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RESUMO

Os estudo de materiais bidimensionais (2D) tem tido interesse crescente apds
a descoberta do grafeno, cujas propriedades eletronicas diferem surpreendentemente da
sua forma tridimensional, o grafite. Materiais 2D tém propriedades eletronicas, elasticas
e Opticas de grande interesse para aplica¢des tecnoldgicas, bem como como um papel
fundamental na reducao das dimensoes dos dispositivos eletronicos que sao produzidos
atualmente. O grafeno é um semicondutor de gap zero, com bandas de condugao e valéncia
degeneradas nos pontos K e K’, formando cones de Dirac. No entanto, dificuldades na
realizacao e ajuste de um gap de banda no grafeno tem levado ao interesse crescente em
outros materiais bidimensionais.

O germaneno, que é uma tnica camada de germanio, também é um semicondutor
de gap zero. No entanto investigagoes recentes sugerem que as camadas de germanio
reagem rapidamente com o ambiente. Isso pode afetar nao apenas sua estrutura eletronica,
mas também sua reatividade, e suas propriedades dielétricas e 6pticas. Portanto, pode-se
procurar formas de modificar as propriedades dessas camadas bidimensionais. Uma rota
promissora para ajustar a estrutura eletronica de materiais em camadas ¢ a adsor¢ao de
moléculas organicas ou grupos funcionais. Note-se que o germaneno foi sintetizado de
forma a criar camadas hibridas mediante adsorcao de ligantes organicos.

Neste trabalho, o ajuste do gap da banda com ligantes organicos adsorvidos em
monocamadas bidimensionais de germanio foi investigado usando calculos de primeiros
principios. Mostramos que a adsorcao desses pequenos grupos mantém a estabilidade
destas nanoestruturas de germanio. Nos propomos que a estabilidade dessas estruturas
decorre nao somente das deformagoes induzidas pela adsor¢ao destes grupos organicos,
mas também devido as interagoes ligante-ligante. Nossas descobertas abrem caminho
para um design racional de nanoestruturas de germanio, com potencial aplica¢bes em

dispositivos eletronicos.

Palavras - chave: Germaneno, Funcionalizagao, Calculos de Primeiros Principios



ABSTRACT

The study of two-dimensional (2D) materials has increasing interest after the dis-
covery of graphene whose property differed surprisingly from its three-dimensional form.
2D materials have electrical properties of great interest for technological applications, and
play a role in the reduction of the dimensions of the electronic devices that are currently
produced as well. Graphene in its honeycomb structure has a zero gap, with conducing
and valence bands being degenerate at K and K’ points, forming cones. However, difficul-
ties in carrying out and adjusting a reasonable sizeable band gap in graphene is attracting
increasing interest to other two-dimensional materials. One of the promising material is
a single layer of germanium, the so-called germanene.

Recent investigations suggest that germanium layers react rapidly with the
environment. This may affect not only their electronic structure, but also their reactivity
and optical properties. Therefore one may search for ways of tuning the electronic
properties of these two-dimensional layers. A promising route for tuning the electronic
structure of bare layered materials is the adsorption of organic molecules or functional
groups. Recently, germanene has been synthesized to create hybrid layers upon adsorption
of organic ligands.

In this work, band gap tuning of organic ligands adsorbed on bidimensional
germanium monolayers have been investigated using first-principles calculations. We show
that the adsorption of these small groups retains the initially stable free-standing pristine
buckled germanium nanostructures. We claim that the stability of these structures stem
from both strain induced by the adsorption of this organic group and ligand-ligand
interactions. Our studies of a finite band gap form the way for a rational design of

germanium nanostructures, which can find applications in electronic devices.

Key - words: Germanene, Functionalization, First Principles Calculations
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CHAPTER

INTRODUCTION

The study of two-dimensional (2D) materials has had increasing interest after
the discovery of graphene whose property differed surprisingly from its three-dimensional
form, graphite [1, 2]. 2D materials have electrical properties of great interest for techno-
logical applications, as well as in the reduction of the dimensions of the electronic devices
that are currently produced. Graphene in its honeycomb structure has a zero gap, with
conduction and valence bands being degenerate at K and K’ points, forming cones. How-
ever, difficulties in carrying out and adjusting a reasonable sizeable band gap in graphene
is attracting increasing interest in other two-dimensional materials, such as germanene.

Recent investigations suggest that germanium layers react rapidly with the
environment [3]. This may affect not only their electronic structure, but also their
reactivity and optical properties. Therefore one may search for ways of tuning the
electronic properties of these two-dimensional layers. A promising route for tuning the
electronic structure of bare layered materials is the adsorption of organic molecules or
functional groups [4].

Indeed, germanene has been synthesized to create hybrid layers upon adsorption
of organic ligands. It has been shown that modified germanium were stable hybrid
materials and with tunable optical properties [3]. Although bare germanium layers have
been extensively investigated, functionalized layers with organic molecules has received
less attention. For example, several aspects of electronic and optical properties of organic
ligand adsorbed germanium layers remain little explored.

In this work we have investigated the structural and electronic properties of
germanene adsorbed with small organic groups using density-functional theory. We show
that some of the adsorbed structures possess a sizeable band gap. We claim that the
stability of these structures is a combined effect of both in-plane strain induced by the
adsorption of organic groups and ligand-ligand interactions. Our studies of a finite band
gap form the way for a rational design of germanium nanostructures, which can find

applications in electronic devices at the nanoscale [5].

11



Furthermore, we also studied the electronic structure of germanene in the presence
of point defects such as vacancy and larger defects such as nanopores. We show that the
structures have a metallic character, which could be suitable for applications in sensing
devices.

