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Chapter 1

Introduction

Over the last 50 years, semiconductor devices have had a strong impact in our
daily life. Transistors, light emitting diodes, lasers, solar cells, and many other
electronic and optoelectronic devices are now mostly based on semiconductor
technology. Recent advances in the miniaturization of the spatial dimensions
of these devices are motivated by the need for increasing processing speed,
reducing power consumption and higher functional density. In this field of
nanotechnology, the limits of down scaling of semiconductor devices are set by
material science, growth techniques, characterization and processing. In ad-
dition, more fundamental physical limits, which are almost exclusively in the
quantum regime, determine the limitations of this down scaling process. A nat-
ural research direction, for example in the field of semiconductor nanophysics,
has been towards decreasing the dimensions of the objects of interest with
lower spatial confinements. As a consequence, the positions of single atoms
inside those structures or at their interfaces start to play an important role for
most of the physical properties of the objects. Therefore, atomic-scale studies
of such nanostructures have become extremely valuable.

The unique and powerful advantage offered by scanning tunneling mi-
croscopy is the ability to perform direct studies of structural, electronic, and
other properties of the nanostructures at the atomic scale. Many other tech-
niques, such as X-ray diffraction, electron diffraction, and transmission elec-
tron microscopy typically provide only indirect information about sample
structure and while offering the ability to probe certain structural or com-
positional features at the atomic scale, inevitably average these properties
over substantially larger areas or volumes. In scanning tunneling microscopy,
however, direct imaging of features corresponding to individual atoms on and
near the interfaces has been demonstrated successfully for a wide range of
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2 Introduction

materials. A few examples of the atomically resolved STM measurements on
III/V and II/VI materials are presented in chapter 2.

1.1 Nanostructures

1.1.1 Quantum wells

The beginning of the 1970s marked a new era of research on so called quantum
well structures where the free motion of the charge carriers is limited to two
directions only. A quantum well is a very thin, flat layer of semiconductor
material sandwiched between two layers of other semiconductor materials with
a larger band gap. The difference between conduction band energies of the
two materials binds the electrons in the thin layer. The motion of electrons
bound in a layer as thin as several atomic layers is 2D, and the momentum in
the perpendicular direction is strongly quantized. For example, GaAs/AlGaAs
material combination is commonly used to create quantum well structures
where the ternary alloy AlGaAs serves as a barrier. This allows for the creation
of very thin epitaxial layers as a result of the almost equal lattice constants.
For this material combination excellent optical and electronic properties can
be achieved. At present the properties of the 2D confined systems are still
being investigated and QWs have been produced and implemented for years
in numerous devices including laser diodes used in CD players and microwave
receivers used in satellite television.

The wide band gap II/VI semiconductors such as ZnSe and ZnTe and their
alloys like ZnSexTe1−x have attracted much interest because of their potential
for use as blue/green light-emitters. The range of technical applications of
these compounds extends beyond those of the more established semiconductors
such as Si, Ge and some of the III/V compounds, primarily because they
offer a wider range of band gap values. MBE is used to grow ZnSexTe1−x

epilayers and as well as ZnSexTe1−x/ZnTe quantum wells. Many efforts have
been made to characterize these structures especially by using optical means
[3,4]. The first PL spectra from the ZnSexTe1−x/ZnTe multiple quantum wells
was reported in Ref.[5]. A type-II band alignment with a large valence-band
offset and the peaks of Te-bound excitons and excitons bound to Te clusters
have been identified in that investigation. The commonly observed broadening
of the PL line width was attributed in that study to the compositional disorder
in the ZnSexTe1−x/ZnTe layered structures. So far, in order to resolve this
issue, the structural characterization of those II/VI quantum wells was made
only by transmission electron microscopy.

In chapter 4, the first STM study on MBE grown II/VI multilayered struc-
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ture is presented. Some peculiar effects are found while scanning a ZnTe sur-
face with the STM tip. For example, cleavage induced mono-atomic thick
vacancy chains are observed on the Te sublattice. Furthermore, unexpected
atom manipulation, as a result of applying a small positive bias to the sample,
is observed on the ZnTe surface. Most importantly we were able to observe
ZnSexTe1−x/ZnTe quantum well structures by STM. The compositional pro-
file of those QW structures is determined directly by atom counting and by
analyzing the cleavage induced outward relaxation of the ZnSeTe/ZnTe lay-
ered structure. A possible clustering of Te atoms in the quantum well structure
is also checked in our experiments.

1.1.2 Quantum dots

Quantum dots are nano-scale objects which spatially confine the charge car-
riers to sizes comparable to their de Broglie wavelength in three dimensions,
and thus create discrete 0D electronic states. As a result of the strong 0D
spatial confinement of the charge carriers, these nanostructures are frequently
referred to as artificial atoms, superatoms or nanocrystals where their size may
vary from a few nanometers up to several tens of nanometers. The possibility
of controlling the shape, dimensions and composition of quantum dots enables
one to tune their discrete energy levels and the number of confined charge
carriers. Therefore the current research on quantum dots focuses mainly on
studying their optical and electrical properties. Because the quantum dots
absorb and emit light in a very narrow spectral range, they have been cre-
ated for both fundamental physics studies and device applications including
low-threshold lasers and light-emitting diodes operating at the commercially
important wavelengths of 1.3 µm and 1.55 µm. Furthermore, quantum dots
have been suggested as promising candidates for use in solid-state quantum
computation [1,2].

Over the past decade, several growth techniques such as molecular-beam-
epitaxy and metal-organic-chemical-vapor-deposition have been used to fabri-
cate III/V and II/VI quantum dots for basic research and device applications.
III/V quantum dots (typically InAs) are commonly created by the Stranski-
Krastanov growth mode when a thin layer consisting of only a few monolayers
of InAs is deposited on a substrate with a smaller lattice constant like GaAs
or InP. In this growth mode the dots are formed via self-organization. Above a
certain critical thickness of the deposited layer, the quantum dots are formed
spontaneously from the wetting layer, as three-dimensional islands in a way
to reduce the strain energy stemming from the lattice mismatch between the
wetting layer and the substrate. Uncapped dots are directly exposed to air
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leading to oxidation and the proximity of surface states reduces dramatically
the optical quality of the quantum dots by increasing the spectral width and
decreasing the emission efficiency. Thus, in order to utilize quantum dots for
any device applications, it is necessary to cover them with a capping layer
to prevent the dots from unwanted surface effects. Nevertheless, the use of
capping material might affect the electronic and structural properties of the
quantum dots. For example, the capping layer might change the quantum dot
size, shape, composition, strain, band-offsets, etc. Therefore it is crucial to
obtain information preferably with atomic precision about the influence of the
capping material and capping process on the quantum dot morphology.

