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Abstract

BAND STRUCTURE AND ELECTRONIC PROPERTIES OF EDGE FUNCTIONAL-
IZED GERMANENE NANORIBBONS

Alexander B. Goldstone
George Mason University, 2021

Thesis Director: Dr. Qiliang Li

In the wake of the discovery of graphene, the search for new and remarkable 2D ma-
terials with astounding electronic and mechanical properties has led to the fabrication of
germanene, a 2D germanium allotrope similar to silicene. Unlike the planar structure of
the graphene lattice, germanene has a buckled honeycomb structure with two vertically
displaced sublattices. Free-standing germanene is a semimetal where the electrons be-
have as massless relativistic particles leading to enhanced carrier mobility. Indeed, recent
studies have shown germanene to have an intrinsic carrier mobility on the order of 6x10°
em?V s~ more than double that of graphene’s. Another advantage over graphene is
germanene’s larger spin-orbit gap (23 meV), which when compared to graphene’s (<0.05
meV) makes germanene a superior candidate to exhibit the quantum spin Hall effect at
experimentally viable temperatures. Lastly, the germanene lattice allows for an opening
of the band gap via an applied electric field or adsorption of foreign atoms, enabling the
creation of germanene based field-effect devices. In this thesis we analyze the effect of edge-
functionalizing species H, C, N, P, As, O, S, Se, Te, F, Cl, Br, and I on the electronic and
geometric properties of germanene armchair and zigzag nanoribbons. The effect of strain

application on the band gap of H-passivated armchair nanoribbons is also examined.



We found that for each species, the armchair nanoribbons transition between semi-
conductor and semimetal in a cyclical pattern depending on width. The band gap of the
nanoribbon, as well as the semimetal point, are tunable through width, edge-functionalization,
and mechanical strain. In the case of zigzag germanene nanoribbons, the ribbons are nodal
semimetals at small atomic widths but transition to metallic behavior at higher widths.
While the metallic nature of large zigzag nanoribbons has been studied, the nodal semimetal
behavior of thin (4-8 atoms wide) zigzag germanene ribbons is previously unreported. The
different edge species reveal distinct groups showing similarities in both the geometric struc-
ture and band structure of the zigzag nanoribbons over various widths. The tunability of the
band gap in germanene armchair nanoribbons nearly covers the entire infrared spectrum, a

property only previously realized in HgCdTe.



Chapter 1: Introduction

1.1 Graphene and the Advent of 2D Materials

2D Materials are a major subject of interest in the emerging field of nanotechnology. The
potential applications are far reaching, including industries such as health and medicine,
electronics, transportation, and renewable energy [1]. National initiatives for advances in
graphene and other 2D materials are being undertaken by the world’s leading powers, such
as the EU’s Graphene Flagship program and the United States’ National Nanotechnol-
ogy Initiative [2][3]. In recent years the field has seen significant research investment from
China, Japan, and India [4]. The concept of 2D materials, an atomically thin free-standing
monolayer, has been understood for over a century. In the 1930s physicists Landau and
Peierls asserted that strictly two-dimensional crystals could not exist due to being thermo-
dynamically unstable [5][6]. While this view persisted until the recent isolation of graphene,
fundamental theoretical research on the properties of such a monolayer continued. In 1947
P.R. Wallace published his Band Theory of Graphite. To better understand the electronic
properties, Wallace developed a model for a two-dimensional monolayer of graphite and
analyzed the limits of its properties as more layers were stacked until bulk graphite was
achieved. Wallace himself, however, did not believe this 2D monolayer could be physically
isolated [7]. Building on this research, Gordon Walter Semenoff, David P. DiVincenzo and
Fugene J. Mele noted the emergent massless Dirac equation as the governing principle of
carriers in the theoretical graphite monolayer, as opposed to Schrodinger’s equation in the
bulk. This work, first published in 1984, accurately predicted both the semimetal properties
of graphene and the existence of an electronic Landau level at the Dirac point, resulting
in the anomalous integer quantum Hall effect [8]. A consensus was emerging in the sci-

entific community that monolayer materials had unique electronic and physical properties

1



not found in their bulk counterparts, resulting from the dominance of quantum effects at
the nanoscopic level. Finally, in 2004 Andre Geim and Konstantin Novoselov succeeded in
isolating a single layer of graphene utilizing what is now known as the ’scotch tape method’.
For this discovery they jointly shared the 2010 Nobel Prize in physics |9]. Shortly after a
race for the fabrication of new 2D materials began, resulting in the fabrication of numerous
materials with properties surpassing even those of graphene. Today, 2D materials fall into
multiple classes, from elemental semimetals such as silicene and germanene to 2D transition
metal dichalcogenides (TMDCs) like MoS2 and WS2. Through this work a new class of 3D
materials known as topological insulators was discovered which have semimetal properties

at the surface.

1.2 Topological Semimetals

A semimetal is a 2D material with zero band gap, while a topological insulator, or TI, is a
3D material with zero band gap surface states and a non-zero band gap in the bulk. There
exist materials between planar semimetals and topological insulators known as topological
semimetals or TSMs [10]. Unlike graphene these materials are non-planar but nonetheless
lack a band gap in the bulk |[11]. The zero band gap states in TSMs result from a linear
dispersion of the valence and conduction bands which touch at a single point. This point
is known as the Dirac point and the linear band dispersion is called a Dirac cone. The

presence of Dirac cones in the band structure is a standard property of TSMs.
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Figure 1.1: (a) The lattice vectors of graphene, (b) the graphene unit cell in reciprocal
space, (c) band structure of graphene, (d) the Dirac cone

The emergence of the Dirac cone can be understood both mathematically and physically.
Graphene forms a planar hexagonal structure of carbon atoms with each sharing three C-C

covalent bonds of length @ = 1.42A. The unit cell is a triangular lattice consisting of two

carbon atoms with lattice vectors:

ap = 5(3, \/g) az = 5(3, —\/g)



In reciprocal space these vectors take the form

2w 2w
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The two points in the Brillouin zone where the Dirac cones form are K and K’ whose

positions in momentum space are

2r 2w 2 2T
K=(—,——+ = (= -
<3a73\/§a) (3a7 3\/3(1)

P.R. Wallace was the first to derive the electronic structure from the tight-binding model

by utilizing the nearest-neighbor hopping Hamiltonian

H =~y (alb; + blay)
(i)

where vy = 3.15 €V is the nearest-neighbor hopping energy, ¢« and j denote sites on sublat-

tices A and B respectively, the operator &Z creates an electron at position r; of sublattice A,
and a; annihilates an electron. The b operators behave similarly but represent the nearest

neighboring atom. From [7], Wallace derived the energy levels as

3 3 3
E(?) ==,|1+4+4cos <2l~cza> COS ({k@a) + 4 cos? ({k@&)

_>
As we approach the K and K’ points the momentum vector becomes k = ? + 0k and

the energy levels reduce to

%

Eal ):ihuf‘%‘



where ‘(ﬁ) < ‘?‘ and the Fermi velocity vy is

3a70
YT op

This result shows a linear relationship for both energy and Fermi velocity. Remarkably,

the Fermi velocity derived here is independent of energy or momentum, as in the more

traditional case v = \/W [13]. This result shows the electrons in graphene behave
as massless relativistic particles, and are described by the Dirac equation as opposed to
Schrodinger’s equation. For more details on this derivation see |13] [14] [15] [16]. It is this
relativistic behavior near the Dirac points that leads to the high carrier mobilities not seen
in traditional semiconductors. Indeed, graphene has been experimentally shown to have

1

carrier mobilities on the order of 1x10% cm?V~!s~!. The emergence of this carrier behavior

can also be understood chemically from the arrangement of bonds in the graphene structure.

