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Abstract

Ovonic Threshold Switching (OTS) is a nonlinear current-voltage phenomenon
in certain amorphous materials. Recently, OTS selectors based on chalcogenide
compounds have been successfully integrated with innovative phase-change mem-
ories in 3D cross-point arrays for switching memory. The selector controls data
accessibility and transmission quality within and outside the entire memory cell.
a-Ge,Se;_y are among the most promising compounds for this application.

Understanding electronic properties and the related structural features is crucial
for designing and optimizing these materials. This work addresses some of the
most significant challenges in generating amorphous materials using first-principles
calculations (chapter 3). Density functional theory methods are used to gain new
insights into the structural and electronic properties of the undoped and doped
a-Ge,Sej_y (chapters 4 and 5). We have developed realistic density functional
theory-based structural models of a-Ge,Se;_, without resorting to experimental
information or adjusted interatomic potential. A series of a-Ge,Se;_x with three
stoichiometries (x = 0.4, 0.5, and 0.6) and dopants (Si, As, P, S, Te) with various
concentrations (1%, 3%, 5%,7%, 10%, 15%) has been generated with the melt and
quench protocol.

We analyze each sample’s structural and electronic properties and unveil the
link between each localized state’s electronic and structural properties within
the mobility gap. Our results indicate that the a-Ge,Se;_x is mainly Ge(3): Se(3)
coordinated. The results show that there is Ge and Se clustering in Ge and Se-rich
structures, respectively; the Ge-rich structures tend to have a larger coordination
number, opposite to the Se-rich structures. Well-defined Ge-Se first-neighbor
shells are found, similar to the Ge-Se bond in the GeSe crystalline structure. We
have analyzed the electronic properties, including the inverse partition ratio and
the density of states. We have also analyzed the correlation between their most
relevant features and the microscopic structure of our models. We have found that
the mobility gap is very sensitive to the composition around the stochiometric GeSe
compound, and in particular, that it decreases with Ge concentration, to the point
of becoming essentially metallic already for x=0.6.

We show the structural motifs at the origin of the localized states in the mobility
gap. Specifically, we found that the localized states are predominantly due to the Se-
Se bonds and a minor contribution to Se lone pairs and tetrahedra. These bonding
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configurations are at the origin of conduction and valence band tail states, leading
to nonlinear conduction in OTS. The a-Geg ¢Se( 4 sample is metallic.

We have also generated and studied the structure of the three a-Ge,Se;_, com-
pounds in the presence of dopants species (Si, As, P, S, Te) with various concentra-
tions (1%, 3%, 5%,7%, 10%, 15%). The dopants behave similarly with their iso-valent
hosting ions, with some delicate differences. We found a new kind of structural mo-
tif, the germanium chalcogenide cubane, symbolizing the presence of structurally
ordered assemblies in disordered materials. The structural origin of localized states
has also been explored. Bicoordinated and pentacoordinated Ge give rise to local-
ized states in all the dopants. For the Si-doped and pnictogen-doped a-Ge,Se;_x,
we observe the presence of defect states originating from substitutional doping.
In the case of chalcogenide doping, we also observe the chalcogenide lone pairs,
homopolar bonds, and the valence alternation pair, all of which yield localized
states.

These results are useful to understand the electronic properties of these materi-
als and could help to provide guidelines for improving the memory-switching
performance of a-Ge,Se;_,.
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Introduction

Information and communication technologies have been historically all-silicon-
based platforms. The current and major worldwide drive for the fast and efficient
processing of large data sets forces the semiconductor industry to enhance device
density and achieve robust communication optimization. This provides a unique
opportunity and a clean slate to deploy novel technologies based on innovative
materials and devices. Thus, innovative approaches for fabricating disruptive na-
noelectronic solutions are urgently needed. This requires a fast exploration of
materials’ properties (e.g., structure, composition, doping, stability, electrical and
thermal response) and establishing clear links between these properties and perfor-
mance in novel, unexplored architectures. Inspired by the power efficiency of the
human brain, synaptic electronics [GV16; KYW13; Mer+14] and neuromorphic com-
puting [Mea90; YSS12] emerged as top candidates to reduce the power consumption
of big data analysis and perform robust and fault-tolerant computation. The idea
behind such a novel computation scheme is to process the information similar
to what happens within the brain, where memory and computing are co-located
within the same biological system.

Among the emerging technologies for neuromorphic computing, switching
memories such as phase-change memories (PCMs) and resistive random access
memories (RRAM) [Bur+10; WY19] are the most extensively researched by the
semiconductor industry. These memories are integrated into complex 3D cross-
point arrays, interconnected by selectors that control data access and transmission
quality within and outside the memory cells [AT16]. Selectors act as dynamic
switches, optimizing the encoding mode to minimize bit error rates during data
transmission [Hua+13].

Developing these new electronics relies on designing and characterizing materials
and devices. Albeit implicitly interconnected, the interplay between the materials’
characteristics and device performance is hard to determine. Materials modeling
can play a key role in this process by minimizing experimental trials and promoting
efficient top-down and bottom-up design approaches.

Amorphous chalcogenide alloys are emerging as a potential alternative to address
the scaling limitations of current Si-based technologies. New disruptive electronics
based on amorphous chalcogenides have emerged, such as in-memory devices,
where data are processed within the same element as the memory. This new
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disruptive electronic helps in data storage and energy scavenging applications
thanks to its significant non-linear optical and electrical properties, along with its
low vibrational thermal conductivity.

While extensive research has focused on GeTe as a prototypical phase-change
material, the quasi-stoichiometric GeSe compound remains far less understood.
Nonetheless, GeSe has been recently exploited for developing selectors units
[Cha+19]. However, there is insufficient information about the structural properties
of amorphous GeSe (a-GeSe) materials, either from experiments or theory [Tav+20].
The first results indicate that amorphous GeSe exhibits ovonic electrical switching,
and even moderate modulation of the stoichiometry ratio significantly impacts the
device’s electrical response, affecting both I-V characteristics and power dissipa-
tion [Liu+19b; Yoo+18]. However, the origin of this behavior remains unknown.
Theoretically, understanding the interplay between local-order structures, trap
states, and the resulting electrical response poses a significant challenge: it requires
the ability to model large systems at the atomistic level, including their electronic
structure. Due to the inherently disordered nature of amorphous materials, this
necessitates large-scale first-principles simulations, which involve constructing
extensive atomistic models to accurately represent the material. A critical aspect is
the capability of treating/understanding systems with a high degree of structural
disorder, including the role of defects and impurities without specific experimental
results of a-GeSe.

In this thesis, we aim to develop a realistic model based on first-principles
simulations for a-GeSe and investigate its structural and electronic properties.
This includes the structure of the material, the atomic coordination, the short-
and medium-range order (5-MRO) and the electronic properties. We also want to
examine the existence of localized electronic states induced by structural defects
in the amorphous network, and explore the effect of the presence of deviation
from stoichiometry, as well as of dopants, on the structure and the electronic
properties of the material. We aim to explore the interplay between structural
and electronic properties without relying on experimental information or adjusted
empirical potentials.

The thesis is organized into the following chapters: chapter 2 provides an
overview of the current knowledge on crystal and amorphous structures in gen-
eral, with a focus on crystalline GeSe and a-GeSe;.x. Chapter 3 introduces the
fundamental concepts, theories and tools used to study the crystalline structure
and generate a-GeSe;x along with the computational details. Chapter 4 discusses
the electronic and structural properties of a-GeSe, while chapter 5 examines the
electronic and structural properties of doped a-GeySe;.y.



2 State-of-the-art in amor-
phous semiconductors

2.1 The Crystalline and Amorphous Materials:
Historical Perspectives and Technological
Implications

The history of civilization is deeply intertwined to the discovery and development
of new materials. Historically, entire periods were named after the material pre-
dominantly used during that time. We distinguish the Stone Age, the Bronze Age,
and the Iron Age. In the 18th and 19th centuries, scientists started to question the
structure of matter. Later in the 20th century, scientists such as Thomson [Tho13a;
Tho13b; Tho97], Rutherford [Rut11; Rut19; Rut20] and Bohr [Boh13a; Boh13b],
proposed atomic models to explain experimental observations [Ste23]. Before 1900,
fractography studies were used to coin the term amorphous structure to a structure
with a formless fracture surface. With the advent of X-ray diffraction experiments
later, their non-crystallinity was evidenced. They do not exhibit sharp reflections
associated with a crystalline structure [Bag74]. Solid-state materials could be classi-
fied into crystalline and amorphous. A perfect crystal is a solid material with a unit
cell and translational symmetry—when extended in 3 dimensions, the unit cell gives
the structure of the materials. In contrast to crystalline materials, the amorphous
structure is characterized by the lack of long-range periodicity (the absence of a
regular, repeating, and well-defined structural pattern over extended distances).
While adopting the absence of long-range order as an essential criterion, the terms
‘non-crystalline, ’glass, ’vitreous, and ’amorphous’ are often used synonymously.

In his seminal work in 1932, Zachiaren [Zac32] defined glass as supercooled
liquids and investigated its structural arrangement. In 1964, Bernal [Ber64], by ana-
lyzing the structure of liquids for the first time, used the random packings of spheres
model to define liquid as homogeneous with irregular assemblies of molecules. The
lack of long-range order in amorphous materials results in the absence of Bloch
states [Blo29], which in turn reduces electron mobility and conductivity. Due to
their disordered structure, amorphous materials were once thought to have no
potential for technological applications. Additionally, doping amorphous materials
is often challenging and, in some cases, impossible [Bah18]. Undoped amorphous
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chalcogenides (a-CG) have limitations that make them unsuitable for specific ap-
plications. Due to their lower electrical conductivity, undoped chalcogenides are
unsuitable for high-power electronic devices. The amorphous chalcogenides have
lower thermal stability than crystalline materials. Consequently, they can degrade at
elevated temperatures, making them unsuitable for applications requiring exposure
to extreme heat, such as aerospace.

However, amorphous materials have many advantages over crystalline materials
due to their non-periodic atomic structure, allowing a more straightforward man-
ufacturing method, such as deposition techniques like sputtering or evaporation.
When engineered properly, amorphous semiconductors can have enhanced electron
mobility, making them suitable for thin-film transistor applications.

To fine-tune the properties of amorphous GeSe for specific applications, alloying
and doping with other materials have been explored. Due to the lack of long-range
order in amorphous materials, it was long believed that they could not exhibit
semiconductor properties. In 1955, Goryunova and Kolomiets discovered that one
of their amorphous compositions, T1AsSe,, demonstrated the typical semiconductor
conductivity behavior [GK55]. Anderson introduced the concept of localization to
explain hoping conduction on compensated crystalline semiconductors [And58].
In 1960, Ioffe and Regel [IR60] demonstrated that the band gap depends on short-
range order instead of long-range order in the lattice. They proposed that the first
coordination number of the crystal is maintained in the amorphous structure. Mott
and Twose [MT61] showed that all states in a one-dimensional energy band became
localized as soon as the disorder was introduced. The mobility edge, which separates
localized energy states from extended electronic states, was first introduced by
Cohen et al. [CFP67]. They describe an ideal covalent random network structure
with extended wave functions, where localized states exist in the gap between the
valence band (E,) and the conduction band (E.). At both E, and E., the electron and
hole mobility drops sharply, while the Fermi level lies near the center of the gap.
Various deviations exist from ideal covalent random networks, such as vacancies,
dangling bonds, and chain ends, leading to localized states with various energies
and a curve of non-monotonic density of localized states.

2.1.1 Structural characteristics of amorphous solids:
Short-Range and Medium-Range Order
The term glassy has been reserved for amorphous solids, prepared by melt-quenching,

that exhibit a glass transition [KS15]. Glassy materials are subsets of amorphous
solids; all glasses are unstructured, but all amorphous are not necessarily glasses



The Crystalline and Amorphous Materials: Historical Perspectives and Technological
Implications

[Liu+19a]. The amorphous Ge,Se;_ are glass-forming systems for 0 < x < 0.43
[ATB75; Zei+17]. On a general footing, short-range order in disordered solids is
similar to its crystalline counterpart materials in the same composition. But bond-
ing angles between adjacent atoms deviate slightly, and the dihedral angle among
them causes disorder in the rings, disrupting the periodicity. Figure 2.1 deepens our
understanding of the loss of long-range order in an amorphous structure and vividly
highlights the preservation of short-range order (SRO) in amorphous structure and
structural distinctions.

Figure 2.1: Comparison of short-range order in crystal (left) and amorphous material
(right) [Zac32] showing the preservation of the short-range order in amorphous

Unveiling the relationship between structure and macroscopic properties of
amorphous materials has been a fundamental problem due to their lack of peri-
odicity. Although SRO implies a similar coordination and bond shortest distance
between the crystal and the amorphous phases, only slight distortion destroys the
long-range order. One example is the atomic coordination in the crystal and glasses
As,S3, which are almost the same [Luc72]. Nevertheless, there are amorphous
materials that do not have the same SRO as in the crystalline state. There has
been a debate in the literature on the SRO of the germinate chalcogenide glasses
(GexCh;_, where Ch=S, Se, Te), the subject of our studies. According to [E77; FT74;
FWB79; PSV80; TSS82] amorphous GeSe relaxes into a 4:2 coordinated structure
each atom satisfying its normal valence requirements different from its crystalline
counterparts. On the contrary, the local structure of amorphous GeSe studied by
[Oya+81; Tro+77] reveal a 3:3 coordination for Ge and Se, respectively, which is
the same as in the crystal.

Based on the bonding type among atoms, amorphous semiconductors can be
classified into: (1) ionic, (2) covalent, (3) metallic, (4) van der Waals, and (5) hydrogen

Section 2.1
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bonding. The compounds of interest here, namely the germinate chalcogens with
sulfur (S), selenium (Se), and tellurium (Te), fall under covalently bonded glasses.
Covalent glasses have a much higher SRO [Zhd+79] than metallic glasses [SM75;
TJD00].

In addition to short-range order, the study of these amorphous chalcogenides has
revealed the presence of medium-range order (MRO) as introduced by Elliot [E1189].
The MRO results from an extended order beyond the SRO. There are three types of
MRO: small-scale medium-range order (3-5 A), intermediate-scale medium-range
order (5-8 A), and large-scale medium-range order (8-10 A) as reported by Elliot
[Gas79].

2.1.2 Electronic structure in amorphous semiconductors:
models and insights

The band theory in quantum mechanics was derived to describe a crystal’s optical
[BC69] and electronic properties using the Bloch theorem [Blo29] to account for
the periodicity of the atomic arrangement. When applied to crystal, it helps to
derive bands, which refer to ranges of energy in which electronic states are present.
Consequently, it allowed us to distinguish between the allowed energy bands
and the electronic band gap. The critical difference between the crystal and the
amorphous semiconductor is that crystalline material has extended states in the
valence and conduction band and no mobility edge. Figure 2.2 panel (a) shows
the band diagram of a crystalline structure. An energy band gap separates the
conduction and the valence band. Furthermore, the conduction and valence band
edges are delimited by a sharply defined edge where the DOS goes to zero. In
contrast, the amorphous structure has some localized states that extend beyond the
mobility edge. While defects create some of these localized states, most are made
by losing long-range order and are unique to amorphous solids. Anderson [And58]
was the first to show systematically that the variation of energy site by site due
to the disorder in the lattice will result in localized states in the band structure.
Various models have been proposed to explain the high defect density and the band
structure observed in amorphous semiconductors.

Cohen-Fritzsche-Ovshinsky (CFO) model

In 1968, Cohen-Fritzsche-Ovshinsky [CFO69] proposed a model to explain the
electrical switching in chalcogenide glasses. In the CFO model (Figure 2.2 b), the
disorder is significant, causing the overlap of the band tail states in the middle
of the gap, leading to the appreciable density of the states in the mobility gap.
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Figure 2.2: Schematic Density of States models for semiconductors materials [GZ14]. (a)
DOS of a crystalline semiconductor, (b) DOS models proposed by Cohen, Fritzsche, and
Ovshinski (CFO) [CFO69], showing the localized states extending across the forbidden
gap (c) DOS models proposed by Mott [Mot98], showing the smearing out of the band
edges caused by local variations in the lattice parameters and (d) DOS models proposed by
Marshall and Owen [MO71] containing deep donors below acceptors.

The overlapping of states in the tails of the conduction and valence bands lead to
a redistribution of electrons, forming negatively charged occupied states in the
conduction band tail and empty states in the valence band, which are positively
charged. The CFO cannot describe some of the transparency observed in some
chalcogenide semiconductor below a well-defined absorption edge.

Davis and Mott (DM) model

Davis and Mott [DM70] took on the CFO model due to its shortcomings in describing
the transparency observed in some chalcogenides. They modified it by considering
a band of localized states a few tenths of an electron volt near the center of the
gap. Figure 2.2 c illustrates the Davis Mott Model, where E¢c and Ey represent

Section 2.1
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the energies that separate the extended and localized states in the valence and
conduction band, respectively.

Marshall-Owen model

Cohen-Fritzsche-Ovshinsky previously assumed that the disorder-induced tail state
defects would cover up the defects such as dangling bonds, vacancies, interstitials,
impurities, etc., present in crystalline and amorphous structures. Marshall and
Owen [MO71] instead proposed a model wherein the defect states lead to localized
energy states in the form of electron and hole traps in the band gap. The acceptor
and the donor states are alike. They suggested that the position of the Fermi
level is determined by the acceptor and donor states, which self-adjust themselves
such that the Fermi level remains in its intrinsic position. This auto-compensation
mechanism is essential because even a tiny fraction of the defect state in the band
gap can make the doping ineffective.

Street and Mott model

Despite the strong evidence of high density of defect states in chalcogenide ma-
terials from photoluminescence [SSA73],[SSA74a], [SSA74b], field effect[MO71],
photoconductivity, drift mobility [MO71], and a pinned Fermi energy [MD71],
the absence of spin magnetism in the Electron Spin Resonance (ESR) has made it
challenging to chemically identify the defect state in the bonding configuration in
the band gap of chalcogenide materials. Anderson [And58] proposed a model in
which a pair of electrons in the same state of amorphous material can be attrac-
tive because of the coupling to atomic motion. Street and Mott [SM75] derived
a model of charged defects instead of the neutral dangling bond in amorphous
chalcogenides, assuming that a large density of dangling bond in the material acts
both as an acceptor and donor and that the atomic motion lower sufficiently the
total energy to maintaining the effective correlation energy negative, resulting
in a charged state. In their work, Street and Mott consider the As,Ses; containing
10'8-10" ¢cm™3 dangling bonds. Because of topological constraints, the normal
lattice configuration of Se(2) and As(3) can not be satisfied; dangling bonds exit,
and those could be occupied by 0, 1, or 2 electrons labeled D°, D*, D™ respectively.
The following reaction occurs because of the strong lattice distortion induced by
the modification of the electron occupation of the dangling bond.

2D° = DY+ D~ (2.1)

The D* center is particularly attracted by the lone pair that constitutes the
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edge of the valence band. Such bonding involving the lone pair (LP) causes a
release of energy because of its involvement in a deep bonding state. The extra
electrons introduced in D* occupied the next highest state, the conduction-band-
like antibonding orbital, in contrast to the D*, D™ forms an acceptor level. The
mechanism follows: the two electrons of D™ cannot form a covalent bond with the
neighboring atom but instead occupy a valence-band-like lone pair state. This model
effectively explains the diverse externally induced phenomena in chalcogenide
semiconductors, including photoconductivity, thermal process, luminance, etc.

Kastner Adler and Fritzsche (KAF) model

Kastner, Adler, and Fritzsche’s [KAF76] take on the Mott and Streets model and
proposed a Valence Alternation Pair (VAP) model to describe the bonding con-
figuration that gives rise to positively and negatively charged states. They built
upon Ovshinsky’s idea that suggested the interaction between the LP of different
atoms and their local environment causes localized states, showing that the specific
interactions between the non-bonding orbitals give rise to VAP. Kastner defined the
valence alternation by considering two chalcogens in their normal lattice configura-
tion (2-fold), ground state, form instead one positively charged 3-fold coordinated
atom and a negatively charged singly coordinated atom through the involvement
of lone-pair electron. The VAP is the lowest energy defect because the total number
of bonds is conserved.

Let C labeled a chacogen atom. The lowest energy-neutral dangling bond defect
is CJ, where "3" is the coordination and "0" indicates neutrality. However, it is
unstable and then decays to C] and C; following the equation 2.2. The subscript
denoted the coordination of each of them.

2C) - CH+C; (2.2)

This reaction is endothermic. Breaking one of the three bonds of CJ, it takes
its normal lattice configuration C) converting the nearest C) site into a single
coordinated atom C;. The following reaction captures the process

Cy; +C) — CY+Cy (2.3)
Summing the two equations give

2C3° — C3t+Cy~ (2.4)

Section 2.2
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2.2 Crystalline GeSe

2.2.1 The structure of crystal GeSe

At atmospheric pressure, GeSe crystallizes into an orthorhombic structure with
a Pnma space group. The GeSe crystal structure is shown in Figure 2.3. The unit
cell consists of two layers, each comprising four atoms. The layers are weakly
coupled by van der Waals interactions along the c-axis. Along the b-axis, the atoms
formed a zigzag Ge-Se chain and an armchair Ge-Se chain along the a-axis. The
atoms within a layer form strong covalent Ge-Se bonds. Each atom of Ge has 3 Se
neighbors, and each atom of Se has 3 Ge neighbors.

In this chapter, we have calculated the properties of the crystalline GeSe phase,
which we present below. The calculation has been done using the parameters
described in section 3.7. The obtained cell parameters are a = 3.802 A, b = 4.471
A, and ¢=10.946 A. The experimental values are a=3.83 A, b=4.39 A and ¢=10.83 A
[Sis+17]. Within the layer, we obtain a bond length of 2.59 A in agreement with
the GGA calculation [Yan+19], which also reports a bond length of 2.59 A.

6 ‘ E_'} E_'} ‘ o o
¢ i O

I OGe
O Se

PN

—

Figure 2.3: The crystal structure of orthorhombic GeSe (space group: Pnma). The layers
are coupled weakly by a van der Waals interaction along the c-direction. Atoms within a
layer are covalently bonded and formed armchair along the b-axis and zigzag chain along
the c-axis

2.2.2 Electronic structure of crystal GeSe

Here we present the result for the crystalline phase of GeSe. They will serve as a
reference for our results for the amorphous phases.

To understand the coordination of the crystal we now analyse the electronic
occupation of each species according to the octet rule.
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Figure 2.4: p shells orbital diagram of Ge and Se and their bonding mechanism

Figure 2.4 shows the electronic occupation of the p orbitals of Se and Ge in the
free atom (the s orbital is doubly occupied). To satisfy the octet rule, Se would like
to form two covalent bonds while Ge would need four covalent bonds. However, the
coordination in the crystal is 3:3. This bonding structure can be understood if one
p electron of Se is transferred to the p states of Ge. In that way, both species satisfy
the octet rule by forming three covalent bonds, as in the experiment crystalline
structure. The electron transfers from Se to Ge does not really occur as the chemical
bonds are not completely covalent but rather ionic, due to the high electronegativity
of Se in comparison to Ge (2.4 and 1.8, respectively). As found in the Mulliken

charge analysis, the Se atom has a charge of 6.118, and the Ge has a charge of 3.881.
A covalent bonding with a strong polar character for c-GeSe is therefore suggested.

We now discuss the electronic structure of the GeSe crystal. Figure 2.5 shows the
band structure along the high symmetry points in the Brillouin zone. We obtain
an indirect band gap of 0.724 eV, compared to the experimental value of 1.14 eV
[Liu+19c]. This underestimation is common to the semi-local functional. Our values
are similar to those obtained by other authors using similar functionals: 0.81 eV by
Liu et al. [Liu+19c] and 0.85 eV by Hao et al. [Hao+16].

