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Chapter 1

Introduction
Semiconductor technology is the backbone of our modern society. Nowadays, nearly
every electronic device, be it a personal computer, cell phone, solar cell, or even a
lamp, are made up of components which are based on semiconducting materials.
From a fundamental and technological standpoint, III-V semiconductor compounds
are particularly interesting compared to other inorganic group IV, II-VI, and I-VII
semiconductors. The unique role of these III-V semiconductors arises from their well
balanced properties. In contrast to elementary group IV semiconductors, most III-V
semiconductors, such as GaAs and InP, have a direct band gap, which is essential
for photonic applications. In addition, the effective electron masses of direct band
gap semiconductors are typically lower than in semiconductors with an indirect band
gap, which is vital for high-speed electronics. At the same time, III-V semiconductors
are less susceptible to crystal defects than the more polar II-VI or I-VII compounds
whose bonds have a reduced flexibility. The control of crystal defects, which can
act as scattering or non-radiative recombination centers, is an important aspect in
electronic and photonic devices.
For decades, advances in semiconductor technology have been closely linked with
a progressive miniaturization [1] which is driven by the ever growing demand for
faster and more efficient devices. As structures become smaller and smaller with dimensions in the nanometer range, quantum mechanical effects play an increasingly
important role, which result in electronic and optical properties that cannot be understood on the basis of experiences from our macroscopic world. This provides a wealth
of functionalities to explore in semiconductor nanostructures whose properties can
be controlled by their composition, shape, and size. Prominent systems are quantum
wells (QWs), nanowires (NWs), and quantum dots (QDs), which have confinement
potentials in one, two, and three dimensions, respectively. Another important factor is impurities, which have always been at the heart of semiconductor physics. In
the beginning, unintentional contaminations made reliable observations at semiconductors almost impossible [2]. Since then, tremendous advances have been made in
growth technologies which allow the electronic, magnetic, and optical properties of
semiconductors to be tailored via controlled incorporation of specific impurities.
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For a long time, it has been a major challenge to characterize individual semiconductor nanostructures and single impurities at the atomic level, hampering fundamental research. Optical spectroscopy offers an excellent energy resolution, but
suffers from a limited spatial resolution due to the diffraction limit. Despite these restrictions, it has been possible to optically assess single QDs in specific samples with
extremely low QD concentrations [3]. A similar approach has been used to study the
luminescence of individual N pairs [4]. However, complementary knowledge about
the local environment is lacking in this type of experiment. X-ray and electron diffraction provide indirect information over the general crystal structure in a small volume.
Alternatively, transmission electron microscopy offers atomic resolution in real space
about columns of atoms. Due to the averaging, both techniques are not suited to pinpoint individual atomic features. In contrast, scanning tunneling microscopy (STM)
allows to directly probe structural, electronic, and other properties of only the surface
with subatomic precision [5, 6] making it to one of the most powerful experimental
techniques in solid state physics. In this thesis, cross-sectional scanning tunneling microscopy (X-STM), which is introduced in chapter 2, is used to investigate isovalent
nanostructures and impurities in III-V semiconductors.
The first X-STM measurements on a GaAs (110) surface [7] and a GaAs pn junction [8] were reported in 1986. QDs in III-V semiconductors have attracted a longstanding interest due to their wide spectrum of possible applications, which range
from building blocks for quantum bits [9, 10] to single photon sources [11] and lasers
[12, 13]. Traditionally, epitaxial QDs are formed by self-assembly in strained hetero
systems. Ivan Stranski and Lyubomir Krastanov were the first to describe this delicate growth mode [14], which crucially depends on a wealth of parameters. Extensive
X-STM studies, with InAs QDs in GaAs being one of the most prominent systems,
have significantly contributed to our present understanding of the processes during
Stranski-Kastanov growth and the physical properties of these self-assembled QDs
[11, 15]. A promising alternative to conventional binary host materials is AlGaInP,
which offers better control over the morphology and optoelectronic properties of selfassembled QDs, as its band gap and lattice constant can be independently adjusted.
In chapter 3, the role of kinetic and energetic processes in the formation AlInP and
GaInP QDs in AlGaInP is investigated, which are still unexplored at the atomic level.
Currently, extreme combinations of conventional binary III-V semiconductors with
small amounts of isovalent impurities which are chemically and physically very different are attracting a lot of attention from both a fundamental and an applicationoriented point of view. In this new class of materials, which are known as highly
mismatched alloys (HMAs), the electronic structure of the host is heavily perturbed
by the impurity states. Consequently, HMAs offer a series of anomalous properties
when compared to "conventional" ternary and quaternary alloys which are composed
of rather well matched elements. The interest in highly mismatched III-V semiconductors has been encouraged by promising experimental results from the extensively
studied dilute nitrides [16, 17, 18]. The relatively new bismides, about which much
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less is known, are an attractive alternative [19]. Early studies on Bi-containing semiconductors are primarily based on photoluminescence (PL) [20, 21], scanning transmission electron microscopy (STEM) [22, 23], and deep level transient spectroscopy
(DLTS) [24] measurements. It is clear that these type of experiments alone are not
sufficient to establish a correlation between the local structure of bismides and their
physical proprieties. X-STM, which in the past has been successfully used to study
individual donors and acceptors [25, 26, 27, 28, 29] in III-V semiconductors, is an ideal
tool to meet this challenge. The short range ordering of Bi in InP and potential crystal defects are studied in chapter 4. A thorough investigation of the local electronic
structure of individual Bi atoms in InP is provided in chapter 5.
GaAs doped with isovalent B atoms is another unconventional material combination. As the lightest group III element, B is considerably smaller and more electronegative than Ga, which it replaces. In that sense, borides are very similar to HMAs on
the basis of N, which is incorporated at the anionic sublattice. In contrast, the B-As
bond has almost no ionic contributions unlike the very polar III-N bonds. As a result
of this ambivalence, Ga1−x Bx As with x ≤ 4 % combines some of the physical properties of conventional and highly mismatched alloys, making it a valuable hybrid [30,
31, 32, 33, 34]. For a long time, B has been disregarded as a potential constituent in
GaAs due to its large lattice mismatch and is still considered as exotic. Therefore,
little is known about its structural and electronic properties, which are addressed in
chapter 6.
The growing interest in light emitting semiconductor nanostructures leads to an
increasing need for techniques that can be used to probe the optical properties of
these systems. Scanning tunneling luminescence (STL) is a powerful method to locally study the radiative recombination of electron-hole pairs in direct semiconductors. Such STM induced luminescence measurements have been reported for a wide
variety of different III-V heterostructures, such as QWs [35, 36], QW wires [37, 38],
and QDs [39, 40]. The ultimate goal is to go one step further and use STL to study the
optical properties of individual impurities. However, a thorough characterization of
the optical transitions in STL measurements on III-V semiconductors and their dependence on the doping concentration are lacking. In chapter 7, we shed light on
this topic by investigating the STL signal from various GaAs layers with different Si
concentrations.
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Cross-Sectional Scanning
Tunneling Microscopy on
Semiconductors
The understanding of structural and physical properties at the atomic level is crucial
to many modern technologies. Scanning tunneling microscopy (STM), which was
developed in 1980 by Binnig and Rohrer [6, 5], has revolutionized the way of characterizing material properties at the atomic level. This is due to the unique ability
of the STM to correlate both structural, electronic, and other material properties in
real space. By nature, STM is a surface based technique which requires well prepared
atomically flat surfaces. However, the active regions in semiconductor devices are
usually embedded below the surface, where they are protected against external influences. A special approach is needed to reveal these regions. Over the years, crosssectional scanning tunneling microscopy (X-STM), which is utilized in this work, has
proved to be best suited for the characterization of nanostructures and single impurities in III-V semiconductor compounds [7].
The aim of this chapter is to provide the theoretical and practical framework for
X-STM measurements on semiconducting surfaces. The general working principle of
an STM is introduced in section 2.1. The theoretical background for the interpretation
of topographic STM images is provided in section 2.2 following the Tersoff-Hamann
model [41, 42]. In section 2.3, the concept of scanning tunneling spectroscopy (STS) is
described. The III-V material system and the role of isovalent impurities is introduced
in section 2.4. Special attention is paid to the structural and electronic properties of
the natural {110} cleavage plane, on which the X-STM measurements are performed.
This is essential for a discussion of the contrast mechanism of isovalent impurities in
X-STM measurements. In section 2.5, the side effects of the tip-induced band bending
(TIBB) are outlined. The ability of the STM to excite electroluminescence in semiconductors is discussed in section 2.6. An overview of the experimental setup as well as
the sample and tip preparation procedures is provided in the last section 2.7.
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2.1

The Concept of a Scanning Tunneling Microscope
z
y

scanner tube

x

scan control

tunnel current
amplifier

tip

sample
sample voltage
sample

F IGURE 2.1: Schematic representation of the working principle of an STM. An atomically sharp
metallic tip is brought in tunnel contact with a conducting sample. When a voltage is applied
across the tunnel junction a current can flow. This tunnel current is in imaging mode kept
constant by a feedback loop, which continuously adjusts the height of the tip above the sample.
The fine positioning of the tip in all three dimensions is realized by a piezoelectric scanner tube.

The concept of an STM, which is illustrated in Fig. 2.1, is astonishingly simple considering its versatility. At the core of every STM is a local electrode, which is typically
an atomically sharp metal tip. The sample represents the counter electrode which has
to be also conducting. The electrical potentials of the sample and tip are shifted with
respect to each other by a small voltage in the range of U = [−3.5, 3.5] V. Using
piezoelectric actuators, the macroscopic gap between the tip and sample is reduced
step-by-step in a slip stick approach until their states begin to overlap, which occurs
at tip-sample separations of approximately 10 Å. In this regime, electrons can tunnel
through the microscopic barrier between both electrodes. The tunnel current, which
is typically in the order of 20 pA to 5 nA, flows through the tip and is directly outside
the ultra-high vacuum (UHV) system of the STM amplified in an I-V-converter before it is forwarded to the control unit. The tip is mounted on a piezoelectric scanner
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tube, which allows precise movements with subatomic accuracy in all three dimensions. The scanner tube can be bent in the (x, y) plane by applying control voltages
on the four outer electrodes. A fifth electrode on the inner wall of the scanner allows length changes along the z direction. The ability to control the tip position with
an extremely high accuracy while being simultaneously able to bridge macroscopic
distances is technologically very challenging. The elimination of external vibrations,
thermal isolation, proper electrical shielding, and a rigid design are crucial.
In imaging mode, the tip is scanned line by line across the sample surface in the
(x, y)-plane while at discrete grid points the tunneling current, I(x, y), and the extension of the scanner, z(x, y), are logged. Accordingly, two different types of STM
images can be generated, as illustrated in Fig. 2.2. Constant current imaging, which
is mainly used in this work, is most common. In this approach, a feedback loop adjusts the height of the tip at each point of the measurement to keep the tunnel current
constant. For example, when the tunnel current is too large the tip is retracted and
vice-versa. In this way, z(x, y) profiles are generated, which are referred to in the
following as topographic STM images. The advantage of keeping the tunnel current constant during scanning is that unwanted collisions of the tip with the sample
are relatively rare. It is also possible to keep the tip-sample distance constant while
the tip is scanned across the sample, by which I(x, y) maps are generated. Constant
height imaging brings the advantage of higher scan speeds as no additional time for
the feedback loop has to be taken into account. In addition, artifacts from the feedback loop, which can give rise to higher harmonics at sharp topographic features like
steps, are no longer a problem. In practice, the constant current mode is of minor
importance, since there is always the risk of collisions with the sample. It should be
noted that both imaging modes represent extreme cases which cannot be completely
realized in the experiment.

(a)

Constant Current Mode

(b)

Constant Height Mode
z = const.

z(x,y)
I = const.

I(x,y)

F IGURE 2.2: Schematic representation of the imaging modes in an STM. In constant current
mode (a), the tunnel current is kept constant and the texture of the sample is encoded in the
height changes of the tip. In constant height mode (b), the tunnel current is directly measured
at a constant tip height.

7

Chapter 2. Cross-Sectional Scanning Tunneling Microscopy on Semiconductors

2.2

Theoretical Interpretation of Scanning Tunneling Microscopy Images

For the interpretation of the constant current contours z(x, y) generated by an STM,
a fundamental understanding of the physics of the tunnel current between tip and
sample is essential. This requires a three-dimensional treatment of the tunnel junction
where the structural and electronic properties of the tip and sample are considered.
One-dimensional tunneling models, which have been successfully used to describe
a variety of problems such as the ionization of the hydrogen atom, the field emission from a tip or the interband tunneling, are not suited. There are many theoretical
models which address the tunneling in an STM at different levels of sophistication in
a three-dimensional approach. One of the biggest problems for all these theories is
the lack of knowledge about the structure of the tip, which is next to the sample the
most important element in the tunnel junction. Even with today’s advanced computational modeling methods such as density functional theory (DFT) calculations, this
still makes the description of the tunneling in an STM a very challenging task
The first practical theory which permits a quantitative comparison to STM measurements was provided by Tersoff and Hamann in 1983, one year after the introduction of the STM [41, 42]. Tersoff and Hamann used a perturbative treatment of the
three-dimensional tunnel junction (see Fig 2.3) where the tip and sample are considered as two weakly interacting systems. This method originally goes back to Bardeen,
who had developed it to describe the tunneling between two planer metal electrodes
separated by a thin oxide layer [43]. The advantage of Bardeen’s transfer Hamiltonian approach compared to an exact solution lies in a considerable reduction in the
complexity of the problem while still providing access to the involved physics.

(a)

(b)

Evac

�p

rT

Ψ

RT
d
sample

eU
sample

�p
d
U

F IGURE 2.3: The tunneling process in an STM according to the Tersoff-Hamann model [41, 42].
In their model (a), the STM tip is approximated by a spherical potential well with radius RT
at position rT , which is located at a finite height d above the sample. A corresponding energy
diagram, which illustrates the decay and overlap of the tip and sample wave functions in the
tunnel barrier, is provided in (b).
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2.2. Theoretical Interpretation of Scanning Tunneling Microscopy Images
According to the first-order time-dependent perturbation theory, the net current
of electrons tunneling between the sample and the tip is in its most general form
given by
I=

2πe X
2
{f (Et ) [1 − f (Es + eU )] − f (Es + eU ) [1 − f (Et )]} |Mts | δ (Es − Et ) .
h̄ t,s

(2.1)
Here, U is the applied voltage at the sample with respect to the tip, e the elementary
charge, and h̄ the reduced Planck constant. The indices s and t refer to states Ψ with
energy E on the surface of the sample and the apex of the tip, respectively. δ(Es − Et )
is the Dirac delta function, which represents the energy conservation. Inelastic tunneling paths are not considered. In addition, each electronic state in the tip or sample
can only be occupied by one electron. This is due to the fermionic nature of the electrons. Accordingly, tunneling only occurs between occupied and unoccupied states.
This behavior is described by the expression in curly brackets, which solely consists
of Fermi functions f (E). The first addend accounts for the available elastic tunnel
paths from the tip into the sample and the second addend characterizes the tunneling in the opposite direction. The transition probability between the states in the tip
and the sample, which depends on their overlap in the barrier, is given by the tunnel
matrix element Mts . The STM measurements are usually taken at low temperatures
(T ≈ 5 K). In this temperature range, the Fermi function can be approximated by
the Heaviside step function. Assuming also low sample voltages (U ≤ 10 mV), the
expression for the tunnel current in equation 2.1 simplifies to
I=

2πe2 U X
2
|Mts | δ (Et − EF ) δ (Es − EF ) ,
h̄
t,s

(2.2)

where EF is the Fermi energy. The central difficulty now lies in an appropriate evaluation of the tunnel matrix element Mts . Ideally, the tip is a point-like probe at position
rT . In that case, the transition probability is proportional to the amplitude of the sur2
face states in the sample, |Ψs (rT )| , and the tunnel current can be written as
X
2
I∝
|Ψs (rT )| δ (Es − EF ) ≡ ρS (rT , EF ).
(2.3)
s

The sum gives a measure for the local density of states (LDOS) of the sample surface
ρS (rT , EF ), which is evaluated at the Fermi energy and the position of the tip. Tersoff and Hamann showed that the interpretation of STM topographs in terms of the
LDOS of the sample at the Fermi energy also holds for arbitrarily shaped tips. They
suggested that in the end it is sufficient to make an approximation for the tip sate,
which is involved in the tunneling instead of considering the whole electronic structure of the tip. The transition matrix element in equation 2.2 is according to Bardeen
generally given by the following integral over an arbitrary surface S in the tunneling
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barrier
Mts

h̄2
=−
2m

Z 


~ s − Ψs ∇Ψ
~ ∗t dS,
Ψ∗t ∇Ψ

(2.4)

where m is the effective electron mass. Assuming a spherical potential well centered
at position rT with radius RT , as illustrated in Fig. 2.3 (a), and allowing only s-like tip
states, the tunneling current becomes
X
2
(2.5)
I ∝ Φ2 U ρT (EF )e2κRT
|Ψs (rT )| δ(Es − EF )
s

|

{z

ρS (rT ,EF )

}

in the
√ Tersoff and Hamann model. ρT (EF ) is the density of states at the tip apex and
κ = 2mΦ/h̄ is the inverse decay length in the tunnel barrier with an effective height
Φ. The dependence of the tunnel current on the separation d between tip and sample
is hidden in the amplitude of the LDOS of the sample
2

|Ψs (rT )| ∝ e−2κ(d+RT ) ,

(2.6)

which decays exponentially into the vacuum. The work functions of commonly used
tip materials, such as tungsten, platinum, and iridium, lie around 5-6 eV, which corresponds to an inverse decay length of κ ≈ 1 Å−1 . Thus, a change of the tunnel
barrier width by 1 Å gives rise to a drop of the tunnel current by one order of magnitude. This shows that it is sufficient if a few atoms protrude at the end of the tips,
which are hard to manufacture with apex curvatures below 50 nm, to reach atomic
resolution.
Equation 2.5 suggests an ohmic dependence of the tunnel current on the sample
voltage. Such a linear behavior is typical for metallic samples in the limit of small
voltages. However, the electronic properties of III-V semiconductor compounds are
characterized by conduction band (CB) and valence band (VB) states, which are separated by a band gap with no available states. This gives rise to a more complicated
I(U ) dependence than in metals. In practice, finite voltages in the range of |U | = 0.5 3.5 V are needed to enable topographic imaging on III-V semiconductors. Assuming
the whole potential drops across the tunnel barrier, the states as well as the Fermi
levels in the tip and sample are energetically shifted with respect to each other by
|eU |. In this energy range, electrons can tunnel from occupied to unoccupied states,
which have to be considered in the calculation of the tunnel current. Accordingly, it
has been suggested that the tunnel current can be generalized at larger voltages by
the energy integral over all contributing states
Z

eU

ρT (±eU ∓ E)ρS (E, rT )T (E, eU, d)dE

I∝

(2.7)

0

in analogy to the Tersoff-Hamann model [44, 45]. All energies in this representation
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are given with respect to the Fermi energy. The upper/lower signs in ρT represent
positive/negative sample voltages. The transition coefficient
s
(

)
2m φT + φS
eU
T (E, eU, d) = exp − 2(d + RT )
+
−E
(2.8)
2
2
h̄2
can be estimated within the Wentzel-Kramers-Brillouin approximation for trapezoidal
barriers [46]. Here, φS and φT are the work functions of the sample and tip, respectively. As in the Tersoff-Hamann model, the transition function T (E, eU, d) depends
exponentially on the tip-sample distance, d. In addition, the deformation of the barrier by the sample voltage is taken into account. In the tunnel junction, the course of
the vacuum level is given by the drop of the electric field. This leads to a reduction
of the effective barrier height with increasing sample voltages and thus to a larger
tunnel probability. Along similar lines, transitions near the Fermi level of the source
electrode are more likely, as they experience a smaller effective barrier than transitions between states at lower energies.
The Tersoff-Hamann model and its extension to large sample voltages show that
STM images provide much more than solely topographic information, which makes
their correct interpretation a non-trivial task. In fact, the local tunnel current represents a weighted convolution of the electronic structure of the sample surface with
the states at the apex of the tip in the energy range from EF to EF + eU . Under usual
imaging conditions it can be assumed that the structure and electronic properties of
the tip remain unchanged during one STM image. Furthermore, the tip states contribute at a fixed sample voltage, as is the case in STM images, always equally to
the tunnel current. Thus, topographic STM images, where the tunnel current is kept
constant, primarily represent changes in the electronic structure of the sample, which
decays exponentially in the tunnel junction.
In electrical inhomogeneous samples in particular, this gives rise to effects which
are at first glance counterintuitive. Therefore, special care has to be taken with the
investigation of semiconductor based devices, which often contain heterostructures
with different band gaps. In addition, doping with donors, acceptors, and magnetic
impurities is commonly used to tailor material properties, which locally affects the
electronic and magnetic properties of the host material. In order to illustrate the complex interplay between structural and electronic effects in STM images, it is useful to
assume a semiconductor heterojunction as sketched in Fig. 2.4. Region 1 has a smaller
band gap, EG , and a smaller lattice constant, a, than the compressively strained barrier in region 2. The lattice mismatch between the two semiconductors gives rise at
the barrier to a buckling of the surface. When neglecting the electronic properties
of the sample, the tip follows in constant current mode due to the exponential dependence of the tunnel current on the tip-sample distance the contour of the surface.
However, the barrier has a larger band gap than the surrounding material, which
means less states are available in the barrier, assuming a type I band alignment. At
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(a) electronic contrast
(b) structural contrast

CB
VB

a1

region 1

a2
EG2

EG1

region 1

region 2
F IGURE 2.4: Electronic and structural contributions to the contrast in STM images. The model
system is considered to consist of a compressively strained barrier (region 2), which is surrounded by a different semiconductor material (region 1) with a smaller band gap, EG , and
lattice constant, a. The constant current contours considering either the band structure (a) or
the geometry of the surface (b) are indicated by black dashed lines.

a fixed tip height this gives rise to a lower tunnel current than in region 1. Therefore, the tip has to move closer to the sample surface in order to maintain a constant
tunnel current when considering only the band structure of the two materials. The
additional electronic contrast is most pronounced at low sample voltages where the
tunnel current is dominated by the states near the band edges. At larger voltages,
states deeper in the bands are relevant and the difference in the number of available
states decreases [47].

2.3

Fundamentals of Scanning Tunneling Spectroscopy

In the beginning, STM was mainly used for structural studies. One of the first successes was the identification of the Si(111)7 × 7 surface reconstruction, which had
been under discussion at that time for many years [48]. It quickly became apparent
that the relation between the tunnel current and the density of states (DOS) in the
sample provides the possibility of spectroscopic measurements. This has lead to the
development of the scanning tunneling spectroscopy (STS), where in addition to the
position the influence of the sample voltage on the tunnel current is also studied.
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The simplest form of probing the energy dependence of the states involved in
the tunneling process are topographic measurements of the same region at different voltages. In this case, it is exploited that the energy range, where transitions
between occupied and empty states are possible, is given by the applied voltage
(EF < E < EF + eU ). Such voltage-dependent measurements can provide a first
indication of the electronic structure of the sample. However, in the end only the
DOS in the sample at a certain energy is of interest and not the convolution of the
tip states with the sample states over a certain energy range, which is additionally
weighted by an energy dependent transmission term.
The main problem in the reconstruction of the DOS in the sample from the tunnel current is the limited knowledge about the electronic structure of the tip, which
is unique at the atomic level. This considerably complicates the interpretation of
spectroscopic STM measurements, whose theoretical foundations are still under discussion. Often, the differential conductivity is used as an estimate for the DOS in
the sample [46]. The limits of this approach become clear when differentiating the
general expression for the tunnel current in equation 2.7 with respect to the voltage,
which gives the following relation:
dI(U )
∝ eT (eU, eU, d)ρS (eU )ρT (0)
dU
Z eU
dρT (±eU ∓ E)
+
dE
T (E, eU, d)ρS (E)
dU
0
Z eU
dT (E, eU, d)
+
ρS (E)dρT (±eU ∓ E)dE
dU
0

(2.9)

The first term is directly dependent on the DOS in the sample. The second term
contains the influence of the tip DOS on the differential conductance. The DOS of
metallic tips are, compared to semiconducting samples, relatively featureless in the
energy range of a few electron volts around the Fermi emery, which is typically accessible by the STM. Therefore, the influence of the tip on the differential conductance is
usually neglected in a first order approximation. The third term describes the voltagedependence of the transmission probability. In the dI(U )/dU spectra, this gives rise
to a background that grows slowly with the sample voltage, which does not distort
the contributions from the DOS in the sample.
It has been proposed by Stroscio and Feenstra that by normalizing the differential
conductance dI(U )/dU with the overall conductance I(U )/U one can correct for the
voltage dependence of the transition probability [49]. In this way, the influence of
the changing tip height on a corrugated surface is simultaneously eliminated without any additional knowledge about the local barrier height. However, this kind of
normalization is in most cases not practical for semiconductors. Often, one is interested in the DOS in the band gap or near the band edges. In these regions, the tunnel
current vanishes almost completely and the overall conductivity is no longer a valid
13
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representation for the voltage dependent transmission term. Furthermore, the overall conductivity drops frequently in the band gap faster to zero than the differential
conductance, which gives rise to artifacts in form of singularities. Therefore, only the
uncorrected differential conductance, dI(U )/dU , is used in this work.
Another consequence of the transition term is that it leads to a different weighting of the DOS in the tip and sample at opposite polarities [50]. This mechanism is
schematically sketched in the energy diagrams of the tunnel junction at positive and
negative voltages in Fig. 2.5. The Fermi energies of the tip and sample with different work functions φT,S are balanced in the potential free state. This equilibrium is
disturbed by the external sample voltage, which shifts the energies of both electrodes
with respect to each other by eU . At positive voltages electrons can tunnel from occupied tip states into empty sample states. At negative voltages electrons can tunnel
in the opposite direction from occupied sample states into empty tip states. The transitions near the Fermi energy of the source electrode are, according to equation 2.8,
always weighted strongest, which is indicated by the different length of the arrows
in the barrier. As a result, the empty sates of the sample are probed at positive voltages by the Fermi energy of the tip. Conversely, this means that at negative voltages
the tip DOS is scanned by the Fermi energy of the sample. The contributions from
occupied sample sates decrease with increasing depth below the Fermi energy, which
hinders their investigation.
Despite these imperfections, STS is very popular in surface science. This is mainly
due to the high spatial resolution compared to other spectroscopic techniques and the
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F IGURE 2.5: Energy diagrams of the tunnel junction to illustrate the different weighting of
the tip and sample states at positive and negative voltages. In thermodynamic equilibrium,
the Fermi energies of both electrodes are balanced (a). At positive voltages (b) the DOS in
the sample is probed by the Fermi level of the tip. At negative voltages (b) transitions from
occupied samples states deep below the Fermi energy are less likely and empty tip states near
the sample Fermi level affect the tunnel current strongest.
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ability to directly correlate electronic and structural properties at the atomic level. In
practice, there are many different approaches to acquire the differential conductance.
One of the most common methods is the point spectroscopy, where local dI(U )/dU
curves are recorded. For this type of measurement, the tunnel set-point is chosen
in such a way that the contrast in the STM images is minimal in order to reduce
topographic cross-talk. Then, the tip is positioned on a predefined location and the
feedback loop is opened. Frequently, the tip is additionally approached towards the
sample, which enhances the tunnel current. After a short stabilization phase, the
tunnel current is recorded as function of the voltage, which is swept through the
range of interest. From this I(U ) curve, the differential conductance is afterwards
calculated by numerical differentiation. However, numerically calculated dI(U )/dU
spectra often suffer from a poor signal-to-noise ratio.
The noise level in the dI(U )/dU spectra can be considerably reduced by applying
a lock-in technique. In this approach, a small sinusoidal modulation voltage with
typical amplitudes in the range of Umod ≈ 30 mV is added to the sample voltage.
In this work, the modulation frequency fmod is chosen in the 1 kHz range, which
lies just above the bandwidth of the feedback loop. In this way, interferences with
the feedback system are avoided. The modulated voltage and the corresponding
tunnel current are combined in the lock-in amplifier, which gives back a quantity
that is directly proportional to the differential conductance. The higher quality of the
dI(U )/dU spectra acquired directly with the lock-in compared to the numerically differentiated I(U ) curves comes at the cost of slightly longer acquisition times, which
is not a problem when single dI(U )/dU spectra are taken.
However, this changes with spectroscopic maps, which represent an expansion of
the point spectroscopy. Such maps often consist of more than 100 × 100 individual
dI(U, rT )/dU spectra, which are distributed over a regular grid. In this case, the finite hold time of the cryostat of 12 h quickly becomes a limiting factor. dI(U, rT )/dU
maps are particularly interesting as they provide a much better picture of spatial evolution of the differential conductance than a few individual point spectra at different
positions.