Chemically, graphene is a hexagonal lattice of carbon atoms bound together by sp?
hybridized o-bonds. Since carbon has four valence electrons, three are used to form o-
bonds while the remaining electron occupies the p, orbital. Importantly, all the C-C bonds
in graphene are of the same length which delocalizes the remaining electrons across the
entire graphene sheet. These electron orbitals then form strong m-bonds spread evenly
throughout the system. The tight-binding model as derived by Wallace shows that the
bonding and anti-bonding components of the p, band are degenerate about the K (and
thus K’) point. This two-fold degeneracy is responsible for the formation of the Dirac cone,

but alone does not explain the system’s stability.



obond = bond

Figure 1.2: Visualization of the ¢ and 7 bonds in the graphene lattice

Typically, we would expect a Peierls distortion, that is a formation of stronger bonds
between neighboring atoms to seperate the degenerate states. That in turn should pull
neighboring atoms closer together, but the strong delocalized m-bonds energetically stabilize
the system and prevent the C-C bond lengths from changing. This ensures the Dirac cone
is 'symmetry protected’ . This, however, does not prevent other methods from opening
a band gap in the material; a requirement for use in field-effect based devices .
This opening can be created using a multitude of methods: doping of the graphene sheet,
adjusting bond length through application of strain, applying an external electric field, and
applying relativistic effects via spin-orbit coupling. While the spin-orbit gap in graphene is
extremely small (< 0.05 meV), this gap is larger in heavier monolayer graphene analogues
and more complex topological insulators. The transition from a planar semimetal to a 3D
topological insulator can be easily understood from analyzing the stability of graphene’s
closest cousins: the group IV monolayer materials silicene, germanene, and stanene. -
bonds become less stable as atomic mass increases, and in carbon’s heavier cousins the
atoms will want to form a fourth o-bond and buckle into 3D silicon, germanium and tin.
However, after a certain buckling height A, the atoms become close enough that the p,-
orbitals form a stable delocalized w-system. The heavier the atom, the larger the buckling

height.
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Figure 1.3: Buckling in a germanene sheet. The planar form (a) is unstable. To align the
Dirac point with the Fermi level the material buckles to a distance of A = 0.65A (c) [18].

There are many different classes of both TSMs and TlIs, each with different elements
and physics governing their topological properties. A detailed reference for these diverse
topological classes can be found here . The last class relevant to our discussion
on germanene are the nodal line semimetals. In a nodal line semimetal, the degenerate
states exist not just at a point, but have lines as Fermi surfaces. In these materials the
concentration of Dirac electrons is much greater than in standard semimetals, and have
potential use as superconductors and magnetic sensors . As we will see later in this

thesis, zigzag germanene nanoribbons form nodal line semimetals at low atomic widths.



"k

Figure 1.4: (a) Semimetal band structure with single Dirac point, (b) nodal line semimetal
with ’looped’ Fermi surface [11]

1.3 Germanene and other Group IV TSMs

In the periodic table the carbon group consists of the elements carbon, silicon, germanium,
tin and lead. Following the fabrication of graphene in 2004 a stable atomic monolayer of
each element has been synthesized, starting with silicene in 2012 |20] [21] and most recently
plumbene in 2019 [22]. Despite all being semimetals the materials vary in both carrier mo-
bility and spin-orbit gap. Germanene is the most promising of the materials for electronics
as it has both the highest carrier mobility (6x10° cm?V~!s™1) and a sufficiently large spin-
orbit gap (23 meV) to exhibit the quantum spin Hall effect at room temperature [23] |24].
Table 1.1 shows numerical values for the properties of graphene, silicene, germanene, and

stanene as found in [24], [23], [24], and [25] respectively.

Attempts to create free-standing monolayers of graphene analogues has thus far proved
unsuccessful, and their synthesis has only been achieved by growth on metal substrates
(known as xenes) or via complex chemical stabilization methods (known as xanes). In both
cases this results in a 2D TI instead of a semimetal. In the case of xenes this is due to
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Table 1.1:

Properties of Group IV 2D TSMs

Graphene Silicene Germanene | Stanene
Bond Length (A) 1.42 2.25 2.45 2.75
Buckling Height (A) 0 0.44 0.67 0.85
Carrier Mobility (cm?V~—1s71) || 2x10° 2.57x10° 6x10° 2.5x103
Spin-orbit Gap (meV) 0.005 1.55 23 73

bonding between the 2D material and the metal substrate. In the case of xanes the non-
trivial topology originates from inverted o-bonds as opposed to delocalized m-bonds making
the materials more similar to HgTe than graphene. Silicene was first synthesized in 2012
by Vogt. et. al. via molecular-beam epitaxy (MBE) onto an Ag(111) substrate [20]. The
resulting structure was analyzed by STM and showed a well-ordered, buckled honeycomb
shape. While Si growth on Ag(111) is still the most popular method of silicene fabrication,
the material has since been grown on Ir(111), ZrC(111), Al(111), as well as BN and SiC
substrates [26] [27]. In each case the bonding between Si and the substrate leads to an

opening of the Dirac cone with BN and SiC substrates having a larger gap than metal

substrates.




o
Si on top of
a Ag atomn

o
Si between
Ag atoms

o
Ag atom

Figure 1.5: Silicene on Ag(111) [26] (a) shows the initial Ag(111) surface, (b) shows STM
of the (4x4) silicene sheet, and (c) shows the simulated model for comparison

The first reported growth of germanene was carried out by Li et. al. in 2014 on a
Pt(111) substrate [28]. However, their result was misinterpreted based on comparisons to
the previously mentioned silicene study. The resulting Ge structures showed a disorganized
Ge lattice with lopsided honeycombs on top of the Pt, but an extra layer of protruding Ge
atoms formed a well-ordered 18 atom (v/19 x v/19) unit cell. It was later suggested that this
was not germanene but a surface alloy of GesPt tetramers. Davila et. al. published the next

attempt at germanene synthesis in 2014 [29]. Also using MBE growth, they used Au(111)
for the base substrate and obtained a three phase structure consisting of a (v/19 x v/19)

phase, a (5 x 5) phase, and a (/7 x /7) phase. The (v/7 x v/7) phase exhibited a nearly flat,
highly symmetric honeycomb structure which the authors ascribed as germanene. The first
single phase germanene construction was obtained by Derivaz et. al. in 2015 by growth

on an Al(111) substrate [30]. This structure had a simple (3 x 3) phase that formed a
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continuous layer across the aluminum with observed buckling.

Finally, Davila et. al. revisted their work the following year and achieved a single phase

(3v/3 x 3v/3) Ge honeycomb structure on Au(111). For the first time, Davila et. al. were
able to find experimental evidence of Dirac cones in this material and a standard method
for germanene growth was achieved . While an opening of the Dirac cone is desirable for
applications in modern electronics, the opening created by substrate bonding is fixed and
challenging to manipulate. If free-standing germanene can be achieved a more ideal method
for opening and tuning of the band gap would be the creation of germanene nanoribbons,

where the band gap results from the effects of quantum confinement.

Flgure 1.6: The synthesis of germanene: GesPt growth on Pt(111) (a-b) [28], Ge on Al(111)
(c-d) [30], three phase germanene on Au(111) (e) [29], and smgle phase germanene on
An(111) 31
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1.4 Nanoribbon Fundamentals

The opening of graphene’s band gap is paramount to its use in digital electronic devices,
which depend on precise control of the band gap for on/off switching. One popular method
is to exploit electronic confinement as utilized in quantum wells and quantum dots. An
elegant solution to this is the creation of graphene nanoribbons, a one dimensional mate-
rial with theoretically infinite length but a fixed width. Since graphene is hexagonal in
structure, nanoribbons are created by cutting along the [1010] and [1120] directions which
form armchair (AC) and zigzag (ZZ) nanoribbons respectively [32]. The termination of the
graphene lattice leaves dangling bonds which give rise to electronic edge states. To differ-
entiate these edge atoms from the bulk they are modeled with a negative on-site energy
€edge < 0 €V while the bulk atoms are modeled by e, = 0 eV. This application of nega-
tive energy mimics the effect of passivating the dangling bonds with hydrogen. Indeed, the

difference between the electron affinities of carbon and hydrogen atoms is in fact €.qge [33].