Figure 2.5 shows the projected density of states of Ge (blue) and Se (red) and
the total DOS (black) of the GeSe crystal. The conduction band has more of a Ge
character, while the valence band has more weight on Se.
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Figure 2.5: The electronic band structure (left) and the Density of states (DOS) in black
and the partial DOS of Se in red and Ge in red of the orthorhombic GeSe crystalline
structure(right). The energy levels are Fermi level shifted.

DFT+U

One of the shortcomings of the DFT calculation is its accuracy in describing one
site’s strong electron interactions when solving the Schrodinger equation due to the
approximate exchange-correlation functional choice. The DFT + Hubbard (DFT+U)
correction helps account for the on-site electron interactions and, thus, overcomes
the underestimation of the electronic band gap by the standard DFT approach.
Following the protocol and approach proposed by [ACB15], the U term is applied
to c-GeSe such that Ug. = 14.25 X Ug.. Table 2.1 shows the different values of the
band gap obtained for various values of Us. and Uge.

Uce Use Eg

0.0 0.0 0.72

0.1 1.425 1.0882
0.12 1.71  1.1156
0.14 1.995 1.1434
0.16 2.2800 1.1715
0.20 285 1.2299

Table 2.1: Table showing the Us. and the Ug, such that Us. = 14.25 X Ug, and the corre-
sponding band gap E,. The value colored in red corresponds to the experimental band gap
observed in c-GeSe [Yan+19].

Figure 2.6 shows the band structure of the c-GeSe obtained from the DFT(black
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Figure 2.6: Band structures obtained from density functional theory calculations (black
curve) and density functional theory plus the Hubbard correction (green curve), with
Uge = 0.14 €V and Use = 1.995 €V.

curve) and DFT+U (green curve). The electronic band gap found is E; = 0.72 €V using
the exchange-correlation functional (GGA-PBE), which tends to underestimate band
gaps, whereas using the (GGA(optB88-vdW)) in [Yan+19], E;=0.89 eV.

Adding the Hubbard term increased the value of the electronic band gap to
the experimental value of 1.14 eV. Except for the numerical values of the bandgap
observed in figure 2.6, the DFT and the DFT+U give very similar electronic structures
and do not affect the structural motifs, giving rise to localized states within the
mobility gap.
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3 Methodology

This chapter introduces the fundamental concepts, theories, and tools applied to
generate and describe the amorphous structures from structural and electronic
standpoints. It is divided into six sections: the first five sections introduce the
theoretical and computational frameworks adopted. Topics include the density
functional theory, pseudopotentials, basis sets, the SIESTA method, and analysis
tools, while the last section outlines the computational details used to generate,
relax, and obtain the final structures studied in the following chapters.

3.1 Density Functional Theory

3.1.1 Quantum mechanics and the Born-Oppenheimer
approximation

The discovery of quantum mechanics brought the hope of explaining our everyday
surroundings using equations at the atomic scale. In 1926, Erwin Schrodinger
formulated an equation describing how a physical system’s quantum state evolves
over time. While the time-dependent version of the equation provides a complete
solution that includes all possible effects, here we are particularly interested in
studying the ground state of a system. For this reason, the time-independent
Schrodinger equation is used, simplifying the analysis by eliminating time evolution
and focusing on determining the system’s stationary states.

The first step in determining the ground state properties of a quantum system is
to solve the time-independent Schrédinger equation, which can be written as:

Hy = Ey (3.1)

where H is the Hamiltonian operator, i/ is the wave function of the quantum system,
and E is the system’s energy.

The wave function {/(x, ..., Xxy) depends on the coordinates of the particles in the
system x; = (x;, y;, z;) . It is not an observable, but the square of the absolute value
of the wave function, |i/|?, represents the probability density of finding the particles

1 For simplicity we do not include the spin of the particles in this discussion

15



Chapter 3

16

Methodology

at the positions x;, ..., xy. The integral over all space must equal 1, which ensures
that the total probability of finding the system in any possible configuration is
100%.

/|¢|2dx1,...,de =1 (3.2)
The particle density is obtained by:
n(xy) = N/lt//|2dxz,..., dxn (3.3)

We now focus on condensed matter systems formed by electrons and nuclei, for
which the general Hamiltonian is

=Te+TN+Vee+VNN+VeN+Vext

The subscripts i and j represent the electrons, while the subscripts A, and B
represent the nuclei. n and M are the number of electrons and nuclei in the
system respectwely T, and Ty are the kinetic energy of the electron and nuclei,
respectively. V. and VNN are the electron-electron and nuclei-nuclei Coulomb
repulsion respectively. V,n is the interaction between electrons and nuclei. V,,;
accounts for external potentials like magnetic or electric fields.

The wave function in this system is a function of the coordinates of all the
electrons and nuclei. It is therefore a very complex mathematical object that
cannot be obtained exactly even for the simplest systems. For realistic systems
approximations must be made which are described in the following.

The adiabatic or Born-Oppenheimer approximation

The first approximation we use is the adiabatic approximation, which decouples
the motion of the nuclei and the electrons. This approximation finds its foundation
because the electrons move faster than the much heavier nuclei. Consequently,
during a cycle of electron motion, the change in nuclear configuration is negligible.
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Thus, it can be assumed that the electrons are in the adiabatic equilibrium of their
ground state with respect to the position of the nuclei at all times. Hence, we can
effectively treat the motion of electrons and nuclei as decoupled and search for
solutions to the electronic part of the wave function while keeping the nuclei’s
positions fixed (Born Oppenheimer approximation [BO27]). i.e., reducing the
problem to the solution of the dynamics of the electrons in a frozen configuration
of the nuclei:

BN I EEE

i=1 A=1 i=1 j>i
¢({r1, cens rn}’ {Rl, ceey RM}) = ée(rb s Iy {Rl; cees RM})¢n({R1: cees RM}) (3~6)

Where r;; is the distance between electron i and electron j. &, is the electronic
wave function dependent on the electron’s positions with the nuclei positions as
parameters since they are considered fixed, and ¢, represents the nuclear wave
function. A further common approximation that we use throughout this work is
to treat the nuclei as a classical particle, following Newton’s dynamics, while the
electrons are treated as quantum particles.

However, solving this equation is still complex, even for small systems. Further
simplifications that allow the total energy calculations to be performed accurately
and efficiently for most systems of interest can be introduced. These include the
Hartree-Fock (HF) approximation or Density Functional Theory (DFT ) method to
treat the electron-electron interactions.

3.1.2 Hohenberg-Kohn theorems

In 1964, Hohenberg and Kohn [HK64] lay the foundation of the density functional
theory (DFT), establishing a crucial link between the electronic density n(r) in a
system’s ground state and the external potential U. They showed that the density
uniquely determines the many-body wave function in its lowest energy state.
n(r), in principle, contains all the information of the many-body wave functions.
Two many electron systems differ by the external potential U and the number of
electrons. Hohenberg and Kohn next showed that if the ground state density n(r)
of the many-electron system is known, the external potential in which the electron
resides can be determined up to an overall constant.

Following the Hohenberg-Kohn theorem, consider a many-electron system where
electrons interact with each other via the Coulomb potential while moving in a
potential U and satisfying the Schrodinger equation. If the charge density as a
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function of position is known, then the potential U could be determined, allowing
us to solve for all the properties of the system. Consequently, the ground state
energy can be expressed as:

e[n] = T[n] + U[n] + Ug[n] (3.7)

Hohenberg and Kohn next observed that if one can find the functional ¢[n] then
the true ground-state density n(r) minimizes it, subject only to the constraint that

/ drn(r) = N (3.8)
The energy functional can be written as
e[n] = / dr n(r)U(r) + Fyk[n], (3.9
where Fyx is the sum of the kinetic and the Coulomb energies:
Frx[n] = T[n] + Uge[n]. (3.10)

Frx[n] is a universal function of density independent of U(r). The functional
Fyg[n] is the minimum over all wave functions producing density n(r)

Firg [n] = min(y|T + Ueel). (3.11)

The ground state & is then defined as:

Fyk[n] +/ U(r)n(r) dr] = min £[n] (3.12)

£ = min
y—n y—n
The functional F in quantum mechanics is universal and independent of the
potential U(r). The functional F is a helpful tool to solve quantum mechanics
problems, but its form is unknown; for that reason, some approximations are
introduced. Through years of experimentation and observation, researchers have
developed functional forms that hold a great deal of accumulated physical insight.

3.1.3 Kohn-Sham approach

The Kohn-Sham approach represents the electrons as a set of non-interacting one-
particle wave functions that generate the same electron density as the actual system
of interacting particles. This leads to the replacement of the many-body problem by
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an independent one-particle problem placed in an effective potential that considers
both exchange and correlation effects [KS65a].
The ground state density of the non-interacting particles is given by:

w0 =Y D 0 (3.13)

o i=

Here, ¥/(r) is a one-particle wave function.

An auxiliary Hamiltonian with two components is defined: the first term repre-
sents the usual kinetic operator, and the second term comprises all the interactions
in the system:

hZ
2me

The kinetic term in the auxiliary Hamiltonian is

1? < 2
L > 21 / S|V (v)| (3.15)

(o2

HS (1) = —— V2 + V() (3.14)

The Kohn-Sham energy potential is given by:
Vlgs(r) = Vext + VHartree + VAN + VxC (3'16)

where Ve is the interaction energy of the nuclei with the external field, Vijartree is
the self-interacting energy of the electron density, Vny is the interaction between
nuclei, and Vxc is the exchange-correlation term that includes all many-body effects.
The term V¢ has no known mathematical formulation, and the predictive accuracy
of the calculation depends on the approximation used to define it, as we shall
discuss in section 3.1.4.

The ground state energy functional is:

Exs = T;[n] + Exartree[n] + Enn[n] + Exc[n] + / drVexi(r)n(r)

3.1.4 Approximating the exchange-correlation functionals:
LDA and GGA

The Local Density Approximation (LDA) functional [Pay+92] and the semi-local
GGA functional [PBE96] approximate the exchange-correlation energy arising from
the interactions between electrons in a many-electron system.
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Local density approximation

The LDA is a local approximation based on the electron density at a given point in
space and does not consider the spatial variations in the density.

B4 @) = [ ntoc(ntoar (317)

LDA proved to work well for many systems, especially for those with a slowly
varying spatial electron density, but otherwise, it proved to overestimate the bind-
ing energy and, consequently, the bond lengths, which in turn could severely
underestimate lattice parameters in the case of crystal structures.

Generalised density approximation

The semi-local GGA functionals [PBE96] are more accurate for many systems
and properties than the local LDA [Pay+92]. They are handy for describing the
energetics and structural properties of molecules, surfaces, and solids, including
transition metals, where electron correlation effects play a significant role. GGA
builds upon the LDA by considering the electron density at a given point in space
and the spatial gradient (the derivative) of the electron density. This inclusion
of gradient information allows GGA to capture more accurately the variations in
electron density and electron-electron correlation effects in a system, especially in
regions where the electron density changes rapidly, such as near atomic nuclei and
chemical bonds.

ES94n(r)] = / exe(n(r), Vn(r))dr (3.18)

ESSA[n] is the exchange-correlation energy within the GGA, n(r) the electron
density at position r, and Vn(r) the electron density gradient. However, GGA has
its limitations, and it may still fail in strongly correlated electron systems and
systems with dispersion interactions (van der Waals forces). To address these limi-
tations, more sophisticated functionals like meta-GGA (meta-generalized gradient
approximation) and hybrid functionals have been developed, incorporating addi-
tional information about the electron density and its gradients to improve accuracy
further.
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3.1.5 DFT+U: An extension of density functional theory for
modeling strongly correlated materials

Standard Density Functional Theory (DFT) has inherent shortcomings in accurately
describing strongly correlated electron systems and transition metal compounds. To
address this, DFT can be extended with the Hubbard U term, referred to as DFT+U,
which incorporates on-site electron-electron interactions into the DFT Hamiltonian.
Adding the Hubbard correction aims to correct for the orbitals self-interaction
error [PZ81] and the derivative discontinuity in the exchange-correlation function
responsible for underestimating the energy gap[Per+82; PL83].

Selecting the appropriate Hubbard U parameter is crucial for DFT+U calculations;
this often necessitates empirical calibration or theoretical estimation specific to the
material under study. Additionally, DFT+U calculations can be computationally
demanding due to the increased complexity of electron-electron interactions, which
is why they are generally reserved for focused investigations of materials with
strong correlations.

In our calculations, we utilize a parameter based on our previous work [Sla+23]
and earlier research conducted by Luis A. Agapito et al. [Aga+13].

3.1.6 Capability of the DFT

With computer hardware and software advancements, it is now possible to simulate
molecules and materials with more significant numbers of atoms. Because of
this, order-N algorithms, which allow for linear scaling of computer time and
memory with the size of the simulated system, are becoming increasingly important.
The order-N algorithms are the core principle of the SIESTA method [Sol+02;
YJ20]. Results include the total energy, electronic density, wavefunction, HOMO-
LUMO gap, atomic charges, molecular orbitals, optimized geometry, vibrational
frequencies, reaction energies, thermodynamic properties, magnetic properties, and
dipole/quadrupole moments. The specific output depends on the type of calculation.
Researchers use this information to gain insights into molecules, crystals, and
materials and predict chemical and physical phenomena.

3.2 Pseudopotentials

The pseudopotential refers to an approximation whereby only the valence elec-
trons play a role in the interaction between atoms, with the core electron states
considered chemically inert. The pseudopotential is developed for each atomic
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species, replacing the Coulomb potential of each nucleus and the effects of the
tightly bound core electrons with an effective ionic potential. The valence electron
pseudopotential is crucial for accurately reproducing the behavior and properties
of the valence electrons. Using the pseudopotential has several advantages:

« the replacement of the true wavefunction that contains nodes with a smooth
function without nodes.

« the reduction in the size of basis sets: the number of basis functions needed
for the calculation can be significantly reduced without sacrificing accuracy
in treating the valence shell electrons.

« to elude the use of a logarithmically dense grid closer to the center of the
atom due to the acute localization of the core electron; instead, a uniform
spatial grid is sufficient.

3.3 Basis sets

The electronic wave function of an atom or molecule represents the distribution of
electrons in its quantum state. To solve the many-body problem, many implemen-
tations expand the lattice periodic part of Kohn-Sham orbitals in terms of a set of
basis functions ¢,(r).

o) =€ Z Cik Pn(r) (3.19)

n

The effective potential Vxs(r) retains the symmetries of the lattice crystal. There-
fore, the Kohn-Sham states lﬁill((s, for simplicity’s sake, denoted by ;k(r) below,
which are one-electron wave functions, can be decomposed into a lattice periodic
part u;, and a phase:

Yi(r) = €™ Tuy(r).

Hence, plane waves are a natural choice for the basis expansion for periodic solids:

Yia(r) = %7 Y ca(K)e™ X, (3.:20)
K
where K is the reciprocal lattice vector; however, plane waves are less suited to
describe molecules. Localized basis sets are an alternative commonly used in
quantum chemistry to model molecules.
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They are composed of functions centered around discrete points in space, usually
at the positions of the nuclei. These basis functions are often expressed as the
product of a spherical harmonic Y, and a radial part ¢,; , and the Kohn-Sham
states is expressed as:

Yird) = €7 YN & Dy (= R) (3.21)
Ra nlm

=T N Mg (I = Ral = R)Yim(6, ), (3.22)
Ra n,lm

where « runs over all atoms in the unit cell and R over all lattice vectors. The
most common localized basis sets include Slater-type orbitals [Sla30] (¢, ~ rle=am),
Gaussian-type orbitals [Boy50] (¢, (r) ~ rle_"”z), and numerical atomic orbitals
[AE73]. Numerical atomic orbitals are defined as numerical solutions to the

Schrodinger equation for electrons in the (pseudo)potential of the isolated atom.

It is usually expanded as a linear combination of basis sets. This approximation
allows for the tractable description of the electronic wave function.

Depending on the accuracy required for the calculation, available computational
resources, and research objectives, one can choose among different types of basis
sets. Examples include minimal, double-{, double-{ plus polarization, triple-(,
triple-{ plus polarization, diffuse, correlation-consistent, segmented, and custom
basis sets [Art+99]. Researchers often perform basis set benchmarking to determine
the appropriate level of accuracy for their research questions.

3.4 The SIESTA method

Until now, several approximations have been made to consider solving the Schrodinger

equation numerically. This includes the Born Oppenheimer approximation, the
treatment of exchange and correlation (XC) within Kohn-Sham DFT[KS65b], and
pseudopotentials. To solve the Schrodinger equation, One must choose the proper
way to describe the electronic wave function adequately. While achieving the order
O(N) iterations using plane waves is difficult, the linear combination of atomic
orbitals (LCAO) is the most fitting option see section 3.3 as implemented in the
SIESTA package.

At first, in SIESTA, one finds the extent of the radial component of the wave
function by solving the Schrédinger equation for an isolated atom restricted to
a finite sphere r., whose value can differ for each orbital. A single-{ basis is
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constructed by solving the Kohn-Sham eigenvalue problem for the isolated atom
with an additional confinement potential V,,,s , which is flat in the sphere’s center
and diverges at r! [SN89].

1 & ll+1)

-———r

2r dr? 2r2

+ VEP() + Veont |6} (r) = (1 + S, () (3.23)

¢,° (rh)

0 (3.24)

Where VP is the pseudopotential. Including a soft-confinement potential as defined
in equation (3.25) [Jun+01] ensures continuous derivatives and reduces problems
in calculating forces and stresses.

re—rj

e r=rj

Vconf(r) =W (3-25)

e

Where V} is a parameter, r. is the confinement radius where the potential asymp-
totically tends to infinity, and r; is the starting point for the potential.

Within the SIESTA package, one can use one or multiple radial functions for
each angular momentum 1. Once the single-{ basis has been derived to define the
multiple-{, one has to keep the same extent r, and the same tail within some range
(r* <r <r.). Below r, the split radius, a polynomial function is used. It corresponds
to the default method in SIESTA, called the split-valence method. For each orbital
$'¢(r), a modified orbital

) 2 ; s
lzg(”) _ {rl(gl bir?) %fr < rls (3.26)
¢,”(r) ifr>r

is defined. r} is optimized so that the norm of for’ r'¢1¢(r) dr corresponds to a

specific value (typically 0.15), and a; and b; are chosen so that ¢12§ and its first
derivative are continuous. The new basis orbital is then given by

$7(r) = ¢,°(r) — 97 (r).

This procedure can be repeated with smaller split norms to create a multiple-{ basis
set.

When the bonds are formed, the atomic orbitals are distorted. In that sense,
constructing the basis set required using polarization orbitals. One can achieve
that in SIESTA by two means: By including the polarization flag in the basis
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description, SIESTA automatically generates an 1+1 basis function for the polarized
orbital; alternatively, one could manually parametrize and optimize the polarization
function included.

The SIESTA method is distinguished from other DFT approaches by choosing
the atomic orbitals as basis sets to expand the electronic wave function. This often
means that the number of basis functions required is smaller than other methods
[Ang+02; Art+99; Jun+01]. In addition, strict localization of the orbitals leads to
sparse matrices, and sparse methods can be exploited for efficiency.

3.5 Analysis Tools

3.5.1 Structural analysis techniques: radial distribution
function, and angle distribution function

The radial distribution function

The Radial Distribution Function (RDF) measures the probability of finding an atom
at a distance r from another atom with respect to the probability one would have
in an ideal gas when particles are entirely uncorrelated. From the practical point
of view, we count the number of atoms that have a neighbor between r and r + dr
and normalize this number by the density of the system times the volume of the
spherical shell defined by r and r + dr. Moreover, we average on all the atoms of
the system. For dr going to zero, the formula is:

g(r) = ZN > s —ry) (3.27)
P i J#i
where
N
p= v

the density of the system and r;; the distance between atom i and j.
A partial RDF can be defined by looking at the probability of finding an atom of
specie 7 in the proximity of an atom of specie v:

Gun(r) = WZNM IR (3.28)

i€n jeEp#i

with N, number of atoms of 7 specie and p, density of ;1 specie. Then:
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N,N,

9r) = D = 9mlr) (3.29)
np

The Angle Distribution Function

The Angle Distribution Function (ADF) is a statistical tool used to analyze molecular
systems and quantify the distribution of angles formed between bonds or molecular
orientations. It provides insights into the frequency of certain angles occurring
within a given configuration of particles or atoms in a simulation. The first step in
computing the ADF involves defining bonds based on the total and partial radial
distribution functions (RDFs). Subsequently, we create a histogram or probability
distribution to analyze the angle distribution.

The order parameter for the tetrahedral structural motif

Quantifying structural order in glasses has proven more difficult than in crystals
because no atoms are structurally equivalent. Herein, we defined an order parameter
for the tetrahedral structural motif [EDO01].

3 1

qg=1- g Z(g + COSQijk)z (330)
k>i

Where j is the central atom and cos0; i is the angle formed by two neighboring

atoms of j, i, and k. For a perfect tetrahedra network, q=1. For the Octahedral

structure motif, q=0.

3.5.2 Electronic properties
Density Of States (DOS)

The density of states is a fundamental quantity in condensed matter physics and
quantum mechanics. It describes the distribution of energy levels available in
a material or physical system. It is fundamental for understanding materials’
electronic and vibrational properties, including electrical and thermal conductivity.
The DOS shows how densely packed or sparse the energy levels are at different
energy values. A high DOS at a specific energy means many states are available
for particles at that energy, while a low DOS means fewer states are available.
Let g(E) be the density of the state.
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bands
9E) = ) 8(E ~E) (331)
O(E — E;) represents a Dirac delta function, which is zero for all values of E except
E = E;. The energy E; is the energy of the i-th band.

The Projected Density Of States (PDOS)

The Projected Density of States g,(E)dE is the number of one-electron levels with
weight on orbital ; between E and E+dE

bands

gu(E) = Z Z ¢} i¢uiSud(E - Ey) (3.32)

where c,; are the coefficients of the eigenvector i/; with eigenvalue E;, and S, is
the overlap matrix of the atomic orbitals basis.
The relation between the DOS and the PDOS:

9(E) = " gul(E) (3.33)
y

The inverse participation ratio

To characterize the spatial extent of each electronic state, we employ the Mulliken
charge g;(E) residing at an atomic site i for an eigenstate with energy E. The inverse
participation ratio (IPR), is defined by the following expression:

Nat
I(E) = ) (qi(E). (3.34)
i=1

It is a measure of the degree of localization of each state.

For an ideally localized state, only one atomic site contributes all the charge, so
I(E) = 1. For a perfectly delocalized state, with equal weight on all the atoms in
the system, I(E) = 1/N,;. High I(E) values, therefore, correspond to localized states,
while low values indicate stronger delocalization.
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3.6 Convergence with respect to computational
parameters

The importance of selecting suitable computational parameters and accurately
representing electronic wave functions within a finite basis set cannot be over-
stated to ensure accurate and reliable calculations. In this section, we study the
convergence of the energy and forces with respect to the k-point, real space grid,
and the exchange-correlation function.

Convergence of the Energy with the number of k-points

Starting with the GeSe crystal structure, we run a SIESTA single point calculation
using the diagonalization method for solving the Kohn-Sham equations. The
calculation is carried out subject to two constraints: the position of the atoms in
the unit cell is fixed and the lattice vectors are fixed.

Instead of using the MonkhorstPack method [MP76] to sample the k-points in
reciprocal space for the Brillouin zone integration, we use the kgrid.Cutoff flag.
This parameter controls the fineness of the k-grid used for Brillouin zone sampling.
It allows for the definition of the k-point sampling using a single parameter. The
kgrid cutoff flag gives the values for the sampling in each direction, which consider
the cell’s length in that direction so that fewer k-points are needed in the longer
axes. It defines the k-points in the simulation cell that would correspond to a single
k-point of a supercell with the lattice vectors with lengths defined by the kgrid
cutoff parameter (which has the unit of length) [Sol+02].