2.4

Structural and Electronic Properties of III-V Semiconductor Compounds

In this work, a wide spectrum of different III-V semiconductor compounds is investigated, which provide a unique platform for cutting-edge electronic and optical
devices. The big advantage of compound semiconductors compared to element semiconductors, such as Si and Ge, lies in their versatility. The binary III-V compounds
in combination with their ternary and quaternary offshoots form an almost endless
material pool with manifold properties. In particular, many III-V compounds have
a direct band gap and high electron mobiles, which is essential for optical applications and fast electronics. At the same time, most III-V semiconductor compounds
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crystallize in a zinc-blende structure, which warrants good structural compatibility
between the different materials. An exception are the wurtzite type III-Ns, which are
not a subject of this work. Comprehensive collections of the material properties of
the III-V semiconductor compounds can be found in Refs. [51, 52].
In zinc-blende III-V crystals, the cationic and anionic face-centered-cubic (fcc) bravais lattices are shifted with respect to each other by a translation of (1, 1, 1)a/4 along
the space diagonal, where a is the lattice constant. Thus, every atom has a tetrahedral
coordination and is bound to four elements of the other sublattice, as illustrated in
Fig. 2.8 (a). This is a consequence of the sp3 -hybridization, which allows the elements
from groups III and V to reach the noble gas configuration. The different electronegativities of the cations and anions give rise to an inhomogeneous charge distribution
along the III-V bond. Therefore, most III-V compounds have in contrast to the solely
covalent bods of the element semiconductors an additional ionic contribution.

2.4.1

Conventional III-V Based Semiconductor Alloys

The incorporation of atoms with the same valence in existing binary III-V compounds
provides a natural way of tailoring material properties. Traditionally, this is done
by alloying with isovalent elements whose properties are comparable to their substituents in terms of size, ionicity, and electronegativity. These amalgation like alloys
are relatively easy to synthesize due to the similarity of their components. At the
same time, “well matched” isovalent substituents represent only a weak perturbation of the lattice, which is well described within the Bloch states of the host material.
As a result, the band parameters and the structural properties of these conventional
(Al, Ga, In) (P, As, Sb) alloys can be estimated within the virtual crystal approximation (VCA) [53]. In this approximation, the random alloy is treated as an ideal crystal
with the same local environment, whose properties are defined as the average of the
properties of the binary endpoints weighted by their relative concentration x. Accordingly, the structural and electronic properties of ternary alloys GABC of the from
Ax B1−x C are given by
GABC = xGAC + (1 − x)GBC − x(1 − x)b,

(2.10)

where GAC and GBC represent the corresponding parameters of the binary parent compounds [51]. In addition, a quadratic term, which is characterized by a quantitative
bowing parameter b, is introduced to account for small experimentally observed deviations from the linear trend. The VCA works best for structural properties, such as the
lattice constant. In this case, no correction in form of a bowing parameter is needed
and equation 2.10 simplifies to the Vergard’s law [54]. Conversely, the band parameters of conventional alloys, such as the band gap and effective mass, show typically a
small inherent nonlinearity as function of the alloy composition. The physics behind
this weak bowing is related charge transfer, lattice relaxation, and localization effects,
which are not considered in the VCA.
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2.4.2

Highly Mismatched Semiconductor Alloys in the III-V System

In the search for novel materials with new functionalities unconventional semiconductor compounds have recently attracted a lot of attention. Of particular interest
in this context are isovalent impurities, which are either very light or very heavy
when compared to the host elements. These highly mismatched alloys (HMAs) have
been disregarded for a long time due to considerable technological challenges in their
synthesis, which can now be bypassed with the increasing advent in the growth technologies.
The most prominent representative of those novel highly mismatched semiconductor materials in the III-V material system are dilute nitrides, which have extensively been studied in recent years. The incorporation of N atoms in low quantities
into III-V alloys leads to a number of unusual effects. These include a huge band gap
reduction at a simultaneously decreasing lattice constant as well as a small dependence of the band gap on the temperature or pressure [55, 56, 57]. The reduction of
the band gap is mainly related to a shift in the conduction band edge (CBE) to lower
energies, which is illustrated in Fig 2.6. At the same time, the N doping leads to a significant increase of the effective electron mass, which in turn has a negative impact
on the electron mobility [58, 59]. The latter is a disadvantage for high-end electronics
where fast clock speeds are important. Nevertheless, the huge band gap lowering in
dilute nitrides is appealing for optoelectronic applications in the infrared range.
A promising alternative is the incorporation of the much larger Bi atoms, which
has been motivated by the unconventional electronic properties of the dilute nitrides.
In fact, Bi reduces in contrast to N the band gap by lifting the valence band edge
(VBE), meaning the heavy hole and light hole bands [60] (see Fig. 2.6). Therefore,
the electron mobility in Bi related III-V materials is barely deteriorated, which is important for fast electronics. In addition, the upwards shift of the VB increases the
spin-orbit (SO) splitting [19]. Since the band gap decreases and the SO splitting increases, a situation is possible where the SO splitting becomes larger than the band
gap. In this regime, non-radiative Auger recombination processes are suppressed,
where a hole and electron recombine under the excitation of a hole near the VBE
into the split off band. Auger recombination is one of the main loss mechanisms in
semiconductor based optical amplifiers operating in the infrared range, which intrinsically limits their efficiency. Moreover, Bi doping improves the temperature stability
of the band gap. All this makes dilute bismides a promising material not only for
long wavelength emitters and absorbers [61] but also for spintronic applications [62].
The unusually strong influence of the N and Bi atoms on the electronic properties of binary III-V semiconductor compounds cannot be explained by the previously
introduced VCA. This is a consequence of the substantial perturbation of the host
states in dilute nitrides and bismides. For example, N and Bi, despite being of isovalent nature, give rise in conventional III-V semiconductors such as GaAs and InP to
resonances near the CBE and VBE, respectively [63, 64]. The restructuring of the host
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F IGURE 2.6: Influence of N and Bi incorporation on the bad structure of a binary III-V semiconductor compounds. The undistorted conduction (CB), heavy hole (HH), light hole (LH), and
split-off (SO) bands of a direct III-V semiconductor near the Brillouin zone center at k = 0 are
sketched in (b). In dilute nitrides (a) the CB mainly is affected, which experiences a downward
shift. Conversely, dilute bismides (c) show a reduction of the band gap through a shift of the
HH and LH bands to higher energies, while the SO band is not affected.

states by the quasi localized impurity states in HMAs is often treated within the phenomenological band anticrossing (BAC) interaction. Originally, the conduction band
anti crossing (CBAC) model had been developed to describe the unusual band parameters of dilute nitrides [65]. Later on, dilute bismides were discussed in the same
way in form of the valence band anti crossing (VBAC) model [66]. In both cases,
the BAC interaction, despite its simplicity, provides a good fit to the experimental
findings. For example, the composition dependence of the band gap, the effective
masses, and the carrier mobilities of HMAs are accurately reproduced. Similarly, the
reduced pressure and temperature dependence of the fundamental gap of HMAs can
be explained in the framework of the BAC interaction.
In the following the CBAC model is exemplary discussed, which describes the
interplay between an impurity and the CB states in a perturbative approach. In principle, the VBAC model is identical, although here the heavy hole (HH), light hole
(LH), and split-off (SO) bands have to be taken into account. The impurity states EI
are due to the localization in real space considered as a single level, which is constant
in the reciprocal space. A widening of the energy level EI due to impurity interactions, which arise from random alloy fluctuations, is neglected. In the limit of small
k, the extended host states at the CBE can be described by a parabolic dispersion
2
EH (k) = EBE + h̄k
2m , where EBE is the minimum of the CB. The dispersion relation
of the coupled system, which is sketched in Fig. 2.7, is then given by an eigenvalue
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problem of the following from
E(k) − EH (k)
VHI
= 0.
VHI
E(k) − EI

(2.11)

√
The hybridization strength VHI = C x between the CBE and the impurity state depends typically on a material parameter C and the concentration x. Equation 2.11
can be solved analytically, which results in two modified states
E± (k) =

o
p
1n
EI + EH (k) ± [EI − EH (k)]2 + 4C 2 x .
2

(2.12)

E− (k) represents the new CBE, which is located at a lower energy than the original
host state EH (k). The composition dependent shift of the CBE to lower energies phenomenologically reproduces the strong band gap reduction found in dilute nitrides.
In addition, the larger curvature of E− (k) reflects the experimentally observed increase in the effective electron mass. E+ (k) is a new state in the CB, which lies above
the original impurity level. Similarly to the CBAC model, the VBAC model describes
the restructuring of the HH, LH, and SO bands by the impurity level, which each
split into two new states E± (k).

EH(k)
E

E+(k)

EI
k

E-(k)

F IGURE 2.7: Restructuring of the CB according to the BAC interaction. The dashed lines represent the localized impurity state EI and the parabolic dispersion of the unperturbed CBE,
EH (k), in the limit of small k. The restructured sub-bands E± (k) are symbolized by solid lines.

2.4.3

Electronic Properties of the Zinc-Blende {110} Surfaces

In this work STM is used to study isovalent impurities and nanostructures in III-V
semiconductors at the atomic level. Such measurements require perfectly clean surfaces which are free of any contaminations or unintended defects. In addition, the
suitability of a surface for STM measurements depends on its structural and electronic properties. For example, strong surface reconstructions, which affect the configuration of the outermost layers, or a pinning of the Fermi level on the surface,
which gives rise to an intrinsic electric field with respect to the bulk, are undesirable.
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F IGURE 2.8: The crystal structure of zinc-blende III-V semiconductors and the natural {110}
cleavage planes. A three-dimensional ball-and-stick model of the cubic unit cell of a zincblende crystal is shown in (a). The non-polar (110) cleavage plane is indicated in gray. The
anionic group V atoms are blue and the cationic group III atoms red. A side view of the ideal
(110) plane and the subsequent buckling due to charge redistributions between the originally
half-filled dangling bonds is provided in (b). A complementary top view of the (110) plane is
displayed in (c), where the zigzag rows of alternating anions and cations are indicated by black
arrows. The empty spheres represent atoms in the first layer below view plane. In addition, the
primitive 1 × 1 unit cell of the (110) surface and its dimensions in units of the lattice constant
a are indicated.

Among all planes in zinc-blende III-V semiconductors, the natural {110} cleavage
planes are suited best for STM investigations, which represent in many respects an
ideal model system. The atomic configuration of the {110} surfaces and its electronic
structure have been subject to extensive experimental and theoretical efforts [67, 68,
69, 70], which are reviewed in the following in terms of their meaning for STM measurements.
Figure 2.8 (a) shows that along the {001} or {111} directions of a zinc-blende crystal anionic or cationic planes are alternating, which results in strong attractive electrostatic forces between these layers. The non-polar {110} planes, which consist of equal
parts of cations and anions, are an exception. Between these layers the electric fields
are compensated, making them the preferential cleavage planes. Compared to other
surface treatments, which typically involve annealing steps to remove oxidation layers, cleavage under UHV conditions represents a fast and elegant way of providing
atomically flat surfaces. In addition, the {110} planes lie parallel to the [001] direction
along which III-V semiconductors are most commonly grown. This offers the unique
opportunity to study structures below the original growth surface, which is known
as cross-sectional scanning tunneling microscopy (X-STM).
Each anion and cation in the {110} cleavage planes has three regular bonds and
one half-filled dangling bond, which is illustrated in Fig. 2.8 (b). The dangling bonds
in the ideal {110} surfaces give rise to a cationic C3 and an anionic A5 surface band,
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which are located in the band gap of the III-V semiconductors. The anionic A5 surface state lies energetically below the cationic C3 surface states [71]. Therefore, the
dangling bonds of the cations are empty in the thermodynamic equilibrium, while
the dangling bonds of the anions are filled. This charge transfer affects the electronic
configuration of the atoms in the surface. The anions favor a pyramidal s2 p3 -like
coordination with respect to their three nearest neighbors. The cations, however, prefer a trigonal planar sp2 -like configuration. Accordingly, the rehybridization leads to
a bucking in the cleaved {110} surfaces, where the group V atoms move outwards
from their ideal position and the group III atoms inwards towards the crystal. The
ideal bond length remains almost unchanged by this rotation, which gives rise to a
weak counter-movement in the next deeper layer. Despite the relaxation, the {110}
surfaces preserve their initial primitive 1 × 1 configuration, which comes very close
to the crystal structure in the bulk. Both the ideal and relaxed {110} surfaces consist of parallel zigzag rows of directly connected group III and V atoms [see Fig. 2.8
(c)]. These zigzag rows are separated from each other along the [001] direction by
trenches reaching down to the next layer with the same symmetry. The geometric
restructuring of the surface pushes the A5 and C3 surface states at the Γ-point out
of the band gap into the VB and CB, respectively. Thus, the {110} surfaces remain
semiconducting, which leaves the Fermi energy in the band gap unpinned. The absence of a significant amount of states in the gap allows for an indirect tuning of the
Fermi energy through the sample voltage, which provides the unique possibility to
characterize the charged and neutral state of the same dopant [72, 73]. In fact, the surface states do not only decay into the vacuum but also into the crystal, establishing
a connection to the bulk states. This makes it possible to detect changes in the band
gap at interfaces between two different layers. Similarly, the signatures of donors and
acceptors up to 6 layers below the cleavage plane can be detected.
At the atomic level, the corrugation in topographic X-STM images is closely related to the energetic and spatial structure of the surface resonances [69]. In addition
to the dangling bond states C3 and A5 , there are two further surface states, C4 and A4 ,
located in the energy range of ±3.5 eV around the Fermi energy, which is typically
accessible to the STM. A4 is mainly a back-bond state and C4 represents a composite
of several overlapping surface states in a narrow energy widow. The anionic (A4 , A5 )
and cationic (C3 , C4 ) surface states are in the III-V system typically resonant with the
bulk related VB and CB states, respectively. This is schematically indicated in the energy diagram of the tunnel junction in Fig. 2.9 (b). Apart from the energetic location,
the spatial structure of the four surface states is of great relevance for the interpretation of atomically resolved X-STM images. It turns out that the surface states A4
and A5 are primarily located on the outermost group V atoms, whereas the surface
states C3 and C4 are mainly concentrated at the positions of the group III atoms in the
surface. At positive sample voltages electrons tunnel from the tip into the empty CB
related states, while at negative voltages electrons are extracted from the filled states
in the region of the VB. This gives rise to a bias dependent sensitivity with respect
to the anionic and cationic surface states. Another important aspect is the symmetry
21

Chapter 2. Cross-Sectional Scanning Tunneling Microscopy on Semiconductors
of the surface states. The C3 surface state extends perpendicular to zigzag rows as
indicated in the top view of the (110) surface in Fig. 2.9 (d). However, the C4 surface
state, despite also being associated with the cationic sublattice, is oriented parallel
to the zigzag rows. Accordingly, the corrugation appears to rotate in empty state
images when tunneling at larger positive voltages not only into C3 but also the C4
surface states as illustrated in Fig. 2.9 (c). This also shows that the atomic corrugation
originates in the LDOS and not the real topography of the surface. The surface states
A4 and A5 are localized at the anionic sublattice and extend both along the zigzag
rows [see Fig. 2.9 (d)]. As a result, the corrugation in filled state images, such as in
Fig. 2.9 (a), is less sensitive to the applied sample voltage.

(a) ﬁlled state imaging (b)
A4+A5
-2.6 V

ΦS
CB

C4
C3

EF,S
VB
A5

-2.2 V

sample

(d)

A5
A4

Evac (c) empty state imaging
ΦT
C4+C3
3.2 V
EF,T

+eU

�p

2.2 V

C3

symmetry of the surface states
A4,5
C
4

[110]

[001]

surface anions

low

C3
[001]

surface ca�ons

high

F IGURE 2.9: The electronic properties of the relaxed {110} surfaces of III-V semiconductors
with a zinc-blende structure. The band gap of the {110} surfaces, as indicated in the energy
diagram of the tunnel junction (b), remains free of surface states, leaving the Fermi energy
unpinned. The surface states A4 and A5 , which are resonant with the VB, originate in the
anionic sublattice. The surface states C3 and C4 , which are located in the region of the CB,
are associated with the cationic sublattice. The symmetries of the resonant surface states are
indicated in the model of the (110) surface (d). In addition, the appearance of the surface states
is mapped in voltage dependent filled (a) and empty (c) state X-STM images of a clean GaAs
(110) surface.
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2.4.4

Isovalent Impurities in the {110} Surfaces

Isovalent impurities are an important ingredient in binary III-V semiconductor compounds, which allow the adjustment of the lattice constant, the band gap width, and
the transport parameters for a certain application. X-STM, with its exceptional imaging capabilities in real space and the ability to provide simultaneously spectroscopic
information about the local electronic structure, is one of the most powerful techniques to investigate the particular behavior of individual impurities in III-V semiconductors. Although atoms from groups III and V can be easily distinguished in
X-STM measurements, there is no direct chemical sensitivity, which allows to determine the imaged elements. In general, impurities can only be identified indirectly
through their influence on the relaxed structure of the surface and the local electronic
properties. In cleaved {110} surfaces of zinc-blende semiconductors, isovalent impurities from groups III and V typically give rise to atomic-like features, which appear
to be either slightly elevated or depressed compared to the surrounding atomic corrugation. However, it is not clear whether these variations in the LDOS, which are
probed in STM measurements, are related to geometrical modifications of the surface, local variations in the electronic structure, or a combination of both. So far, there
has been no coherent discussion in literature of the contrast mechanism of isovalent
impurities in III-V semiconductor compounds, even though X-STM has been used to
study these materials for several decades [7].
In order to address this issue in a quantitative manner, we systematically deploy
DFT calculations to simulate STM images of all isovalent group III and V elements
in the GaAs (110) surface. The DFT calculations offer in contrast to the experiment
the advantage that both the atomic and electronic structure of the surface is known.
These data are essential for the understanding of the physical mechanism, which
gives rise to the distinct contrast of single isovalent impurities in X-STM images. On
the basis of the simulated X-STM images, which are in good qualitative agreement
with experimental observations, a correlation between the appearance of the isovalent impurities and their effective size is established. This suggests that geometrical
distortions of the surface are the main reason for the local contrast changes seen at
isovalent impurities in X-STM images. In the following, the trends along groups III
and V are discussed without going too deep into the details of the DFT calculations.
This mainly theoretical work is a collaboration with F. J. Tilley, M. Roy, and P. A.
Maksym from the University of Leicester, who have performed the simulations [74].
The structural and electronic properties of the various isovalent impurities from
groups III and V in the GaAs (110) surface are calculated within the DFT using the local density approximation (LDA) in combination with the Fritz-Haber-Institute (FHI)
normconserving pseudopotentials [75] and the ABINIT software package [76, 77]. A
standard 126 atom slab with a 12 Å vacuum gap is used. The supercell itself has a
depth of 7 layers and consist of three zigzag rows on the (110) surface, which each
comprise three anions and cations. This is enough to capture the properties of a single isovalent impurity. For the computations with impurities, a 2 × 1 × 1 k-grid is
used with a cut off energy of ECut = 30 Ry for the plane wave basis set. The atomic
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F IGURE 2.10: The relaxed positions of all isovalent group III (b) and group V (c) elements in the
GaAs (110) surface. A side view on an idealistic ball-and-stick model of the GaAs (110) surface
is provided in (a) where two regions (b, c) are put into a bigger context. The filled symbols in
(b, c) represent the impurities and the empty symbols are related to the surrounding GaAs
matrix. The black lines linking the blue symbols indicate the calculation for pure GaAs, which
serves as reference.

positions within the slab are allowed to relax until a threshold of 1×10−4 hartrees per
bohr (= 5.14 × 10−3 eV/Å) is reached for all forces. Standard convergence tests before and after the incorporation of the impurities are performed to verify the correct
reproduction of the GaAs (110) surface relaxation [78], the convergence with respect
to ECut , and the k-grid, which are detailed in Ref. [74].
The influence of the different isovalent impurities from groups III and V on the
GaAs (110) surface is visualized in Fig. 2.10. Here, the relaxed positions of the anionic elements of group III (B, Al, Ga, In, Tl) and the cationic elements of group V
(N, P, As, Sb, Bi) are superimposed in two separated plots due to their different local environments. In these graphs, the isovalent impurities (filled symbols) and their
first nearest neighbors (empty symbols) are shown, where the displacements are typically strongest. The calculation of the pure GaAs slab, which serves as a reference,
corresponds to the blue triangles linked by black lines. The z-scale, which follows
the [110] direction, refers to the bottom row of the simulated slabs. Interestingly,
the z-component of the isovalent impurities increases when going down in groups
III and V. This suggests that the relaxed positions of the isovalent impurities in the
GaAs (110) surface are closely connected to the effective atom size, which generally
increases between two subsequent periods. For example, in group III the small B
atoms relax into a lower z-position than the larger Tl atoms. The same trend applies
to N and Bi, which are the smallest and largest investigated elements of group V, respectively. However, the differences in the z-positions of the isovalent impurities of
group V are substantially larger than in group III. This is attributed to the fact that
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the group III atoms in the surface preferentially relax into a planar sp2 -like configuration, while the group V atoms favor a pyramidal s2 p3 -like arrangement (see previous
section 2.4.3). Another consequence of the planar bond structure of the group III
atoms in the {110} surfaces is that they have a somewhat stronger influence on the
equilibrium positions of their next nearest neighbors than the group V atoms.
In order to test our hypothesis that the relaxed positions of isovalent impurities
in the zinc-blende {110} surfaces are related to their effective size, the results from
the DFT calculations are compared to a purely geometrical model. The bonds in III-V
semiconductor compounds are despite minor ionic contributions primarily covalent.
Therefore, the covalent radius can be used in a first order approximation as a measure for the effective atom sizes in the III-V system. In fact, the distance between
two covalently bound atoms A and B, RAB , is given by the sum of their covalent radii
rA , B . Using the self-consistent system of covalent radii of Ref. [79], the bond length
of the investigated impurities from groups III and V can be predicted with a maximum error of less than 4.2 % compared to the performed DFT calculations. This
allows us to calculate in a fully geometrical approach the positions of the impurities
in the surface on the basis of the locations of their three covalently bound first nearest
neighbors. The positioning with respect to three reference points at given distances
is generally know as trilateration [80]. In our specific case, the impurity positions are
given by the intersections of three equally sized spheres, which are centered around
the nearest neighbor positions and have a radius equal to the covalent bond length.
The trilateration provides two possible solutions for every impurity. However, only
one of these results is located in the surface and thus is physically relevant.
Assuming that the surrounding lattice is not affected by the impurities, the unperturbed atom positions of the pure GaAs slab can be used to geometrically determine
the locations of the group V impurities in the (110) surface. The fully relaxed DFT
calculations in Fig. 2.10 (c) do indeed show that other group V elements, with exception of N, affect their nearest neighbor positions only marginally. The results of the
trilateration are in excellent agreement with the performed DFT calculations. Smaller
atoms from group V are located at lower z-positions than large ones. In particular,
the relaxed positions of the DFT calculation are reproduced with a maximum error of
0.29 Å, as can be seen in table 2.1. This supports our geometrical interpretation of the
DFT data.
Group V elements

N

P

As

Sb

Bi

Spatial deviation DFT and trilateration [Å]

0.09

0.06

0.14

0.29

0.12

TABLE 2.1: Absolute spatial deviations in the group V impurity positions, which are extracted
from the geometrical calculations and the DFT simulations. The geometrical calculations are
performed on the basis of the unperturbed nearest neighbor positions of the pure GaAs slab
and the covalent atom sizes from Ref. [79].
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The group III elements relax in the {110} surfaces into an almost planar bonding
configuration, which makes the nearest neighbors more susceptible to displacements
[see Fig. 2.10 (b)]. Therefore, it is not suitable to use the positions of the unperturbed
GaAs lattice as a starting point for the trilateration as in the case of the isovalent impurities from group V. This forces us to test the validity of the trilateration method for
isovalent group III impurities on the basis of the relaxed nearest neighbor positions
from the corresponding DFT calculations. Despite this more realistic approach, the
deviations between the geometrically determined group III positions and the DFT
calculations, which are listed in table 2.2, are consistently larger than for isovalent
impurities from group V. The lower accuracy of the trilateration procedure at group
III atoms is a secondary effect of the planar geometry, where small changes in the
bond length have a larger influence on the final positions of the impurities than in the
tetrahedral bonding configuration of the group V elements. This amplifies the previously mentioned deviations between the bond length in the DFT calculations and the
bond length given by the covalent radii. Nevertheless, the correlation between the
effective atom sizes and the relaxed z-position of the impurities in the surface is well
reproduced, which suggest that geometrical effects are an important factor in these
isovalent III-V systems.
Group III elements

B

Al

Ga

In

Tl

Spatial deviation DFT and trilateration [Å]

0.21

0.47

0.50

0.42

0.59

TABLE 2.2: Absolute spatial deviations in the group III impurity positions, which are extracted
from the geometrical calculations and the DFT simulations. The geometrical calculations in
the case of the group III elements rely on the relaxed nearest neighbor positions form the DFT
calculations and the covalent atom sizes from Ref. [79].

Since the geometric configuration of the isovalent impurities from groups III and
V in the GaAs (110) surface is now understood, we investigate in the following their
appearance in X-STM measurements. The local density of states at the sample surface decays exponentially into the vacuum. Therefore, even small changes in the
relaxed positions of the isovalent impurities have a huge influence on the local electronic structure of the cleavage plane. In the STM measurements, the tunnel current
at a given voltage is according to equation 2.7 given by the energy integral over the
contributing states. This means that the local density of states, ρS (E, rT ), which is obtained from the DFT calculations, can be used to approximate X-STM measurements
Z

EBE +eU

I(U, rT ) ∝

ρS (E, rT )dE,

(2.13)

EBE

where U is the applied sample voltage and EBE is either the energy of the CBE (U > 0)
or VBE (U < 0). In analogy to the real STM measurements, two images are generated
for each of the isovalent impurities, which resemble either the empty CB or the filled
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F IGURE 2.11: Simulated X-STM images for the five first group V elements (N, P, As, Sb, and
Bi) in the GaAs (110) surface, which are extracted at a constant height of 4 Å above the unperturbed As atoms. The top and bottom rows are calculated from the filled VB and the empty CB
states, respectively. In both the CB and the VB states in an energy range of 1 eV with respect
to the band edge are considered. In the filled state images the color scale goes from 0 Å−3 to
12 × 10−6 Å−3 , while for the empty state images the color scale ends at 10 × 10−6 Å−3 . Crosses
on the empty state images mark the positions of the impurities.

