclusions

In conclusion, in this chapter we have demonstrated structural stability of nan-

otubes based on βP for a wide range of diameters and both chiralities (zigzag or

armchair direction along the tube axis). Because of the weak interlayer interac-

tion in bulk P, it is reasonable to conjecture that such nanotubes indeed can be

grown [215]. Our molecular dynamic simulations cover time periods of at least 1

ps. As compared to room temperature, some structural modifications are evident

at 1200 K but no structural transition occurs, only the onset of a melting pro-

cess is observed. Therefore βP nanotubes are not only stable at 300 K but also

above the melting temperature of bulk P (≥ 863 K). All nanotubes under consid-

eration are found to be indirect band gap semiconductors, with the shape of the

valence/conduction band of the armchair/zigzag nanotube qualitatively reproduc-

ing that of βP. The size of the band gap is found to be very sensitive to the tube

diameter, exponentially approaching the value of βP, for the zigzag nanotubes

and almost constant, slightly smaller than in βP, for the armchair nanotubes.

The maximal band gap in both cases is found when no strain is applied, decreas-

ing quickly under compression as well as tension. By this flexiblity of the band

structure, nanotubes formed from βP have great potential as one-dimensional

platform for electronic devices.
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Superior Gas Selectivity and

Sensitivity of βP Nanotubes

Detecting very low concentrations of chemical species is a fundamental issue for

a variety of industrial processes as well as for environmental monitoring [42, 242,

243]. Gas sensors typically rely on resistance changes due to gas molecules bind-

ing to the device (acting as charge donors or acceptors). Nanoscale structures can

boost the sensitivity of gas sensors due to their high surface to volume ratio [182].

Two-dimensional materials therefore are good candidates and often also show

high carrier mobilities and good mechanical properties [11], as proven by stud-

ies on graphene [244, 245] and transition metal dichalcogenides (MoS2 [246, 247],

WS2 [248]), for example. Even individual gas molecules can be detected. How-

ever, present limitations include the absence of a band gap in graphene and the

low carrier mobility of MoS2 [62]. Phosphorene (monolayer black P (αP)), on the

other hand, possesses a relatively large band gap and a high carrier mobility [221].

Theoretical studies have shown that phosphorene can provide high sensitivity for

detection of N-based molecules [249, 250]. Experimentally, phosphorene indeed is

superior over graphene and MoS2 in terms of the dynamic sensing response, sen-

sitivity, selectivity, and response time [251]. Within the class of one-dimensional

materials, SiNWs [252], ZnO nanowires [253], SnO2 nanowires [254], C nanotubes

[60], single wall MoS2 nanotubes [255], and graphene nanoribbons [256] have been

proposed as potential platforms to remedy the drawbacks of traditional gas sen-
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sors.

Recently additional layered phases of P have been predicted (βP, γP, and

δP) [222, 223]. Of particular interest is the blue P allotrope (βP), which has a

graphene-like buckled structure, is nearly as stable as phosphorene, and shows an

intrinsic band gap of ∼ 1 eV [222]. Monolayer βP can be synthesized by molecular

beam epitaxial growth on Au〈111〉 substrate [226]. Armchair and zigzag βP nan-

otubes have been proposed to be stable at room temperature and even above the

melting temperature of bulk P (Chapter 6) [257]. They are semiconductors with

an indirect band gap (that is sensitive to strain [231]), making them interesting

for gas sensors. For this reason, in this chapter we use first principles calculations

to examine the adsorption of CO, CO2, NH3, NO, and NO2 gas molecules on βP

nanotubes. We determine the preferential bonding sites in terms of the adsorp-

tion energies and examine the response of the electronic transport through the

nanotubes upon gas adsorption.

7.1 Methodology

For our first principles calculations we use the SIESTA code (Section 2.2). We em-

ploy double zeta plus polarization basis sets, describe the core electrons by norm-

conserving Troullier-Martins pseudopotentials [91], and treat the exchange corre-

lation functional within the LDA. The reciprocal space is sampled on Monkhorst-

Pack 1 × 1 × 10 k-meshes and the real space mesh is determined by an energy

cutoff of 200 Ry. A vacuum layer thicker than 10 Å is used to avoid interaction

between periodic images. All structures are fully relaxed until the atomic Hellman-

Feynman forces have declined to less than 0.02 eV/Å. Spin polarization is found

only for adsorption of NO and NO2 molecules. The electron transport is studied

by the NEGF method implemented in the SMEAGOL package (Section 2.4) cal-

culating the current through the scattering region with the Landauer equation

(Eq. (2.121)).

For a quantitative description of the adsorption strength of a molecule on the
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nanotube we calculate the adsorption energy

Ea = Enanotube+gas − Enanotube − Egas, (7.1)

where Enanotube+gas, Enanotube, and Egas are the total energies of the nanotube with

gas molecule attached, the pristine nanotube, and the gas molecule, respectively.

Therefore, a negative value indicates that the gas molecule will stick to the nan-

otube. The charge transfer induced by the gas adsorption,

∆Q = Qnanotube+gas −Qnanotube, (7.2)

is given by the Mulliken populations of the nanotube with gas molecule attached

and the pristine nanotube. Electron transfer to and from the nanotube corresponds

to ∆Q > 0 and ∆Q < 0, respectively.

7.2 Results and discussion

In the first part we study the interaction between gas molecules and the βP

nanotubes, in terms of adsorption energy and charge transfer. In the second part

we analyze the effect of the gas molecules on the electronic properties of the

βP nanotubes. In the last part we evaluate the relative current change upon gas

adsorption.