In chapter 3, an atomic scale STM analyses depicting how the capping with
different materials influences the structural properties of InAs quantum dots
grown on GaAs and InP matrices will be presented. The role of several effects
such as intermixing and segregation of atoms, compositional modulation in
the capping layer all occurring during the capping process of the InAs quan-
tum dots are investigated. Various types of semiconductor materials including
InP, InGaAs, InGaAsP and GaAsSb are used as the capping materials in this
investigation.

1.2 Dopant atoms

Dopant atoms in semiconductors are not only important for providing extrin-
sic charges, but also because they offer a model system for basic research on
quantum information processing [6-9]. In III/V semiconductors the n-type con-
ductivity is achieved by doping the crystal for example with Si atoms. In most
of the practical applications, Zn or Be atoms are commonly used as acceptors
to get p-type conductivity. Moreover, in the last decade, the revival of interest
in III/V semiconductors doped with transition metal dopants has occurred and
it is related to possible applications of such materials in the field of spintronics
where one aims to exploit the spins in nano-scale electronic devices. The ex-
pected advantage of spintronic devices over conventional electronic devices are
for instance the nonvolatility, increased data processing speed and decreased
power consumption. The real challenge is to build spintronic devices based on
semiconductor materials that can display electrically tunable ferromagnetism
above room temperature and can be easily integrated with conventional elec-
tronic devices. For example, diluted magnetic semiconductors are considered
to be the first choice for spintronics applications like spin-FETs and spin-LEDs
[7]. Diluted magnetic semiconductors are the semiconducting materials doped
with the transition metal atoms with a high intrinsic magnetic moment [10]
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such as manganese, iron and chromium which allow to a strong macroscopic
magnetization of the material. These dopants have recently attracted consid-
erable attention from the fundamental point of view. Especially manganese
(Mn) acceptors have been under intensive investigation. In order to utilize
single Mn dopant as spin source or as qubit, its electronic and magnetic prop-
erties have to be understood at the atomic level including the influence of the
host materials and its interaction with the interfaces. Dopants incorporated
into various III/V materials such as GaAs and InP have been studied by many
analytical methods including infrared absorbsion spectroscopy, transient spec-
troscopy, PL and Hall measurements. All of these methods can only analyze
the averaged signal obtained from many dopant atoms and from other possible
defect structures in the material of interest at the same time. Therefore only
indirect information can be obtained about the atomic scale properties of the
dopants by using those techniques. A real breakthrough in understanding the
atomic-scale properties of the dopants in semiconductors has been achieved by
STM. Especially, the cross-sectional STM (X-STM) gives direct access to the
dopant atoms near the cleaved facet of the sample structure and can therefore
enables one to image them with atomic resolution. From these measurements,
the local electronic structure of the dopant atoms such as their local charge
distribution and their interaction with the host material can be studied.

The first direct STM topographic identification of the dopant atoms was
done in 1993 on Be doped GaAs material [11]. Subsequently, the charge dis-
tributions around single Si donors in GaAs and around single Zn acceptors
in GaAs were studied in 1994 with STM [12, 13]. In those measurements,
Si donors were found to appear as isotropic circular elevations superimposed
on the GaAs surface. The observed circularly symmetric image of Si donors
is consistent with the hydrogenic impurity model which describes adequately
the electron bound to a single Coulomb potential within the effective mass
approach. Surprisingly, unlike Si donors, Zn acceptors were found to display
triangle-shaped features in GaAs. An effective mass model similar to that
applied for Si donors, meets essential difficulties in the case of Zn acceptors
because of the complex structure of the valence band and the cubic crystal
symmetry. Up to date, there have been several experimental models to describe
the commonly observed triangle-shaped electronic structure of those shallow
acceptors in III/V materials, however without any concrete explanations.

A decade after the observation of shallow Zn acceptors in GaAs, Yakunin
et al. published the results of the first STM measurements on relatively deep
Mn acceptors in GaAs [14]. Different from the Zn acceptors, subsurface Mn
acceptors were found to display spatially extended cross-like shape of the
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density of states at the GaAs surface. Subsequently, the description of this
observed cross-like structure of Mn came from two independent theoretical
models based on the bulk tight-binding and envelope-function effective mass
approaches which consider the non-spherical symmetry of the GaAs valence
band structure. Both models were successful to calculate the experimentally
observed cross-like shape of the ground state wave function of a hole bound to
a Mn center in GaAs. However neither of these two models was able to make
a connection between the experimentally observed triangular shape of shallow
acceptors and cross-like structure of deep acceptors in III/V semiconductors.
The last three chapters of this thesis present a unified description for the com-
monly observed triangular shape of shallow acceptors and the cross-like shape
of deeply-bound acceptors in III/V semiconductors.

Prior to studying the local electronic structure of dopant atoms in a semi-
conductor crystal, it is necessary to determine their spatial positions in respect
to the surface. In chapter 5, a precise depth identification of the Mn acceptors
below the GaAs surface is presented. The position determination of Mn atoms
that are located at different depths below the GaAs surface is made according
to their contrast and symmetries by using STM. The STM measurements on
the charge distribution around the Mn acceptors located at different depths
are compared to the Mn wave functions calculated within a multi-band tight-
binding model. This comparison allows one to distinguish the experimentally
observed surface enhanced effects from the bulk properties of the Mn wave
function near the vacuum interface and thus enables one to determine the
bulk limit for the Mn acceptors in the GaAs crystal. In the experiments, the
STM tip is used not only to probe the hole distribution around the Mn accep-
tors, but also to manipulate the transition metal atoms and their adsorbate
related complexes on the GaAs surface.

The origin of the anisotropic structure of a deeply buried Mn acceptor in
GaAs was studied extensively in Ref.[14]. In that work, the cross-like struc-
ture of Mn wave function was theoretically demonstrated to originate from
the mixing of heavy and light hole states and the cubic symmetry of the GaAs
crystal. The proposed models including TBM and EMM to calculate the Mn
wave function from the valence band states also take into account the spin-
orbit interaction. However, it was not certain whether the spin-orbit interac-
tion influences the experimentally observed anisotropic structure of the Mn
wave function. Thus a direct experimental approach together with a compli-
mentary (full) theoretical model is required to resolve this issue. In chapter 6,
the effect of the spin-orbit interaction on the acceptor states and on the quali-
tative extend of their wave functions in III/V semiconductors are discussed. In



1.2 Dopant atoms 7

the chapter, the STM measurements of two different acceptors are considered
under two extreme limits concerning the presence and the absence of spin-
orbit interaction in III/V semiconductors. In the experiments, Mn acceptors
in GaAs corresponds with the limit of relatively strong spin-orbit interaction
whereas Cd acceptors in GaP corresponds with the situation of small spin-orbit
interaction. The experimentally obtained results are compared to those of Cd
acceptors in GaP where the value of the spin-orbit interaction is much smaller
than the one in GaAs. The measured spatial structures of those two acceptors
are compared with the results of EM and TB theoretical model calculations.