VB states up to a maximum energy of 1 eV with respect to their band edge. In all
cases, the LDOS of the sample, ρS (E, rT ), is extracted at a constant height of 4 Å
above the unperturbed As atoms in the (110) surface.
Simulated filled and empty state X-STM images for each of the five investigated
group V atoms in the GaAs (110) surface are shown in the first and second row of
Fig. 2.11, respectively. The covalent radius of the isovalent impurities in this series
increases along the rows from left to right. Similarly, the atomic-like contrast of the
different impurities changes in the filled state X-STM measurement, which resemble
the group V sublattice, from dark for the small N and P atoms on the left to bright
for the large Sb and Bi atoms on the right. This behavior can be explained by the
relaxed positions of the isovalent group V impurities in the surface, which have been
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discussed previously. N and P have a smaller covalent radius than the substituted As
atoms, which causes them to relax into a lower z-position. The vertical displacement
reduces the integrated LDOS at a constant height above the surface, which gives rise
to an atomic-like depression in the simulated corrugation. Conversely, Sb and Bi,
which are larger than the As atoms of the host, relax into a higher z-position and
therefore appear bright in the integrated LDOS maps.
The second row in Fig. 2.11 shows the simulations for the complementary empty
state X-STM images, which resemble the group III sublattice. The N atom, which
drops below the surface, draws its two neighboring Ga atoms in the top zigzag rows
closer together. This lateral displacement gives rise to local charge redistributions in
the calculated empty sate image. In the GaAs (110) surface, P is located at a similar
height to the substituted As [see Fig. 2.10 (c)]. Therefore, the Ga sublattice is hardly
affected, which explains the large similarity to the pure GaAs slab. Sb and Bi give rise
to pronounced bright features in the simulated empty state images, which partially
extend over the Ga related corrugation. This is attributed to the exposed positions
of Sb and Bi above the surface, which also affect the states in the CB. The integrated
LDOS maps of the filled and empty states are in good agreement with experimental
X-STM measurements on isovalent impurities from group V, which underpins the
generality of this theoretical discussion [81, 82, 83, 84, 85]. STM measurements on Bi
in InP are provided in chapters 4 and 5.
In Fig. 2.12, simulated X-STM images of isovalent group III impurities in the GaAs
(110) surface are compared. The first row represents the empty CB states, which are
associated with the group III sublattice. B has in contrast to Al, In, and Tl a smaller
covalent radius than the substituted Ga atoms. In accordance with our geometrical
model, the integrated LDOS is locally reduced at a constant height above the B atom,
since it takes a deeper z-position than the neighboring Ga atoms in the surface. The
larger Al, In, and Tl atoms, which are increasingly shifted into the opposite direction
to B, give rise to growing bright contrasts. The covalent radius of Al (rAl = 1.26 Å)
is just slightly larger than that of Ga (rGa = 1.24 Å) [79], which makes both elements
difficult to distinguish. In the calculation, the integrated LDOS is at the Al atom 14 %
larger than at the lower lying Ga atoms in its neighborhood.
Simulated filled state images for the investigated group III impurities are shown
in the second row of Fig. 2.12. In this series, only subtle changes in the intensity of
the atomic corrugation can be seen. Here, the occupied CB states primarily reflect
lateral displacements in the group V sublattice, which originate from the isovalent
group III impurities. This is attributed to the bond rotation in the fully relaxed (110)
surface, which causes the As atoms to always lie above the different group III atoms.
In addition, the planar bonding configuration of the group III elements favors a shift
of the directly bound anions in the surface, as previously indicated. For example, the
covalent B-As bond is shorter than the covalent Ga-As bond of the host. Therefore,
the B atom pulls its two neighboring As atoms in the (110) surface closer together. In
the same way, the large In and Tl atoms push their nearest neighbors further apart
from each other. An exception is Al, whose effective size is too similar to the Ga
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F IGURE 2.12: Simulated X-STM images for the five first group III elements (B, Al, Ga, In,
and Tl) in the GaAs (110) surface, which are extracted at a constant height of 4 Å above the
unperturbed As atoms. The top and bottom rows are calculated form the empty CB and filled
VB states, respectively. In both the CB and the VB states in an energy range of 1 eV with respect
to the band edge are considered. In the filled state images the color scale goes from 0 Å−3 to
12 × 10−6 Å−3 , while for the empty state images the color scale ends at 10 × 10−6 Å−3 . Crosses
on the filled state images mark the positions of the impurities.

atoms of the host to have a recognizable influence on the simulated filled sate map.
Al and In atoms have been studied by X-STM in GaAs [82, 86]. Our DFT calculations for In are in excellent agreement with the experimental observations. However,
the contrast of Al is clearer in the experiment than in the simulation. This weak inconsistency lies within the uncertainty of the performed DFT calculations. In chapter
6, we present the first X-STM study of B dopants in GaAs. X-STM images of individual Tl atoms, which are embedded in III-V semiconductors, have to our knowledge
not been reported.
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2.5

Tip Induced Band Bending Effects in Cross-Sectional
Scanning Tunneling Microscopy Measurements

An important parameter in STM measurements is the electric field, which is applied
between tip and sample. As previously mentioned in section 2.4.3, the {110} surfaces
of zinc-blende III-V semiconductors are special in that the surface states are located
outside the band gap in the conduction and valence bands. However, depending on
the doping concentration the Fermi energy lies somewhere in the region of the band
gap where the DOS is much lower than in metals. A consequence of the low concentration of free carriers is a large screening length for electric fields. In the context
of STM measurements, this effect is generally known as tip-induced band bending
(TIBB). For intrinsic semiconductors, the penetration depth of typical electric fields
in the tunnel junction is in the micrometer range. Degenerate semiconductors have
a screening length of a few tens of nanometers, which is still orders of magnitudes
larger than in metals (< 0.1nm). The TIBB locally modifies the electronic structure of
zinc-blende {110} surfaces and must therefore always be considered with the interpretation of X-STM measurements. In principle, it is possible to numerically calculate
the TIBB for three-dimensional tips with a rotational symmetry [87]. However, this
requires detailed knowledge about the shape, work function, and height of the tip
above the sample surface, which are usually not known. Therefore, the uncertainties
are relatively large in TIBB calculations.
In the following, the TIBB is qualitatively discussed for n-type semiconductors,
as the majority of the samples investigated in this work are doped with donors. Depending on the sample voltage, three different regimes (accumulation, depletion, and
inversion) can be distinguished. The energy diagrams and tunneling paths for these
cases are shown in Fig. 2.13. The bands in the semiconductor are flat when the applied applied voltage, UFB , compensates the difference in the work functions of the
tip and sample. As the sample voltage is reduced (U < UFB ), the bands are bend
downwards and the CB becomes populated before the Fermi energy of the tip drops
below the VBE. In the latter case, the occupied CB and VB states both contribute to
the tunnel current. The accumulation of electrons in the CB screens the electric field
in the semiconductor. Under depletion conditions (U > UFB ), the bands are bend
upwards and the Fermi energy of the tip moves across the CBE. This means that electrons can tunnel from the tip into the empty CB states. The electric field penetrating
into the semiconductor is screened by the positively charged donors. For higher positive voltages (U  UFB ), the bands bend further upwards until the Fermi energy of
the sample reaches the VBE. At this point, an inversion layer of holes is created in the
VB, which gives rise to a second tunneling path.
This shows that in the most cases the TIBB is disadvantageous for X-STM measurements. For instance, the energy shift between the Fermi energies of the tip and
sample is no longer directly proportional to the sample bias. Therefore, STS-measurements usually provide a band gap, which is different from the bulk. In addition,
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F IGURE 2.13: Energy diagrams of the tip-induced band bending in a n-type semiconductor.
Three different regimes can be distinguished. For U < UFB , the bands are bend downwards and
it comes to an accumulation of majority carriers in the CB. For U > UFB , the CB is depleted as
the bands are bend upwards. Under extreme conditions U  UFB , the upwards band bending
is so strong that an inversion layer is formed in the VB.

under accumulation and inversion conditions the CB and VB states contribute simultaneously to the tunnel current. In this regime, the differential conductance is no
longer a direct measure for the LDOS of the sample.

2.6

Scanning Tunneling Luminescence on III-V Semiconductors

Soon after the invention of the STM it was realized that the tunnel current can also
be used to locally stimulate light emission. This makes it possible to extract not only
structural and electronic information but also allows to investigate optical properties. Historically, scanning tunneling luminescence (STL) measurements were first
demonstrated on polycrystalline tantalum and Si(111)7 × 7 [88]. On metallic surfaces, the STM-induced light emission originates in the radiative decay of surface
plasmons, which are locally excited by inelastic tunneling processes between the tip
and the sample [89]. Later, STL was also used to study the optical properties of direct
III-V semiconductor compounds below the diffraction limit [36]. However, inelastic tunneling is not efficient in III-V semiconductors for commonly accessible sample
voltages. Instead, the elastic tunnel current can be used to directly stimulate electroluminescence.
In STL measurements on semiconductors, the tunnel current is used as a source
for minority carriers, which can radiatively recombine with the majority carriers in
the sample. It is possible to see this as a three step mechanism [35], which is illustrated in Fig. 2.14 for an n-type semiconductor. In a first step at high negative sample
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F IGURE 2.14: STM induced light stimulation in an n-type semiconductor. At negative voltages,
electrons tunnel from the VB into the tip leaving holes in the semiconductor behind (white
spheres). The electrons bound to the neutral donors (black spheres) can recombine with the
provided holes by emitting a photon.

voltages, electrons tunnel elastically from the surface states short below the VBE into
the tip leaving holes behind. In the second phase, these holes are transferred from
the surface states into the semiconductor. Here, thermalization, scattering at impurities, diffusion, and trapping play an important role. In the last step, the remaining
minority carriers recombine radiatively with the majority carries either directly or
through intermediate states in the band gap. This shows that the excitation volume is
given by the diffusion length of the injected minority carriers in the semiconducting
sample. The emitted photons can be analyzed by conventional optical techniques in
the far field. The optical detection system, which is used in this work, is described in
section 2.7.1 together with the rest of the setup.
In practice, STL measurements are performed in a similar manner to STS measurements. First, the tip is positioned at a specific location of interest. Then, a fixed
sample voltage which allows for the injection of minority carriers is set and the tunnel current is raised to about 1 nA. The latter is done to increase the photon yield,
which scales linearly with the tunnel current. After a short stabilization phase the
STL spectrum is recorded. In this work, the spectra are typically acquired by integrating over 180 s. During that time the feedback loop is kept closed. However, care
has to be taken to avoid modifications of the sample by too strong excitations.

2.7

Experimental Setup and Technical Aspects

Clean and well-defined surfaces are essential for STM studies. Depending on the
material system under investigation, this often means the STM measurements have
to be performed under UHV conditions. Sample contaminations over time are especially an issue for X-STM measurements on the (110) surfaces of III-V semiconductors, which have high adsorption coefficients due to the very reactive dangling bonds.
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Therefore, this section is dedicated to the experimental setup and the procedures in
preparation for a measurement.

2.7.1

System Overview

The large majority of the experiments in this work are performed with a commercially
available Omicron low-temperature STM (LT-STM). In one specific case, an Omicron
STM 1 is used, which is not further described due to its similarity to the LT-STM. An
overview of the used LT-STM and its main components is provided in Fig. 2.15. The
UHV system consists of three chambers which can be separated from each other by
gate valves. A small load lock chamber, which is connected to a turbomolecular and
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F IGURE 2.15: Schematic drawing of the low-temperature STM (LT-STM) setup, which is
adopted from Ref. [90]. The UHV system of the STM includes a load lock chamber, a preparation chamber, and a separate STM chamber, which are all interconnected. The basis is an
actively damped table, which also hosts a set of turbomolecular and ion getter pumps.
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a blackening pump, allows for fast tip and sample swapping with the outside world
without breaking the vacuum in the rest of the system. Inside the UHV system the
samples and tips can be moved by three linear transfer lines and one wobble stick.
The preparation chamber is equipped with a resistive oven for the removal of water
and other organic residuals from the freshly-loaded samples and tips. An additional
ion gun, which is operated with purified argon gas, is used to deoxidize and stabilize
the tips. During the baking and Ar-sputtering steps, the vacuum in the preparation
chamber is maintained by a turbomolecular pump. The measurement chamber has
a base pressure of 3 × 10−11 mbar, which is one order of magnitude lower than the
base pressure of 8 × 10−10 mbar in the preparation chamber. Therefore, after cleaning
the samples and tips are stored in the measurement chamber, which houses the bath
cryostat with the STM. The bath cryostat consist of an inner and outer tank. The outer
tank is filled with liquid nitrogen and serves as a shield for the inner tank, which can
be filled with liquid nitrogen or helium. The STM stage is connected to the bottom
of the inner tank of the cryostat, which acts as a heat sink. To reduce radiative heat
influx, the STM is surrounded by two shields, one coupled to the inner tank and the
other one mounted to the outer tank. This allows to stabilize the whole STM at 77 K
or 5 K for about 12 h without refilling. In measurement mode, the STM stage can be
decoupled from the vibrations of the cryostat over springs and a passive eddy current
damping system. For maximum stability during the measurements, all mechanical
pumps are shut down and the UHV in the measurement and preparation chambers is
maintained by two ion getter pumps. Furthermore, the UHV system of the STM rests
on an active damping stage in a noise-isolated box whose basement is decoupled
from the rest of the building. The STM is operated with an Omicron MATRIX control
system in combination with an Omicron SPM PRE 4 preamplifier.
A special feature of our STM is that light emission from the tunnel junction can
be investigated at low temperatures. The optical collection system, which is required
for such measurements, was designed by J. G. Keizer et al. and is described in Ref.
[91]. Fig. 2.16 provides an overview of the main parts of the home-built STL setup.
The central component is an in situ lens with a focal length of 20 mm, which is rigidly
mounted to the STM head in close proximity to the tip. This lens collects the locally
emitted light from the tunnel junction and bundles it into a parallel beam. The radiation shields of the STM have small windows, which are in line with the lens in the
STM and a viewport in the measurement chamber. This makes it possible to directly
couple the light out of the UHV system while keeping the base temperature of the
STM around 6 K. Under ambient conditions, the parallel beam is coupled with the
help of a second lens into a multimode fiber with a core dieter of 250 µm. From there,
it is fed into an Acton Research SpectraPro-300i monochromator, which disperses the
optical beam onto a Si charge coupled device (CCD) camera with 576 × 384 pixels.
The Si CCD is cooled down to 100 K to reduce thermal noise.
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F IGURE 2.16: Optical setup for the detection of STM induced luminescence. The light from the
region of the tunnel junction is parallelized in a lens near the STM head and coupled through a
viewport out of the UHV system. This parallel beam is coupled by a second lens into an optical
fiber, which is connected to a spectrometer. The UHV/air interface is indicated by a dashed
line.

2.7.2

Tip and Sample Preparation

All X-STM measurements in this thesis are performed with self-made tungsten tips.
The tips are obtained by electrochemical etching of polycrystalline tungsten wires
with a purity of 99.97 % and a thickness of 0.25 mm in a 2 molar potassium hydroxide
solution. This method is well established in our group and routinely delivers tips,
which, after in situ baking under UHV conditions, provide atomic resolution on the
{110} surfaces of III-V semiconductors [92, 90].
One of the most crucial steps in X-STM measurements on III-V semiconductors is
the cleavage of the samples, which reveals one of the {110} surfaces. The cleavage
is a highly nonlinear process, which offers limited room for control. This makes it in
practice very challenging to reliably accomplish atomically flat surfaces with low step
concentrations. In our group, X-STM measurements have a long tradition and previous generations of PhD students have provided detailed descriptions of the sample
preparation procedure [92, 90]. Therefore, only the most important preparation steps
are addressed in the following.
Standard as grown III-V samples, which are about 350 µm to 500 µm thick, usually cleave very irregularly. This is attributed to the partial conversion of the strain
energy, which accumulates in the sample before cleavage, into steps and other defects. Therefore, it is important to make the samples as thin as possible. However,
the risk of unintentional cleavages increases with decreasing sample thickness. The
best results are achieved for samples that have been polished down to about 90 µm
to 150 µm. To preserve the epilayers, material is only removed from the back of the
substrate. A short scratch across the sample edge defines the position of the cleavage
plane. The sample is clamped at the side of the scratch into a vice like carrier, which
is customized for in situ cleavages. As the sample carrier is metallic, it can come to
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a Schottky-barrier at the contact points with the sample, which would hinder STM
measurements. To avoid this, ohmic contacts are evaporated on the sample in the
region of the metallic clamps.
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Chapter 3

The Role of Kinetic and
Energetic Processes in the
Formation of (Al,Ga)InP
Quantum Dots by
Self-Assembly
3.1

Introduction

The control of material systems with increasing complexity is one of the pillars on
which advances in semiconductor technology are based. Progress in electronics and
optoelectronics is closely related to the ability to manufacture more and more complex semiconductor heterostructures. Nowadays, self-assembling nanostructures that
utilize kinetic and energetic processes are successfully applied in new material systems. One of those advanced materials is the AlGaInP system [93], which was already
developed in the 80s for lasers that operate at room temperature in the long wavelength part of the visible spectrum [94, 95].
AlGaInP offers the possibility to independently adjust both the band gap and the
lattice constant over a wide range by varying the composition of the group III elements. In addition to that, AlGaInP can be pseudomorphically grown in high quality
on GaAs, to which it is lattice matched for an In concentration of 49 % [51]. All of this
makes AlGaInP a promising host for self-assembled InP-based quantum dots (QDs).
For example, single photon emission has been reported for InP QDs in AlGaInP up
to a maximum temperature of 80 K [96].
However, little is known at atomic length scale about the structure and composition of InP based QDs that are embedded in AlGaInP and the processes during overgrowth. Compared to the well-studied AlGaInAs material system, only a small number of structural studies have been performed on QDs in the AlGaInP system with
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most of them being limited to the investigation of QDs on the growth surface [96,
97]. Such measurements are unable to address the crucial role of the capping process
[98, 99, 100]. A few high-resolution transmission electron microscopy investigations
on InP QDs in GaInP have been performed [101, 102, 103]. These measurements are
limited to the GaInP matrix, an offshoot of AlGaInP, and are unable to clarify the particular material distribution in and around the QDs due to averaging effects. This is
of fundamental interest, since the optoelectronic properties of devices based on these
QDs are determined by the confinement potentials of the QDs.
In order to gain a deeper insight into the mechanisms during growth and overgrowth, the texture of GaInP and AlInP QDs in AlGaInP is studied by cross-sectional
scanning tunneling microscopy (X-STM). In addition, photoluminescence (PL) measurements are performed to evaluate the optical properties of the investigated systems. Based on the complementary X-STM and PL measurements, the processes during the initial QD formation phase and subsequent overgrowth step are qualitatively
discussed both from kinetic and energetic perspectives.

3.2

Sample Growth and Experimental Methods

The QD samples in this study, which were grown by gas-source molecular beam epitaxy (GS-MBE) on GaAs (001) substrates, were provided by V. Baumann from the
Julius-Maximilians-Universität in Würzburg. In a first step, a 150 nm thick GaAs
buffer layer was deposited. The QDs were then embedded between two 50 nm barrier layers of (Al0.3 Ga0.7 )0.51 In0.49 P. The quaternary barrier material was grown in
a quasi-quaternary regime at a substrate temperature of 470◦ C by rapidly alternating deposition of sub-monolayer amounts of Ga0.51 In0.49 P and Al0.51 In0.49 P, both
lattice matched to GaAs. The QDs were fabricated in the Stranski-Krastanov (SK)
growth mode by depositing a total of 4 monolayers of the Ga/AlInP QD material at
a substrate temperature of 470◦ C via three deposition cycles to promote surface migration. Samples with different compositions of the QD material were fabricated,
where the Al and/or Ga content was varied in a wide range. A second layer of
surface QDs was deposited using the same growth conditions on top of the upper
(Al0.3 Ga0.7 )0.51 In0.49 P barrier layer for structural characterization by atomic force microscopy (AFM). A detailed description of the growth procedure is reported elsewhere [97]. Two samples, one with Ga0.1 In0.9 P QDs and the other with Al0.1 In0.9 P
QDs, both with a Ga or Al amount in the intermediate range of nominally 10%, were
selected for X-STM investigation.
The X-STM experiments were performed at a temperature of about 77 K with an
Omicron low-temperature STM under ultra-high vacuum conditions. Polycrystalline
tungsten tips were used, which were electrochemically etched and further refined
inside the STM by Ar-sputtering. All analyzed images were taken in constant current
mode at high negative sample voltages (U ≈ −3 V) on in situ cleaved {110} surfaces
in order to minimize the relevance of electronic effects in topographic X-STM images
[47].
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Additional ensemble photoluminescence (PL) measurements on the QD samples
investigated by X-STM were provided by V. Baumann from the Julius-MaximiliansUniversität Würzburg. The samples were mounted in a helium cooled cryostat and
pumped by a 405 nm diode laser. The obtained luminescence was collected by an objective lens, dispersed by a 50 cm grating monochromator and measured by a liquid
nitrogen cooled charge-coupled device (CCD) camera.

Type A with an In-halo
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AlInP QD
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F IGURE 3.1: Topographic filled state X-STM images showing typical examples of GaInP (a,
c) and AlInP (b, d) QDs embedded in AlGaInP with (a, b) and without (c, d) a surrounding
In-rich halo. All topographs are shown in the same height scale and the [001] growth direction
is indicated by an arrow. Images (a, c, d) are acquired at U = −3.0 V and I = 30 pA, while for
image (b) a sample voltage of U = −3.1 V is used.
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3.3

Structural Properties of the AlInP and GaInP Quantum Dots

In Figs. 3.1 (a, b) topographic filled state X-STM images of typical GaInP and AlInP
QDs are shown. To assess the structural and compositional properties of these QDs,
special tunneling conditions are applied in the X-STM measurements. After cleavage, the built-in strain of the QDs, which are grown in SK growth mode, results in
a deformation of the atomically flat surface [104]. Both the AlInP and GaInP QDs
have a mismatch of 3.2 % with the host. This is due to the almost identical lattice
constants of AlP and GaP [51]. Consequently, the surface relaxation in the AlGaInP
material system is a direct measure of the local In composition. These changes in
the sample morphology, which depend on the In concentration, can be visualized in
STM measurements when tunneling at a high negative sample voltage [47]. The halo
around the QDs in Figs. 3.1 (a, b), which are hereafter referred to as type A QDs, is
thus either associated with an increased In concentration around the QDs or a footprint of a strain field reaching from the QD into the host. To avoid misinterpretations
induced by the randomness of the cleavage plane with respect to the QD positions,
QDs that have a base length below 7.5 nm are left out in this study. Therefore, it can
be excluded that the halos are related to a disadvantageous cleavage through some
QDs where the largest part of the QD is still below the surface.
In both samples, a second class of QDs with a sharp interface to the host is found.
Typical representatives of these type B QDs are shown in the second row of Fig. 3.1.
For better comparability, the QD types A and B from each of the two samples are
presented in the same height scale. About 16 % of all investigated Ga-containing
QDs and 38 % of the AlInP QDs are of class B and have no surrounding halo.

(a)

Type A
Type B

GaInP QDs

0.25
0.20 growth
0.15

Type A
Type B

0.30

AlInP QDs

0.25
0.20 growth
0.15
0.10

0.10
0.05

(b)
z [nm]

z [nm]

0.30

0

5

10

15
x [nm]

20

25

0.05

0

5

10

15
x [nm]

20

25

F IGURE 3.2: Height profiles across both types of GaInP (a) and AlInP (b) QDs from Fig. 3.1.
In both samples, the height profiles of the QDs with a halo (type A) are generally broader and
lower than of the QDs without a halo (type B). The growth direction is indicated by a black
arrow.
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The differences between the two QD types become particularly evident in the
way they affect the relaxed {110} surfaces. In Fig. 3.2, exemplary height profiles
along the growth direction for the QDs shown in Fig. 3.1 are illustrated. The surface
relaxation of the GaInP QDs tends to be larger than at the AlInP QDs. Additionally,
it is striking that for the QDs with a sharp interface (type B), generally higher and
narrower relaxation profiles are found than for the QDs with a halo (type A). This
means the QDs with a halo (type A) have a lower In concentration in their core whilst
having a higher proportion of In atoms in their local surrounding than the type B QDs
with a sharp interface. The height profiles in Fig. 3.2 (a) also show that the In-rich
halo typically extends further above the type A QDs than below.
By comparing in total 65 randomly selected GaInP and 74 AlInP QDs, the relative size distributions of the QDs from the two samples are investigated. Therefore,
the QDs are analyzed with respect to their base length and height. Since charge carriers are only confined to In-rich parts of the QDs, the dimensions of the QD cores
are taken as a measure for the type A QDs. The size distributions derived from the
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F IGURE 3.3: Base length (a) and height (b) distribution of the GaInP (blue) and AlInP (orange)
QDs in AlGaInP. The GaInP QDs are on average both wider and higher than the AlInP QDs.
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X-STM study (see Fig. 3.3) are, as a consequence of the 2D nature of the X-STM measurements, a convolution of the QD dimensions and the random positions of them
relative to the cleavage plane. This tends to lead to a slight underestimation of the
real QD size, even though unrealistically small QDs are not included in the statistical
analysis [105]. The two types of QDs, those with and without a surrounding In-rich
halo (types A and B), cannot be distinguished in the bar charts of Fig. 3.3. It is found
that the QDs in the GaInP sample with an area density of about 2.3 × 1010 cm−2 are
generally larger than the AlInP QDs which are twice as dense (5.0 × 1010 cm−2 ). This
is in good agreement with the reported trend for the size ratio of the surface GaInP
and AlInP QDs from the same sample set, which have been studied in Ref. [97] by
AFM, and also explains the higher relaxation profiles of the GaInP QDs compared to
the AlInP QDs in Fig. 3.2. Larger QDs are more stained than smaller ones, which
gives rise to a stronger deformation of the the relaxed surface. Compared to the surface QDs, the base length of the overgrown GaInP and AlInP QDs is on average half
as long. The size difference between the capped and uncapped QDs is too large to be
solely an artifact of the randomness of the cleavage plane in the X-STM measurement
or the size reduction of QDs often observed during overgrowth [98, 99, 100]. Therefore, we attribute the significant deviations between the base length of the surface
and overthrown QDs to the finite size of the AFM tip, which has typically a radius
between 20 nm and 30 nm. This has the effect that protruding objects of similar size
to the AFM tip, such as the surface QDs, appear wider than they are in reality, while
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F IGURE 3.4: Topographic filled state X-STM images of the GaInP (a) and AlInP (b) WLs in
AlGaInP. The AlInP WL is pronounced whereas the GaInP WL is almost completely absent.
Indentations at the sides of the images mark the positions of the WLs and an arrow indicates
the [001] growth direction. Image (a) is acquired at U = −2.9 V and I = 60 pA, while image
(b) is obtained at U = −3.0 V and I = 30 pA.
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the height is measured correctly. In the case of the GaInP QD sample, the average
heights of the surface and overgrown QDs are comparable. In contrast, the AlInP
QDs on the surface appear to be lower than the overgrown QDs. This reflects the
differences between the wetting layers (WLs) in the Ga/AlInP QD samples, as illustrated Fig. 3.4. During the growth of the AlInP QDs a pronounced WL is formed,
which is almost completely absent in the sample with the GaInP QDs. Unlike in the
X-STM measurement, the WL height is not included in the QD heights determined
by the AFM measurement.

3.4

Photoluminescence from the AlInP and GaInP Quantum Dots

In order to get access to the optical properties of the GaInP and AlInP QDs studied in the X-STM measurements, ensemble PL measurements are performed. Lowtemperature PL spectra of the same samples as used for the X-STM measurements
are presented in Fig. 3.5. The emission maximum of the GaInP QD ensemble is redshifted by about 70 meV with respect to the AlInP QD ensemble. However, the bulk
band gaps of Ga0.1 In0.9 P and Al0.1 In0.9 P, which are used for the QD growth, differ by
180 meV. In both QD systems, asymmetric spectra are observed, which can be fitted
by two Gaussians. This indicates two classes of optically active QDs, which is in good
agreement with the observation of an In-halo around some of the QDs in the X-STM
measurement. Further support for this interpretation is given by temperature- and
time-resolved PL measurements, where typical signatures for the release and recapturing of charge cherries between QDs with small and large confinement potentials
are found [97].

(a)

GaInP

7
6
5
4
3
2
1
0

8

Intensity [arb. units]

Intensity [arb. units]

8

(b)

AlInP

7
6
5
4
3
2
1

1.60 1.65 1.70 1.75 1.80 1.85 1.90 1.95
Energy [eV]

0

1.65 1.70 1.75 1.80 1.85 1.90 1.95 2.00
Energy [eV]

F IGURE 3.5: Ensemble PL spectra of the GaInP (a) and AlInP (b) QDs in AlGaInP measured at
20 K by V. Baumann from the Julius-Maximilians-Universität Würzburg. Both the Ga/AlInP
QDs systems show an asymmetric emission spectrum, which is fitted by two Gaussians (black).
The QDs are exited at a wavelength of 405 nm with a power of 15 µW.
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3.5

Processes during the Quantum Dot Formation and
Overgrowth

In the following paragraph the differences in the formation of the GaInP and AlInP
QDs are discussed. Here, the processes during nucleation and the subsequent growth
of the QDs are considered independently, as proposed in Refs. [106, 107]. Special
attention is paid to the influence of the Ga and Al atoms on the QD size and WL
thickness. Additionally, the overgrowth of the QDs with an AlGaInP cap and the
formation of In-rich halos around some of the QDs are discussed.

3.5.1

Nucleation of the Quantum Dots

Growth kinetics play a crucial role in the initial nucleation phase, which becomes evident in the strong dependence of the QD density on the growth temperature [108,
109, 110]. This can be understood in terms of a simple model [111] which suggests
that after nucleation the QDs attract adatoms in their surroundings. This implies that
new QDs can only nucleate outside the accumulation regions of the already existing
QDs. The extensions of these accumulation zones around the QDs, which determine
the QD density, are closely related to the mobility of the adatoms on the surface.
The investigated samples are grown under group V-rich conditions, which means
the supply of the group III elements determines the growth rate. The kinetic properties of the cations in the AlGaInP material system can be addressed by looking at
the strength of the atomic bonds in a semiconductor crystal. In a zero order approximation, the binding energy is a measure for the surface diffusion barrier and thus for
the surface mobility. The binding energy decreases from AlP over GaP to InP [112],
which implies that at the same growth conditions an increasing cation mobility from
Al to Ga and In is expected [113]. As a consequence of this, it can be understood
that in a ternary phosphide QD system the number of nucleation centers, and with it
the QD density, is determined by the group III element with the lowest surface diffusion length [111]. In the case of the investigated Ga/AlInP QDs, the Ga and the Al
atoms are the cations with the lowest surface mobility, which explains the higher QD
density in the Al-containing QDs compared to the Ga-containing QDs [97].