Figure 1.7: Armchair and zigzag direction on a graphene sheet [34]

12



The direction of the nanoribbons have significant impact on their electronic properties
which arises from their differing boundary conditions. The atoms along the edge of ZZNRs
come from the same sublattice while atoms along the ACNR edge come from different
sublattices. AC graphene nanoribbons are metallic or semiconducting with an inversally
proportional band gap to width relationship [32][33]. The width is defined by the integer
value 'm’, which classifies AC nanoribbons into three categories: m = 3p, m = 3p + 1
and m = 3p + 2 where p is a positive integer. The m = 3p + 2 graphene nanoribbons
show metallic behavior (as we will soon see, the 3p + 2 class of germanene AC nanoribbons
show semimetallic behavior) while the other classes are semiconductors. This band gap can
be further adjusted by passivating the edge states with hydrogen or adsorption of foreign
atoms. While ZZ graphene nanoribbons are metallic in nature, their edges contain localized
electronic states where the valence and conduction bands touch at the Fermi level but do
not form a Dirac cone. These states are degenerate and dispersionless up to the boundary of
the Brillouin zone and result in a high density of states at the Fermi level [33][35]. This pile
up of states along the edge leads to an instability that can be resolved by aligning the spin
states of one edge and generating an antiparallel alignment along the other. This can be
achieved by either spin polarization techniques or tuning the electronic correlations between
the edges [32][33][35]. This antiparallel spin ordering leads the ground states of the edge
atoms to become antiferromagnetic. This in turn opens a direct band gap at the edge which
is inversly proportional to the nanoribbon’s width. In contrast, by polarizing the edge states
to have parallel spin the nanoribbon becomes ferromagnetic and the band gap will close
resulting in metallic properties. In each case the edge states exhibit a significantly higher
spin moment that decays towards the nanoribbon’s center. Thus ZZ graphene nanoribbons
can be used in the design of magnetic nanostructures with tunable magnetic, electronic,

and spin properites [36][37][38].
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Figure 1.8: (a) Opening of the band gap in a graphene ZZNR’s edge states, (b) anti-parallel
alignment of spin states along the ZZNR edge. The density of states is greater along the
edges and decays towards the center of the ribbon [33].

1.5 Studies on Germanene Nanoribbons

In the same year germanene was successfully synthesized, studies on the properties of ger-
manene nanoribbons were carried out via density functional theory calculations. In 2014,
Lars Matthes and Friedhelm Bechstedt carried out a study on ZZ germanene nanoribbons
using the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation and the general gradi-
ent approximation (GGA) [39]. They first simulated an infinite germanene sheet and noted

a buckling height of A = 0.69A and the presence of a Dirac cone at the K point (the value

of A has ranged from 0.65-0.70A among different germanene studies). When considering
spin-orbit interaction (SOI) they measured the spin-orbit gap to be 24 meV, significantly
larger than that of graphene and silicene. Their analysis on nanoribbons was restricted to
a hydrogen edge-passivated ZZNR, particularly for a width of 16 atoms to prevent interac-
tions between the two edges. In the non-magnetic case they noted the existance of two-fold
degenerate edge states at the X point of the Brillouin zone, whereas in the case of graphene
the edge states exist between the K and Z points. By applying spin polarization in either
antiparallel or parallel configurations, they obtained an antiferromagnetic ribbon with an
opening of the band gap about the X point and a ferromagnetic ribbon with metallic prop-
erties, similar to the graphene case. These results were later confirmed by Sharma et. al.
in 2016 [40].

14
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Figure 1.9: (a) Band structure of edge states in ZZ germanene nanoribbon (top) and with
the effect of SOI (bottom, blue lines), (b) antiferromagnetic ribbon with opening of band
gap (top) and ferromagnetic ribbon with metallic behavior (bottom) [40]

In 2017 Monshi et. al. performed a comprehensive study on mono vs di-hydrogen
passivation of germanene ACNRs as well as using flourine and chlorine as edge atoms [41].
The hydrogen passivated nanoribbons showed a cyclical pattern with respect to width,
showing semiconductor properties in the 3P and 3P+1 classes while having semimetallic
properties in the 3P+2 class, differing from that of graphene ACNRs which are metallic
in the 3P42 class. The band gap of the semiconductor-like ribbons decreased with width,
maintaining the inversely proportional relationship. While fluorine passivation showed a
similar cyclical pattern, all three classes had a non-trivial band gap whereas chlorine showed
no recognizable pattern in the band gap with respect to width. Finally, in 2019 Shiraz et.
al. did a comprehensive analysis of width vs band gap for the single hydrogen passivated
Ge ACNR, as well as analyzing the effect of strain and its dielectric constant [42]. The same

15



3-atom width cyclical relationship as described by Monshi et. al. was obtained, this time
explicitely noting a logarithmic decrease in the band gap of each class as width increased.
A strain of -8% to 8% was applied in the transport direction of m = 9, 10, and 11 width
ribbons; one of each class. For each ribbon the band gap was tunable from near-trivial to
0.5 eV demonstrating significant control over the ACNR band gaps. However, no study has
expanded these results to analyze the effects of edge species beyond hydrogen, fluorine, and
chlorine to the band gap vs width relationship of Ge ACNRs nor the edge states of ZZNRs.
In this thesis, we analyze the band structure of the infinite germanene sheet and hydrogen
passivated ACNR to compare with previous studies. We then examine the separation
distance and energy to form a bilayer van der Waals structure of germanene sheets and its
impact on opening of the band gap, as well as the band gap vs width relationship for AC
and ZZ nanoribbons with edge species C, P, As, S, Se, Te, F, Cl, Br, and I for m = 3 to 12

atoms in width.

16



Energy (eV)

T 74 16 18 20

8 1.0
Nanoribbon Width (W)

9n 11n

Band gap energy (eV)
Energy (eV)
4
Energy (eV)

0.1

0.0
6

Nano ribbon width (n)

Figure 1.10: (a) Monshi et. al. results for band structure of mono and di-hydrogren
passivated Ge ACNRs. The 11-atom width nanoribbon shows a linear E-K relationship and
presence of a Dirac point (b) Shiraz et. al. results for band gap vs width of mono-
hydrogen passivated Ge ACNRs. Their graph indicates the band gap of the different width
classes, with the 9-atom width showing a band gap and the 11-atom width showing a Dirac

point [42].
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Chapter 2: Methods

2.1 Density Functional Theory: An Introduction

Density functional theory is a computational method for modeling quantum mechanical
properties and interactions. It gained popularity after physicists Walter Kohn and Lu Jeu
Sham developed the Kohn-Sham equations at the University of California, San Diego in
1965. While this made DFT sufficient for solid-state physics calculations the method was
too inaccurate for use in quantum chemistry. It wasn’t until the 1990s that the development
of advanced exchange-correlations and pseudopotentials allowed the application of DFT to
quantum chemistry, after which Walter Kohn was finally awarded the Nobel Prize in chem-
istry for his theory in 1998 [43]. In this introduction we will briefly cover the theory with

respect to calculations used in this thesis. For greater detail on this explanation, see [44].