This work is divided as the following: in Chapter 2 we introduce the methodology
used in this work. In Chapter 3 we present the results obtained for the functionalized
germanene structures. Chapters 4 and 5 are dedicated to the results obtained for defects
and pores in bare germanene. Finally, in Chapter 7 we present the conclusions for this

work.
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CHAPTER

METHODOLOGY

In a many-body system with many electrons and nuclei, the time-independent

Schrodinger equation is given by:

HIU({Ra}: {ri})) = EIV({Ra}; {r:}), (2.0.1)

with H being the Hamiltonian operator from the system which consists of nuclei

and electrons, respectively represented by group of position vectors R, and r;. Adopting
62

atomic units in all the equations, h = m, = Trcg

=1, we have:

A N 4 M N M oy NN M M g
H==3 Vi Ve 22 o420 -+ 3 5 b (202)
i=1 = i=1a=1"Tia =155 Tij  a=1p>a ‘toB
The first and second terms are the kinetic energy of the electrons and nu-
clei, The third, fourth and fifth terms are the Coulomb interaction between nu-
cleus and electrons, between electrons and between nuclei, respectively, where M,
is the mass and Z, is the atomic number of the nucleus, following the notation

Tia = ’I'i — Ra|;rij = ‘I'i — I'j‘,Raﬁ = |Ra — RB'

Its impossible to calculate this system analytically, since it can only be resolved
only for simple cases like hydrogen atom. Therefore approximations are needed and the

problem must be solved numerically.

2.1 The Born-Oppenheimer Approximation

The Born-Oppenheimer Approximation[6] assumes that the movement of the
nuclei are much slower compared to the movement of the electrons, because the mass
of the nuclei is much larger than that of electron. Thus, with each nuclear movement,

the electrons are arranged instantly generating a new configuration. In this way, we can

13



consider the nuclear movements as fixed for each electronic rearrangement step, making
the kinetic part of the nuclei as a constant. Within this approximation, the second term of
Eq. (2.0.2) can be neglected and the last term can be considered as a constant, decoupling
the Hamiltonian operator which has the form H= ﬂe +H Nue Where er is the electronic

part and H Nue is the nuclear part. Assuming that the wave functions take form:

Y({Ra}, {ri}) = v({Ra}, {ri})o({ri}), (2.1.3)

the Schrodinger equation involving the electronic Hamiltonian is then:

oo ((Ra}, () = Bate({Ra} , {1:}), (2.1.4)
with
=35V~ Sy Eeyy (2.1.5)

The electronic wave function (.({Ra},{r;})) explicitly depends on the coordi-
nates of the electrons and parametrically on the nuclei coordinates. The total energy Ej,

of the system is then written as:

Etot ele + Z Z

a=1B>a Rag

(2.1.6)

The second term in Eq.2.1.6 deals with the repulsive forces of nuclei, which is
constant, due to the decoupling of the nuclear and electronic movements.We were able to
reduce a N, electron and Ny, nuclei problem to just a N, electrons problem. However
the electronic problem remains without analytical solution for most cases. In this work

this problem is solved using Density Functional Theory(DFT)[7], described below.

2.2 Density Functional Theory(DFT)

The Density Functional Theory (DFT) initially proposed by Hohenberg and
Kohn [7], consists of two theorems, which are based on the works of Thomas and Fermi in
the 1920s [8, 9]. Hohenberg and Kohn (HK) considered as variable the electronic density,
with density becoming a functional of the electronic wave function,

By doing so, the density of the state of an electronic system is:

= /.../w*(rl,rg,...rN)w(rl,rQ,...rN)drN (2.2.7)

where ¥ (rq,ra,...ry) is the ground state wave function. The two theorems of Hohenberg

and Kohn are enunciated below.
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2.2.1 The first Hohenberg-Kohn theorem

The first theorem states:
The density of the ground state of an electronic system no(r) within a trivial additive
constant, is uniquely characterized by the external potential vVeg(T).
With the electronic density of the system one can determine the external potential and
the number of electrons and the Hamiltonian of the system, the total energy functional

E, [n] is described as

E,[n] = / n(r)o(r)dr + Fux [n] (2.2.8)

where
Fuxc [n) = T[n] + E.. [n (2.2.9)

Where T [n] and E.. [n] are kinetic energy and energy due to the electron-electron interac-
tion, respectively. To prove the first theorem, one should make a reductio ad absurdum.
A (1
Assuming that there are two distinct external potentials, v; and vy, with H( )

. (2
and H” respectively, both same density n(r), for v; we have E} < (¥ |H;|¢p®) where

E} and E? are groundstates.

(W@ Hy|p®) = (@ Ha| ) + (v | Hy — Holp®) (2.2.10)
(0| Hy|p®?) = Eg + (@ Hy — Ha|yp®) (2.2.11)
Using the (Eq.2.2.9) on 2.2.10, we have
El < B2+ / n(x)[vr (1) — va(r)]dr (2.2.12)
repeat the same for E?
E2 < El+ / n(r)[va(r) — v (r)]dr (2.2.13)

sum the equations (2.2.13) and (2.2.14), which results in:

EM +EP < EV + E? (2.2.14)

Thus, we can conclude that two distinct external potentials do not lead to the

same density, and by absurd [J.
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2.2.2 The second Hohenberg-Kohn theorem

The second theorem is:
The energy of the ground state corresponds to the minimum of the functional Eq[ng(r)],

any different density n(r) # no(r) will result in E [n(r)] > Ey [no(7))].