3.5.2

Growth of the Quantum Dots

In the following growth phase the QD nuclei expand until their equilibrium size is
reached. In a generic model, the energetically favorable QD size depends on the
competition between the profit in surface free energy when continuing the 2D film
growth and the gain in elastic energy at the cost of an increased surface due to the
3D QD formation [106, 107]. A higher elastic energy density, as expected for AlInP
than for GaInP, results in this model in an earlier transition to the QD growth in AlInP than in GaInP. Here, the change in surface free energy of the film plays a more
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important role than the elastic energy. This is because the surface free energy develops exponentially with the film thickness [114, 115] whereas the elastic energy has
a linear dependency on it [116]. At the atomic scale the surface free energy is defined by the energy of the dangling bonds, which gives rise to a higher surface free
energy in AlInP with respect to GaInP [117]. This means the gain in surface free energy when continuing the 2D film growth is less in AlInP than in GaInP. Therefore,
similar to the conclusion drawn from the elastic properties, an earlier transition to
the QD growth in AlInP than in GaInP is expected. On the contrary, for the formation of the Al-containing QDs a higher surface free energy has to be paid than for the
GaInP QDs, which leads to a later transition to the QD growth mode in the AlInP
layer compared to GaInP. Similarly, the density of QDs in the AlInP system is higher
than in the GaInP system. This means the increase in the surface due to QD formation
is larger for the AlInP QDs than for the GaInP QDs. Therefore, a later transition to
the three-dimensional QD growth is expected for ALInP than for GaInP. Bigger QDs
imply that for a constant amount of deposited QD material less material is left over
in the WL. This is in accordance with the smaller WL magnitude found for the GaInP
QD sample in comparison to the AlInP QD sample (see Fig. 3.4).

3.5.3

Capping of the Quantum Dots

After the QD growth the subsequent capping process has a significant influence on
the final QD properties. In the past, we and other groups have shown that large QDs
are less stable during overgrowth than small QDs [118, 98, 119, 99, 100]. In view
of this, the observation of In-rich halos around some of the overgrown GaInP and
AlInP QDs seems to be related to the wide spread in the QD sizes, which is reported
in Ref. [97] for the uncapped surface QDs from the same samples. We propose that
mainly the large GaInP and AlInP QDs are eroded during overgrowth, which leads
to a size reduction in combination with the formation of an In-rich halo (type A). In
contrast, the smaller QDs are less affected by the capping process and their interface
with the surrounding AlGaInP matrix stays intact (type B). This mechanism is in
good agreement with the observation that the AlInP QDs are less often surrounded
by an In-rich halo than the on average larger GaInP QDs. In addition, some of the
QDs with an In-halo have an inhomogeneous In distribution in their core. In these
QDs, the In-halos are weakest at those regions, where the In content in the QD core is
largest. This gives further support to the argument that an erosive process during the
QD overgrowth is at the origin of the In-halo formation. Similarly, the STM height
profiles across the GaInP and AlInP QDs with a sharp interface to the surrounding
AlGaInP matrix (type B) are usually higher and narrower than at the QDs with a
surrounding In-halo (type A), which can be seen in Fig. 3.2. These differences in the
surface relaxation between the type A and B QDs further support our interpretation
that the In-halo formation is related to a material exchange between the QD and the
AlGaInP matrix.
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As a result of the capping, the In content declines in the QD and increases in its
direct surrounding. It can be expected that during the QD erosion not only In is
transported out of the QD but also that Al and/or Ga from the surrounding matrix
is incorporated in the GaInP and AlInP QDs. In fact, the non-negligible role of In-Ga
and In-Al intermixing has been shown in earlier experiments on arsenides [120, 121].
Changes in the Al and Ga content of the QDs, as a consequence of the almost identical
lattice constants of AlP and GaP, cannot be extracted from the X-STM measurements
(see Fig. 2.12). Indications for an assimilation of the compositions in the AlInP and
GaInP QDs are given by the PL measurements. The PL emission maxima of the GaInP
and AlInP QD ensembles lie 70 meV apart from each other, while the bulk band gaps
of these two systems differ by 180 meV. The larger quantization in the smaller AlInP
QDs compared to the GaInP QDs is supposed to give rise to an additional blue shift
with respect to the band gap difference of 180 meV. Instead, we see a smaller PL shift
between the two QD systems than expected for their bulk band gaps. Therefore, it
must be concluded that the GaInP and AlInP are intermixed with the AlGaInP matrix,
which leads to more comparable emissions from the two systems. Differences in the
effective masses between the AlInP and GaInP QDs, which both consist to about 90 %
of InP, are considered to be negligible.
The In-rich halos (type A) extend further into the capping layer than they reach
below the QD base. This shows that different process are involved in the In-halo
formation above and below the QDs. Above the WL various processes, such as dot
erosion, interdiffusion, and surface segregation have to be taken into account. The
part of the In-halo below the QDs, however, can only be attributed to bulk In-Al and
In-Ga interdiffusion, which is less efficient than the material transport mechanisms
on the surface.

3.6

Conclusion

In summary, GaInP and AlInP QDs surrounded by an AlGaInP barrier have been
studied. These systems, which have the same lattice mismatch to the host, were analyzed with respect to their structural and optical properties. The AlInP QDs are found
to be smaller with a more pronounced WL than the GaInP QDs. This is associated
with kinetic and energetic differences between the AlInP and GaInP alloys. Additionally, in both material systems the formation of QDs with (type A) and without
(type B) a surrounding In-halo is observed. This is in accordance to PL measurements, which indicate a bimodal distribution of optically active QDs. The formation
of the two QD types, A and B, is a consequence of the large inhomogeneity in the QD
dimensions seen at the uncapped surface QDs. During capping, these irregularities
in the QD extensions are partially balanced out by a selective erosion of the larger
QDs. By intermixing with the host material, this erosive process, which is accompanied by the formation of an In-halo, makes the compositions of the GaInP and AlInP
QDs more comparable.
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Chapter 4

Incorporation of Bi Atoms in InP
Studied at the Atomic Scale
4.1

Introduction

Highly mismatched Bi-containing III-V semiconductors have attracted a lot of attention due to their unusual optical and electronic properties [60, 62, 122, 20]. However,
state of the art dilute III-V-bismides still suffer, despite their strong innovative potential, from a number of problems which are related to short ranged ordering and
defect formation. There is a strong need for non-averaging techniques that can address these imperfections in real space at the atomic level. We propose cross-sectional
scanning tunneling microscopy (X-STM) as an ideal tool to meet this challenge.
Until now, most experimental studies of the molecular beam epitaxy (MBE) growth
of highly mismatched III-V-bismides, such as GaAs1−x Bix [123, 124], InAs1−x Bix
[125, 126], and InP1−x Bix [23, 20, 127], are limited to the improvement of the growth
conditions and the optical characterization of their material properties. In contrast
to other highly mismatched III-V-bismides, which are grown at low temperatures by
MBE, InP doped with Bi shows additional strong optical transitions at lower energies than the commonly observed band to band transitions [23, 20, 21]. Deep level
transient spectroscopy (DLTS) measurements have suggested that this is related to Bi
clustering [24].
The few structural studies which investigate the microscopic properties of bismides are solely limited to Bi doped GaAs. These investigations are based on averaging techniques such as scanning transmission electron microscopy (STEM) and
extended X-ray absorption fine-structure spectroscopy (EXAFS) measurements [22,
128], which by definition cannot entirely grasp the structural characteristics of bismides at the atomic level. In contrast, X-STM can be used to determine the local
atomic structure.
In this chapter, the incorporation of Bi in InP based bulk layers and quantum wells
(QWs) is studied. First, the main Bi related features are identified by comparing high
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resolution filled and empty state X-STM images with complementary density functional theory (DFT) calculations. Based on this classification, the arrangement of the
Bi atoms relative to each other is investigated. Thereafter, the structural properties of
InP1−x Bix /InP QW interferences are studied. Finally, the formation of crystal defects
during the growth of InP with small amounts of Bi is discussed.

4.2
4.2.1

Experimental and Computational Methods
Growth of the Bi Doped InP Samples

In this study, two Bi doped InP samples A and B were analyzed by X-STM, which
were provided by the group of Prof. Shumin Wang from the Shanghai Institute of
Microsystem and Information Technology. The investigated samples A and B were
grown on semi-insulating and n-type InP (001) substrates, respectively, by V90 gas
source MBE. Elementary In and Bi fluxes were controlled by adjusting respective
effusion cell temperatures. P2 was cracked from phosphine at 1000 ◦ C. Both the
substrate and cell temperature were measured by thermocouples.
For sample A, the substrate was deoxidized at 545 ◦ C before growth and the complete desorption of the oxide layer was determined by a sharp transition of the reflection high energy electron diffraction (RHEED) to (2 × 4) pattern. Then the growth
temperature was decreased to 495 ◦ C to deposit an undoped InP buffer layer with
a thickness of 75 nm under a fixed PH3 pressure of 630 Torr. After that, the PH3
pressure was decreased to 350 Torr and a 420 nm thick InP1−x Bix film (F 1) wit a Bi
concentration of 1.2 % was grown at 345 ◦ C.
For sample B, after oxide desorption at 473 ◦ C, a 250 nm InP buffer layer was
first grown at 423 ◦ C and the PH3 pressure was fixed at 630 Torr. The substrate
temperature and PH3 pressure were then dropped to 256 ◦ C and 350 Torr for the
growth of three sections of InP1−x Bix /InP QWs with Bi concentrations of 0.1 % (QW
1), 0.5 % (QW 2), and 1.0 % (QW 3). Every section consisted of three identical 15 nm
InP1−x Bix QWs which were separated by 20 nm InP barriers. Between these groups,
100 nm InP spacer layers were grown. At the end of the growth, a 50 nm undoped InP
layer was deposited followed by a 150 nm InP1−x Bix film (F 2) with a Bi concentration
of 2.4 %.

4.2.2

Details on the Scanning Tunneling Microscopy Measurements

The X-STM measurement on sample A was performed at room temperature in an
Omicron STM-1 and the work on sample B was carried out at 5 K in an Omicron low
temperature STM. The samples were cleaved in situ at pressures below 4×10−11 mbar,
revealing clean and atomically flat {110} surfaces. In both systems electrochemically
etched polycrystalline tungsten tips were used. Both InP1−x Bix samples were studied
in constant current mode over a wide range of sample voltages. Filled state X-STM
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images were taken at voltages ranging from −1.9 V to −2.8 V, while empty state
images were acquired between 1.5 V and 2.4 V.

4.2.3

Simulation of Scanning Tunneling Microscopy Images

DFT calculations were performed within the local density approximation using the
ABINIT software package [76, 77] and the Fritz-Haber-Institute (FHI) norm-conserving pseudopotentials [75] by M. Roy and P. A. Maksym at the University of Leicester.
126 atom supercells with a 3 × 3 surface periodicity were used, with a cut off
energy for the plane wave basis set, Ecut , of 30 Ry and a 4 × 4 × 1 k-grid [74]. The
supercells were separated by a 12 Å vacuum gap and the system was allowed to fully
relax with a tolerance on the forces of 1 × 10−4 hartrees per bohr.
After relaxation, constant height STM images were calculated using the local density of states (LDOS) of the system following the Tersoff-Hamann model [42, 41].
This is based on the Bardeen theory of tunneling [43] and gives the tunneling current
I(U, rT ) in the form
Z EBE +eU
I(U, rT ) ∝
ρS (rT , E)dE,
(4.1)
EBE

where ρLDOS is the local density of states, EBE is the band edge energy, U is the applied
voltage, and rT is the position of the tip. For filled state imaging we took EBE to be
the energy of the highest occupied state and for empty state imaging we took EBE to
be the energy of the lowest unoccupied state. U is +1 eV for empty state imaging and
−1 eV for filled state imaging. In all our calculations we took the tip position, rT , to
be 4 Å above the position of the unperturbed surface P atoms.
Tests on the convergence of the DFT calculations are described in section A.1 of
appendix A.

4.3
4.3.1

Results and Discussion
Classification of the Main Bi Related Features

So far, the appearance of individual Bi atoms in X-STM measurements on cleaved
{110} surfaces of III-V semiconductors and the underlying contrast mechanism have
not been properly addressed. This leads us first to a discussion of the most common
Bi related features, which are found in our X-STM measurements. For this purpose,
QW 2 in sample B with an intended Bi concentration of 0.5 % is suited best. In QW 2
the Bi concentration is low enough to ensure that the Bi atoms are well separated and
high enough to warrant that enough Bi atoms can be found in an atomically resolved
X-STM image. Figure 4.1 shows atomically resolved filled state (a) and empty state
(b) images of the same area of QW 2. Filled state and empty state imaging is essential
to get a complete picture of the atomic structure of the Bi related features. Normally,
empty group III related states are addressed at a positive sample voltage while at a
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F IGURE 4.1: High resolution filled (a) and empty state (b) X-STM images showing the main Bi
related features. Both images are taken from the same area of QW 2 in sample B using a tunnel
current set-point of I = 30 pA. The sample voltages are indicated in the upper right corners of
the large images. The color scales of images (a, b) are independently adjusted for best visibility.
Three different classes of features (0, 1, 2) related to Bi atoms down to the second layer below
the cleavage plane are identified. Magnified portions of the areas highlighted by the circles are
shown to the right of (a) and (b) in boxes with correspondingly colored frames and numbering.
All magnifications are shown in the same color scale. The dark contrast, marked with a white
circle, is related to an In vacancy (VIn ). The growth direction is indicated by an arrow in (b).
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negative sample voltage contributions of the filled group V related states are dominant [69]. The blue background in Figure 4.1 corresponds, depending on the applied
sample bias, to the corrugation of the P and In atoms of the InP matrix. A few crystal
defects (see white circles) are also observed, which are further discussed in section
4.3.4. The various localized bright features, as highlighted by green, orange, and blue
circles, are related to three different classes (0, 1, 2) of isovalent Bi atoms on substitutional P sites (BiP ). Classes (0, 1, 2) are on average found equally often in the X-STM
measurements. The investigated samples are grown under group V-rich conditions.
In this regime, Bi is preferentially incorporated on group V lattice sites as an isovalent
impurity [23].
The brightest atomic-like features, whose maxima coincide in the filled state XSTM image of Fig. 4.1 (a) with regular lattice sites of the P corrugation, are referred to
as class (0). In contrast to the atomic structures in class (0), class (1) is characterized
by much weaker features, which cover a rectangle of four P corrugation maxima in
the surface. The elements of class (2) are again located on a single atomic position of
the P corrugation, but less bright than class (0).
In the corresponding empty state X-STM image, which is shown in Fig. 4.1 (b),
the appearance of class (0) is barely changed. However, the center of these features
lies here between the In corrugation, while in filled state images it falls on a corrugation maximum of the P sublattice. Interestingly, the situation is different for class
(1), which, in filled state images, covers four P corrugation maxima. In empty state
images, class (1) is mainly localized on a single maximum of the In corrugation and
appears brighter than before. Class (2), which is in filled state images atomic-like, behaves in the opposite way to class (1). In empty state images, class (2) is distributed
over several In sites, which leads to a reduced contrast.
The height changes of the STM tip originate in electronic and topographic effects,
which are hard to quantify experimentally. This makes it difficult to clarify the origin
of these three Bi related classes solely based on experimental observations. Therefore, we performed first-principles DFT calculations for isovalent BiP atoms in the
first three (110) planes of an InP slab. Details of the simulation parameters and convergence tests are given in section 4.2.3 and A.1 of the appendix A. In the first row
of Fig. 4.2, energy integrated LDOS maps of the filled VB states, which represent the
group V sublattice, are shown for Bi atoms down to the second layer below the (110)
surface. The second row represents the energy integrated LDOS maps of the empty
CB states, which are associated with the group III sublattice. Because of the inverse
exponential dependence of the tunnel current on the tip-sample distance in the experiment, the integrated LDOS maps, which are proportional to the tunnel current,
are presented in a logarithmic scale. A side view of the underlying (110) surface is
provided in the third row. The distorted lattice sites are given by colored disks and
their unperturbed positions are marked by empty circles. The (110) surface of the
pure InP slab, which serves as origin for the z-scale in the ball-and-stick diagrams, is
indicated by a dashed line.
The DFT calculation shows that a BiP atom in the surface [layer (0)] relaxes as
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F IGURE 4.2: Simulated X-STM images for isovalent BiP atoms down to the second layer below the InP (110) surface. The energy integrated LDOS maps of the filled VB states (a, b, c)
and empty CB states (d, e, f), which are extracted at a constant height of 4 Å, are plotted in a
logarithmic scale. The Bi positions are indicated by a green dot. Below the simulated X-STM
images, the side views of the relaxed InP (110) surfaces are shown. In the ball-and-stick plots,
the In, P, and Bi atoms are represented by red, blue, and green disks, respectively. The unperturbed lattice positions are marked by empty circles and the position of the (110) surface is
indicated by a dashed line.

a consequence of its large effective size compared to a P atom and occupies a position where it stands out of the surrounding relaxed surface [Fig. 3.5 (g)]. In the
energy integrated LDOS maps, the vertical displacement of the Bi atom gives rise to
an atomic-like feature, which is located on the group V corrugation or between the
group III corrugation [Figs. 4.2 (a, d)]. This pattern is in good agreement to class (0)
in Fig. 4.1.
In layer (1), a Bi atom bonds to four P atoms in the surface [Fig. 4.2 (h)], which
experience only a weak displacement out the surface plane. Furthermore, the DFT
calculation points towards a symmetry breaking along the [001] direction, which is
induced by the geometry of the relaxed (110) surface. In this way, one of the two pairs
of P atoms which are oriented along the [11̄0] direction is shifted less upwards than
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the other P pair [Fig. 4.2 (h)]. These modifications of the surface are in good agreement with the slight asymmetry of the dumbbell-like structures of class (1), which
are observed in experimental filled state X-STM images [Fig. 4.1 (a)]. However, the
contrast in the energy integrated LDOS map of the filled VB states [Fig. 4.2 (b)] is not
as pronounced as in the experiment. This suggests the model has minor deficiencies,
which become particularly evident at weaker features. Unlike four P atoms, only one
In atom in the surface is shifted into a higher z-position [Fig. 4.2 (h)]. The displacement of the In atom along the z-axis is stronger than for the four P atoms. This gives
rise to a pronounced point-like contrast in the energy integrated LDOS map of the
empty CB states [Fig. 3.5 (e)], which is in good agreement to experimental images of
class (1) at positive voltages [Fig. 4.1 (b)].
For a Bi atom in the second plane below the surface [layer (2)], primarily one P
atom in the cleavage plane is affected, which relaxes into a higher z-position [Fig.
4.2 (i)]. This displacement is weaker than for a Bi atom in the surface. Accordingly,
we get in the energy integrated LDOS map of the filled CB states a second atomiclike feature [Fig. 4.2 (c)], which is less pronounced than in the first case. The In
atoms in the surface are hardly shifted into a higher z-position by the second layer Bi
atom. Therefore, the contrast is weakened in the energy integrated LDOS map of the
empty CB states [Fig. 4.2 (f)]. This is consistent with the behavior of class (2) in the
experimental X-STM images (Fig. 4.1).
Even though experiment and calculation are in good qualitative agreement, there
are some differences between them. This can have many possible causes. For instance, the tip has in the experiment its own electronic structure, which also affects
the tunnel current. However, at a fixed sample voltage the contributions from the
tip are always the same. Therefore, it is primarily the changes in the LDOS of the
sample, which dominates the local variations of the tunnel current in an STM image.
Another important factor is the electric field, which is applied between tip and sample. In particular, the low charge density of semiconducting samples causes a part of
the electric field to drop off in the sample. This effect is known as tip-induced band
bending (TIBB), which mainly affects the energy scale in X-STM measurements [129].
Therefore, the TIBB is more important for the interpretation of tunneling spectra than
for the general discussion of X-STM images under normal conditions. In addition, it
has to be taken into account that states closer to the Fermi energy of the source electrode are weighted stronger than deeper ones. This is especially relevant at the high
voltages, which are needed for measurements on semiconductors. Apart from that,
the electric field can also deform the surface states of the sample and tip, which is
very difficult to quantify [130]. Therefore, the modification of the states in the tunnel
junction by the applied bias is often neglected in simulated STM images.
Nevertheless, the DFT calculations allow for a better understanding of the origin
of the different Bi related classes as they provide a link between the X-STM images
and the geometry of the (110) surface. At high sample voltages, the contrast of Bi
atoms in the first three InP {110} surface layers, classes (0, 1, 2), goes primarily back
to structural modifications of the relaxed surface. Electronic effects appear to be less
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important. Bi is the largest stable group V element and contrasts similar to those
shown in Fig. 4.1 can be expected for Bi atoms in the first three {110} layers of any
binary III-V semiconductor with a zinc-blende structure. However, the strength of
the three classes (0, 1, 2) of Bi related contrasts is supposed to decrease in alloys with
larger anions, which may cause difficulties in the recognition of Bi related features in
antimonides. This geometrical interpretation can be seen as an experimental confirmation and extension of the theoretical work of Tilley et al. in Ref. [74] on the structural modification of the GaAs (110) surface by isovalent dopants from groups III and
V. There, it has been shown that the relaxed position of isovalent impurities in the
(110) surface depends on the effective size of the involved elements. Bigger/smaller
atoms than the ones they are replacing relax into a position above/below the surface,
which leads to atomic-like bright/dark contrasts in STM measurements.

4.3.2

Self Organized Bi Pair and Cluster Formation

For a better understanding of the unusually strong sub band gap photoluminescence
of Bi doped InP, which is proposed to be related to inhomogeneities in the Bi distribution [23, 20, 21, 24], knowledge about the local arrangement of Bi atoms relative to
each other is highly desirable. To explore this topic, two Bi doped InP bulk films F
1 and F 2 with intended Bi contents of 1.2 % and 2.4 % are investigated. In the following, only BiP atoms in the {110} surfaces are considered because they are easily
distinguishable from Bi atoms in deeper layers or any other non Bi related objects
(e.g. adsorbents or unintended dopants).
To quantitatively assess the relative spatial ordering of the Bi atoms in the surface
plane of films F 1 and F 2 in Figure 4.3, the two dimensional pair correlation function
(PCF) for homogenous and isotropic systems
1
g(r) =
2πN ρ0

*

+
N
1X
δ(r − rij )
r

(4.2)

i6=j

is used [131]. The PCF gives a measure of the probability of finding a particle at a
distance r from any other given particle. In equation 4.2, rij is the distance between
particles i and j, ρ0 is the average area number density, and N is the number of reference particles. A detailed description of the calculation of the PCF and the treatment
of edge effects, which originate in the finite nature of the experimental data, is provided in section A.2 of appendix A
The PCFs in Figs. 4.3 (c, d) of films F 1 and F 2, which are shown in Figs 4.3 (a,
b), are determined up to a maximum range of R = 15 nm with a sampling interval
of dr = 1.5 Å. At smaller sampling intervals the statistics of the calculated PCFs at
short distances would become too poor to be meaningful. Below the spacing of a first
√
nearest neighbor anion pair in the (110) plane of aInP / 2, where aInP = 5.86 Å is the
lattice constant of InP at 5 K, no other Bi atoms can be found and the PCFs approach
zero. In the range from 3 nm to 15 nm the convergence of the PCFs to unity indicates
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F IGURE 4.3: Spatial distribution of the Bi atoms in the surface layer of films F 1 and F 2 with
intended Bi concentrations of 1.2 % and 2.4 %. The filled state X-STM images of F 1 (a) and F 2
(b) are taken at U = −2.5 V and U = −2.6 V using a tunnel current set-point of I = 40 pA. The
color functions of both topographs (a, b) are independently scaled for best visibility of the Bi
atoms in the surface. First, second, third, fourth, and sixth nearest neighbor pairs are marked
with gray, green, orange, purple, and blue circles in (b). Bi clusters are indicated by white
dotted circles and potential BiIn antisites are highlighted with white dashed circles. Below the
X-STM images (a, b) the corresponding PCFs of the Bi atoms in the surface layer are shown (c,
d), which are calculated with a sampling interval of dr = 1.5 Å.

a completely spatially random pattern (CSRP) of the Bi atoms. Interestingly, on the
short range there is a significantly increased probability of finding Bi atoms close
to each other in both films F 1 and F 2. In particular, the probability of finding Bi
atoms in film F 1 with a spacing of (6.8 ± 0.8) Å is (3.9 ± 0.7) times and in film F
2 with a spacing of (5.3 ± 0.8) Å is (4.4 ± 0.6) times higher than for a CSRP. The
region associated with an enhanced probability of another Bi atom close by extends
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on average up to pair spacings of (9.8 ± 1.0) Å. At intermediate distances between
1 nm and 2 nm the PCF of film F 1 appears to oscillate in contrast to film F 2. We
attribute these fluctuations to statistical noise, which is expected to be larger for film
F 1 than for film F 2 because the Bi concentration in film F 2 is twice as high as in
film F 1. This becomes particularly apparent at small radii, where the probability of
finding a certain amount of Bi atoms in the fixed sampling interval is lower than for
larger distances.
The radial resolution, dr = 1.5 Å, of the PCFs in Fig. 4.3 lies in the range of the
length difference, ∆rn = rn+1 − rn , between two successive n-th and (n + 1)-th Bi
pairs. Here, rn is the separation of the Bi atoms of the n-th nearest neighbor pair. For
instance, first and second nearest neighbor pairs can just be resolved with a length
difference of ∆r = 1.7 Å. However, the length difference between any other n-th and
(n + 1)-th Bi -pairs can no longer be distinguished. Examples of the five closest n-th
Bi-pairs with n = 1, 2, 3, 4, 6 are highlighted in Fig. 4.3 (b) with solid circles. The fifth
nearest neighbor pair is not accessible in the {110} surfaces.
A different approach is needed to further evaluate the short range ordering in
film F 2 of sample B at the atomic level. Therefore, we determine the exact lattice
positions of Bi atoms in the cleavage plane relative to each other on a maximum
length scale of up to two lattice constants, (i, j), along the h11̄0i and h001̄i directions.
This is done for a much larger region of (10.3 ± 0.2) × 103 nm2 than in Figure 4.3
(b). The experimental findings are compared to computationally generated CSRPs
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F IGURE 4.4: Relative occurrence distribution, pi,j , of neighboring Bi atoms in the {110} surface
planes with a separation of up to two vertical and horizontal lattice constants from their partner
in the left corner at the bottom. The statistics are based on a (10.3 ± 0.2) × 103 nm2 large
area of Film F 2 in sample B. The color of the lattice sites represents the experimentally found
populations relative to a computationally generated CSRP. Additionally, the exact values and
errors are given above the grid positions. The orientation of the five closest n-th Bi-pairs in the
(110) cleavage plane with n = 1, 2, 3, 4, 6 is illustrated by arrows.
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with the same size and particle density as in the experiment. This results in a relative
occurrence, pi,j , which gives a measure for the probability of finding additional Bi
atoms on neighboring lattice sites. A detailed description of this analysis is provided
in section A.3 of appendix A. The results are summarized in Figure 4.4, where the
relative occurrence of neighboring Bi atoms in the (110) surface, pi,j , is displayed
on a 3 × 3 lattice sites wide grid. In the lower left corner lies the reference position.
Experiment and simulation are always the same at this point, which leads to a relative
occurrence, p0,0 , of one. It is clear that there is an enhanced probability of finding a
second Bi atom in the neighboring shell on adjacent first and second nearest neighbor
positions. Occupation of first nearest neighbor sites with a relative occurrence of
(3.9 ± 0.2) is strongly favorable. Second nearest neighbor positions are less favorable
[relative occurrence of (1.3 ± 0.2)]. This agrees with the frequent observation of first
nearest neighbor Bi-pairs in films F 1 and F 2 [see gray circle in Figure 4.3 (b)].
A visual assessment of film F 2 in Fig. 4.3 (b) shows in addition to Bi pairing the
formation of small Bi clusters, which is supported by the atomically resolved occurrence distribution in Fig. 4.4. The individual atoms in these pairs and clusters lie
on regular group V lattice sites and are of comparable height to isolated Bi atoms in
the surface, confirming that they are Bi related. In addition, identical pair and cluster geometries are found for Bi atoms in the second layer below the surface, which
excludes a cleavage related origin. Commonly observed Bi clusters consist mainly of
a first nearest neighbor pair and an additional Bi atom, which results in the triangular, kinked, and linear configurations shown in Fig. 4.5. This suggests a connection
with the strong trend towards first nearest neighbor Bi pairing. Similarly, among
the three different trimer configurations, linear arrangements are more often found
than triangular and kinked geometries. Clusters with more than 4 Bi atoms are rarely
observed.
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F IGURE 4.5: Filled state X-STM images of commonly observed Bi cluster geometries, where
the Bi atoms are arranged in triangular (a), kinked (b), and linear (c) configurations. All topographs, which are taken at U = −2.5 V and I = 40 pA, are presented in the same color
range.
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Our measurements confirm the formation of Bi pairs and small Bi clusters in
InP1−x Bix grown at low temperatures, which were suggested in recent photoluminescence and DLTS studies on InP1−x Bix form the same reactor [23, 20, 21, 24]. This
further illustrates the importance of the spatial Bi distribution in dilute bismides.
Pairs and clusters of Bi atoms disturb the lattice more than single Bi atoms, which
potentially gives rise to additional states in the band gap near the valence band edge
[21, 24, 122]. Configurational and environmental disorder are expected to broaden
the states related to these arrangements of more than one Bi atom [132].
In STEM experiments on Bi doped GaAs, areas with high probability for Bi clustering are identified [22]. The two-dimensional information provided in STEM studies represents, however, an average over the lamella thickness. Enhanced Bi concentrations in neighboring atomic columns do not directly prove that Bi clustering occurs. The Bi atoms in neighboring columns must not inevitably lie at the same depth
in the lamella. EXAFS studies on Bi doped GaAs show, consistent with our observations, indications for pairing and clustering of Bi atoms [128]. However, in the EXAFS
investigation solely an enhanced trend towards first nearest neighbor Bi paring is reported, while here an enhanced occupation of neighboring sites beyond that level is
found. Another difference lies in the wide range of Bi cluster configurations found in
the present work, which is more realistic than the solely tetrahedral arrangements of
4 first nearest neighbor Bi pairs suggested by the EXAFS measurements.
There are indications for a possible connection between the atomic structure of
the growth surface and the formation of Bi pairs and clusters. For instance, Bi has an
extraordinarily strong tendency to segregate towards the surface. On the surface, Bi
is poorly incorporated into the crystal and acts as a surfactant [133]. This can also lead
to unintentional droplet formation [134]. One can imagine links between Bi induced
surface reconstructions and the enhanced tendency towards first nearest neighbor
pairing [135]. For instance, the CuPtB ordering in highly doped GaAs1−x Bix was
attributed to the dimerization of surface atoms [136].