For a clear understanding of the acceptor shape problem in semiconduc-
tors, it turns out that it is necessary to take into account the interaction
between the dopant wave function and the semiconductor-vacuum interface.
The problem of a dopant atom in the vicinity of an interface is fairly complex
and multifaceted. This complexity arises mainly due to the presence of strain
near the surface region, vacuum, tip-induced electric field and surface states
which might cause significant deviations in the dopant‘s electronic structure
compared to its bulk-like behavior. Hence for fundamental research and for any
possible nanoscale device applications based on the dopant atoms, the interface
related effects have to be critically considered. It is known that an acceptor
ground state in semiconductors is often degenerate due to the complex nature
of the valence band. This high degeneracy leads to the high sensibility of this
state to those mentioned external influences. For example, it has been shown
that the binding energy of an acceptor bound hole, confined in a quantum
well, changes significantly as a function of the position of the acceptor cen-
ter relative to the quantum well interface [15,16]. Moreover, another striking
example was given in Ref.[17] where the symmetry of the Mn acceptor wave
function in a GaAs matrix was shown to be distorted near the interface of an
InAs quantum dot due to the existence of a uniaxial strain.

Studying Mn near the surface of GaAs by using STM provides a unique and
exciting play ground to unravel most of the acceptor wave function properties
which can also be used subsequently to interpret the existing shape anomaly of
the shallow acceptors in III/V semiconductors. In chapter 7, the effect of the
surface relaxation induced strain on the acceptor wave function symmetry is
investigated. The detailed position dependence of the Mn contrast symmetry,
as observed in STM topographic measurements, is analyzed and quantified as a
function of the depth of Mn atom below the GaAs surface. The obtained results
are compared with the results of a modified TB model either in the absence or
in the presence of a uniform strain. Furthermore, the effect of a surface-related
strain on the acceptors with different binding energies is studied.
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Chapter 2

Experimental procedures and
background

2.1 Introduction

Many important properties of semiconductor materials and semiconductor
based devices are critically dependent on the atomic scale structure. Crystal
imperfections (e.g. impurities, vacancies, dislocations...etc.), interfaces at the
heterojunctions, local short range order in alloys and quantum dots are a few
examples of structures that require investigation at the atomic scale in order to
be fully understood. Several techniques including Transmission Electron Mi-
croscopy and Atomic Force Microscopy are used to determine the morphology
and the electronic/magnetic properties of localized structures with high spatial
resolution. Among them, Scanning Tunneling Microscopy (STM), especially as
a surface sensitive tool, has the highest spatial resolution in three dimensions.
Moreover, it is possible to obtain spectroscopic data by using STM tip with
sub-nanometer spatial resolution and an energy resolution of the order of 0.1
eV at T = 300 K, and < 0.1 eV at cryogenic temperatures. Compound semi-
conductors formed by the group-III elements and by the group-V elements are
among the most outstanding semiconductor materials for optoelectronic appli-
cations. As the dimensions of III/V semiconductor devices keep on shrinking,
a controlled incorporation of the dopants atoms and chemical species used dur-
ing the growth of nanostructures is required to avoid the failure of the devices.
In contrast to most of those investigation tools mentioned before, STM has
emerged as a powerful technique to characterize the III/V based nanostruc-
tures and the local electronic structure of single dopants on the atomic scale.
Precise characterization of those materials is made possible by the fact that

9
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zinc-blende crystals readily cleave along the (110) faces, producing atomically
flat surfaces, that present a cross-sectional view of the structures especially
grown on (001) oriented substrates.

2.2 Tip preparation

To achieve high quality STM measurements, it is necessary to prepare sharp
and mechanically stable rigid tips. The STM tip preparation is accomplished
basically in two main steps: ex-situ electrochemical etching and additional
in-situ glowing and ion bombardment processes. The tips we used in all our
measurements are made of 99% purity polycrystalline tungsten (W) wire with
a diameter of 0.25 mm. A short piece of this wire (∼5 mm) is spot welded to
a tip holder and cleaned by Isopropyl alcohol in an ultrasonic bath. The tips
are then electrochemically etched with a 2.0 molar KOH solution (Fig. 2.1(a)).
The top 1-1.5 mm of the tip is put in the solution and a positive bias of about
4 V is applied between the tip and wire. A Pt-Ir (90%/10%) spiral is used as
a counter electrode. The beaker glass in which the etching is performed has
a vertical glass plate along its diameter which ensures that the flow around
the W wire is not disturbed by the hydrogen bubbles that are produced at
the Pt-Ir anode. Because of the geometry, the reaction velocity is the highest
at the point where the W wire penetrates the surface of the solution, which
causes necking of the wire at the surface of the etching solution. Eventually
the wire breaks at the neck leaving a sharp tip. A current limiter is used to
interrupt the etching process immediately after the breaking of the wire.

After the etching process, the W wire is covered by a thin oxide layer. The
oxide removal is performed in the STM preparation chamber. After loading
the tip into the UHV setup, together with its holder they are baked in front of
a glow spiral and are heated approximately up to 140-160 ◦C until most of the
water and organic solvents are evaporated. After that, the oxide layer on the
tip is removed by Ar+ ion bombardment with an ion energy of about 1 keV.
The reproducibility of stable tips achieved by using the procedure described
above, comes close to 80-90%. In order to further sharpen the tips, thermal
in-situ cleaning at a temperature of 1100 ◦C and subsequent electrical etch-
ing (called self-sputtering) can also be applied before the ion bombardment.
Finally, the tip preparation is checked by means of field emission of the tip
against a half sphere electrode. A low onset voltage of the field emission cur-
rent makes sure that the tip has a small apex radius. Smooth and reproducible
I(V) characteristics of the emission current prove that the tip apex is stable
and free of loosely bound adsorbents.
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Figure 2.1: Setup for tip chemical etching. The photograph (a) shows the etching
in progress and (b) depicts the macro scale SEM image of an etched tungsten tip.
Uniform geometry contributes to a more stable tip.