The second Hohenberg-Kohn theorem provides the variational principle. For a
trial electron density n(r) > 0 and [ n(r)dr = N, then

E,[n] = / v(E)n(r)dr + Fag [n] > E, [no] (2.2.15)

Assuming differentiation of F, [n], the variational principle requires that the
ground-state density satisfies the stationary principle. Using the Lagrange multiplier

method, we have:

5{ E,[n] — u[/n(r)dr - Ne] } —0 (2.2.16)

where p is the lagrange multiplier and physically our chemical potential. This gives the

Euler-Lagrange equation:

on(r) on(r)

Therefore, this is the exact functional called HK (Fpg) that describes precisely

(2.2.17)

my problem of many bodies, however, the exact form of this functional is not known, so
aproximations are required to resolve the desired system. A proposed solution done by

Kohn and Sham [10] using aproximations will be described on the next session

2.2.3 The Kohn-Sham equations

We have seen in the past section that the ground state energy for many electron

system is:

E,[n] = / v(®)n(r)dr + Fug [n] (2.2.18)

Kohn and Sham proposed a scheme which allow to simplify the application
of the DFT. They proposed that the kinetic energy and potential are separated into
components, two component being the energy of non-interacting electrons T [n] and
the others components is included in the exchange and correlation function E,.[n], thus

writing the equation as:

Fu [n] = J [n] + T [n] + Exc [n], (2.2.19)
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where the first term is the classical electrostatic repulsion (Hartree term). We

then have:

Jin] = ; // Mdrdr’ . Tyn] = —;z [6mVomar (2220

where ¢;(r) are Kohn-Sham orbitals. According to the Kohn-Sham formalism, the Kohn-

Sham orbitals should be orthonormals:

[ o) wd(r) = o (2221)

The total energy then takes the form:

E,[n] = ; Jii ’mdrdﬂ—;; [ 01V ouw)dr+ B ln] + [ n(ryu(eydre. (22.22)

Using the Lagrange multipliers in the Eq.(2.2.22), the second theorem HK leads

to:
0T [n] n'(r')  0E..[n]
5 / —e|dr = 2.2.2
/n(r)lv(r)—k st et e =0 (2.2.23)
n'(r'
Vi (r) = o(r) + / : f r),| + Vg0 1] (2.2.24)
where v, [n] is the exchange-correlation potential:
E
g ;;["] = v, [n]. (2.2.25)
We obtain the following equation:
0T
&En] 4 V() = (2.2.26)

These equations were obtained for a non-interacting electron system in the

presence of an external potential. With this we obtain the Kohn-Sham Hamiltonian

. 1
| - —5 V2 Vigg (). (2.2.27)

1" 6,(r) = E.y(r) (2.2.28)
and define density as

n(r) = Z s () 2. (2.2.29)
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The Eqs.(2.2.24), (2.2.28) and (2.2.29) are the so-called Kohn-Sham equations.

These equations are solved self-consistently, as shown below.

‘ N (initial) ’

repeat the procedure 4% Veff ’

‘ END

No? }4—{ Converged? }—»{ Yes?

Figure 2.1. Typical fluxogram for a self-consistent calculation using Kohn-sham equations.

It follows then, that the total energy is calculated as:

E.[n] = /n(r)v(r)dr + T [n] + Eye [n] + ;// Wdrdr’ (2.2.30)

Isolating the potential in Eq. (2.2.24) and substituting in Eq. (2.2.31), we have

E.[n] = Tln]+ / Vet (B)n(r)d(r) — // Wdrdr’ (2.2.31)
_ / Vae(r)(r)d(r) + ; / / ’mdrdr'+ By 1]
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called >, ¢, = T'[n] + [ vee(r)n(r)d(r), we have

Eefn) =Y e - // ddr+EM[} / Vae(t)n(r)d(r) (2.2.32)

We then reduce the many-body problem of nuclei and electrons to several one
electron problems. The exact form of the exchange-correlation potential is unfortunately
unknown and need to be approximated[10]. In the next section we will show some

approximations for the exchange-correlation potential.

2.2.4 Local Density Approximation

The first exchange-correlation approach to the Kohn-Sham equations is the Local
Density Approximation (LDA). It assumed that the electronic density[n| is equal to
that of a homogeneous electron gas. The exchange-correlation energy in the local-density
approximation is given by

ELPA) = / n(r)ehomn (r)dr, (2.2.33)

xc

where eh"m

Eq.(2.2.25), we have

is the exchange-correlation energy of a homogeneous electron gas, using

LDA hom n(r)depe™
= —— 2.2.34
VP = nfe)) + L (22:34)
The Kohn-Sham equations using potential LDA, takes the form
[— V2 +o(r +/ dr + vEPA(n (1) | s = ey (2.2.35)
r—r’ |
The functional €"°™ can be written as
ehom = ehom 4 hom (2.2.36)
where €™ is the energy of a homogeneous gas, given as:

) = - (3 (2) nays (2.2.37)

™

'™ even for a homogeneous electron gas can not be determined exactly. Cerpeley and

C
Alder[11] using quantum Monte Carlo simulation for an interacting homogeneous electron
gas, the paper has shown good results, for that these energies are parameterized, so that
the electronic density is uniform. More recently Perdew and Zunger|[12] also parameterized

the LDA exchange-correlation potential:
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ehom — —0.1423 (1 + 1.0529,/r, + 0.3334r,) " if 7, > 1 (2.2.38)
= —0.0480 + 0.0311lnr, — 0.0116r, 4+ 0.002r,lnr, if 0<r, < 1,(2.2.39)

where r, = (47 (r/3)~'/3 is the so-called Wigner-Seitz radius.

Local Density Approximation was the main approximation used for functional
exchange-correlation for several years. However LDA is not a good approximation for
non-uniform electron densities, with difficulties in calculating the band widths in the
semiconductor band structure[13, 14]. This lead to new approximations, such as the

Generalized Gradient Approximation (GGA), as described next.

2.2.5 The Generalized Gradient Approximation

In the Generalized Gradient Approximation(GGA), the functional F,. depend on
the local-density n(r) and on the gradient of the total charge density |Vn(r)l:

ECGA ] = / Foo[n(r), |Va(r)|] dr (2.2.40)

The Eq.(2.2.40) must be parameterized. There are several proposed schemes, as
described in Refs.[15, 16, 17]. In this work will use the Perdew, Burke and Ernzerhof or
PBE[17]. In the GGA-PBE, the parameterization of the factor F,. is given by:

EchGA [TL] = /n(r)echxc [Tsa 5] dr (2.2.41)
where 7 is the local Seitz radius (n = %) and s(r) = 2‘:;1 is a dimensionless density

gradient. The exchange F, is:

EPBE — / drne, Fo(s) (2.2.42)

. _ 2,2
with €, = SLFI’“F .