4.3.3

Bi surface segregation in InP

From an application oriented point of view, the behavior of Bi during growth is of
large significance both on experimental and industrial levels. In particular, the fabrication of high quality heterostructure interfaces is important. In order to address
this, QW 3 in sample B with an intended Bi content of 1 % is investigated over a total
length of about 250 nm.
From the X-STM image in Fig. 4.6 (a), which represents a small part of the studied
area (35 × 35 nm2 ), it is hard to define directly the position of the interfaces for QW 3.
The situation in the corresponding Bi concentration profile of Fig. 4.6 (b), which summarizes the data of the overall investigated QW region, is clearer. The Bi distribution
across QW 3, which is derived by counting the Bi atoms of classes (0) and (2) shows
hardly any Bi background in the InP barriers. However, at the beginning of the QW
growth there is a non-linear rise of the Bi content, yet at the end a decaying drop of
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F IGURE 4.6: Bi segregation at the interfaces of QW 3 in sample B with an intended Bi concentration of 1 %. A filled state X-STM image of QW 3, which is taken at U = −2.5 V and
I = 40 pA, is shown in (a). The Bi concentration profile (b) is extracted from a 250 nm long
section of QW 3 by counting the Bi atoms of classes (0) and (2). Additionally, the Bi distribution
in the QW is fitted by Muarki’s segregation model [137]. The growth direction is indicated by
an arrow.

the Bi concentration is found. This behavior gives clear evidence for Bi segregation
despite the kinetically limited growth conditions.
More specifically, the extraordinary tendency of Bi towards surface segregation,
which has to be seen in direct connection with the poor solubility of Bi and related
challenges at the growth of Bi doped III-Vs, is driven by the interplay of various
causes [23, 61]. Certainly, an important factor is the large effective size of Bi when
compared to P, which increases at incorporation the elastic energy of the crystal. In
addition to that, the lower bond strength of an In-Bi pair with respect to an In-P
pair, leads to a lower energy gain in the In-Bi bond formation than for an In-P bond
[61]. In addition, for binary InBi a tetragonal PbO-like structure has been reported in
contrast to the zinc-blende structure of other III-V semiconductors [138]. Accordingly,
Bi adsorbents on the surface can be expected to be more stable than Bi atoms in the
crystal. In contrast to the growth of dilute nitrides, this triggers Bi surface segregation
[81], a dynamic process where a part of the Bi atoms floats on the growth surface and
is not incorporated into the crystal.
At the beginning of the QW growth, surface segregation leads to an increasing Bi
content in the surface layer. As the amount of Bi on the surface rises, the Bi incorporation rate into the lattice grows rapidly until it is in equilibrium with the Bi transfer
rate to the surface. At equilibrium between the Bi incorporation and transfer rate to
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the surface, the Bi deposition rate on the sample corresponds to the incorporation
rate. This reflects the steeply rising Bi concentration profile in Fig. 4.6 (b) at the beginning of the QW growth, which stabilizes after a few nm close to the targeted 1 %.
At the end of the QW growth, adsorbed Bi atoms are still available on the surface,
which can be incorporated into the crystal and result in a Bi carry over. In contrast to
segregation, diffusion would lead to a symmetric broadening of the Bi concentration
profile above and below the QW. The experimentally obtained Bi concentration profile in QW 3, which is shown in Fig. 4.6 (b), can be described by Muraki’s segregation
model


, for n < N1
0

n−N
1
(4.3)
xBi (n) = x0 1 − L
, for N1 ≥ n < N2 ,



x0 1 − LN2 −N1 Ln−N2 , for n ≥ N2
where x0 is the nominal Bi concentration, n is the atomic layer, N1 the begin of the
QW, N2 the end of the QW, and L the probability that a Bi atom is transferred to the
next layer [137]. The best fit is achieved for a QW width of (14.4 ± 0.4) nm and a
nominal Bi content of x0 = (1.01 ± 0.04) %, which is in good agreement with the
targeted values. The transfer probability of a Bi atom to the next layer lies at L =
(82.9 ± 3.3) %.
It is difficult to compare the segregation probability of the investigated InP1−x Bix /
InP QW with literature, even though segregation in conventional MBE grown IIIV semiconductors has extensively been studied in previous decades [113, 139, 140].
However, highly mismatched semiconductors, such as Bi doped InP, are synthesized
in contrast to conventional MBE grown III-V semiconductors at very low temperatures in an unconventional kinetically limited regime, which impedes a direct comparison. To our knowledge, it is generally known that the poor solubility of Bi in III-V
semiconductors is associated with its extraordinary tendency towards surface segregation, but quantifications of the segregation length or rate are lacking [141, 142, 124].
Comparison to Sb, a similarly large atom like Bi from group V, may serve as a rough
indicator for the strength of the observed Bi segregation. Among the many studies
of Sb segregation in MBE grown III-V semiconductors [143, 144, 85] the work of Wallart et al. on Sb segregation at the interface between GaAsSb and InP in Ref. [145]
comes closest to the Bi segregation at the InP1−x Bix /InP QW interfaces that is discussed here. In the work of Wallart et al., a segregation coefficient of L = 98 % is
reported for Sb in InP, which is clearly higher than the Bi segregation rate found here.
The higher binding energy of the In-Sb bond, which is important for the Sb segregation, compared to the In-Bi bond, which is relevant for the Bi segregation, suggests a
higher segregation barrier for Sb than Bi [61]. From this perspective, a considerably
larger Bi segregation rate than for Sb is unexpected. On the other hand, the investigated InP1−x Bix /InP QWs are grown at 256 ◦ C, which is significantly lower than the
growth temperature of 450 ◦ C used at the GaAsSb/InP interfaces. In view of this,
the lower Bi segregation probability than reported by Wallart et al. for Sb points to
kinetic limitations provided by the low growth temperatures. It appears that in this
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kinetically limited growth regime the undesired phase separations in form of Bi-rich
droplets on the growth surface may be suppressed, while the Bi surface segregation
is reduced only to some extent .
No simple solutions are available to counteract the effect of segregation. In the
present study, the InP1−x Bix /InP QW interfaces are established without any additional interruptions in the growth process. One could think about improved switching sequences at the beginning and end of the Bi doped InP QWs, which may include
an short stop of the growth. Here, care has to be taken as this can easily lead to a deterioration of the interface by additional crystal defects, especially at the low growth
temperatures used. Alternatively, starting the QW growth with a higher Bi flux in
order to faster saturate the surface with Bi atoms could be considered. Towards the
end of the QD growth, it might be useful to lower the Bi deposition rate, which would
help to reduce the number of Bi atoms on the growth surface.

4.3.4

Crystal Defects in Bi Doped InP

A general method for overcoming the poor solubility of Bi in MBE grown III-V compounds is to grow the material at a low temperature and at a low V/Bi flux ratio [23,
146, 147]. Unfortunately, these growth conditions favor the formation of group III
vacancies as well as group V related antisites or interstitials [148]. We look for these
defects in our InP1−x Bix samples.
4.3.4.1

In Vacancies

Figure 4.1 shows an example of an In vacancy (VIn ), which is marked with a white
circle. A missing In atom in the {110} surfaces affects the relaxed positions of its
two neighboring surface P atoms, which in consequence are shifted to slightly lower
locations. In filled state images taken at high negative sample voltages, this displacement gives rise to a dark contrast on two neighboring P corrugation maxima, while in
empty state images the missing In atom appears as an atomic dark contrast at a local
maximum of the In related corrugation. Further evidence for In vacancies is found
in X-STM images covering larger areas of the QW region. Vacancies observed in XSTM measurements might originate either from the growth or the cleavage. Thermal
In desorption over time from the cleaved InP {110} surfaces is not an issue at 5 K
and we never observed In vacancy formation after cleavage [149]. In addition, In vacancies could not be observed in the InP substrate, which supports a growth related
origin of the In vacancies in the epilayer region of sample B. The locations of the In
vacancies are not correlated with the nearby Bi atoms. Bi vacancy complexes, which
could be an efficient way for releasing local strain induced by the large Bi atoms, are
not observed. The distinct but weak signature of In vacancies cannot always reliably
be detected in large filled state STM images, which hinders a reliable determination
of their concentration.
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4.3.4.2

P Antisites

The n-type character of the epilayer region in sample B cannot be explained by In
vacancies, which act as acceptors. We suggest that this is due to the formation of
phosphorus antisite defects (PIn ) which can be expected in InP grown under group
V-rich conditions at low temperatures [24]. Anion antisites in the {110} surfaces are
electrically inactive and can be difficult to see in X-STM images. The weak but distinct
signature of a PIn antisite in the surface appears in filled state X-STM images at a low
sample bias as an additional atomic state in between four surrounding group V sites
of changed morphology [Fig. 4.7 (a)] [150]. In empty state X-STM images [Fig. 4.7
(b)] PIn antisites in the surface are confusingly similar to In vacancies. This can be
understood in view of the smaller covalent radius of a P atom compared to an In
atom [79]. Extended satellite like features, which are characteristic for electrically
active subsurface VIII antisites, could also be observed [151, 152]. We estimate the
content of PIn antisites in the surface of the QW region in sample B to be about (1.6 ±
0.4) × 1011 cm−2 , which corresponds to a three-dimensional concentration of (6.7 ±
2.5)×1016 cm−3 . This proves that a substantial amount of P antisites is formed during
the growth of InP with small amounts of Bi, as was proposed in recent PL and DLTS
studies on InP1−x Bix from the same reactor [21, 24].
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F IGURE 4.7: High resolution filled state (a) and empty state (b) X-STM images of a PIn antisite
in the cleaved InP surface, which are taken at U = −1.9 V and U = 1.5 V. The images are
acquired at the same spot of QW 2 in sample B with a tunnel current set-point of I = 30 pA.
The color ranges in both topographs are adjusted independently.
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4.3.4.3

Bi Antisites

In filled state X-STM images of film F 2 in sample B with the highest Bi content addressed in this study, a fourth class (3) of features related to Bi is occasionally observed [see white dashed circles in Figures 4.3 (b) and 4.8], which occurs less often
than classes (0, 1, 2). These features appear at negative sample voltages as a bright
circle with a spatial extension of a single atom. In addition, class (3) is surrounded by
a thin annulus of negative contrast with a width of less than 3 Å, which is followed
by a region of positive contrast in the [001] growth direction. This long ranged contrast appears to be too far from the atomic core of this feature to be of topographic
origin and is rather reminiscent of electronic effects seen in X-STM images for donors
and acceptors [72, 26, 29]. The appearance of class (3) has been verified with several physically different tungsten tips, which excludes any tip artifacts. The pure InP
and InP1−x Bix layers in the epilayer region of sample B are grown under the same
conditions. Class (3) is only found in Bi doped InP regions and not the intrinsic InP
epilayers. This strongly points to defects related to the incorporation of Bi atoms
rather than elements from the InP matrix. In addition, Bi atoms are more difficult to
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F IGURE 4.8: High resolution filled state X-STM image with potential BiIn antisites [class (3)]
with a valence of 5 in the surface layer next to commonly observed isovalent BiP substitutional
atoms. An isovalent BiP atom in the cleavage plane [class (0)] is marked for comparison. The
image is taken on film F 2 in sample B at I = 40 pA and U = −2.5 V. The growth direction is
indicated by an arrow.
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incorporate at higher concentrations due to their large covalent radius compared to
P atoms. The pronounced atomic-like center of this Bi related defect lies between the
P rows, which suggests the possibilities of Bi interstitials or Bi antisites (BiIn ).
The formation energies of naturally existing point defects in InP, InAs, and InSb
have been theoretically investigated by Höglund et al. in Ref. [148]. Their results
show that anion interstitials in the bulk or the {110} surfaces have, even under the
most beneficial conditions, considerably higher formation energies than corresponding anionic VIII antisites. Therefore, class (3) is attributed to Bi atoms on In sites
(BiIn ). In MBE grown Bi doped GaAs, BiGa antisites have been reported and are believed to act as compensation centers for acceptors [153]. Based on atom counting,
about (0.9 ± 0.3) % of the Bi atoms of film F 2 in sample B are incorporated on group
III positions.
The atomic core of the BiIn antisites is of comparable height to isovalent BiP atoms
in the surface, which points to a position in the cleavage plane. Potential isovalent
BiIn antisites with valence three are excluded because of the long range contrast associated with class (3). The BiIn double donor is, in consequence of the n-type environment and the additional tip induced band bending when addressing filled states
(Fig. 4.8), most likely imaged in its neutral state (D0 ). The electrons are still bound
to the D0 , which fits to the consistently observed long range contrast of class (3).
The surface plays a crucial role in X-STM measurements and the appearance of antisites in the surface differs greatly from sub surface layers. The physical and chemical
properties of Bi and P atoms, which lie at opposite ends of group V, are considerably different. In X-STM images where both structural and electronic properties are
probed, this may lead to differences in the appearance of PIn and BiIn antisites.
Our observations support previous works, where PIn antisite defects in low temperature MBE grown InP1−x Bix are reported [24, 21]. In addition, we show that VIn
vacancies and potential BiIn antisites are formed. Bi exhibits next to the valence of 5
a valence of 3 as in the case of Bi2 Te3 and Bi2 Se3 . This implies that Bi can potentially
function on group III positions as an isovalent impurity or a double donor (D) and
on group V sublattice sites as an isovalent impurity or a double acceptor (A) [154].
X-STM, which is also sensitive to the local electronic properties of single impurities,
is an ideal tool to address all these potential configurations of single Bi atoms. In this
work, no indications for Bi atoms with a valence of three on either group III or group
V sites are found.

4.4

Conclusion

Bi-containing III-V semiconductor compounds have a great deal of potential for innovative device applications. However, these dilute bismides still suffer from a number
of problems which are related to short range ordering and defect formation. In this
chapter, it is shown that X-STM is a powerful tool to investigate these questions in
real space at the atomic level.
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In Bi doped InP, isovalent BiP atoms down to the second monolayer below the InP
{110} surfaces are identified by comparing X-STM images to complementary DFT
calculations. This comparison suggests that the contrast of Bi atoms in X-STM measurements taken at high positive or negative sample voltages can be understood by
considering the geometry of the relaxed {110} surfaces, which, in turn, is primarily
determined by the difference in effective size of the Bi dopant compared to the In and
P atoms. Since Bi is the largest stable group V element, similar contrasts to the Bi
atoms in InP that are here investigated are expected for any other III-V host material
with a zinc-blende structure.
In addition, the structural properties of Bi doped InP films and QWs are investigated. In Bi-containing InP films, the formation of Bi first nearest neighbor pairs is
found to be strongly favorable. At higher Bi concentrations, there is also an increased
tendency towards Bi clustering observed. These pairs and clusters of Bi atoms are
promising candidates for the unusual sub band gap luminescence, which has been
reported for Bi doped InP [20, 23, 21, 24]. The Bi concentration profile across an
InP QW with an intended Bi concentration of 1 % points to Bi segregation. Using
the phenomenological segregation model of Muraki et al [137], we find a segregation
probability of L = (82.9 ± 3.3) % at a growth temperature of 256 ◦ C.
In the X-STM measurements, no evidence for the incorporation of Bi atoms on
group III or group V sublattice sites with a valence of three is found. If these types of
impurities exists, their density must be rather low (< 5 × 1015 cm−3 ). Other crystal
defects, such as In vacancies (VIn ), P antisites (PIn ), and potential Bi antisites (BiIn ),
are still an issue in Bi doped InP despite the considerable progress in the growth of
crystalline III-V compounds with small amounts of Bi [23, 20].
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Chapter 5

Probing the Local Electronic
Structure of Isovalent Bi Atoms
in InP
5.1

Introduction

In the previous chapter the structural properties of Bi doped InP were investigated.
Bi is in terms of its size and electronegativity significantly different from the P atoms
it replaces in the InP matrix. Therefore, the Bi impurities represent a strong perturbation of the electronic structure of the host material despite their isovalent nature. This
gives rise to a number of unusual electronic and optical properties. For example, the
incorporation of Bi in dilute amounts into binary III-V semiconductor compounds
results in an anomalously strong reduction of the band gap and exhibits a huge increases in the spin-orbit splitting [19]. This makes it possible to reach a configuration in bismides where the band gap is smaller than the spin-orbit splitting, which
is essential for minimizing optical losses due to non radiative Auger recombinations
[155]. The dramatic changes in the band structure of dilute bismides are characteristic for a highly mismatched alloy (HMA). In theses systems, the band anticrossing
(BAC) model, which has originally been applied to N doped III-V semiconductors, is
used with great success to phenomenologically describe the restructuring of the host
states by highly mismatched impurities [156, 65, 66].
However, a better understanding of the electronic properties of HMAs beyond the
phenomenological level provided by the BAC model requires detailed knowledge of
the interactions of the isovalent impurities with each other as well as their host. This
has primarily been investigated in a few fundamental works based on tight binding
(TB) and density functional theory (DFT) calculations, which involve real-space interpretations of the states introduced into the host by individual N and Bi atoms [157,
64, 158, 63, 132]. However, support from the experimental side is largely lacking.
Only recently has X-STM been utilized to probe the electronic signatures of single N
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atoms in GaAs [159, 160, 158]. Much less is known from the experimental side about
the spatial and energetic structure of the Bi impurity state in III-V semiconductors.
Despite many parallels between dilute nitrides and dilute bismides, the nature
of the states related to Bi and N dopants in III-V semiconductors differ considerably
[60]. Bi is suggested to introduce a p-like state in the region of the valence band (VB)
[63, 60]. In contrast, N creates an s-like impurity state near the conduction band (CB),
which leads to much stronger perturbations of the electronic structure of the host
material than in the case of Bi [64, 63].
In this chapter, topographic filled state X-STM measurements are used to probe
the spatial structure of the Bi impurity state on the InP (1̄10) surface. This is done in a
tomographic approach for Bi atoms down to the sixth layer below the cleavage plane.
The symmetry of the experimentally observed Bi impurity state is compared to TB
calculations for Bi in GaAs [63]. In addition, we use scanning tunneling spectroscopy
(STS) to investigate the energetic structure of Bi impurity states which originate in
Bi atoms at various depth below the surface. The experimental STS measurements
are supplemented by simulated STS spectra for Bi atoms down to the second layer
below the cleavage plane, which are calculated from the DFT calculations presented
in chapter 4.

5.2

Experimental and Computational Methods

The investigated sample contained three different InP1−x Bix (15 nm)/InP(20 nm) quantum wells with Bi concentrations of 0.1 % (QW 1), 0.5 % (QW 2) and 1.0 % (QW 3).
Every QW type (1, 2, 3) was repeated three times to increase the likelihood of a clean
area without atomic steps. The three different sets of identical QWs were separated
by 100 nm thick InP spacer layers. The QW region was terminated by a 50 nm wide
InP layer, which was capped by 150 nm InP1−x Bix with a Bi concentration of 2.4 %.
Further details on the growth of this sample, which had also been used in the previous chapter, can be found in section 4.2.1.
The X-STM measurements were performed in a commercial Omicron low temperature STM at 5 K. The samples were cleaved under ultra high vacuum (UHV)
conditions in the STM chamber at pressures below 4 × 10−11 mbar. Polycrystalline
tungsten tips, which were electrochemically etched and further refined in the STM
by Ar-sputtering, were used as probes. All X-STM images were acquired in constant
current mode at a negative sample voltage. In this regime, the tunneling current is
dominated by the filled states in the VB, which are associated with group V elements
[69].
Simulated differential conductance curves, dI(U )/dU , were calculated on the basis of the DFT calculations from M. Roy and P. A. Maksym at the University of Leicester, which are described in detail in section 4.2.3 of the previous chapter as well as
appendix A.1. These DFT calculations were performed with the Fritz-Haber-Institute
(FHI) norm-conserving pseudopotentials [75] and the ABINIT software package [76,
77] using the local density approximation. Standard 126 atom supercells with a 3 × 3
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periodicity on the (110) surface and a depth of seven atomic layers were used for
the simulations with and without a Bi atom. While these supercells are too small to
provide a complete picture of the spatial extensions of the Bi impurity states, they are
sufficient to reliably study changes in the electronic structure at the Bi atom due to
the deformation of the surrounding lattice [161]. The atoms in the supercells, which
were separated by a 12 Å wide vacuum barrier, were allowed to relax with a tolerance on the forces of 1 × 10−4 hartrees per bohr. The Brillouin zone was sampled with
4 × 4 × 1 k-grid and a cut off energy of ECut = 30 Ry was applied for the plane wave
basis set.

5.3

Spatial Structure of the Bi Impurity State

The spatial structure of the Bi impurity state is investigated in topographic filled state
X-STM images by using the ability of the STM to probe the local electronic structure
of the sample at the atomic level. This is complicated by the additional dependence of
the tunnel current on the real topography. As shown in section 4.3.1 of the previous
chapter, the geometrical structure of the relaxed surface is strongly modified by Bi
atoms down to the second layer below the cleavage plane. Therefore, it is important
to make a clear distinction in X-STM images between topographic and electronic contributions from the Bi atoms. First indications on the role of these two effects can be
derived from X-STM images of the same area, which are recorded at different sample
voltages. Real topographic features always affect the tunnel current equally irrespective of the applied voltage. This is due to the exponential dependence of the tunnel
current on the distance. However, the range of states between the Fermi energies of
the tip and the sample, which contribute to the tunnel current, depends on the sample voltage. This makes it possible to visualize changes in the LDOS of the sample by
using voltage dependent imaging. The impurity state of a Bi atom in InP is expected
to lie just below the valence band edge (VBE) [66]. Therefore, it is sufficient to focus
in the following on the negative voltage range at which primarily electrons from the
filled VB states contribute to the tunnel current.
Figure 5.1 (a) shows a small part of QW 3, which is imaged at a negative voltage
of U = −2.6 V. Here, three different Bi related features can be distinguished (0, 1, 2),
which arise from Bi atoms down to the second layer below the surface. The numbering starts with zero, which stands for the cleavage plane. The depth of the Bi atoms
is determined on the basis of the DFT calculations in section 4.3.1 of the previous
chapter. The same area of QW 3 as in Fig. 5.1 (a) is imaged in (b) at a lower negative
sample voltage of U = −2.0 V. For a Bi atom in the surface (0), a strong atomic-like
contrast is observed, which is independent of the magnitude of the applied negative
sample voltage. This reflects the physical deformation of the surface by the Bi atom,
which relaxes into a higher lying position than the surrounding P atoms. The appearance of Bi atoms in the first (1) and second (2) layer below the surface changes
considerably when extracting electrons from states close to the VBE. For example, a
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F IGURE 5.1: Voltage dependent series of topographic filled state X-STM images of the same
position of QW 3 with an intended Bi concentration of 1 %. The topograph in (a) is measured
at U = −2.6 V, where states deep in the VB are probed. In this case, Bi atoms in the first three
layers (0, 1, 2) are clearly visible. The X-STM image in (b) is taken at a small negative sample
voltage of US = −2.0 V, where states closer to the VBE are probed. This results in a change of
the appearance of the Bi atoms in layers (1) and (2). In addition, contrasts of Bi atoms in deeper
layers (3, 4, 5, 6) become visible. The color scales of both images (a, b), which are acquired at
a tunnel current set-point of I = 30 pA, are independently adjusted for best visibility. The
crystal directions are indicated in (b).

Bi atom in the first layer (1) below the surface affects four corrugation maxima, of
which two are brighter than the others. When going from a high to a low negative
sample voltage, this asymmetry is inverted. Similarly, the atomic-like contrast of Bi
atoms in layer two (2), which is found at a high negative voltage, extends at a lower
sample voltage over the neighboring lattice sites of the P corrugation. This shows
that X-STM measurements of Bi atoms in layers (1) and (2), which are taken at a high
negative sample voltage, reflect the physical deformation of the surface. However,
the changes of the contrast at a lower sample voltage originate from additional electronic contributions. In addition, previously unseen features, which are marked with
numbered circles (3, 4, 5, 6), become visible. The new features can only be found in Bi
doped regions, which points towards the impurity state of Bi atoms below the second
layer (3, 4, 5, 6). The additional depth sensitivity when addressing states close to the
VBE indicates that these new Bi related features are solely defined by the Bi impurity
state itself, while structural effects are not relevant. An example of the sample voltage
dependent evolution of the contrast of a Bi atom in the third layer (3) is provided in
Fig. 5.2.
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F IGURE 5.2: Series of high resolution filled state X-STM images taken on an isolated Bi atom in
the third layer (3) below the surface. The X-STM images are taken at a tunnel current set-point
of I = 50 pA covering a wide range of sample voltages from U = −2.8 V to U = −1.9 V,
which are specified in the topographs. All X-STM images are shown in the same color scale
and the [001] growth direction is indicated by a white arrow.