2.1.1 The Schrodinger Equation

The Schrodinger equation is a 2nd order partial differential equation that describes the wave
function of a quantum mechanical system. For a non-relativistic, time-independent system

the Schrodinger equation for a many-bodied system is

HY ({ri},{R1}) = BV ({r;}.{R1})

where U ({r;},{R;}) is the wave function of the system, {r;} and {R;} are the electron

and nuclear coordinates respectively, E is the energy of the system and H is the time-

independent Hamiltonian. If we let the kinetic energy of an electron or nucleus be T ,,, the
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potential energy between two nuclei be V,,_,,, the potential energy between an electron and

a nucleus be V,_,,, and the potential energy between two electrons be V,_. where

Neon N,

~ Z]ZJG
T = =
o 2men ZZ Vi Vnon 1;] |R; — Ry|

Ve Z+Z e Ve Zrn—m

and me, is the mass of an electron or nucleus, Z is the atomic number of the nucleus, r is
the position of an electron and R is the position of a nucleus. Here, the index ¢ sums over
the number of electrons N, and I sums over the number of nuclei N,,. With this, we can

then reduce the time-independent Hamiltonian to

= Te ({Tz}) + Tn ({RI}) + Vn—n ({RI}) + V;z—n ({7‘2‘}7 {RI}) + ‘/e—e ({7’7,})

In theory this equation should provide a complete explanation for the quantum mechan-
ical behavior of electrons in the system, but clearly the equation is extremely expensive to
solve for a many-body system. The purpose of density functional theory is to address
this very issue: find a computationally inexpensive method for approximating the non-

relativistic, time-independent Schrodinger equation for a many-bodied system.

2.1.2 Reduction of the Schrodinger Equation to the Electron Density
Model

The first major step towards the development of DFT was taken by Born and Oppenheimer
in 1927. Since nuclei are significantly heavier than electrons, they realized the timescale of
an electron response must be orders of magnitude greater than that of the nuclei. Using this

we can treat the electrons as evolving in the field of fixed nuclei, which yields the following
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Hamiltonian:

H. =T, ({ri}) + Ve ({ri}, {R1}) + Ve—e ({r3})

The solution to the Schrodinger equation with this Hamiltonian is

HV, ({ri,0:},{R1}) = BV, ({ri,0:}, {Rr})

We note that for fixed nuclei, { R;} is a constant set of parameters and the equation is a
function of only the electron coordinates {r;,o;}. Then if we combine the electron’s spatial

and spin coordinates {r;, 0;} to {x;} we can further reduce the equation to

A9, ({;}) = BT, ({2:})

The total energy, assuming positions of the nuclei are known, is the sum of the total

electron energy F. and the potential energy between the nuclei V,,_,,, giving us
Etot — Ee + ann ({RI})

This greatly simplifies the approximation of the many-bodied system, reducing the prob-
lem to solving the electron system. However, solving for the electron-electron interaction
Ve_e ({7‘,}) involves 3™Ve variables for an N, electron system leaving the problem intractable
in its current form. Hartree and Fock developed a theoretical solution to this problem in
1935 but calculations were too complex to be carried out by hand. It was not widely used
until computational power evolved in the mid 1950s. The Hartree-Fock approximation was
a monumental step in the development of quantum chemistry. It was through this method
that applying the concept of electron density in conjunction with the variational principle

was first apparent, and this combination forms the basis of density functional theory.
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In 1927 D. R. Hartree developed a procedure to approximate the wave functions of atoms.
He chose to approach the Schrodinger equation from fundamental physical principles, a
method known as ab initio. Considering that each electron moves independently within its
own orbital, it sees only the average potential generated by all other electrons. By applying
this concept Hartree reduced the potential energy of the system to a sum of two potentials:
the external Coulomb potential Veu(z;), consisting of the electron-nuclei interactions and
nucleus to nucleus interactions, and what he dubbed the Hartree potential Vi (x;). This
potential is approximated by an average single electron potential expressed by the Coulomb
repulsion between that electron and the electron density of all other electrons in the system.

This results in the equation

h
~% V +Vewt (i) + Vi (@) | vi(z:) = eibi(as)
In this theory, where the wave function of a single electron is ;(z;), the resulting wave

function for the system would be the product

W(a;) = [ [ v(@)

%

Hartree’s method was met with mixed response from the scientific community. In 1928
Slater and Gaunt independently demonstrated the Hartree method would have a stronger

theoretical basis by incorporating the variational principle, which states that the expected

value of the electronic Hamiltonian H, for any trial wavefunction is always greater than
or equal to the electronic ground state energy Fy[Wo]. This allows one to start with a
trial function in place of the ground state and incrementally improve the wave function
within the restricted antisymmetrized space of single particle wave functions. However,
while Hartree’s method accounted for the Pauli exclusion principle it ignored the fermionic

nature of electrons and thus violated the principle of antisymmetry. Not only did this make
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his method invalid, it prevented the application of the variational principle. In 1930 Slater
and Fock independently noted this discrepency, and Fock proposed a solution by using a
Slater determinant. This determinant, which is a linear combination of the product of
independent electron wavefunctions that accounts for all coordinate permutations, would
satisfy the antisymmetric property and allow for the application of the variational principle.

This is accounted for by adding an additional term in the potential Vx (x;) which yeilds

—% V2 A Vewr (i) + Vi (@) + Vi (20) | () = eithi(i)

This method is known as the Hartree-Fock method, and would be the dominant method
for approximating the Schrodinger equation for multi-body systems until the development

of DFT in 1964.

2.1.3 The Development of Density Functional Theory

The primary advantage of DFT is using the electron density n(r) in place of individual
electron wavefunctions. For an NN, electron system, regardless of size, the density is always
three-dimensional. This allows DFT to be applied to systems with thousands of atoms and

is only restricted by modern computing power. We can express the electron density n(r) as

n(r) = Ne/ U (x1, 29, ..., zN, ) |2dordos...doy,

Consequently, integrating this density over the volume 7 in turn yeilds the total number of

electrons, so

N, = / n(r)dr

Hohenberg and Kohn developed DFT in 1964 based on two founding principles: there

exists a one-to-one correspondence between the external potential v(r) of a system and its
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electron density n(r), and the ground state electron density can be obtained utilizing the
variational principle. Since there exists a one-to-one correspondence between v(r) and n(r),

we can define the energy of the system as
Ey[n(r)] = Tln(r)] + Va—eln(r)] + Ve—eln(r)]

The potential energy term for interactions between the electrons and nuclei of the system
Va—e[n(r)] can be described by integrating the product of the electron density and the

external potential of the system which yeilds

where Frr[n(r)] = Tn(r)] + Ve—e[n(r)]. We then apply the variational principle, which in

this case states that Ey[ng(r)] < Ey[n(r)]. This implies that
E,n(r)] = /n(r)v(r)dr + Frug[n(r)] > Ey

Now the problem is reduced to minimizing the Fx term. Previous attempts at applying
similar methods, as with the Thomas-Fermi theory, failed to adequately describe the kinetic
energy. To address this Kohn and Sham expanded the Fggx term to a sum of the kinetic
energy of noninteracting electrons Ty, the Hartree energy Eg, and combined the remaining
many-body quantum effects into the exchange and correlation energy F,.. By minimizing
Fr[n(r)] under the constraint of orthonormality for one-particle orbitals v; they derived
a set of N, single particle equations known as the Kohn-Sham equations, which take the

form

h2

V2 Hvisn(r)]| ¢i(r) = Hgsi(r) = ety

2me
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where the electron density n(r) can be written as

Ne
n(r) = Z |
=1

and the effective potential experienced by the electrons, vig[n(r)], is

virsn(r)] = /n(r)v(r)dr + Ts[n(r)] + Egn(r)] + Egc[n(r)]

=t + [ L+ vl

=

The exchange correlation potential v, is then defined as

With this, we can calculate the total energy of the system with the following equation

- gj MO s b~ [ vt

We now have the tools to understand the general procedure for DFT calculations. The
Kohn-Sham equations are solved self-consistently, meaning the solution satisfies each of the
N, equations. We start with an initial guess for the electron density no(r) and construct the
corresponding v(r) from the equation for E[n(r)]. We then solve the Kohn-Sham equations
for the orbitals 1;(r) and use them to construct a new electron density n(r). We then
repeat the process with the new electron density until they converge (Figure 2.1). The
problem with this method is the exchange-correlation E,. is unknown. Multiple successful

models for the exchange-correlation have been developed, most notably the local density
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approximation (LDA) and general gradient approximation (GGA), the latter of which is

used throughout this thesis.