2.3 Sample preparation

Small rectangular pieces (∼4 x 10 mm2) are cleaved from a III/V wafer of
interest. These wafers are normally 350-450 µm thick. From such thick wafers
it is difficult to obtain an atomically flat cleavage surface, which is absolutely
necessary for the measurements. Therefore the samples are grinded down to a
thickness of less than 150 µm. For STM measurements it is essential to have
a good electrical contact with the structure of interest in the sample. As the
samples themselves are semiconducting, a simple mechanical contact between
sample and holder is not always sufficient because of an insulating oxide layer
on the sample surface and the formation of a Schottky diode due to a difference
in the electron affinity of materials in contact. Therefore, alloyed metallic
contacts are deposited on the sample, at the side of the epilayer to produce an
ohmic contact. This is done in a thermal evaporator. The samples are placed
on a holder covering most of the sample. Only two small strips on both ends
are uncovered. After the samples are placed in the thermal evaporator, the
evaporation chamber is pumped down. A H2 plasma treatment is applied for
a few minutes to remove the oxide layer at the uncovered strips. During the
plasma process, also the atomic structure of the top 10 nm of the sample
surface is disrupted, resulting in a better adhesion of the metallic contact to
the sample surface. After the plasma treatment, the contacts are deposited
on the samples. A sequence of different metallic layers has to be deposited
to ensure a good adhesion to the sample and proper doping of the sample to
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Figure 2.2: (a) A clamped sample in a sample holder and the schematic view of the
cleavage process showing the sample and cleavage directions. The sample is mounted
upright in the holder. (b) The sample is cleaved by pushing against the top part with
a manipulator. The cleavage exposes the (110) cross-sectional plane in vacuum.

contact the interface. For an n-type contact Ni(5nm)/Ge(15nm)/Au(150nm)
layered stacking is deposited on one of the edges of the sample. As grown p-type
samples usually have sufficient contact conductivity without any treatment.
However, in the experiments presented in this thesis Zn was used as an additive
layer instead of Ge for p-type samples.

After deposition, the contacts are annealed (rapid thermal annealing) at
a temperature of about 350 ◦C for 1-1.5 min. in order to diffuse the contact
metals deeper into the sample to reach the underlying layer of interest. Before
the sample is clamped into the sample holder, a small scratch of about 0.5
mm, which extends to a small notch at the side of the sample, is applied
to the epilayer side of the sample, by using a diamond pen. The position of
this scratch is chosen in such a way that, after the sample is clamped into
the holder, it will be located just above the clamping bars (Fig. 2.2(a)). This
scratch will facilitate the cleavage of the sample later in the UHV chamber and
will provide a fixed starting point for the propagation of the cleavage plane.
This greatly enhances the flatness of the cleavage plane. Now, the sample is
ready to be clamped in the holder. The sample holder consists of two metal
bars that can be screwed together, thus clamping the sample. Part of these bars
is removed, leaving a notch so that only one corner of the sample is clamped.
One of these bars is connected to a support plate that fits into the STM unit.
Before clamping, the holders are cleaned for use in UHV and the sample is
cleaned with alcohol. A thin slice of indium (In) is placed on both sides of the
sample holder before the sample is clamped. The sample holder is then heated
and as soon as In is melted, the screws are tightened. The indium provides for
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an even pressure distribution on the sample, preventing it from breaking and
slipping out of the holder. The sample is now ready for loading in the UHV
system. As there will be some water present on the sample surface and on
the sample holder, which can contaminate the UHV in the STM chamber, the
samples are baked in the STM preparation chamber. This is done by placing
the sample holder close to a heating coil, where it is baked out for about an
hour at a temperature of approximately 150 ◦C. In this way, water and other
contamination will be removed from the sample.

2.4 Cross-sectional STM (X-STM)

X-STM employs the same principles of operation as a conventional STM. The
only difference between these two techniques is that for X-STM, the sample
surface is prepared by cleaving the sample along a particular plane (e.g. natu-
ral cleavage plane of III/V materials). In this way, an absolutely clean (oxide
free) and atomically flat surface can be achieved without any additional surface
treatments. Moreover, the interface of the layered structures that are capped
during the growth, such as buried quantum dots, can be reached. Despite the
advantages, X-STM has some limitations as well. The most important fun-
damental limitation is the limited amount of the natural cleavage planes of
the samples. For example, for the III/V semiconductors, such as GaAs, the
X-STM experiments can be carried out either on the (110) or on the orthogo-
nal (11̄0) surfaces only. Prior to X-STM measurements the samples are cleaved
necessarily in-situ inside an UHV chamber with a base pressure (P) lower than
10−10 torr. The samples are cleaved while applying a gentle shear force on a
particular corner of the clamped sample by using a manipulator or a wobble-
stick. The cleavage exposes either the (110) or the equivalent (11̄0) surface
plane. The measurements presented in this thesis were obtained on atomically
flat surfaces as a result of desired cleavages. However in many cases the cleav-
age process may introduce surface defects including step edges, vacancies and
cracks. The propagation direction of those cleavage induced defects is usually
non-uniform and is not fully understood yet. The cleavage properties of these
surfaces are mostly determined by the strength of the bonds (ionicity of the
crystals), mechanical properties like hardness and the strain accumulation in
the layered structures. Figure 2.3 shows a few examples of cleaved (110) sur-
faces of different materials. The highest success rate for a desired cleavage can
be achieved by reducing further the thickness of the samples before cleaving.
The alignment of the scratch applied on the sample, with the edge of the
sample holder also plays an important role for the quality of the cleavage.
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Figure 2.3: X-STM images of some cleavage induced defects. (a) Macroscopic cracks
with huge step sizes in a GaAs substrate. (b) Monoatomic step edge propagating
along the diagonal of the image that creates two terraces on the GaAs(110) plane.
(c) Monoatomic step propagating along the [11̄0] axis of the ZnSe/ZnTe quantum
well that is similar to (b) but with different orientation. (d) Four cleavage induced
monoatomic vacancy chains formed on the Te sub-lattice of a ZnTe substrate.
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After the cleavage process, the sample is placed in the sample stage of the
scanner and the sample surface is approached toward the tip in two steps.
The first step is a coarse approach with a remote control monitored with an
optical microscope that is attached to a CCD camera. Then a finer approach
can be performed. A good cleaved surface (i.e with low step density) has a
mirror like reflectivity. Thus, we can control the distance of the tip from the
sample by comparing the distance between the apex of the tip and its reflected
image on the cleaved surface. In this way we can rapidly approach, within a
few microns, the structures that we intend to study. The second step is an
auto-approach process performed by the STM control unit. We fix a sample
bias Vs and the tunneling current It. For GaAs the typical approach set point
is Vs = -2.5 V and It = 50 pA. When the set tunneling current It is detected
the auto-approach movement is stopped. This tunneling current drawn by the
tip is amplified by a low noise amplifier and is sent to the STM control unit.
The feed-back loop in the STM control unit compares the measured current
with the set current It and adjust the tip z-position in order to maintain such
current constant. A computer composes the topography image recording the
changes in the tip z-position at each x and y point in the image.