High resolution filled state X-STM images of the Bi impurity state, which originates in Bi atoms down to the sixth layer below the cleaved InP (1̄10) surface are
shown in Fig. 5.3 (a). This corresponds to cuts along the cleavage plane through
the three dimensional Bi impurity state, which are displaced by integer numbers of
atomic layers (0, 1, 2, 3, 4, 5, 6) from the Bi atom. The Bi impurity state is, except for
a Bi atom in the surface (0), highly anisotropic and is reminiscent of the bowtie-like
contrasts reported for deep acceptor wave functions in zinc-blende III-V semiconductor compounds [29, 162]. However, the acceptors for which bowtie-like contrasts
have been observed induce a localized state in the band gap. Bi in InP is instead
expected to give rise to a resonant state just below the VBE [66].
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(b) Symmety of the Bi impurity state in the InP (110) surface:
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F IGURE 5.3: Depth dependent evolution of the Bi impurity state. High resolution filled state
X-STM images (a) of the charge accumulations around individual Bi atoms in the first seven
layers (0, 1, ..., 6) of the InP (1̄10) surface. The hairlines indicate the center of the Bi related
features, which lies for Bi atoms in even or odd numbed layers on or in between the anionic
sublattice. All images are extracted from a large scale X-STM image of QW 3, which is taken
at I = 40 pA and U = −2.4 V. The color scales are independently adjusted to emphasize the
spatial structure of the Bi related features. The maximum extension of the charge accumulations around the Bi atoms in even and odd layers are shown in the top views of the imaged
InP (1̄10) surface (b). Here, filled blue disks represent the group V sublattice, which is probed
in filled state X-STM images (a). The positions of the Bi atoms in (a) are indicated in the side
view of the relaxed (1̄10) surface (c).
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The Bi impurity state is, similar to deep acceptor states, mirror symmetric along
the [1̄1̄0] direction. In the perpendicular [001] direction, the symmetry of the Bi impurity states is broken. As indicated by hair lines, the contrast of the Bi atoms in Fig. 5.3
(a) can be divided into two groups, which have their center of symmetry either on or
between the corrugation of the group V sublattice. Sketches of these two configurations with respect to the underlying lattice are provided in Fig. 5.3 (b). This is in good
agreement to the discussion in section 4.3.1 of the previous chapter, and points to Bi
atoms on substitutional P sites in even or odd numbered layers, as shown in Fig. 5.3
(c). Typically, Bi substitutes for anionic lattice positions in III-V semiconductor compounds with a zinc-blende structure, which are grown under group V-rich conditions
[23]. We attribute the new Bi related features based on the position of their center of
symmetry in combination with their height, which is expected to decrease with increasing distance from the surface, to Bi atoms on P sites between the third (3) and
sixth (6) layer. Height profiles, which cut through the highest points of the filled state
X-STM images in Fig. 5.3 (a), are provided in Fig. B.1 of appendix B. Along similar
lines, the maximum extension of the Bi impurity state increases along the [001] and
[1̄1̄0] directions in the (1̄10) surface by an additional lattice site when going form the
surface (0) down to the third layer (3). All this suggests that the strongly coupled
zigzag rows of In and P atoms along the h110i directions play an import role for the
symmetry of the Bi impurity states. A further lateral extension of the impurity state
is not observed below the third layer (3).
In the following, the structure of the Bi impurity state, which is found in the experiment, is compared to calculations for Bi in GaAs from Virkkala et al. in Ref. [63]. The
impurity states of Bi in GaAs and InP are expected to be similar. For instance, GaAs
and InP have the same crystal structure and Bi induces in both materiel systems resonant states near the VBE [66]. In addition, the macroscopic electronic properties of
GaAs and InP, such as the band gap and spin-orbit spiting, are affected similarly upon
Bi incorporation [19]. In the simulation, which is performed for a bulk-like system,
the enhancement of the LDOS by the Bi atoms is symmetric, while in the experiment
an asymmetry regarding the (001) plane is seen. This symmetry breaking in the experiment is due to the relaxation of the (1̄10) surface, which deforms the lattice and
induces additional strain at the semiconductor-vacuum interface [163]. The enhancement of the charge density, which originates from the Bi atom, accumulates in the
simulation preferentially along the h110i directions. The X-STM measurements represent in contrast to the simulation a two-dimensional map of the energy integrated
LDOS in the (1̄10) cleavage plane.
Accordingly, cuts along the (1̄10) plane at integer multiples of one atomic layer
from the center of the impurity state, which is calculated by Virkkala et al., resemble
the situation for Bi atoms below the surface. In this case, cross-like features are expected, which increasingly extend along the four equivalent h1̄1̄2̄i directions in the
(1̄10) surface. The same applies to the growing extensions of the Bi impurity state in
the experiment when going from the surface (0) to the third layer (3). However, the
bowtie-like structures seen in the X-STM measurement point to a weaker localization
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of the Bi impurity state along the h110i directions in InP than suggested for GaAs.
Below the third layer (3), the dimensions of the Bi impurity state, which is visible
in the surface, no longer increase. This could be related to the decaying nature of
the Bi impurity state or a deviation from the preferential localization along the h110i
directions at larger distances.
When cutting along the (1̄10) plane through the center of the calculated isodensity
surface of the Bi impurity state, one obtains a bar-like feature, which extends along
the [1̄1̄0] and [110] directions. This is not consistent with the atomic-like contrast,
which is seen for a Bi atom in the surface (0) at a negative sample voltage. Our
DFT calculations in section 4.3.1 of the previous chapter have shown that Bi atoms
in the cleavage plane relax into a higher position due to their large effective size.
This structural modification dominates the contrast in the STM measurement, yet
the semiconductor-vacuum interface is also known to affect the X-STM contrast of
dopants. For example, the appearance of acceptors in and below the {110} surfaces
differs significantly in X-STM measurements [164, 165].
The global electronic properties of III-V semiconductor compounds with small
amounts of Bi, such as the band gap and spin-orbit splitting, do not solely depend
on the interactions between the Bi impurities and the host material. It has recently
been suggested that next to perturbations induced by single Bi atoms, Bi-Bi interactions also play a crucial role in dilute bismides, which become especially at higher
Bi concentrations relevant [63, 166]. Figure 5.1 (b) shows that the Bi impurity states
already begin overlapping at Bi concentrations of about 1 %. The bowtie-like shape
of the impurity state, which is observed for isolated Bi atoms, is also conserved for Bi
atoms nearby excluding possible bonding or anti-bonding Bi-Bi pair configurations.
Nevertheless, in view of the preferential formation of Bi pairs and clusters along the
h110i directions (shown in section 4.3.2 of the previous chapter), the high anisotropy
of the Bi impurity state is expected to have a substantial influence on the strength
of the Bi induced VB tailing compared to standard models where the Bi atoms are
periodically distributed.

5.4

Energetic Structure of the Bi Impurity State

To further investigate the electronic properties of the Bi impurity state, differential
conductance spectra, dI(U )/dU , are taken at single Bi atoms down to the fifth layer
(5) below the surface. The differential conductance can be seen as a first indication for
the LDOS in the sample [41, 42]. The experimental dI(U )/dU spectra are calculated
on the basis of I(U ) curves, which are afterwards numerically differentiated and then
smoothed with a Savitzky-Golay filter. The I(U ) curves are taken with an open feedback loop after having approached the tip by additional 0.16 nm towards the sample.
Figure 5.4 (b) shows typical dI(U )/dU point spectra of individual Bi atoms down to
the second layer (2) below the surface and the surrounding InP matrix. These spectra are acquired in the back scan of the topograph in Fig. 5.4 (a) at a tunnel current
set-point of I = 40 pA and a sample voltage of U = −2.4 V. The onsets of the CB and
78

5.4. Energetic Structure of the Bi Impurity State

(a)

(b)

4

undoped InP
Bi layer 0
Bi layer 1
Bi layer 2

0
5 nm
low

1

2

high

dI/dU [nA/V]

3
2
1
0

Bi

VBE

CBE

-2.0 -1.5 -1.0 -0.5 0.0
U [V]

0.5

1.0

F IGURE 5.4: Bi induced changes in the differential conductance. The filled state X-STM image
in (a) of QW 3 is taken at I = 40 pA and U = −2.4 V. The spatially resolved dI(U )/dU
spectra in (b) are acquired at Bi atoms down to the second layer below the surface (0, 1, 2),
which are marked in (a). A spectrum acquired at the InP matrix (black) serves as a reference.
In contrast to the InP matrix, the spectra taken at Bi atoms show additional resonances near
the VBE, which lie the deeper in the VB the closer the Bi atom is to the surface. The CB and VB
edges are indicated by dashed lines.

VB are indicated by dashed lines, which are extracted from a logarithmic plot of the
experimental dI(U )/dU curves using a threshold of t = 0.026 nA/V. Complementary
dI(U )/dU spectra of Bi atoms in deeper layers below the surface are provided in Fig.
5.5. These dI(U )/dU spectra represent averages of the positions of the correspondingly labeled Bi atoms in Fig. 5.1 (b), which are extracted from an I(U, rT ) map. In
contrast to Fig. 5.1 (b) where the tunnel current is most sensitive to the Bi impurity
state, the I(U, rT ) map is taken at a tunnel current set-point of I = 30 pA and a sample voltage of U = −2.5 V. In this voltage range, Bi atoms below the second layer (2)
are hardly visible, which minimizes topographical interferences in the I(U, rT ) map
as well as possible .
The logarithmic scale in Fig. 5.5, which brings out weaker details in the dI(U )/dU
spectra, shows that four tunneling regimes have to be distinguished [129]. This is
characteristic for the investigated sample. Tunneling from the tip into empty CB
states takes place in region (I) at positive sample voltages. Region (II) reflects the
band gap of the semiconductor, where no states are available. The shoulder in region
(III) originates in a charge accumulation layer in the CB, from which electrons can
tunnel into the tip. The accumulation of carriers in the CB is caused by tip-induced
band bending (TIBB) in the negative voltage range, which pulls the conduction band
edge (CBE) below the Fermi level of the sample. Due to the n-type character of the
investigated sample, which is common for low temperature grown InP1−x Bix [24], a
charge accumulation layer forms in the CB already at a low negative sample voltage.
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The additional increase in the dI(U )/dU spectra at high negative sample voltages
[region (IV)] arises from electrons tunneling out of the filled VB states into the tip.
The spectra taken at Bi atoms in different layers and the InP matrix are very similar in regions (I, III), which are dominated by the LDOS of the CB. This excludes an
interaction of the Bi atoms with the CB states. Conversely, the electronic structure
of the VB, which is represented by region (IV), is heavily affected by the presence of
Bi. Near the VBE, specific Bi related resonances are observed, which are not present
in the InP matrix. This reflects the acceptor-like nature of the Bi impurity state. The
magnitude of the Bi induced changes in the VB can be judged best at the linear scale
of Fig. 5.4 (b). Interestingly, the Bi defect states, which originate from Bi atoms at
different depths below the surface, do not lie equally deep in the VB as expected
for single Bi atoms far away from each other and any kind of interface. The depth
dependence of the energetic positions of the Bi impurity states in the experimental
dI(U )/dU spectra of Figs. 5.4 (b) and 5.5 is summarized in Fig. 5.6. The peak positions of the Bi impurity states are determined after subtracting a reference spectrum
from the InP matrix in order to correct for any energy shifts by the superimposed CB
states. The error bars represent the full width at half maximum (FWHM) of the Bi
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F IGURE 5.5: Depth dependence of the Bi induced changes in the differential conductance.
The dI(U )/dU spectra are extracted from a CITS map at the positions of Bi atoms in the first
(1), second (2), third (3), and fifth (5) layer, which are labeled accordingly in Fig. 5.1 (b). A
spectrum of the bare InP matrix (black) serves as a reference. A logarithmic scale is used to
reveal the CBE, which is shifted to higher energies at the Bi atoms, as indicated by an arrow.
The tunneling into the VB begins below −1.5 V (IV). The shoulder between −0.6 V and −1.5 V
is related to a tunnel current out of occupied CB states (III). In the band gap (II), tunneling is
suppressed. Empty states in the conduction band are probed in the positive voltage range (I).
The resonant states of Bi atoms in different layers are indicated by fanned arrows.

80

5.4. Energetic Structure of the Bi Impurity State
impurity states after the removal of the background. The impurity states of Bi atoms
in layers (0, 1, 2) shift with increasing distance from the surface closer to the VBE.
This trend is not continued for Bi atoms below the second layer (2), which lie at a
constant depth of about (−1.9 ± 0.1) V.
It can be excluded that the experimentally observed Bi defect states, which are
related to Bi atoms in the first three layers (0, 1, 2), are shifted due to changes of
the tip state, interactions with nearby Bi atoms, or local potential fluctuations in the
surrounding of the Bi atoms. This follows from the observation of the same depth dependence with different tungsten tips at Bi atoms, which lie further apart from each
other than the ones discussed here. In addition, the contrast of the Bi atoms down
to the second layer below the surface, which also prevails in the X-STM images at a
large negative sample voltage, leads inevitably to variations in the tip height. This
can potentially give rise to topographic crosstalk in the STS spectra due to the additional dependence of the differential conductance on the tip-sample distance. A
larger/smaller tip-sample distance leads to an under-/overestimation of the LDOS
and thus to an effectively lower/higher differential conductance [167]. The experimental dI(U )/dU spectra of the InP matrix and Bi atoms are well matched in the
positive voltage range, which excludes topographic crosstalk. Another important
factor is the TIBB, which is caused by the incomplete screening of the electric field in
the semiconductor. This affects the voltage scale in the dI(U )/dU spectra, which is
no longer a direct measure for the energy difference between the Fermi energies of
the tip and sample. Apart from that, the TIBB decays with increasing distance from
the surface, which leads to an effective energy shift between the Bi impurity states at
different depths below the surface. It is not possible to distinguish solely on the basis of the experiment between TIBB and possibly an additional intrinsic energy shift
of the Bi impurity states in the first three layers (0, 1, 2). However, the TIBB, which
even in heavily doped semiconductors extends over a few tens of nanometers, must
be rather extreme if only the energetic positions of the Bi impurity states down to the
second layer below the surface are affected. This suggests that the energy difference
between the Bi impurity states in the first layers is not related to just the TIBB alone.
Strong supporting evidence for this hypothesis is given by the DFT calculations
in section 4.3.1 of the previous chapter, which are used to calculate complementary
dI(U )/dU spectra. In analogy to the experiment, the integrated LDOS, which reflects the filled CB states up to a maximum energy of 1 eV from the band edge, is
determined as function of the distance from the (110) surface at the positions of the
Bi atoms in the first three layers (0, 1, 2). These calculations are used to extract the
heights where the integrated LDOS is equal to 2 × 10−6 electrons/bohr3 . Then, I(U )
curves are calculated for each of the systems by integrating the LDOS as function of
the voltage in a (0.69 × 0.99) bohr2 wide box at the previously determined heights.
Successive numerical differentiation gives the corresponding dI(U )/dU spectra. The
same procedure is repeated for a P atom in the surface of a pure InP slab, which serves
as a reference spectrum. The simulated STS measurements represent an estimate of
the LDOS of the sample surface, which in contrast to the experiment is not affected by
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F IGURE 5.6: Depth dependence of the energetic positions of the Bi impurity state in the VB.
Set A, which is shown in blue, is extracted from the dI(U )/dU spectra in Fig. 5.4 (b). Set B,
which is shown in red, is determined on the basis of the dI(U )/dU spectra in Fig. 5.5. The
expectations from complementary DFT calculations for Bi atoms down to the second layer
below the surface are shown in green. The enegetic positions of the Bi related resonances are
extracted after subtracting the differential conductance from the InP matrix. Dashed reference
lines indicate the course of the data points.

the presence of an additional electric field or any other tip-sample interactions. The
energetic positions of the Bi impurity states in the simulation, which are determined
after subtracting the reference spectrum of an unperturbed P atom, are shown in Fig.
5.6 next to the experimental data. Similar to the experiment, the simulation suggests
that near the cleavage plane the Bi impurity state is shifted deeper into the VB.
This is likely to be related to the semiconductor-vacuum interface itself. For instance, the lattice near the surface is less stable than in deeper layers. Therefore, it
is easier for a Bi atom to deform the crystal in the first layers of the surface, which
also inevitably affects the local electronic properties of the system. Similarly, all {110}
surfaces of III-V semiconductors with a zinc-blende structure relax with the anions
moving outwards and the cations moving inwards [68]. This buckling of the cleaved
surface induces a strain field whose influence on the electronic structure of the sample decreases with increasing distance from the surface. In addition, atoms in the
surface have only three bonds to neighboring atoms. The fourth bond is a dangling
bond, which is created by the cleavage. This is a completely different situation than
in the crystal. Apart from that, the effective dielectric constant of the semiconductor
is expected to be lower near the surface, which is considered to enhance the binding
energy of hydrogen like donors [168, 169]. A similar increase in the binding energy
has also been reported for Mn acceptors in GaAs [170]. All these effects are strongest
at the surface, which fits well to the energetic shift of the Bi impurity states in the first
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three layers. However, further investigations are needed to clarify the roles of the
proposed mechanisms in detail.
Close inspection of the dI(U )/dU curves in Fig. 5.5 reveals that Bi not only gives
rise to a resonance in the VB but also locally reduces the band gap. This is caused
by a shift of the VBE in region (IV) to a higher energy. A change of the electronic
structure of the CB in regions (I) and (III) is not observed. Interestingly, the magnitude
of the VB tailing varies for Bi atoms at different depths, which is attributed to two
effects. On the one hand, the signature of the Bi impurity state decays with increasing
depth of the Bi atom below the surface. On the other hand, the Bi impurity state near
the surface is shifted deeper into the VB, which reduces its influence on the VBE. In
consequence of these two opposing effects, the VB tailing is strongest for a Bi atom in
the second layer (2) below the surface. Between −1.52 V and −1.85 V the differential
conductance of a Bi atom in layer (2) is shifted on average by ∆VBE = (0.21 ± 0.03) V
compared to the InP matrix. This has to be seen as a lower limit for the Bi induced
lifting of the VBE. The modification of the VBE is expected to be largest at the Bi atom.
But this cannot be directly measured due to the additional influence of the surface on
the energetic position of the Bi impurity state.
Many band models, which predict the influence of Bi on the band gap of III-V
semiconductor compounds, suggest already at low Bi concentrations a homogenous
shift of the VBE towards higher energies [66, 171, 19, 122]. At the atomic level this
picture is no longer correct. Rather, the X-STM measurement illustrates that in the
dilute limit Bi gives rise to local potential fluctuations in the VB, which influence
the band gap. In addition, some theoretical works [171, 19, 122] propose that the
incorporation of Bi not only affects the band edge of the VB but also the CB. This is
not confirmed by the STS measurements, which show no appreciable indications for
a modification of the CB by a Bi atom.

5.5

Conclusion

Bi doped InP is investigated by X-STM to close the gap between theoretical works,
which discuss the perturbation of conventional III-V based semiconductor alloys by
isovalent Bi impurities, and experimental observations, which are largely lacking in
real space at the atomic level.
The electronic structure of Bi atoms down to the sixth layer below the InP (1̄10)
cleavage plane is probed in topographic filled state X-STM images. This provides a
tomographic view of the spatial structure of the Bi impurity state, which has a highly
anisotropic bowtie-like shape. The observation of charge redistributions around an
isovalent Bi atom points to a strong perturbation of the InP matrix, which are induced
by the different sizes and electronegativities of Bi and P. These perturbations appear
to propagate along the h110i directions, which deline the observed bowtie-like features.
In addition, STS measurements on Bi atoms at different depths below the surface
reveal distinct Bi related resonances in the VB and a shift of the band edge towards
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higher energies. In the first layers (0, 1, 2) near the surface, the energetic position of
the Bi impurity state is increasingly affected by the semiconductor-vacuum interface.
This leads to a progressive shift of the Bi impurity state near the surface into the conduction band, which is in good agreement with predictions from DFT calculations.
At the same time, the signatures of the Bi atoms decrease with increasing distance
from the surface. As a result of these two opposing effects, the displacement of the
VBE is with ∆VBE = (0.21 ± 0.03) V most pronounced for a Bi atom in the second
layer (2) below the surface, which has to be seen as a lower limit for the Bi induced
lifting of the VBE.

84

a

Chapter 6

Structural and Electronic
Properties of Isovalent Boron
Atoms in GaAs
6.1

Introduction

To date, highly mismatched alloys (HMAs) in the III-V material system have been
primarily formed by alloying on the anion site. Prominent examples are the extensively studied dilute nitrides [17, 172, 57] and the harder to synthesize dilute bismides
[123, 125, 23, 173]. Due to their superior material properties HMAs are increasingly
becoming the focus of material research. In view of this, it is from a fundamental
perspective interesting to investigate a HMA with mixed cation elements. Potential
candidates for such a highly mismatched cation alloy are B doped III-V semiconductors. However, there is an ongoing discussion due to conflicting reports in literature
whether boride III-V alloys are truly HMAs. In addition, not much is known at the
atomic level about the incorporation and ordering of B atoms in epitaxial grown III-V
compounds. Here, X-STM is used to address these fundamental questions concerning the structural and electronic properties of borides in B doped GaAs.
Epitaxial grown boride III-V semiconductor compounds are to date rather exotic
materials. Boron-containing alloys are primarily used in strain compensation layers
in attempts to bridge the large lattice mismatch between conventional direct band
gap III-V semiconductors and the Si platform [174]. This would ultimately allow a
closure of the compatibility gap between Si based electronics and III-V compounds
with superior optoelectronic properties [175].
Alloying binary III-V compounds with isovalent impurities is a common method
to tailor their material properties. In the past, this was primarily done by introducing
isovalent atoms, which are very similar in terms of size and electronegativity to the
substituted species in the host material. The electronic properties of these “conventional” (Al, Ga, In) (P, As, Sb) alloys, such as the band gap and effective mass, can
generally be well described by linear interpolation between the binary end points
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with a small bowing parameter (< 5 eV). This approach is known as the virtual crystal approximation (VCA). Progress in state-of-the-art growth technology has led to a
growing interest in alloying conventional binary III-V compounds with highly mismatched isovalent impurities, which were previously problematic to synthesize. The
large disparity between the isovalent impurity and host material represents in the
case of HMAs a strong perturbation of the host states, which fundamentally changes
the nature of the impurity host interactions. This leads to a failure of the VCA in
HMAs. Instead, the phenomenological band anticrossing (BAC) model, which describes the restructuring of the host bands by a resonant impurity state, is widely
used to explain the electronic properties of HMAs.
Two features make isovalent B atoms in GaAs an outstanding material combination in the III-V system. On the one hand, boron is an element in the second row of
the periodic table and has next to N atoms the second smallest covalent radius in the
III-V system. This gives rise to a considerable difference in the effective sizes of B and
Ga, which is typical for a HMA. On the other hand, the electronegativities of B and
As atoms are very similar, which leads in the III-V system to the unique situation of
an almost exclusively covalent B-As bond with very weak ionic contributions. In that
sense, boron in GaAs is neither a conventional nor a highly mismatched impurity.
This ambivalence continues in the electronic properties of B doped GaAs. For example, the band gap of GaAs shows a nearly linear blue shift upon B incorporation,
which can be described by a relatively small and composition independent bowing
parameter of ≈ 3.5 eV [176, 177]. Such a behavior is typical for “conventional” amalgation like alloys. In contrast, the boron incorporation leads to a huge increase in
the effective mass of the conduction band (CB) [31]. A similar behavior has been reported for dilute nitrides, which are the best studied HMAs in the III-V system. Both
the VCA and the BAC model cannot fully describe the unusual electronic properties
of B doped GaAs. This shows that a fundamental understanding of the interactions
between the B atoms and the GaAs host is largely lacking, which requires detailed
knowledge about the structural and electronic properties at the atomic level.
Experimentally, it is very challenging to probe the influence of the B atoms on the
local electronic structure of GaAs. The B related states, despite being located in the
s-like CB, possess a strong p-like character [34]. This implies that optical transitions
between the B states and the likewise p-like valence band (VB) states are dipole forbidden, which represents a fundamental limitation for optical analysis techniques.
Magnetotransport measurements under hydrostatic pressure can provide an indication for the average B related density of states (DOS) [33, 178, 174]. These measurements suggest that the states of isolated B atoms and B clusters, which can act
as isovalent charge carrier traps, are located in the region of the CB. However, the
interpretation of pressure dependent magnetotransport measurements is rather challenging due to a lack of structural information.
In this chapter, the main B related features, found in the X-STM measurements,
are first classified and analyzed. This is done on the basis of a voltage-dependent
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study, which helps to separate topographic and electronic contributions to the contrast of B atoms. Special attention is paid to the influence of the B atoms on the
local electronic structure, which is further discussed on the basis of detailed STS measurements. Thereafter, the structural properties of Bx Ga1−x As/GaAs quantum wells
(QWs) with B concentrations ranging from 0.3 % to 1.0 % are investigated. In that
respect, the distribution of the B atoms across the Bx Ga1−x As/GaAs QWs and the
short range ordering of the B atoms relative to each other are examined.

6.2

Sample Growth and Experimental Methods

A dedicated X-STM sample for the investigation of B atoms was provided by L. Nattermann and E. Sterzer from the Philipps-University in Marburg, which contains
three different groups of Bx Ga1−x As/GaAs QWs with nominal B concentrations of
0.3 % (QWs 1), 0.5 % (QWs 2), and 1 % (QWs 3). The investigated sample was grown
with metal organic vapour phase epitaxy (MOVPE) in a commercially available horizontal reactor system Aixtron AIX-200 with gas flow rotation. For the deposition
of the GaAs and Bx Ga1−x As layers, Pd purified H2 (10N) were utilized as carrier
gas under a reduced reactor pressure of 50 mbar. Triethylgallium, tertiarybutylarsine, and triethylboron were used as metal organic sources. A standard n-type GaAs
wafer served as the basis for the growth. First, a 250 nm GaAs buffer layer was grown
at 625 ◦ C on top of the substrate to provide perfect surface conditions for the growth
of the Bx Ga1−x As layers. Afterwards, the growth temperature was decreased to 575
◦
C. Starting with the lowest composition of 0.3 %, three 15 nm wide Bx Ga1−x As QWs
were grown, which were separated by 20 nm wide GaAs barriers. A further group
of three Bx Ga1−x As/GaAs QWs with a B concentration of 0.5 % was grown after a
60 nm wide GaAs space layer. This scheme was repeated once more for the last set of
Bx Ga1−x As/GaAs QWs with a B concentration of 1 %. At the end of the growth, the
epilayer region was capped by a 50 nm thick GaAs layer.
The X-STM measurements were performed in a conventional Omicron low-temperature STM at about 5 K. The samples were cleaved in situ under ultra-high vacuum (UHV) conditions at a base pressure below 4 × 10−11 mbar revealing one of the
natural {110} cleavage planes. Tips were made from polycrystalline tungsten wires
by electrochemical etching followed by baking and Ar-sputtering steps in the UHV
system of the STM. All shown filled and empty state X-STM images were acquired in
constant current mode.

6.3

Classification of the Main Boron Related Features

Up to now, X-STM has hardly been used to study B doped III-V semiconductor compounds. Moreover, the local appearance of individual B atoms in STM images has
not been properly addressed in literature. A first indication of the structural and
electronic properties of B atoms in and below the natural {110} cleavage planes is
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provided by voltage-dependent topographic X-STM measurements of the same area.
Figure 6.1 shows a series of selected filled and empty state images of QW 1 with a
B content of 0.3 %, which are taken at a wide range of positive and negative voltages. Here, three different classes of B related features (0, 1, 2) can be identified. The
appearance of these B related features depends strongly on the sample bias, which
points to variable contributions from both electronic and topographic effects. This
is most pronounced for class (0) whose appearance ranges from a dark atomic-like
object to an extended bright feature. Classes (1) and (2) also undergo changes, but
are primarily dominated by local dark components.
Likewise, the corrugation in Fig. 6.1, which is determined by the symmetry of the
surface states involved in the tunneling process, depends on the sample voltage. On
cleaved {110} surfaces of zinc-blende III-V semiconductors, STM has access to two
types of surface states, which are either localized on the cationic (C3 , C4 ) or anionic
(A4 , A5 ) sublattice [69]. The cationic C3 state is energetically located in the region of
the conduction band edge (CBE) and extends along the [001] direction. The C4 state,
which lies deeper in the CB, extends perpendicular to the C3 state along the [1̄10]
direction. This explains the transition from a one- to a two-dimensional corrugation
when tunneling at higher positive voltages into states deeper in the CB [see Figs.
6.1 (a, b)]. Conversely, the anionic states A5 and A4 , which lie at different depths in
the VB, extend both along the [1̄10]. Therefore, the atomic corrugation in Figs. 6.1
(c, d) is unchanged at negative voltages. This is an important observation for the
interpretation of the B related features in Fig. 6.1 as it excludes contributions from
the VB/CB at positive/negative voltages.
The structural effects of the B atoms on the GaAs {110} surfaces can be understood
with the help of a geometrical model, which is based on the covalent radii of the
isovalent impurity atom and the atoms in the host. For example, this allowed us to
reliably predict the positions of all group III and V dopants in the GaAs (110) surface
with respect to fully relaxed DFT calculations (see section 2.4.4). In addition, it is
shown in chapter 4 that the structural modifications of the surface by Bi atoms down
to the second layer can be detected in topographic X-STM measurements. Here, the
large Bi atoms in even or odd numbered layers lead to a displacement of either one or
a rectangle of four atoms out of the surface. Similar observations have been made for
the small N atoms, which give rise to local depressions in the surface with the same
symmetry as for Bi [179, 82, 81]. Hence, the local dark contributions at classes (0,
1, 2) must be related to structural modifications of the GaAs surface by the smaller
B atoms. Conversely, this suggests that the bright contributions to the contrast are
related to changes in the DOS.
The examples of Bi and N show that it is possible to deduce the position of the
impurity atom in the lattice from the symmetry and strength of the structural modifications. High resolution filled and empty state images, which provide complementary information on solely the anionic or cationic sublattices as in the case of Fig. 6.1,
are in this regard essential. The topographic effects are best visible in the filled and
empty state images in Figs. 6.1 (a, c), which are taken at large positive and negative
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F IGURE 6.1: Typical topographic X-STM images of the same area of QW 1 with a B content
of 0.3 %. In the first column, topographic empty state images are shown, which are taken at
large (a) and small (b) positive voltages. The second column represents topographic filled state
images, which are acquired at large (c) and small (d) negative voltages. Three different classes
of B related features (0, 1, 2) can be distinguished, which are attributed to B atoms down to
the second layer below the {110} cleavage planes. The tunnel current is in all cases set to
I = 30 pA. The color ranges of the STM images are independently adjusted for best visibility
and the [001] growth direction is indicated by a white arrow.
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voltages. Magnified portions of the areas highlighted in these images are shown in
Fig. 6.2 in combination with a three-dimensional model of the relaxed (110) surface.
Boron can be incorporated on cationic or anionic lattice positions, where it acts as an
isovalent impurity or an acceptor, respectively. This crucially depends on the growth
parameters. Under group V-rich growth conditions, as used in the investigated sample, isovalent incorporation on cationic positions is strongly favored [33, 174, 178].
The covalent radius of B (rB = 85 pm) is much smaller than the covalent radii of
Ga (rGa = 124 pm) and As (rAs = 121 pm) in the surrounding matrix [79]. This means
the covalent B-As bonds are shorter than the covalent Ga-As bonds, rB + rAs < rGa +
rAs , which locally deforms the surrounding GaAs matrix towards the B impurity. The
DFT calculations in Fig. 2.10 (b) show that a B atom in the cleavage plane (0) relaxes
as a result of the shorter bond length into a deeper position where it lies below the
surrounding Ga atoms. The displacement leads to a reduced tunnel probability at
the same height above the B atom, which gives rise to an atomic-like depression in
the simulated empty state X-STM image in Fig. 2.12. This is in good qualitative
agreement to the experimental empty state X-STM image in Fig. 6.2 (a) of class (0),
which is taken at a large positive sample voltage. In addition, the B atom in the
surface has direct bonds with two As atoms in the same layer. These two As atoms
are equally shifted towards the deeper lying B atom. This leads to a reduced contrast
on two As corrugation maxima, as seen in the simulated filled state STM image in
Fig. 2.12. However, in the experimental filled state X-STM images, a B atom in the
surface (0) gives rise to a bright feature which extends over several lattice sites. This
bright contrast is in contradiction to the lower position of the As atoms in the surface
and must therefore be an electronic effect. A detailed discussion of the influence of a
single B atom in the surface (0) on the local density of states (LDOS) of the GaAs host
material is provided in the following section 6.4.
A boron atom in the first layer below the surface (1) has a direct bond to one As
atom in the surface, which is expected to relax into a lower position due to the shorter
B-As bond. Similarly, class (1) appears as an atomic-like depression in the filled state
image in Fig. 6.2 (a). In addition, the attractive deformation potential of the B atom
in layer (1) is supposed to give rise to a downward displacement of four As atoms
in the surface. It is likely that the asymmetry given by the surface relaxation leads to
an imbalance between the two neighboring zigzag rows in the cleavage plane. These
expectations are in good agreement with the empty state X-STM image of class (1) in
Fig. 6.2 (a), which shows an asymmetric reduction of the contrast on four corrugation
maxima. The additional bright feature next to the rectangle of four dark corrugation
maxima has to be related to changes in the DOS.
The structural modifications of the surface by a B atom in layer (2) are, compared
to higher lying layers, supposed to further diminish. The strongest effects on the
cleavage plane are expected directly above the B atom in layer (2). This means primarily one Ga and its two neighboring As atoms relax into a lower position with
respect to their surrounding. This is conceptually in good agreement with the weak
features of class (2) in Fig. 6.2 (a). Here, one corrugation maximum is completely
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F IGURE 6.2: Discussion of the structural effects of B atoms in layers (0, 1, 2) on the relaxed
GaAs {110} surfaces. The structural modifications, which appear as dark regions, are most
apparent in the filled and empty state images in Fig. 6.1 (a, c). Magnified portions of the areas
marked in these images are shown in (a). Cross-hairs indicate the position of the feature’s
center with respect to the atomic corrugation. A three-dimensional model of the relaxed (110)
surface is provided in (b), where the positions of classes (0, 1, 2) are marked.
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suppressed in the empty state X-STM image, while the contrast is reduced on two
neighboring Ga sites in the filled state X-STM image.
All three classes of B related features are found equally often in large stretches
of OWs 1-3. In addition, the concentrations of each individual class with respect to
one mono atomic layer match well to the intended B content in the QWs. This gives
further evidence that classes (0, 1, 2) are indeed related to individual B atoms down
to the second layer below the surface.