7.2.1 Interaction with gas molecules

We consider armchair (5,5) and zigzag (8,0) βP nanotubes because of their com-

parable diameters of 10.5 Å and 9.9 Å, respectively. They are built with lengths

of four unit cells, corresponding to 14.7 Å for the armchair nanotube and 14.9

Å for the zigzag nanotube. In order to determine the favorable adsorption sites

of the different molecules, the hexagonal lattice of βP requires to compare ad-

sorption on top of a P atom (T site), a P-P bond (B site), and the center of a P

hexagon (C site). For the NH3 (NO2) molecule two orientations are investigated

with the N-H (N-O) bonds pointing to or away from the nanotube. For the CO
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Figure 7.1: Top and side views of the lowest energy structures of different molecules

on armchair and zigzag βP nanotubes. Orange, gray, green, red, and blue spheres

represent H, C, N, O, and P atoms, respectively.
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Table 7.1: Adsorption energies, charge transfers, and minimum distances upon

absorption of different molecules on armchair and zigzag βP nanotubes.

Armchair nanotube Zigzag nanotube

Gas Site Ea (eV) ∆Q (e) d (Å) Site Ea (eV) ∆Q (e) d (Å)

CO B −0.69 0.05 2.46 C −0.68 0.07 2.47

CO2 B −0.64 −0.03 2.93 C −0.60 −0.02 2.91

NH3 B −1.09 −0.03 2.74 C −1.10 −0.04 2.79

NO C −1.48 −0.03 2.19 C −1.52 −0.04 2.24

NO2 T −1.64 0.12 2.20 T −1.55 0.13 2.19

(NO) molecule the C-O (N-O) bonds can point to, away from, along, or trans-

verse to the nanotube. For the CO2 molecule, finally, the C-O bonds can point to,

along, or transverse to the nanotube. The energetically favorable configurations

according to our calculations are shown in Fig. 8.1. The corresponding values of

Ea, ∆Q, and the shortest distance d between an atom of the gas molecule and

a P atom are given in Table 7.1. For the armchair βP nanotube the CO, CO2,

and NH3 molecules prefer the B site, the NO molecule the C site, and the NO2

molecule the T site. For the zigzag βP nanotube, on the other hand, all molecules

favor the C site except for NO2 (T site).

The fact that |Ea| is in each case higher than in other two-dimensional mate-

rials, such as graphene and MoS2 [246], and in C nanotubes [258] demonstrates

the potential of βP nanotubes as gas sensors. In addition, we observe that the

interaction with N-based molecules (|Ea| > 1 eV) is stronger than that with C-

based molecules (|Ea| ∼ 0.6 eV), showing that βP nanotubes can provide high

sensitivity for N-based toxic gases, similar to MoS2 and phosphorene (∼ 1 ppb)

[249, 265, 251]. The CO2, NH3, and NO molecules are found to donate 0.02 e to

0.04 e charge to the nanotubes, while the CO and NO2 molecules accept 0.05 e

to 0.12 e (0.07 e to 0.13 e) charge in the case of the armchair (zigzag) nanotube.

124



Chapter 7. Superior Gas Selectivity and Sensitivity of βP Nanotubes

CO CO NH NO NO2 23

n
an

o
tu

b
e

A
rm

ch
ai

r 

n
an

o
tu

b
e

Z
ig

za
g

Figure 7.2: Electron density differences for adsorption of different molecules on

armchair and zigzag βP nanotubes. Charge accumulation is represented by yellow

color and charge depletion by light-blue color (isovalue: 0.0002 e/Å3).

Strong charge transfer in most cases corresponds to high |Ea| and small d, see Ta-

ble 7.1. To represent the charge transfer spatially, we show in Fig. 7.2 the charge

density difference

∆ρ = ρnanotube+gas − ρnanotube − ρgas, (7.3)

where ρnanotube+gas, ρnanotube, and ρgas are the charge densities of the nanotube with

gas molecule attached, the pristine nanotube, and the gas molecule, respectively.

The results are consistent with our charge transfer analysis and comparable to

previous reports on the adsorption of gas molecules on graphene and C nanotubes

[258].

7.2.2 Electronic properties upon gas adsorbption

Turning to the electronic properties, total densities of states of the pristine arm-

chair and zigzag βP nanotubes are presented in the top part of Fig. 7.3. They

are consistent with the existing literature [257, 231]. Adsorption of CO, CO2,

and NH3 molecules has no influence on the valence or conduction states near the

Fermi energy, while NO and NO2 molecules (higher |Ea|) lead to spin polarized
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in-gap states, see the middle and bottom parts of Fig. 7.3 in which we plot den-

sities of states projected on the atoms directly involved in the bonding between

molecule and nanotube. We find for the NO2 molecule strong hybridization of the

in-gap states with P states, reflecting covalent bonding and therefore chemisorp-

tion, while the NO molecule is only physisorbed. All other molecules are also

subject to physisorption. The chemisorption in the case of the NO2 molecule indi-

cates that βP nanotubes may also promote dissociation, similar to the surfaces of

metals such as Fe [259], Pt [260], and Au [261] and semiconductors such as In2O3

[262], MoO3 [263], and SnO2 [264].

7.2.3 Relative current change due to gas adsorption

The charge transfer due to the interaction with the gas molecules is expected to

affect the transport properties of the βP nanotubes, in particular the resistivity.