The functional takes the form:

PBE(_\ _ _
F 7%(s)=1+k - %2 (2.2.43)

with x = 0.8004. For the correlation part:
EGGA = / drn [eo(rs) + HIPP(r,, 1) (2.2.44)

with
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1 — In2 2 1+ Af?
HPBE(r, 1) = é” In [1+ bt ( Al )] (2.2.45)

T L2\ 14+ A2 4 A%
. —1
A=’ [e—% g 1] (2.2.46)
Y
where t = % is a dimensionless density gradient and g ~ 0.066725. However the

functionals GGA in some cases underestimate the bandgap and band widths. Therefore,
is current state of the art to use more modern functionals, such as the hybrid functionals,

as described below.

2.2.6 Hybrid functionals

The hybrid functionals are functionals which add some amount of Hartree—Fock
exchange energy to other functionals. The first work on hybrid functionals was by Axel
Becke et al in 1993 [18]. Other hybrid functional include the works of Refs. [19, 20, 21].
To exemplify we cite the HSE (Heyd—Scuseria—Ernzerhof) [22] (HSE06) functionsl, where
the EZS is given by:

EHSE _ i E,HF + jEfBEvSR + EJPPLE 4 BEPE. (2.2.47)

The terms EFPESE and EPBELE are the short-range (SR) and long-range (LR)

PBE
Ec

components of the PBE exchange functional, respectively. is the energy correlation

from PBE functional and E,HF is given by:

BT = =23 furfuie % [ [ drdv'racesy (0005, (0160 0,0l v =] (2:248)

where the q and k are contained in the first Brillouin zone and the wave ¢%, (r')

one electron Bloch states.

2.3 The Projector augmented wave method (PAW)

The pseudo potentials approach is used to reduce the complexity of the many
body electronic problem. Pseudopotentials allow simple derivation of the Kohn-Sham
equations. The idea in this method is to eliminate the electrons close to the nuclei by
treating them as inert (frozen core approximation). This is a good approximation if we
are interested in system properties that depend on the valence electrons only. The main

objective is to eliminate the nodes of the core functions so that potentials become soft.
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The use of norm-conserved pseudopotentials in ab initio methods were described
firstly in Refs. [23, 24, 25]. These pseudopotentials are generated from calculations of the

atomic orbitals of all system, which satisfy a couple of conditions.

i. The valence pseudofunctions should not have nodes, i.e. the pseudofunction should
be soft

ii. For the each valence orbital with angular momentum [, there is a cutoff radius r,
for which the radial pseudofunction(PS) (RP®) should be equal to the normalized
radial all-electron(AE) wave function(R4);

RPs(r) = RAP(r) >, (2.3.49)

This condition allows the choice of the core region and the valence region, controlling

the number of plane waves to describe the system.

iii. Similar to the above condition, the total charge should be equal, i.e.

/ R () 2y = / “IRAE () 2dr (2.3.50)
0 0

iv. The all-electron and pseudopotential eigenvalues must be equal

s = A (2.3.51)

v. The logarithmic derivative of the wave function of all electrons and the function of

the pseudopotential must be equal and the first derivative of the energy as well.

Similarly to the pseudopotential, we use the projector augmented wave method
(PAW), which allow calculations to be performed with greater computational efficiency,
as described in Refs. [26, 27, 28].

Consider a pseudofunction [¢)) and the all-electron wavefunction |¢). There is a
linear transformation 7, where the pseudofunction is orthogonal and is exactly equal to

all-electron function in the region (r > r.). We have then:

¥) = Tl¢) = chwn (2.3.52)

Expanding the pseudopotential in partial waves up to n-th:

=Y culihn) (2.3.53)

so we have
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) = 19) + > cn [[n) — )] (2.3.54)

with the operatorr being linear. We can then calculate the coefficients:

= (pnl?) (2.3.55)

where (p,| are projector functions, there is exactly one projector function for each partial
wave. The method needs to be so that <p~n|1/)~m> = J,,» and that expanding to the center

S0 [ ) (1| 00) of pseudo functions is equal to it so obtaining the linear transformation
=1+ [[tn) — 9] (. (2.3.56)

As we are dealing with it pseudopotentials, in the previous session we said that the
nucleus electrons are inert. The transformation 7 produces only wave functions orthogonal
to the core electrons. Applying to a given operator B, with the transformation B = 7'Br,

so that it smooths the all-electron wave function.

B =B+ [pa) |(¥alBlthm) = GalBlm)| (] (2.3.57)

Coulomb interactions, kinetic energy, etc. can be then replaced by soft functions.

2.4 Periodic systems and plane waves

Consider that the atoms are in the positions R; with R; = nja; + nsas + nsas,
where ap, as,az are the primitive lattice vectors of the supercell in the real space and

ni,n9, ng are integers. A periodic system must obey the Bloch theorem, so we can write:

Vi) = € (r) (2.4.58)

where 7 is the band index, k is a point in the first Brillouin zone(BZ) and )

is a periodic function in real space lattice, i.e.