Table 3.1 shows the GeSe crystal’s total energy at different k-grid cutoff values.
AE(eV) represents the energy difference between two consecutive values of the
k-grid cutoff. We choose the value for which the energy difference AE(eV) is less
than 0.01 eV, which is k-grid Cutoff = 14 A.

Convergence of the calculation with respect to the Mesh Cutoff: The
eggbox effect

SIESTA’s Mesh Cutoff defines the finite 3D real-space grid for some integrals
calculation and the representation of charge densities and potentials. It defines the
plane-wave cut-off for the grid, determining its fineness. This means all the periodic
plane waves with kinetic energy lower than the mesh cutoff can be represented
on the grid without artifacts. A higher mesh cutoff corresponds to a finer grid
and, thus, more accurate real-space integration and increased computational cost.
However, when the energy cutoff is set too low in SIESTA, it can result in the
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kgrid.Cutoff (A) | Energy(eV) | AE(eV)

2 -1800.683176

4 -1804.177351 | -3.49418
6 -1804.632679 | -0.455328
8 -1804.608987 | 0.023692
10 -1804.615019 | -0.006032
12 -1804.593561 | 0.021458
14 -1804.591008 | 0.002553
16 -1804.592412 | -0.001404
18 -1804.594940 | -0.002528
20 -1804.595094 | -0.000154

Table 3.1: Energetic data for the GeSe crystal at different values of the kgrid Cutoff. AE(eV)
represents the energy difference between two consecutive values of the k-grid cutoff.

eggbox effect. The eggbox effect arises due to the charge density and the potential
having plane wave components beyond the mesh cutoff, which introduces spurious
periodic oscillations in properties like charge density and energy. This can lead
to a loss of accuracy in calculating electronic properties, particularly in periodic
systems like crystals or surfaces. Technically, the eggbox arises from numerical
artifacts due to the misalignment between the grid and atomic positions when the
grid resolution (set by the Mesh Cutoff) is too coarse. To mitigate the eggbox effect
in SIESTA, choosing an appropriate energy cutoff value is essential. This depends
on the material being studied, the desired level of accuracy, and the available
computational resources.

We conduct convergence tests by gradually increasing the energy cutoff to ensure
that the eggbox effect does not compromise the electronic structure calculations.
This enables us to strike a balance between computational efficiency and the accu-
racy of the results. Let E.,; be the maximum kinetic energy of the plane waves that
can be represented in the grid without aliasing.

o - 1/ m\2
cut — E(E) (3.35)
where Ax is the grid interval. We monitor the relative position of atoms by the
input variable: %blockAtomicCoordinatesOrigin to specify the origin of the atomic
coordinates in the input file. We find all the atomic orbitals that do not vanish at a

given grid point to compute the density. Once the density is known, we compute the
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charge density and the potentials. For each value of the Mesh CutOff, for example,
100 Ry, the grid of (InitMesh: MESH =) 24 x 30 x 72 = 51840 along the three lattice
vectors is read in the output file. We compute the change in the energy and the
forces when we displace rigidly all the atoms in the unit cell from one point of the
grid to the next one (let us assume, in this case, in 10 steps)
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Figure 3.1: Convergence of the calculation with respect to the MeshCutoff. Panel a) shows
the eggbox effect, and panel b) shows the variation in energy (the difference between
maximum and minimum energy) changes with different values of the Mesh cutoff.

Figure 3.1 represents the convergence of the energy with respect to the Mesh
cutoff. Higher mesh cutoff values (e.g., 800 Ry) generally show less pronounced
and smother fluctuations compared to lower values (e.g., 300 Ry). This behavior
could indicate that a finer grid leads to more sensitivity in energy calculations with
respect to grid shifts. We choose the value for which the energy difference is less
than 0.01 eV; here, mesh cutoff =350 Ry.
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3.6.1 Effect of orbital-confining cutoff radii and the basis set
size on the structure and the total energy of the crystal
GeSe

Using the k-points and the mesh cutoff found in previous sections, we aim to
find the cutoff radii and the basis set sizes that give the best (lowest) energy. For
each basis set considered, we optimize the crystalline structure (lattice vectors and
atomic positions) using the conjugate gradient minimization algorithm in SIESTA.
The optimization of the unit cell vectors is carried out subject to one constraint:
the shear stresses are nullified to keep the cell angles fixed to 90°, characteristic of
the crystal GeSe structure. The tolerance for the maximum force is set to 0.01 <.

Herein, we will first analyze the effect of the orbital-confining cutoff radii and
then analyze the effect of basis set sizes on the structure and total energy of
crystalline GeSe. °.

Effect of the orbital-confining cutoff radii and basis set sizes on the
structure and the total energy of the crystal GeSe

In the SIESTA code[Sol+02; YJ20], the excitation energy of the pseudo-atomic orbital

(PAO) due to the confinement to a finite range is defined by the flag PAO.EnergyShift.

For four values of the confinement radius, PAO.EnergyShift 0.01, 0.005, 0.001, and
0.0005 Ry, we optimize the structure of the crystal GeSe.

Table 3.2 shows the cell vector modules (in A) and the total energies (in eV) of the
crystal GeSe computed using two exchange-correlation functionals—GGA [PBE96]
and VDW [Dio+04; RS09]—at various PAO energy shift values with a DZP basis
set. For both functionals, the cell vector modules change, reflecting an adjustment

in the structure of GeSe as the confinement of the pseudo-atomic orbitals changes.

The energy decreases as the PAO energy shift decreases, indicating that less tightly
confined orbitals lead to a more stable (lower energy) configuration. For all the
PAO energy shifts, the semi-local GGA functional, which does not account for
the non-local electron-electron interaction, shows smaller values of the lattice
parameters in comparison to the VDW functional [TS09]

From 3.2, the PAO energy shift yielding the lowest total energy is 0.0005 Ry.
However, this basis set is more computationally expensive due to longer orbitals.

The 0.001 Ry basis set provides nearly identical structural and energetic results, so

2 While this section focuses on the Ge and Se basis set, the same analysis has been applied to each
dopant. For brevity, we discuss only the Ge and Se basis set here.

3 In the cell vector modulus column, the first number corresponds to a, the second to b, and the
third to c.
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XC Functional: GGA (PBE) | XC Functional: VDW (DRSLL)
PAO Energy | Cell Vector | Energy (eV) | Cell Vector | Energy (eV)
Shift (Ry) Modules 3(A) Modules (A)

3.846691 3.859875

0.01 4.454381 -1805.664451 4.743117 -1823.248988
10.924657 11.580029
3.844274 3.871606

0.005 4.532334 -1806.083828 4.823299 -1823.729704
11.065210 11.724771
3.846256 3.870043

0.001 4.595637 -1806.406595 4.896345 -1824.093938
11.079478 11.830289
3.842017 3.867308

0.0005 4.600073 -1806.461628 4.897513 -1824.151191
11.087940 11.858031

Table 3.2: Summary of PAO energy shift, cell vector modules, and total energies of the

crystal GeSe for the GGA and VDW exchange-correlation functionals

lattice parameters | a (A) | b(A) | c (A)
experiment [Sis+17] | 3.83 | 4.39 | 10.83
GGA(PBE) [Hao+16] | 3.88 | 452 | 11.17

Table 3.3: Literature references for the lattice parameters of the crystal GeSe.

we selected 0.001 Ry among the four PAO energy shifts, making it a good balance
between accuracy and computational cost. Using that value, we obtain lattice
parameters that are close to previous theoretical and experimental results (see table

3.3).

We now aim to analyze the effect of the basis set sizes on the GeSe structure and
total energy for GGA and VDW exchange-correlation functionals.
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XC.functional GGA(PBE) | XC.functional VDW(DRSLL)
Basis Set Cell vector Energy(eV) Cell vector Energy(eV)
modules (A) modules (A)

SZ 4.032062 -1803.169510 4.096195 -1821.169435
4.670248 4.857251
11.454659 12.006126

SZp 3.944543 -1805.669476 3.980597 -1823.161862
4.411208 4.724612
11.199177 11.788111

DZ 3.957785 -1804.565464 3.998947 -1822.303889
4.424865 4.820632
10.962240 11.608903

DZP 3.844665 -1806.410241 3.866257 -1824.094737
4.591954 4.909486
11.063214 11.803224

TZ 3.944108 -1804.813399 3.970715 -1822.578579
4.439915 4.891818
10.954717 11.804344

TZP 3.840987 -1806.537884 3.861115 -1824.240501
4.584748 4.913848
11.075124 11.860414

TZDP 3.834064 -1806.820379 3.852030 -1824.475278
4.563280 4.896607
11.050677 11.798794

TZTP 3.836954 -1806.916253 3.847681 -1824.544012
4.532393 4.893051
10.960623 11.772972

Table 3.4: Cell parameters and total energy of the GeSe crystal structure for different basis

set sizes and exchange-correlation functionals with a PAO energy shift = 0.001Ry.

Section 3.6

33



Chapter 3

34

Methodology

Table 3.4 shows the lattice parameters and the total energy of the GeSe crystal
for different basis set sizes considering GGA and VDW with a PAO energy shift
of 0.001Ry. The cell vector modules show variations as the basis set changes: the
cell dimensions are smaller at larger basis set sizes. Generally, the VDW functional
shows a bigger cell dimension for the same basis set size than the GGA functional.
Regarding the total energy, the GeSe crystal energy decreases more by adding
polarized orbitals than by increasing the number of {'s on the occupied valence shells.
The TZTP basis set yields the lowest total energy, since it is the most complete basis
set of all considered. However, it is considerably more computationally expensive
than the others. A good compromise between accuracy and computational cost is
the DZP basis set, which produces a very similar structure and comparable energy
(just 0.5 eV/unit cell higher than the TZTP basis).

The effect of the f shell on the structural and energetic properties of the
GeSe crystal structure

As mentioned above, including more orbitals when defining basis sets improves the
description of electronic states and orbital polarization. In previous sections, we
used various PAOs to assess their effects on the energetic and structural properties
of crystalline GeSe. Here, we evaluate the effect of adding the f shell on these
properties.

XC Functional: GGA (PBE) XC Functional: VDW (DRSLL)
f orbitals Cell  Vector | Energy (eV) Cell Vector | Energy (eV)
Modules (A) Modules (A)
3.835790 3.859922
No f 4.515615 -1806.688395 4.896790 -1824.236896
10.690529 11.742750
3.833193 3.847597
f orbital only 4.463662 -1806.961293 4.924585 -1824.439878
on Ge 10.536487 11.721244
3.861842 3.848407
f orbital only 4.344108 -1806.940039 4.906291 -1824.418959
on Se 10.693335 11.662428
3.869149 3.848132
f orbital on 4.257673 -1807.214559 4.923343 -1824.579122
Ge and Se 10.584092 11.677112

Table 3.5: Comparison of cell vector modules and total energy in GGA and VDW approxi-
mations with f orbitals.
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Table 3.5 shows the structural and energetic properties of GeSe crystals using

GGA (PBE) and VDW (DRSLL) exchange-correlation functionals. First and foremost,
the difference in value between the configuration without the f orbital in table 3.5
and the DZP basis set in table 3.4 is that table 3.5 includes perturbative d orbitals,
while table 3.4 presents the energetic and structural data of the crystal GeSe using
explicit PAOs as basis sets.
Across different f orbital configurations, the cell parameters for both functionals
show slight variations, with VDW yielding larger cell parameters than GGA. The
configuration with f orbitals on both Ge and Se has the lowest total energy for both
functionals. The energy differences between configurations where the f orbital is
added only on Ge or Se are minor, 0.021 eV for GGA and 0.0209 eV VDW.

For configurations without f orbitals, the energy differences relative to configu-
rations with f orbitals on Ge(Se) is 0.273 (0.252) eV for GGA and 0.203(0.182) eV for
VDW. When adding f orbitals to both Ge and Se, the energy difference is 0.526 eV
for GGA and 0.342 eV for VDW. The configuration with the f orbitals on both the
Ge and Se yields the lowest total energy since it is the most complete basis set of
all considered. However, it is considerably more computationally expensive than
the others. A good compromise between accuracy and computational cost is the
configuration with no f orbital considered on either Ge or Se, which produces a
similar structure and comparable energy (just 0.526 eV/unit cell higher than the
basis set with f on both the Ge and Se).

3.7 Computational details

This section summarizes the computational details used to study the crystal GeSe
and to generate the a-Ge,Sej_y.

We carry out first-principle DFT calculations using numerical atomic orbitals
appropriate for large systems as implemented in the SIESTA package. Specifically,
we used a split-valence double-{ basis set, including polarization functions [Art+99]
to expand the electronic wave function. The Pseudopotential Markup Language
(PSML) obtained from the pseudo-dojo data set [Set+18] represents the valence
and the ionic core interaction. Only the valence electrons were considered in the
calculations, with the core being replaced by norm-conserving scalar relativis-
tic pseudopotentials [TM91] factorized in the Kleinman-Bylander form [KB82]
and to account for the electron-electron interaction, we used the GGA exchange-
correlation functional as parametrized by Perdew, Burke, and Ernzerhof [PBE96].
The energy cutoff of the real space integration mesh was 350 Ry. To compute the
charge density, the Brillouin zone was sampled with the method of Moreno and
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Soler [MS92] with the kgrid cutoff of 14 A for the crystal and at the gamma point for
the amorphous structure (kgrid cutoff = 0 A). Atomic positions were relaxed with a
force tolerance below 0.01 eV/A in the crystal GeSe and 0.04 eV/A in a-Ge,Se;_y.
Below, we show a SIESTA input of parameters used for the a-Ge,Se;_y.

SystemName a-GeSe
SystemLabel a—-GeSe
NumberOfAtoms 336
NumberOfSpecies 2

%block ChemicalSpeciesLabel
1 32 Ge
2 34 Se
%endblock ChemicalSpeciesLabel

PAO.EnergyShift 0.001 Ry
PAO. BasisType split

PAO. SplitNorm 0.150000

PAO. BasisSize Dzp
SolutionMethod diagon
XC.functional GGA

XC. Authors PBE
SpinPolarized false
MeshCutoff 350.000000 Ry
kgrid\_cutoff 0.000000 Bohr
ElectronicTemperature 300.000000 K
MaxSCFIterations 300

DM. NumberPulay 6

DM. MixingWeight 0.150000

MD. VariableCell false

MD. MaxStressTol 1.000000 GPa
MD. MaxForceTol 0.040000 eV/Ang
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3.7.1 Amorphous structure generation and simulation
protocol

Herein, we present the protocol and method to generate our amorphous a-Ge,Se;_
models. Using the melt-and-quench method, we generated structures for three
stoichiometries: one for the stoichiometric compound a-GeSe and two for slightly
non-stochiometric ones, with x=0.4 and x=0.6, respectively. The a-Ge,Se;_, systems
have been built starting from a 4(Ge):2(Se) coordinated initial structure obtained
from a Markov Chain Monte Carlo method. We considered a potential energy with
two components:

« arepulsive Coulomb interaction between atoms, which ensures a more ho-
mogeneous distribution within the cell, We randomly move one atom and
evaluate the energy difference between the two configurations using a Gauss
distribution. If the energy difference is below our threshold-defined value,
the move is accepted; if not, it is rejected.

« and a potential dependent on the Ge and Se coordination to enforce coordi-
nation of 4 and 2 for Ge and Se, respectively see equations 3.36.

N, at_Ge

> (nce —4)

i=1

N, at_Se

D (nse-2)

i=1

dE = + (3.36)

nge is the coordination of Ge atoms, and ng, is the coordination of Se atoms.
Nat ge and Ny se are the total number of atoms of Ge and Se in the supercell,
respectively.

This two terms potential energy is used to construct different cubic supercells of
336 atoms and a box size of 21x21x21 A3, corresponding to a density of 4.57 g/cm?
for a-Geg5Seq s, 4.53 g/cm? for a-GegsSeq 4, and 4.58 g/cm?® for a-Gey4Seps. The
resulting geometry was then relaxed before the melting-and-quenching procedure
using a conjugate gradient algorithm [Y]20]. AIMD are then carried out within the
isobaric-isothermal (NPT) ensemble at zero external pressure with an annealing
algorithm by rescaling the velocities and the pressure at each time step of At =1
fs and the characteristic relaxation time 7,.;,x = 1 ps. The simulations started by
equilibrating each initial configuration at 1200 K for 12 ps, at which the system
melts and loses the memory of the initial configuration. After equilibration, each
system was quenched to 800 K throughout 3 ps; this corresponds to an average
cooling rate of 133 pﬁs. The configurations obtained at 800 K were quenched again
to 400 K in 3 ps using a Tyejqx = 750 fs.
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For the doped a-Ge,Se;_y, x = 0.4,0.5, 0.6, the initial structures are generated
using the initial undoped 336-atom supercells. The percentage of Ge and Se atoms
is randomly replaced with 1%, 3%, 5%, 7%, 10 % and 15% of the dopant concentration,
ensuring that the dopants are homogeneously distributed throughout the structure.
Afterward, the structures are melted and quenched following the same protocol as
the undoped case.



4 Non-doped a-GeSe

Neuromorphic computing is envisaged as one of the most promising solutions
for the power and memory limitations plaguing the development of standard
CMOS (Complementary Metal-Oxide-Semiconductor) electronics architectures.
The idea is to process information as the brain does, with memory and computing
being co-located within the same biological system [KYW13; Mer+14]. Among the
novel technologies that are being explored for neuromorphic computing, a class
of switching memories, such as the phase-change memories (PCMs) [Bur+10] or
resistive random-access memories (RRAM) [WY19], generate high expectations
within the semiconductor industry. Developing these new electronics relies on
designing and characterizing materials and devices. Albeit implicitly interconnected,
the interplay between the parameters that characterize the materials (e.g., structure,
composition, doping, stability, electrical and thermal response) and the function and
performance of the device (e.g., data retention, power consumption, interconnection,
switching time) is hard to determine.

Here, we focus on the structural and electronic properties of amorphous GeSe
(a-GexSej—_y) compounds, which have been proposed as promising building block
compounds for ovonic switching materials for non-volatile memory devices and
selectors [Che+18; Kon+21]. While much effort has been devoted to GeTe as
a prototypical phase change material, more knowledge is needed for the quasi-
stoichiometric GeSe compound. Nonetheless, this material has been recently ex-
ploited to realize selectors units [Cha+21]. The first results indicate that GeSe
exhibits ovonic electrical switching in the amorphous phase [Liu+19b] and that
even moderate modulation of the stoichiometry ratio affects the electrical response
of the device in terms of I-V characteristics and power dissipation. However, the
origin of this phenomenon is yet to be understood. On the theoretical side, unravel-
ing the interplay between the local order of structures, trap states, and the resulting
electrical response is a significant challenge that requires the ability to treat large
systems at the atomistic level along with their electronic structure. Given the amor-
phous material’s intrinsically disordered nature, we need large-scale first-principles
simulations, which implies building large atomistic models that can represent the
material with sufficient fidelity. The influence of disorder causes essential differ-
ences in the electronic density of states of amorphous semiconductors. Actual
materials contain structural defects that can dominate their physical and chemical
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behavior. A description of the electronic properties will lead to understanding the
structural origin of defects, the nature of the mobility gap states, and the conducting
behavior of the different electronic states [KS15].

Understanding the local-order structure as a function of the composition in the
a-Ge,Se;_, compounds is of fundamental relevance in designing materials for more
efficient selectors. Local structural order in chalcogenides is expected to be closely
related to their electronic properties, such as the electronic band gap, mobility of the
electronic states, and the existence of the trap states [[R60]. However, a common
consensus on the interplay between the electronic structure and the structural
properties of amorphous chalcogenides is still to be developed. Raty et al. [Rat+01]
showed that Ge-Ge homopolar bonds of a germanium-centered tetrahedron cause
midgap states. In contrast, Zipoli et al. [ZKC16] suggested that the clustering of
undercoordinated or overcoordinated Ge atoms is associated with midgap states
(according to the 8-N rule [Mot67], the Ge atom, with its four valence electrons,
would adopt a coordination number of 4). Moreover, Konstantinou et al. [Kon+19]
found that a pentacoordinated Ge in the crystalline-like environment constitutes
the local defective bonding environment, while Li et al. [LR20] identified that the
Ge-Ge bond in a crystalline-like environment exhibits a negative U.

Using ab initio molecular dynamics (AIMD) to study amorphous GeSe;_, Li
[LR19] found that the conduction band consists of Ge-Se ¢* states with a low
effective mass and a broad tail of localized Ge-Ge o* states below this band edge.
Certain Ge-Ge bonding configurations create conduction band tail states, leading to
non-linear conduction. Guo et al. [Guo+19] studied the Se-rich a-Ge 4Se( ¢ sample
and found that, structurally, the sample is chemically ordered, with predominantly
fourfold-coordinated Ge sites and twofold-coordinated Se sites—the ground state
mobility gap of approximatively 0.8 eV is found, with the Fermi level pin in the
midgap.

Over several decades, there has been controversy over the coordination of the
Te- and the Se-based chalcogenides. Experimental results based on X-ray photo-
electron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) of
a-GeTe [TSS82] suggest the presence of a chemically ordered structure. It has been
shown that a thin film of a-GeTe deposited onto a cooled substrate has a 3:3-fold
coordination (i.e., 3-fold coordinated Ge and 3-fold coordinated Te), but it relaxes
onto a 4:2-fold coordination after thermal annealing (i.e., 4-fold coordinated Ge
and 2-fold coordinated Te)[TSS82]. Other studies have also suggested a possible 4:2
folding of a-Ge,Se;_,. O'Reilly et al. [ORK81] stated that a-Ge,Se;_x may be a 3:3
coordinated structure. At the same time, Trodahl et al. [Tro82] used far-infrared
absorption to show that the 4:2-fold coordinated model is more appropriate for this
system, although the 3:3-fold is also possible. Trodahl [Tro84] also showed how
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heteropolar bonds are favored over homopolar bonds. It is worth noting that these
experimental studies do not have enough sensitivity to a small density of defects
because the signal is averaged over the whole material.

This chapter aims to bridge the gap in the literature regarding realistic DFT-based
structural models of amorphous a-Ge,Se;_, by examining both the structure and
electronic properties and, more importantly, it seeks to unveil the interplay between
the localized states and structural motifs in the amorphous network. The novelty of
this work resides in developing realistic density functional theory-based structural
models on a-Ge,Se;_, using the melt and quench protocol. For conciseness, only
one model for each stoichiometry will be shown, even though we have generated
and studied several.

To better understand the structural and electronic properties of a-Ge,Se;_, and
explain the interplay between the electronic and structural features, we developed
realistic DFT theory-based models of the compound. Then, we systematically
studied each localized state, evaluated the weight of a particular electronic state on
each atom, and linked it to a structural motif.

4.1 Structural features

The main short-range interaction within the covalently bonded network of amor-
phous materials are usually similar to those in their crystalline analogs [Hol+13].
The case of the germinate glasses (Ge,Ch;_y, where Ch=Se, Te, S) may be an excep-
tion, although there is controversy in the literature, and different chalcogenides
may behave differently.

Therefore, understanding the structural configuration of crystalline GeSe (c-
GeSe) is a necessary preliminary step. We then describe in detail the structural and
bonding characteristics of the amorphous models we have generated.

Lattice parameters [A] | Atomic Angle [°]
a = 3.8447 a = 92.8006
b =4.5919 B =104.2916
¢ =11.0631

Table 4.1: Structural parameters of the GeSe crystalline phase and atomic angle obtained
in our calculation. The experimental values are a = 3.8338 A, b=43900 A and ¢ = 10.8300
A[Sis+17].