2.5 Tunneling in constant-current mode

If a sharp conducting metal tip (see Fig. 2.4), for example tungsten (W), is
brought within a few atomic distances away from a surface, electrons have a
high probability to tunnel from the surface to the tip and vice versa. In the case
of a bias voltage Vs between the tip and the surface is applied, a current I can
flow through the tunneling barrier. The tunneling current has an exponential
dependence on the separation z between tip and sample surface:

I ∝ Vsexp(−2κz), with κ =

√
2mφ

�2
+

∣∣k||∣∣2 (2.1)

where m is the free electron mass, φ is the tunneling barrier height and k||
is the parallel wave vector of the electrons on the surface. The decay constant
κ have a typical value of 1 × 1010 m−1 and hence a variation of 0.1 nm in
the distance z induces a variation of one order of magnitude in the current
I. This strong dependence of the current on the distance z and on the local
electronic structure of the surface make the STM the most powerful surface
probe technique with atomic resolution in real space. In order to obtain an
image of the surface the tip is moved (scanned) on the surface along x and y
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direction by means of piezo-drive electric transducers. If the tip encounters an
upward (downward) corrugation the current I increases (decreases) following
the dependence of equation (2.1). In constant current mode a feedback loop is
used in order to maintain the current fixed at a given value (of the order of nA
or pA) during the scan by varying the vertical tip position z. The variation of
the tip-surface separations are recorded for each point r(x,y) and the image of
the surface is obtained. The tunneling current does not only depend on the tip-
surface separation but also on the local electronic structure and on the spatial
extension of the wave functions on the surface. The tunneling current can be
calculated on the basis of the transfer Hamiltonian technique of Bardeen [18].
Tersoff and Hamman [19] have shown that in the limits of zero temperature
and low bias voltage Vs:

I =
4πe

�

∫ eV

0
ρs(Es

F − eV + ε) × ρt(Et
F + ε) |M |2 dε (2.2)

where M is the tunneling matrix element between the states of the tip Ψt

and the sample Ψs , and eV is the difference between the Fermi energy of the
tip and the Fermi energy of the sample. Now, considering the limit where the
tip is replaced with a point probe at the position r(x,y) on the sample surface,
the matrix element M is simply proportional to Ψs then the tunneling current
can be approximated to,

I(r, eV ) ∝
∫ eV

0
ρs(ε) |Ψ(r)|2 exp [−2κ(ε)z(r, eV )] dε. (2.3)

If the decay constant κ in Eq.(2.3) is a slowly varying function of the energy
ε in the momentum space, then the integration part results in a constant
multiplier I0, and thus Eq.(2.3) can be represented as

I(x, y, eV ) = I0exp[−2κz(x, y, eV )] |Ψ(x, y)|2 . (2.4)

The quantity on the right hand side is the surface local density of states
(LDOS) ρs(ε) at the energy EF , which is proportional to the charge density
from the states at energy EF and at the position r(x,y) of the point probe on
the surface. Thus, the tunneling current becomes proportional to the surface
density of states outside the surface and an STM image in constant-current
mode is a contour map of constant LDOS.
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Figure 2.4: (a) Schematic of an STM with a feedback loop showing the alignment of
the tip and the sample. (b) Schematic showing the overlap and decay of the tip and
sample wave functions in the vacuum barrier.

2.6 Atom selective imaging

The nonpolar (110) surfaces of III/V semiconductors present particularly fa-
vorable properties, such as the absence of a reconstruction and a surface elec-
tronic structure with no states in the band gap. These properties allow the
investigations not only of the surface but also of the bulk defects near the
surface region. The zinc-blende structure compounds can be easily cleaved
along their nonpolar (110) planes. The resulting (110) cleavage surfaces of all
compound semiconductors investigated to date exhibit no reconstruction. The
surface consists of an equal number of anions (e.g. As, P, Sb) and cations (e.g.
Al, Ga, In).

The surface and near surface atoms are displaced relative to the ideal trun-
cated bulk plane (relaxation) without changing the dimensions of the unit cell.
The cleavage of the surface results in two broken bonds in each surface unit cell,
which give rise to two surface states within the conduction and valence bands.
Without relaxation, the structure is thermodynamically unstable. Therefore
the surface lowers its energy by displacing the surface anions outward relative
to the surface cations, while the bond lengths remain essentially unchanged
[20,21]. The relaxation is thus mostly a pure bond rotation relaxation and
results in a buckling of the surface anion-cation bond by (29±2)◦ independent
of the semiconductor material. The elastic distortion of the surface pushes the
surface states associated with the broken bonds out of the fundamental band
gap leading to fully occupied and completely empty surface state in the va-
lence and conduction bands, respectively. This lowers the electronic energy of
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the surface and it is also a driving force for the relaxation. No surface states
exist in the fundamental band gap of (110) surface of the III/V semiconduc-
tors [20,21]. Therefore, the Fermi level is not pinned at the surface and the
position of the Fermi level is controlled by the bulk doping of the crystal.

The empty states in the surface conduction band and the occupied states
in the surface valence band are localized on cation (Ga in the case of GaAs)
and anion (As in the case of GaAs) lattice sites, respectively. Thus, as we
will see next, in an empty state STM image of a GaAs(110) surface we probe
the density of the states that are localized principally on the Ga atomic rows,
whereas in an occupied state image we observe the As atomic rows [22]. Such
a result is illustrated in Fig. 2.5(c,d) for the case of a GaAs (110) surface,
where the Ga and As atomic lattices are resolved for opposite sample voltages
in the high resolution STM images. To obtain the true atomic structure of the
surface, the voltage dependent images must be thus superimposed.

The atom-selective imaging process can be understood by using the one
dimensional models shown in Figs. 2.6(c-d). The models depict a tunneling
junction between an n-type semiconductor surface and a metal STM tip at
T = 0 K. In this approach the tip induced band bending (see next section)
is neglected for simplicity. Valence band maximum (EV ), conduction band
minimum (EC) around k → 0 and Fermi levels are indicated in the figures. At
zero bias voltage (Vs = 0 V), the Fermi level of the tip Et

F is aligned to the
Fermi level of the surface Es

F . Applying a positive (negative) voltage of Vs >
Es

F − EC (Vs < − |Es
F − EV |) to the sample, Es

F shifts downward (upward) by
−eVs, where e is the electron charge. In the case of a positive bias, the carriers
are injected from the metal tip into unoccupied state in the conduction band
contribute to the tunneling current. Since the unoccupied states at the bottom
of conduction band have the maximum contribution from the cation site, only
the group-III elements (e.g. Ga of GaAs) are imaged. Similarly, applying the
aforementioned negative sample bias the tunneling current occurs from the
highest surface occupied states that are mostly dominated by the group-V
anion elements (e.g. As of GaAs).