In order to calculate the current-voltage (I-V ) characteristics we use a two-probe

system with an armchair βP nanotube connected to metallic Au〈111〉 electrodes,

see the top part of Fig. 7.4. Structural relaxation results in contact distances of

∼ 1.8 Å, which is in the range of the reported Au-P bond distances of various sys-

tems (1.8 Å to 2.5 Å [266]). Using the relaxed geometry as reference, we construct

additional configurations with distances of 2.3 Å and 2.8 Å, as such variations

may appear for electrodes with rough surfaces. Projected densities of states of

a representative P atom in contact with the electrode (atom P1) and one in the

middle of the nanotube (atom P2) are addressed in the middle part of Fig. 7.4. For

all contact distances atom P2 shows a band gap around the Fermi energy, in con-

trast to atom P1, indicating good coupling between the nanotube and electrodes.

Since for increasing distance the coupling decreases, the peak in the density of

states just below the Fermi energy becomes sharper as it corresponds to atom

P1. Because of the band gap of atom P2, the nanotube conducts in the tunneling

regime. In the bottom panel of Fig. 7.4 we plot T (E, V ) (Eq. (2.120)) for pristine

armchair βP nanotubes of different lengths. For the shortest nanotube (8.1 Å) a

metallic state is induced by the contacts with the electrodes, while otherwise a
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Figure 7.3: Top: Total densities of states of pristine armchair and zigzag βP nan-

otubes. Middle and bottom: Projected densities of states of the atoms involved in

the bonding between the molecules and nanotubes.
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the electrode and atom P2 is located in the middle of the nanotube. Bottom:

Transmission coefficient for different lengths of the nanotube.

128



Chapter 7. Superior Gas Selectivity and Sensitivity of βP Nanotubes

0

10

20

30

40

50

60

I 
(µ

Α
)

Pristine
CO
CO

2

NH
3

NO
NO

2

0 0.5 1 1.5 2

V (Volt)

0

25

50

75

100

125

∆
I/

I 
(%

)

0 0.5 1 1.5 2

V (Volt)

Armchair nanotube Zigzag nanotube

Figure 7.5: Top: I-V characteristics before and after adsorption of different gas

molecules on armchair and zigzag βP nanotubes of lengths 14.7 Å and 14.9 Å,
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semiconducting state is found and the conductance is expected to decay exponen-

tially for increasing length. Lengths of 14.7 Å (armchair) and 14.9 Å (zigzag), as

studied in the following, thus represent long nanotubes.

I-V characteristics of armchair and zigzag βP nanotubes with and without

attached molecules are shown in the top part of Fig. 7.5 (up to 2 V in steps of

0.2 V), exhibiting a nonlinear behavior in agreement with the semiconducting

character. From Refs. [257, 231] we expect directional anisotropy of the transport

properties, and indeed we find that I is significantly higher for the armchair than

the zigzag βP nanotube. In order to quantify the influence of the gas molecules

we calculate the relative current change due to the adsorption

∆I/I = (Inanotube+gas − Inanotube) /Inanotube, (7.4)
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where Inanotube+gas and Inanotube are the currents with and without gas molecule

attached. ∆I/I > 0 (∆I/I < 0) reflects increased (decreased) current due to the

adsorption. The bottom part of Fig. 7.5 shows only minor effects of the CO, CO2,

and NH3 molecules on I, which is due to the fact that the electronic properties of

the nanotubes are hardly affected by the adsorption, as shown before. On the other

hand the NO and NO2 molecules result in major changes, demonstrating excellent

selectivity of βP nanotubes for N-based gas, in addition to the previously discussed

sensitivity. Despite I being higher, ∆I/I is significantly smaller for the armchair

than the zigzag βP nanotube in the case of the NO2 molecule. For the NH3

molecule we obtain at best ∆I/I = −5%, which cannot compete with sensitive

sensors such as phosphorene (11%) [249], MoS2 (90%) [248], and Ti2CO2 (111%)

[267]. For the NO molecule we achieve ∆I/I = 51%, i.e., less than demonstrated

for phosphorene (122%) [249]. On the other hand, for the NO2 molecule we achieve

∆I/I = 294%, which is much higher than that reported for phosphorene (122%)

[249], MoS2 (57%) [248], and PtSe2 (116%) [268].

In order to understand the pronounced dependence of ∆I/I on V in the case

of the NO2 molecule we study T (E, V ) in Fig. 7.6. Since the integration in Eq.

(2.121) is over the voltage range from −V/2 to +V/2 (represented by red dotted

lines in Fig. 7.6), at V = 0.2 V the in-gap states induced by the molecule (Fig.

7.3) dominate I. For high V their contribution declines as the integration interval

becomes larger. We observe that the in-gap states show modifications as a function

of V . In order to analyze this effect we replot in Fig. 7.7 the densities of states in

the bottom part of Fig. 7.3 for finite V . We still observe strong hybridization of the

in-gap states with P states, while they shift in energy and the spin polarization

disappears above certain thresholds of V , explaining the results of Fig. 7.6. In

general, the value of V therefore determines the way in that the molecule affects

the electronic properties of the nanotube, which makes it possible to optimize the

sensitivity in gas sensor applications.
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7.3 Conclusions

First principles calculations have been applied in this chapter to systematically

investigate the structural, electronic, and transport properties of armchair and

zigzag βP nanotubes for adsorption of CO, CO2, NH3, NO, and NO2 molecules.