Figure 4.2 shows the partial radial distribution function (RDF) of a-Ge,Se;_, for
all three stoichiometries considered here. The top panel shows the Ge-Se partial
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Figure 4.1: Crystal structure of GeSe (Pnma) and bond angle. Green: Ge and yellow: Se.
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Figure 4.2: Radial distribution functions g(r) of the a-Ge( 5Se s, a-Geg 4Seq ¢, and the a-
Gey 6Seg.4. The top panel is the Ge-Se partial pair correlation function, the middle panel is
the Ge-Ge partial pair correlation function, and the bottom panel is the Se-Se partial pair
correlation function. The dashed line in each panel represents the corresponding distance
in the crystalline structure.

pair correlation function, the middle panel shows the Ge-Ge partial pair correlation
function, and the bottom panel shows the Se-Se partial pair correlation function.
The Ge-Se RDF of the stoichiometric compound a-Geg 5Se( 5 shows a well-defined
first neighbor shell with a bonding distance narrowly distributed around 2.65 A.
Increasing the Ge or Se content shows a seemingly unaltered distribution of Se
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around Ge. This is evident from the RDF of the Ge-rich and Se-rich samples, where
the Ge-Se first neighbor shell’s width and the height of all three functions are
quite similar. The Ge-Se bonds are the first neighbor shell in a-Ge,Se;_, at all
stoichiometries. For the Ge-Ge RDF of a-Ge(5Se( 5 (middle panel), we observe
that the Ge-Ge distance is primarily of the order of the second neighbor shell,
with only a few Ge-Ge bonds. Upon increasing the concentration of Ge to 60%,
the first-neighbour Ge-Ge shell becomes more prominent, with a Ge-Ge peak at
a distance of less than 3 A. A similar tendency is seen for the Se-Se RDF in the
Se-rich sample. Increasing the concentration of an atomic species beyond that
of the stoichiometric compound gives rise to the formation of the corresponding
homonuclear bonds. The Ge-Ge second neighbor peak is broader across all three
stoichiometries compared to the Se-Se second neighbor peak, suggesting that the
£(Ge—Se—Ge) angular distribution function (ADF) is broader than the /(Se—Ge—Se)
ADF, in order to maintain the homogeneity of Se distribution relative to Ge within
the first neighbor shell. For the Se-Se RDF (bottom panel), we count only two Se-Se
bonds in the a-Geg 5Se( 5 sample, while no Se-Se bonds are observed in the Ge-rich
sample. The resulting Ge-Se RDF and Se-Se RDF of the amorphous structures have
a prominent peak at about 2.65 A for a-Ge( 5Se 5 and a-Geg 4Seg ¢ and the Ge-Ge
bond for the Ge-rich sample as well with the shortest bond being at 2.45 A, which
is consistent with the value of the Ge-Ge bond in elemental Ge [LZF17]. Lastly,
a peak at 2.35 A for Se-Se RDF in the Se-rich stochiometry is consistent with the
bond distance in elemental Se. In the Ge-Se panel, the dashed line representing
the Ge-Se bond in the crystalline GeSe aligns with the first peak in a-Ge,Se;_y,
indicating the Ge-Se bond length. In the Ge-Ge and Se-Se panels, the dashed line
is close to the second neighbor peak, suggesting bonds angles centered about the
same value in the crystal and the amorphous materials, although the distribution
in the latter case are quite broad.

The structural stability of amorphous chalcogenides is determined by their mean
coordination number (MCN) [Phi79]. For chalcogenide glasses like GeSe, Tanaka’s
work reveals that the structural phase transition from floppy to rigid occurs when
the mean coordination number is 2.67. A material with an MCN larger than Tanaka’s
threshold indicates a 3D network structure. Our results show an MCN of 3.06 for a-
Gey55ey 5, close to the theoretical predicted value of 3 by Tanaka [Tan89] obtained
based on the 8-N rule, and 3.24 for a-Ge(¢Sep4 compared to the theoretically
predicted value of 3.2 [Tan89]. For the Se-rich structure, the MCN is 2.96, close
to the theoretical predicted value of 2.8 [Tan89]. Therefore, our structural models
for a-Ge,Se;_, have on a coordination close to the 3(Ge):3(Se) found in crystals
(see table 4.2), although the amorphous models show a three-dimensional network
while the crystal has a layered structure.

Section 4.1

43



Chapter 4

44

Non-doped a-GeSe

Ge Se

a-Geo.4Se0.6 3.3134 2.623
a-Geo.sseo.s 3.232 2.946
a—Geo,GSeM 3.593 2.895

Table 4.2: The average coordination number of the Ge and Se in a-Ge,Se;_x
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Figure 4.3: Angular distribution function of the a-GeysSeps, a-GegsSeps, and a-
Geg ¢Seq.4.Top panel Ge-center and bottom panel Se-center ADF.

The top and bottom panels of figure 4.3 show the Ge-centered and the Se-centered
angle distribution function of a-Ge,Se;_y. The Ge-centered ADF shows a sym-
metrical bell shape around 90° for all three stoichiometries. The a-Ge(5Sej 5 and
a-Gey 4Seg ¢ samples exhibit similar trends across the entire angle range while
the distribution is a bit narrower for the a-Gey¢Se 4. For the Se-centered ADF,
a-Gey 5Seq 5 and a-Ge ¢Se( 4 are again quite similar. For a-Geg ¢Sey 4, a little hump
appears at a smaller angle of about 60° . This indicates the presence of some edge-
sharing tetrahedra, where two Ge-centered sub-units share two Se atoms or one Se
atom.

For the Se-rich sample, the main peak of the Se-centered ADF is shifted toward
smaller angles with a maximum around 90° . The se-rich sample follows the same
trend as the two other stoichiometries at large angles. With the increase in Ge atoms
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content, the Se-centered ADF of the a-Ge( 5Se 5 and the a-Ge( ¢Se( 4 configuration
shift to larger angles around 109.5°, characteristic of tetrahedral units. The increase
in Ge atoms content leads to a broader distribution of angles and a wider range of
structural motifs.
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Figure 4.4: Coordination analysis of a-Ge,Se;_x. The top and panels show the Ge and Se
coordination numbers, respectively

Figure 4.4 shows the Ge and Se coordination analysis of the a-Gey4Seg¢, a-
Gey55e¢.5, and a-Geg ¢Seg 4. The Ge is primarily 3- and 4-fold coordinated in the
a-Gey 5Seq 5 stoichiometry, with 3-fold coordination being the most frequent. The
coordination number for Ge increases in a-Ge ¢Se 4, for which the most frequent
is a four-fold structure, and where a substantial proportion of Ge is 5-fold and even
one Ge atom is 6-fold coordinated. This hexacoordinated Ge indicates the presence
of a distorted octahedral motif in the amorphous network, confirmed by the bond
angle distribution function with a peak at 90° (see figure4.3).

For the Se-rich sample, the Ge coordination is very similar to the stoichiometric
compound, 3 being the most frequent, but with a significant number of 4-fold Ge
atoms (larger than in the stoichiometric material) and some 2- and 5-fold ones. The
divalent Ge proportion remains unchanged compared to the a-Gej 5Se( 5 sample.

For the Se coordination (bottom panel), in the a-Geg 5Seq 5 stoichiometry, Se is
mainly 2-, 3-, and 4-fold coordinated, with the predominant coordination being 3-
fold. Upon increasing the Se content, the Se-coordination shifts to lower values, with
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the proportion of 2-fold atoms growing significantly but with 3-fold coordination
still being the most frequent.

Conversely, in the a-Ge( ¢Sej 4 sample, increasing the Ge content raises the Se
coordination, enhancing the frequency of 4-fold atoms and reducing the number of
2-fold ones. In our sample, we even observe one 5-fold Se atom.

In contrast to Figure 4.4, which shows the coordination of each atomic species
independent of the species it forms a bond with, Table 4.3 presents the statistics of
the homopolar bonds and existing tetrahedra in a-Ge,Se;_x. The first column lists
the compositions, while the other three columns show the counts of Ge-Ge bonds,
Se-Se bonds, and tetrahedra, respectively. From Table 4.3, in agreement with Figure
4.2, the a-Geg ¢Seg 4 sample has more Ge-Ge bonds and Ge-centered tetrahedra than
the a-Gej 5Sey 5 and a-Gej 4Sep ¢. Meanwhile, the count of Se-Se bonds is higher in
a-Gej 4Seg ¢ than in a-Gey 55€( 5 and is nonexistent in the Ge-rich sample.

#Ge-Ge | #Se-Se | # Ge-center tetrahedra (percentage %)
a—G€0.6S€0.4 174 0 59 (3423)
a-G€505650 26 2 19 (11.30)
a-G€0.4seo.6 10 53 26 (19.4)

Table 4.3: Statistics of the Ge-Ge bonds, Se-Se bonds, and Ge-centered tetrahedra in
a-Ge,Sej_y

We now analyze the ring statistics to study the amorphous network. This analysis
of the topology of the networks allows us to gain insight into the structural motifs
present in the structure. A ring is defined as a closed path, and a path is a series of
nodes (atoms) connected sequentially (atomic bond) without redundancy. The total
nodes of rings form a close path with n nodes, denoted as n-membered rings. The
ring statistics hereafter have been carried out using 10 nodes as a maximum search
depth. We use the primitive ring criterion [R]10] to define this path as the shortest,
which returns to a given atom from one of its nearest neighbors.

Figure 4.5 shows each ring size’s proportion and connectivity from 3 to 10 in the
amorphous network. Re(n) [R]10] is the number of rings per cell. It is calculated
by counting all the different rings of size n corresponding to the primitive ring
criterion. In all the stoichiometries, there is a similar proportion of rings per cell
with a size of 4. Rings with homopolar bonds (i.e., odd-sized rings) exist in all
sizes analyzed. This confirms the existence of chemical defects in the amorphous
network as indicated by homopolar bonds in the RDF (see figure 4.2). This is in
agreement with the AIMD simulations results by [CD97; CDC96; MP08; MPC01] in
the structure of glassy GeSe, whereby n-member rings from 3 to 10 exist.
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Figure 4.5: The connectivity profiles of a-Ge,Se;_, samples.

The 4- and 6-membered rings are predominant motifs in a-Geg 5Sey s, 4, 5, and 6-
membered rings are predominant features for the a-Gey 4Se s whereas 5-membered
rings are more frequent in a-Geg ¢Seg 4. We recall that the crystalline GeSe is made
of 6-membered rings. As observed by D.E. Polk [Pol71], including the pentagonal
rings does lead to a less pronounced third neighbor peak (see figure 4.2). So, the
more a sample has a 5-membered ring, the less pronounced the third neighbor peak
in the RDF will be.

The size of the rings and their chemical character (rings with or without ho-
mopolar bonds) are not enough to understand the spatial distribution of the rings
across the networks. So, following [R]J10], we present other quantities useful for
understanding the connectivity in the amorphous network. We first show the
results for PN(n), the total number of nodes that satisfy the primitive ring criterion
divided by the total number of nodes in the amorphous network. A high value of
Rc(n) and a low value of PN(n) will indicate local network defects [R]10] since all
nodes are not necessarily in rings of that size. A local network defect represents
a localized irregularity that alters the overall topology or bonding pattern of the
material.
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Tables 4.4, 4.5, and 4.6 show the ring statistics and the connectivity profile of
a-Gey 5Seq 5, a-Geg 4Se ¢, and a-Geg ¢Se 4, as plotted in Figure 4.5. For a-Ge 5Sey 5,
we observe no local network defects for 3- and 6-membered rings, as seen in Table
4.4, where for n = 3 and n = 6, PN(n) is greater than Rc(n). For a-Ge 4Sey 6, local
network defects are only found in 5- and 6-membered rings, as seen in Table 4.5,
where for n = 5 and n = 6, Rc(n) is greater than PN(n). For a-Geg ¢Sey 4, no local
network defects are found for any ring size distribution from 3 to 10, as seen in
Table 4.6, where PN(n) is always greater than Re(n).

Size of the ring (n) | Number | Rc(n) | PN(n) | Pmin(n)
3.0 8 0.024 | 0.060 1.000
4.0 62 0.185 | 0.571 0.938
5.0 35 0.104 | 0.372 0.520
6.0 75 0.223 | 0.688 0.273
7.0 18 0.054 | 0.268 0.044
8.0 19 0.057 | 0.280 0.000
9.0 16 0.048 | 0.271 0.000
10.0 28 0.083 | 0.423 0.021

Table 4.4: Rings statistics and the connectivity profile of the a-Ge 5Seq 5. No local network
defects for 3- and 6-membered rings.

Size of the ring | Number | Rc(n) | PN(n) | Pmin(n)
3.0 12 0.036 | 0.101 1.000
4.0 55 0.164 | 0.509 0.906
5.0 42 0.125 | 0.449 0.530
6.0 37 0.110 | 0.372 0.256
7.0 8 0.024 | 0.128 0.140
8.0 8 0.024 | 0.173 0.190
9.0 10 0.030 | 0.158 0.113
10.0 13 0.039 | 0.214 0.028

Table 4.5: Rings statistics and the connectivity profile of the a-Gey 4Se( ¢. Local network
defects are only found in 5- and 6-membered rings

We also evaluate Pmin(n), the proportion of nodes for which the rings with n
nodes are the shortest closed paths found using these nodes to initiate the search.
Pmin(n) is not defined with respect to all nodes but rather with respect to all atoms
that are at the origin of rings of size 'n’
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Size of the ring | Number | Rc(n) | PN(n) | Pmin(n)
3.0 17 0.051 | 0.131 1.000
4.0 57 0.170 | 0.476 0.869
5.0 92 0.274 | 0.723 0.523
6.0 54 0.161 0.586 0.096
7.0 43 0.128 | 0.506 0.018
8.0 19 0.057 | 0.312 0.019
9.0 47 0.140 | 0.583 0.005
10.0 30 0.089 | 0.363 0.000

Table 4.6: Rings statistics and the connectivity profile of the a-Geg ¢Seg 4. No local network
defect was found in any of the ring size distributions.

For n < 4, Pmin is approximatively equal to 1; therefore, rings with size n less
than or equal to 4 are always the shortest path for the node at the origin of the
search. Therefore, in a-Ge,Se;_y, there is no common node between rings of 3 and
4 nodes.

The structural analysis of a-Ge,Se;_, shows that all our generated samples
are primarily Ge(3):Se(3) coordinated. For all three stoichiometries, the Ge-Se
bond is favored and has a similar bond length to that in the crystal structure
of orthorhombic GeSe. However, Ge-Ge and Se-Se homopolar bonds become
significant as the concentration of Ge or Se is increased by 10% relative to the quasi-
stoichiometric sample, respectively. Ring statistics further confirm the existence of
homopolar bonds, contributing to chemical defects in the amorphous network and
local network defects.

4.2 Electronic properties

We now analyze the electronic properties of our a-Ge,Se;_, models. We start by
showing, in Figure 4.6, the density of states (DOS) of crystalline orthorhombic GeSe
and the three stoichiometries of a-Ge,Se;_,. The electronic DOS for both c-GeSe
and a-Ge,Se;_, exhibit very similar overall profiles, with four distinct regions in
the energy interval considered: three in the valence band (VB) and one in the
conduction band (CB). The two lowest groups of states, in the ranges [-15 eV, -10
eV] and [-10 eV, -5 eV], have mainly Se(4s) and Ge(4s) characters, respectively.
In contrast, the topmost valence band, in the [-5 €V, 0 eV] range, and the lowest
conduction band, in the interval [0 eV, 5 eV]. are primarily composed of Se(4p) and
Ge(4p) states, with predominance of Se(4p) states in the valence band and Ge(4p) in
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the conduction band. The similarity in the DOS of all compounds is not surprising,
as the bonding structure of the amorphous materials, as explained in the previous
section, is close to that of the crystalline compound, with a coordination close
to 3:3, and predominance of heteropolar bonds between the two species Ge and
Se. The main covalent nature of these bonds then leads to very similar DOS and
contributions of each species and atomic orbital in the same energy region. It is
worth noticing that while the overall contribution of Se(4p) states to the DOS in
the top valence and lower conduction bands increases with Se content (as would be
expected), the ratio of the weight of the partial DOS of these orbitals in the valence
and conduction band remains quite similar. The same consideration holds for the
Ge(4p) states, which, of course, decrease their weight as the Se content increases. It
is also interesting to notice that, in the Se-rich sample, the Se(4p) contribution is
larger than that of the Ge(4p) orbitals in the low-energy edge of the conduction
band. A similar effect can be observed in the Ge-rich sample, where the Ge(4p)
weight is predominant at the highest energies of the top of the valence band. This
is due to the increase in Se content in the Se-rich sample and the increase in Ge
content in the Ge-rich sample, which result in Se-Se bonds and Se lone pairs at
the origin of localized states in the Se-rich sample, as well as Ge-Ge bonds in the
Ge-rich sample, which give rise to a broad tail of the conduction in energies range
close to the Fermi level. As we shall see later, Ge-Ge bonding configurations create
conduction band tail states in agreement with [LR19].

The energy difference between the mobility edges defines the mobility gap
(Eg4), while the spectral band gap is defined as the energy range with no states
whatsoever. When a charge carrier falls into localized states, it gets trapped. A
charge carrier (electron or hole) in a trap state typically has an exponentially
decaying wavefunction localized in a spatially restricted region.

4.2.1 DFT+U

Herein, we check if improving the treatment of electron correlations by considering
the on-site Coulomb term, U, the electronic structure, and then the structural motif
responsible for the localized states may differ from the standard density functional
theory. Using the same value of U as found in the crystal in section 2.2, we computed
the electronic density of states of the undoped a-Ge,Se;_, with and without the
U correction (see figure 4.7). From figure 4.7, we notice that the DFT+U method
modifies the DOS profiles compared to standard DFT. The green DFT+U lines show
slight deviations from the black DFT lines. The DFT+U correction widens the
spectral band gap in the Se-rich and stoichiometric samples, indicating a better
approximation of electronic correlation effects that DFT alone might not capture.
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However, these differences are minor, and after testing, those slight variations have
no impact on the structural motif at the origin of the localized states in the mobility

gap. *.
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Figure 4.7: Density of states of amorphous GeSe with (green curve) and without (black
curve) the Hubbard correction, with Uge = 0.14 €V and Us, = 1.995 €V.

Figure 4.8 represents the DOS and the inverse participation ratio of all three
stoichiometries. Some states clearly appear localized within the mobility edges,
with higher IPR.

a-Ge 5Se 5 has very few localized states, and all of them are located close to the
mobility edge, leading to a clean and large spectral band gap. For this stoichiometric
amorphous sample, E is similar to that of crystalline GeSe. The Fermi energy lies
between two resonant states, defined as states that are symmetric with respect
to the Fermi level at energies of -0.235 eV and 0.237 eV. This amorphous sample
is similar to the Marshall-Owen model [MO71], wherein the defect states lead to
localized energy states in the form of electron and hole traps in the band gap.

The a-Ge 4Seg ¢ has many localized states within the mobility band gap, although
mobility edges both in the valence and the conduction band can be clearly identified
by looking at the localization of the states through the IPR. Actually, the mobility

4 Even though it is not shown or discussed in any of the chapters of this thesis, the DFT+U has
also been tested when adding various dopants against the standard DFT calculation. Adding
the Hubbard correction does not significantly modify the electronic density of states nor the
structural motifs at the origin of localized states in the mobility gap.
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Figure 4.8: Density of states (black curve) and inverse participation ratio (red spikes) of
the three stoichiometries in the range of energies near the Fermi energy.
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gap for this sample is larger than for the stoichiometric a-Ge 5Seq 5 compound. The
Fermi energy lies between two localized states at -0.09 eV and 0.09 eV. The tail of
the localized state extends a few tenths of eV into the mobility gap. This sample is
similar to the Davis-Mott model of an ideal amorphous semiconductor with defects
near the center of the mobility gap [DM70].

The Ge-rich sample shows no spectral band gap, with a quite continuum spectrum
of states around the Fermi level. The conduction and the valence band tail overlap
in the midgap, leading to an appreciable density of states across the mobility gap.
Actually, for this concentration, it is difficult to define a mobility gap, as all the
states have a considerably small IPR, being, therefore, quite delocalized. As a result
of band overlapping, redistribution of electrons must occur, which forms filled
states in the conduction band tail, which are negatively charged, and empty states
in the valence band, which are positively charged. This sample is similar to the
model proposed by Cohen-Fritzsche-Ovshinsky (CFO) [CFP67].

In summary, the mobility gap, Ey, increases with the decrease in the Ge content,
as seen in Table 4.7. To evaluate the E;, we compute the average value of the IPR,
far from the Fermi energy, and the standard deviation of these data. Then, we
define a localized state as a state whose IPR is greater than 1 time the standard
deviation and 2 times the standard deviation. These two definitions of the localized
states allow us to estimate the error.

Sample E,4 (eV)
a-Geo.4Seo_6 13947/10971
a-Geo,5Seov5 11822/10602
a-Ge0,68e0.4 06577/02134
Table 4.7: The mobility gap E, for different samples. The first value of E, is computed by
considering the localized as those greater than one time the standard deviation, and the
second value represents those obtained by defining the localized as those greater than 2
times the standard deviation.

4.3 Linking the electronic properties to the
structural features
In this section, we aim to analyze the structures of the amorphous samples which

lead to localized states within the mobility gap. To do that, we establish the link
between the IPR for each state localized within the mobility gap and the structural
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local environment of the atoms involved. These are identified by looking at the
electron occupation of that state on each atom in the supercell. Once the atoms with
the highest weight of the electron occupation are found, their local environments
are investigated and visualized by plotting the wave function together with the
bonding network.

Density of States (arbit.units)

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
E(eV)

Figure 4.9: Top: Single-particle wave functions of selected defect states in the mobility
gap of the a-Gey 5Sey 5 sample. The red and blue isosurfaces indicate the positive and the
negative sign of the wavefunction, respectively. Bottom: DOS (black curve) and the IPR
(red spike) of the model. States shown at the top are numbered according to the labels in
the bottom graph. The localized states shown are due to 1) Se lone pair and 2) Se-Se ¢*

4.3.1 a-Ge0_5Se0_5

Figure 4.9 shows the wave function and the structural environments that give rise to
localized states in our a-Gey 5Sey 5 model. The top panel shows three wave functions
and the structural environments associated with the localized states numbered in
the bottom panel.

We first analyze the localized states in the a-GesySesy model, which shows the
cleanest spectral gap and a few localized states within the mobility gap.
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For state "1" in Figure 4.9, the localized state is due to the Se lone pairs (LP) of
Se atoms not forming a bond. The first Se atom, which has the highest electron
occupation, belongs to a 5-membered ring, while the second Se atom, with half the
electron occupation of the first, belongs to the 4-membered ring.

The Se atoms at the origin of the localized state belong to 4 and 5-membered
rings. This is not surprising because previously, from the ring statistics analysis,
we showed that in the a-Ge( 5Se( 5 sample, local network defects were found on the
4 and 5-membered rings. A local network defect represents a localized irregularity
that alters the material’s overall topology or bonding pattern.

For state "2", the two Se atoms involved in the formation of the localized state
are separated by a distance of 2.42 A, which corresponds to the shortest of the
two first-neighbour Se-Se bonds that appear as a little hump in the RDF see figure
4.2. The remaining Se-Se bond of length Se-Se =2.49 A does not belong to a 4- or
5-membered ring. Thus, it is not at the origin of any localized state. As shown in
the ring statistics analysis, local network defects are found in the 4 and 5-membered
rings.

The angle formed by the three atoms with the highest electron occupation in
creating the localized state is Se-Se-Ge = 98.40°. Two distorted Ge tetrahedra, which
share a common Ge corner, form a 5-membered ring with the 2 Se atoms involved
in the formation of the localized state. The homopolar bond lengths forming the
5-membered ring are Se-Se = 2.42 A and Ge-Ge = 2.64 A. Se LPs and the homopolar
Se-Se ¢” bond give rise to states resonant with the valence and conduction bands.
In general, for the a-Gey 5Sej 5 case, the localized states are predominately formed
by Se-Se ¢* bonds in the conduction band, and a small fraction of localized state is
due to the p orbitals in the Se LP. No valence alternation pair is found. From the
ring statistics analysis, we found local network defects in 4- and 5-membered rings.