2.7 Tip induced band bending

If we consider a tunneling junction (relative distance z ∼ 1 nm) made of two
materials with different work functions, electron tunneling occurs from the
material with the lower work function to the material with the highest work
function. Charges at both surfaces will build up an electric field between the
two surfaces. This process will continue until the Fermi levels of both materials
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Figure 2.5: (a) Schematic side view of the (110) surface of III/V zinc-blende crystal
without relaxation. (b) Schematic side view of the (110) surface of III/V zinc-blende
crystal with buckling relaxation. The numbers correspond with the layers where #1
labels the surface layer. The vertical displacement and the buckling angle in the first
layer are indicated in the schematic. (5 x5 nm2) (c) Empty versus (d) occupied states
X-STM topography images of the GaAs(110) surface. For empty states imaging (Vs >
0 V) the Ga-derived surface states are resolved in (c) and for occupied states imaging
(Vs < 0 V) the As-derived surface states are resolved in (d).
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are aligned and equilibrium is established. In a metal, the high free electron
density effectively shields the electric field and the width of the space charge
region is of the order of only 0.05 nm. In a semiconductor material, depending
on the type and the dopant concentration N and also on the work function of
the two electrodes, the electric field depletes or accumulates the semiconduc-
tor surface band. The charge carriers creates a space charge region of width
W with ionized donors or acceptors (in the case of depletion) or accumulates
free charge near the surface region (in the case of accumulation). The screened
electric field bends the electronic bands by an energy of Φ. The value of Φ can
be calculated by a double integration of the Poisson equation applying the
boundary conditions of continuity of the electric displacements and the elec-
trostatic potential at semiconductor-vacuum interface [23]. In the limit of zero
temperature and in one dimensional case the width W is expressed in terms
of a given distance z between the two electrodes and a dopant concentration
of N as in the following form:

W =

√
2ε0εrΦ
e2N

(2.5)

where ε0 and εr are the dielectric constants of vacuum and of the material,
respectively. The width W is smaller for the three dimensional case. Feenstra
[24] have demonstrated that for an hyperbolic-shaped STM tip placed at 1 nm
away from the surface and a doping concentration of 1×1018 cm−3, the surface
band bending for the three dimensional STM junction can be as low as 50%
as compared to the one dimensional case. As a consequence the penetration
depth of the electric field is lower in the real three dimensional case and the
width W given in Eq.(2.5) must be considered as an upper limit for its actual
value. Even if the one dimensional case does not give accurate quantitative
result, it is convenient for understanding the effect of the band bending in a
STM junction.

Figures 2.6(c-f) show an STM junction between a metal tungsten tip and
an n-type GaAs (110) surface in one dimension at T = 0 K. At the equilib-
rium, when the semiconductor and the metal Fermi levels are aligned (Vs = 0
V) an upward band bending at the GaAs surface exists because the tungsten
work function (average work function of Φm = 4.5 eV) is higher with respect
the semiconductor electron affinity (χ = 4.05 eV ). By applying a voltage be-
tween the tip and the sample we increase or decrease the existing electric field
creating additional surface charges in the semiconductor sample, which itself
induces bending of the conduction and valence bands near the surface. Thus
the value of the band bending at the semiconductor surface is a function of
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the applied voltage (Φ = Φ(Vs)). The conduction and the valence band edges
at the sample surface shift in energy as a reaction to the change in the applied
voltage, Vs. For low positive sample bias (Fig. 2.6(c), semiconductor in deple-
tion) the tunneling current I is given by the electrons that tunnel from the tip
through the vacuum and through the space charge region in the semiconductor,
into the semiconductor empty states (indicated by the arrow). In the case of
depletion, the band bending results in an additional tunneling barrier partially
transparent to the electrons. When the Vs is sufficiently high, as depicted in
Fig. 2.6(d), the I is given by (i) the electrons that tunnel from the tip into the
semiconductor empty states through the vacuum and (ii) the electrons that
tunnel through the vacuum and the space charge region in the semiconductor.
For negative sample bias the Φ decreases as shown in Fig. 2.6(e). In the latter
case only the electrons that tunnel from the occupied states in the semicon-
ductor, contribute to the I. Figure 2.6(f) shows the particular situation at
which the band bending Φ crosses the semiconductor‘s Es

F . For these Vs an
accumulation layer of majority charge carriers form at the surface and such
a carrier contributes to the tunneling current I. The tunneling through the
space charge region must be taken into account in the simulation of the STM
spectra [23] and also in the quantitative determination of the semiconductor
band edge from the onset of the current in (I/V) characteristic [25].

2.8 Imaging of nanostructures

Apparent topographic contrast between two different materials with corru-
gation amplitudes ranging from less than 0.1 nm to over 10 nm is typically
observed in constant current cross-sectional images of heterostructures, such
as quantum wells and quantum dots. This contrast is generally ascribed to dif-
ferences in the electronic properties such as differing energy band gaps, dopant
and carrier concentrations, and electron affinities (electronically-induced con-
trast). These quantities can contribute to the apparent topographic contrast
between the materials in a heterostructure because they can change from one
material to the next. On the other hand, an actual physical topography change
is induced by the lattice mismatch of the constituent materials (strain-induced
contrast). In this case the presence of compressive or tensile strain can induce
a real topographical height changes in the exposed cleaved surface because
of a partial relaxation in the direction normal to the surface after the cleav-
age. This gives rise to a contrast variation in X-STM images [26]. When such a
nanostructure is cleaved, it reduces its built-in tensile or compressive strain by
deforming the cleaved surface. Regions under compressive strain bulge outward
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Figure 2.6: (a) and (b) show the schematic energy band diagram for tunneling into
empty and occupied surface states, respectively. The tip induced band bending was
neglected for simplicity. (a) For Vs > Es

F − EC the electrons tunnel from tip (indicated
by the arrow) into the unoccupied states of the semiconductor (Ga-derived surface
states) contribute to the tunneling current I. (b) For (Vs < − |Es

F − EV |) the electrons
tunnel from occupied valence band states (As-derived surface states) contribute to the
tunneling current I. (c), (d), (e) and (f) are the energy band diagrams illustrating a one
dimensional STM junction between a metal electrode and an n-type semiconductor
in the case of tip-induced band bending. The bending of the conduction and valence
bands are shown either in the (c and d) positive or in the (e and f) negative bias
polarity.
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while tensile strain depresses the cleaved surface. The strain can be measured
in two ways with cross-sectional scanning tunneling microscopy:

1. Strain in the plane of the surface can be deduced from the lattice spacing,

2. Distortion normal to the surface can be measured (without the need for
atomic resolution in the plane) by using (filled states) topography images.