6.4

Boron Induced Modifications of the Local Electronic
Structure

Turning now to the influence of B on the LDOS of the host, which leads to additional
bright contributions in topographic X-STM images, unlike structural effects. The topographic X-STM images in Fig. 6.1 show that B atoms in the surface (0) have a
much stronger influence on the local electronic structure than in subsurface layers (1,
2). To investigate this, spectroscopic measurements are performed on a B atom in the
cleavage plane (0), which is shown in Fig. 6.3 (a).
In a 5×5 nm2 large region, individual differential conductance curves, dI(U, rT )/dU
are recorded on a regular grid consisting of 2500 positions. The dI(U, rT )/dU spectra
as a function of the position, rT , and the voltage, U , are acquired with an open feedback loop after having approached the surface by an additional 0.12 nm to increase
the strength of the signal. All dI(U, rT )/dU spectra consist of 351 values distributed
over a voltage range from −2.0 V to 1.5 V. Each dI(U, rT )/dU point is acquired by
a lock-in technique using a carrier wave with an amplitude of Umod = 30 mV and a
frequency of f = 1042 Hz. In between the dI(U, rT )/dU spectra, the tip is stabilized
at a tunnel current of I = 30 pA and a sample voltage of U = −2.2 V. The corresponding topograph is shown in Fig. 6.3 (a), which is recorded in the back-trace of
the tip during the dI(U, rT )/dU map. The changes of the tip-sample distance, which
cannot be avoided for a B atom in the surface, can give rise to topographic crosstalk
in the dI(U, rT )/dU map. This is due to the additional dependence of the differential conductance on the tip-sample distance. A larger/smaller tip sample distance
leads to an underestimation/overestimation of the LDOS and thus to an effectively
lower/higher differential conductance [167]. However, no significant indications for
such a behavior are found in our measurement.
The influence of the B atom in the surface on the local electronic structure can
be visualized by subtracting the contribution from the GaAs matrix, which is estimated by averaging over the all dI(U, rT )/dU spectra in the green framed region of
the X-STM image. In that area the LDOS is not affected by the B atom. A threedimensional representation of the B related differential conductance, where values
below 0.55 a.u. are clipped, is shown in Fig. 6.3 (d). This provides a direct image of
the B impurity state. Interestingly, the B atom gives rise to three regions of enhanced
differential conductivity, one at positive [region (I)] and two at negative [regions (II)
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F IGURE 6.3: Spectroscopic analysis of a B atom in the surface. In the region of the 5 × 5 nm2
large filled state topograph in (a), which is taken at I = 30 pA and U = −2.2 V, 2500
dI(U, rT )/dU curves are recorded. Averaged dI(U, rT )/dU spectra of the B atom and the GaAs
surrounding are shown in (b), which are extracted from (a) in the area of the red dot and the
green frame. Sections along cut lines 1 and 2 through the dI(U, rT )/dU map after subtraction
of the GaAs background are provided in (c). A corresponding three dimensional representation of the B related differential conductance is shown in (d) using an opacity threshold of
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and (III)] voltages. In all three cases, the enhancement of the differential conductance
is strongest at two neighboring lobes. This is in good agreement with the topographic
filled and empty state images of the B impurity state in Fig 6.4.
Corresponding color maps of the B related differential conductance are shown in
Fig. 6.3 (c). Cuts 1 and 2, which are perpendicular to each other, have been placed
in such a way that they cross in region (I) through one of the two lobes. This illustrates that regions (I) and (II) are both characterized by a steep rise in the differential
conductance, which results in a narrow local maximum followed by a tail extending
towards larger positive and negative voltages. The local maxima of regions (I) and
(II) are located at the same spatial position and have similar lateral extensions.
Figure 6.3 (b) shows typical dI(U, rT )/dU curves of the B atom and the surrounding GaAs matrix. The spectrum of the B atom is determined by averaging over a
small region around the crossing of cuts 1 and 2 in Fig 6.3 (a). The average of all
dI(U, rT )/dU spectra in the green framed region is used as an estimate for the GaAs
reference spectrum. Direct comparison with the GaAs reference spectrum illustrates
that the B atom enhances the differential conductance at the CBE [region (I)] and in
the band gap [region (II)]. The onsets of the CB and VB, which lie at about 0.77 V
and −1.12 V, are determined on the basis of the average dI(U, rT )/dU spectrum of
the GaAs matrix in Fig. 6.3 (b) by using a threshold of dI(U, rT )/dU = 0.02 a.u.. The
experimentally observed band gap of GaAs is 24 % larger than expected [51]. This
is due to the tip induced band bending (TIBB), which acts especially in the nearly
intrinsic epilayer region as an additional lever stretching the voltage scale.
The key to the unexpected rich spectral structure of B atoms in the surface lies in
the TIBB. The bands in the semiconductor bend at growing positive voltages increasingly upwards. At some point, the Fermi level of the tip lines up with the empty B
impurity state just below the CBE. However, the isolated B state does not provide
a sufficiently large reservoir of empty states to sustain a significant tunneling path.
In this configuration no tunnel current is flowing. Only when the empty B impurity
state is lifted by the TIBB to the level of the CBE far away from the surface gains the
B impurity state in relevance. This allows for resonant tunneling from the tip into the
empty B impurity state and from there into the empty CB states, as indicated in Fig.
6.3 (e). Consequently, in the dI(U, rT )/dU spectra region (I) coincides always with the
beginning of the VBE. At larger positive voltages, the cationic surface states near the
CBE start to contribute directly to the tunnel current. As a result, the tunneling path
through the B atom loses in significance, which gives rise to the decay of the B related
contributions towards larger positive voltages.
Conversely, the bands bend downwards at large negative voltages. The downward band bending ultimately causes the B impurity state to drop below the sample
Fermi level. Due to the n-type nature of the sample, this is expected to occur before
the Fermi level of the tip lines up with the anionic surface states in the region of the
VB. Below the Fermi level of the sample, the B impurity state is always occupied and
acts as a strong tunnel path into the tip. In the dI(U, rT )/dU spectra, this leads to a
peak in the band gap (region II). Consequently, regions (I) and (II) originate from the
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same state, which is once occupied and once empty. Further evidence for this interpretation can be seen in the spatial congruence of the onsets of regions (I) and (II),
which proves that they are both related to the anionic sublattice. Close inspection
of Fig. 6.3 (b) reveals that the B related peak in region (I) is wider and less intense
than in region (II). This is attributed to the different character of the tunneling paths
in regions (I) and (II). The B impurity state aligns at positive voltages first with the
CBE deep in the semiconductor. With increasing TIBB at positive voltages, the effective barrier between the B impurity state and the CB states gradually decreases. This
gives rise to a gentle opening of the resonant tunneling path in region (I). The shift
of the B impurity state below the Fermi level of the sample in region (II) represents
a more sudden transition when compared to the onset of the resonant tunnel path in
region (I), which explains the mentioned differences between regions (I) and (II).
At even larger negative voltages, the occupied surface states in the region of the
VBE, which are located on the anionic lattice, become involved in the tunneling [see
Fig. 6.3 (e)]. Thereby, the contributions of the occupied B impurity state, which is
localized on the cationic sublattice, to the total tunnel current becomes less important.
This transition from anionic to cationic states causes the lateral shift in region (III).
Furthermore, the Coulomb field of the additional charge located at the occupied B
impurity state gives rise to an upwards band bending in the VB. This favors an earlier
transition into the anionic surface states near the B atom than in the surrounding
GaAs matrix.
High resolution empty and filled state topographs of a B atom in the surface are
shown in Fig. 6.4, which represent the previously discussed regions I and III, respectively. These images are taken with a different tip state at another B atom in the
surface than the one shown in Fig. 6.3 (a). Therefore, the voltage set-points in the
topographs cannot be directly compared with the spectroscopic data. In both cases
the B impurity state is primarily located on two neighboring lobes, which are separated from each other by an intermediate atomic row. This is in good agreement
to the spectroscopic data. On the whole, a spherical symmetry prevails, as seen for
donors such as Si [25]. However, there is a slight asymmetry along the [001] growth
direction in the form of trident-like extensions. The buckling of the relaxed {110} surfaces runs similarly along the [001] direction, which suggests a connection between
the asymmetry of the B impurity state and the surface. The B impurity state extends
in the empty state X-STM image over a region of about 5 × 5 lattice sites. In the filled
state image, the B impurity state has next to this local component an additional long
ranged contribution, which appears as a halo of dark contrast. Such a behavior is
typical for a perturbation of the Fermi gas by a charged defect. This gives further
evidence that the B impurity state must lie below the Fermi level under filled state
conditions at large negative voltages and acts as a charge carrier trap. Interestingly,
the atomic corrugation in Fig. 6.4 (b) is most pronounced perpendicular to [001] direction. However, the anionic surface states A4 and A5 , which lie in the VB, give rise
to a strong corrugation along the [001] direction. This points to contributions from
the cationic C3 surface state, which is located near the CBE. At negative sample volt97
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F IGURE 6.4: High resolution topographic X-STM images of the empty (a) and filled (b) impurity state of a B atom in the surface, which are taken at U = 2.2 V [region (I)] and U = −2.5 V
[region (III)]. The tunnel current is kept constant at I = 30 pA. The color scales in both images
are adapted independently for best visibility.

ages, the C3 surface state can only contribute to the tunnel current when it is filled.
Hence, the TIBB must be so strong that even the CBE lies below the Fermi level of the
sample, which further supports a charged B impurity state.
This illustrates that the impurity state of a B atom in the {110} surfaces does not
lie 0.3 eV above the CBE as suggested for bulk GaAs layers [174]. The spectral structure of the experimental dI(U, rT )/dU curves is much more indicative of a B impurity
state in the band gap slightly below the CB. It is not unusual that the {110} surface
affects the energetic position of dopants [168, 169], which also appears to apply to
highly mismatched isovalent impurities. For example, it is shown in chapter 5 that
the energetic positions of Bi impurity states deviate near the {110} surfaces increasingly from their initial position in the bulk. Similar observations have been reported
for N atoms in GaAs [159].

6.5

Characterization of the Spatial Boron Distribution

The considerably smaller effective size of the B atoms compared to the elements in
the GaAs host makes the synthesis of borides challenging. Typical problems in the
growth of HMAs range from crystal defects to inhomogeneities in the distribution
of the components, which can lead to a complete phase separation. For example,
it is assumed that the unusually strong increase in the effective electron mass in B
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doped GaAs is related to the formation of pairs or clusters of B atoms [32]. However,
supporting structure studies addressing the morphology of B-containing GaAs films
at the atomic level are lacking.
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images as detailed in the text.
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Here, X-STM is used to address this topic for three different groups of B doped
GaAs QWs with nominal B concentrations of 0.3% (QW 1), 0.5 % (QW 2), and 1.0 %
(QW 3). Each of these groups consist of three sets of QWs with the same B concentrations. Typical X-STM images of the last grown B doped QW of each of the three
groups are shown in the first column of Fig. 6.5. The classification of the main B
related features in section 6.3 allows to atomically determine the distribution of B
atoms in these wells along the [001] growth direction. The corresponding concentration profiles are shown in the second column of Fig. 6.5. The concentration profile of
QW 1 is calculated on the basis of B atoms in the surface layer [class (0)] and the first
subsurface layer [class (1)] over a length of (360 ± 10) nm. In QWs 2 and 3, where the
statistics is better, only the positions of the B atoms in the surface [class (0)] are used
at a total length of (458 ± 15) nm and (478 ± 27) nm, respectively.
The general tends in these three different B doped QWs are very similar. The B
concentration profiles suggest a QW thickness of (14.7 ± 0.6) nm, which is in good
agreement with the nominal value of 15 nm. In addition, the interfaces between the
neighboring GaAs barriers and the Bx Ga1−x As QWs are almost atomically sharp,
which excludes B segregation. The sharp interfaces between the Bx Ga1−x As and
GaAs layers are a direct consequence of the strong B-As bond [112], which limits
the transfer of B atoms to subsequent layers during growth. For example, the weaker
bound In atoms in GaAs are considerably more mobile during growth, which appears
in the form of pronounced segregation patterns at the interfaces of (Ga,In)As/GaAs
QWs [137]. Furthermore, the surrounding GaAs films do not show any signs of B
cross contamination. The B content inside the three different Bx Ga1−x As/GaAs QWs
comes close to the intended concentrations, which are indicated by orange reference
lines. The largest deviation from the nominal B concentration is found at QW 1. This
is related to the increasing difficulty in controlling low B fluxes. All this suggests
good control over the incorporation of B atoms in GaAs. However, the B distribution
shows a very particular behavior at the growth start of every B-containing GaAs QW.
There seems to be a B-rich δ-layer, which is followed by a region where almost no B
atoms are found. This is induced by unintentional instabilities in the B pressure at
the beginning of the QW growth, which affects the incorporation of B atoms in the
GaAs matrix.
To assess the short range ordering of the B atoms relative to each other, the occurrence of the n-th nearest neighbor B pairs with n = 1, 2, 3, 4, 6 in the cleaved {110}
surfaces is investigated. The fifth nearest neighbor pair is not considered as it cannot be found in the {110} planes. QWs 3, which have the highest B concentration
and thus the highest density of B pairs, are best suited for studying the occurrence
of the B pairs. Here, the number of the B pairs is visually determined over a length
of (478 ± 27) nm for each of the three QWs with a B concentration of 1 %. Examples
of the B pairs under filled state conditions and their orientation in the surface are
shown in Figs. 6.6 (a, b). Surprisingly, we did not find any first nearest neighbor B
pairs. The experimentally observed numbers of B pairs are normalized by the expectations for a completely spatially random pattern (CSRP). This results in the relative
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surface with n = 1, 2, 3, 4, 6, which is derived over a length of (478 ± 27) nm from each of
the three QWs 3. A model of the (110) surface is shown in (b), where the orientations of the
investigated n-th nearest neighbor B pairs are marked. Corresponding filled state images of
the n-th nearest neighbor B pairs in the cleavage plane are shown in (a), which are taken at
I = 40 pA and U = −2.5 V.

frequency distribution in Fig. 6.6 (c), which gives a direct measure for the deviation
of the experimental B pair distribution from the ideal case of a CSRP. The number
of B pairs, which are expected for a CSRP, are estimated from 10000 computationally
generated patterns where B atoms are randomly distributed across atomic grids with
the same dimensions and B concentration profiles as in the experimentally studied
QWs 3. In this way, deviations from the ideally rectangular B concentration profile,
which are an artifact of the growth procedure, are considered. The statistical error of
the experimental B pair counts is estimated on the basis of the standard deviation of
the simulated CSRPs.
The relative frequency distribution in Fig. 6.6 (c) shows that there is not only
a strong underpopulation of first and fourth nearest neighbor pairs but also a clear
overpopulation of third nearest neighbor pairs. In fact, we found no first and only one
fourth nearest neighbor B pair in the whole investigated region. This is in both cases
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a deviation from the reference level of a CSRP by more than two standard deviations.
Similarly, the third nearest neighbor pairs are observed more than twice as often than
expected for a CSRP. It appears likely that the lack of B atoms on first and fourth
nearest neighbor position and the surplus on third nearest neighbor positions are
related. In this context, it is interesting to note that both first and fourth nearest
neighbor pairs are oriented along the directly coupled zigzag rows of Ga and As
atoms in the h110i directions.
The reduced number of first and fourth nearest neighbor pairs as well as the increased occurrence of third nearest neighbor pairs could be related to an exchange of
B and Ga atoms in the cleaved {110} surfaces after the growth. However, extensive XSTM studies in the last decades on III-V semiconductor compounds have shown that
in situ cleaved {110} surfaces are very stable under UHV conditions. In addition, the
B-V bonds belong in the III-V system to one of the strongest [112]. Only the wide band
gap III-N compounds have stronger binding energies. Therefore, it appears unlikely
that the deviation of the local B distribution from a CSRP is induced by the X-STM
measurement. This leaves only the possibility of a growth related mechanism.
Up to now, B first nearest neighbor pairing is considered as the main cause for the
unusually strong increase in the CB effective mass in boride III-V compounds [31].
This belief goes back to the theoretical work of Lindsay et al. in Ref. [32] on the band
structure of B doped GaAs. Their TB calculations indicated that the strong increase
in the CB effective mass is related to first nearest neighbor B paring, which affects the
CBE much stronger than individual B atoms. Our study points to an intrinsic mechanism during growth, which strongly suppresses the formation of first and fourth
nearest neighbor B pairs in the investigated sample. This suggests that other effects
must be involved in the the extraordinary increase in the CB effective mass, which is
reported for boride III-V semiconductors [33, 174, 32].

6.6

Conclusion

X-STM is used to explore the structural and electronic properties of B atoms in GaAs,
which have until now largely been disregarded in the III-V material system. The increasing interest in the small B atoms as an isovalent impurity in conventional binary
III-V semiconductors arises in the search for novel materials, which, similar to dilute
nitrides and bismides, offer new functionalities.
Boron atoms on substitutional Ga sides are identified down to the second layer
below the natural {110} cleavage planes. The contrast of B atoms in subsurface layers
is primarily given by the local deformation of the surrounding GaAs matrix towards
the smaller B atoms. Surprisingly, boron atoms in the cleavage plane give rise to
strong electronic signatures. This is a direct consequence of the surface, which affects
the energetic position of the B impurity state. Usually, boron introduces in GaAs
an impurity state, which is resonant with the CB. However, our STS measurements
show that the impurity state of a B atom in the GaAs {110} surface lies just below the
CBE, which dominates the contrast in topographic X-STM images. Taking advantage
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of the TIBB in the tunnel junction, the filled and empty impurity state of the same B
atom in the surface is imaged.
In addition, the structural properties of different Bx Ga1−x As/GaAs QWs are investigated. Along the [001] growth direction the incorporation of B atoms in GaAs
can be controlled at the atomic level. This is attributed to the strong B-As bond,
which limits the segregation rate of the B atoms. In general, the crystal quality of
the B-containing GaAs layers is very good with no indications for crystal defects in
the investigated concentration range from 0.3 % to 1.0 %. However, at the atomic
level, the formation of first and fourth nearest neighbor B pairs, which are oriented
along the h110i directions, is strongly suppressed while third nearest neighbor B pairs
are found more than twice as often than expected for a completely spatially random
pattern.
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Chapter 7

Scanning Tunneling
Luminescence on Si Doped
GaAs
7.1

Introduction

In semiconductor science and technology, single impurities and crystal defects play
an increasing role for optoelectronic applications, which are based on nanostructures.
However, difficulties arise in the characterization of the optical properties of these
systems at the atomic level, which is essential for a fundamental understanding of
the underlying physics and the associated technological challenges. Conventional
optical far field techniques, whose spatial resolution is given by the diffraction limit,
are not suited for this task. A possible way to circumvent this problem is to use the
tunnel current from an STM tip to locally excite photons, which can then be analyzed
in the far field. This allows to correlate in a unique manner optical, structural, and
electronic properties. In direct band gap semiconductors, light emission is usually a
result of the radiative recombination of electron-hole pairs (e-h). Such an emission
can be efficiently stimulated in n/p-doped samples by using the tunnel current of
an STM as a source for low energy minority carries. Therefore, it is expected that
the diffusion length of the injected minority carriers limits the spatial resolution in
scanning tunneling luminescence (STL) experiments on III-V semiconductors. Nevertheless, atomic scale modulations in the STL intensity have been reported for the
n-type GaAs (110) surface at 7 K, which are attributed to local variations in the injection efficiency [180]. This gives hope that STL can also be used to study the optical
properties of single impurities in the natural {110} cleavage planes of III-V semiconductors. So far, STL measurements on III-V semiconductors have only been reported
for bulk layers [180, 181], evaporated molecules [182], and nanostructures such as
QWs [35, 36], QW wires [37, 38], and QDs [39, 40].
In this chapter, the possibility to probe the optical properties of individual impurities in III-V semiconductor compounds by STM induced electroluminescence is
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explored. For this purpose, Si doped GaAs is used, which is one of the best studied materials in the III-V system. In a first step, STL spectra from three different
GaAs layers with varying Si concentrations are discussed. After that, the influence
of the tunnel conditions on the photon emission is investigated. Finally, the optical
response from single Si atoms in the cleavage plane is compared to the signal from
the surrounding GaAs matrix.

7.2

Sample Growth and Experimental Methods

A specific sample, which consist of multiple GaAs layers with varying Si doping
concentrations, was grown by F. W. M. van Otten at the Technische Universiteit Eindhoven in a Createc SY022 molecular beam epitaxy (MBE) reactor. The epilayers were
deposited with a rate of 1.15 Å/s at 580 ◦ C on a standard n-type [001]-oriented GaAs
substrate with a Si concentration of 1 × 1018 cm−3 . After deoxidation, a 100 nm high
GaAs buffer layer was used to stabilize the growth. Then, three 500 nm thick GaAs
layers with Si concentrations of 1 × 1018 cm−3 , 1 × 1017 cm−3 , and 1 × 1016 cm−3 were
deposited, which are separated from each other by 100 nm wide GaAs spacer layers.
Finally, the entire structure was capped with 100 nm of GaAs.
The STL measurements were carried out in a conventional Omicron low-temperature STM at about 6 K. The Si doped GaAs samples were cleaved in situ at base
pressures below 4 × 10−11 mbar along one of the {110} planes revealing clean and
defect free surfaces. Electrochemical etching was used to make atomically sharp tips
from polycrystalline tungsten wires. Before use, the tips were further cleaned under
UHV conditions by annealing and subsequent Ar-sputtering. The STM induced luminescence was collected with a collimator lens near the tunnel junction and coupled
through a view port out of the UHV system of the STM. Under ambient conditions,
the light was coupled with a second lens into an optical multimode fiber, which led
to a 150-g/mm grating spectrometer with a liquid nitrogen cooled Si charge coupled
device (CCD) camera. The STL spectra were acquired in constant current mode using a spectrometer slit width of 250 µm, which was matched to the core diameter of
the used multimode fiber, to maximize the detection efficiency. Further details on the
home-built optical detection system can be found in section 2.7.1 and Ref. [91].

7.3

Influence of the Si Concentration in GaAs Layers on
the Scanning Tunneling Luminescence

So far, the spectral structure of the STM induced luminescence from Si doped GaAs
layers has only been discussed to a limited extend [180, 183, 184]. Therefore, the
influence of the Si contentment on the STL spectra is first studied. This is done by
comparing two GaAs layers with Si concentrations of 1×1017 cm−3 and 1×1018 cm−3
to nominally undoped GaAs. Filled state X-STM images of these regions are shown in
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the first row of Fig. 7.1. The corresponding STL spectra in Fig. 7.1 (d) are acquired by
injecting holes for 180 s into the valence band (VB) at a sample voltage of U = −3.5 V
and a tunnel current set-point of I = 750 pA. In all cases, the GaAs matrix is excited
to exclude parasitic effects form Si atoms near the cleavage plane. The STL spectra are
characterized by two distinct peaks; one low energy peak at 1.494 eV and one high
energy peak at 1.515 eV. These peaks are both located below the band gap of GaAs,
which has at 6 K a width of EG = 1.519 eV [51]. At the highest Si concentration, the
STL spectrum broadens significantly and shows an additional shoulder, which drops
24 meV above the bulk band gap of GaAs to the half of its maximum height. These
spectral features are discussed in the following.
In the STL spectrum of the intrinsic GaAs layer, the high energy peak lies only
3 meV below the theoretical band gap of GaAs. This is indicative for free excitons
(F -X), which can also be found in low temperature PL spectra of intrinsic GaAs
next to various types of deeper lying bound excitons [185, 186]. The low energy
peak is separated from the band gap by 25 meV, which comes close to the ionization
energy of C acceptors (Eion = 26 meV) in GaAs [187]. Therefore, the second peak is
attributed to transitions between the conduction band (CB) and C acceptor states (eA). The unintentional incorporation of C atoms in MBE grown GaAs is a well known
process, which is associated with C residuals in the As source [188, 189, 190].
In the 1 × 1018 cm−3 Si doped region, the sample is degenerate and the Fermi
energy lies above the conduction band edge (CBE). In addition, inhomogeneities in
the Si distribution give rise to potential fluctuations. This breaks the translation symmetry of the crystal and deforms the wave functions, which allows for indirect non
k-conserving transitions [191]. Moreover, the minority carriers (holes), which are injected by the STM, are expected to have thermalized to the valence band edge (VBE)
or some of the C acceptor states before radiatively recombining with the electrons in
the CB. Accordingly, the changes of the (F -X) line at high Si concentrations reflect
the population of the CB band as illustrated in Fig. 7.1 (e). The gradually rising low
energy side of the wide band to band (b-b) transition does not scale with the square
root of the energy as expected for the electron density in a parabolic band. This is typical for a degenerate n-type semiconductor where the density of states (DOS) in the
region around the CBE is modified by the overlapping donor band and electron correlation effects [186]. The much steeper declining high energy side marks the border
of the Fermi sea.
Particularity interesting is the additional shoulder at the high energy side of the
STL spectrum, which can only be found in the GaAs layer with the highest Si concentration. This feature is most probably related to an enhancement of the optical density
of states at the Fermi edge by multiple electrons-one hole scattering [186]. A crucial
prerequisite for such many-body interactions is a softening of the k conservation rule
due to hole localization or disorder as in our case [192]. Far below the Fermi edge,
the Pauli exclusion principle makes multiple electrons-one hole scattering processes
much less likely, which gives rise to a so-called Fermi edge singularity (FES) [193].
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F IGURE 7.1: Typical STL spectra of three GaAs layers doped with increasing amounts of Si. In
the first row, topographic filled state X-STM images are shown, where the positions of the STL
spectra (d), which are taken on intrinsic GaAs (a) as well as GaAs layers with Si concentrations
of 1 × 1017 cm−3 (b) and 1 × 1018 cm−3 (c), are marked. The topographs (a, b, c) are imaged at
U = −2.8 V and I = 40 pA. The STL spectra (d) are acquired by exciting the sample for 180 s
at U = −3.5 V and I = 750 pA. Depending on the doping concentration, an enhancement of
the Fermi edge (FES), free exciton (F -X), CB to C acceptor (e-A), and indirect band to band
(b-b) transitions are observed, which are marked in the band diagram (e). In the STL spectra
(c), the position of the GaAs band gap at 6 K is indicated by a dashed line
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Assuming that the carrier density is equivalent to the Si concentration, we expect according to the Nilsson approximation [194] that the Fermi level lies 57 meV above
the CBE. In the experiment, the FES reaches with 24 meV only half as far beyond the
band gap of undoped GaAs, which is indicated in Fig. 7.1 (d) by a dashed line. The
discrepancy of 33 meV between the experiment and Nilsson approximation can be explained by the additional band gap narrowing at high doping concentrations, which
partially compensates the shift of the Fermi edge to higher energies. According to the
empirical data of Hudait et al. in Ref. [195], the band gap of Si doped GaAs decreases
at a carrier concentration of 1 × 1018 cm−3 by about 28 meV, which matches well to
the energetic position of the additional shoulder in the STL measurement. Since the
FES can only be observed in systems with a sharp Fermi edge, a temperature dependent study could provided the ultimate proof or an enhancement of the STM induced
luminescence a the Fermi edge. A potential connection to bound states in the CB due
to the downwards TIBB, when injecting holes into the VB, is excluded. These states
would be shifted in energy as the TIBB changes with the sample voltage, which is not
observed in Fig. 7.3 (d)
The gradual change in the STM induced luminescence between two GaAs layers,
one undoped and the other one with a Si concentration of 1 × 1018 cm−3 , is shown
in Fig. 7.2. The top left panel shows a topographic filled sate X-STM image of the
investigated region where the interface between the intrinsic GaAs layer on the left
and the Si doped GaAs region on the right is indicated by a dashed line. The white
dots on the horizontal line mark the positions of the STL spectra, which are acquired
at U = −3.5 V and I = 700 pA with an integration time of 180 s per spectrum.
The superposition of all acquired STL spectra in Fig. 7.2 (d) further illustrates the
asymmetric broadening of the high energy peak and the formation of an additional
shoulder above the band gap as minority carries (holes) are injected into the Si doped
GaAs region. This gives additional evidence that the observed transitions are related
to e-A, F -X, and b-b recombinations. Interestingly, the broadening of the STL spectra begins in the spatially resolved color map, which is shown in Fig 7.2 (c), at a
x-position of about 92 nm. However, the Si doping starts much earlier at x = 62 nm.
This deviation between the optical and structural transition points is caused by the
internal potential between the GaAs/Si:GaAs layers. In the intrinsic GaAs region the
electron concentration is much lower than in the neighboring Si doped GaAs region.
As a result, electrons diffuse from the Si doped region, where the positively charged
donor atoms stay behind, into the intrinsic GaAs region, which becomes negatively
charged. The electric field in this space charge region gives rise to a downwards
band bending similar to the band diagram in Fig. 7.2 (b), which opposes the further diffusion of majority carriers across the interface. The band bending continues
until thermodynamic equilibrium is reached and the Fermi levels are equal in both
regions. Holes, which tunnel from the STM tip into the space charge region, flow
in consequence of the built in potential towards the intrinsic GaAs layer, where they
can recombine. This illustrates that the electroluminescence induced by an STM on
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semiconducting samples does not necessarily occur at the position of the tunnel contact. In fact, the observation of e-A transitions due to unintentional C incorporation
suggests that the diffusion length of the injected minority carries before radiative recombination determines the optically active region in semiconductors.