4.3.2 a—Geo,4Se0‘4

Figure 4.10 shows wave functions of the a-Gey 4Seg ¢ for three different cases of
localized states originating from different structural motifs. State "1" shows a wave
function in the valence band due to the Se-Se 7™ chain. In state "2", the localized
state is due to the Se LP. From the ring statistics analysis, local network defects
which represent localized irregularities that alter the overall topology or bonding
pattern of the materialare found only in 5- and 6-membered rings, which is the
case here. In state "3", the localized state is due to the Ge tetrahedron found on 6-
and 5-membered conjoined rings.

The predominant structural environments that give rise to localized states in
a-Gey 4Se) ¢ are the Se-Se bonds and a minor contribution of Se LP and tetrahedra.



Linking the electronic properties to the structural features

Density of States (arbit.units)

-1.0 -0.5 0.0 0.5 1.0
E(eV)

Figure 4.10: Plot of the wave functions plot of selected defect states 1, 2, 3 in the mobility
gap of a-Gej 4Seq ¢ sample. The red and blue isosurfaces indicate the positive and the
negative sign of the wavefunction, respectively. 1) the localized state is due to the Se-Se 7*
chain, 2) the localized state is due to Se LP, and 3) the localized state is due to a tetrahedron
(q = 0.94).

The Se-Se bond is of the 7* type when the defect state is located in the valence
band and the o* type when the defect state is located in the conduction band.

4.3.3 a—Ge0'6Se0‘4

Figure 4.11 top panel shows the isosurface representation of the most localized state
in the Ge-rich sample. The localized states near the Fermi level in the Ge, ¢Seg 4
sample are weaker than in the Se-rich and the quasi-stochiometric sample, with
small values of the IPR for all the states. For the most localized state of the a-
Gep¢Sep.s model seen in figure 4.11, the two Ge atoms with the highest electron
occupation are positioned at the centroid of slightly distorted tetrahedra (Ge(q=0.89)
and Ge(q=0.95), where q represents the orientational order parameter for the tetra-
hedral structural motif as defined in [ED01]). Thus, the two Ge atoms involved in
forming the most localized state in the Ge-rich sample obey the 8-N rule. They
form a bond and are part of a five-membered (pentagonal) ring with four other Ge
atoms. . As with the previous sample, the existence of a local network defect in the
ring statics results in a localized state near the band edge. In Figure 4.11, the wave
function is extended all over the cell. The non-localization of the wave function
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Figure 4.11: Isosurface representation of the most localized state in amorphous a-Ge ¢Se 4.
The red and blue isosurfaces indicate the positive and the negative sign of the wavefunction,
respectively. The bottom panel shows the DOS (black curve) and the IPR (red spikes).

agrees with the results of the ring statistics analysis. Whereby no local network
defects were found in any of the rings from 3 to 10.

Consequently, in the a-Ge ¢Sep 4 model we generated, all the states are extended,
indicating that the sample is defect-free as it satisfies all the conditions stated in
[Zac32] for a sample to be considered as such. In addition to satisfying the 8-N rule,
the two Ge atoms are each the centroid of a tetrahedron, meaning the bond lengths
and /(Se-Ge-Se) bond angles are constant, with no dangling bonds.

4.4 Conclusions

We have developed realistic density functional theory-based structural models of
amorphous GeSe without resorting to experimental information or adjusted inter-
atomic potentials. We constructed various supercell models, for three compositions
of a-Ge Sep 4 (With x=0.4, 0.5, 0.6). The networks are disordered by density func-
tional molecular dynamics in a melt-and-quench protocol. The structural features
of these samples, including the radial distribution function, the angle distribution
function and the coordination number have been calculated. Our results show that
the a-Ge,Se;_y is Ge(3): Se(3) coordinated. Well-defined Ge-Se first-neighbor shells
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are found, similar to the Ge-Se bond in the GeSe crystal structure. We observe
Ge and Se clustering in Ge-rich and Se-rich structures, respectively; the Ge-rich

structure tends to have larger coordination numbers than the Se-rich structure.

The a-Ge 5Se( 5 sample we generated has a very small number of Ge-Ge and Se-Se
bonds. The electronic properties features, including the inverse partition ratio and
the density of states, have been calculated. The stochiometry sample has a clean
spectral band gap, and some localized states within the mobility gap. We show
the structural motifs at the origin of localized states in the mobility gap. Localized
states are predominantly due to the Se-Se bonds in the Se-rich sample and a minor
contribution to Se LP and tetrahedra. In a-Ge 5Seg 5, defect states are due to the
Se-Se, o* bond type in the conduction band. For the a-Gej ¢Se( 4 stochiometry, we
find no spectral gap, and very delocalized states throughout the energy range, with
no significantly localized states.
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5.1 Introduction

In 1967, Mott [Mot67] introduced the 8-N rule to account for the absence of topolog-
ical constraints in covalently bonded tetrahedral amorphous structures, resulting in
the absence of doping. This rule states that each element has a natural coordination
determined by its valence electrons (N)[Str82]. For example, Se has N = 6 valence
electrons, resulting in a coordination of 2, while Ge, with 4 valence electrons, has a
coordination of 4. This rule suggests that substitutional doping, a process in which
the dopant becomes electrically active in a 4-fold bonded configuration, providing
the material with charge carriers, could not occur in amorphous semiconductors.
However, doping was demonstrated by Spear et al. [SL75] in hydrogenated amor-
phous silicon. They have shown that the electrical conductivity of a tetrahedral
amorphous semiconductor can be controlled over many orders of magnitude by
doping with substitutional dopants.

However, experiments show that most excess carriers introduced by dopants do
not occupy shallow tail states, as expected in intrinsic semiconductors, but rather
form mid-gap states [SBS87]. In addition, the properties of tetrahedrally bonded
amorphous materials such as a-Si, differ from those of chalcogenide glasses in the
sense that the former can generally be prepared so that the Fermi level is unpinned
from the center of the band gap [AdI81; AY77; MD71]. Consequently, the electrical
conductivity can be modulated, e.g., by chemical doping or the field effect. The
pinning of the Fermi level at the center of the gap in amorphous chalcogenides,
characterized by charged defects D* and D7, is responsible for p-type conduction
in chalcogenides [Bha+86]. However, dopants induced structural changes that
can modify the electronic conductivity by balancing the charged defects D* and
D™, thus moving the Fermi level toward the conduction band or the valence band.
Kastner et al. [KAF76] proposed a specific type of defect, called a bond alternation
pair, responsible for pinning the Fermi level. This defect creates over- and under-
coordinated atoms, known as valence alternation pairs (VAPs), with an effective
interaction pair of electrons in a nonbonding level (U). The negative U effect, coined
by Anderson [And75], ensures strong Fermi level pinning with no measurable
unpaired spin density. VAPs, in which the total number of bonds is preserved, are
formed by the lone pair electrons in chains of chalcogen atoms (S, Se, Te) and have
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been identified as responsible for traps associated with Ovonic Threshold Switching
(OTS) [Ava+17;1Z07]. The creation energy of VAPs is lower than the total energy
of the neutral defects in amorphous chalcogenides.

It was generally admitted that most chalcogenide glasses exhibit p-type con-
duction and that their electrical conductivity is slightly affected by doping. This
insensitivity to dopants is due to charged defects pinning the Fermi level near the
mid-band gap [KAF76; NS75]. Tohge et al. [TMT80; Toh+80] were the first to
highlight the role of Bi, which belongs to the pnictogen family (along with P and
As), in the emergence of n-type conduction in chalcogenide glasses. In 1986, Bhatia
et al. [Bha+86] found that bismuth dopants induced structural modifications in
(GeSes 5)1-Biy glasses that are responsible for n-type doping using IR and Raman
spectra. The mechanism behind this is still controversial: what is the charge of the
pnictogen atom, and what is its local environment? Several answers have appeared
in the literature since the 1980s.

This n-type conduction was also found by Nagels et al. [NRV81] in (GeSes 5);—Biy
and (GeSesTey 5);-Biy and attributed to negatively charged, 2-fold coordinated Bi
atoms. Tohge et al. [TMT80] and Vautier and co-workers [VSD88] proposed that
in the Geg,Bi,Seg s alloys (0 < x < 0.13), the Bi atoms were 6-fold coordinated
and negatively charged. In 2014, Seo et al. [Seo+14] showed that increasing the Bi
content reduces the optical energy gap and the depth of trap states, resulting in
a drastic reduction of the threshold voltage (Vi) by more than 50%. Additionally,
a smaller E is expected to result in a lower Vi, according to a model recently
proposed by Ielmini [Iel08; IZ07].

The pnictogen-doped amorphous chalcogenides and the Te-based chalcogenides
have recently attracted significant research interest. In 2014, Yu et al. [YR14] raised
uncertainty about whether the VAP model should apply to Te-based chalcogenide
glasses, such as GeSbTe, especially since tellurides exhibit more metallic bonding
than selenides, with a much smaller band gap and more back bonding in their
crystalline phase. It is yet to be determined if the VAP model applies to amorphous
GeSe under doping conditions. However, in equiatomic compositions of a-GeSe,
very few homopolar Se-Se bonds are expected.

Significant progress has been made in experimental studies of doped chalcogenide
glasses. Modulating Ge concentration and layer thickness can affect switching
characteristics. Dopants like N [Ahn+13], Sb [Shi+14], and Bi [Seo+14] have
also been studied for different values of x (ranging from 0.4 to 0.7) to modulate
the threshold voltage. Additionally, the thermal and electrical performance of
doped a-Ge,Se;_y, for x = 0.4,0.5, 0.6, were studied upon adding C and N to the
amorphous network. N doping was found to decrease off-state leakage and increase
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the threshold voltage (V1,), while C doping led to increased leakage and reduced
Vin [Ava+22].

This chapter focuses on the theoretical effect of dopants-induced n-type and
p-type defects on the electronic and structural properties of amorphous GeSe. It
explores the link between localized states and the presence of dopants. We use ab
initio calculations based on DFT to study the effect of adding Si, P, As, S, and Te
dopants to a-Ge,Se;_y for different values of x (ranging from 0.4 to 0.6). Using the
structures with dopants generated from the melt-and-quench method with DFT as
discussed in chapter 3, we get structures closely resembling the experimental ones.
We will investigate the local structure, the effect of the dopants on the band gap,
the density of states and the inverse participation ratio. Si, P, and As dopants are of
interest due to their high connectivity and strong network-forming ability, which
stem from their coordination numbers (As and P = 3, Si = 4), thus strengthening the
structure. In contrast, S and Te, with 2-fold coordination, increase the network’s
flexibility [Ava+17].

The chapter is divided into three main sections: the first discusses Si-doped
a-Ge,Se;_y; the second covers pnictogen-doped a-Ge,Se;_, with the inclusion of
As and P; and the third addresses chalcogenide-doped a-Ge,Se;_x, where S and
Te are incorporated into the network. From a DFT perspective, our results reveal
the importance of dopant-induced modifications in the amorphous GeSe network
and electronic structure. Our approach provides a rigorous method for studying
each localized state and mapping it to the electronic structure that gives rise to the
defective states.

5.2 Silicon-doped a-Ge,Se;.«

This section aims to study the structural and electronic properties of the Si-doped
a-Ge,Se;.. In the structural section, we will show the radial distribution function,
the angle distribution function, and the coordination analysis. In the electronic
part, we will show the density of states, the inverse participation ratio, and the link
between the localized states and the electronic structure.

5.2.1 Structural properties

To understand the structural properties of a-GeySe;_«:Si, the RDF, the ADF and
the coordination analysis are shown. The RDF measures the probability of finding
an atom at a specific distance r from a reference atom. The ADF represents the
probability of atoms forming a certain bond angle with neighboring atoms in the
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amorphous structure. The coordination analysis tells us about the local order in
the amorphous network.

To study the effect of the dopant atoms on the amorphous structures, we compare
their local structural features to those of Ge and Se atoms to determine whether
they behave like one of them or exhibit different characteristics. This gives us some
insights into the mechanism of the doping effect.

RDF

The partial RDFs of the Si-doped a-Gejs5Seqs, a-Geg4Seps, and a-GegSep 4 are
shown in figures 5.1, 5.2, and 5.3, respectively. Panel a) shows gge-Ge(r), b) gse-se(7),
€) gge-se(7), d) gsi-ge(r), €) gsi-se(r), and f) gsi_si(r) as the concentration of Si increases.
In the stoichiometric and Ge-rich samples, the Ge-Ge partial RDF shows a first
neighbor shell and a medium-range order (MRO); however, in the Se-rich samples,
as the Si concentration increases, we notice an increase in the number of the Ge-Ge
bonds.

No Se-Se first neighbor shell is found in the stoichiometric and the Ge-rich samples.
In contrast, in the a-Gej 4Se( ¢ stoichiometry, as the Si concentration increases, we
notice a decrease in the number of Se-Se first coordination shells and an increase in
the number of Si-Se bonds. The latter indicates that Si is replacing Se. The absence
of Se-Se bonds in the stoichiometric and Ge-rich samples indicates that Se atoms
are not clustering together and are instead bonded to Ge or Si.

The Ge-Se first neighbor shell is well-defined in all the samples; however, the MRO
is lost in the stoichiometric and Se-rich samples. Conversely, a medium-range order
is observed in the Ge-rich sample. This is because Ge atoms prefer to bond with
each other, as well as with Si and Se, creating a structurally ordered network at
both the local and medium ranges.

In the stoichiometric sample, Si-Ge and Si-Se bonds are formed at all dopant con-
centrations. The Si-Ge first neighbor peak is around 2.5 A, similar to the Ge-Ge
clustering, indicating that Si behaves similarly to Ge when bonding to Se. In the
Se-rich sample, Si prefers to bond with Se, while in the stoichiometric and Ge-rich
samples, it tends to bond with both Se and Ge. The tendency of Si to bond with
both Se and Ge in stoichiometric and Ge-rich samples shows the adaptability of Si
in forming bonds depending on the local composition.

In the Se-rich sample, unlike the probability of finding a Si-Si bond, which ex-
ists only at higher concentrations of Si dopants, the proportion of Se-Se bonds
diminished as the Si content increased—as mentioned earlier, suggesting that Si is
replacing Se in the local bonding environment.

Homonuclear Si-Si bonds exist in the Ge-rich sample at most Si concentrations,
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except 1%. The Si-Ge and Si-Se bonds are favored, and their corresponding RDF
resembles each other, implying that Si bonds with both Ge and Se.

Si-Si bonds form at higher dopant concentrations in the stoichiometric sample. A
first neighbor shell peak is observed at 2.35 + 0.05 A for 5%, and 15% of Si, and at
2.45+0.05 A for 10% Si. The 2.35 A bond length is commonly reported for diamond
cubic silicon, the most stable form of elemental silicon at room temperature and
pressure. The error was calculated by dividing the bin width we used to compute
the RDF by 2.
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Figure 5.1: Partial radial distribution functions of the Si-doped a-Ge5Seq 5 for the pairs of
a) Ge-Ge, b) Se-Se, c) Ge-Se, d) Si-Ge, e) Si-Se, and f) Si-Si.
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Figure 5.2: Partial radial distribution functions of the Si-doped a-Ge, 4Seg ¢ for the pairs of
a) Ge-Ge, b) Se-Se, c) Ge-Se, d) Si-Ge, e) Si-Se, and f) Si-Si.
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Figure 5.3: Partial radial distribution functions of the Si-doped a-Ge¢Seg 4 for the pairs of
a) Ge-Ge, b) Se-Se, c) Ge-Se, d) Si-Ge, e) Si-Se, and f) Si-Si.
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ADF

Herein, we present the angle distribution function of the Si-doped a-Ge(5Sey 5, a-
Geo.4Seo 6, and a-Geg ¢Seg 4. The angle distribution function gives us insight into the
shape of the local cluster present in the amorphous structure. For example, a clearly
defined peak at about 90°indicates the presence of octahedra, where 6 neighboring
atoms surround each central atom. A peak around 109.5°indicates a predominance
in the amorphous structure of tetrahedra where 4 neighboring atoms surround
the central atom. Angles between 90° < 6 < 109.5° indicate trigonal pyramidal
structural motifs in the amorphous network. A trigonal pyramidal structural motif
is a molecular shape where a central atom is positioned at the apex of a pyramid,
with three other atoms occupying the corners of a triangular base. This creates a
structure with four atoms in total, where three are arranged in a plane, and one is
above it.
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1% ,—L 1% _/'\!\\ 1%
g%~ 7 3% A 3% iy
5w 55w . Z5% e
i TN D o °
7% ; 7% & 7% T
(] 0 0
= N el SN ot AN
Al 10% | Al 10% ! A 10% /\
< T < ST < .
15% -A 15 % j’“’l‘\ 15 % A
| |
0 60 90 120 150 180 0 30 60 90 120 150 180 0O 30 60 90 120 150 180
Angle(°) Angle(°) Angle(°)

Figure 5.4: The angle distribution function of the Si-doped a-Gey5Sej5: a) Ge-centered,
b) Se-centered, and c) Si-centered. The vertical lines represent the well-known structural
angles for the compounds, such as the octahedra, trigonal pyramidal, trigonal bipyramidal
at 90°green dashed lines, and the tetrahedra at 109.5 “dashed blue lines.

Figures 5.4, 5.5, and 5.6 show the angle distribution functions of Si-doped a-Ge,Se;_y.

Ge-centered ADF forms a more symmetrical bell shape at about 95° in both the
stoichiometric and Se-rich samples. Coordination analysis of Ge atoms (see figures
5.8 and 5.7) reveals that Ge is primarily 3-fold coordinated in the Se-rich sample. Ge
is 3- or 4-fold coordinated in the stoichiometric sample depending on the composi-
tion, suggesting an amorphous network defined by trigonal pyramidal structures
with Ge atoms at the pyramid’s apex. In the Ge-rich samples, the Ge-centered
angle distribution function is broader compared to the a-Ge( 5Se( 5 and a-Geg 4Seg ¢
stoichiometries. It extends toward 109.5°, indicating a 4-fold tetrahedral geometry,
as shown in the Ge coordination analysis in figure 5.9.

In the stoichiometric and Se-rich samples, the Se-centered ADF is broader than
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Figure 5.5: The angle distribution function of the Si-doped a-Ge 4Se(¢: a) Ge-centered, b)
Se-centered, and c) Si-centered.
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Figure 5.6: The angle distribution function of the Si-doped a-Ge¢Sej 4: a) Ge-centered, b)
Se-centered, and c) Si-centered.

the Ge- and the Si-centered ADFs, with a main peak at about 90 °at 1% of Si and
shifting toward bigger angles as the Si content increases for the stoichiometric
sample. In the stoichiometric and Se-rich samples, the Se-centered ADF is broader
than the Ge—and Si-centered ADFs. Its main peak is around 90°at 1% Si, shifting
toward larger angles as the Si content increases in the stoichiometric sample.

In the stoichiometric sample, the Si-centered ADF is at about 109.5°, indicating
a tetrahedral structure with Si at the center. In the Se-rich sample, at 1% of Si,
the Si-centered ADF shows two bumps: one near 90° and another around 109.5°,
indicating an amorphous network predominantly composed of trigonal pyramidal
and tetrahedral structural motifs, respectively, as suggested by the coordination
analysis 5.7. As the Si concentration increases, we notice a shift in the ADF toward
larger angles centered around 109.5°, indicative of a predominance of the 4-fold
structural motif. This can be seen in the histogram in figure 5.8, where Si is mostly
4-fold coordinated. In Se-rich sample, at high Si concentrations, the Si-centered
ADF shows highly strained angles between 40° and 60°.

As the Ge content increases, the Se- and Si- ADFs become broader. The Se-
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centered ADF shows a larger distribution due to its high electronegativity. As we
see in the coordination analysis (figure 5.9), Se is mainly 3-fold coordinated, with
a high probability of finding an angle between 90° < 6 < 109.5° indicating an
amorphous network where the Se atoms have predominantly trigonal pyramidal
structural motifs. For the Si-ADF, the broadness is because more Se is being replaced
by Si, which has a lower electronegativity, so the angle distribution tends to be
broader. The Si-centered ADF has a peak at around 109.5°, indicative of a network
made of Si-centered tetrahedral motifs as seen from the coordination analysis of Si
in figure 5.9.

Coordination analysis

Figures 5.8, 5.7, and 5.9 show the coordination analysis of the Si-doped a-Ge,Se;_.

In the stoichiometric sample, Ge is predominantly 3- and 4-fold coordinated, with
the relative proportions changing with the composition. As the Ge content increases,
Ge becomes primarily 4-fold coordinated, whereas higher Se content favors 3-fold
coordination. However, we notice a 2-fold coordinated Ge in all the stoichiometries,
and there is almost no 3-fold coordinated Si. This is due to the inert pair effect
whereby the s pair shell remains uninvolved in atomic bonding, leading to a divalent
Ge. As we shall see, this divalent Ge caused localized states within the mobility
band gap. In all the stoichiometry and samples, Se is mainly 3-fold coordinated, and
Siis 4-fold coordinated. The more dopants adopt their normal lattice configurations,
the more they act as defect compensators and tend to open the band gap. They
are unfavored for glass formation. This can be seen from the 5.10 where Ge and
Si have more of a 4-fold configuration, and the band gap tends to be close. This is
crucial because the opening of the band gap is related to the value of the threshold
voltage at which the resistance drops in the OTS material.
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Figure 5.7: Coordination analysis of the Si-doped a-Ge(5Seqs: a) Ge coordination, b) Se
coordination, and c) Si coordination.

Section 5.2

69



Chapter 5

70

Doped a-GeSe

a) b) C)
0.5p 1% 0.5F 1% 1 07p1%
T e —— N —
0.0 0.0 — 0.0 =5
Eo05F 5% £05F 5% 12071 5% |
=00 I == =00 -_-— =
200l 7% S osh 7% S 887 %
05 7% ®0.5p 7% = U 0 -
2 | ™ —
E0% 0% 20 0% 1209 10% m
8 5%  pm 035 15% 1 9%
002 3 4 5 6 7 % 1 2 3 4 5 6 7 % 1 2 3 4 5 6 7
Ge, n-fold coordination Se, n-fold coordination Si, n-fold coordination

Figure 5.8: Coordination analysis of the Si-doped a-Ge( 4Se4: a) Ge coordination, b) Se
coordination, and c) Si coordination.
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Figure 5.9: Coordination analysis of the Si-doped a-Ge(¢Se(4: a) Ge coordination, b) Se
coordination, and c) Si coordination.

5.2.2 Electronic properties

In this section, we discuss the electronic structures of the Si-doped a-Ge,Se;_y.
We show the densities of states, which provide insights into how electrons are
distributed across different energy levels, focusing on the energy range from
[-2 eV, 2eV] relevant to this study and the conductivity. We also show the in-
verse participation ratio, which helps to quantify the degree of the localization of
an electronic state, and we link the localized state to the structural environment.

In the previous chapter (4), the states within the energy range [-2€V,2eV]
were analyzed to identify the structural motifs responsible for localized states.
In undoped a-Ge,Se;—_,, we found that Se-Se bonds, Se lone pairs (Se-LP), and
Ge-centered tetrahedra gave rise to localized states. This remains true for doped
amorphous chalcogenides; therefore, in this section, we focus on the localized states
induced by the dopants or not found in the pristine a-Ge,Se;_y.

Figure 5.10 shows the electronic density of states (black curves) and the inverse
participation ratio (red spikes) of the Si-doped panels a) a-Geg 4Se( ¢, b) a-Geg 5Seq 5
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Figure 5.10: Density of states (black curve) and inverse participation ratio (red spikes) of
the silicon-doped at 1, 3, 5, 7, 10 and 15 % a) a-Ge.4Seq 4, a-Geg 5Seq 5 and a-Ge Seg 4

and c) a-GegSep4. For the a-Gej4Seps sample doped at 1%, p-type conduction
is observed, with the Fermi level lying in the valence band. However, the other
samples of the same stoichiometry, as well as the a-Geg 5Sey 5, display a mobility gap
with a distinct spectral band gap. For the Ge-rich sample, no band gap is observed
and all the samples show a metallic character.