Our results indicate that the transport through the nanotubes is highly sensitive

to the presence of toxic N-based gases (the modified resistance being directly ac-

cessible to experiments). In particular, the NO2 molecule induces strong charge

transfer to the nanotubes and results in covalent bonding. Connected to Au〈111〉
electrodes the nanotubes show low contact resistance (good electronic coupling)
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and the I-V characteristics reveal semiconducting non-linear behaviors with direc-

tional anisotropy. The current is significantly larger for armchair than for zigzag

nanotubes. We observe for both the NO and NO2 molecules that the relative cur-

rent change due to the adsorption depends strongly on the applied voltage. For

NO2 it can exceed the values reported for any previously proposed sensor material

at least by a factor of 2.4 for a voltage of 0.2 V, for example. The sensitivity and

selectivity demonstrated by our results make βP nanotubes to highly promising

candidates for functional gas sensors.
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Chapter 8

High Performance Field Effect

Transistors Based on αP and βP

As the miniaturization of electronic elements, such as field effect transistors (FETs),

is approaching the physical and geometrical limits, two-dimensional crystalline

compounds including graphene, monolayer transition metal dichalcogenides, and

phosphorene are attracting considerable attention. Various novel properties have

been discovered in these materials that differ fundamentally from those of the bulk

counterparts, see for instance Refs. [269, 62, 270, 271, 272]. Graphene is known for

its low effective mass and ultra-high carrier mobility of up to ∼ 105 cm2V−1s−1.

However, the absence of a band gap limits its applications in electronic devices,

and makes it difficult to achieve a high on/off ratio in FETs [273]. Being the proto-

typical example of a two-dimensional transition metal dichalcogenide, monolayer

MoS2, on the other hand, possesses a large direct band gap (1.8 eV) and provides

a relatively high on/off ratio [274, 275]. However, the carrier mobility is limited to

∼ 102 cm2V−1s−1 [276]. The transport properties of phosphorene fall somewhere

in between those of graphene and the monolayer transition metal dichalcogenides.

In particular, for few-layer phosphorene FETs band gaps of 0.3 eV to 2.0 eV,

mobilities of ∼ 103 cm2V−1s−1, and on/off ratios of ∼ 105 have been reported

[221, 213].

Phosphorene (derived from black P (αP)) is the only stable two-dimesional

material besides graphene that can be mechanically exfoliated [229]. It shares
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with graphene the honeycomb lattice but is characterized by a distinct structural

anisotropy that is clearly reflected by its electronic states [215, 214]. Dislocations

of P atoms can convert the puckered structure of αP into a buckled structure with

hexagonal unit cell, giving rise to another two-dimensional allotrope (blue P (βP))

[222]. Based on first principles calculations, βP is as stable as αP, but is predicted

to have very different electronic properties. While αP has a direct band gap of ∼ 1

eV at the Γ point, the ∼ 2 eV band gap of βP is indirect. The electronic states

of both materials can be easily modulated by employing axial strain [215, 222]. It

may be possible to mechanically exfoliate βP from the bulk compound, while so

far it only has been synthesized by molecular beam epitaxial growth on Au(111)

substrate [226]. Both αP and βP have great potential in applications due to their

extraordinary electronic and thermal transport characteristics [277].

In order to engineer nanostructured FETs a series of strategies has been ap-

plied in the past [278, 279, 280], including the use of nanotubes and nanoribbons

[281, 282, 283]. Because of quantum confinement and unique edge effects, nanorib-

bons exhibit many exploitable features, in particular from the electrical, optical

and magnetic point of view [284, 285]. Nanoribbons of αP can be both metallic

and semiconducting, depending on their crystallographic direction and the func-

tionalization of the edges [230, 286, 287]. The electronic transport in metallic αP

nanoribbons has been investigated theoretically, finding a robust negative differ-

ential resistance [288]. On the other hand, both armchair and zigzag βP nanorib-

bons are semiconducting, while the nature of the band gap (direct or indirect) is

different [289, 231].

In this chapter we study the electronic properties of αP and βP nanoribbons

and propose a FET design based on connected armchair and zigzag nanoribbons

cut out of a single sheet of αP or βP, which ensures atomically perfect junctions.

We characterize the performance of such devices by means of transport calcula-

tions using the NEGF method.
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Figure 8.1: Crystallographic directions in αP and βP nanoribbons. Different colors

are used to indicate the puckering and buckling.

8.1 Methodology

All structures are fully relaxed until the Hellman-Feynman forces have declined to

less than 0.02 eV/Å. We employ double zeta plus polarization basis sets, describe

the core electrons by norm-conserving Troullier-Martins pseudopotentials [91],

and use for the exchange correlation functional the local density approximation

(Ceperley-Alder parameterization [290]). The reciprocal space is sampled on a

Monkhorst-Pack 1 × 1 × 10 k-mesh and the real space mesh refers to an energy

cutoff of 200 Ry.

Electron transport calculations are performed using the NEGF method (SMEAGOL,

Section 2.4). Semi-infinite electrodes connected to the central scattering region

give rise to self-energies ΣL,R(E). The transmission through the scattering re-

gion is described by the transmission coefficient (Eq. (2.120)) and the current is

obtained from the Landauer equation (Eq. (2.121)). A square-shaped uniform po-

tential gate is added next to the center of the scattering region in order to model

a FET geometry.
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8.2 Results and discussion

In the first we study the electronic properties of αP and βP nanoribbons, and

the effect of the edge functionalization. In the second part we study the transport

properties of the nanoribbon FETs and evaluate its performance.