The measured outward displacement and strain (which is measured by the
change in lattice spacing), can be used to determine the elemental composition
of a strained nanostructure, by comparing the experimental data with the cal-
culated relaxation and strain using elasticity theory. In the next two chapters
of this thesis we study the strain driven processes including decomposition
and segregation in quantum dot and quantum well nanostructures. Therefore,
in this section we will discuss briefly the imaging techniques on such strained
materials.

2.8.1 Cleaved quantum well

Figure 2.7(a) shows the schematic of the strain relaxation of a cleaved A/B/A
stacking quantum well structure like InP/InGaAs/InP. The composition of
the quantum well can be deduced from the bulk lattice spacing of the two
materials. However, after cleavage, the region near the surface relaxes inho-
mogeneously to relieve its elastic energy, which results in a different spacing
between the atoms near the surface compared to that in the bulk. A calculation
of the relaxation is therefore required. Numerical methods must be used for
a full solution but the elastic field in a cleaved sample that contains a single,
uniform, strained layer or a superlattice, can be found analytically assuming a
linear and isotropic elastic response. For a quantum well (slab) with a width of
2a and its unstrained lattice constant exceeding that of the surrounding layers
(cladding) by a fraction ε0, the following results can be obtained analytically
[10]:

1. The lattice constant of the surface of the cladding is unaffected despite
its distortion when the slab relaxes,

2. The lattice constant of the surface of the slab increases uniformly along
the direction of growth z by a fraction εzz = (1+2ν)ε0 where ν is the Poisson’s
ratio,
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Figure 2.7: (a) Strain relaxation at the cleaved surface of a strained quantum well.
The strain is released at the cleaved surface by outward relaxation. (b) (50 x 25
nm2) X-STM topography image of a cleaved InP/InGaAs/InP quantum well structure
showing the bright InGaAs layer that was relaxed outward due to the release of the
strain. The measurement was acquired at Vs = -1.8 V and It = 75 pA where P, Ga
and As elements are resolved in the topography image.
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3. There is an outward relaxation of the surface given by:

uy(z) = C − 2(1 + 2ν)ε0

π

[
(z + a)log

∣∣∣∣z + a

a

∣∣∣∣ − (z − a)log
∣∣∣∣(z − a)

a

∣∣∣∣
]

(2.6)

An arbitrary constant C is present because the displacement does not decay
at infinity. It can be shown [26] that while the slab relaxes to a greater thickness
at the surface, it becomes thinner below it, and reaches a minimum width at
a depth of y ≈ −a forming a neck as shown schematically in Fig. 2.7(a).

2.8.2 Cleaved quantum dot

The outward relaxation of the surface of a cleaved quantum dot differs from
that of a cleaved quantum well:

1. The position of the cleaved plane matters: the quantum dot has a finite
size in all three dimensions and therefore the exact position of the cleavage
plane with respect to the dot center determines which part of the dot con-
tributes to the outward relaxation of the surface,

2. The lattice constant of the exposed cleaved dot surface is not uniform,
but decreases in the surrounding matrix just above and below the dot.

To illustrate the first point, the outward relaxation of the surface of the
cleaved quantum dot as shown in Ref.[28] was calculated using the finite-
element package ABAQUS for different cleavage planes with respect to the
dot center. For example, the dot was modeled as a truncated pyramid with
a diagonal base length of 25.4 nm which decreases to 15.4 nm at the top of
the dot, and a height of 5 nm. The indium composition was taken to increase
linearly from 60% at the bottom to 100% at the top of the dot. Such a con-
centration gradient is consistent with X-STM measurements [28] and with the
dipole moment as observed by photocurrent measurements [29,30]. Fig. 2.8(a)
shows the change in the outward relaxation when the position of the cleavage
plane with respect to the dot center was changed from 0 nm to 10 nm above
the dot center. Despite the fact that the exposed cleaved surface is smaller,
the outward relaxation initially increases, since a larger part of the dot con-
tributes to the relaxation. Even when the dot is completely buried, the effect
of its strain field on the cleaved surface is still apparent. When the smaller
part of the dot remains after cleavage, the outward relaxation and the size of
the cross-section simply decrease.
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Figure 2.8: (a) Simulations of the outward relaxation for the surface of a cleaved
InAs/GaAs quantum dot and its wetting layer. The distance d of the cleavage plane
to the dot center was changed in the calculations from 0 nm to 10 nm. (b) The line
profiles depicting the outward relaxations of the dots cleaved different distances away
from the diagonal cross-section.



2.9 Imaging of dopant atoms 27

Figure 2.8(b) shows the line profiles taken in the growth direction through
the center of the dots. It can be seen that when the dot is cleaved near the
center, the relaxation profile is asymmetric, with its maximum shifted in the
growth direction, due to the increasing indium composition towards the top
of the dot. It is important to note that, when the dot is cleaved at a corner,
the maximum in the relaxation profile shifts towards the base of the dot. It
is clear that knowledge of the position of the cleavage plane is essential for
the determining the composition from the outward relaxation of the cleaved
dot surface. However, in X-STM the quantum dots are cleaved at a random
position with respect to the dot center. Only after scanning a large number of
cleaved dots, the maximum base length of the cross-section of the dot can be
determined, which is indicative for a cleavage near the dot center.

2.9 Imaging of dopant atoms

The first identification of dopant atoms in STM images published was achieved
by Feenstra et al. [31] for Si dopants in GaAs. This was rapidly followed by a
detailed characterization of Zn and Be dopant atoms by Johnson et al. [32,33]
and Si donors by Zheng et al. [34,35,36] in GaAs(110) surfaces. Since then a
large number of dopant atoms in a variety of materials, such as Si [37,38,39],
Zn [40,41], and Be [42,43] in GaAs, Zn [44] and Cd [45] in InP and GaAs [46],
as well as S in InAs [47,48] have been studied. All of the mentioned dopants are
shallow, i.e. their ionization energy is smaller than the thermal energy (kT =
50 meV) at room temperature (T = 300 K). For example 5 meV for Si donor
in GaAs and 30 meV for Zn acceptor in GaAs. As a consequence, shallow
dopants are fully ionized at T = 300 K. The hydrogen atom model has proven
to predict accurately many important properties of shallow dopants including
their binding energies and the extension of their wave functions.