Expanding into Fourier the Eq.(2.4.59)

U (1) T > Cixiae™@™, (2.4.60)

where V is the volume of the cell and G’ is a vector of the reciprocal lattice ,thus we can

calculate the function
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1
VYik(ry = i
We can write Eq. (2.2.27) then as

3 Cixpae®reT, (2.4.61)
G

1
%: [2|k +G[Yea +0(G = G) +vu (k= G) + vy (k = G”) | Cirar = €ikCirra-(2.4.62)
as we are dealing with a periodic system, |k + G| must have a limit. The expansion in

plane-waves includes terms with a certain cutoft:

1
Eoy < 5|k + G| (2.4.63)

2.5 Computational details

In this work, we compute the electronic and structural properties using the VASP
(Vienna Ab-initio Simulation Package) computational code [29, 26]. The calculations
presented here have been perfomrmed with E., = 300 eV according to the convergence
test as shown in the following chapter. We use the PAW [27] method together with the
exchange-correlation functional in the PBE parametrization [17]. The criteria used for the

energy convergence was 107* eV.
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CHAPTER

BARE AND LIGAND MODIFIED
GERMANENE

3.1 Convergence tests

Before starting all calculations, we did several convergence tests to determine
the optimum parameters to perform further calculations. For the generation of k-points,
we did convergence tests for several meshes, starting from a (8 x 8 x 1) mesh up to a
(12 x 12 x 1) mesh, which we use for all calculations in this work. Also convergence tests
for energy cutoff shown in 3.1 leads to a conclusion that 300€V is enough to describe the

formation energies and therefore suitable to perform all further calculations.
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Figure 3.1. Upper panel: Formation energy of germanene as a function of energy cutoff
Ecu:. Lower panel: Formation energy of germanene as a function of k-point mesh.
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3.2 Bare germanene

Bulk germanium has a fcc (face-centered cubic) lattice with 2 atoms in the unit
cell forming a diamond structure, as shown in Fig. 3.2. The optimized lattice parameter
is a = 5.65 A, in good agreement with Ref. [30].

Figure 3.2. Atomic geometry of bulk germanium in the diamond structure.

We optimized the bulk germanium in order to calculate the most stable structure.
Once we have done that, we construct a single layer of germanium, along the [111] direction
as shown in Fig. 3.3(a). The Grey spheres represent the germanium upper plane and the

yellow spheres represent germanium lower plane, as shown in Fig. 3.3(b).

Figure 3.3. (a)Ge(111) plane and (b) single layer germanium (germanene).

Experimentally, germanene has been synthesized by dry deposition of germanium
onto Au (111) surface by Davila et al[31]. In these experiments the corrugated germanene
on Au substrate has a buckling range of 0.41-1.50 A. Another possible configuration of
germanene is the planar one, as shown in Fig. 3.4(a).

In order to determine the stability of the atomic structure of germanene we have

calculate the atomic structure of single layer germanium in both planar and corrugated
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Figure 3.4. Relaxed structures of single-layer germanene. (a) planar germanene (side-
view), (b) corrugated germanene (side-view) and (c) top view of both planar and
corrugated germanene. Blue and yellow spheres are germanium atoms.

configurations. All calculations included spin-orbit coupling. We vary the in-plane lattice
parameter a = b. For the planar structure the lattice parameter of the most stable
structure was 4.12 A and the Ge-Ge distance was 2.37 A. The calculated lattice parameter
for the ground state of corrugated germanene was 4.05 A with a buckling of 0.69 A and
Ge-Ge distance of 2.43 A.

0.25F

- #— Buckled germanene
»—x Planar germanene

~
7

Energy (eV)
O
=

0.1F
0.05F
0 M .
4 4.05 4.1 4.15 4.2

Lattice Parameter (Angstrom)

Figure 3.5. Energy as a function of the lattice parameter for corrugated and planar
germanene. The zero of energy zero is set to the lowest energy found for corrugated
germanene.

The results for the stability of germanene is shown in Fig. 3.5. Our results indicate

that the corrugated germanene is energetically more stable than the planar germanene.
The energy difference is 0.25€V /cell.
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Figure 3.6. First Brillouin Zone of germanene with symmetry lines.

Now using the optimized lattice parameter, we are able to calculate the band
structure of the corrugated germanene including spin-orbit coupling. In Fig. 3.6 the first
Brillouin Zone of germanene with high symmetry lines is shown. We choose the path along
the ' = M — K — I' high symmetry lines.

4

Energy (eV)
)

e

4

I M K r

Figure 3.7. Band structure of bare germanene where dashed line is the Fermi energy.

In Fig. (3.7) we can see that the valence and conduction bands form a Dirac
cone close to the Fermi energy. This direct gap is due to spin-orbit coupling, there was a
symmetry break at the K point. Similar results have been found for silicene in Ref. [32].
However this feature does not exist in graphene [33], although graphene shares the same

valence and conduction bands features.
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Figure 3.8. Zoom near the K point for the band structure of bare germanene. The Fermi
level is set at zero.
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Figure 3.9. Density of states of bare germanene. The Fermi level is set at zero.
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In Fig. (3.8) we see that a tiny band gap of £, = 23 meV at K point exists.
This result is in very good agreement with the ones in Refs. [34, 35, 32]. We have also
calculated the density of states of germanene, as shown in Fig.(3.9). Large contributions
of p orbitals in the valence and conduction bands are seen. In particular, the p, orbital,

as expected.

3.3 Modification of germanene with organic ligands

As we can see from the results discussed above, single layer germanene behaves
as a metal. However, in order to be suitable for optoelectronic devices, there is a need
of opening a sizeable band gap in these layers. There are several strategies for doing
that, including doping, strain and surface and edge functionalization. In this work we will
examine the effect of adsorption of small ligands on the atomic and electronic structures

of germanene.

3.3.1 Structural properties

In our work we adsorb -H, -CHj, -CoH and -CH;CHCH, on germanene. We chose
these radicals based on recent synthesized structures [36, 37, 38, 39]. Besides, we have

also calculated adsorption of others functionals such as -COOH
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(b)

Figure 3.10. Side view of optimized atomic structures: (a) Ge-H , (¢) Ge-CHz and (e) Ge-
CoH. Top view of optimized atomic structures on (b) Ge-H | (d) Ge-CHj and (f) Ge-CyH.
Grey, brown and pink spheres are germanium, carbon and hydrogen atoms, respectively.