Y
=
-
%)
—

-
e

no(r)

3o end

Figure 2.1: Flow chart for self-consistent DFT calculations

2.2 Exchange-Correlation Functionals and Pseudopotentials

The first exchange-correlation proposed by Kohn and Sham is the local density approxima-
tion (LDA). In this method, the inhomogeneous system is divided into infintesimal volumes
of constant electron density. We then approximate the correlation energy per electron at
point r, €;.[n(r)], by assuming it is equal to the exchange-correlation energy per electron in
a homogenous electron gas with the same density as that at point r. This leads to a total

exchange-correlation of

ELPA[(r)] = / hom [ (1) (r)dr
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A flaw with this method is that it does not directly calculate the correlation term. Instead,

it calculates the exchange term for each point r using the Dirac exchange-energy functional

™

E?van:_i<%@vU3

and determines the correlation term by interpolating homogeneous electron gas data ob-
tained from Monte-Carlo simulations. This makes the LDA most appropriate for systems
where the electron density varies slowly. This method can be improved by taking into
account the density gradient (\7n(r)) at points throughout the system. This leads to the

general gradient approximation (GGA), which is described by the equation

ESSAln(r), wn(r)] = / Eyeln(r), vn(r)]dr

The GGA method typically yields more accurate results than the LDA and is more com-
monly used in studies. In this method, the F,. accounts for the necessary correction to the
LDA exchange-correlation relation. Still, the exchange and correlation energy terms are

calculated separately, with the exchange term being
ESOn(r)] = [ ealn(r)FE s)dr

where F&G4(s) is the exchange enhanced factor and s is a dimensionless reduced gradient.
Multiple approximations for F,(s) exist, the most commonly used being the Perdew, Burke,

and Ernzerhof (PBE) correlation, defined as

K

ﬁmﬁgzl+k—1+ﬁg
K
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where x and p are parameters determined by physical constraints. For more information
on these exchange-correlation approximations see [45]. When we state that the GGA-PBE
exchange-correlation was used, this means GGA is the exchange-correlation and PBE is
the functional used for the DFT simulation. ATK, the software used for DFT simulations
in this study, has multiple exchange-correlations and functionals beyond LDA, GGA, and
PBE available.

The last component used in our DFT calculations is the pseudopotential approxima-
tion. Since valence electrons are primarily responsible for the chemical and electrical prop-
erties of most materials we are less interested in the core electrons which are more tightly
bound to the nucleus. These core electrons require large basis sets for their description
and greatly increase the computational cost of DFT calculations. We avoid this problem
by using a pseudopotential approximation. This replaces the strong ionic potential of the
core electrons with a weaker pseudopotential. This reduces both the number of calculations
required to describe core electrons and the oscillation of valence electron wavefunctions (Fig-
ure 2.2). Significant research has gone into obtaining accurate pseudopotentials. One of the
first popular sets of pseudopotentials was developed by Troullier and Martins in 1991 [46],
followed by the more robust Hartwigsen-Goedecker-Hutter pseudopotentials in 1998 [47].
Recently, a more advanced approximation method known as projector-augmented wave-
functions (PAW), first proposed by Blochl in 1994 [48], has become a popular alternative
to the pseudopotential method. In this study only Hartwigsen-Goedecker-Hutter (HGH)

pseudopotentials were used for DFT calculations.
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Figure 2.2: Pseudopotential approximation graphed with physical wavefunction. Outside
the core radius the wavefunctions are identical [44].

2.3 ATK: Geometry Optimization and Bandstructure Cal-

culations

All calculations performed in this study used the Quantumwise ATK 2015 software. Quan-
tum ATK is an atomic scale modeling software which combines density functional theory
with non-equilibrium Green’s functions for large scale ab initio first principles calculations.
First the geometry of each structure was optimized. This was done by first perturbing the
atoms using the rattle tool to ensure the optimization converged to the global minimum.
The ATK-DFT calculator with the GGA-PBE exchange-correlation functional was used in
all simulations. A density mesh cutoff of 75 Hartree and 1x21x21 k-point sampling was

used, as well as the HGH Tier 4 pseudopotential basis set. For geometry optimization FFT
boundary conditions were used along with a force tolerance of 0.01 eV/ A, stress tolerance of

0.0005 eV/A3 and a maximum step size of 0.5A. The cell was constrained in the direction
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normal to the surface of the sheet or nanoribbon (z direction for sheets, x direction for
nanoribbons). For geometry optimization of the bilayer germanene van der Waals structure
all constraints were released and the counterpoise correction with D2 dispersion correction
was used (see [49]). The binding energy was calculated from the difference between the total
energy of the bilayer system and the sum of the individual energies of the two germanene
monolayers. For bandstructure calculations a vacuum of 15A was added to each side of the
structure to ensure decoupling from neighboring images. For bandstructure calculations of
germanene nanoribbons Dirichlet boundary conditions were applied to the edges, while the
normal and transport directions were set to periodic. Neumann boundary conditions were
tested for the direction normal to the surface but produced indentical results to periodic
boundary conditions. 100 points per segment were used for all bandstructures. The geome-
tries were analyzed by opening the .cif files in the Mercury molecular viewing software [50].

Band structures were analyzed in Quantumwise ATK 2015 band structure analyzer.
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Chapter 3: Results

3.1 Mono-Layer Germanene Sheet

The results of geometry optimization reveal germanene to be a monolayer honeycomb lattice
structure with 0.7A buckling. The lattice parameters obtained for the unit cell are a = b =
4.07A, with the primitive vectors being a = b = 2.03A. The Ge-Ge bond lengths are 2.45A
and the total energy of the layer is -212.845 eV, all in good agreement with previous studies
. The DFT band structure calculations show a semimetal with the Dirac cone at the

K point with valence and conduction bands coinciding at the Fermi level (E = 0 eV).

10 Bandstructure
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Figure 3.1: Germanene monolayer geometry and band structure. Material displays A =
0.7A buckling and band structure reveals a Dirac cone at the K point.

30



3.2 Bilayer Germanene van der Waals Structure

Like graphene, germanene should be able to form a multi-layer AA stacked van der Waals
structure. The van der Waals force between the two layers binds them in place while keeping
a separation distance sufficient to prevent Ge-Ge bonding between the two layers. Based on
DFT geometry optimization, a stable bilayer van der Waals structure was obtained with a
layer separation of 4.36A and a binding energy of -698.5 eV. The total energy of the structure
is -1124.191 eV. Compared to bilayer graphene the band structure is more complex. It forms
what would appear to be a nodal line semimetal with bands touching around the K point,
however upon further inspection a non-trivial band gap is opened. This implies that as
more germanene layers are stacked the band gap should continue to open until it reaches
a limit around that of bulk germanium (0.67 eV). The electronic interaction between the
layers demonstrates the importance of decoupling a single sheet from its periodic images

when analyzing its band structure.

Bandstructure

Bandstructure
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Figure 3.2: Band structure of bilayer germanene. Non-trivial opening of the band gap
occurs as more layers are added.
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Figure 3.3: Geometry of Bilayer AA stacked germanene monolayers. Separation distance
of 4.36A is maintained by van der Waals force.

