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ABSTRACT: Accurately characterizing the properties of semiconductors at atomic reso-
lution is crucial for advancing semiconductor technology. One of the key challenges in
quantitatively interpreting Scanning Tunneling Spectroscopy (STS) is the influence of tip-
induced band bending (TIBB) during semiconductor measurements. This thesis presents
a numerical method that self-consistently solves the one-dimensional Poisson equation to
correct for TIBB in adatom-covered semiconductors.

The model uses the Block-SOR-Newton method to solve the nonlinear system of equations
that arises from the discretization of the Poisson equation. Simulations demonstrate that
the model can accurately describe the effect of the STM tip voltage on band bending.
However, numerical instabilities were observed for high doping concentrations and surface
state energies close to the Fermi level, attributed to overshooting of the Newton method.
Potential solutions, such as using a Newton-Krylov method and adaptive grid refinement,
were proposed to address these instabilities.

Future work includes extending the model to non-equilibrium situations by introducing
the full set of semiconductor equations and expanding to three dimensions to account for
the STM tip geometry. These advancements would provide a useful tool for correcting
STS data, ultimately deepening our understanding of semiconductor physics at the atomic

scale.
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1 Introduction

Semiconductor technology forms the backbone of modern electronics, enabling advance-
ments in computing, communication, and energy. From microprocessors to solar cells, the
unique electronic properties of semiconductors are crucial across various domains. The con-
tinuous demand for faster and more efficient devices drives the semiconductor industry to
constantly improve its technology. This is achieved by scaling down semiconductor devices
and altering their electronic properties at the atomic level. To aid these developments,
it is crucial to understand and measure semiconductor properties at the smallest possible
scales.

One of the most powerful tools for atomic-scale measurements is the Scanning Tunneling
Microscope (STM). Developed by Gerd Binnig and Heinrich Rohrer in 1981, the STM al-
lows for direct imaging of surfaces with atomic resolution [1, 2]. It revolutionized surface
science by enabling the first real-space, atomic-resolution images of conducting and semi-
conducting surfaces. By positioning a sharp metal tip near a sample surface and applying
a bias voltage, electrons can quantum-mechanically tunnel between the tip and the sample.
The resulting tunneling current is highly sensitive to the tip-sample distance, which makes
it possible to image the semiconductor surface with sub-nanometer resolution [3].

Beyond topographic imaging, the STM can be used to probe the electronic properties of
semiconductors via Scanning Tunneling Spectroscopy (STS). By measuring the tunneling
current as a function of applied bias voltage, STS can provide information about the en-
ergetic distribution of electronic (surface) states [4]. This can give detailed information
on the effect of surface impurities on the electronic properties of the semiconductor [5, 6].
STS is particularly valuable for identifying band gaps and adatom-induced states [7, §].
However, there is one problem when interpreting STS data: part of the applied voltage
drops in the semiconductor itself [9]. This is referred to as tip-induced band bending
(TIBB), and it significantly hinders the quantitative description of semiconductor proper-
ties [10]. Hence, developing correction methods for TIBB is essential for accurate quanti-
tative measurements via STM/STS.

In the past decades, several methods have been developed to correct for TIBB. First, an-
alytical models have been proposed to estimate band bending [11, 12]. However, these
models made several assumptions that are not always valid in practice [11]. When numer-
ical methods became more accessible, it became possible to determine tip-induced band
bending numerically. One of the most renowned programs for this purpose is SEMITIP,
developed by Feenstra et al. [13-16]. This program can accurately determine TIBB by
solving the Poisson equation self-consistently [15]. It takes into account the exact geome-
try of the tip and the sample, and can be used to correct STS data for tip-induced band
bending.

However, the SEMITIP program assumes that the semiconductor is in a thermal equilib-
rium. This means that the program is not applicable to non-equilibrium situations, such as
when the semiconductor is illuminated by light. To circumvent this limitation, Schnedler et
al. developed a method that accounts for the complete set of semiconductor equations [17].
By solving the complete set of semiconductor equations self-consistently, this method can



be used to correct STS data for tip-induced band bending in non-equilibrium situations.
This is a major advancement for scenarios such as photovoltaics and surface photo-voltage
measurements [18].

This thesis aims to contribute in two different ways to the field of tip-induced band bending
correction. First, the thesis will provide a comprehensive overview of the required theory
to understand the work of Feenstra et al. and Schnedler et al. This will include theory
on band bending, surface states, and the semiconductor equations. Second, the thesis
will present a model based on the work of Schnedler et al. to determine band bending of
adatom-covered semiconductor surfaces. Adatoms can significantly modify local electronic
structure, introducing localized states that alter band bending. Hence, accurately mod-
elling their effect on TIBB is important for STS measurements.

The thesis is structured as follows. Chapter 2 provides an overview of the relevant theory
on semiconductors and band bending. Chapter 3 presents the numerical methods that are
used in the model. Chapter 4 presents the description of the model that is used to deter-
mine band bending. Chapter 5 presents the results of the model, and Chapter 6 provides
a conclusion and outlook for future work.

By bridging semiconductor theory with computational modeling, this thesis paves the way
to a deeper understanding of how adatoms and STM interactions influence band bending at
a microscopic level. Down the line, these insights could aid researchers in the interpretation
of STS data.



2 Theory of Semiconductor Physics

Before discussing the model that determines the adatom-induced band bending in the STM
setup, it is important to understand the basic principles of semiconductor physics. This
chapter will cover the basic theory of semiconductors, band bending, and surface states.
Moreover, it will introduce the necessary equations that are used to model the band bending
in the STM setup.

2.1 Semiconductor Theory

To understand band bending in semiconductors, it is important to have a basic understand-
ing of the physical structure and properties of semiconductors. This section will provide a
brief overview of the crystal structure of semiconductors, how to visualize valuable infor-
mation in band diagrams and how to alter their properties via doping.

2.1.1 The Physical Structure of Semiconductors

Most often, and in the entirety of this thesis, semiconductors are crystalline materials. This
means that the atoms of the material are arranged in a repeating fashion. The specific
ordering of atoms within a material is called the crystal structure and many different types
of crystal structures exist. However, a significant fraction of semiconductor materials have
either a zincblende (GaAs), diamond (Ge,Si), or wurtzite (GaN) crystal structure. As
illustrated in Figure 1, the atoms in these structures are bonded to their four nearest
neighbours.

|

Figure 1. From left to right: zincblende, diamond and wurtzite crystal structures. Zincblende and
wurtzite are two-element structures and diamond is a one-element structure. Therefore, compound
semiconductors often have a zincblende or wurtzite structure, while elemental semiconductors have
a diamond structure. In each structure, the atoms are bonded to their four nearest neighbours.

Only atoms with four valence electrons are able to form these crystal structures, since each
atom must share one electron with each of its four nearest neighbours to form a bond. This
is the reason that many semiconductors are elements from group IV of the periodic table,
such as silicon and germanium, since these naturally have four valence electrons. However,
semiconductors can also form from compounds of group III and group V elements, or group
IT and group VI elements, since these alloys also average to four valence electrons per atom.



These combinations are termed III-V and II-VI semiconductors respectively. Examples of
ITI-V semiconductors are GaAs and InP, while examples of II-VI semiconductors are ZnSe
and CdTe.

2.1.2 Band Diagrams

The band diagram is a useful tool for visualizing the
energy bands of a semiconductor. It is often used in A E(k)
semiconductor physics to understand and predict the
behaviour of semiconductors. To cover this topic, we
first must review some electronic band theory.

Solid state physics tells us that the energy levels

of electrons in crystalline materials are described by —— - - —~=—- - — -
many bands, called the band structure. Each of these I E
gap

bands is described by a dispersion relation E'(k), where |y _
k is the crystal momentum [19]. A schematic of the /__ \

band structure of GaAs, shown in Figure 2, illustrates
this concept.

Most often, we are interested in the valence and con-
duction bands. The valence band is the highest energy
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band that is fully occupied by electrons, while the con-
duction band is the lowest energy band that remains
empty. The conduction band is appropriately named, Figure 2. A schematic of the band

since electrons that are excited to this band are free Structure of GaAs. The blue band is
the conduction band and the red band

is the valence band. The energy dif-

to move around in the semiconductor and therefore

make conduction possible. The energy difference be- ference between the top of the valence

band and the bottom of the conduc-
conduction band is called the band gap, and it signi- tjon band is called the band gap.

tween the top of the valence and the bottom of the

fies the minimal energy needed for an electron to excite

from the valence to the conduction band.

The band gap is an important property, since it plays a prominent role in the material’s
conductivity. For example, materials with a large band gap are insulators, while metals
have no band gap. Semiconductors have a band gap smaller than insulators, but larger
than that of metals (typically between 0.2 and 3.5 eV at 7" = 300 K [19]). This allows for
thermal excitations or photoexcitations to create free electrons in the conduction band and
holes in the valence band, which are responsible for the conductivity of the semiconductor
[19].

In semiconductor physics we are often interested in the spatial dependence of the semicon-
ductor’s electronic properties. For this reason, we plot the top of the valence band and the
bottom of the conduction band as a function of position, creating the band diagram.
Since we are plotting the energies of the available electronic states, it is also convenient to
include the Fermi level in the band diagram. In semiconductor physics, the Fermi level is
defined as the chemical potential of the system at "= 0K [19]. It plays an important role
in the conductivity of the semiconductor, but also in determining other quantities such as



the (surface) charge. In thermal equilibrium, the Fermi level is constant throughout the
system. The Fermi level will be further explored in the subsequent sections.

In summary, there are four important quantities that can be directly taken from the band
diagram. The position-dependent energies of the valence and conduction bands show how
the semiconductor behaves at different locations. The band gap indicates how easily an
electron can transition between the valence and conduction bands. Finally, the Fermi level
is essential for determining many different properties of the semiconductor. An example of
a band diagram of a pn-diode can be seen in Figure 3.
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Figure 3. A schematic of a band diagram of a pn-diode. A pn-diode is a semiconductor device
that consists of a p-doped and an n-doped semiconductor. The blue line represents the conduction
band, the red line represents the valence band and black dotted line represents the Fermi level. This
figure shows us that an n-type electron needs to overcome an energy barrier to go to the p-type
region.

2.1.3 Charge Carriers and Doping

Precise tuning of the electronic properties of semiconductors is essential for their applica-
bility. To do this, impurities are introduced in the crystal lattice. This process is termed
doping.

To understand doping, it is important to cover how conduction occurs in semiconductors.
Because of the relatively small band gap in semiconductors, thermal excitations can cause
an electron to move from the valence to the conduction band. This process introduces a free
electron in the conduction band and leaves a missing electron in the valence band, known
as an (electronic) hole. Holes behave as free, positive quasiparticles in the valence band
and act as charge carriers alongside the free electrons. The charge carriers are responsible
for conductivity.

The concentrations of the charge carriers are determined by the Fermi level, Er, which
therefore plays an important role in the conductivity of the semiconductor. The free elec-
tron concentration n and hole concentration p relate to the Fermi level via the following



approximations:

FEr —FE.
— Noexp [ 2F— Ze 2.1
n exp( - ) 2.1)
E,— Er
=N, —_— 2.2
p exp< T ) (2.2)

Where N. and N, are the effective densities of states in the conduction and valence bands
respectively, FE. and FE, are the conduction and valence band energies, k is the Boltzmann
constant and 7T is the temperature [20]. The equations show that n increases if Fr gets
closer to the conduction energy, while p increases if Er gets closer to the valence energy.
Now, if we want to alter the conductivity of the semiconductor, we can choose to increase
the availability of electrons or holes via doping. When we dope a semiconductor, some
of the atoms in the crystal are substituted with different atoms known as dopants. If a
dopant from a higher group is added, it will have a valence electron left, which can be
easily excited to the conduction band. Such dopants are called donors, and the process
is termed n-type doping. Conversely, a dopant from a lower group will accept electrons
from the valence band, which would leave holes. These dopants are called acceptors, and
the process is termed p-type doping. Figure 4 shows a simplified depiction of n-type and
p-type doping of a silicon lattice.

n-type doping p-type doping

Figure 4. A schematic of n-type (left) and p-type (right) doping in a silicon (group IV) lattice. In
the left figure, a phosphorus atom is added. Since it is from group V, it has an extra electron that
can be excited to the conduction band. In the right figure, a boron atom is added. Since it is from
group III, it can accept an electron, leaving a hole in the valence band.