Linking it to the coordination analysis, we can infer that the more the dopant
atoms and Ge are 4-fold coordinated, the smaller the band gap will be. This is
seen at 15% of Si-doped a-Gegs5 Seps and a-Geg¢Se(4, where the Si is up to 6-
fold coordinated and has the highest probability of Ge being 4-fold coordinated.
The band gap also appeared smaller at 3 % of doped a-Ge(5Seys and 10 % of Si,
whose coordination analysis shows a higher fraction of Ge and/or Si being 4-fold
coordinated. On the contrary, at 7 % of silicon, the spectral band gap is wider, and
the percentage of the 4-fold coordinated structure is slightly smaller than that of
the 3-fold coordinated. The same conclusion can be drawn for the a-Geg 4Seq .

Figures 5.11, 5.12, and 5.13 show the structural motifs responsible for localized
states within the band gap in Si-doped a-Ge,Se;_y. We observe defect states arising
from the Si-Si bond (see figure 5.11) and the Si-Ge bond (figure 5.12). Figure 5.12
illustrates a localized state due to divalent Ge, which is prone to electron capture, a
phenomenon also noted in amorphous germanium oxide by [BBP10]. Moreover,
tetrahedrally-coordinated Si atoms (see figure 5.12) also give rise to a defect state.

Figure 5.13 illustrates a case of substitutional doping, where Si adopts a tetra-
hedral configuration. This dopant is positively charged, as revealed by the Bader
analysis [HAJ06; San+07; TSH09], and the resulting localized state is located a few
kT from the Fermi energy at 0.299 eV. Our results align with the work of Spear and
co-workers [SL75], who found through dc conductivity measurements that, in case
of substitutional doping, the Fermi level does not approach closer than 0.2-0.3 eV
to the mobility edge. Since the Fermi level remains near the center of the band gap,
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Figure 5.11: Top graph: single-particle wave function of the selected defect state in the
mobility gap of the Si-doped a-Gey5Seqs at 15 %. The red and blue isosurfaces indicate
the positive and the negative sign of the wave function, respectively. The green color
represents the Ge atom, the yellow is the Se atom, and the purple is the Si atom. Bottom
plot: DOS (black curve) and the IPR (red spike) of the sample. The localized state shown 1)
is due to the Si-Si 7 bond.

similar to its intrinsic position in undoped materials, and is pinned between the
valence band at -0.304 €V and the conduction band at 0.299 €V, we can infer that
the positive charge on the donor state |¢|N7, is balanced by a negative charge in

the acceptor state Ny, leading to a compensation ratio K = 1 (K = 11:1[_2)
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Figure 5.12: Top graph: single-particle wave functions of the selected defect states in the
mobility gap of the Si-doped a-Ge(4Seg ¢ at 15 % of silicon. The red and blue isosurfaces

indicate the positive and the negative sign of the wave function, respectively. Bottom plots:

DOS (black curve) and the IPR (red spike) of the sample. The localized state is due to: 1)
Si-Ge bond, 2) 2-fold Ge, 3) Si-centered tetrahedron.
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Figure 5.13: Top graph: single-particle wave functions of the selected defect state in the
mobility gap of the Si-doped a-Ge(4Seg ¢ at 15 % of silicon. The red and blue isosurfaces
indicate the positive and the negative sign of the wave function, respectively. Bottom plots:
DOS (black curve) and the IPR (red spikes) of the sample. The localized state is due to: 1)
Substitutional doping. The Si-centered tetrahedron is positively charged, as revealed by
Bader charge analysis.
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Summary

The RDF, ADF, and coordination analysis show the local order of the Si-doped
a-Ge,Se;_y for different compositions.

The Ge-Se RDF has a well-defined first neighbor shell for all three stoichiometries.
Additionally, a MRO can be seen in the Ge-rich sample. In the stoichiometric and Ge-
rich samples, we observe distinct first-neighbor peaks and medium-range ordering
in the Ge-Ge RDF. In contrast, the Se-rich samples show a trend of decreasing Se-Se
bonding as Si concentration rises, replaced by Si-Se bonding. The Si-Si bonds appear
only at higher concentrations in three stoichiometries aligning with a structural
role similar to that of Ge.

The Ge-centered ADF results indicate the presence of tetrahedral and trigonal
pyramidal configurations. In Ge-rich samples, tetrahedral structural motif increases
due to increased Ge-Ge bonding. In contrast, Se-rich samples show more trigonal
pyramidal structures for Ge and a more symmetric, narrow distribution of angles
around 109.5for the Si-centered ADF. This trend is likely influenced by the replace-
ment of Se by Si, resulting in a broader angle distribution for Si-centered bonds in
the Ge-rich samples.

The coordination analysis further highlights the impact of Si incorporation into
the amorphous network. Se is predominantly 3-fold coordinated for all concentra-
tions. Si preference for 4-fold coordination is consistent across all stoichiometries,
while Ge is predominately 3-fold and 4-fold coordinated in all the compositions.
Divalent Ge contributes to localized states within the mobility gap, which may
affect electronic properties. Ultimately, the dopant configurations and network
connectivity play a critical role in tuning the structural and electronic properties
of Si-doped a-Ge,Se;_x amorphous materials, influencing their suitability for ap-
plications like Ovonic threshold switching (OTS), where band gap modulation is
essential for device performance.
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5.3 Pnictogen-doped a-Ge,Se

5.3.1 Structural properties

RDF

Figures 5.14, 5.15, and 5.16 show the partial RDF for the pairs a) Ge-Ge, b) Se-Se,
c) Ge-Se, d) P-Ge, e) P-Se, and f) P-P as the concentration of P increases. In the
stoichiometric and Se-rich samples, the Ge-Ge homonuclear distances are mainly
of the second neighbor shell with few Ge-Ge bonds formed. Increasing the Ge
content leads to a well-defined Ge-Ge first neighbor shell in the a-Ge( ¢Sey 4, and
an MRO order that extends after 3 A. Upon increasing the P content, the number
of Ge-Ge bonds decreases. This indicates a network where Ge atoms are indirectly
connected, with Se or P atoms likely serving as intermediaries.

In a-Ge(5Se( 5 and a-Gej ¢Seg 4, the g(Se-Se)(r) shows no Se-Se bonds in all the
P-doped concentrations. In contrast, in a-Geg 4Seg ¢, As seen in chapter 4, the Se-Se
bonds are present in the undoped structure, indicating that the higher Se concen-
tration allows Se atoms to bond directly. However, as P is added, the number of
Se-Se bonds decreases. The decreasing proportion of Se-Se bonds with increasing
P content implies that P integrates into the network by breaking Se-Se first coordi-
nation shell and forming P-Se, Ge-P or P-P bonds instead.
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Figure 5.14: Partial pair correlation function of the P-doped a-Ge, 5Seq 5 for the pairs of a)
Ge-Ge, b) Se-Se, ¢) Ge-Se, d) P-Se, €) P-Ge, f) P-P
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Figure 5.15: Partial radial distribution function of the P-doped a-Ge 4Se( ¢ for the pairs of
a) Ge-Ge, b) Se-Se, c) Ge-Se, d) P-Se, €) P-Ge, f) P-P
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Figure 5.16: Partial radial distribution function of the P-doped a-Ge ¢Sey 4 for the pairs of
a) Ge-Ge, b) Se-Se, ¢) Ge-Se, d) P-Se, €) P-Ge, f) P-P

We observe the first neighbor shells in the Ge-P RDFs for all the dopant concen-
trations in all three stoichiometries. In the stoichiometric sample, the g(P-Se)(r)
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distinctively exhibits the first and second neighbor shells. This suggests that in the
stoichiometric composition, P atoms are well-coordinated with Se atoms, with clear
and distinguishable distances to the nearest (first shell) and next-nearest (second
shell) Se neighbors. As the Se content increases, the second neighbor shell becomes
less defined. This suggests that the distances between P and the second nearest
Se atoms become more diffuse in the Se-rich sample, implying that the distances
involving P and Se vary considerably across the structure. Meanwhile, the second
neighbor shell is the primary distance in the Ge-rich sample; however, at a higher
concentration of P, few P-Se bonds are formed.

In all the stoichiometries, adding P atoms to the amorphous network does not
significantly change the Ge-Ge, Ge-Se, and Se-Se partial RDF. Therefore, P interacts
similarly with Se and Ge. The P-P bond length is 2.25 + 0.05 A in all the stoichiome-
tries, close to the value of 2.24 A P-P bond length in elemental P, [Sin+17]. However,
there is no P-P bond in the Ge-rich at 3 % of P and at 1 % of P in the Se-rich.
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Figures 5.17, 5.18, and 5.19 show the partial RDFs of As-doped a-Ge,Se;_. In
the stoichiometric and the Se-rich samples, the Ge-Ge distance is of the second
neighbor shell, with few Ge-Ge bonds forming. In contrast, in the Ge-rich samples,
the Ge-Ge RDFs exhibit Ge-Ge bonds as the primary distance at lower dopant
concentrations. This trend is similar to what we observe in the case of the P-doped
a-Ge,Seq_y.

For all three stoichiometries, the Se-Se RDF remained relatively unchanged for all
the dopant concentrations, with its main peak around 4 A. However, in a-Geg 4Seq,
the proportion of Se-Se bonds diminishes as the As concentration increases. This ob-
servation is also consistent with what we see in the case of the P-doped a-Ge,Se;_,
The Ge-Se RDF exhibited well-defined first neighbor shells in all stoichiometries,
with a peak at about 2.5 A.

As in the case of the P-doped a-Ge,Se;_y, introducing As into the network does
not significantly alter the Ge-Ge, Se-Se, and Ge-Se RDFs for the stoichiometric
and the Se-rich samples. In the Ge-rich sample, the introduction of As dopants
changes the first-neighbor shell in the Ge-Ge RDFs, while the Se-Se and Ge-Se
remain almost unaltered. The latter implies that As does not interact significantly
with Se or disrupt the Ge-Se network as much as it does with the Ge-Ge network.
The Se atoms may be more stable in their coordination environment, unaffected by
the dopant.

In the stoichiometric sample, the g(As-Ge)(r), g(As-Se)(r), and g(As-As)(r) show
a clear separation between the first and second neighbor shells. This suggests
that in the stoichiometric sample, the atomic distances (As-Ge, As-Se, As-As) are
relatively well-defined. Only the As-Se RDFs remain well-defined across all dopant
concentrations as the Se content increases, indicating a clear preference for As
to bond with Se rather than with itself or Ge. Conversely, increasing Ge content
makes As-Ge distance the primary bond among the three.

The typical As-As bond length in bulk gray As is 2.55 A [Liu+16], which aligns
with the 2.55 +0.05 A As-As bond length we found in the stoichiometric compound,
as well as in samples with 10% As in the Ge-rich and 5 and 10% As in the Se-rich
compositions. The typical As-As bond length in elemental As crystal in the cubic
P,3m Space group is 2.70 A, closely matching the 2.75 + 0.05 A bond length found
at 7 and 15% As in the Ge-rich samples and the Se-rich sample with 15% As.
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Figure 5.17: RDF of the As-doped a-Geg 5Seg 5 for the pairs of a) Ge-Ge, b) Se-Se, ¢ Ge-Se,
d) As-Se, €) As-Ge, f) As-As
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Figure 5.18: RDF of the As-doped a-Geg 4Seg ¢ for the pairs of a) Ge-Ge, b) Se-Se, ¢ Ge-Se,
d) As-Se, €) As-Ge, f) As-As
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Figure 5.19: RDF of the As-doped a-Geg ¢Seg 4 for the pairs of a) Ge-Ge, b) Se-Se, ¢ Ge-Se,
d) As-Se, e) As-Ge, f) As-As
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ADF

Figures 5.20, 5.21 , and 5.22 show the bond angles distribution of P-doped a-GeSe;x.
The Ge-centered ADF shows a more symmetric bell-shaped center at about an
angle comprised [90°, 95°] indicative of a trigonal pyramidal structure in the three
stoichiometries. The Se-centered ADF shows a broader distribution. It forms a
plateau from 90 and 109 °, indicative of the trigonal pyramidal structure with the
angle at about 90°and the presence of tetrahedral Se, respectively. In the a-Ge( 4Seq ¢
for the Se-centered ADF, two main angles or a plateau can be observed depending
on the P concentrations 90°and 104.5 °.

For the a-Gey 5Seq 5 and a-Ge ¢Seq 4 , the P-centered ADF shows a distribution
more centered at about 104 -109 °, as expected for a tetrahedral network with
a minimal number of coordination defects, which reflects the predominance of
a 4-fold environment as confirmed by figures 5.26 and 5.28. In the a-Geg 4Seq,
the P-centered ADF is symmetrical about [104°,107°], slightly shifted to the left
in comparison to the a-Gey5Se(5 or a-Geg¢Seg4 stoichiometries. In the Se-rich
sample, adding Se, a more electronegative element, results in a smaller P bond
angle. The less electronegative the central atom is compared to the ligand atom,
Se, the smaller the ADF. This is in contrast to cases where Se is the central atom,
whose electronegativity is higher than that of the ligand atoms, Ge and P.
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Figure 5.20: ADF for P-doped a-Geg 5Se5: a) Ge-center, b) Se-center, c) P-center. The
vertical lines represent the well-known structural angles for the compounds, such as the
octahedra, trigonal pyramidal, trigonal bipyramidal at 90°green dashed lines, and the
tetrahedra at 109.5 °dashed blue lines.
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Figure 5.21: Angle distribution function for P-doped a-Ge 4Se( ¢: a) Ge-center, b) Se-center,

c) P-center. The vertical lines represent the well-known angles for structural motifs, such
as the octahedra, trigonal pyramidal, trigonal bipyramidal at 90°green dashed line, and the

tetrahedra at 109.5 °dashed blue line.
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Figure 5.22: ADF for P-doped a-Gej ¢Sej.4: a) Ge-center, b) Se-center, c) P-center. The

vertical lines represent the well-known angles for structural motifs, such as the octahedra,

trigonal pyramidal, trigonal bipyramidal at 90°(green dashed line), and the tetrahedra at

109.5 °(dashed blue line).
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Figures 5.23, 5.24, and 5.25 show the ADF for a-Ge(5Se( 5, a-Geg4Seq ¢, and a-
Geg6Sep 4 respectively. The Ge-centered ADF exhibits a symmetrical bell shape
around 97 °, consistent with [Gu+22], across all three stoichiometries. Similar to
the P-doped a-Ge,Se;_y, the Ge-centered ADF in the a-Geg¢Se( 4 stoichiometry is
broader compared to the stoichiometric and Se-rich samples. This broadening is
attributed to As (with an electronegativity of 2.0) replacing the more electronegative
Se (electronegativity 2.4).

For the a-Geg 5S¢y 5, the Se-centered ADFs at low As content are centered around
90°, with a shoulder at approximately 109°, indicating the predominance of trigonal
pyramidal and tetrahedral structural motifs in the amorphous network. As the Ge
content increases, the Se-centered ADFs reveal two distinct peaks: one around 90°
and another around 109.5° depending on the As content.

Generally, the As-centered ADFs have prominent peaks at about 97° in both a-
Geg5Seq 5 and a-Geg 4Seg 6. However, at 10% of As, the main is shifted toward 109.5°.
As the Ge content increases, the As-centered ADF becomes broader, spreading over
several angles, with a notable bump at approximately 170° at 1%, suggesting a flat
angle characteristic of a trigonal bipyramidal structure for pentacoordinated As
(see Figure 5.31). As the Arsenic concentration increases, the As-centered ADFs
shift toward larger angles and tend to be symmetric around angles within the range
of [104°, 109.5°].
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Figure 5.23: ADF for As-doped a-Geg 5Seq 5. The vertical lines represent the well-known
angles for structural motifs, such as the octahedra, trigonal pyramidal, trigonal bipyramidal
at 90°(green dashed line), and the tetrahedra at 109.5 °(dashed blue line).
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Figure 5.24: ADF for As-doped a-Gej 4Seg 6. The vertical lines represent the well-known
angles for structural motifs, such as the octahedra, trigonal pyramidal, trigonal bipyramidal
at 90°(green dashed line), and the tetrahedra at 109.5 °(dashed blue line).
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Figure 5.25: ADF for As-doped a-Gey ¢Sey 4: the vertical lines represent the well-known
angles for structural motifs, such as the octahedral, trigonal pyramidal, and trigonal bipyra-
midal structures at 90°(green dashed line), and the tetrahedral structure at 109.5°(blue
dashed line).
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Coordination analysis

Figures 5.26, 5.27, and 5.28 show Ge, Se, and P coordination analysis. In the a-
Geg5Seq 5 stoichiometry, Ge is primarily 3-fold coordinated. However, we observe
an increase in Ge’s coordination number, reaching up to 6-fold, starting at 7% and
up to 15%. Specifically, one atom is hexacoordinated at 7% and 15%, and two at 10%.

In a-Geg4Sep 4, Ge is also mostly 3-fold coordinated, with one Ge atom hexa-
coordinated at 15%. This high coordination number is thought to strengthen the
amorphous network, delaying crystallization [Gu+22; LE11]. In contrast, in the a-
Geg6Sep 4 stoichiometry, Ge is primarily 4-fold coordinated, with hexacoordination
occurring at low concentrations (3% and 5%).

In all stoichiometries, Se is predominantly 3-fold coordinated. In the stoichiomet-
ric and Ge-rich samples, P is mostly 4-fold coordinated, reaching 6-fold only at 15%
in a-Geg 5Se( 5. The higher proportion of 4-fold coordinated P in the stoichiometric
and Ge-rich samples suggests substitutional doping, unlike in the Se-rich sample,
where P is mostly 3-fold coordinated and no hexacoordinated P atoms are observed.
This behavior can be understood from the RDF analysis (see figure 5.15), as P tends
to bond more with Se in a-Geg 4Se( ¢ than with Ge.

In the Se-rich sample, P, being predominantly 3-fold coordinated, may act as a
defect compensator within the amorphous network, widening the band gap and
accelerating crystallization.
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Figure 5.26: Coordination analysis for P-doped a-Gej 5Seq 5: the histograms report the
number of atoms of a specific species in a given coordination.
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Figure 5.27: Coordination analysis for P-doped a-Ge 4Sej ¢: the histograms report the
number of atoms of a specific species in a given coordination.
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Figure 5.28: Coordination analysis for P-doped a-Ge ¢Se 4: the histograms report the
number of atoms of a specific species in a given coordination.
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Figures 5.29, 5.30, and 5.31 show Ge, Se, and As coordination analysis as the As
concentration increases. In both the a-Ge( 5Seq 5 and Se-rich stoichiometries, Ge is
primarily 3-fold and 4-fold coordinated, while in the a-Geg ¢Se( 4 stoichiometry, Ge
is predominantly 4-fold coordinated. Se, across all concentrations, remains mostly
3-fold coordinated.

In a-Geg 5Seq 5, As is primarily 3-fold and 4-fold coordinated. In the Se-rich sample,
As is mainly 3-fold coordinated, whereas in the Ge-rich sample, As is predominantly
4-fold coordinated except at 1% As concentration, where it is primarily 5-fold
coordinated.
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Figure 5.29: Coordination analysis for As-doped a-Geg 5Se( 5: the histograms report the
number of atoms of a specific species in a given coordination.
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Figure 5.30: Coordination analysis for for As-doped a-Ge 4Seg 4: the histograms report
the number of atoms of a specific species in a given coordination.
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Figure 5.31: Coordination analysis for As-doped a-Geg ¢Seg 4: the histograms report the
number of atoms of a specific species in a given coordination.
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5.3.2 Electronic properties

In this section, we will show the DOS and IPRs of each P- and As-doped a-Ge,Se;_y,
respectively. Adding pnictogen atoms in the amorphous network at different
concentrations can lead to various electronic properties. In its normal lattice
configuration, a pnictogen atom uses its 3 p-orbitals (P{ configuration) for bonding.
Since P and As atoms are common n-type dopeants for a-Ge and p-type dopeants
for a-Se, we analyze the possible structural origin localized state arising from their
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Figure 5.32: Density of states and inverse participation ratio of the P-doped at 1, 3, 5, 7, 10,
and 15 % a) a-Geg 4Seq ¢, a-Geg 5Seq 5 and a-Geg ¢Seq 4
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Figure 5.33: Density of states and inverse participation ratio of the As-doped at 1, 3, 5, 7,
10, and 15 % a) a—Geo,4Seo,6, a—Geo,5SeO,5 and a—GeMSeOA

Figures 5.32 and 5.33 show the DOS (black curves) and the inverse participation
ratios (red spikes) of the P- and As-doped a-GeySe;_x. Panels a) represent the pnic-
togen doped a-Gey 4Se( ¢, b) the pnictogen doped a-Ge, 5Se 5 and c) the pnictogen
doped a—GeO.6Seo.4.

Incorporating pnictogen atoms appear to produce larger densities of localized
states at the edge of the conduction band rather than the valence band see figure
5.32 panel a) for the P-doped a-Ge 4Se( ¢ at 3, 5, 7 %, and panel b) for the P-doped
a-Geg5Seq 5 at 5 and 7 % to name only those. The addition of the pnictogen atoms
to the amorphous network could also result in the creation of donor states below
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the conduction band see figure 5.33 panel b) for the As-doped a-Ge5Se( 5 at 10 %
and panel c) As-doped a-Ge ¢Seg 4 at 3 % and some acceptor states responsible for
the hole conduction just above the valence band see figures 5.32 panel a) for the
P-doped a-Gey 4Seg 6 at 5 %, panel b) for the P-doped a-Geg 5Seq 5 at 5 %, figure 5.33
panel a) for the As-doped a-Gej 4Seg 6 at 1, 7, 10 and 15 %.

At 5 % of P in the a-Ge 4Seg ¢ sample, the acceptor state is due to Se LP. Whereas

for 7 % of the As-doped Se-rich sample, the acceptor state is due to tetrahedra.

When As or P replaces more Ge, we observe an n-type semiconduction. This is
seen at 3 % of As in the Ge-rich stoichiometry and in the As-doped a-Gejs5Seq s
stoichiometry at 10 %.

Besides the aforementioned shallow-level traps (near the band edge), we noticed
deep-level traps (farther from the band edge) for P-doped a-Ge( 4Seq ¢ at 15 % see
figure 5.32 panel a) and As-doped a-Ge( 5Seq 5 at 15 % see figure 5.33 panel b.

As in the undoped cases, in some pnictogen-doped samples, the Fermi level
remains at its intrinsic position in the middle of the band gap. This is observed at 1,
3, and 7 % of the P-doped a-Geg 4Seg ¢, at 1, 3, 10 % a-Ge5Seg 5 P, at 5 % of As-doped
a-Geg4Sep 4, and at 1, 3, 5 and 7 % of the As-doped a-Gej5Se 5. This implies that
the concentration of the donor is equal to the concentration of the acceptor.

In the P-doped a-Ge 5Seq 5, 2-fold coordinated Ge atoms, as shown in Figure 5.26,
give rise to localized states in the valence and conduction bands. For instance, at
1% P doping, two states at the edges of the conduction band are due to 2-fold Ge.
Similarly, at 3% and 15%, two localized states in the conduction band also originate
from 2-fold Ge atoms.

In the As-doped sample, 2-fold Ge atoms also contribute to localized states in the
conduction band. For example, at 1% As , 2-fold Ge creates states in the conduction
band, with a similar effect observed at 5% and 15% As doping. Divalent Ge, which is
prone to electron capture, has been observed in both this work and in amorphous
germanium oxide [BBP10].