3.3 Hydrogen Passivated Armchair Germanene Nanoribbon

As a base case we examined the effect of width on the band gap of the hydrogen passivated

germanene armchair nanoribbon. The nanoribbon maintains the same 0.7A buckling as the
germanene sheet with the hydrogen atoms placing themselves in between the two germanene
planes. The band gap of the nanoribbon occurs at the I' point as opposed to the K point
in the germanene sheet. The band gap vs width relationship is cyclical with the pattern
repeating every 3 atoms in width. It starts as a semiconductor in the 3-atom width case
with a band gap of 0.738 eV, slightly higher than that of bulk Ge. The band gap then
increases slightly in the 4-atom case before dropping to a near-trivial band gap of 0.045

eV at 5 atoms in width. As shown in Figure 3.5 the band gaps of the 3, 6 (3P) and 4
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(3P + 1) atom-width nanoribbons show clear semiconductor behavior with curved valence
and conduction bands. However, the 5-atom case (3P + 2) shows a highly linear E-K
relationship near the I' point, indicating this nanoribbon may be a TSM and the small
band gap that occurs is likely due to low resolution in the ATK program. Confirmation of
semimetallic behavior is best determined by performing a local density of states (LDOS)
calculation across the thickness of the nanoribbon. If a piling up of spin-up and spin-down
states on opposing surfaces occurs, this provides a high level of certainty that the 5-atom
width nanoribbon is indeed a semimetal. This result is known as the quantum spin Hall
effect and is a standard property of both topological insulators and semimetals. ATK 2015
does not support this LDOS calculation and it is therefore outside the scope of this thesis.
Nonetheless, a cyclical semiconductor-semiconductor-semimetal pattern appears to emerge,
with the overall band gap decreasing logarithmically as width increases. This result shows

good agreement with the results of Monshi et. al. and Shiraz et. al. .

Germanene AC Nanoribbon Bandgap vs Width

0.806

Bandgap (eV)

Width (# of atoms)

Figure 3.4: H-passivated Ge AC nanoribbons. The band gap vs width relationship shows
a cyclical pattern where the 3P and 3P+1 ribbons are semiconductors, with the 3P+1
class having a higher average band gap. The 3P+2 class shows semimetallic characteris-
tics. The non-trivial band gap is likely a resolution error. The overall band gap decreases
logarithmically maintaining the expected inverse relationship between band gap and width.
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Figure 3.5: Band structures of 3 (a), 4 (b), 5 (c¢), and 6 (d) width Ge ACNRs. The 3P
and 3P+1 class ribbons show a clear band gap while the 3P+2 (c) has a highly linear E-K
relationship about the I' point indicating semimetallic behavior.

3.4 Geometric Properties of Edge-Functionalized AC Ge Nanorib-

bons

A major component of this research is to build on the H-passivated nanoribbon results
by examining the use of other species for edge-functionalization. While DFT calculations
have been performed for the halogen group, little research has been done on the effect of the
nonmetals (C, P, As, S, Se, and Te) on the band gap vs width behavior of Ge ACNRs. From

this research we found striking differences in the behavior of these nanoribbons including
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variations in their geometries. In the case of hydrogen and fluorine, since their outer valence
shells consist of one and seven electrons respectively, the atoms only require one extra
electron to fill their valence shell. Because of this, these two species fully passivate the Ge
dangling bonds and create only one additional bond in the physical structure (Figure 3.6a).
In the case of all other species examined in this thesis the edge atoms require more than
one electron to fill their outer shell and thus form a bond with each other as well as the Ge
atoms (Figure 3.6b). Even then, the valence shell of these atoms is not completely filled and
it would be incorrect to refer to them as passivating the edge of the nanoribbon. Therefore
we can refer to hydrogen and fluorine as edge-passivating while we refer to other species as

edge atoms.

Figure 3.6: Different geometries of bonding between edge species. Hydrogen and fluorine
(a) have a filled outer shell while other atoms (b, C on the left and P on the right) bond
with each other.

Another geometric variation is where the foreign atoms lie with respect to the Ge planes.
In the case of H, C, P, and As the edge atoms lie between the two displaced Ge lattices,
where in the case of F, S, Se, and Te the atoms lie in plane with the two Ge lattices. In the
latter case, the bond formed between the foreign species crosses over the Ge planes in the
opposite direction of the Ge-Ge bond (Figure 3.7b). As the atomic weight of the species
increases, the further out of plane the atoms become. In the case of sulfur the atoms are

almost entirely in line with the Ge atoms, whereas in the case of selenium they protrude
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slightly above the Ge plane and with tellurium the protrusion is highly noticeable (Figure

3.14).

"o fplpd, o090 " +RHH BB

Figure 3.7: Placement of foreign atoms within the Ge lattice. H, C, P, and As place
themselves between the Ge lattice (a, C left and P right) while F, S, Se, and Te place
themselves in plane with the Ge atoms (b, S left and Se right).

Lastly, we note the existence of a bond inversion point in the nanoribbons at certain
widths. In the example shown in figure 3.8b, the ACNRs with F and Se edge atoms show an
inversion of bonds in the transport direction. This does not change the honeycomb structure
from the planar view and is only visible from other vantage points. Each set of ACNRs
analyzed in this study will undergo this inversion of bonds at certain widths, though no
clear pattern emerged as to when this inversion will occur nor is there any obvious impact

on the band structure.

"o fetefe oSS T 80988 & 808848

Figure 3.8: Example of bond inversion. At the 5-atom width, only F and Se exhibit this
inversion (b). At different widths other Ge ACNRs will display this inversion.
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3.5 Effect of Width on Band Gap of Edge-Functionalized AC

Ge Nanoribbons

Each group of edge-functionalized Ge ACNRs show significant variability in their band gap
vs width relationship, with none having as clear a cyclical relationship as the H-passivated
case. With carbon (Figure 3.9), the band gap vs width follows an inverse relationship from
that of hydrogen. Whereas the H-passivated group has a cyclical relationship of increasing
twice before a large decrease in band gap, carbon has one increase followed by two decreases
with no clear pattern in the relative magnitude of changes in band gap. It starts with a
0.672 eV band gap in the 3-atom case and decreases down to 0.201 eV for the 5-atom
ribbon. It then varies in a small range where the 6-atom and 9-atom ribbons have similar
band gaps of 0.428 eV and 0.41 eV respectively before falling to a near-trivial band gap
at 11 atoms in width. The band structure for the 11-atom case shows the same highly
linear E-K relationship as in the 5, 8, and 11-atom width hydrogren nanoribbons, implying
semimetallic behavior. The C-C bonds formed between the carbon atoms are the smallest
bonds of all edge species observed in this thesis. This leads to an elongated Ge-Ge bond in
the width direction whereas the other nanoribbons are more uniform in their hexagonal Ge

structures.

Carbon Edge Functionalized ACNR Bandgap vs Width

0.28 0.305

Bandgap (eV)
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Figure 3.9: C edge-functionalized Ge ACNR (left) and band gap vs width relationship
(right)
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Phosphorus and arsenic ACNRs show similarities in their width vs band gap behavior
differentiating them from the other nanoribbons. In both groups we see a sharp increase
in band gap from 3 to 5 atoms in width before a steep decline to a lower band gap in the
6-atom case. Both then show a trapazoidal square wave-like relationship from 6 to 11 atoms
in width before dropping to a near-trivial band gap at the 12-atom case. Geometrically,
both phosphorus and arsenic place themselves between the Ge atoms and form relatively
symmetric honeycombs with similar Ge-Ge bond lengths. The band gap vs width relation-
ship shows a more linear decrease in peaks than that of the H-passivated case, which is

logarithmic.