We then relax the atomic position and lattice parameters of all hybrid systems.
The final optimized structures are shown in Figs. (3.10), (3.11) and (3.12).

As shown in table 3.1, the lattice parameter of Ge-H was 4.08 (A), with Ge-Ge
bond length of 2.46 (A). The obtained buckling was 0.74 (A). The structure is symmetric
on both sides. The Ge-H bond length Ge-H was 1.56 (A).

For the Ge-CHj the lattice parameter is 4.11 (A). The buckling is larger compared

to previous structure with a value of 0.78 (A) The ligands lie upright to the germanene
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sheet. The distance between germanium atoms and germanium-carbon atoms are 2.48
(A) and 2.01 (A), respectively.

Now we analyze the Ge-CyH structure. The lattice parameter a is 4.15 (A) as
shown in table 3.1. There was a significant increase in the Ge-Ge bond length 2.50 (A)
compared to bare germanene. Due to the fact that this radical has a larger volume than
Ce-CH;z and Ge-H, the buckling is 0.70 (A).

crrss
002002020

A T S W

(c)

Figure 3.11. Side view of optimized germanium hybrid structures: (a) Ge--CH2CH, , (c)
Ge-CHCH; and (e)Ge-CyHy. Top view of optimized atomic structures: (b) Ge--CHyCHs,
, (d) Ge-CHCH,; and (f) Ge-CoH,. Grey, brown and pink spheres are germanium, carbon
and hydrogen atoms, respectively.
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In addition to CoH, we also functionalized C,H, radicals, with x ranging from
0 to 2 as shown in Fig.(3.11). The optimized structure for Ge--CHyCH, has a lattice
parameter of 4.07 (A), as shown in table3.1. The Ge-Ge bond length is 2.44 (A) and the
buckling is 0.53 (A). The bonds between the radical and germanene is 4.82 A, which is

very large. This can be explained noticing that this is a very stable radical and therefore

no adsorption of this radical is possible.
For Ge-CHCH, we find a lattice parameter of 4.24 (A), the bond length between
Ce-Ge was 2.50 (A) and Ge-C bond length was 1.87 (A), with buckling of 0.61 (A).
Finally, the lattice parameter of Ge-CoH, was 4.08 (A), with Ge-Ge bond length
of 2.20 (A). The calculated buckling was 0.58 (A).

Figure 3.12. Side view of optimized germanium hybrid structures: (a) Ge-CH,OH |, (c)
Ge-COOH and (e) Ge-CH,CHCH,. Top view of optimized atomic structures: (b) Ge-

CH,OH , (d) Ge-COOH and (f) Ge-CH,CHCH;. Grey, brown, green and pink spheres are
germanium, carbon, oxygen and hydrogen atoms, respectively.

Ge-CH,0OH had lattice parameter of 4.16 (A), as displayed in table 3.1. The
Ce-Ge bond length is 2.53 (A) and Ge-C bond length is 2.04 (A) with buckling of 0.77
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(A).

The lattice parameter of Ge-COOH is 4.20 (A). The bond length between Ge-Ge
is 2.57 (A) and Ge-C bond length is 2.05 (A). The ligand adopts a tilted geometry. The
buckling is 0.74 (A).

Ge-CH,CHCHj;, is the largest ligand investigated in this work, with a lattice
parameter of 4.30 (A). The Ge-Ge distance is 2.59 (A) with Ge-CH,CHCH, bond length
of 2.04 (A).

a(A) | Ge-Ge (A) | Ge-X (A) | buckling (A) E,(eV)
Ge(germanene) | 4.05 2.43 — 0.69 0.023
Ge-CH,CH, 4.07 2.44 4.82 0.53 0.02
Ge-H 4.08 2.46 1.56 0.74 0.88;1.51%;1.46[36]
Ge-CHj 411 | 248 2.01 0.78 0.69;1.86(37]
Ge-CoH 4.15 2.50 1.92 0.70 0.46
Ge-CH,OH 4.16 2.53 2.04 0.77 0.77
Ge-CoH, 4.20 2.54 1.98 0.58 0.75
Ge-COOH 4.20 2.57 2.05 0.74 0.80
Ge-CHCH; 4.24 2.50 1.87 0.61 0.50
Ge-CHyCHCH,; | 4.30 2.59 2.04 0.76 0.41

Table 3.1: Lattice parameters a, Ge-Ge distance, Ge-ligand distance Ge-X, buckling and
energy gap E, of hybrid germanene structures. Values with * imply HSE calculations.

3.3.2 Electronic properties

In this section we discuss the electronic properties of functionalized germanium.
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Figure 3.13. Band structures of (a) Ge-H, (b) Ge-CHjs, (¢) Ge-CH,CHCHy, (d) Ge-COOH,
(e) Ge-CH,0H, (f) Ge-CyH, (g) Ge-CHCH; and (h) Ge-CyH,. The dashed line denotes
the Fermi energy.
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The Ge-H has a gap at I" point with a value of 0.88 eV . At K point the Dirac cone
has disappeared. Ge-CHjs opened a direct gap of 0.69 eV at I' point. The Ge-CH,CHCH,
has a smaller direct gap than other hybrid systems, with a value of 0.41 eV at point K.

Ge-COOH has a larger direct gap than other hybrid systems, with 0.80 eV at
point K and again and the Dirac cone has moved to the I' point.

Next, we calculated the band structure of Ge-CH5;CHsy. The band structure shows
a gap of only 0.02 eV, which is due to germanene, since the interaction between germanium
atoms and the ligand is negligible.

For the Ge-CH,OH system we obtain a direct gap of 0.77 eV at K point. Ge-CoH
and Ge-CHCH; have a direct gap of 0.46 eV and 0.50 eV at I" point. In Ge-CyHs the band

structure of this material has an indirect gap of 0.75 eV.
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In order to understand the different atomic contributions, we have calculated the
total density of states (DOS) and the atom-projected DOS of functionalized germanium
layers, as shown in Fig. 3.15. All our calculations, except for Ge-CyHs, showed that the
biggest contribution to the DOS stems from the germanium atom. For the functionalized
radicals that have oxygen in their composition, such as Ge-COOH and Ge-CH;OH, there
was no contribution close to the conduction and valence band.