8.2.1 Zigzag and armchair nanoribbons

In Fig. 8.1 we show side and front views of αP and βP nanoribbons, different colors

indicating the puckering and buckling of the structures. Band structures obtained

for pristine αP and βP nanoribbons of width 14.9 Å and 20.4 Å, respectively, are

presented in Fig. 8.2. The armchair nanoribbons turn out to be semiconducting

and the zigzag nanoribbons to be metallic. On the right hand side of Fig. 8.2

we show for the zigzag nanoribbons the charge density obtained for the energy

range from −0.2 eV to 0.2 eV. Free carriers are primarily found on the edge P

atoms. It is therefore clear that edge functionalization will play a critical role for

the electronic properties of these nanoribbons. Indeed, in Refs. [230, 286] it has

been demonstrated that zigzag αP nanoribbons are semiconducting (H, OH, F

and Cl) or metallic (S, Se and O) depending to the chemical species attached to

the edges. Furthermore, Refs. [289, 231] have found band gaps for H terminated

armchair and zigzag βP nanoribbons.

We functionalize the edges of our nanoribbons with O due to its high reactivity.

The band structures presented in Fig. 8.3 reveal no influence of the O function-

alization on the fact that all armchair nanoribbons are semiconducting and all

zigzag nanoribbons are metallic. The charge density of the zigzag nanoribbons for

the energy range from −0.2 eV to 0.2 eV is shown on the right hand side of Fig.

8.3. Free carriers are found for both the edge P and O atoms. We have checked

that the semiconducting or metallic character does not depend on the width of

the nanoribbon, in the range from 18.2 Å to 43.0 Å for αP and from 14.9 Å to

59.5 Å for βP.
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the energy range from −0.2 eV to 0.2 eV (isovalue 0.01 electrons/Å3).
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8.2.2 Nanoribbon FET

The different electronic characters of the αP and βP nanoribbons give rise to

ideal platforms for engineering FETs. We generate a junction between metal-

lic and semiconducting domains by means of a spatial pattern that combines

armchair and zigzag nanoribbons, as shown in Fig. 8.4. This setup has several

advantages from the engineering point of view. First, junctions between nanorib-

bons of different chirality do not interrupt the structure, which is impossible to

achieve when electrodes of another material are used, since there will always be

lattice mismatch. Second, going beyond the structural stability aspect, it is gen-

erally difficult to fabricate good contacts to a nanomaterial, resulting in high

resistance often combined with a small contact area. In our setup, on the other

hand, the continuous metal-semiconductor junction minimizes the contact resis-

tance. Third, controlled doping on the nanoscale is a huge challenge, whereas the

edges of nanoribbons provide active sites for dopant atoms to interact with.

In order to explore the potential of the proposed FETs, we first address zero-

bias electron transport calculations. In Fig. 8.5 we present the transmission coef-

ficient as a function of the energy for channel widths of 14.9 Å (αP) and 20.4 Å

(βP) and channel lengths of 32.5 Å (αP) and 30.1 Å (βP). The overall behavior

is similar, with a wide transport gap that represents the armchair semiconducting

channel (low resistance of contacts to electrodes). For analyzing the dominant

contributions to the transmission, we calculate the eigenchannels by diagonaliz-

ing the transmission matrix. For the states contributing most to the transmission

(largest eigenvalue) we plot the eigenfunctions originating from the left electrode

at the valence band maximum, see the right hand side of Fig. 8.5. The trans-

mission eigenfunctions extend over the whole semiconducting channel (tunneling

regime), while in the electrodes they are localized on the edges as here the metal-

lic nanoribbons provide free carriers. An exception are thin nanoribbons, see for

example the αP FET in Fig. 8.5, where the whole left electrode is covered. We

note that the corresponding eigenfunctions originating from the right electrode

140



Chapter 8. High Performance Field Effect Transistors Based on αP and βP

Figure 8.4: Schematics of αP and βP FETs, composed of O-functionalized semi-

conducting zigzag and metallic armchair nanoribbons.
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behave equivalently, as expected from the symmetry of the system [145].

Figure 8.6 shows typical I-Vgate characteristics of the αP and βP FETs, for

small Vbias = 0.002 V. The curves are close to the symmetric behavior of ambipolar

transistors. The on-current is found to be 6.0 × 10−3 µA for the αP FET and

7.0 × 10−3 µA for the βP FET. Moreover, the threshold biases are very small,

amounting to 0.03 V and 0.05 V for the αP and βP FET, respectively, with

minimum leakage (off-state) currents of 2.2× 10−6 µA and 2.5× 10−6 µA. These

values result in very high on/off ratios of ∼ 2700 for the αP FET and ∼ 2800

for the βP FET, reflecting the atomically perfect junctions between the metallic

and semiconducting nanoribbons (low contact resistance). The lower panels of

Fig. 8.6 show the I-Vbias characteristics for different values of Vgate. We observe

the typical power-law behavior of tunneling transport, which gradually changes

into an Ohmic behavior when Vgate increases. Significant variations of the I-Vbias

characteristics as a function of Vgate indicate that the transport properties of the

proposed FETs can be effectively modulated.
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Figure 8.6: Comparison of αP and βP FETs: I-Vgate characteristics for Vbias =

0.002 V and I-Vbias characteristics for different values of Vgate.

We calculate the transconductance (dI/dVgate)/L, where L is the channel

length, for Vbias = 2.0 V (saturation). The higher the transconductance the higher

is the amplification that the device is capable to deliver. For αP and βP FETs

with channel lengths of 32.5 Å and 30.1 Å, respectively, we obtain transcon-

ductances of 9.3 kS/m and 11.2 kS/m, which clearly exceed the best values of

∼ 7 kS/m obtained experimentally for carbon nanotube FETs [210, 291]. The

switching behavior of a FET can be assessed in terms of the subthreshold swing

(d(log I)/dVgate)
−1, small values being desirable for low power consumption. We

obtain values of 70.5 mV/decade and 63.9 mV/decade, respectively, i.e., close

to the theoretical limit of (kBT/e)/ ln 10 ∼ 60 mV/decade. The values compare
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well with those of carbon nanotube FETs and commercial Si-based FETs (70

mV/decade to 80 mV/decade) [210, 291]. Few-layer phosphorene FETs, on the

other hand, achieve only subthreshold swings of 3.7 V/decade to 13.3 V/decade

[221].