Another way to understand doping is via the Fermi level. When we dope our material, each
dopant creates a new electronic state. These states all have their own wavefunction which
typically extends over multiple lattice constants. Therefore, if we add enough dopants, the
electronic states will overlap and form donor or acceptor bands. These bands increase the
availability of electrons or holes in the semiconductor system, which alters the chemical
potential of the system, even at T = 0K. Therefore, the Fermi level shifts upward for n-
type doping and downward for p-type doping. We can verify this with equations (2.1-2.2)
by observing that n (p) can only increase if Er goes up (down). This shift is illustrated in



the band diagram shown in Figure 5.

Two additional types of doping are worth mentioning. The first is called amphoteric doping.
Amphoteric doping occurs when a dopant can act both as a donor and an acceptor. An
example would be doping GaAs (III-V) with silicon (IV). The silicon acts as a donor if it
replaces a gallium atom, but as an acceptor if it replaces an arsenic atom. The eventual
result depends on the manufacturing conditions [21].

The second type is called isoelectronic doping. This involves adding a dopant from the
same group as the lattice atom. While the total number of valence electrons remains
unchanged, the properties of the semiconductor, such as its bandgap, can still be altered.
An example would be doping GaP (III-V) with nitrogen (V). Nitrogen has a different size
and electronegativity than phosphorus, which can decrease the semiconductor band gap
[22].

AE AE AE
® & § ® & O 000000

_______ C

F
Atptpplplely Ey
eoee00 |/ ® o o ® o =&y
> 7 > 7 > 7
p-type doping no doping n-type doping

Figure 5. A schematic of the band diagram of a semiconductor with p-type doping (left), no
doping (middle), and n-type doping (right). The black dotted line represents the Fermi level. The
coloured dotted lines represent the dopant bands. The Fermi level shifts upwards for n-type doping
and downwards for p-type doping. This affects the carrier concentrations in the semiconductor,
as indicated by the coloured circles. The red circles represent holes and the blue circles represent
electrons.

2.2 Band Bending

Band bending is a phenomenon that occurs at the interface between a semiconductor and
another medium. It is characterized by a shift in the energy bands of the semiconductor
near the interface, caused by differences in the Fermi level between the two media. When
the media make contact, a new thermal equilibrium forms via charge redistribution. This
process shifts the energy bands. Often, band bending plays an important role in the
behaviour of semiconductor devices. This section explains what band bending is, why it
occurs, and its implications.

2.2.1 Semiconductor-Metal Interface

Before we consider a mathematical treatment of band bending, it is useful to examine the
semiconductor-metal interface qualitatively. Consider an n-doped semiconductor and a



metal that are separated in space. Since they are not in contact, the Fermi levels of the
two materials are independent. For this example, we assume that Epmetar < Ersem- A
new thermal equilibrium must be established when the two materials make contact. This
equilibrium is reached when the Fermi levels of the two materials become equal. Therefore,
electrons flow from the material with the higher Fermi level to the material with the lower
Fermi level until equilibrium is reached. Thus, electrons move from the semiconductor to
the metal.

However, due to charge conservation, electrons accumulating in the metal result in a neg-
atively charged surface. The resulting charge generates an electric field that is directed
towards the metal. Due to this electric field, electrons in the semiconductor have a higher
electric potential energy near the interface than in the bulk of the semiconductor. There-
fore, the energy bands bend upwards near the interface, as illustrated in Figure 6. Effec-
tively, this pushes electrons away from the interface, depleting the mobile charge carriers
and forming a so-called depletion layer. This layer is characterized by the immobile pos-
itive donor ions that remain after the electrons have been pushed away and is therefore
positively charged. To adhere to charge conservation, the positive charge of the depletion
layer must compensate the negative charge on the metal surface. The depletion layer is a
specific case of a phenomenon known as the space charge layer, which is discussed in the
next section.

A E A E
Metal Semicon. Metal Semicon.
EC

——————— EF,S E:; @® ]I;::C

_____ EF,III ED _—_ _- - = = _/_’\ -~ - -— - __EF
D

EV ¥ E
A%

> 7 > 7

Figure 6. A schematic of band bending at a semiconductor-metal interface. The left figure shows
the situation before contact. The right figure shows the situation after contact. The Fermi levels
aligned and a negative charge accumulated on the metal surface. This is compensated by a positive
depletion layer inside the semiconductor. The dotted blue line gives the donor band level Ep.

2.2.2 Origin of the Space Charge Layer

Having qualitatively discussed charge redistribution for a semiconductor-metal interface,
we now give a detailed description of the space charge layer. This section will show why
space charge layers form and how they can impact semiconductor device performance.
To analyze band bending, we will consider a doped semiconductor with electronic surface
states. These states are described by a density of states (DOS) function Ngs(E) and can be
classified as either donor or acceptor states. Surface states can occur for multiple reasons
(e.g., surface dopants, dangling bonds) and will be discussed further in section 5.3.2. Figure



7 illustrates the situation. The following discussion closely follows Ref. [23].

A surface state can become charged by either accepting or donating an electron, where the
occupation probability depends on the position of the Fermi level relative to the surface
state. Since charge neutrality must be maintained, any charge Q55 that is introduced by the
surface states must be balanced by an equal and opposite charge (Js. in the semiconductor,
forming a space charge layer. This leads to the charge conservation equation:

Qsc = _st- (23)

Charge conservation (2.3) determines the Fermi level’s position relative to the surface
states. This can be seen as follows. Deep inside the semiconductor, the electronic effects of
the surface are negligible. Therefore, when far from the surface, the position of the Fermi
level relative to the band edges is determined by the bulk properties of the semiconductor
(e.g., doping). When we look at the surface, it is important to note that the surface DOS
Ngs(F) is defined relative to the surface band edges [23]. Thus, if the band edges are shifted
due to band bending, Ngs(F) is also shifted. This shift in the surface DOS changes its
relative position to the Fermi level, altering the charge Qs of the surface states. However,
band bending also shifts the dopant bands relative to the Fermi level. As a result the
number of occupied dopants changes, modifying the charge distribution Q.. in the space
charge layer. The system reaches thermal equilibrium when the Fermi level relative to the
surface states aligns such that these charges balance, ensuring charge conservation. The
resulting system is illustrated in Figure 7.
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Figure 7. A schematic of band bending at an n-type semiconductor with acceptor surface states.
The surface states under the Fermi level Er are occupied, which creates a surface charge @Qss. This
charge is compensated by a positive (depletion) space charge layer in the semiconductor. This layer
carries a charge Qs. = —Qss. [23]

The space charge layer that forms due to this charge redistribution can be classified into
three types: depletion, inversion, and accumulation layers. The differences are best illus-
trated in Figure 8a. To discuss the depletion and accumulation layers, consider an n-doped
semiconductor with acceptor surface states. The surface states generate a negative charge,
which causes upward band bending. Consequently, upward band bending lifts the donor



band above the Fermi level, moving the electrons away from the surface. The positive donor
ions are left behind while the electrons (which are the majority carriers) are depleted. This
results in a depletion layer.

When strong upward band bending occurs, the space charge layer extends deeper into the
semiconductor pushing even more electrons away. As a result the concentration of minority
carriers (holes) surpasses the concentration of majority carriers (electrons) near the surface,
leading to an inversion layer.

If instead the surface states are donor states, the surface generates a positive charge, causing
downward band bending. This attracts electrons to the surface, forming an accumulation
layer. Typically, accumulation layers are much narrower than the other two types of layers,
since the mobile charge carriers can be tightly packed. This contrasts the depletion and
inversion layers, where the dopant ions are immobile. For p-doped semiconductors the sit-
uations are reversed, with acceptor surface states leading to accumulation layers and donor
surface states leading to depletion layers, where holes play the role of the electron.

The different types of space charge layers have different implications for semiconductor de-
vices. This becomes clear if we consider the free charge carrier concentrations, which link
directly to the conductivity. This is summarized in Figure 8b. Depletion layers have less
free charge carriers, reducing the conductivity near the surface. Accumulation layers in-
crease the conductivity near the surface by attracting free charge carriers. The conductivity
in inversion layers is more complex. Near the surface it exhibits high conductivity due to
an excess of minority carriers, similar to an accumulation layer. However, deeper into the
semiconductor, majority carriers are depleted, forming a depletion-like layer. Many semi-
conductor devices rely on space charge layers to function properly. For example, the p-n
junction diode depends on the depletion layer to create a barrier for charge carriers, while
the MOSFET uses the inversion layer to control the conductivity of the semiconductor [20].

~10 -



Depletion layer  Inversion layer Accumulation layer

Figure 8. An illustration of the different space charge layers of an n-type semiconductor surface.
(a) shows the band bending structure. We see that the inversion layer has more band bending than
the depletion layer. The right figure has donor surface states, which creates a downward bending
accumulation layer. (b) shows the free carrier densities of the different layers. n, h and n; give the
free electron, hole and intrinsic carrier concentrations respectively. The depletion layer has fewer
majority carriers near the surface. For the inversion layer, the minority carriers eventually surpass
the majority carriers. The accumulation layer has more majority carriers near the surface.

2.2.3 Poisson’s Equation

After treating the formation of space charge layers, it is time to discuss the mathemat-
ical description of band bending. To describe band bending, we introduce the position-
dependent electrostatic potential ¢(x). We take the bulk of the semiconductor as our
reference for ¢ = 0. With the electrostatic potential, the amount of band bending at point
x can be expressed as AF(x) = —q¢(x), where ¢ is the unsigned elementary charge and
AF denotes the change in energy. This allows us to use Poisson’s equation to describe the
band bending profile. Poisson’s equation relates the electric potential ¢(x) to the charge
density p(x) in the semiconductor. It is given by [23]:

V2p(x) = 2% (2.4

e

Where ¢ is the permittivity of the semiconductor. For most purposes it suffices to regard
€ to be a scalar constant throughout the semiconductor, but to model anisotropic effects
the tensorial permittivity must be used [24, 25].

The charge density in the semiconductor is completely determined by the concentration of
charge carriers and ionized dopants. This allows us to write the charge density as [17]:

p(x) = q(p(x) — n(x) + N (x) — Ny (x)) (2.5)

Where n and p are the electron and hole concentrations, and NIJ)r and N, are the ionized
donor and acceptor concentrations. The concentration of the ionized dopants depends on
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the position of the dopant band levels relative to the Fermi level. Assuming Boltzmann
statistics to be valid, this can be expressed as [20]:

Np
1+ gpexp (EF*(E]?T*QMX)))

Na

N (x) = (2.6)

Ny (x) =

_ (2.7)
1+ gaexp

Where Np and Nj are the total donor and acceptor concentrations, Ep and E 4 are the
bulk donor and acceptor band levels, and gp and g4 are the degeneracy factors. The de-
generacy factors represent how many different configurations the ionized dopant can have.
The degeneracy factor for a donor state is typically 2, because the donor can accept an
electron with either spin [20]. For the acceptor state, the degeneracy factor is 4 for most
cubic symmetric semiconductors (e.g., zincblende and diamond crystal structures) [26].
This is because they have a doubly degenerate valence band for k = 0 and can accept a
hole of either spin [20].