Note that at point K, the Dirac cone has been eliminated in all systems except
for Ge-CH,CHy, translating the energy gap to I' point. The greatest contribution of the
bands close to the Fermi level comes from the p orbital. Thus, in the presence of organic
ligands, there is a change in the underneath germanium layers, On the other hand, for
the Ge-CyHs, there was no real chemical adsorption and therefore there was no change in

the Dirac cone in the band structure of this material.

3.3.3 Charge density difference

In order to better understand the effect of ligands on the germanium structures,

we calculated the charge density difference Ap defined as:

Ap = p&X — pe—p¥, (3.3.1)

where p%=X is the electronic density of the hybrid Ge-X layers, p“¢ and p* are
the charge densities of the germanium layers and the ligand, respectively, calculated at
fixed atomic positions. The results are shown in Fig. 3.16.

The nature of the chemical bonds presented in the hybrid systems was investi-
gated by the charge density difference between the electronic densities of the adsorbed
germanium layers and their constituent systems. Positive (negative) values should corre-
spond to an area of electron density enrichment (depletion). Blue and red regions corre-
spond to positive and negative electronic charge modifications, respectively, between the
Ge substrate and the ligands.

As a general feature, charge accumulation on the ligand and charge withdrawal
close to the germanium atom are seen. The complex Ge-H shown in Fig. 3.16(a) has a
higher electronic density at germanium site and a withdraw of electrons at hydrogen sites.

Upon -H adsorption bonds between hydrogen and germanium atoms are formed.
The complex Ge-COOH also shows accumulation of charge at the ligand, oxygen and
carbon atoms, while charge is accumulated at the germanium site (see Fig. 3.16 (c)).

The complex Ge-CHj shown in Fig. 3.16(b) shows that charge is extracted from
germanium after adsorption in the germanium layers. Between C and Ge bonds there is an
excess of electrons. Between C and Ge bonds there is a negative charge slightly displaced

to the carbons due to its electronegativity greater than that of germanene.
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The complex Ge-CH;OCHj3 also shows accumulation of charge at the ligand,
mainly on the oxygen and carbon atoms, while positive charge (withdraw) is accumulated
at the germanium site (see Fig. 3.16 (e)). Between C and Ge bonds there is an excess of
electrons shifted to carbons.

The complex Ge-CH,CHCH; also shows accumulation of electroni charge at the
ligand, more specificcaly on the carbon atoms, while regions close to the germanium are
charge depleted. At the germanium site and between C and Ge bonds there is an excess
of electrons as it can be seen in Fig. 4.7(d).

For hybrid Ge-CHC; and Ge-CyH; we have a similar result, with different
intensities due to the additional hydrogen.

In Fig. 3.17 we have Ge-CHyCH, where there was no adsorption so there is no
difference in charge density. This is quite interesting, since it reveals that the role of all
ligands is to introduce a new function to the germanene by changing its reactivity. Due
to the charge accumulation/withdraw in the modified layers, the reactivity of the whole

system changes.
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(a) (b)

Figure 3.16. Isosurfaces Ap. Negative (positive) charge is shown in red (blue). (a) for Ge-
H, (b) for Ge-CHjg, (c) for Ge-COOH, (d) Ge-CH,CHCH,, (e) Ge-CH,OH and (f) CoH
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OO

Figure 3.17. Isosurfaces Ap. Negative charge is shown in red from CHyCH,

From the discussion above, we can see that the buckling shows little change
regardless the ligand as shown in table 3.1. On the other hand, bond lengths between
germanium and the ligands show a large variation with the ligand size. All of them are
around 2.0 (A) for carbon and 1.5 (A) for hydrogen, compliant with the results for the
atomic van der Waals Radii [40].

Finally we would like to mention that our results are in good agreement with the
ones in the literature for Ge-H and Ge-CHj systems regarding structural properties [36,
37]. Additionaly we have calculated the band gap using hybrid functionals (HSE-06). The
change in the gap is shown in table 3.1. As we can see the band gap increases due to a
different description of the exchange-corrrelation potential.

All functionalized structures that were studied in this work have a band gap.
Therefore, adsorption of organic ligands are able to change the electronic properties of
germanene which is useful for applications of these systems in electronic devices, especially

when searching for new ligands with lower cost.
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CHAPTER

DEFECTS IN GERMANENE

Defects in materials are often studied in science and they are always found in
nature, however these defects can cause changes in the properties of the material that can
be beneficial in technological applications. We seek to understand the electronic structure
of germanene in the presence of several types of defects such as vacancies.

The defects of the type vacancy have a great interest in condensed matter, because
the electronic structure and optical properties are very sensitive to the atomic structure of

the material. In this chapter, we will explore vacancies in germanene and also nanopores.

4.1 Point defects

In this section we will describe our investigations on germanene in the presence

of vacancies, vacancy is the absence of an atom or set of atoms in its lattice structure.

4.1.1 Monovacancy

In our calculations we use a (4x4) unit cell as shown for the initial structure in
Fig.(4.1).
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Figure 4.1. Initial structure of a monovacancy

The relaxed structure produces a defect called (555), where pentagons are formed

close to the vacancy, as shown in Fig. 4.2.

Figure 4.2. Germanene with a monovacancy.

The distance between the first neighbors close to vacancy is 2.50 (A), to second
neighbors 2.46 (A) and third neighbors onwards 2.47 (A) as shown in Fig. 4.2. We have
calculated the density of states of germanene monovacancy. The system is now metallic,
with a large contribution close to the conduction band and valence band of the p orbital,
as shown in the Fig.(4.3).
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Figure 4.3. Density of states of germanene monovacancy. The Fermi level is set at zero.