8.3 Conclusions

In this chapter we have performed band structure calculations to study the elec-

tronic properties of αP and βP nanoribbons. It turns out that both these two-

dimensional materials give rise to promising platforms for engineering junction-

free FETs based on semiconducting armchair nanoribbons connected to metallic

zigzag nanoribbons as electrodes. Electronic transport calculations have been used

to demonstrate excellent performance of the proposed FETs with respect to key

operational parameters. It is possible to achieve simultaneously high on/off ra-

tios of about 3000 (reflecting the atomically perfect junctions), low subthreshold

swings close to the theoretical limit, and high transconductances of∼ 10 kS/m. We

find that βP FETs perform slightly better than αP FETs, since the subthreshold

swing is smaller and the transconductance higher. Importantly, the performance

is expected to be well tunable by means of controlled functionalization of the

nanoribbon edges. The proposed devices can be naturally integrated in circuit

architectures fabricated by nanopatterning.
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General Conclusions

Nanoscale materials are believed to be the main components for the next genera-

tion of electronic devices. However, despite the many appealing characteristics and

novel properties of these materials, a fundamental understanding of their intrinsic

nature still needs to be established. In this thesis we have systematically used the-

oretical and computational methods for calculating the electronic (using density

functional theory (DFT)) and transport (within the non-equilibrium Green’s func-

tions (NEGF) method) properties of currently interesting one-dimensional and

two-dimensional materials, in order to evaluate their performance in nanoscale

devices, in particular field effect transistors (FETs), magnetic tunneling junc-

tions (MTJs) and gas sensors.

After an overview of the DFT and NEGF methods, we have presented the

Hohenberg-Kohn theorems and the Kohn-Sham equations for the many-electron

system, and have given an overview of the most common exchange-correlation

functionals, which are at the core of DFT. Furthermore, we have presented the

ab initio DFT code SIESTA. We also have introduced the main concepts of the

NEGF method for the quantum transport calculations. Using this method we

are able to calculate the charge density of nanodevices attached to semi-infinite

leads. Once the charge density is calculated self-consistently, the electric current

flowing through the device can be obtained by integrating the bias dependent

transmission coefficient over the bias window. In addition, the implementation of

the NEGF concept in the ab initio transport code SMEAGOL and its interface

with SIESTA has been outlined.
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One of the most attracting candidates to be building blocks of future Si tech-

nology are Si nanowires (SiNWs). SiNWs have been proposed as platforms for

electronic devices due to their ability to control the nanowire diameter, compo-

sition, and length. When connected to Au electrodes the system displays good

electronic coupling and conducts in the tunneling regime. Also, the electronic

and transport properties of the SiNWs turn out to depend on both the growth

direction and diameter. An increase of the latter induces larger transmission. Ad-

ditionally, the band gap follows the ordering E
〈100〉
g > E

〈111〉
g > E

〈110〉
g , while the

current follows the ordering I〈110〉 > I〈111〉 > I〈100〉. Therefore the 〈110〉 SiNW

shows the highest current and smallest band gap. It also shows the smallest decay

of transmission with the length for fixed diameter.

When the 〈110〉 SiNW is connected to ferromagnetic Fe electrodes the system

also displays good electronic coupling and current in the tunneling regime. SiNW-

MTJs are promising for spintronic devices, since the spin coherence in Si is very

long. For pristine (undoped) SiNWs the low bias tunneling magnetoresistance

(TMR) is found to be extremely high (∼ 200%). As the bias increases the TMR

halves its value at V ∼ 0.35 V and vanishes almost entirely at 1 V. The dependence

of the magnetic properties on n and p dopants is studied by introducing B and P

atoms, respectively, which behave as shallow impurities in bulk Si and, can create

free carriers at the band edges. The doping concentration (1.8%) corresponds to

two atoms per SiNW unit cell. At zero bias the doping modifies the transmission

and reduces the TMR to about 75% and 120% for n and p doping, respectively. As

the bias increases the TMR stays high as long as the transport is tunneling-like

and then drops drastically, even below that in the pristine case. Since the bias

dependence of the TMR is similar to that found for Fe/MgO/Fe MTJs, SiNWs

are promising nanoscale materials with coherent spin-polarized tunneling.

Despite the sp3 hybridization, Si favors the formation of nanoclusters and

nanowires. Si nanotubes (SiNTs) can fabricated by carving out SiNWs or by

rolling up Si sheets. Nanotubes built from silicene are semiconducting with a

band gap largely independent of the nanotube chirality and diameter. H surface
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passivation enhances the semiconducting behavior due to transition from sp2 to

sp3 hybridization. When connected to Au electrodes, SiNTs conduct in the tun-

neling regime. In contrast to SiNWs the transport gap does hardly depend on

the diameter. Additionally, SiNTs show larger damping coefficients than SiNWs,

while their effective masses are comparable, leading to high mobilities. Therefore,

H-passivated SiNTs are good candidates for field effect transistors (FETs). The

FETs are modeled with a square-shape uniform potential gate in the scattering

region (which neglects the effect of the gate structure). The SiNT-FETs show an

ambibolar behavior and high transconductances, clearly exceeding those of the

best commercial Si FETs, possessing low sub-threshold swings.