Equations (2.6 - 2.7) show that the ionized donor concentration increases if the donor band
level shifts upward, while the ionized acceptor concentration increases if the acceptor band
level shifts downward. This is in accordance with section 2.2.2, where we saw that upwards
band bending in n-doped semiconductors creates a depletion layer, while for p-doped semi-
conductors this happens with downward band bending.

2.3 Surface State Theory

In section 2.2.2, we saw that surface states can cause band bending and the formation
of space charge layers. In this section we will discuss the origin of these electronic sur-
face states. Specifically, we will make a distinction between intrinsic surface states and
adsorbate-induced surface states. We will also discuss the process and implications of
Fermi level pinning.

2.3.1 Intrinsic Surface States

When discussing the solid-state physics of a semiconductor, it is often assumed that the
material has an infinitely extending periodic lattice. Under this assumption, a periodic
potential can be defined, which is a necessary condition for Bloch waves to exist as solutions
to the Schrodinger equation. However, when we introduce a surface, this assumption is
broken. This requires us to find a new solution to the Schrodinger equation which takes
the existence of the surface into account. A thorough derivation of this solution can be
found in chapter 6 of Ref. [23]. Here we sketch the main ideas behind the derivation and
discuss the implications.

For an infinitely extending semiconductor, the wavefunction is given by a Bloch wave [23]:

() = ui(x) exp(ik - x) (2.8)

- 12 —



Where uy (x) is a periodic function with the same periodicity as the lattice. From a physcial
standpoint, only real values for k are interesting, since we expect delocalized electronic
states. However, when introducing a surface, we expect localized states to form. These
states have imaginary values for k, which corresponds to evanescent states. This also yields
different energy eigenvalues, which are allowed to lie within the forbidden band gap of the
semiconductor [23]. These states are called surface states. Specifically, in the nearly free
electron model they are called Shockley states, while in the tight binding model they are
known as Tamm states.

If we consider the tight binding model, the existence of surface states has an intuitive
explanation. In the tight-binding model, the wavefunction is described as a linear combi-
nation of atomic orbitals (LCAO) [19]. If we truncate our semiconductor, the atoms at
the surface have fewer neighbours than the atoms in the bulk. As a result, their atomic
orbitals experience less hybridization, creating a state with a new energy level [23]. This
effect is particularly strong for orbitals that normally would participate in bonding with
atoms that are now missing. These states are called dangling bonds and their energy values
typically deviate significantly from the bulk band edges [23].

In the LCAO framework, the surface states are a combination of conduction and valence
band states. This means that the surface states can be either donor-like or acceptor-like
states. Typically, the surface states close to the valence band are more donor-like, while
they are more acceptor-like close to the conduction band [23]. This allows us to define a
neutrality energy level E (also known as the branching point energy Fp) which separates
the donor-like and acceptor-like states. If the Fermi level is equal to Ep, the surface will
be neutral and no band bending will occur [23]. Figure 9 displays a situation with intrinsic
surface states.

E A E
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W E
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EF
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Ng(E) <€ » 7z N(E) > 7

Figure 9. A schematic of band bending at a n-type semiconductor surface with intrinsic surface
states. The neutrality level E separates the donor-like and acceptor-like surface states. The left
figure shows a situation with a Fermi level above Ep, which creates a depletion layer. The right
figure shows a situation with a Fermi level below E, which creates an accumulation layer.
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2.3.2 Adatom-induced Surface States

When we adsorb atoms on top of the semiconductor surface they are known as adatoms.
These adatoms will engage in chemical bonds with the semiconductor. The resulting bond-
ing and antibonding orbitals will form additional surface states [23]. It can also affect the
distribution of the intrinsic surface states [23, 27].

The question remains what type of surface states are formed by the adatoms. The answer
to this question is not straightforward and can be tackled in many ways [28]. As with the
intrinsic surface states, the adatom-induced surface states can be either donor or acceptor
states. The type of state that is formed depends on the adatom and the semiconductor.
One way to determine the type of surface state is to consider the dipole moment formed
by the adatom-semiconductor bond. This dipole moment is formed by the difference in the
electronegativity of the adatom and the semiconductor, which causes the more electroneg-
ative atom to be slightly negatively charged, inducing a dipole moment [28]. If this dipole
moment points towards the semiconductor, the induced surface state is acceptor-like. If it
points away from the semiconductor, the state is donor-like [28].

Quantitatively determining the exact density of states of the adatom-induced surface states
is a complex task. Firstly, it depends on the distribution of the adatoms on the surface. A
low concentration will yield discrete energy levels, but monolayer coverage will result in a
continuous band of states as the adatoms will interact with each other [28]. Secondly, the
adatom material also plays a role. For example, the energy of the states induced by metal
adatoms depend linearly on their ionization energy [29]. Some studies on adatom-induced
surface states have used density functional theory (DFT) to calculate the density of states
[30].

2.3.3 Fermi Level Pinning

In section 2.2.2, we saw that surface states can induce band bending. The charges of the
surface states have to be compensated by a space charge layer, which happens via band
bending. By that token, we would expect that the band bending will keep increasing as we
increase the surface state density. However, this is not the case. Instead, the band bending
saturates at a certain value. This phenomenon is known as Fermi level pinning.

As we have seen in section 2.3.1, a neutrality energy level Fy separates the donor and
acceptor states. Typically, it is energetically favourable for the Fermi level to get close to
Ey, since this will minimize the charge of the surface states [23]. So the band bending will
adjust until the Fermi level is close to Eu. If this is the case, an increase in the density
of surface states has a small effect on the amount of surface charge. Therefore, the band
bending does not increase significantly anymore and it is said that the Fermi level is pinned
to EN [23}.

Since Fermi level pinning fixes the position of the Fermi level at the interface, it can greatly
impact the operation and creation of semiconductor devices. Solar cells and MOSFETSs
are examples of devices that are sensitive to Fermi level pinning [31, 32]
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2.4 Band Bending Under Irradiation

In section 2.2, we saw that Poisson’s equation can fully describe the band bending profile
of a semiconductor when the system is in thermal equilibrium. However, when there is
no thermal equilibrium, Poisson’s equation alone will not suffice to describe the band
bending properly. For example, when the semiconductor is illuminated with a laser. The
carrier-photon interactions affect the charge distribution via generation and recombination
mechanisms, which alter the band bending. This section aims to explain the relevant
equations to describe irradiated semiconductors and will explain the different recombination
mechanisms.

2.4.1 Continuity Equations

The photons will create additional charge carriers by excitation. To account for these
additional carriers, we must introduce the continuity equation. Intuitively, the continuity
equation states that charge is also conserved locally. In other words, when a net current
flows out of a volume, the charge density of the volume must decrease. The continuity
equation is stated as [24]:

dp
V~J+q§:O (2.9)
Where J denotes the current density. We assume that there is a steady-state situation
where the charge density is constant in time. We also observe that we can write our
current density as the sum of the hole current density J, and the electron current density

J,.. This allows us to rewrite equation (2.9) as [24]:
V-3, +3,)=0 (2.10)
Which can be separated into two equations [24]:

V-J,=qR (2.11)
V.-J,=—qR (2.12)

Where R denotes the recombination rate. A positive R means recombination, while a
negative R means generation [24]. The mechanisms behind generation/recombination will
be given in the subsequent section.

Generally, currents in semiconductors are composed of a diffusion term and a drift term.
This allows us to write equations (2.11 - 2.12) as [17]:

V- (DnVn(x) — ppn(x) Vo) — R =0 (2.13)
V- (D,Vp(x) + pp(x) V) — R =0 (2.14)

Where D; is the carrier-specific diffusion coefficient and p; is the carrier-specific mobility.
D; and p; are related via the Einstein-Smoluchowski relation [24]:

Di = M qu (2.15)
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Which is valid for carriers described by Boltzmann statistics [24].

Equations (2.13 - 2.14) are the final form of the continuity equations. Chapter 2.3 in Ref.
[24] provides an extensive derivation and an overview of all underlying assumptions for
these equations.

2.4.2 Generation and Recombination Mechanisms

The recombination rate R in equations (2.13 - 2.14) is a crucial parameter in the continuity
equations. It describes the rate at which charge carriers are generated or recombined.
This section will discuss band-to-band radiative transitions. It will also briefly discuss
two other important transition mechanisms: Shockley-Read-Hall recombination and Auger
recombination.
Before we discuss the different mechanisms, it is important to distinguish between direct
and indirect bandgap semiconductors. In direct bandgap semiconductors, the minimum of
the conduction band and the maximum of the valence band occur at the same k in the
electronic band structure. Most III-V semiconductors have a direct bandgap. In indirect
bandgap semiconductors, the conduction band’s minimum energy and the valence band’s
maximum energy occur at different k in the electronic band structure. Silicon is an example
of an indirect bandgap semiconductor.
When radiative recombination occurs, an electron in the conduction band recombines with
a hole in the valence band. The energy difference between the electron and the hole is
emitted as a photon. This process is only possible in direct bandgap semiconductors. The
process can also happen in reverse, where a photon excites an electron from the valence
band to the conduction band. Therefore, radiative recombination plays an important role
in describing irradiated semiconductors.
The recombination rate for radiative recombination in thermal equilibrium without band
bending is given by [33]:

Req = bnopo (2.16)

Where b is the radiative recombination coefficient and ng and pg are the equilibrium carrier
concentrations. However, when we introduce a generation term Rge, to account for the
additional carriers created by the photons, a new equilibrium will be established. Now
the new equilibrium carrier concentrations are npew = ng + An and ppew = po + Ap. The
recombination rate can now be written as [33]:

Rpet = b(nnewpnew - nOpO) (217)

To take band bending into account, we must consider the position-dependent carrier con-
centrations. This yields [17]:

R(X) = b(n(x) p(X) - nopo) - Rnet (218)
An and Ap can be determined if the specifications of the source of illumination are known

[17].
After discussing band-to-band radiative recombination, it is time to consider non-radiative
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recombination briefly. The two most important types are Shockley-Read-Hall (SRH) re-
combination and Auger recombination. For SRH, a state in the bandgap of the semiconduc-
tor must exist, the so-called trap state. This state can trap electrons from the conduction
band and then release them back to the valence band. This can also be seen as trapping
an electron from the conduction band and trapping a hole from the valence band. The
energy generated during combination is released via a phonon [33]. SRH recombination is
often the dominant recombination process for indirect bandgap semiconductors [33].
Auger recombination is a recombination process that involves three particles. An electron
collides with another electron in the conduction band, which then gets excited to a higher
energy level within the conduction band. Then the other electron recombines with a hole in
the valence band. Auger recombination can become the dominant recombination process
with high carrier concentrations or narrow bandgaps [33].

2.4.3 The Semiconductor Equations

We can mathematically describe band bending for the illuminated semiconductor using the
equations we introduced in the previous sections. This can be done by solving the following
system of equations:

V24 — g(n—p+N;(¢)_Ng(¢)) ~0 (2.19)
V- (DpVn — upynVeo) — R(n,p) =0 (2.20)
V- (DpVp+ ppp V) — R(n,p) =0 (2.21)

In this system ¢, n and p are our unknowns. The ionized dopant concentrations are given
by equations (2.6 - 2.7) and the recombination rate is given by equation (2.18). These
equations are often referred to as the semiconductor equations. They can be compactly
written as F(w) = 0, where w = (¢(x),n(x),p(x))". The solution to this system of
equations will give us the band bending profile of the semiconductor under irradiation.
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3 Theory of Numerical Methods

The system of equations described in section 2.4.3 cannot be solved analytically [24]. There-
fore, numerical methods are required to obtain a solution. In the model described in sec-
tion 4, the Block-SOR-Newton method is deployed to solve a discretization of the system
of equations. This section serves to provide the necessary mathematical background to
understand the numerical methods used in the model. First, the Newton-Raphson method
and the Successive Over-Relaxation (SOR) methods are discussed. Finally, they will be
combined into the Block-SOR-Newton method, which is treated in more detail.