In the As and P-doped Se-rich samples, the pnictogen atoms are primarily 3-fold
coordinated, which implies that they primarily entered the amorphous network in
their normal lattice configuration PJ and will not act as a dopant but as a network
relaxer and defect compensator to passivate dangling bond and tend to open up
the band gap, which is the case for 1, 3, 7 and 15 % of the P for the Se-rich samples
in agreement with the result found by [SN91] in the case of the P-doped a-Si:H.
For the other 2 stoichiometries, the P entered the amorphous network primarily as
being 4-fold coordinated. Since P exhibits higher 4-fold coordination compared to
As—where the 3- and 4-fold coordination are more balanced in the stoichiometric
sample—the band gap of P-doped a-Ge(5Se( 5 is smaller than that of As-doped
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a-Geg 55eq 5. The proportion of 4-fold P and 3-fold P are adjusted to achieve overall
charge neutrality; this has been checked by computing the Bader charges.

At 5% of P in the stoichiometric sample, the Fermi level is located in the valence
band, indicating a significant population of holes. The position of the Fermi level
is controlled by the dopant, suggesting p-type conduction (see figure 5.39). The
state at the Fermi level originates from a P-Ge bond, where the P atom involved
in forming the bond is 3-fold coordinated (bonded to two Se atoms and one Ge
atom). This observation is noteworthy because P is typically regarded as a donor
dopant in semiconductors when it replaces Ge, which has four valence electrons.
Phosphorus has five electrons in its outer shell, one of which is available for
conduction. However, in our case, the P remains in a normal lattice configuration,
creating excess holes and transforming the material into a p-type semiconductor
due to the abundance of charged holes. P acts as a dopant within the Se network in
this scenario, clarifying the p-type behavior. Phosphorus has five valence electrons,
while selenium (Se) has six. This discrepancy means that P has one fewer electron
than Se, creating excess holes.

The key to the p-type conduction in Se doped with phosphorus lies in introducing
an energy level (the acceptor level) within the band gap of Se. This acceptor level is
closer to the valence band, where electrons can occupy energy states. If a significant
quantity of defects were present, the Fermi level would not be easily shifted by
doping.

At 10% As dopant in the stoichiometric sample (see figure 5.34), the localized
states arise from the As-Ge bond in the valence band, while a tetrahedral config-
uration is observed in the conduction band. This leads to n-type semiconductor
behavior, characterized by a built-in auto-compensation defect. The excess elec-
trons introduced by the dopant condense above the Fermi level (case 2), raising it to
a new position and effectively unpinning it toward the CB. The negative charge in
the gap (case 1) compensates for the positive charge, maintaining charge neutrality
in the system.

At 15% of P-doped a-Ge(5Se 5, the Fermi level is pinned in the middle of the
mobility band gap, positioned at its intrinsic value equivalent to that of a crystal.
The localized state arises from the substitutional doping of 4-fold positively charged
P in the conduction band (see figure 5.35). The corresponding resonant state is
attributed to the 4-fold negatively charged P in the valence band (not shown).

In this case, the compensation factor K = 1 represents the ratio of Np (the donor
concentration per unit volume) to N4 (the acceptor concentration per unit volume).
This implies that the positively ionized donor state |e| N} is balanced by a negatively
charged state in the acceptor states Nj;. Conduction occurs when donor electrons
transition into Ny, resulting in Np — N4 electrons remaining at the donor site.
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Figure 5.34: Single-particle wave function plots of selected defect states in the mobility
gap of the As-doped a-Geg 5Seq 5 at 10 %. Red (blue) isosurfaces indicate the single-particle
wave function’s positive (negative) sign. The cyan color represent the arsenic atom. The
bottom curves are the density of states (black) and the inverse participation ratio (red
spikes) of the a-Gej 5Se( 5 at 10 % of As. The localized states are due to: 1) As-Ge bond, and
2) Ge-centered tetrahedron.

Substitutional dopings are also observed in figures 5.36 and 5.37. The dopant
atoms, As and P, at the centroid of the tetrahedron, create a singly occupied state
in the conduction band gap.

Figures 5.38, 5.39, 5.40, and 5.41 show the origin of localized states in pnictogen-
doped a-Ge,Se;_y. Figure 5.38 illustrates a localized state arising from As-As and
Se-Se homopolar bonds. Figure 5.39 shows a localized state due to the P-Ge bond.
Figure 5.40 presents cases where the localized state is due to the As-Ge bond. Lastly,
Figure 5.41 shows a localized state associated with Se lone pairs and P-Se bond.
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Figure 5.35: Single-particle wave function plots of selected defect states in the mobility gap
of the P-doped a-Ge( 5Seq 5 at 15%. Red (blue) isosurfaces indicate the positive (negative)
sign of the single-particle wave function. The brown color represents the P atom. The
bottom curves show the density of states (black) and the inverse participation ratio (red
spikes). The localized states are due to substitutional doping: 1) The P atom has a see-
saw configuration (the equatorial angle is 163.72° and the tetrahedrality order parameter
g = 0.74) and has a positive Bader charge. P has the highest electron occupation, followed
by the Ge atom. The ratio of the electron occupation of P to that of Ge is 1.06, while the
ratio of the electron occupation of P to that of Se, which has the third highest electron
occupation, is 1.75. 2) The P atom (with a positive Bader charge) has an electron occupation
four times greater than that of Ge, which has the next highest electron occupation.
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Figure 5.36: Top graph: single-particle wave function plots of selected defect state in
the mobility gap of the As-doped a-Ge 4Seg ¢ at 10 % . Red (blue) isosurfaces indicate the
single-particle wave function’s positive (negative) sign. Bottom graph: density of states
and inverse participation ratio of the As-doped a-Gej 4Sej ¢ at 10 % of As. The localized
state is due to : 1) substitutional doping, positive Bader charge.
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Figure 5.37: Top graph: single-particle wave function plots of selected defect state in the
mobility gap of the As-doped a-Ge ¢Sep 4 at 15 %. Red (blue) isosurfaces indicate the single-
particle wave function’s positive (negative) sign. Bottom curves: density of states (black)
and inverse participation ratio (red) of the As-doped a-Geg ¢Seg. 4 at 15 %, 1) substitutional
doping, positive Bader charge.
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Figure 5.38: Top graph: electronic wave function plots of selected defect states in the
mobility gap of As-doped a-Gey 4Se( ¢ at 10 %. Red (blue) isosurfaces indicate the single-
particle wave function’s positive (negative) sign. The bottom curves are the density of
states (black) and the inverse participation ratio (red spikes) of the a-Ge; 4Se( ¢ at 10 % of
As. The localized states are due to: 1) the Se-Se bond, 2) the As-As and As-Ge chains.
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Figure 5.39: Top graph: electronic wave function plot of selected defect state in the mobility
gap of P-doped a-Ge( 5Se 5 at 5 %. Red (blue) isosurfaces indicate the single-particle wave
function’s positive (negative) sign. The bottom curves are the density of states (black) and
the inverse participation ratio (red spikes) of the a-Ge 5Seq 5 at 5 % of P. The localized state
is due to 1) P-Ge bond.
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Figure 5.40: Top graph: electronic wave function plots of selected defect state in the
mobility gap of As-doped a-Gey¢Sep4 at 1 %. Red (blue) isosurfaces indicate the single-
particle wave function’s positive (negative) sign. The bottom curves are the density of
states (black) and the inverse participation ratio (red spikes) of the As-doped a-Gey ¢Seg 4

at 1 % of As. The localized state is due to 1)As-Ge bond.
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Figure 5.41: Top graphs: electronic wave function plots of selected defect states in the
mobility gap of P-doped a-Gej 5Se 5 at 10 %. Red (blue) isosurfaces indicate the single-
particle wave function’s positive (negative) sign. The bottom curves are the density of states
(black) and the inverse participation ratio (red) of the a-Gey 5Se( 5 at 10 %. The localized
states are due to: 1) Se-LP and 2) P-Se bond.
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Summary

The partial RDFs of pnictogen-doped a-GeySe;-x reveal distinct trends across stoi-
chiometries.

In stoichiometric and Ge-rich samples, P-Ge RDFs show a distinct first neighbor
shell at all concentrations. P dopants interact similarly with Se and Ge in stoichio-
metric samples and do not significantly alter Ge-Ge, Ge-Se, or Se-Se RDFs. The
P-P bond length is 2.25 A, aligning closely with the P-P bond length in elemental P,
though no P-P bonds are observed at low concentrations of P in certain samples.

In stoichiometric and Se-rich As-doped samples, Ge-Ge distances are part of the
second neighbor shell, with few Ge-Ge bonds, whereas Ge-rich samples exhibit
Ge-Ge RDF as a first neighbor shell. Across all stoichiometries, Se-Se RDF shows
consistency with a peak around 4 A. Increasing As concentration in a-Geg 4Se ¢
reduces Se-Se bonds. The Ge-Se RDF shows a clear first neighbor peak at 2.5 A,
with As doping having minimal effect on the Ge-Ge, Se-Se, and Ge-Se RDFs in
stoichiometric and Se-rich samples but modifying the Ge-Ge first-neighbor shell in
Ge-rich samples.

For stoichiometric samples, As-Ge, As-Se, and As-As RDFs exhibit distinct first
and second shells characteristic of the SRO and the MRO, respectively. In Se-rich
samples, As-Se bonds remain prominent, whereas As-Ge RDFs dominate in Ge-rich
samples. However, the As form bonds equally with Ge and Se in the stoichiometric
sample. Typical As-As bond lengths of 2.55 A and 2.75 A align with observed values
depending on As content and sample composition.

The bond angle distribution functions (ADFs) for P- and As-doped amorphous
a-GeySeq-x show characteristic patterns across different stoichiometries.

P-doped a-GeySe;4:

+ Ge-Centered ADF: A symmetric, bell-shaped peak around 90°-95°, indicating
a trigonal pyramidal structure across all stoichiometries.

« Se-Centered ADF: Displays a broader range from 90°to 109°, consistent with
both trigonal pyramidal and tetrahedral Se environments.

+ P-Centered ADF: Peaks around 104°-109°, reflecting a tetrahedral network.
In Se-rich samples, increased Se content narrows the P-centered angle distri-
bution due to Se higher electronegativity.

As-doped a-GeySe;:

+ Ge-Centered ADF: Maintains a symmetric peak around 97°, broadening in
the Ge-rich a-Ge(¢Se( 4 due to As substitution for more electronegative Se.
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+ Se-Centered ADF: Initially centered around 90°with a shoulder at 109°at low
As levels, suggesting trigonal pyramidal and tetrahedral motifs. Increased Ge
content causes distinct peaks at 90°and 109.5°, depending on As concentration.

« As-Centered ADF: Typically peaks near 97°for a-Ge(5Se( 5 and Geg 4Seq 6. At
higher As content (10%), the main peak shifts toward 109.5°in the stoichiomet-
ric sample. In Ge-rich samples, the As-centered ADF broadens and includes
a notable bump at 170°, indicating a potential trigonal bipyramidal structure
with pentacoordinated As atoms. As the As concentration increases, the ADF
shifts to a more symmetric range around 104°-109.5°.

The coordination analysis of Ge, Se, P, and As in a-GeySe;_x vary with dopant con-
centration and composition, revealing distinct coordination behaviors influenced
by dopant concentration and composition.

In P-doped a-Geg5Se( 5, Ge is predominantly 3-fold coordinated, although hexa-
coordination begins to appear at higher dopant concentrations (7-15%). A similar
trend is observed in the Se-rich sample, where Ge remains mostly 3-fold coordi-
nated, with hexacoordination emerging at 15%. In contrast, As-doped samples
exhibit more variation in Ge coordination: in the stoichiometric and Se-rich sam-
ples, Ge is coordinated in both 3-fold and 4-fold arrangements, with the proportion
of each depending on the composition. In the Ge-rich sample, Ge is primarily 4-fold
coordinated.

Se coordination remains consistent across all compositions for both P- and As-
doped samples, with Se consistently exhibits 3-fold coordination.

The coordination of P differs significantly between samples. In the stoichiometric
and Ge-rich P-doped samples, P is predominantly 4-fold coordinated, indicating
substitutional doping. However, in the Se-rich sample, P is mostly 3-fold coordi-
nated, with no instances of hexacoordination. This suggests that P in the Se-rich
composition mainly acts as a defect compensator, which may lead to a wider band
gap and accelerate crystallization.

In the case of As, the coordination varies according to the composition. In the
stoichiometric and Se-rich samples, As has both 3-fold and 4-fold coordination.
However, in the Ge-rich sample, As is primarily 4-fold coordinated. This coordi-
nation variation reflects the impact of composition and dopant concentration on
atomic bonding, influencing the material’s crystallization behavior and band gap
properties.
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5.4 Chalcogen-doped a-Ge,Se;

5.4.1 Structural properties
RDF

Figures 5.42, 5.43 and 5.44 show the partial pair correlation functions of the S-doped
a-Geg55eq 5, a-Geg 4Sep ¢ and a-Geg ¢Sey 4 respectively.

The Ge-Ge partial RDFs in a-Gej 5Se( 5 and a-Geg 4Se ¢ show predominantly second-
neighbor shell distances, with very few Ge-Ge bonds observed. However, in the
a-Ge¢Seg 4 stoichiometry, generally, Ge-Ge bonds are more prominent than the
Ge-Ge distances of the second neighbor shell except at higher S content. This
implies that Ge atoms are primarily bonding with Se or S in these stoichiometries,
resulting in a less interconnected Ge network compared to Ge-rich stoichiometry.
On the contrary, as the S concentration increases, we observe a rise in the number
of Se-Se bonds in the doped a-Ge 5Se( 5 and a-Gej 4Se( ¢ samples. Therefore, adding
the S dopants favors the formation of the Se network in these stoichiometries.
However, in the Ge-rich sample, no Se-Se bond is found.

The Ge-Se RDFs in a-Ge 55e 5 and a-Geg 4Seg ¢ show no medium-range order, while
a-Geg sSep 4 stoichiometry does exhibit medium-range order at low S concentra-
tions. However, this MRO order disappears as the S concentration increases. This
suggests that the addition of sulfur primarily affects the longer-range structural
order rather than the immediate bonding environment.

The Ge-Se and S-Ge RDFs are generally similar in all 3 stoichiometries. Specifically
for the S-Ge RDF in the Se-rich samples, at some dopant concentration within the
first coordination shell, some short and longer bonds exist. The short bonds in the
first coordination shell represent stronger bonds, where S atoms closely interact
with Ge atoms. The longer bonds, on the other hand, suggest weaker interactions,
possibly due to strained bonding or geometrical distortions in the structure.

At higher S concentrations, a few S-Se bonds start to form in the doped a-Ge 5Seq 5
sample and across various dopant levels in the Se-rich sample, except at 3% S. In
contrast, no S-Se bonds are observed in the a-Geg¢Se 4 stoichiometry. The S-Se
RDFs closely resemble the Se-Se RDFs across all three stoichiometries, and no S-S
bonds are observed in any composition. This pattern suggests that sulfur behaves
similarly to selenium in the amorphous network.
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Figure 5.42: RDF of the S-doped a-Ge, 5Sey 5 for the pairs of a) Ge-Ge, b) Se-Se, c) Ge-Se,
d) S-Se, €) S-Ge, f) S-S
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Figure 5.44: RDF of the S-doped a-Gey ¢Seg 4 for the pairs of a) Ge-Ge, b) Se-Se, c) Ge-Se,
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Figures 5.45, 5.46, and 5.47 show the RDF of the Te-doped a-Ge,Se;_. In this
study, the RDF for the Ge-Ge, Se-Se, Ge-Se, Te-Ge, Te-Se, and Te-Te pairs are
analyzed as the concentration of Te increases.

For the Ge-Ge pair correlation functions, in the a-Ge(5Seq s and the a-Ge(4Seq ¢
stoichiometries, one prominent peak is observed at about 4 A, with a shoulder at
the first neighbor shell at 2.5 A. Meanwhile, Ge-Ge bonds are the main distance in
the Ge-Ge RDFs for the a-Geg sSe 4 stoichiometry. Therefore, adding Ge breaks up
and cross-links the Se chain and creates GeSe, units. This trend is also observed in
the S-doped a-Ge,Se;_.

In the a-Geg 5Se( 5 stoichiometry, at most 3 Se-Se bonds are formed in each sample,
whereas in the S-doped a-Ge,Se;_, additional Se-Se bonds are observed at higher
dopant concentration. This suggests that adding S as a dopant, rather than Te,
promotes a stronger formation of a Se network. The Se-rich samples in the both
chalcogenide-doped a-Ge,Se;_x samples show the same trend. Meanwhile, the
Se-Se distance remains primarily characteristic of the second-neighbor shell in the
Ge-rich sample.

The Ge-Se RDFs reveal only subtle differences across all dopant concentrations
and all the stoichiometries, with well-defined first-neighbor shells peaking at 2.5
A. In the stoichiometric and Se-rich samples, no MRO is found in the Ge-Se RDFs.
However, the Ge-rich sample exhibits MRO at low concentrations, which diminishes
as the Te concentration increases (see figure 5.47). This pattern is similar to what
we also observe in the S-doped a-Ge,Se;_y

The Te-Ge RDFs show first-neighbor shells in all samples.

At 1% of Te In the stoichiometric sample, the g(Te-Se)(r) function shows no Te-Se
bonding. Conversely, a-Ge 4Sey ¢ exhibits Te-Se bonds at all dopant concentrations,
while no Te-Se bonds are observed in the Ge-rich samples. This suggests that Te
tends to bond with Ge rather than Se.

In the stoichiometric sample, homonuclear Te-Te bonds form at higher Te content.
The typical Te-Te bond length found in the literature is 2.89 A within the chain of
bulk Te (P3,21) [Zha+21] and 2.74 A in elemental Te [Ibe09], which are similar to
the Te-Te bond length observed in the stoichiometric sample. At 5% Te, the Te-Te
bond length is approximately 2.94 + 0.05 A, decreasing to 2.84 + 0.05 A at 10%
and 15%. In the a-Ge( 4Se( ¢ stoichiometry, the Te-Te bond length is found to be
2.84 + 0.05 A at 5%, 7%, 10%, and 15% Te, which is similar to the value of 2.83 A
found in rhombohedral GeTe (space group R3m) [Fon+10].

The variation in bond length can be attributed to both the stoichiometry of the
sample and the specific structural environment.
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Figure 5.45: RDF of the Te-doped a-Geg 5Se 5 for the pairs of a) Ge-Ge, b) Se-Se, c) Ge-Se,
d) Te-Se, e) Te-Ge, f) Te-Te
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Figure 5.46: RDF of the Te-doped a-Geg 4Seg ¢ for the pairs of a) Ge-Ge, b) Se-Se, c) Ge-Se,
d) Te-Se, €) Te-Ge, f) Te-Te
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Figure 5.47: RDF of the Te-doped a-Geg ¢Seg 4 for the pairs of a) Ge-Ge, b) Se-Se, c) Ge-Se,
d) Te-Se, €) Te-Ge, f) Te-Te

ADF

Figures 5.48, 5.49, and 5.50 show the ADFs of the S-doped a-Ge,Se;_,. Figure
5.48, panel a, shows Ge-centered ADFs, which are more symmetrical and show a
higher angle probability in the range [90°, 100 °], indicative of a pyramidal trigonal
structure, confirmed by the coordination analysis(see figure 5.54) marked by the
presence of a 3-fold coordinated Ge and a small fraction of bipyramidal trigonal
structure marked by the presence of pentacoordinated Ge. The Se-centered ADFs
(see figure 5.48 panel b ) in a-Ge5Se( 5 at low concentrations (1 and 3 % of S )
have more weight around 90°, indicative of amorphous network marked by the
predominance of 3-fold structural motifs. As the concentration of S increases, we
notice an increase in the probability of having bigger angles as the weight of the
tail of the ADFs increases. This is because S has an electronegativity of 2.5. Se,
which has an electronegativity of 2.4 repeals each other as seen from the RDF
in figure 5.42; however, more Se-Se bonds are formed as S increases. Therefore,
Se-centered ADFs primarily comprise bonds formed with Ge and Se atoms, which
have lower electronegativity, resulting in larger bond angles. In the Ge-rich sample,
the Se-centered ADF displays a broader distribution toward larger angles. This
occurs because, in Ge-rich samples, Se bonds exclusively with Ge, which has a
much lower electronegativity than Se. As a result, the bond angles around the
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central Se atom are larger. At 1 % of S, the S-centered ADF is centered around 90°in
the stoichiometric sample. As the S concentration increases, the S-centered ADF
becomes broader for the aforementioned reason. The S has an electronegativity of
2.5, making it more electronegative than Se, justifying its wider angle distribution.
The bond angle is smaller when the electronegativity of the ligands is higher.
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Figure 5.48: Angle distribution functions of the S-doped a-Ge(5Se(s, a) Ge-center, b)
Se-center, c) S-center. The green and blue dashed lines represent the well-known angles for
molecular clusters: 90°corresponds to an octahedral or trigonal bipyramidal structure, and
109.5 °corresponds to a tetrahedral molecular cluster.
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Figure 5.49: Angle distribution functions of the S-doped the S-doped a-Gej 4Se(¢: a) Ge-
center, b) Se-center, c) S-center. The green and blue dashed lines represent the well-known
angles for molecular clusters: 90°corresponds to an octahedral or trigonal bipyramidal
structure, and 109.5 °corresponds to a tetrahedral molecular cluster.
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Figure 5.50: Angle distribution functions of the S-doped a-Gey¢Se4: a) Ge-center, b)
Se-center, ¢) S-center. The green and blue dashed lines represent the well-known angles for
molecular clusters: 90°corresponds to an octahedral or trigonal bipyramidal structure, and
109.5 °corresponds to a tetrahedral molecular cluster.
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Figures 5.51, 5.52 and 5.53 and show the ADFs of Te-doped a-Ge,Se;_y. The
green and blue dashed lines represent the perfect octahedral and tetrahedral con-
figurations at 90°and 109 °, respectively. The Ge-centered ADFs exhibit greater
symmetry, displaying a bell shape in the stoichiometric sample and a broader angu-
lar distribution in the Se-rich and Ge-rich samples. In the stoichiometric sample,
Se-centered ADFs show a bump at 90°and a broad tail over big angles. In Te-doped
a-Ge,Se;_y, the Te-centered ADFs are generally broad and spread over several
angles across all three stoichiometries, except in the stoichiometric sample at 1%
Te, where the Te-centered ADF peak is located at 90°. As the Te concentration
increases, the distribution becomes flatter due to the low coordination of Te. This
suggests that Te prefers to bond with Ge rather than Se, as seen in the RDF in
Figure 5.45. The electronegativity of Te is higher than that of Ge (2.1 versus 1.8),
resulting in larger bond angles around the central Te atoms. The Te-centered ADFs
in the stoichiometric and Se-rich samples have angles within the range [160 °, 180
°], indicating the presence of a 2-fold Te chain, also known as a bent (V-shaped)
molecular structure.
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Figure 5.51: Angle distribution functions of the Te-doped a-Geg 5Se( 5: a) Ge-center, b)
Se-center, c) Te-center. The green and blue dashed lines represent the well-known angles
for molecular clusters: 90°corresponds to octahedral or trigonal bipyramidal structural
motifs, and 109.5°is the bond angle in the tetrahedral molecular cluster.
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Figure 5.52: Angle distribution functions of the Te-doped a-Ge;4Seq, a) Ge-center, b)
Se-center, c) Te-center. The green and blue dashed lines represent the well-known angles
for molecular clusters: 90°corresponds to octahedral or trigonal bipyramidal structural
motifs, and 109.5%is the bond angle in the tetrahedral molecular cluster.
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Figure 5.53: Angle distribution function of the Te-doped a-Geg¢Sej4, a) Ge-center, b)
Se-center, c) Te-center. The green and blue dashed lines represent the well-known angles
for molecular clusters: 90°corresponds to octahedral or trigonal bipyramidal structural
motifs, and 109.5°is the bond angle in the tetrahedral molecular cluster.