Phosphorus Edge-Functionalized Bandgap vs Width
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0.375 0.382

0.327
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Bandgap (eV)
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0.091 0.074
0.033

Width (# of atoms)

Figure 3.10: P edge-functionalized Ge ACNR (left) and band gap vs width relationship
(right)
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Arsenic Edge-Functionalized Bandgap vs Width
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Figure 3.11: As edge-functionalized Ge ACNR (left) and band gap vs width relationship
(right)

Sulfur and selenium ACNRs also share distinctions from the other ribbons. In both
groups the foreign atoms lie in plane with the Ge atoms with far less protrusion than in
the tellurium ACNRs. Their band gap vs width relationship is defined by sharp peaks and
troughs, with the 8 and 11-atom width nanoribbons having around 0.3 eV band gap for
both groups. For both 9 and 12 atoms in width the band gap is near-trivial and displays a
linear E-K relationship around the I' point. There are noteable differences between the two
as well; the sulfur nanoribbons show an increase in band gap from 6 to 7 atoms in width
whereas the selenium nanoribbons decrease, and the 10-atom sulfur ribbon has roughly 1.5x
the band gap (0.236 eV) of its selenium counterpart (0.168 eV). Nonetheless both achieve
their first peak at around 0.38 eV (4-atom width for sulfur and 5 for selenium) and both
have similarities at the 8 and 11-atom widths as well as semimetallic behavior at 9 and 12
atoms in width. It is worth noting that sulfur forms the smallest bond between edge atoms
after carbon, but unlike carbon this does not lead to a noticeable distortion in Ge-Ge bond

length.
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Sulfur Edge-Functionalized Bandgap vs Width
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Figure 3.12: S edge-functionalized Ge ACNR (left) and band gap vs width relationship
(right)

Selenium Edge-Functionalized Bandgap vs Width
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Figure 3.13: Se edge-functionalized Ge ACNR (left) and band gap vs width relationship
(right)

0.076

The tellurium nanoribbons are unique among the groups. Geometrically the Te atoms
protrude noticeably outside the Ge planes while the Ge-Ge bonds are highly symmetric.
However the band gap vs width relationship bears the most similarity with the H-passivated
case. The band gap increases greatly from 0.267 eV to 0.754 eV for the 3 to 4-atom widths

before dropping to a near-trivial band gap at the 5-atom width. It then shows a similar
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pattern to that of hydrogen, having a cyclical 3 width pattern of increasing band gaps as
a semiconductor before dropping to a near-trivial band gap with semimetallic behavior at
5, 8, and 11 atoms in width. It is worth noting that unlike the H-passivated ribbons, the
band gaps of the 6, 7, 9, and 10-atom Te ribbons fall in a more narrow range, and a dropoff
occurs at the 12-atom point with a band gap of 0.145 eV as opposed to 0.239 eV and 0.218

eV in the 6 and 9-atom cases.

Tellurium Edge-Functionalized Bandgap vs Width

0.754

Bandgap (eV)

0.145

3 a H 6 8 s 10 1 12

Width (# of atoms)

Figure 3.14: Te edge-functionalized Ge ACNR (left) and band gap vs width relationship
(right)

Lastly, we address the case of the halogens. Previous work on the band gap vs width
relationship of F and Cl as edge species for Ge ACNRs was carried out by Monshi et.
al. using ATK 2014 . However, using their same methods in ATK 2015 produced
different results. The fluorine passivated nanoribbons only achieved stability as symmetric
honeycombs for the 4 through 8-atom width ribbons. Both in the 3-atom case and for widths
of 9 atoms or greater the Ge-Ge bonds lose symmetry. This behavior is more noticeable
in the case of the bromine and iodine nanoribbons (Figure 3.16). For fluorine, our results
show a relationship akin to the Te and H-passivated ACNRs: the largest band gap being
at 4 atoms in width (0.837 eV), a near-trivial band gap at 5 and 8 atoms in width, and

showing semiconductor behavior at 6 and 7 atoms in width. If a stable configuration can
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be achieved for greater than 8 atoms, we predict a similar cyclical 3 width pattern with
semimetallic behavior at 11 atoms in width. In the case of the remaining halogens, no
symmetric honeycomb structure was obtained. While the 3-atom width Cl ribbon appears
symmetric from the transport direction vantage point, when examining the structure closely
from the planar view the Ge-Ge bonds all show slight variation in length. This distortion
becomes more pronounced as width increases. In the case of bromine and iodine, significant
distortion of the hexagonal structure can be seen from the transport direction vantage point.
We hypothesize this may be due to the high electronegativity of these foreign atoms. The
chlorine, bromine, and iodine atoms will not be fully passivated from the additional Ge
bond as in the fluorine case, and thus wish to form additional o-bonds with the remaining
Ge atoms leading to this distortion. The band structures for the 3-atom width Cl, Br,
and I nanoribbons bear the following similarities: they show semiconductor behavior with
band gaps of 0.538 eV, 0.541 eV, and 0.511 eV respectively, and they all show curved
conduction bands but relatively flat valence bands. Stable configurations for halogen edge
species may be obtainable by doubly passivating the Ge atoms at the edge. By passivating
the fourth dangling Ge bond, it is no longer available for bonding with the halogen atom
and may therefore prevent distortion, while the edge species may form additional bonds
with eachother instead. More research should be conducted on the stability of the halogen
group as edge species, as the band gap obtained from the 3-atom width structures covers a

range not found in the other groups (0.5 eV - 0.6 V).
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Fluorine Passivated Bandgap vs Width
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Figure 3.15: Results from this study for fluorine passivation (left) compared to Monshi et.
al. (right). Using the same parameters described in their paper we were unable to obtain
the same results for F-passivation while our H-passivated nanoribbons show good agree-
ment. Monshi’s F-passivated nanoribbons show similar cyclical behavior to H-passivated
with 3P+2 ribbons being semimetallic, however there is a larger difference in band gap
between 3P and 3P+1 ribbons. Our F-passivated ribbons show a more similar pattern to
H-passivation for 3P and 3P+1 widths.
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Figure 3.16: Results from this study for the halogen edge group of Ge ACNRs. From top to
bottom: Cl, Br, and I. The Ge-Ge bonds are uneven and the band structures show a curved
conduction band with a flat valence band and noticeable band gap. In the case of Br and I
nanoribbons significant distortion of the lattice can be seen in the transport direction.
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3.6 Effect of Strain on H-Passivated Ge ACNR Band Struc-

ture

The application of strain to adjust the band gap of graphene has been well studied. Shiraz.
et. al. analyzed the effect of strain in the transport direction on the band gap of 9, 10,
and 11-atom width H-passivated Ge ACNRs [42]. In this study we repeated his results and
expanded them to a 10% strain case, as well as examined the effects of applying strain in
the longitudinal (width) direction. We also performed calculations for 0.1% - 0.5% strain
to analyze the resolution of strain application for fine tuning of the band gap. The %strain
vs band gap relationship varies substantially for each class of nanoribbon. The band gap
in the lateral case can be tuned to a maximum of 0.5 eV, 0.45 eV, and 0.4 eV for the 9, 10,
and 11-atom width nanoribbons respectively. The band gap for each can also be closed to
a near-trivial value with linear dispersion around the I' point. In the case of longitudinal
strain the maximum band gap for the 9-atom case is higher at 0.55 eV, while similarly each
can be tuned to a near-trivial band gap. While application of 0.1% - 0.5% strain results
in minimal change in band gap, this change is continuous thus allowing for high resolution

tuning.
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Figure 3.17: Band gap vs % strain for 3P, 3P+1, and 3P+2 class H-passivated Ge ACNRs.
Results for lateral strain match well with Shiraz et. al.