3.1 Newton-Raphson Method

For many nonlinear equations, it is often difficult, or even impossible, to find their roots.
When this is the case, we must resort to numerical approximations of the roots. The
Newton-Raphson method (often referred to as Newton’s method) is arguably the most
widely used and important technique for this purpose.

Figure 10. An example of Newton’s method applied to a 1D function. The red curve represents the
function f(x), the blue lines represents the tangent line at . For each iteration, the method comes
closer to the root z*. Since f(x3) < d, the method terminates and accepts x3 as the approximation.

Qualitatively, Newton’s method works as follows. Imagine we have a sufficiently smooth
function f : R — R, and we want to find z* such that f(xz*) = 0. We begin by inserting an
initial guess xg of the root and we determine the tangent line at that point, this tangent
line serves as a linear approximation of our function. Then we determine where the tangent
line has its x-intercept and we name this point x;. If we find f(z1) to be close enough
to zero, we stop the method. Otherwise we repeat the process for point 1 and continue
until we find a satisfactory zj such that f(zy) < 0, where ¢ is our desired accuracy. An
example of applying Newton’s method to a 1D function can be found in Figure 10. The
k-th iteration of Newton’s method for 1D functions can be summarized by the following
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equation:

Tpy1 = Tk — ]{'((ZZ))’ where k € N (3.1)

Newton’s method also works for higher dimensional functions. Suppose we have a suffi-
ciently smooth function F : R” — R", then the mathematical formulation of equation (3.1)
is slightly altered. Instead of using the first derivative, we must use the Jacobian matrix

of F, often denoted as Jp. Then the multidimensional formulation becomes
Xkt1 = Xk — St () F(xx) (3.2)

Where J, 1 denotes the inverse of the Jacobian of F. Since inverting a matrix is often
computationally expensive, it is more practical to write this as

Jp(xk) (Xkr1 — xx) = —F(xk) (3.3)

This is in the form of Ax = b, so we can use numerical methods that can solve linear
equations to solve for x.

An advantage of Newton’s method is that an approximation of the Jacobian Jp still allows
a convergent method. This is useful if the Jacobian cannot be determined exactly. We can
prove this by considering Newton’s method as a fixed-point equation in the form of x =
M (x), where M (x) = x—J'(x)F(x). The Ostrowski theorem states that if p(M’(x*)) < 1,
there is an open neighbourhood S of x* such that the sequence x;1 = M (xy) converges to
x* for all xg € S [34]. Here, p(M’(x*)) denotes the spectral radius of the Fréchet derivative
of M at x*. The Fréchet derivative of Newton’s method is M’(x) = I — B~(x)Jp(x),
where B(x) = vJp(x), with v € R, is our approximation of the Jacobian. Thus, the
Fréchet derivative of Newton’s method is M'(x) = (1 — %)I . We can see that the spectral
radius of this matrix is 1 — % Therefore, if v > 0.5, the method is locally convergent [24].
Although Newton’s method is a powerful tool, it is not without its drawbacks. A common
problem is overshoot, where the method overestimates the correction needed to find the
root. This can significantly slow convergence, or even cause the method to diverge. Another
problem occurs if the initial guess is not in the region of convergence. In this case, the
method can also diverge. Finally, determining the Jacobian can be too expensive to viably
compute for each iteration. There are modifications to Newton’s method that can help
in specific cases, such as a damped Newton’s method, Hirano’s method or quasi-Newton
methods like the BFGS method [35-37].

3.2 Successive Over-Relaxation Method

The Successive Over-Relaxation (SOR) method is an iterative method used to solve equa-
tions in the form of Ax = b. It is a modification of the Gauss-Seidel method, which is a
method that solves the equation by iterating over the elements of x and updating them
one by one. First we will derive the SOR method and then we will discuss its properties.
The derivation for the SOR method is based on Ref. [38].
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3.2.1 Derivation of the SOR Method

Since we are concerned with iteratively solving Ax = b for x, we are looking for a fixed-
point equation in the form of x = M (x). To do this we begin by decomposing A into a
lower-triangular matrix L, a diagonal matrix D and an upper-triangular matrix U. This
decomposition yields Ax = (L + D + U)x = b. We can rewrite this as

(D +wl)x =wb — (WU + (w—1)D)x (3.4)

where w € (0,2) is the so-called relaxation parameter. This yields a fixed-point equation
by inverting the matrix D + wL and multiplying it with the right-hand side. This gives us
the following fixed-point equation:

xFHD) = (D + wL) ™ (wb — (WU + (w — 1)D)x*) (3.5)

where k denotes the iteration index.

Since inverting a matrix is computationally expensive, the structure of D +wL as a lower-
triangular matrix allows us to solve this equation using forward substitution. This yields
the following algorithm for the SOR method:

(k+1) _ k) | @ ‘ (kD) ()
x; =1 -wz, " + o b; — Zauazj — Zaml’j (3.6)

K j<i G>i

where 4 is the index of the element of x, a;; is the element of the matrix A at row i and
column j. This is the final formulation of the SOR method. Setting w = 1 reduces the
SOR method to the Gauss-Seidel method [24].

3.2.2 Properties of the SOR Method

The performance of the SOR method heavily depends on the choice of the relaxation
parameter w and the properties of the coefficient matrix A. Below, we discuss the key
properties and considerations for the SOR method.

Arguably the most crucial property is the convergence. Unfortunately, the convergence of
the SOR method is not guaranteed for all matrices A. Even if a matrix is suitable for the
SOR method, it might only converge for certain values of w. There do exist conditions
which guarantee convergence for some w [39]. For example, a symmetric positive definite
matrix A converges for all 0 < w < 2. Also for strictly diagonally dominant matrices, the
SOR method will converge for certain values of w [40].

The choice of w is also crucial for the rate of convergence of the SOR method. There are
two types of w that are used. When 0 < w < 1, the method is called under-relaxation.
While this can be beneficial when the convergence is unstable for w > 1, it typically results
in slower convergence. For 1 < w < 2, the method is called over-relaxation. A well-chosen
w in this range can significantly accelerate the convergence of the method [41]. The optimal
value of w depends on the matrix A, but is typically difficult to determine.
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3.3 Block-SOR-Newton Method

The Block-SOR-Newton method is a combination of the Newton-Raphson method and the
SOR method. It is used to solve a system of nonlinear equations in the form of F(x) = 0.
The method is an iterative method that uses the Newton-Raphson method to linearize the
system of equations and the SOR method to solve the linearized system. We will first
derive the SOR-Newton method and then work towards the Block-SOR-Newton method.
The derivations are done analogously to Ref. [24].

Imagine we have the following nonlinear system of equations:

f1(x)

F(x) = fr{x) (3.7)

fn(x)
The goal is to find x such that F(x) = 0. We begin by using the Newton-Raphson method
to linearize the system of equations to obtain equation (3.3). This can be written as:

_ 4 (k)

af1 8 )

87{11 Tij; % dx1 J1(xxk)
afs 8 )

8 n 8 n 8 n

Tfsl ETZ:Q % S2n fn(xx)

Where dx = xy 11 — Xk denotes the correction vector, and k the iteration step. Now the
SOR method must be used to solve this system for dx, for simplicity of notation we take
w = 1 to simplify the equations, it will be reinserted later. After decomposing the Jacobian
and rearranging the terms we obtain equation (3.4):

_ - (k) (m+1) i 1™ )
% 0 --- 0 0xq J1(xxk) Ong % 01
AT 522 Pl | {0 0 - SL 62
5 2 .. g | S fax ][00 -0 0

(3.9)

where m denotes the iteration index of the SOR method. This equation can be decou-
pled into n equations, each representing the correction of one element of x. For the i-th
component, we obtain:

Ofi(xk) (k,m-+1) = Jfi(xk) (k;m+1) "0 fi(xx) (k,m)
5aEm) — s = S 20%) s emey R OFi) s thm) (31
ox; ; 8533’ J j:;-i-l awj J
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To end up with the final formulation of the Block-SOR-Newton method, we remark that
the right-hand side of equation (3.10) can be interpreted as a series expansion. This yields
the following algorithm for the Block-SOR-Newton method:

9 fi(xx) e e s R e
O; (3.11)
o ol +0ali] el ¢ dalm)

where w is the relaxation parameter.

Intuitively, the Block-SOR-Newton method applies the SOR method to the linearization
produced by the Newton-Raphson method. Thus, we have an outer loop that iterates over
the Newton-Raphson method and an inner loop that iterates over the SOR method. The
advantage of the Block-SOR-Newton method is that we only have to compute the deriva-
tives on the diagonal of the Jacobian matrix (i.e., when ¢ = ). This is an improvement over
the SOR-Newton method (equation (3.10)), which needs all elements of the Jacobian ma-
trix. Therefore, applying Block-SOR-Newton can significantly reduce the computational
cost of the method.

When implementing the Block-SOR-Newton method, it is important to choose the relax-
ation parameter w carefully, as it can significantly affect the convergence of the method.
The choice of w is typically determined via trial and error [24].
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4 The Model Description

To model the band bending profile of an adatom-covered semiconductor in a scanning
tunneling microscope (STM), we must solve the semiconductor equations F'(w) = 0, where
w = (¢(x),n(x),p(x))T, given in section 2.4.3. This system of equations can only be solved
numerically, which will be done using the numerical methods given in section 3. In this
chapter, a framework is presented that uses a finite difference scheme to give a numerical
solution to the one-dimensional Poisson equation. First, the problem is introduced in more
detail, covering the STM-semiconductor setup and the motivation for the model. Then, the
mathematical model is presented, which includes a discussion of the boundary conditions
and the discretization of the relevant equations. Finally, an expansion of the model to
include the continuity equations and multiple dimensions is briefly discussed.

4.1 Overview of the Problem

Before we introduce the mathematical model, it is important to understand the problem at
hand. The model has two main objectives. First, to determine the effect of adatom-induced
surface states on the band bending profile of a semiconductor. Second, to determine how
the band bending profile is affected by the electrostatic potential of an STM tip. To achieve
these objectives, we must develop an understanding of the physical setup of the problem.
This section will explain the relevant details and considerations of the STM-semiconductor
setup, as well as the motivation for the model.

4.1.1 The STM-semiconductor Setup

During STM or STS measurements, a sharp metal tip is brought close to the surface
of the sample (typically a tip-sample distance between 4-7 A [3]). This tip is set to a
constant electrostatic potential ¢y, which generates an electric field between the tip and
the sample. Then, if we use a semiconductor as our sample, the band bending profile of
the semiconductor is affected by the electric field generated by the STM tip.

This interaction can be modelled by considering a metal-vacuum-semiconductor system,
where the metal represents the STM tip. Figure 11 displays a schematic representation of
the setup. In this system, we assume that the STM tip has a constant electric potential ¢i;p,
(where the semiconductor bulk potential is defined as ¢ = 0), and that there are no charge
carriers present in the vacuum region. ¢ is determined by the applied voltage between
the tip and the semiconductor V' and the so-called local contact potential difference of the

tip A¢ [15]:

A
buip =V + q(b (4.1)
Where A¢ is given by [15]:
A¢p =Wy —x — (Ecbux — EF) (4.2)

Where Er is the Fermi level of the semiconductor, E¢ pyix is the bulk conduction band edge
of the semiconductor, W, is the work function of the STM tip and y is the electron affinity
of the semiconductor. The electron affinity is defined as the energy difference between the
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vacuum level and the conduction band energy F¢.
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Figure 11. Schematic representation of the STM-semiconductor setup. The solid black line rep-
resents the vacuum level, which gives the energy of a stationary electron far away from the setup.
The vacuum level moves with the electrostatic potential energy —q¢(z). The blue and the red
lines represent the conduction and valence band edges of the semiconductor respectively. From this
picture it is clear that goup, = Wy — Weem, where W, is the work function of the STM tip and
Wsem = X + (Ec,puik — Er) is the work function of the semiconductor, with x being the electron
affinity of the semiconductor. At the right boundary (z = L) the electrostatic potential ¢ is zero.