Materials beyond Si can also be proposed for future technology. Graphene has

charmed material scientists with its enticing electrical properties. However, this

material lacks a band gap that could be used to tune the flow of electrons in

electronic devices. Black P (αP), the most stable and least reactive form of ele-

mental P, was discovery about 100 years ago. However, it was only recently shown

that αP is the only elemental two dimensional material, apart from graphene,

that can be mechanically exfoliated. Monolayer αP FETs have high on/off ratios

and high mobilities, while preserving a band gap. The buckled two-dimensional

allotrope blue P (βP) is obtained by dislocating P atoms from puckered αP. We

have demonstrated the structural stability of zigzag and armchair βP nanotubes

for a wide range of diameters. Based on molecular dynamics simulations we have

determined the melting temperatures of βP nanotubes and have shown that they

are not only stable at room temperature but also above the melting temperature

of bulk P. βP nanotubes are also found to be indirect band gap semiconductors,

where the size of the band gap is very sensitive to the tube diameter and to axial

strain.

The tunable properties, hexagonal lattice and one-dimensional nature of βP

nanotubes can be exploited in the design of electronic devices. We have imple-

mented βP nanotubes as gas sensors by studying the adsorption of CO, CO2,

NH3, NO, and NO2 gas molecules. The nanotubes show high sensitivity and selec-
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tivity to gas molecules and to surpass the gas sensing performance of SiNWs, C

nanotubes, graphene and phosphorene. By connecting the nanotubes to Au elec-

trodes, we find that the transport through the system is highly sensitive to the

presence of toxic N-based molecules, in particular NO2, which forms a covalent

bond with the nanotube. The change of the resistance is directly accessible to

experimental measurements. For NO2 it depends strongly on the applied voltage

and exceeds the value reported for any other previously proposed sensor material,

by a factor of at least 2.4.

While βP nanotubes are semiconducting, βP nanoribbons are semiconduct-

ing in the armchair direction and metallic in the zigzag direction, similar to αP

nanoribbons. The metallic character of the zigzag direction presents a platform for

metallic-semiconducting junctions (made by pattering the monolayer along differ-

ent directions) that can be functionalized at the edges in order to control their

character. Such FETs exhibit an interesting performance, with high on/off ratio

(about 103), very low subthreshold swing (∼ 63 mV/decade) and high transcon-

ductance (about 104 S/m).
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Appendix A

Two-Dimensional Electron Gas at

the LaAlO3/SrTiO3 Interface

We investigate the transport properties of the two-dimensional electron gas that

emerges at the interface between the insulating perovskite oxides LaAlO3 and

SrTiO3 using density functional theory and the non-equilibrium Green’s function

formalism. The current-voltage characteristics demonstrates negative differential

conductance, which is explained in terms of the bias dependence of the transmis-

sion coefficient.

Introduction

Atomically sharp oxide interfaces are promising for novel electronic devices due to

rich properties not present in the parent bulk materials [292]. A prominent exam-

ple is the thickness dependent two-dimensional electron gas that emerges at the

interface between the insulating perovskite oxides LaAlO3 and SrTiO3 [293, 294].

Its charge carriers show high mobility combined with confinement within a few

atomic layers, both being key features for applications [295]. While many ex-

perimental and theoretical studies have addressed the electron gas, its nature and

properties are not yet fully settled, mainly due to the fact that several mechanisms

are involved and the dominating mechanism can depend on external conditions

[296]. For example, experiments have demonstrated the importance of O vacancies

generated in the SrTiO3 substrate during the LaAlO3 deposition [297, 298]. These
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O vacancies also influence the intermixing of cations across the interface and, in

turn, the conductivity [299]. The symmetry of the interface likewise plays a cru-

cial role [300]. Non-polar SrTiO3 consists of alternating (SrO)0 and (TiO2)0 layers

and polar LaAlO3 of alternating (LaO)+ and (AlO2)− layers. At the contact of the

neutral and charged layers metallic n-type TiO2/LaO and p-type SrO/AlO2 inter-

faces can be formed, since the charge discontinuity results in an electric field across

LaAlO3. In order to avoid potential divergence for increasing LaAlO3 thickness,

electronic reconstruction transfers half an electron or hole to the SrTiO3 side of the

contact [301]. This mechanism to form a two-dimensional quantum gas is known

as polar catastrophe scenario [302]. However, it cannot explain all experimental

findings on the LaAlO3/SrTiO3 interface, in particular the spatial extension of

the electron gas [303, 304] and charge localization effects [305].

From a theoretical perspective, both the n-type and p-type interfaces can be

simulated by first principles calculations using periodic boundary conditions and

a vacuum layer to create a LaAlO3 surface [306, 307, 308, 309]. On the other hand,

there have been attempts to employ symmetric supercells without vacuum that

contain two oppositely directed identical interfaces (and thus are not subject to

polar catastrophe) [310, 311, 312]. Interestingly, this geometry still results in a

two-dimensional quantum gas [313, 314, 315] and therefore can be used to study

the properties of the charge carriers (but not their origin). In the present work we

investigate the transport properties of the n-type TiO2/LaO interface using both

approaches. We compare results for the interface with surface (polar catastrophe)

and for symmetric interfaces (no polar catastrophe), focusing on the tunneling

transport when a finite bias is applied along the interface.