3.7 H-passivated Zigzag Germanene Nanoribbons

The nature of ZZ germanene nanoribbons appears to differ substantially from that of their
AC counterparts. Geometrically they are quite similar, both demonstrate the same 0.7A
buckling and maintain the same 2.45A bond length. The hydrogen atom also places itself
between the two Ge planes. However, the band gaps in the H-passivated ZZNRs reveal
nodal line semimetals. A change in the width adjusts the shape of the Dirac surface but
no band gap is opened. In the 4-atom case the Dirac surface forms a single loop, where
the trivial band gap that appears in the band structure diagram is likely a resolution error.
When the width is increased to 6 atoms two loops appear, and in the 8-atom case a lopsided
single loop forms. Based on the results of Matthes and Sharma we predict that as
the width increases the gap will close leading to a dense line of degenerate states at the
edges as seen in Figure 1.8a. To our knowledge, previous studies have not examined the
case of low width ZZ nanoribbons (m = 4, 6, and 8) and this thesis is the first to report

nodal line semimetal characteristics in Ge nanoribbons.
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Figure 3.18: Geometry of Ge ZZNRs of various widths. The H-passivated nanoribbons
maintain the same 0.7A buckling and placement of hydrogen atoms.
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Figure 3.19: From left to right: band structure of 4, 6, and 8-atom width H-passivated Ge
Z7ZNRs. The 4-atom band structure reveals a nodal semimetal with a single looped Fermi
surface, the 6-atom has a double looped fermi surface and the 8-atom case has a single loop
but with a downward bending conduction band. As width increases the conduction band
will likely bend into the valence band resulting in metallic behavior.
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3.8 Edge-Functionalized ZZ Ge Nanoribbons

An examination of edge-functionalized species on Ge ZZNRs was performed for this thesis.
The species which form symmetric honeycomb configurations differ from those of the AC-
NRs; for example carbon does not form a hexagonal structure and folds into a 3-dimensional
shape whereas chlorine forms a symmetric hexagonal structure. In each ZZNR the foreign
atom places itself between the Ge atoms with its bond parallel in the width direction. There
is however a geometric variation among the Ge atoms in the transport direction: they ei-
ther alternate between lying in two separate planes and overlapping in a single intermediate
plane with the foreign atom (Figure 3.20a), or continue to criss-cross between the two Ge
planes as seen in the ACNRs (Figure 3.20b). The alternating structure results from P, As,

S, Se, and Te ZZNRs, while the symmetric structure results from H, F, and CI.
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Figure 3.20: Edge functionalized Ge ZZNRs. Geometrically they fall into two classes:
alternating structure (a) where every other Ge atom overlaps as seen with P, As, S, Se, and

Te, and symmetric structure (b) where the Ge atoms remain in separate planes as seen in
H, F, and CIL.

The resulting band structures of these nanoribbons fall into three categories which are
not predicted by the geometry. In the first case a nodal line semimetal with a single loop
around the I' point forms. This is seen in the case of hydrogen and sulfur (Figure 3.21a),
where the sulfur band structure has a lopsided loop protruding more in the conduction

band than the valence band. In the case P, As, Se, and Te we have a valence band that
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protrudes well above the Fermi level to make contact with the conduction band, though
the bands simply touch and do not cross. Lastly, in the case of F and CI the bands have
a minimum at the Z point. While it appears like they touch, we judge this structure to
be a very narrow-band gap semiconductor as the E-K relationship is highly non-linear.
Applications and properties of nodal line semimetals are complex and beyond the scope of
this thesis. Further research into these zigzag nanoribbons may reveal potential applications
in spintronics or as superconductors due to their electronic and magnetic properties. For

further information see .
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Figure 3.21: Band structures of various edge species on Ge ZZNRs. (a) Nodal line semimetal
behavior about the I" point (H, S), (b) valence band protruding above the Fermi level making
contact with the conduction band (P, As, Se, Te), (¢) narrow band gap semiconductor with
near trivial band gap but highly non linear E-K relationship (F, Cl).
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Chapter 4: Discussion and Future Research

Free-standing monolayer germanene forms a buckled honeycomb structure exhibiting semimetal-
lic behavior with a Dirac cone at the K point. We confirmed results of previous studies
both with the 0.7A buckling height and the location of the Dirac point. Bilayer AA stacked

germanene forms a van der Waals structure with a small opening of the band gap and a

layer separation of 4.36A. The edge-functionalized ACNRs vary significantly in their band
gap vs width behavior. When graphed together (Figure 4.1) we begin to see relationships
between the different groups. They appear to form three groupings: H, F, and Te form the
first group, followed by As, P, S, and Se, and lastly the halogens Cl, Br, and I for the single
point calculated. The carbon ACNRs appear to follow a unique pattern, likely due to the
elongated vertical Ge-Ge bond lengths. In the first group we see a large band gap varying
from 0.75 eV to 0.85 eV at 4 atoms in width, with F having the largest. They then follow
a 3-width cyclical pattern, display semimetallic behavior at 5, 8, and 11-atom widths, and
show larger band gaps in the 3P+1 class than the 3P class of ACNRs. As, P, S, and Se
all group relatively close to each other throughout with the 7-atom Se ACNR being the
sole outlier. As width increases these groupings become more pronounced. At 11 atoms in
width the two groups split with members of each having nearly identical band gaps. When
considering the energy gaps of all ACNR permutations examined in this thesis, they nearly
span the entire IR spectrum. Coupled with the high tunability of Ge ACNRs through strain
engineering it may be possible to create detectors for any IR spectral band. Currently this
feat has only been achieved with HgCdTe technology. While germanene monolayers are
shown to have strong absorption throughout the IR spectrum, such studies have yet to be

performed on Ge ACNRs.
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Bandgap of Ge ACNRs for Various Edge Species

| H.F,Te

——tH
08 —

< As, P, S, Se

< , P, S, B

2 .

o B As

@ \ —g—S

Qo AN

o ——se

= g \ . e——

a \ \ ——Te

2]

4 5 6 7 g 9 10 11 12

Width (# of atoms)

SWIR MWIR LWIR
0.4 1000

0.76
coos 1 I
73 5 8 14

0.9 |
Uv VISIBLI INFRARED

Figure 4.1: Plot of band gap vs width for various edge-functionalized Ge ACNRs. The
different edge species appear to form 3 distinct groupings with the carbon nanoribbons as
the outlier. The total set of band gaps spans the IR spectrum.

Low width (m = 4, 6, 8) H-passivated Ge ZZNRs are revealed to be nodal semimetals. As
the width increases the conduction band begins to bend towards the valence band. Unlike
their AC counterparts, chlorine forms a stable 2D structure in ZZNRs whereas carbon does
not. These nanoribbons display three distinct band structures: nodal semimetal (H, S),
valence band protruding above the Fermi level (P, As, Se, Te), and extremely narrow band
gap semiconductor with non linear band dispersion (F, Cl). Further studies on the effects
of width on Ge ZZNRs should be explored as well as confirming magnetic properties of the
edge states. LDOS vs thickness calculations should be carried out on the Ge ACNRs to
confirm semimetallic behavior by demonstration of the quantum spin Hall effect. Absorption
spectra calculations on the ACNRs should also be examined to see if they have potential

applications as IR sensors.
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Chapter 5: Conclusion

In this thesis we confirmed the results for free-standing monolayer germanene as well as
H-passivated Ge ACNRs using DFT first principle calculations. We then explored edge-
functionalization of Ge ACNRs and ZZNRs across various widths, as well as established
the formation of a van der Waals bilayer AA structure formed from Ge monolayers and the
effect of strain on band gap tuning of Ge ACNRs. We confirmed that monolayer germanene
is a buckled semimetal with a Dirac cone at the K point and that the Ge bilayer structure
has a non-trivial band gap and separation distance of 4.36A. We found the same cyclical
relationship between band gap and width for H-passivated Ge ACNRs as established by
Monshi et. al. and Shiraz et. al. where the 3P and 3P+1 classes are semiconducting
while the 3P+2 class displays a linear E-K relationship and is likely semimetallic. We noted
the distinct geometric and electronic groups formed from the different edge-functionalized
ACNRs, whose band gaps in total nearly span the entire IR spectrum, ranging from near-
trivial to 0.837 eV. The band gaps are highly tunable through the application of strain in
either the transport or longitudinal (width) direction. We also note the lack of structural
stability in the halogen group of Ge ACNRs. Noteably, we recognized the existance of Fermi
surfaces in low width H-passivated Ge ZZNRs, particularly the 4-atom width case which
presents the band structure of a looped nodal line semimetal. We noted the downward
bending of the conduction band as width increased as well as the differences in stability
between edge species for ZZNRs and ACNRs. We found the edge-functionalized ZZNRs have
three distinct band structures none of which bear similarity to the ACNR band structures.
We recommend analysis of the absorption spectra of Ge ACNRs for potential use as IR
sensors as well as LDOS vs thickness calculations to confirm semimetallic behavior in near-

trivial band gap nanoribbons.
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