The semiconductor will screen the electric field generated by the STM tip. Compared to
metals, semiconductors have a relatively small amount of charge carriers. Since charge
carriers are required to screen an electric field, the electric field will extend further into the
semiconductor. Therefore, unlike metals, the electric field penetrates the semiconductor
and its band bending profile is affected. A reasonable measure that describes how far the
electric field extends into the semiconductor is the Debye length Ap. The Debye length is

ekT
= [ 4.
AD 2N (4.3)

Where ¢ is the permittivity of the semiconductor, T is the temperature of the semiconductor

given by [20]:

and N is the doping concentration of the semiconductor. After a distance of Ap from the
surface, the electric field will decrease to 1/e of its original value. Therefore, it is critical
that the thickness of the semiconductor is at least multiple Debye lengths to ensure that
it is reasonable to assume that ¢ = 0 in the bulk of the semiconductor.
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For this model, we will use a GaAs(110) surface as our sample. This is mainly because
of the intrinsic surface state properties. In a clean, well-cleaved GaAs(110) there is no
significant band bending [23]. This means the band bending caused by the STM tip or
adatom-induced surface states will be easier to observe. Moreover, GaAs is a much-studied
semiconductor, which makes it easier to validate the results of the model with experimental
data [16].

Understanding the STM-semiconductor setup is crucial for the model, as it provides the
context in which the band bending profile of the semiconductor is determined. The band
bending profile is important for accurate interpretation of STM/STS measurements, which
leads us to the motivation of the model.

4.1.2 Motivation for the Model

An STM can be used to perform scanning tunneling spectroscopy (STS). During STS, the
tip is fixed above a certain point on the sample and the tunneling current I is measured as
a function of the applied tip-sample bias voltage V. Via this I-V relation the local density
of states (LDOS) of the sample can be determined [4]. The LDOS is a measure of the
number of states available to electrons at a certain energy.

However, a part of the applied voltage V is dropped within the semiconductor, which cre-
ates a tip-induced band bending profile [9]. Effectively, this changes the potential difference
between the STM tip and the surface of the semiconductor. This means that the measured
1-V relation is influenced by the band bending profile of the semiconductor. Therefore,
to correctly determine the LDOS of the sample, a realistic estimate of the band bending
profile is required.

This model aims to calculate the band bending profile to account for tip-induced voltage
drop, enabling more accurate STS measurements. To address this, the model will provide
a numerical solution to the relevant Poisson’s equation, which can give the band bending
profile of a semiconductor in thermal equilibrium and without illumination. By consid-
ering both the (adatom-induced) surface states and the presence of the STM tip, STS
measurements can be modelled. This makes the model a potentially valuable tool for the
interpretation of STS measurements.

4.2 Mathematical Model

This section presents the mathematical model that will be used to solve the band bending
profile of a semiconductor in the presence of an STM tip. The model is based on a finite
difference scheme, which will be used to solve the one-dimensional Poisson’s equation. By
only solving Poisson’s equation, the model is only valid for semiconductors in thermal
equilibrium and without illumination. First the relevant equations and the discretization
of Poisson’s equation are discussed, followed by the boundary conditions that are used.
Then it is explained how the surface states are modelled. Finally, it is discussed how the
model can be extended to solve all semiconductor equations in multiple dimensions. This
extension can be used for systems where the semiconductor surface is illuminated.
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4.2.1 Set of Equations and Discretization

We consider a 1D variant of the STM-semiconductor setup as described in section 4.1.1.
This system has three distinct regions. First we have the STM tip, which is modelled as a
point at z = 0 with a fixed electrostatic potential ¢iip. Then we have the vacuum region,
where we assume that there are no charge carriers. Finally, we have the semiconductor
region which starts with its surface at point zg,f and extends to z = L, where L — zgyt is
multiple Debye lengths.

To determine the band bending profile of the semiconductor, we need to find ¢(z) by
solving Poisson’s equation, incorporating charge carrier densities, ionized dopants, and
surface states. This is done by applying a discretization scheme to Poisson’s equation.
First a 1D grid from z = 0 to z = L is defined consisting of [ elements. The discretization
of Poisson’s equation follows the approach of Ref. [24] and Ref. [17] and is given by:

Giv1 — i P — di1

k; ki—1 q _
TRThn b P Vot N =0 (4.4)

2

Here i is the index of the grid element, k; = z;11 — z; is the length of the grid element and
¢; is shorthand for ¢(z;) (idem for n;, p;, N]S ; and N ). By assuming parabolic bands,
the charge carrier densities n; and p; are given by the following integrals [20]:

ny — / T (B f(B)E (4.5)
Ec—qp;
Eyv—qé;

pi = / go(E)1 — f(E)|dE (4.6)

Where Ec and Ey are the bulk conduction and valence band edges of the semiconductor,
gc(E) and g,(F) are the density of states in the conduction and valence band and f(FE)
is the Fermi-Dirac distribution. These results can be written in the more convenient form

[17]:

Ep — (Eo — qb;
n; = NC;Fl/Q < i (k; a0 )> (4.7)
Di = NV\/27—_‘_F1/2 <(EV — (]]{22) — EF> (4.8)

Where No and Ny are the effective density of states in the conduction and valence band
and I /5 is the Fermi-Dirac integral of order 1/2 given by [42]:

¥ VE

o (4.9)

F 1/2(E0) =
The Fermi-Dirac integral provides an accurate way to calculate the charge carrier densities.
However, for non-degenerate semiconductors, where Er is not close to the band edges, the
Fermi-Dirac integral can be approximated by the Maxwell-Boltzmann distribution (see
equations (2.1-2.2)).

— 96 —



The concentrations of ionized donors and acceptors Ng . and N, are given by (see section
2.2):

Y
Nt = 2 (4.10)
’ 1+26Xp( F_(kjlz_‘I¢i)>
Na

Ny = (4.11)

1+ 4exp (7(EA_%3)_EF)

Where Np and Np are the total donor and acceptor concentrations and Ep and E4 are
the donor and acceptor ionization energies.
Inserting equations (4.7), (4.8), (4.10) and (4.11) into equation (4.4) gives an equation
that is only dependent on the discretization of variable ¢(z). This equation is valid for all
grid elements ¢ except for the element containing the semiconductor surface zgyf, the left
boundary element z = 0 and the right boundary element z = L. The boundary conditions
for these elements are discussed in the next section.
One important point that remains, is the determination of the Fermi level Er. To ensure
charge neutrality of the semiconductor, we know that the total charge deep in the semi-
conductor bulk must be zero. Therefore, we can find Er by solving the following equation
for Ep:

Poulk(EF) = mouk (EF) + N3 1 (Br) = Ny i (BF) = 0 (4.12)

Where ppuik, Mbulk, Ng’bulk and N/;bulk are the charge carrier densities and ionized donor
and acceptor concentrations deep in the semiconductor bulk. These can be found by setting
¢; = 0 in equations (4.7), (4.8), (4.10) and (4.11), which give the charge carrier and ionized
dopant densities. This equation can be solved using a root-finding algorithm.

4.2.2 Boundary Conditions

In our 1D grid, there are three points that need special attention: the left boundary z = 0,
the right boundary z = L and the point containing the semiconductor surface zgy. Here
the boundary conditions are presented for these points.
The left boundary models the STM tip, which has a fixed electrostatic potential ¢y;p.
Therefore, we introduce the Dirichlet boundary condition ¢(z = 0) = ¢9 = ¢4ip. The
right boundary should be located in the bulk of the semiconductor, where we assume that
the surface states and the STM tip have no influence. Therefore, the electric field should
be zero at the right boundary. This is reflected by the Neumann boundary condition
B(y=1L)=0.
Treating the semiconductor surface requires more effort, a complete derivation of the dis-
cretization can be found in the Appendix A. This is because the surface charge density o
presents a discontinuity in the electric field, therefore our discretization scheme of Poisson’s
equation is not directly applicable [24]. Instead, we use Gauss’ law to find the boundary
condition at the semiconductor surface. This gives the following discretized boundary
condition at zgyf:

€¢s+1 - (bs o €0¢s - ¢s—1 _ Lk%

ks ks—l 2

(ns —ps = Np g+ Ny ) +0=0 (4.13)

—97 —



Where s denotes the grid element containing the semiconductor surface. o depends on the
occupancy of the surface DOS, which is discussed in the next section.

Combining equations (4.4), (4.13) and the boundary conditions yields F(¢) = 0, a set of {
equations that must be solved for ¢ = (o, ...,¢r)T. This is done using the Block-SOR-
Newton method described in section 3.3 and will be briefly clarified in section 4.2.4.

The question remains how the surface charge density o is determined. This is done by
modelling the surface states of the semiconductor, which is discussed in the next section.

4.2.3 Surface State Model

The surface state modelling is based on the theory described in section 5.3.2. Since we
use GaAs as our sample, the intrinsic surface states due to the surface dangling bonds are
outside the band gap [23]. Therefore, as long as the band bending is not too large, we do
not have to consider the intrinsic surface states of GaAs. This allows us to focus on the
modelling of adatom-induced surface states. To model the adatom-induced surface states,
a surface density of states Ng(F) is introduced. This DOS is assumed to be a Gaussian
with a variance o2 and a peak located at an energy E s with respect to the valence band
maximum of the semiconductor in the bulk. The peak energy is shifted by —q¢, in the
presence of band bending. When band bending occurs, we write this as the Gaussian
Ess(E + q¢s) with its peak located at Fgs.

The Gaussian DOS is an unrealistic assumption, as the shape of the surface DOS can be
quite complex due to factors like the interaction between adatoms. For better estimates of
the surface DOS, methods such as the density functional theory (DFT) can be employed
[30]. However, other research indicates that sparsely distributed adatoms create sharp
DOS peaks in the band gap [43-45]. Therefore, we assume that a sharp DOS peak can be
adequately modelled by a Gaussian with a small variance.

The charge of the adatom-induced surface states depends on the charge neutrality level
FEn, which depends on band bending. States above Ey are acceptor-like while states
below Ey are donor-like, which is well illustrated in Figure 9 from section 2.3.1. This
allows the surface charge density o to be calculated by integrating the product of Ng and
the occupation probabilities for both the donor-like and acceptor-like states. The surface
charge density is then given by [28]:

[ee) En—qds
0=q (/ Nss(E + Q¢s)f(E - EF)dE - /_OO Nss<E + q(bs)[l - f(E - EF)]dE>

En—q¢s
(4.14)
However, to make the model more computationally efficient, we approximate the Fermi-
Dirac distribution by a step function. For a temperature of 7' = 300K this approximation
is good, except for values within 0.1 eV of the Fermi level, where the finer features become
relevant. By taking ¢s out from the integrand and using the step function approximation
we can simplify the surface charge density to:

Er+tq¢
q / No(E)dE  if Er > Ex — qo
o — By (4.15)
o[ " NuBME it B <En-a
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This is the surface charge density that will be used in equation (4.13). Now that all the
relevant equations are presented, we can discuss how the model is solved.

4.2.4 Solving the Model

The model is based on solving F(¢) = 0, a system of [ equations formed by equations (4.4),
(4.13) and the boundary conditions. The solution to this system is the solution vector ¢*
which gives the discretized values of ¢(z). In this section we will provide an overview of
the steps that the model takes to find ¢*. A flowchart that summarizes the steps can be
found in Figure 12.