(a)

(b)

Band diagram:
Si:GaAs
GaAs
CB
EF
VB
E
25

(c)

849

50

75
100
x [nm]
(d)
Wavelength [nm]
838 827 816 805 795

125

x [nm]

100
75 Si:GaAs
50 GaAs
25
0
low

EG
e-A

F-X

x

125
849

Wavelength [nm]
838 827 816 805

2500

b-b
Intensity [counts]

0

2000

F-X

EG

e-A

1500
1000
500

b-b

0

1.46 1.48 1.50 1.52 1.54 1.56
Energy [eV]
high, Intensity [counts]

1.46 1.48 1.50 1.52 1.54
Energy [eV]

F IGURE 7.2: STL line trace across the GaAs/Si:GaAs interface. A topographic filled state XSTM image of the studied area with the intrinsic GaAs layer to the left and the 1 × 1018 cm−3 Si
doped region to the right is shown in (a). The interface between these layers is indicated by a
dashed line in the STM topograph, which is taken at U = −2.8 V and I = 40 pA. The positions
of the STL spectra (c, d), which are acquired by exciting the sample for 180 s at U = −3.5 V
and I = 700 pA, are given by white circles. The color map (c) shows the spatial evolution of
the STL spectra, which are stacked in (d) for better comparability. The band alignment at the
GaAs/Si:GaAs interface is sketched in (b).
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Dependence of the Scanning Tunneling Luminescence on the Excitation Conditions

Since the optical response from the epitaxial GaAs layers with and without Si doping
is understood, we investigate in the following the influence of the tunneling conditions on the STM induced luminescence. In a STL experiment the energetic position
of the injected carries can be controlled through the sample voltage and the strength
of the excitation is given by the tunnel current set-point. In order to evaluate the
dependence of the STM induced luminescence on the sample voltage and tunnel current, each of these two parameters is swept while the other one is kept constant. This
is done at the example of a GaAs layer with a Si concentration of 1 × 1018 cm−3 . A
filled state X-STM image of the investigated region is shown in Fig. 7.3 (a), which is
taken at U = −2.8 V and I = 30 pA. As in previous cases, the GaAs matrix is excited
at the position of the white dot, which is far away from visible Si atoms.
In Fig. 7.3 (c) a series of STL spectra is shown, which are taken at different tunnel
currents between 50 pA and 800 pA using a constant sample voltage of U = −3.5 V.
The color map shows that the spectral structure of the STM induced luminescence
is not affected by the tunnel current. Instead, the intensity of the spectra increases
linearly with the tunnel current. This can be seen best in Fig. 7.3 (b), where the total
intensity between 1.39 eV and 1.58 eV is plotted as function of the tunnel current.
When tunneling at a high negative voltage into heavily Si doped GaAs, occupied
CB and VB states contribute to the total tunnel current, as illustrated in Fig. 7.4 (b).
Both currents scale linearly with the tunnel current set-point. Accordingly, the STM
induced luminescence, which is in turn direct proportional to the number of available
holes in the VB, also shows a linear dependence on the tunnel current set-point.
An additional voltage series has been recorded at the same position as before
while keeping the tunnel current at I = 750 pA. The color map in Fig. 7.3 (d) shows
that also the sample voltage does not affect the spectral structure of the STM induced
luminescence. The total STL intensity between 1.39 eV and 1.58 eV is plotted against
the sample voltage in Fig. 7.3 (b). The photon emission sets in at a threshold of about
U = −1.6 V, which is slightly larger than the band gap of GaAs. In the heavily Si
doped GaAs layer the Fermi level lies short above the CBE. Therefore, a negative
voltage in the range of the band gap is needed to inject holes into the VB, which
can radiatively recombine with the majority carriers in the system. In this regime,
the occupied CB states of the degenerate semiconductor also contribute to the total
tunnel current. Up to a sample voltage of U = −2.1 V the STL intensity rises rapidly
as more and more states in the VB become accessible. However, at some point the
tunnel current set-point becomes the limiting factor, which caps the hole injection
rate into the VB. Therefore, it comes to a saturation of the STM induced luminescence
above −2.1 V.
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F IGURE 7.3: Dependence of the STM induced luminescence on the tunneling conditions. The
STL measurements are taken on a GaAs layer with a Si concentration of 1 × 1018 cm−3 . A filled
state X-STM topograph of the studied region, which is imaged at U = −2.8 V and I = 30 pA,
is shown in (a). The white dot marks the position of a series of STL spectra (c), which are
taken at different tunnel current set-points using a constant sample voltage of U = −3.5 V.
At the same position, voltage dependent STL measurements (d) are performed while keeping
a constant tunnel current constant of I = 750 pA. The total luminescence intensities between
1.39 eV and 1.58 eV of these two series are plotted in (b) as function of the sample voltage and
the tunnel current. All spectra are acquired by collecting photons over a period of 180 s.
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Scanning Tunneling Luminescence from Single Si
Atoms in GaAs

Finally, minority carriers are directly injected into the semiconductor on top of two
Si atoms, which are labeled Si 1 and Si 2 in Fig. 7.4 (a). The STM topograph is taken
under filled state conditions at U = −2.8 V and I = 40 pA. Both Si atoms are located
a few atomic layers below the cleavage plane. Si 1, which has a weaker contrast
than Si 2, is further away from the surface. Complementary, empty state images (not
shown here) confirm that these two Si atoms are donors. At Si concentrations of
1 × 1018 cm−3 , as in the investigated layer, self compensation due to Si acceptors on
As sites becomes relevant, which limits the maximum amount of free carriers [196].
STL spectra of Si 1 and 2, which are excited for 180 s at U = −3.5 V and I = 750 pA,
are shown in Fig. 7.4 (c). There is no spectral difference between the Si atoms and the
GaAs matrix of the same layer, which is acquired at identical tunneling conditions
during the voltage series in Fig. 7.3 (d). However, the intensity of the STM induced
light emission decreases with increasing proximity of the Si atoms to the cleavage
plane. This trend can be understood on the basis of the involved tunneling paths,
which are sketched in the energy diagram of the tunnel junction in Fig. 7.4 (b). As
previously indicated, occupied CB and VB states contribute in the heavily Si doped
GaAs layer at a high negative sample voltage to the total tunnel current. On top
of a Si atom, electrons can also tunnel from the neutral donor state into the tip. In
consequence of this third tunnel path, the hole current into the VB decreases, which,
in turn, negatively affects the strength of the luminescence. The influence of the Si
donor state on the electronic structure of the surface decreases with increasing depth.
Accordingly, the quenching of the STM induced luminescence is stronger for Si 2
than for Si 1, which lies deeper below the surface. In Fig. 7.4 (d), a voltage series
is shown for Si 1, which is taken at a constant tunnel current of I = 750 pA and an
integration time of 180 s per spectrum. Similar to the voltage dependent series on the
GaAs matrix in Fig. 7.3 (d), the luminescence on Si 1 rises rapidly as soon as holes
can be injected into the VB and saturates at higher negative voltages.

7.6

Conclusion

Si doped GaAs is used to investigate whether STM induced electroluminescence provides spectral information at the atomic level. In GaAs layers with Si concentrations up to 1 × 1017 cm−3 , distinct spectral features, which originate in free exciton
(F -X) and CB acceptor (e-A) recombinations due to residual C contamination, are
observed for the first time in STL spectra. At higher Si concentrations the STL spectra broaden up as the sample becomes degenerate and additional contributions from
band to band transitions (b-b) become visible. These changes are accompanied by
an enhancement of the STM induced luminescence at the Fermi edge, which is attributed to a many-body Fermi edge singularity (FES). The tunnel current and the
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F IGURE 7.4: STM induced luminescence acquired on Si atoms at different depths below the
surface. The investigated Si atoms are marked in the topographic filled state X-STM image
(a), which is taken at U = −2.8 V and I = 40 pA. Si 1 is located deeper below the cleavage
plane than the more pronounced Si 2. STL spectra of these two Si atoms, which are excited
for 180 s at U = −3.5 V and I = 750 pA, are shown in (c). The GaAs spectrum form Fig.
7.3, which is taken at the same layer with a Si concentration of 1 × 1018 cm−3 using identical
tunneling conditions, serves as reference. For Si 1, voltage dependent STL measurements (d)
are provided while keeping the tunnel current constant at I = 750 pA. A energy diagram of
the tunnel junction (b) illustrates the involved current paths.
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sample voltage have no influence on the spectral structure. This indicates that the
radiative recombination of the injected minority carriers with the available majority
carriers mainly takes place in the bulk far away from the surface. For the same reason,
STL spectra obtained on single Si atoms show identical features to the surrounding
GaAs matrix. However, the Si donors provide an additional tunneling path, which
leads to locally reduced hole injection rates. This gives rise to a quenching of the STL
signal, which is stronger the closer the Si atoms are to the surface.
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Chapter 8

Summary and Outlook
Atomic Scale Investigation of Isovalent Impurities And
Nanostructures in III-V Semiconductors
Control of material systems with increasing complexity and new functionalities is one
of the main pillars on which advances in semiconductor technology are based. In this
thesis, scanning tunneling microscopy (STM), spectroscopy (STS), and luminescence
(STL) are used to investigate a wide range of isovalent nanostructures and impurities
in the III-V material system. In an STM measurement, an atomically sharp metallic
tip is brought into tunnel contact with a (semi-) conducting surface. The local nature
of the tunnel current provides topographic and electronic information at the atomic
scale. Moreover, the tunnel current of an STM can be used to locally stimulate light
emission. This versatility coupled with subatomic resolution in real space makes STM
one of the most powerful techniques in material science.
In the first part of the thesis, isovalent nanostructures like quantum dots (QDs) are
investigated. QDs are traditionally formed by self-assembly in Stranski-Krastanov
growth. The size, shape, and composition of QDs, which are grown in this regime,
depend on a delicate interplay between a wealth of mechanisms during the QD formation and subsequent overgrowth. Lattice mismatch, atomic diffusion, and surface
energies are all important. In this respect, GaInP and AlInP QDs embedded in an
AlGaInP matrix, which have almost the same lattice mismatch, provide the unique
possibility to investigate the role of kinetic and energetic processes during the QD
growth. X-STM reveals large differences between the magnitude of the wetting layer,
the QD size, and the QD density in the two systems. These significant structural dissimilarities are attributed to a higher cation mobility and lower surface energy in the
Ga-rich system. In addition, it could be shown that in both systems the larger QDs
are eroded, which gives rise to a bimodal distribution of QDs with and without a surrounding In-rich halo. For practical applications, it is important that the variations in
the size and the composition of the individual QDs are as small as possible. In order
to prevent the simultaneous formation of small and large QDs it might be useful to
grow the QDs at a higher temperature where the thermodynamic equilibrium is easier to achieve. A strategy to suppress the erosion of the QDs could be the use of an
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Al-rich protection layer after the QD growth. Such a layer has a much higher bond
strength, which could help to reduce the amount of In diffusing out of the QD during
overgrowth. X-STM would be well suited to study the effectiveness of this measure.
In the second part of the thesis, single isovalent impurities are investigated, which
are very different from their host material in terms of their size, ionicity, and electronegativity. These materials include Bi-containing III-V semiconductor compounds,
which are challenging to synthesize, but offer superior material properties compared
to conventional alloys. Dilute bismides are still at the beginning of their development
and little is known at the atomic level about their structural properties. X-STM measurements on state-of-the art Bi doped InP reveal a number of problems, which are
related to short-ranged ordering and defect formation. Particularly interesting is the
strong tendency of Bi to form pairs and small clusters, whose impact on the electronic
properties of Bi-containing compounds is not clear. In this respect, scanning tunneling spectroscopy could provide valuable new insights, which would help guide the
field as to wheather to stimulate or suppress Bi pairing and clustering. In addition,
the interaction of the highly mismatched Bi impurities with the host is currently not
completely understood. This represents a valuable cornerstone in the overall picture
of semiconductor alloying. By using X-STM it could be shown that Bi gives rise to a
bowtie-like impurity state similar to deep acceptors. It would be interesting to compare the symmetry of the Bi impurity state in InP, which is resonant with the valence
band, to the bound state of a Bi atom, which lies in a wide band gap semiconductor,
such as GaP and AlAs, above the valence band edge. Similarly, the influence of pressure or strain, which might be locally induced by nearby QDs, could help to develop
a deeper understanding of the anisotropy of the Bi impurity state. Complementary
scanning tunneling spectroscopy measurements illustrate that individual Bi atoms
not only give rise to a resonant state in the conduction band but also locally shift the
valence band edge towards higher energies. This opposes typical band models which
suggest a homogenous influence of the Bi incorporation on the band structure.
So far, highly mismatched alloys in the III-V material system have been primarily
formed by alloying on the anion sites, as in the case of dilute nitrides and bismides.
From a fundamental perspective, it is very appealing to also look at an highly mismatched cation alloy. A potential candidate for such a system is B doped GaAs. Interestingly, the X-STM measurements show that only B atoms in the outermost {110}
cleavage planes have a strong influence on the local electronic structure of the GaAs
matrix. This is attributed to the semiconductor-vacuum interface, which shifts the B
impurity state from the CB into the band gap. Hence, the behavior of B doped GaAs
is qualitatively different from conventional and highly mismatched alloys. In addition, B offers in contrast to Bi a short ranged repulsive interaction, which appears
to be mediated along the highly coupled h110i directions. It would be worthwhile to
further investigate the mechanism behind the energetic shift of the B impurity state in
the surface. This is not only relevant for X-STM studies on other impurities but might
also have general implications for metal-oxide-semiconductor interfaces, which are a
central element in field effect transistors.
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Chapter 8. Summary and Outlook
In the first two parts of the thesis topographic and spectroscopic STM measurements were the main tools to explore isovalent nanostructures and impurities. STL is
a complementary technique that provides additional optical information. We report
progress in the understanding of this technique when applied to III-V semiconductor
compounds. By using Si doped GaAs, which is one of the most studied semiconductor materials, it is shown that STM induced luminescence can provide detailed
spectral information about the sample. For example, free exciton (F -X) and conduction band to C acceptor (e-A) transitions could be identified for the first time in STL
spectra of intrinsic MBE grown GaAs. Indirect band to band (b-b) transitions prevail
at high Si concentrations when the conduction band is degenerate. In these spectra,
indications for a Fermi edge singularity (FES) are found, which originates in multiple
electrons-one hole scattering processes. A next step would be to show that the potential FES is indeed quenched when raising the temperature to 300 K. In that case STM
induced luminescence may be used as a new tool to investigate many-body effects in
direct band gap semiconductors.
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Appendix A

Incorporation of Bi Atoms in InP
Studied at the Atomic Scale
A.1

Tests on the Convergence of the DFT Calculations

DFT calculations were performed within the local density approximation using the
ABINIT software package [76, 77] and the Fritz-Haber-Institute (FHI) norm-conserving pseudopotentials [75]. In all simulations a 7 atomic layer InP slab with a 12 Å
vacuum gap was used, with a cut off energy for the plane wave basis set, Ecut , of
30 Ry and a 4×4×1 k-grid. A 126 atom supercell with a 3×3 surface periodicity was
used for the calculations with a Bi dopant. In every case the atoms were allowed to
fully relax with a tolerance on the forces of 10−4 hartrees per bohr.
Before the addition of the Bi dopant, simulations of the clean InP (110) surface
were checked and the relaxed geometry was found to agree well with experimental
data and other pseudopotential calculations [197, 198, 199]. For example, the surface displacement between In and P atoms was found to be 0.067 Å, with a buckling
angle of 28.4◦ . The relaxed lattice constant of 5.82 Å is slightly smaller than the experimental value but this is as expected from a pseudopotential calculation [197, 198,
199].
After the addition of an impurity, tests on the convergence of the total energy
were performed with respect to Ecut , the k-point grid, and the supercell size. The
total energy was found to be very well converged with Ecut and the k-grid chosen:
calculating with a 6×6×1 k-grid or a 40 Ry cut off energy changed the total energy by
less than 2×10−5 % and 0.02 %, respectively. For the 3×3 system size the total energy
per atom was within 0.4 % of the value obtained with a 4×3 supercell.
The convergence of the calculated STM images was also checked with respect to
Ecut , the k-grid, and the supercell size as outlined in previous works [200, 74]. In all
the calculations, constant height STM images were generated from the local density
of states (LDOS) of the system [42] at a tip height of 4 Å. No qualitative changes in
the LDOS were observed when increasing Ecut to 40 Ry, changing to a 6×6×1 k-grid,
or going to a 4×3 supercell. For example, for the filled state image with Bi in the
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surface layer, the changes in intensity and full width half maximum of the highest
intensity peak were always less than 5.0 % and 1.7 %, respectively, when compared
to the calculation with the standard Ecut , k-grid, and supercell size.
Finally, the effect of the tip height on the qualitative appearance of the image was
also tested. The appearance of the filled (empty) state images is largely determined
by the ratio of the intensity of the LDOS over the Bi site to the intensity of the LDOS
over the surface P (In) sites. Once the tip is above 3 Å of the surface the LDOS over
each type of site decays exponentially into the vacuum at a rate that is almost the
same in all cases. So, as the tip height increases, only the absolute intensity of the
image changes and the qualitative appearance remains the same. For example, in the
case of empty state imaging for Bi in layer 1 and for tip-sample separations between
3.25 Å and 6.5 Å, the ratio of the LDOS over Bi compared to P sites is approximately
constant: a straight line fit to the ratio gives a gradient consistent with zero (0.04 ±
0.06).

A.2

The Method Used for Calculating the Two-Dimensional Pair Correlation Function and the Treatment
of Edge Effects

In practice, the PCF (equation 4.2) is estimated by counting for every Bi atom in the
range of interest, R, the neighbors, which lie in shells of finite thickness dr. All Bi
counts from equally distant shells are normalized with the corresponding shell areas
and averaged. Thereby, an estimate for the area number densities, ρ(r), at discrete
distances r from the origin of the Bi distribution is obtained. These area number
densities, ρ(r), are divided by the area number density of the investigated region,
ρ0 . This ensures that the PCF of a completely spatially random pattern (CSRP) is
one. An important point is the error, which arises from Bi atoms near the image
borders. Close to the edges, some of the shells extend over the borders of the image,
where no data are available. We adjust for this when calculating the neighborhood
point density by considering only the proportion of the shell area, which lies inside
the measurement frame. This is a common approach to correct for edge effects, which
has thoroughly been tested against the “minus sampling method” [201]. In the minus
sampling method, the PCF is only calculated from Bi atoms, which are further away
from the image border than the maximum range of interest, R. This ensures that all
neighbor pairs up to R can be determined.
PCFs calculated with three different methods are compared in Fig. A.1. This is
done at the example of F 1 with an intended Bi content of 1.2 % from sample A, which
is shown in Fig. 4.3 (a) of the thesis. In all three cases the PCFs are determined up to a
maximum range of R = 15 nm with a sampling interval of dr = 1.5 Å. The green line
shows the PCF, calculated neglecting any edge effects. Here, the function values of
the PCF systematically drop for r > 8 nm below the reference level of a CSRP. This is
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caused by counting errors, which arise from shells extending outside the image borders, and intensifies with increasing r. The magenta line shows the PCF calculated
using the “minus sampling method”. In this method, counting errors are excluded as
only atoms, which are far enough from the image borders, are considered. Thus, the
function values of the PCF do not drop for r > 8 nm. The disadvantage of the “minus sampling method” is that the available information is not completely exploited,
which leads to an overall higher noise level in the PCF. When considering only the
regions of the ring segments inside the image frame, as done in our case, better statistics can be obtained whilst simultaneously suppressing the counting errors at larger
r. However, this works only up to a certain level and at too large r the errors in terms
of poor statistics begin to take over again. We do not show any errors in Figure A.1
to improve the comparability between the different methods for correcting for edge
effects in the PCFs.
No edge correction
Minus sampling method
Used edge correction
Reference random distribution

6

g(r)

5
4
3
2
1
0

0

2

4

6

8
r [nm]

10

12

14

F IGURE A.1: Comparison of PCFs calculated with different strategies. The PCFs without edge
correction or when using the “minus sampling method” are shown in green and magenta,
respectively. The method used in the thesis, where only the regions of the ring segments inside
the image frame are considered, is represented in blue. In all cases, the Bi distribution in Fig. 4.3
(a) of F1 with an intended Bi content of 1.2 % is analyzed at a sampling interval of dr = 1.5 Å.

A.3

The Method Used to Determine the Short Range
Ordering of Bi

At the scale of a few lattice constants, the effects of thermal drift and piezo creep in
X-STM images, which are taken at 5 K, are small enough to perform an unambiguous
digitization of the atomic corrugation in the {110} surfaces. This allows us to define
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a local distribution matrix


r−2,2
 r−2,1

gk = 
 r−2,0
r−2,−1
r−2,−2

r−1,2
r−1,1
r−1,0
r−1,−1
r−1,−2

r0,2
r0,1
r0,0
r0,−1
r0,−2

r1,2
r1,1
r1,0
r1,−1
r1,−2


r2,2
r2,1 

r2,0 
,
r2,−1 
r2,−2

for every k-th Bi atom in the cleavage plane of a finite area with a total number of N
Bi atoms. The matrix elements

1, occupied with a Bi atom
ri,j =
,
0, occupied with a P atom
of the matrices gk represent individual anionic lattice sites, which can be either occupied with Bi atoms or P atoms. The indices i and j are integers, which define the
spacing s = i×a(001̄) +j ×a(1̄10) of the local lattice positions ri,j relative to the k-th Biatom in units of the primitive lattice vectors a(001̄) along the [001̄] direction and a(1̄10)
along the [1̄10] direction of the (110) surface unit cell. The total occupation matrix of
PN
the investigated region is then give by the sum, G = k=1 gk , over all local distribution matrices gk . To specify a measure for the occupation probability of neighboring
lattice sites with additional Bi atoms,
 Exp

Exp
Exp
Exp
Exp
G−2,2

 ḠSim
−2,2
 GExp
 −2,1
 ḠSim
−2,1
 Exp
 G−2,0
P =  ḠSim
 Exp
−2,0
 G−2,−1
 Sim
 Ḡ−2,−1
 GExp
−2,−2

ḠSim
−2,−2

G−1,2
ḠSim
−1,2
GExp
−1,1
ḠSim
−1,1
GExp
−1,0
ḠSim
−1,0
GExp
−1,−1
Sim
Ḡ−1,−1
GExp
−1,−2
ḠSim
−1,−2

G0,2
ḠSim
0,2
GExp
0,1
ḠSim
0,1
GExp
0,0
ḠSim
0,0
GExp
0,−1
Sim
Ḡ0,−1
GExp
0,−2
ḠSim
0,−2

G1,2
ḠSim
1,2
GExp
1,1
ḠSim
1,1
GExp
1,0
ḠSim
1,0
GExp
1,−1
Sim
Ḡ1,−1
GExp
1,−2
ḠSim
1,−2

G2,2
ḠSim
2,2 

GExp
2,1 

ḠSim
2,1 
GExp
2,0 
,
ḠSim
2,0 

GExp
2,−1 
ḠSim
2,−1 

GExp
2,−2
ḠSim
2,−2

the elements of the total occupation matrix of the experimental data, GExp , are normalized by the corresponding elements of the average total occupation matrix, ḠSim ,
of 1000 computationally generated CSRPs with the same size and particle density as
in the experiment. The lattice positions (i, j) in P can be directly translated into a
spacing, s, between the Bi atoms, as in the case of the PCF, which gives a probability
of finding a second Bi atom in a certain range. In that sense, the matrix P provides
very similar information about the Bi distribution to the discrete PCF. Edge effects,
which play comparable roles in the experiment and the computationally generated
CSRPs, are largely canceled out in P . Pij has inversion symmetry with respect to its
indices, that is Pij = P−i−j . However, the anion or cation sublattice in the cleaved
{110} surfaces has a D2 symmetry, where the elements Pi,j , P−i,j , Pi,−j , and P−i,−j
are equivalent. Taking advantage of the higher symmetry in the {110} surfaces, we
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average in P over all positions Pi,j and Pi,−j , which are not covered by the inversion
symmetry of P , to further improve the statistics. This gives the relative occurrence
distribution


p0,2 p1,2 p2,2
p = p0,1 p1,1 p2,1  ,
p0,0 p1,0 p2,0
Sim
which represents a 3 × 3 lattice sites wide box of the {110} surfaces. GExp
0,0 and Ḡ0,0
are always the same at the reference point (0, 0), which leads to a relative occurrence,
p0,0 , at this point of one. Accordingly, pi,j > 1 and pi,j < 1 indicate over- and underpopulations, respectively.
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Appendix B

Probing the Local Electronic
Structure of Isovalent Bi Atoms
in InP
B.1

Changes in the Strength of the Bi Impurity State
with Increasing Distance from the InP (1̄10) Surface

Height profiles of the Bi impurity states in Fig. 5.3 (a), which arise from Bi atoms
down to the sixth layer below the surface, are provided in Fig. B.1. This allows to
quantitatively assess changes in the strength of Bi impurity states with increasing
distance form the cleavage plane. In the first and third column of Fig. B.1, the Bi impurity states are ordered according to their center of symmetry, which lies either on or
between the corrugation of the anionic sublattice. Along the columns the Bi impurity
states are arranged according to their depth below the surface. The height profiles to
the right of the X-STM images cut along the red hairlines through the highest point
of the Bi impurity states. This shows that the effect of Bi atoms in odd numbered
layers on the LDOS is generally weaker than for Bi atoms in even numbered layers.
The coupling of Bi impurity states with the same center of symmetry decreases with
increasing depth. An exception are Bi atoms in the surface (0) and the second layer
(2), which reflects the special role of the outermost layer.
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F IGURE B.1: The same high resolution filled state X-STM images of the Bi impurity states in
the first seven layers as in Fig 5.3 (a) of chapter 5, which are taken at a tunnel current set-point
of I = 40 pA and a sample voltage of U = −2.4 V. The X-STM images in the first and third
columns, which belong to Bi atoms in even and odd numbered layers, are ordered according
to depth of the Bi atoms below the surface. In the second and fourth columns to the right of the
X-STM images, height profiles are shown, which cut trough the highest point of the Bi impurity
states along the [001] direction. The exact positions of the height profiles are indicated by red
hairlines.
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