Methods

We use density functional theory with localized atomic orbital basis sets as im-

plemented in the SIESTA package [87]. The exchange-correlation potential is cal-

culated within the generalized gradient approximation (Perdew-Burke-Ernzerhof
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Sr Ti Al OLa

Scattering 
region 
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lead

Left
lead

Symmetric interfaces

Interface with surface

Figure A.1: Top: Supercells of the n-type interface with surface and the symmet-

ric n-type interfaces. Bottom: Transport configuration consisting of a scattering

region between leads.
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Figure A.2: Band structures along high symmetry lines of the surface Brillouin

zone, Γ-Z corresponding to the transport direction.

parametrization) and the core electrons are described by norm-conserving Troullier-

Martins pseudopotentials [140] with the electronic configurations La 5s2(1.83a0)

5p6(2.19a0), Al 3s2(2.28a0) 3p1(2.28a0), O 2s2(1.14a0) 2p4(1.14a0), Sr 4s2(1.69a0)

4p6(1.89a0), and Ti 3s2(1.49a0) 3p6(1.40a0) 3d2(1.49a0). The values in brackets

are the pseudopotential core radii, where a0 is the Bohr radius. All structures are

fully relaxed until the atomic Hellman-Feynman forces have declined to less than

0.04 eV/Å. The reciprocal space is sampled on a Monkhorst-Pack 10 × 10 × 1

k-mesh and the real space mesh is given by an energy cutoff of 200 Ry.

Electron transport calculations are performed using the non-equilibrium Green’s

function method of the SMEAGOL package [107], which is interfaced with SIESTA.

The transport system is partitioned into left and right leads as well as a central

scattering region (with Green’s function GC), all with identical structure, see the

bottom part of Fig. A.1. The leads are semi-infinite and their influence on the

scattering region is described by self-energies ΣL,R(E). We calculate the transmis-

sion coefficient as T (E) = Tr[GC(E)ΓL(E)G†C(E)ΓR(E)] and the current using

the Landauer equation (Eq. (2.121)).

152



Appendix A. Two-Dimensional Electron Gas at the LaAlO3/SrTiO3 Interface

Results

Interfaces are built with LaAlO3 and SrTiO3 slabs that are 4 unit cells thick,

see Fig. A.1, and a vacuum slab of 10 Å thickness in the case of the interface

with surface. The system with symmetric n-type interfaces is doped by one extra

electron due to non-stoichiometry. This extra electron occupies the conduction

band of SrTiO3, shared evenly between the two interfaces, so that the charge

state is the same as in the surface case. In Fig. A.2 we show the band structures

obtained along the Γ-Z and Γ-M high symmetry lines of the surface Brillouin zone.

The parabolic n-type bands at the Γ point are derived from SrTiO3 and therefore

are almost entirely due to the Ti 3d orbitals. The conduction band edge is found

at −0.30 eV for the interface with surface and at −0.45 eV for the symmetric

interfaces. We observe that the interface with surface has a hole pocket at the M

point. These states are almost purely of O 2p character and belong to the AlO2

layer forming the surface, as observed previously [316]. Layer-projected densities

of states are shown in Fig. A.3 together with the charge density in the energy

interval from −0.5 eV to the Fermi energy (EF ). We find that the electron gas

(whether induced by polar catastrophe or by non-stoichiometry) is spread over

several TiO2 layers. The total occupation of all Ti 3d orbitals amounts to about

0.1 electrons for the interface with surface and to exactly 0.5 electrons for the

symmetric interfaces.

Turning to the transport properties, we plot in Fig. A.4 the zero-bias transmis-

sion coefficient, T (E), which resembles the gross shape of the density of states for

both systems, as expected. In contrast to the case of the symmetric interfaces, we

observe for the interface with surface no transmission gap that would correspond

to the band gap, since the O 2p holes of the surface AlO2 layer result in transmis-

sion below EF . In general, T (E) is high for both systems, which agrees with the

experimental observation of high mobility charge carriers. Applying a finite bias

voltage between the left and right leads, Fig. A.5 shows the current-voltage (I-V )

characteristics. For both systems I decreases for V ≥ 0.2 Volt. This distinctive
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Figure A.3: Layer-projected densities of states and charge density in the energy

interval from −0.5 eV to EF (isovalue 0.0002 electrons/Å3).
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Figure A.5: Current-voltage characteristics.
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feature is known as negative differential conductance and can be exploited in low-

noise amplifyiers, high-frequency oscillators, and analog-to-digital converters, for

example [317].

Since the integration in Eq. (2.121) is over the bias window from −V/2 to

+V/2, we address in Fig. A.6 the bias dependence of T (E), observing a signif-

icant reduction for increasing V . In particular, for the interface with surface a

transmission gap is induced for V ≥ 0.4 Volt. On the other hand, the high val-

ues of I seen in Fig. A.5 for the symmetric interfaces are carried by the valence

band edge. As V increases the weight of this contribution in the bias window be-

comes smaller, which explains the negative differential conductance. In addition,

the onset of transmission above EF shifts to higher energy.
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Fert, Phys. Rev. Lett. 98, 216803 (2007).

[298] W. Siemons, G. Koster, H. Yamamoto, W. A. Harrison, G. Lucovsky, T.

H. Geballe, D. H. A. Blank and M. R. Beasley, Phys. Rev. Lett. 98, 196802

(2007).

[299] P. R. Willmott, S. A. Pauli, R. Herger, C. M. Schlepütz, D. Martoccia, B.
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