Initializing Block-SOR-Newton
LLCEN
Find EF Determine False
F(¢) Determine
v
A J(9)
Deﬁn.e 1D Determine A 4
grid surf. charge o Use Block-SOR to solve
v A J () 8¢ = F(¢)
Define Determine Y
initial > n, p, N;: N'A < Define new ¢:
guess foreachi =0 + 30

Figure 12. Flowchart that summarizes the steps the model takes to find the solution vector ¢*.
The model starts with finding Ep, initializing the 1D grid and defining an initial guess. Then
the model enters the Block-SOR-Newton loop, where it calculates the ¢-dependent charge carrier
densities and ionized dopant concentrations. Then the surface charge density is calculated and the
residual vector F(¢) is determined. If the norm of F(¢) is smaller than a predefined tolerance
€, the model has found the solution and the loop is exited. Otherwise, the model determines the
Jacobian matrix Jp and performs the Block-SOR algorithm to find the correction vector d¢p. This
correction is added to ¢ and concludes an iteration. This repeats until the model has reached its
desired accuracy.

First, the model determines the Fermi level Er by solving equation (4.12) using the bisec-
tion method. The integrals in equations (4.7-4.8) are determined numerically. Then, the
1D grid is defined and the initial guess for ¢ is set. Typically, this guess is ¢ = 0, which
corresponds to a flat band bending profile. However, the model generally performs better
if you can provide a guess close to the solution. Therefore, solutions to similar situations
can be used as a better guess.

Then the model enters the Block-SOR-Newton method, described in section 3.3. The
model first calculates the charge carrier densities n; and p; (equations (4.7-4.8)) and the
ionized donor and acceptor concentrations Ng?i and N ; (equations (4.10-4.11)) for all grid
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elements i. Then, the surface charge density o is calculated using equation (4.15). Next,
the F(¢) is calculated using equations (4.4), (4.13) and the boundary conditions. If the
norm of F(¢) is smaller than a predefined tolerance e, the model has found the solution
and the loop is exited. Otherwise, the model will determine a correction vector d¢ using
the Block-SOR method.

To use the Block-SOR method, the model first determines the Jacobian matrix Jg. This
is done using auto-differentiation, which is a technique that can calculate the derivative
of elementary functions up to floating point accuracy [46]. However, the derivatives for
equations (4.7-4.8) and (4.15) cannot be determined via auto-differentiation because of
the integrals involved. The Fermi-dirac integrals in equations (4.7-4.8) can be numerically
differentiated with adequate accuracy and speed [47], but this is not yet implemented in
this model. Therefore, the derivatives of the carrier concentrations are neglected, which is
acceptable when E is not near the band edges. The derivative for equation (4.15) can be
determined analytically.

After the Jp is determined, the Block-SOR algorithm is used to solve Jp(¢)d¢p = —F(¢)
for d¢. This correction vector is added to ¢ and concludes an iteration. This process
repeats until the model converges. The model has converged when the norm of F(¢) is
smaller than a predefined tolerance €. The value of € is set to 1 in this model, which gives
accurate results while maintaining feasible computational times.

The choice for the relaxation parameter w in the Block-SOR method is important. It de-
termines the numerical stability, as well as the speed of convergence. The optimal value
for w depends on the system and can be found by trial and error. During testing, it was
found that w = 0.3 is a good starting point for this model. If one finds that the model con-
verges too slowly, w can be increased. However, if the model becomes unstable, w should
be decreased.

The Block-SOR-Newton method has linear convergence [48]. However, the convergence
properties of the Block-SOR-Newton method applied to the semiconductor equations are
not well understood [24].

4.2.5 Modelling the Semiconductor Equations in Multiple Dimensions

The model presented in this chapter is based on a 1D grid and can only handle semiconduc-
tors in thermal equilibrium. Although this can be a useful tool, it is not sufficient for most
STM measurements. This is for two reasons. First, the 3D shape of the STM tip is not
taken into account. This is important because the electric field generated by the STM tip
is not constant over the surface of the semiconductor. Second, many STS measurements
use illumination of the semiconductor, which disrupts the thermal equilibrium.

To make the model more applicable, it can be expanded to solve the full set of semicon-
ductor equations in three dimensions. This way, also non-equilibrium situations can be
modelled. In essence, the approach is the same as the 1D model. First, the semiconductor
equations must be discretized for a 3D grid. An extensive derivation can be found in chap-
ter 6 of Ref. [24]. This will yield a new set of equations F(¢, n, p) = 0 that must be solved.
The boundary conditions for the 3D grid can be found in Ref. [24]. It is recommended to
first solve only Poisson’s equation in 3D and use the results as an initial guess for the full
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set of equations.

Furthermore, the STM tip geometry must be taken into account. This is most often done
by considering the case of a hyperbolic tip to ensure cylindrical symmetry in the system
[13]. Since the spatial variation of the electric field generated by the STM tip is significant,
the grid must be fine enough to capture these variations. Therefore, it is important to
define a non-uniform grid that is fine near the STM tip and coarser further away [17].
New challenges arise when solving for three dimensions. The number of grid elements in-
creases cubically, which can lead to longer computational times. The Block-SOR-Newton
method can still be used effectively in this situation [17]. However, it is worthwhile to
investigate other methods that are more efficient for large systems of equations. Many
modern methods for solving a large system defined by the discretization of partial differ-
ential equations are based on Krylov subspace methods [49]. Generally, these methods
outperform classical iteration methods like the Block-SOR-Newton method [49].
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5 Results and Discussion

This section explores the numerical solutions obtained by the model for band bending
in adatom-covered semiconductors, introduced in Chapter 4. The primary objective is to
assess the accuracy and stability of the model across different parameters, including doping
concentrations, tip-sample voltages and the energetic position of the adatom states.
While the model successfully converges for certain parameter sets, it is found that numerical
instabilities can occur for others. These instabilities are analyzed to identify the underlying
causes and to propose potential solutions. First, an overview of the input parameters
and their influences on the simulations is provided. Then, the results from successfully
converged simulations are presented, followed by an analysis of the numerical instabilities.
Finally, recommendations for future work are provided.

5.1 Simulation Parameters and Their Influence

The model’s ability to find accurate solutions depends strongly on the choice of input
parameters. Some inputs have a significant effect on the band bending, but also on the
convergence properties of the model. This section will discuss the most important param-
eters and their influence on the simulations. A table of all constant simulation parameters
is provided in Appendix B.

5.1.1 Discussion of the Simulation Grid

The accuracy and efficiency of the model depend significantly on the choice of the simula-
tion grid. It must be fine enough to handle the large variations in potential in the space
charge layer, while maintaining computational efficiency. This requires a balance between
grid resolution and computational cost.

The grid can be separated into two distinct regions: the vacuum and the semiconductor.
The vacuum region corresponds to the tip-sample distance, which is set to 0.925 nm, or
9.25 A. Since the solution to the one-dimensional Poisson equation in a vacuum is a linear
function, this region only requires two grid points to be fully described.

The semiconductor region should be large enough to capture the entire band bending pro-
file. Thus, the size is set to four Debye lengths (Ap) (Equation (4.3)). It is important to
ensure sufficient resolution near the surface to accurately model the potential variations.
Therefore, the first Debye length is divided into 60 grid points. The following three De-
bye lengths are divided into 20 grid points each, as potential variations are less significant
further from the surface. This results in a total of 120 grid points for the semiconductor
region. The non-uniform grid spacing allows for an accurate representation of the potential
profile near the surface, while maintaining acceptable computation times. This grid setup
is used for the simulations, unless stated otherwise.

A number of other grid spacings were tested to investigate their effect on the convergence
properties of the model. The results show that for a converging solution, the grid spacing
does not influence on the convergence rate for the simulations. This is displayed in Figure
13, where we can clearly observe that the different grid spacings all display linear conver-
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Figure 13. The residuals of the model for the first 250 iterations with different grid spacings. The
simulations were conducted for an n-type GaAs(110) sample with a doping concentration of 108
cm ™3, a tip voltage of 1.5 V and no surface states. Ap; = N corresponds to the number of grid
points used to discretize the i-th Debye length. The figure shows that the grid spacing does not
have an influence on the convergence rate of the simulation, it remains linear for all grid spacings.
This result was reproduced for multiple parameter sets.

However, the grid spacing does seem to affect the robustness of the model. For situations
with steep potential gradients, such as high doping concentrations, finer grid spacings were
more likely to converge. This is likely due to the fact that the model can more accurately
capture the potential variations near the surface. This phenomenon must be investigated
more thoroughly before any conclusions can be drawn.

5.1.2 Key Input Parameters

This section outlines the most important input parameters in the numerical simulations.
The parameters can be classified into four categories: Semiconductor, surface, STM and
the numerical method parameters.

A GaAs(110) surface is used as the basis for all simulations. The material properties of
GaAs can be found in Appendix B and are taken from the literature [23, 50]. The doping
concentration is an important parameter, as it influences the Fermi level and the ionized
dopant concentration in space charge layers. Therefore, it is varied during the simulations.
The surface states also play an important role in the model. During the simulations, a
Gaussian function with a variance of o2, = 0.01 eV? is used to model sharp surface DOS
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peaks. The energetic position of the surface states peak is varied to investigate its effect on
the band bending profile. The charge neutrality level Ey, which determines the electronic
properties of the surface states, is set to 0.7 eV above the valence band maximum.

For the STM tip, the tip voltage ¢ip is varied to investigate its effect on the band bending
profile. Since we use a one-dimensional model, we do not consider the geometry of the tip.
Finally, the numerical method parameters are important for the stability and accuracy
of the simulations. Especially the choice of the relaxation parameter w is crucial for the
convergence of the Block-SOR-Newton method. The default value of w is set to 0.3, as this
provided relatively fast convergence for most simulations. However, it was found that for
situations with high surface charges or high doping concentrations, it is necessary to de-
crease the value of w to 0.1-0.2 to ensure convergence. Values of w below 0.1 often displayed
a significantly slower convergence rate, which makes the simulations computationally in-
feasible. Figure 14 shows the effect of the relaxation parameter on the convergence rate of
the model. From the figure, it becomes clear that a good choice for w can impact the rate
of convergence greatly.

1015
— w=003 — w=03
104 — w=0.1 — w=1.05
E — w=02
10" 4
1012 4
%)
©
'g 11
-5 10% 3
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o
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Figure 14. The residuals of the model for the first 250 iterations with different relaxation pa-
rameters w. The simulations were conducted for an n-type GaAs(110) sample with a doping con-
centration of 108 cm™3, a tip voltage of 1.5 V and no surface states. The figure shows that the
convergence rate of the model is sensitive to the relaxation parameter w. A value of w = 1.05 shows
divergence, while w = 0.1 and w = 0.03 show a slow convergence rate. The figure also displays that
the convergence stagnates for a residual of 108.

The convergence criterion is set to € = 1, such that the method terminates if |F(¢)| < e.
This value yields accurate results, while maintaining feasible computational times. A prob-



lem that can occur is that the model stops converging and never reaches the convergence
criterion, this is also displayed in Figure 14.

Sometimes, it was possible to circumvent this issue by providing a better initial guess for
the potential profile. However, this was not always successful. The cause of this issue is
not yet fully understood, but it seems to be related to the determined correction vector
d¢ in the Block-SOR-Newton method. Whenever the convergence stagnated, it could be
seen that for each iteration, the calculated correction vector almost exactly compensated
for the previous correction vector. This led to a slow net change in the potential profile,
which prevented the simulation from converging.

To further investigate the convergence properties of the model, a range of simulations
were conducted for different parameter sets. The converging results are discussed in the
following section, while the non-converging results are discussed in Section 5.3.

5.2 Overview of Converged Simulations

After discussing the input parameters and their influence on the simulations, it is time to
evaluate the performance of the model. Simulations were conducted for a range of different
tip voltages, doping concentrations and surface state peaks. This provides an indication
on what parameters affect the convergence properties the most, which can be crucial for
pinpointing possible improvements for the model.