Coordination analysis

Figures 5.54, 5.55, and 5.56 show the coordination analysis of the S-doped a-Ge,Se;_.
In the stoichiometric and Se-rich samples, Ge is primarily 3 and 4-fold coordinated,
while in the Ge-rich sample, Ge is mostly 4-fold coordinated, with an exception
observed at 15%, where the proportion of 3-fold Ge exceeds that of 4-fold Ge. The
coordination analysis of Se reveals primary 3-fold coordination in the stoichio-
metric and Ge-rich samples, whereas, in the Se-rich samples, Se is mainly 2-and
3-fold coordinated. The S coordination predominantly exhibits 3-fold coordinated

Chalcogen-doped a-Ge,Se

structures in the stoichiometric, Se-rich, and Ge-rich samples.
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Figure 5.54: Coordination analysis for S-doped a-Gey5Seq 5. The histograms report the
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Figure 5.56: Coordination analysis for S-doped a-Ge(¢Se 4. The histograms report the
number of atoms of a specific species in a given coordination.
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Figure 5.57, 5.58, and 5.59 show the coordination analysis of the Te-doped
a-Ge,Se;_,. In addition to what we observe in the S coordination, the Te atoms
entered the amorphous network in 1-fold coordination at 10 and 15 % of the Te-
doped a-Ge(5Sep 5 and 3 and 15 % of the a-Ge( 4Se(¢. As we shall discuss later, the
presence of 1-fold Te may indicate the presence of VAP.
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Figure 5.57: Coordination analysis for Te-doped a-Ge(5Seq 5. The histograms report the
number of atoms of a specific species in a given coordination.
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Figure 5.58: Coordination analysis for Te-doped a-Ge 4Seg . The histograms report the
number of atoms of a specific species in a given coordination.
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Figure 5.59: Coordination analysis for Te-doped a-Ge ¢Seg 4. The histograms report the
number of atoms of a specific species in a given coordination.
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The germanium chalcogenide cubane

In a-Ge,Se;_y, several types of molecular assemblies exist: the Ge(Se;/2)4 tetrahedra,
trigonal bipyramidal, see-saw configurations [LE22], and an ethane-like Gez(Se1/2)s
structure cluster. Our results are in accordance with the complex model proposed
by [Boo+86], based on Raman and Méssbauer spectroscopy, in which the presence
of an ethane-like structure is qualitatively incompatible with the chemically ordered
random network in which each Ge should be 4-fold coordinated to chalcogen atoms,
and the chalcogen is 2-fold.

We find a specific class of structural motif, a double-layered structure (see figure
5.60), in the S- and Te-doped a-Ge,Se;—y. This structural motif, MyChy, where M is
a metal and Ch is a chalcogen, is called the cubane. This cluster type is typical in
biological systems containing iron-sulfur proteins such as Fe,S4 [PCR18]. In our
case, since the structure contains four chalcogenide atoms and four Ge atoms at the
corners, we name it the germanium chalcogenide cubane. We report all the cases
found in figure 5.60 for the S-doped a-GesoSes”. The germanium chalcogenide
cubane structure symbolizes the presence of structurally ordered assemblies in
disordered materials: the germanium and the chalcogen atoms alternate on the
vertices of a cubic conformation. The germanium chalcogenide cubane (Ge4Chy)
clusters we found have all Ge atoms positively charged and all chalcogen atoms
negatively charged. On a general note, cubane chalcogenide complexes of Group IV
metals are poorly studied [KF03]. From a DFT perspective, this is the first time the
cubane structure has been identified in germanium-based amorphous chalcogenide
glasses.

5 The germanium chalcogenide cubanes for the Te-doped a-Ges(Ses are not shown because they
lie at the boundary of the cell.
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Figure 5.60: The germanium chalcogenide cubane structures: a) 3% S-doped a-GesoSes, b)
1% S-doped a-GesSeso and ¢) 10% S-doped a-GesySes
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5.4.2 Electronic properties

In this section, we show the DOS, the IPR of the chalcogenide-doped a-Ge,Se;j_y,
and the linking between the electronic and the structural properties. The color
orange in the plot is associated with S atoms.
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Figure 5.61: Density of states (black curves) and inverse participation ratio (red spikes) of
the S-doped samples at 1%, 3%, 5%, 7%, 10%, and 15%: a) a-Ge4oSego, b) a-GesoSes, and c)
a-Ge608e4O
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Figure 5.62: Density of states (black curves) and inverse participation ratio (red spike) of
the Te-doped samples at 1%, 3%, 5%, 7%, 10%, and 15%: a) a-Ge4oSeg, b) a-GesoSesg, and c)
a-G€608640

Figures 5.61 and 5.62 show the electronic DOS and the IPR of the chalcogenide-
doped a-Ge,Se;_y. The trap states can be classified as donor or acceptor depending
on their energy level regarding the valence or the conduction band. The donor
states are close to the conduction band and can capture electrons, making them
less available for conduction. The acceptor level is close to the valence band and
can capture holes, making it less available for conduction.

In the Se-rich samples, panels a) of figures 5.61 and 5.62 adding chalcogenides
atoms results in some cases in shifting the Fermi level down in the VB resulting
in p-type conduction as in 5.61 panel a) 3 and 5 % of the S-doped and in 3, 5, 7

119



Chapter 5

120

Doped a-GeSe

and 15 % of the Te-doped. Specifically, for 15% of Te, the energy between the first
and second valence bands is small. Therefore, it is, in principle, easy to achieve
a two-band conduction. This situation often occurs due to strong p-type doping,
where excess holes shift the Fermi level down.

As mentioned, we also observe p-type conduction at 3% and 5% of S in a-GeySeo.
At 3% of S, the acceptor level is due to the Se-Se bond, and at 5% of S, the acceptor
level is due to a tetrahedron see figures 5.63 and 5.64. In the stoichiometric sample,
see figure 5.61 (panels b), adding S results in a cleaner spectral band gap at all
dopant concentrations. In contrast, adding the Te atoms to stoichiometric samples
results in a narrow-gap semiconductor with multiple mid-gap states. This has
been observed in the case of GeTe, as confirmed by modulated photocurrent (MPC)
experiments [Luc+13] [Lon+12] and DFT results [Che+20].

As more chalcogenides atoms are included in the amorphous network, the
a-Geg ¢Seq 4 stoichiometry loses its metallic character, and the chalcogenides-doped
Ge-rich samples resemble more and more the a-GesoSesy stoichiometry charac-
terized by a distinctive spectral band gap see figures 5.61 and 5.62 panels c).
For example, at 15% of S, the amorphous structure can be chemically written
as Geg.345€0.5150.15.

Herein, we show the structural origin of localized states within the mobility gap.
For the sake of conciseness, as mentioned above, we will focus on the structural
motif peculiar to the addition of chalcogenides or those not shown in other dopants,
even though all structural motifs that give rise to localized states in undoped
a-Ge,Se;.; were found.

Figure 5.66 shows a localized state originating from a pentavalent Ge in the
valence band and Ge-Ge 7" bond in the conduction band. The pentavalent Ge
has 3 Se and 2 S neighbors. In figure 5.67, the pentacoordinated Ge has a trigonal
bipyramidal structural motif and has strained angles between [70 °, 80 °], creating
an in-gap state. In the amorphous Si solar cells, this strained region has been
demonstrated to be, by [WG08], as important as dangling bonds to create a trap
state.

Figures 5.71, 5.68, 5.69, and 5.70 show the origin of localized states in the Te-doped
a-Ge,Se;_x. Besides the well-established geometrical pattern that leads rise to the
localized state in the pristine a-Ge,Se;_y, such as the Se-Se 7* bond in the valence
band and Se-Se ¢* bond in the conduction band (see figures 5.70 and 5.65), the Se-LP
and the tetrahedra (see figures 5.69 and 5.71), in the chalcogenide-doped amorphous
localized state are due to valence alternation pair (see figures 5.68 and 5.71), the
chalcogenide-LP (see figure 5.69), chalcogenide bond (see figure 5.70), the Ge-Ge
bond (see figure 5.70). No substitutional doping is observed in chalcogen-doped
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Figure 5.63: Top graphs: single-particle wave functions plots of selected defect states in
the mobility gap of Te-doped a-GeqoSeg at 3%. Red (blue) isosurfaces indicate the single-
particle wave function’s positive (negative) sign. The bottom curves are the density of
states (black) and the inverse participation ratio (red) of a-Ge4oSeqo at 3%, showing p-type
conduction. The localized state is due to 1) Se-LP, and 2) the acceptor level is due to Se-Se

o*.

a-Ge,Sej_y, in contrast to pnictogen- and crystallogen(Si)-doped samples. The
peculiarity of the chalcogenide-doped a-Ge,Se;_y lies in the formation of VAPs.
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Figure 5.64: Top graphs: single-particle wave functions plots of selected defect states in
the mobility gap of Te-doped a-Ge4oSeg at 5%. Red (blue) isosurfaces indicate the single-
particle wave function’s positive (negative) sign. The bottom plots are the density of states
(black) and the inverse participation ratio (red) of Te-doped a-GeyoSeqo at 5%, showing
p-type conduction. The localized state is due to 1) the Se-Se 7* bond and 2) the acceptor
level is due to a Ge-centered tetrahedron.
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Figure 5.65: The top graphs show single-particle wave function plots of selected defect
states in the mobility gap of S-doped a-Gey 4Se ¢ at 15 %. Red (blue) isosurfaces indicate the
single-particle wave function’s positive (negative) sign. The bottom curves are the density
of states (black) and the inverse participation ratio (red) of the a-Geg 4Seq ¢ at 15 % of S; the
localized states are due to 1) and 2) Se-Se 7* and o bonds, respectively.
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Figure 5.66: The top graphs show single-particle wave function plots of selected defect
states in the mobility gap of S-doped a-Gej 5Seq 5 at 15 %. Red (blue) isosurfaces indicate
the single-particle wave function’s positive (negative) sign. The bottom curves show the
density of states (black) and the inverse participation ratio (red spikes) of the a-Geg 5Seq 5
at 15% of S; the localized states are due to: 1) pentavalent Ge with 3 Se and 2 S neighbors
and 2) Ge-Ge 7 bonding.
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Figure 5.67: The top graphs show single-particle wave function plots of selected defect
states in the mobility gap of Te-doped a-Geg 5Seg 5 at 5 %. Red (blue) isosurfaces indicate
the single-particle wave function’s positive (negative) sign. The bottom curves show the
density of states (black) and the inverse participation ratio (red) of the a-Geg 5Seq 5 at 5%; the
localized states are due to: 1) pentavalent Ge binding to 4 Se atoms and 1 Te atom. Certain
atoms were removed to enhance the visualization of the structural motif responsible for
the localized state, 2) Ge-centered tetrahedron, and 3) Te-Te bond
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Figure 5.68: The top graphs show single-particle electronic wave function plots of selected
defect states in the mobility gap of Te-doped a-Ge(5Se( 5 at 10 %. Red (blue) isosurfaces
indicate the single-particle wave function’s positive (negative) sign. The bottom curves show
density of states (black) and the inverse participation ratio (red spikes) of the a-Geg 5Seq 5
at 10%; the localized states are due to the valence alternation pair: 1) a 3-fold-coordinated
Te and 2) a singly coordinated chalcogen.
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Figure 5.69: The top graphs show electronic wave function plots of selected defect states
in the mobility gap of Te-doped a-Gej 5Sej 5 at 10 %. Red (blue) isosurfaces indicate the
single-particle wave function’s positive (negative) sign. The bottom graph show the density
of states (black) and the inverse participation ratio (red) of the a-Ge(5Se( 5 at 10 %; the
localized states are due to: 1) Ch-LP, 2) Ge-tetrahedra, 3) Ge-centered tetrahedron with an
corner forming a Te-Te bond with the Te adjacent atom.
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Figure 5.70: The top graphs show electronic wave function plots of selected defect states
in the mobility gap of Te-doped a-Gej 4Sep ¢ at 3 %. Red (blue) isosurfaces indicate the
single-particle wave function’s positive (negative) sign. The bottom graph show the density
of states (black) and the inverse participation ratio (red) of the a-Gej 4Sep ¢ at 3 %; the
localized states are due to: 1) Te-Se bond, 2) Se-Se bond, and 3) Te-Se bond.
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Figure 5.71: The top graphs show electronic wave function plots of selected defect states
in the mobility gap of Te-doped a-Gej5Seq 5 at 15 %. Red (blue) isosurfaces indicate the
single-particle wave function’s positive (negative) sign. The bottom panel show the density
of states (black) and the inverse participation ratio (red) of the a-Ge 5Se( 5 at 15 %. The
localized states are due to 1) Ge-centered tetrahedron, 2) valence alternation pair: 1 fold Te,
the Te is singly coordinated up to a cut-off of 3.1 A which is far belong the first neighbor
shell as we can see from the RDF 5.45 and 3) VAP: trivalent Te.
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Summary

The Ge-Ge RDFs in S- and Te-doped a-Ge(5Se(5 and a-Gej4Seq¢ mainly show
second-neighbor shells, while in a-Ge(¢Se(4, Ge-Ge bonds are more prominent.
As S concentration increases, Se-Se bonds become more prominent in the doped
samples. The S-Se RDFs resemble Se-Se RDFs, and no S-S bonds are detected in
any stoichiometry.

Se-Se bonds form predominantly in Te-doped a-Gej 4Sep ¢ but remain second-
neighbor shells at low concentrations of S in the stoichiometric sample. Ge-Se
RDFs show well-defined peaks at 2.5 A, with MRO observed only in the Ge-rich
sample at low Te concentrations. Te-Ge RDFs show first-neighbor peaks, and Te-Se
bonds appear in a-Ge 4Seq ¢ but not in the Ge-rich sample (only Te-Ge bonds exist).
The Te-Te bond is observed in a-Geg 5Se( 5 stoichiometry at high Te concentrations,
with bond distances matching literature values for elemental Te.

In the Ge-centered ADFs we notice trigonal pyramidal structure, while Se-
centered ADF, we observe a border distribution indicating a large electronegative
difference between Ge and Se. As S concentration increases, the ADF broadens due
to S higher electronegativity compared to Se.

Ge-centered ADFs in all stoichiometries display greater symmetry in the Te-
doped samples, with broader distributions in Se-rich and Ge-rich samples. Se-
centered ADFs show a bump at 90°and a broad tail at larger angles in the stoichio-
metric sample. When the Ge and Se content increases, the probability of finding
larger angles increases, indicating the formation of more tetrahedra structural
motifs. As Te concentration increases, the distribution flattens, indicating low coor-
dination of Te and its preference to bond with Ge rather than Se. The Te-centered
ADFs in Se-rich and stoichiometric samples show flatter angles, suggesting the
presence of a bent (V-shaped) Te chain structure.

In the stoichiometric and Se-rich S-doped samples, Ge are predominantly 3- and 4-
fold coordinated and the relative proportion change with the dopant concentration,
while in the Ge-rich sample, Ge is mostly 4-fold coordinated. Se shows primary 3-
fold coordination in the stoichiometric and Ge-rich samples, and in Se-rich samples,
Se is mainly 2- and 3-fold coordinated. S is primarily 3-fold coordinated in all
compositions.

In addition to the specificities found in S-doped a-GeySe;., Te atoms are found
in 1-fold coordination in some cases, suggesting the presence of valence alternation
pairs.

Several molecular structures exist in a-Ge,Se;_y, including tetrahedra (Ge(Sey2)4),
trigonal bipyramidal, see-saw configurations, and an ethane-like Gey(Se;/2)s struc-
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ture. These molecular structures are at the origin of the localized state in the
mobility gap.

In S- and Te-doped a-GeySe;.«, we observe the formation of a distinct molecular
arrangement, the germanium chalcogenide cubane (Ge4Chy). This structure fea-
tures four Ge atoms and four chalcogen atoms positioned at the corners of a cube,
forming an ordered pattern within the otherwise disordered material. In this cuboid
configuration, the Ge atoms are positively charged, while the chalcogen atoms are
negatively charged. This marks the first identification of the cubane structure in
germanium-based amorphous chalcogenides using DFT.
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5.5 Conclusions

We used Density Functional Theory to develop realistic DFT-based models of doped
a-Ge,Sej_x. We studied the structural and electronic properties of the generated
samples, unveiling the link between localized states and the structural motifs within
the amorphous network. Structural analysis revealed that elements with similar
electronegativity tend to behave similarly when interacting with Ge or Se. Table 5.1
summarizes our main findings regarding the structural and electronic properties of
doped a-Ge,Se;_y-.

We demonstrate dopant-induced modifications at the edge of the band, pushing
the Fermi level from the middle of the gap towards the valence or conduction band,
thereby introducing p- and n-type dopants into the amorphous network. However,
as in the undoped case, dopants can stabilize the Fermi level at its intrinsic position,
implying that some of them act as defect compensators. Adding P and As passivates
Ge dangling bonds in the amorphous network and pushes the edge states deeper
into the conduction band, increasing the material’s mobility gap. This results in a
decrease in the number of traps contributing to conduction.

We observe substitutional doping for Si- and pnictogen-doped a-Ge,Se;_y. In
contrast, no substitutional doping occurs for S and Te dopants, but chalcogen lone
pairs, bonds, and valence alternation pairs lead to localized states.



Conclusions

Dopant Se-rich Stoichiometric Ge-rich
Structural: Structural:
Si behaves Structural: Si behaves | Si behaves
like Ge like Ge like Ge
Crystallogen
Electronic: Electronic: Similar to Electronic:
LS mostly undoped a-Gej ¢Seq 4 Reduces the
near the CB metallic character
Structural:
Structural: Pnictogen
. Structural:
Pnictogen , behaves
RDF doesn’t .
behaves change significantl like Se
. similar to Ge 8¢ S18 y
Pnictogen .
) Electronic:
) Electronic: )
Electronic: As results in
LS mostly at the e
LS mostly at edee of CB metallic-like
the edge of CB & structure; P opens
the band gap
Structural: Structural: Structural:
Chalcogen behaves| Chalcogen similar to Se| Chalcogen behaves
similar to Se like Se
Chal Electronic:
AICOBEN | Flectronic: Increasing S clears Electronic:
LS mostly near spectral BG; Reduces Ge-Ge
the conduction Increase Te leads to clustering; opening
band in-gap states of the band gap

Table 5.1: Behavior of dopants in a-Ge,Se;_y, LS: Localized States, BG: Band Gap, CB:

Conduction Band.
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6 Conclusions & Outlook

6.1 Summary

In this thesis, we have developed and presented realistic DFT-based models for
a-Ge,Sej_y (Chapter 3). We studied their structural and electronic properties and
revealed the link between them for the undoped systems (Chapter 4) and the
crystallogen-, pnictogen-, and chalcogen-doped a-Ge,Se;— (Chapter 5). Our results
show that the a-Ge,Se;_, exhibit a clear relationship between the structural and
the electronic properties. Even though our approach has been specifically applied
to a-Ge,Sej_y, it can be universally used to characterize and understand defects in
amorphous structures.

The structural features, including the radial distribution function, the angle
distribution function and the coordination number distribution have been calculated.
We found Ge and Se clustering in Ge- and Se-rich structures, respectively. The Ge-
rich structures tend to have larger coordination numbers than the Se-rich structures.
Our samples are qualitatively incompatible with the chemically ordered random
network in which each Ge should be 4-fold coordinated to chalcogen atoms, and
the chalcogen is 2-fold. The electronic properties including the inverse partition
ratio, the electron occupation, and the density of states have been analyzed and
we identify the structural origin of the localized states. The mobility gap decreases
with Ge content. The Ge concentration plays a crucial role in determining the
different behaviors of materials in terms of their electrical conductivity. More Ge
leads to metallic conduction, marked by Ge-Ge bonds spanning the mobility gap.
The localized states are mostly due to Se-Se bonds and a minor contribution to the
Se lone pairs and tetrahedra.

Moreover, the doping of crystallogen, pnictogen, and chalcogen atoms has re-
vealed a substantial impact on the structural properties and electronic band struc-
tures. The dopants behave similarly with their iso-valent hosting ions, with some
subtle differences, of which the structural and electronic properties have also been
explored. We found a new kind of structural motif, the germanium chalcogenide
cubane, symbolizing the presence of structurally ordered assemblies in disordered
materials. 2-fold Ge gave rise to a localized state in the dopants. In crystallogen-
doped a-GeSe, we observe substitutional doping, as in pnictogen-doped samples.
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However, no substitutional doping is found in chalcogenide-doped materials, where
instead, we observe a specific type of defect: the Valence Alternation Pair.

Overall, this thesis provides a comprehensive investigation that not only adds
to the fundamental understanding of a-Ge,Se;_, but also offers practical insights
that can be utilized in various technological advancements. The specific defects
identified, such as the Valence alternation pair, contribute to a deeper understanding
of defect in amorphous semiconductors. This knowledge can help in developing
strategies for controlling defects to enhance material performance.

6.2 Outlook

Our work lays the foundation for several promising avenues.

The models we generated will be the starting point for future studies concerning
the behavior of the a-Ge,Se;_ in the presence of external fields (the electrical
cycling of the device), which determine the device’s properties and the suitability
of the material for memory selectors. We developed a three-step approach [Sla+23]:

 The experimental setting involves the amorphous GeSe sample preparation,
the device fabrication, and the electrical characteristics (I-V) measurement.

 The experimental output is used as the input of specific defect spectroscopy
functionality, implemented in the device-oriented modeler Ginestra, which is
specifically developed to extract intrinsic material properties and characteris-
tics of the defects (thermal ionization and relaxation energies, distribution
within the bandgap) from the electrical measurements.

+ The resulting defect mapping is interpreted in terms of ab-initio simulations
based on density functional theory.

Another possibility is to make the process in the opposite direction, starting from
the results of the ab-initio simulations and going to the interpretation of the electric
characteristics of the devices. This approach is being explored with our collaborators
at CNR-Nano (Modena), and an article is being prepared.

On the other hand, heat flowing through a solid is critical for the OTS applications.
Understanding how the heat flows in crystal GeSe and amorphous Ge,Se;_y, while
changing compositions or doping, is vital for evaluating the device’s efficiency.
This requires finding electrically conductive materials with a thermal conductivity
as low as possible. We have started studying the thermal properties of the crystal
and a-Ge,Se;_, with different theoretical approaches (paper in preparation) to take
into account the different physical aspects of the crystal and amorphous materials.
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Another possible avenue we have started exploring is using machine learning to
correlate localized states and the microscopic structure of our models. To do so, we
include information on some global and local descriptors:

« global descriptors:

- the chemical composition which is represented by a vector consisting
of the proportion of the species (p(Ge), p(Se), p(Si), p(P), p(As), p(Te)).

— the density: number of atoms per unit volume

— the global radial/angle distribution functions

« local descriptors:

the species at the atomic site

the electronegativity

the number of valence electrons of the atom

the local RDF /ADF, centered at one atom.

We also used more advanced descriptors to describe the local environ-
ment that we obtained with existing software packages such as the
SOAP (Smooth Overlap of Atomic Positions).

For the electronic structure, we represented each atom’s PDOS as a vector. To
focus on the states near the Fermi energy, we multiply the DOS with a Gaussian to
enhance the states closer to the Fermi level while smoothing the remaining energy
range. Additionally, we add some features (e.g., gap state, Mulliken charge) to the
electronic feature vector to predict them directly.

We then have an input vector (structure descriptors) and an output vector (DOS)
for each atom. We gather the data for all the samples in this format, divide them
into a training set and a test set, and proceed with the usual machine learning.

Using existing code, we start with the most simple machine learning model (linear
regression model). Our preliminary result using linear regression can predict the
DOS from the structure. With some machine learning techniques (e.g. dimension
reduction), we could know which features correlate more to the localized state or

the band gap.
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