4.1.2 Divacancy

In a divacancy there are two germanium atoms missing. There are two possi-

bilities: the divacancy can occur in the same planes or in different planes, as shown in
Fig.(4.4).

(b)

Figure 4.4. (a)Divacancy within the same plane and (b) in different planes.

4.1.3 Divacancy within same layer

The relaxed structure is shown in Fig.(4.5).
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Figure 4.5. Relaxed divacancy within the same plane.

Divacancy wihin the same plane in germanene relaxes the structure for Ge-Ge
distances of 2.63 (A), 2.74 (A) and 2.50 (A) as shown in Fig.(4.5).
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Figure 4.6. Density of states of the divacancy within the same plane. The Fermi level is
set at zero.

We calculated the density of states to divacancy within the same plan, We find

that the system is metallic with large contribution from the p orbitals.

4.1.4 Divacancy in different layers

For divacancy in different plan the so-called (585) defect is produced, that is,
two pentagons and an octagon as shown in Fig.(4.7). Within the pentagon the distances
between germanium atoms was 2.44 (A) and those that form the octagon are 2.57 (A).
Further distances are 2.45 (A).
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Figure 4.7. Relaxed structure of germanene with Divacancy in different layers.

We calculated the density of states for the divacancies. As shown in Fig.(4.8) we

have a metallic character.
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Figure 4.8. Density of states of the divacancy within different planes. The Fermi level is
set at zero.

Presence of s, p close to the Fermi level with larger contribution of the p orbitals.
Comparing to the monovacancy and divacancy there is change in the behavior of the

material.

4.2 Germanene nanopores

Another type of defect that occurs in nature is the presence of pores in the

structures. For germanene note that these pores are on the nanometer scale.

4.2.1 Trigonal nanopore

In our calculations for trigonal nanopore we replicate our germanene unit cell to
(4x4), produce the trigonal nanopore we remove germanium atoms highlighted as shown in
Fig.(4.9), all our calculations made by trigonal nanopore were included spin-orbit coupling.
With the relaxation of the germanene structure with the trigonal nanopore, there
was a break in the binding after the relaxation, distancing the atoms by 2.68 (A), also
forming some pentagons with distance between germanium of 2.42 (A) in the structure

as is shown in Fig.(4.10).
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Figure 4.9. (a)Removal of germanium atoms in order to produce a trigonal nanopore in
germanene and (b) germanene with trigonal nanopore.

Figure 4.10. Relaxed structure of germanene with trigonal nanopore.

With the triangular type nanopore in the structure, we calculated the density
of states as shown the Fig.(4.11) the structure changed the electronic properties of the
system, with the insertion of the nanopore the material has a more metallic character
than bare germanene, the greater contribution to the p and d orbitals close to the Fermi

level
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Figure 4.11. Density of states of the trigonal nanopore, at the origin the Fermi level is
fixed

4.2.2 Hexagonal nanopores

The hexagonal nanopore consists of the removal of six atoms. We used a (8x8)

unit cell, so that we can isolate the nanopore as shown in Fig.(4.12).

(a) (b)

Figure 4.12. (a)Highlighted germanium atoms to produce a hexagonal nanopore in
germanene and (b) germanene with hexagonal nanopore.

We calculated the relaxed germanene structure with hexagonal nanopore as shown

in Fig.(4.13),
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Figure 4.13. Relaxed structure of germanene with hexagonal nanopore.

The first neighboring germanium atoms have bond lengths of 2.48 (A), the second
neighbors of 2.42 (A) and the third neighbours of 2.43 (A). Further atoms have a bond
length distance that converges to 2.44 (A).

We calculated the density of states of the hexagonal nanopore germanene. This
pore is metallic, as shown in Fig.(4.14). We can see the presence of s and p orbitals at

the Fermi level, mainly p, orbitals.
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Figure 4.14. Density of states of the hexagonal germenene nanopore. The Fermi level is
set at zero.

Our results are in very good agreement with the ones in previous results, such as
the defects monovacancy, vacancy type (555), (585) [41, 42]. As a perspective we plan to

calculate the functionalization of the pores investigated here in order to undestand how
they behave in contact with the environment.
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CHAPTER

CONCLUSIONS AND PERSPECTIVES

Germanene has been recently synthesized to create hybrid layers upon adsorption
of organic ligands. It has been shown that modified germanium were stable hybrid
materials and with tunable optical properties [3]. Although bare germanium layers have
been extensively investigated, functionalized layers with organic molecules has received
less attention. For example, several aspects of electronic and optical properties of organic
ligand adsorbed germanium layers remained little explored.

In this work we have performed density-functional theory calculations of ger-
manene functionalized with organics groups in order to clarify several aspects regarding
ligand-germanene interaction, mainly focusing on the electronic properties of these hy-
brid materials. Additionally we have investigated germanene containing point and larger
structural defects, such as nanopores.

Our results for the ligand adsorbed structures show that the functionalized layers
have a sizeable gap which depend on the size and reacitivity of the ligand. Our findings
of a finite gap shows open a path for rational design of nanostructures. Our results with
vacancies and nanopores show that that a structural modification of the lattice leads to
changes in the electronic structure of the material. This can be of great interest since new
porous nanostructures have potential applications in new sensors, which could reduce
costs for bio and organic molecules detection. Starting from the pores investigated in
this work, we could envisage the adsorption of gases and biomolecules on the germanium
layers.

As a perspective, we plan to calculate the functionalization of the pores investi-
gated here in order to undestand how they behave in contact with the environment. In a
future work to calculate the dynamics of biomolecules passing through different pores.

Finally, we should mention that our results open the path for future investigations
on bare and functionalized germanene. The interaction of small molecules with the surface
and the germanene pores could be a path for the development of new solid state devices,

which are more robust and stable with potential applications in optoelectronic devices.
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