When using higher doping concentrations or surface states close to the Fermi level, the
model showed poor convergence properties. However, for some inputs the model success-
fully and consistently converged to a solution, allowing for the calculation of band bending
in the semiconductor. This section provides the results obtained from these converged
simulations and discusses their validity.

5.2.1 Adjusting the Tip Potential

The tip potential ¢y, is a key parameter in the model, as it is essential for determining
tip-induced band bending. Therefore, the effect of the tip voltage on the band bending
profile was investigated.

In this set of simulations, the tip voltage ¢, was varied between —1.8 and 1.9 V. The GaAs
sample was lightly n-doped with a doping concentration of 10® cm™ and had a surface
state density of 4.4 - 10'* cm™2. The energetic position of the surface state peak was set
to 1.6 eV above the valence band maximum, which emulates the intrinsic surface states of
GaAs(110). The results are displayed in Figure 15.

Figure 15 shows that a negative tip voltage leads to upward band bending, while a positive
voltage results in downward band bending. This is in line with band bending theory, since
a negative tip voltage creates an electric field that points towards the STM tip. Therefore,
upward band bending occurs to form a positive depletion region that screens the electric
field generated by the STM tip.

The results also show that the effect of the tip voltage on the band bending profile is
nonlinear. For tip potentials between —0.7 and 0.3 V, the amount of band bending is
sensitive to small changes in the tip voltage. However, for tip potentials outside this range,
the effect of the tip voltage on the band bending profile seems to saturate. This is in
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Figure 15. Total amount of band bending in doped GaAs(110) for tip voltages between —1.8 and
1.9 V. The GaAs sample is lightly n-doped with a doping concentration of 10® cm ™. The figure
displays that a negative tip voltage leads to upward band bending, while a positive voltage results in
downward band bending. Moreover, the total amount of band bending is sensitive to small changes
in the tip voltage for tip potentials between —0.7 and 0.3 V, and saturates for tip potentials outside
this range.

accordance with other studies that determined the relation between tip voltage and band
bending in n-doped GaAs(110) [51]. This saturation happens because beyond a certain
point, most mobile carriers near the surface have been rearranged. Therefore, supplying a
larger bias voltage has diminishing impact on the band bending.

However, it seems that the model might underestimate the amount of band bending if we
compare it to other studies. de Raad et al. [51] have found band bending values of up to
1.5 eV for a tip-sample bias of —2 V with a tip work function of 4.6 eV using n-type GaAs
with a doping concentration of 10'® cm™3. The origin of this discrepancy is not yet clear,
one explanation is that de Raad et al. also accounted for the geometry of the STM tip,
while this model only works with one dimension. However, this would actually likely lead
to an overestimation of the band bending by the 1D model according to literature [13, 52].
Another explanation is that the current grid setup might not be fine enough to capture the
potential variations near the surface. Especially for space charge layers that do not extend
far into the bulk, it is important to have a fine grid near the surface.

To investigate this further, a simulation was conducted with a finer grid near the surface
for a tip voltage of —2.8 V. The first Debye length was divided into 540 grid points,
while the following three Debye lengths were divided into 100 grid points each. While
computation time was too long to conduct a full simulation, the results showed that the
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band bending profile was significantly steeper near the surface compared to the original
grid setup. Specifically, the fine grid seemed to settle on a total band bending of around 0.5
eV, while the original grid setup showed a total band bending of 0.38 eV. So, the change
in grid size increased the total band bending by 0.12 eV. This does not fully explain
the discrepancy with literature, but it does suggest that the grid setup has a significant
influence on the numerically obtained band bending profile.

5.2.2 Influence of Small Doping Concentrations

Another important parameter in the model is the doping concentration, as it determines
the Fermi level and the ionized dopant concentration in the space charge layer. To in-
vestigate the effect of doping concentration on the band bending profile, simulations were
conducted for doping concentrations between 10% and 10 ¢cm™3. Doping concentrations
beyond 10'' cm™2 are not included, as the model diverged or displayed slow convergence

3 are not considered since the doping con-

for these values. Concentrations below 10® cm™
centration for most applications is typically much higher. The GaAs sample had a surface
state density of 4.4 - 10 e¢m™2 with the peak at 1.6 eV above the valence band minimum.
The simulations were conducted for a tip voltage of —0.5 and 1.5 V. The results are shown
in Figure 16.

The results in Figure 16 show that the amount of band bending decreases with increasing
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Figure 16. Total amount of band bending in n-doped GaAs(110) for doping concentrations between
10® and 10'* cm~3. In the left figure there is a tip voltage of —0.5 V and in the right figure there is
a tip voltage of 1.5 V. The figure shows that the amount of band bending decreases with increasing
doping concentration. This is in line with band bending theory

doping concentration. This is in line with band bending theory, as higher doping concen-
trations lead to a larger number of ionized dopants in a depletion layer, as well as a larger
number of electrons in an accumulation layer. This means that the space charge layer can
more effectively screen the electric field generated by the STM tip, resulting in less band
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bending.

For doping concentrations above 10! cm™3, we see that the absolute amount of band
bending is below 0.05 V. This is lower than the band bending values found in the literature
[51, 52]. This discrepancy could be due to the same reasons as discussed in the previous
section. The grid setup might not be fine enough to capture the potential variations near
the surface, especially for space charge layers that do not extend far into the bulk. This
phenomenon should be investigated further to determine the exact cause of the discrep-
ancy.

For doping concentrations above 10 cm™3, the model showed poor convergence proper-
ties. Either the convergence was slow or the model did not converge at all. This will be
discussed in more detail in the following section.

5.3 Convergence Issues

While the model successfully converged for several parameter sets, certain simulations faced
significant convergence issues. In particular, high doping concentrations and surface states
close to the Fermi level caused the model to diverge or display slow convergence. This
section will discuss the potential causes of these convergence issues and propose possible
solutions.

5.3.1 High Doping Concentrations

As discussed in section 5.2.2, for concentrations above 10! cm™3, the model had difficulties
with converging. When we introduce higher doping concentrations, the Fermi level moves
closer to one of the band edges. This has two important implications for the model.
Firstly, this can lead to higher charge carrier concentrations in accumulation layers, but
also a higher concentration of ionized dopants in depletion layers. This leads to regions in
the semiconductor with a considerable amount of net charge. Second, the screening of the
electric field by the space charge layer becomes more effective due to the greater charge
concentration, narrowing the space charge layer. This leads to a steeper potential gradient
near the surface.

The first implication can be problematic for the model, this can be seen by considering
the discretized Poisson’s equation (Equation (4.4)). If we insert a high amount of charge
in a grid point 4, the residual at that point Fj(¢) can be large. This may lead to a large
correction vector d¢, which can cause the method to overshoot. The next iteration will
then try to compensate for this overshoot, leading to an overshoot in the opposite direction.
This creates diverging oscillatory behavior in the potential profile, which prevents the model
from converging. This phenomenon is illustrated in Figure 17.

One possible solution to this issue is to decrease the relaxation parameter w, as this
will lead to smaller correction vectors. However, this also leads to significantly slower
convergence rates as illustrated in Figure 14. For example, for a doping concentration of
10'2 ¢cm™3, the model only started to converge for w = 0.005. This is computationally
infeasible, as the model would require thousands of iterations to converge.

One work-around that might be promising is to slowly increase the relaxation parameter.
This was done by starting with a low value of w = 0.005 and allowing the model to converge
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Figure 17. The residuals of 50 iterations. The simulations were conducted for an n-type GaAs(110)
sample with a tip voltage of —1.5 V, a doping concentration of 10'? cm™3 and no surface states
with a relaxation parameter of w = 0.03. The simulation had an initial guess provided by the
same situation, but with a relaxation parameter of w = 0.005. The figure displays the oscillatory
behaviour of the band bending profile. The oscillations start small, but quickly grow in amplitude.
This is accompanied by an increase in the residuals, which indicates that the model is diverging.

for a few hundred iterations. Then, the relaxation parameter was increased slightly and
the model was allowed to converge again. Using this method, it was possible to increase
the relaxation parameter to a value of 0.07 before the model started to diverge. This is
a significant improvement compared to the initial situation, but it is still computationally
infeasible. Therefore, it is important to also investigate other potential solutions to this
issue.

The second implication of high doping concentrations is that the space charge layer becomes
narrower, leading to a steeper potential gradient near the surface. This can be problematic
for the model, as the grid spacing might not be fine enough to capture the potential
variations near the surface. According to Feenstra et al., it is recommended to start with a
coarse grid to get the global shape of the band bending profile, and then use this solution as
an initial guess on a finer grid [53]. This will result in an accurate description of the band
bending profile, without compromising on convergence properties [53]. Unfortunately, this
method could not be tested for the current model, as the model did not converge for high
doping concentrations. However, this could be promising for future work, as it accurately
captures the potential variations near the surface.
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5.3.2 Surface States Close to the Fermi Level

The energetic position of the surface DOS plays a crucial role in the band bending profile.
If the surface states become charged, a significant amount of charge can accumulate in the
surface states. This induces band bending, since the surface charge must be compensated
by the space charge layer.

We will analyze the model’s response to a situation with a DOS peak at 1.0 eV. There
is no tip voltage and the GaAs sample is lightly n-doped with a doping concentration of
10% cm™3. This simulation diverges at iteration step 52 when using w = 0.03. Figure
18 displays the total amount of band bending and the surface charge. The residual and
Jacobian associated with the surface grid point are displayed in Figure 19.
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Figure 18. The total amount of band bending and the surface charge for a GaAs(110) sample with
a surface state peak at 1.0 eV with a surface state density of 4.4 - 10" cm~2. The GaAs sample is
lightly n-doped with a doping concentration of 108 cm™3. The figure shows that the band bending
starts to increase rapidly around iteration step 52. This overshoot caused the simulation to diverge.

Figure 19 explains why our results starts to diverge. To understand this, it is impor-
tant to recap equation (3.11). It tells us that the size of the correction at grid point i is
proportional to the residual at that point and inversely proportional to the i*" diagonal
element of the Jacobian matrix. Therefore, if the i'" diagonal element decreases, the cor-
rection at grid point ¢ will increase.

This is exactly what happens in Figure 19 for the surface grid point. In iteration step 51
the associated Jacobian suddenly dropped from 5-10'2 to 10!, while the residual remained
almost constant. This caused the correction to increase with a factor close to 50 in the
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Figure 19. The residuals of the surface grid point and the entry J; 5 of the Jacobian matrix asso-
ciated with the surface grid point. The GaAs sample is lightly n-doped with a doping concentration
of 10% em™3 and has a surface state peak at 1.0 eV with a surface state density of 4.4 - 10** cm =2,
The figure shows that the residuals start to increase rapidly at iteration step 52. It also shows that
Js.s decreases rapidly from 5 - 1012 to 10! from iteration step 50 to 51. This resulted in a large
correction at the surface grid point, which resulted in an overestimation of the band bending. This
caused the simulation to diverge.

next iteration. This led to an overshoot, which is clearly visible in Figure 18. This results
in the same oscillatory behavior as discussed in Section 5.3.1.

The reason for this sudden drop in the Jacobian is rooted in the fact that a sharp Gaus-
sian peak describes the surface DOS. To obtain the surface charge, the DOS is integrated.
Therefore, the derivative of the surface charge with respect to the surface potential has the
same function as the surface DOS (i.e., a sharp Gaussian). This means that for a small
change in the surface potential, the Jacobian can make a large jump. In the case of Figure
19, this resulted in a sudden drop in the Jacobian.

To test this hypothesis, the simulation was conducted again, but the variance of the Gaus-
sian peak was increased to o2, = 0.3 eV2. In this scenario, the model did not diverge, but
the convergence was sub-linear and eventually stagnated. This is displayed in Figure 20.
We see that the amount of band bending seems to settle after 300 iterations, while the
residual settles after 500 iterations. This suggests that the sharp Gaussian is problematic
for the model.
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Figure 20. The residuals for 750 iterations. The GaAs sample is lightly n-doped with a doping
concentration of 10% ¢cm™3 and a surface state peak at 1.0 eV, a variance of 02, = 0.3 eV? and a
surface state density of 4.4-10' cm~2. The figure shows that the simulation first converges linearly,
but slows down after 300 iterations. The residuals settle after 500 iterations, which indicates that
the model stagnates. The band bending profile seems to settle after 300 iterations.

5.4 Recommendations for Future Work

We have discussed the results obtained from the model and the convergence issues that
were encountered. For some parameter sets, the model successfully converged to a solution.
However, for other parameter sets, the model had difficulties with converging. This section
provides recommendations for future work to improve the convergence properties of the
model.

5.4.1 Improvements in Numerical Methods

In our model, the Block-SOR-Newton method was used to solve the Poisson equation. This
is in accordance with the state-of-the-art band bending simulations developed by Feenstra
et al. and Schnedler et al. [17, 53]. However, most modern solvers for other applications
utilize more advanced methods to solve systems of nonlinear equations. This section will
discuss potential improvements to the numerical methods used in the model.

First we will start with considering improvements for the outer Newton iterations. In the
current implementation, the standard Newton method is used for each step. However,
Newton’s method can be sensitive to the initial guess, which can lead to slow convergence,
or even divergence. In modern literature, Newton’s method is often adjusted to improve
the convergence properties of the method. Two important modifications are the damped
Newton’s method and quasi-Newton methods [35, 37]. This might significantly improve
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the convergence properties of the model, while also being a novel addition to the current
state-of-the-art band bending simulations.

Next, we will consider improvements for the inner SOR iterations. In modern literature,
the SOR method is often replaced by more advanced iterative methods, many based on
Krylov subspace methods [49]. These methods often outperform classical iterative methods
like SOR, especially for large systems of equations [49]. Therefore, it could be beneficial to
investigate the use of Krylov subspace methods in the model. This would also be a novel
addition to the current state-of-the-art band bending simulations.

Combining Newton’s method with Krylov subspace methods is a powerful combination for
solving systems of nonlinear equations. This is known as a Newton-Krylov method, and
it is often used in modern scientific computing [54]. It would be interesting to investigate
whether implementing a Newton-Krylov solver can improve the convergence properties of
tip-induced band bending simulations. This could be done by comparing the convergence
properties of current programs like SEMITIP with a model that uses a Newton-Krylov
solver. This would provide valuable insights into the effectiveness of these methods for
band bending simulations.

5.4.2 Improvements in the Model Description

The results showed that the model had difficulties with converging for certain parameter
sets. This was especially the case for high doping concentrations and surface states close to
the Fermi level. This section will discuss potential improvements to the model description
to improve the convergence properties of the model.

First, we will consider improvements for the description of high doping concentrations.
As discussed in Section 5.3.1, the model had difficulties with converging for doping con-
centrations above 10" ¢cm™3. This was mainly due to overshoot of the correction vector
in the Block-SOR-Newton method. One possible solution to this issue is to decrease the
relaxation parameter w, as this will lead to smaller correction vectors. However, this also
leads to significantly slower convergence rates.

Another possible solution is to adjust the Jacobian matrix. In the current implementation
of the model, the charge carriers are determined via Fermi-Dirac integrals. This makes it
difficult to determine the derivative of the charge carriers with respect to the potential.
Therefore, these derivatives are neglected in this implementation, which is reasonable when
FEr is not close to the band edges. However, for high doping concentrations, this assump-
tion does not hold. Therefore, it might be beneficial to investigate whether it is possible
to determine an approximation of the derivatives of the charge carriers with respect to the
potential. This would allow for a more accurate description of the Jacobian matrix, which
could improve the convergence properties of the model.

Next, we will consider improvements for the description of surface states close to the Fermi
level. As discussed in Section 5.3.2, the model had difficulties with converging for surface
states close to the Fermi level. This was hypothesized to be due to the sharp Gaussian peak
that describes the surface DOS. For wider Gaussians, the model did not diverge anymore,
but it did stagnate. This suggests that the sharp Gaussian peak might be problematic for
the model. One possible solution could be to provide a better initial guess for the potential
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profile. This would decrease the step size of the correction vector, which could prevent the
model from diverging.

Lastly, we will consider improvements for the grid setup. As discussed in Section 5.2.1, the
grid setup might not be fine enough to capture the potential variations near the surface.
Therefore, it is suggested to further develop the non-uniform grid spacing near the surface.
This would allow for an accurate representation of the potential profile near the surface,
while maintaining acceptable computation times. One important aspect to consider is that
sudden changes in grid spacing can lead to numerical instabilities. Therefore, it is impor-
tant to ensure a smooth transition between different grid spacings. This could be achieved
by using a smooth transition function that gradually changes the grid spacing.

5.4.3 Validating the Model

If the model is improved according to the recommendations provided in this section and it
converges for a wide range of parameter sets, it is important to validate the model. This can
be done in two ways. First, the model can be validated against other band bending models
like SEMITIP. This would provide insights about the accuracy of the model in handling the
tip-induced band bending. However, to also validate the adatom-induced band bending,
it is important to compare the model to experimental data. This might also give insights
in the limitations of the model description and provide directions for further improvements.
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6 Conclusion

Accurate characterization of semiconductor electronic properties at atomic resolution is
essential for advancing device technology. This thesis focused on developing a model to
correct for tip-induced band bending (TIBB) in adatom-covered semiconductors, since
TIBB significantly hinders the interpretation of Scanning Tunneling Spectroscopy (STS)
data. By developing a model based on the work of Schnedler et al. and Feenstra et al., we
set out to create a numerical tool that is capable of describing the effects of adatom-induced
surface states, doping, and STM tip potentials on the band bending in semiconductors.

A review of the relevant theory was provided, covering the role of doping, charge carriers,
and surface states in band bending. It was explained how solving the Poisson equation can
determine the band bending profile for semiconductors in thermal equilibrium. Particular
attention was given to the role of surface states in modifying the band bending profile, and
how this can be modelled quantitatively.

Using this theoretical framework, a numerical model was developed that solves the Poisson
equation self-consistently in a one-dimensional STM-semiconductor system. The Block-
SOR-Newton method was used to solve the nonlinear system of equations arising from the
discretization of the Poisson equation. The adatom-induced surface states were modelled
as a narrow Gaussian Density of States (DOS). We showed that the model converges under
certain parameter sets, particularly for low doping concentrations and surface state ener-
gies far from the Fermi level. The model was able to accurately describe the effect of the
STM tip voltage on the band bending. However, the model showed numerical instabilities
for other parameter sets, which were analyzed to identify the underlying causes.

High doping concentrations and surface state energies close to the Fermi level were identi-
fied as important factors that can lead to numerical instabilities. These instabilities were
often attributed to overshooting of the Newton method, insufficient grid resolution, or stag-
nation of the convergence process. To address these issues, we proposed several potential
solutions, such as using a Newton-Krylov method, implementing adaptive grid refinement,
and altering the derivatives related to the charge carriers.

Looking forward, the model can increase its applicability by introducing the full set of semi-
conductor equations, which allows for the study of non-equilibrium situations. This is par-
ticularly relevant for investigating illuminated semiconductors, where the photo-generated
carriers alter the band bending profile. Furthermore, the model can be extended to include
the effects of the STM tip geometry by expanding the model to three dimensions.
Ultimately, the model developed in this thesis provides a solid foundation, but further work
is needed to address the numerical instabilities and increase the model’s applicability. By
introducing modern numerical techniques and expanding the model to include more phys-
ical effects, the model can become a powerful tool for refining STS data interpretation,
ultimately deepening our understanding of semiconductor devices at the atomic scale.
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A Derivation of the Surface Boundary Condition
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Figure 21. Sketch of the vacuum-semiconductor interface. The orange rectangle represents the
pillbox used in the derivation of the surface boundary condition.

First, let us find an analytical expression for the surface boundary condition. We
assume a non-negligible surface charge density o on zg,,r. We also assume a perfect vacuum
with electric permittivity ¢y and a semiconductor with electric permittivity €semi. Since we
are interested in the potential near z,,, s, we will tackle the problem by using Gauss’ law
in integral form. To do this, we create a pillbox with surface area A and thickness ¢ — 0
(see Fig. 21). We then apply Gauss’ law to this volume. Gauss’ law states that

#D-da—er%:O (A.1)
S

With D being the electric displacement field and Q... being the enclosed free charge.
On our pillbox we define two unit normal vectors - fiyaec and figemi - that point into the
direction of the vacuum and semiconductor respectively. Also note that fiyac = —Mgemi-
It can be easily shown that Q¢.ce = Ao in our case. Now we can simplify eq. (A.1) to

A(Dvac : rAlvac + Dsemi rAlsemi) — Ao = (AQ)

(Dvac - Dsemi) ‘Tyge — 0 = (Dsemi - Dvac) : IAlsemi —o=0
For isotropic, homogeneous, linear media, the electric displacement can be written as:
D=-eV¢ (A.3)

where ¢ is the electric permittivity of the medium in which the field exists and ¢ is the
electric potential. Finally, by taking nggmi as our normal vector and inserting eq. (A.3)
into eq. (A.2) we obtain:

o¢ ¢

€05 — €semi 5
0z lvac 0z lsemi

—0=0 (A.4)
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Now we will continue by deriving the discretization of equation (A.4). We assume that our
interface is located at z = zg, such that z < z4 denotes the insulator and z > 2z denotes the
semiconductor. Now we will replace the partial derivatives with their difference expressions
by doing a Taylor expansion. We start out with the following expression:

09 (2 —2z)? 0%

P(z) = ¢(zi) + (2 — Zz’)% t5 a2t O((z — z)?) (A.5)

Now we introduce the shorthand notation k; = z; 11 — z;, (such that z;—1 — 2z, = —k;—1). We
insert z = z5_1 , which lies in the vacuum, into equation (A.5) and rearrange the equation
to obtain:

¢ _ P(2s) — P(2i—s) 4 ks—10°¢
0z lvac ks—l 2 822

in completely similar fashion, but instead inserting z = 2541, which lies in the semiconduc-

+O(k 1) (A.6)

vac

tor, we obtain:
99
0z | semi B ks 2 822

To eliminate the second order derivatives, we substitute the derivatives with the Pois-

o ¢(Zs+1) B ¢(Zs) _ @@

+ O(k?) (A.7)

sems

son equation:

0%¢

522 lpae = 0 (A8)
0% q - -
@ semi - € 4(715 —Ps ND,S + NA,s) (Ag)

substituting eqs. (A.8) and (A.9) respectively into (A.6) and (A.7), and re-injecting them
into eq. (A.4) we obtain:
€¢(25+1) — Qb(zs) . (ZS(ZS) — ¢(Zs—1) qks

€0 —

kS k:s—l 2

(ns —ps— Np o+ Ny )+0=0 (A.10)
Which is our final expression for the surface boundary condition.

B Simulation Parameters

In this section, we provide an overview of the input parameters that were held constant
throughout the simulations. An overview of all the parameters that remained constant
throughout the simulations is provided in tables below.
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Temperature (K) 300
Energy band gap (eV) 1.424
Effective conduction band DOS (cm™3) | 4.7 - 10%7
Effective valence band DOS (cm™3) 9.0- 108
Relative permittivity &, 12.9
Intrinsic Debye length (pm) 2250
Donor band energy (eV) 1.394
Acceptor band energy (eV) 0.025
Charge neutrality level (eV) 0.7

Table 1. Overview of the material properties of the GaAs sample used in the simulations [23, 50].

Variance (eV?) 0.01
Density of surface states (m=2) | 4.4 - 10'®

Table 2. Overview of the surface Density Of State properties. The DOS was modelled as a

Gaussian.
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