Since defect-free (110) surfaces exhibit the absence of surface states in the
band gap and since the cleavage of the crystal takes place in UHV, where the
contamination is minimal, the identification of dopant atoms can be achieved.
The presence of a defect structure in a semiconductor crystal (e.g. ionized
dopant atoms, vacancies, and other kind of defects) give rise to a contrast
variation in STM images. This contrast is induced by the variation of the
tunneling barrier and the shift of the electronic states, and it is in most cases
not related to a real topographic feature.
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Figure 2.9: (a) (22 x 12 nm2) Filled state X-STM image of Si:GaAs(110) surface.
The isotropic round elevations on the surface are induced by the subsurface Si donors.
The intensity and the size of those elevations change by the depth of Si atom below
the GaAs(110) surface. (10 x 8 nm2) X-STM image of a pair of Si donors located
below the GaAs(110) surface. The images were obtained at (b) Vs = -1.8 V, ionized
donor and at (c) Vs = +1.8 V, neutral donor. At negative bias as in (b), the the
charge distribution around each Si donor is screened. The charge screening causes a
size reduction of the Si contrast.
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2.9.1 Donors

Si is a typical donor in GaAs and it substitutes for a Ga atom (SiGa). Si
donor located in the subsurface layers appear as a bright protrusion with a
spatial extension of around 2 nm in diameter at half maximum (Fig. 2.9(a)).
For Vs > 0 V the tip induced band bending depletes the free carriers at the
subsurface region. In this depletion region the Si donors are thus ionized, i.e.
positively charged. On atomic scale, the Coulomb potential created by the
ionized donor induces a local decrease of the band bending and effectively
increases the local DOS available for tunneling. This results in an extension
of the Si contrast (compare Fig. 2.9(b) with Fig. 2.9(c)). For Vs < 0 V the
semiconductor is in accumulation. Electrons tunnel from valence band and
from the accumulation layer at the surface. In this case, the potential created
by the Si donors is screened, and the screening perturbs the electronic band
structure by further lowering the band. In either case, the current increases at
the donor position and the feedback loop retracts the tip in order to maintain
the current constant, thus a bright hillock appears in the STM measurements.

The height of the protrusion decreases as the bias increases because the
relative weight of the tip induced band bending is an increasing function of
the voltage whereas the donor induced perturbation of the bands remains
constant. The spatial extent reflects where the Si donor potential exceeds the
thermal potential (kT/e), i.e. only electrons with the energy below (kT/e)
accumulate in the ionized dopant potential well. Different symmetries and
apparent height changes of the surrounding As and Ga sub-lattices indicate
a distinct subsurface position of the Si dopants on Ga sites. This means that
Si atoms occupying Ga sites up to few layers below the surface are visible in
the STM images and that the depth of the impurity can be measured. At high
dopant concentration N the probing depth of the charged defect is reduced
because the depth of the space charge region is decreased in the case of Vs >
0 V, or the screening of the free carriers in the accumulation layer is increased
for Vs < 0 V.

2.9.2 Shallow acceptors

Zn is a typical shallow (hydrogenic) acceptor in GaAs. Once incorporated in
GaAs, it substitutes for a Ga atom and forms an acceptor level at around
Ea = 30 meV above the top of the valence band. This experimental binding
energy of Zn in GaAs is nearly equal to the hydrogenic value of 26.5 meV.
Figure 2.10(a) shows a typical X-STM image obtained at the (110) cleavage
surface of a p-type GaAs single crystals, with a nominal Zn concentration of



30 Experimental procedures and background

about 8×1018 cm−3. The image was acquired at a positive sample bias, so that
the sample empty states contribute to the tunneling current. The Ga-derived
background atomic corrugation and numerous triangular elevations that were
superimposed on the atomic lattice can be seen in Fig. 2.10(a). The image
shows that not all Zn-related features have equal height and spatial extension,
these observations of the Zn contrast suggest that these elevations correspond
to the dopant atoms positioned at different depths below the (110) cleavage
surface. The triangular feature extends over 5-6 lattice constants of GaAs
around Zn dopant, which is about 4-5 nm in total along the [001] direction.
We observe features in at least 4-5 different sub-surface layers. This distinction
is mainly based on contrast difference, where Zn atoms situated closer to the
surface are brighter. The contrast of Zn extends spatially over a few atomic
distances when it is located in deeper subsurface layers.

The orientation of these triangular features is the same for all observed
Zn atoms and is geometrically linked to the host crystal. By comparing the
symmetry and the contrast intensity of the acceptor relative to the background
Ga sublattice, the projected position of the dopant atoms is localized close
to the apex of the triangular contrast, while the main part of the triangle
extends along the [001̄] direction away from the projected dopant position.
These observations of Zn are consistent with a number of previous results of
Zn and Cd dopants in GaAs as well as Zn and Sn dopants in InP [42-48]. There
are several competing models to describe this peculiar triangular structures.
These proposed models involve the electronic configuration of the outer shell
d-electrons of different acceptor species [41], wave function mapping of the
excited states retaining the zinc-blende tetrahedral (Td) symmetry [49] and a
resonant tunneling process involving evanescent states [50]. In the last chapter
of this thesis (chapter 7), we show that the triangular appearance of a shallow
acceptor is determined by the binding energy and as well as the strain in the
uppermost surface layers of the host material.

2.9.3 Deep acceptors

Like most of the transition metal atoms in GaAs, Mn ion substitutes for a
Ga (also for group-III element of other III/V materials) site in GaAs lattice
and gives three electrons to the neighboring bonds. Therefore, the most natural
configuration seems to be Mn3+ with four electrons bound on d shell (d4). How-
ever, optical and electron paramagnetic resonance experiments [51,52] have
shown that the energetically more favorable configuration of Mn is Mn2+ with
half-filled d shell (d5) and such locally negatively charged Mn ion acts as a
typical acceptor which bounds a hole to the (Mn2+3d5) center.
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Figure 2.10: (a) (22 x 12 nm2) Empty state X-STM image of Zn:GaAs(110) surface.
The anisotropic triangular elevations on the surface are induced by the subsurface Zn
acceptors. (b) (8 x 8 nm2) X-STM image of a pair of subsurface Zn acceptors and
(c) their corresponding line profiles obtained along the GaAs[001] direction. The line
profiles show two different atomic symmetries around the maximum due to different
position of the Zn acceptor relative to the Ga surface states.
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Figure 2.11: Energy-band diagram illustrating the charge manipulation of Mn ac-
ceptor state in GaAs and tunneling process between tungsten tip and GaAs (110)
surface in the presence of tip induced band bending: (a) negative sample bias, filled
states tunneling; (b) positive sample bias, empty states tunneling. The size of the
X-STM images shown in (a) and in (b) is (7 x 7 nm2).
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Figure 2.12: (22 x 12 nm2) Empty state X-STM image of Mn:GaAs(110) surface.
The anisotropic contrasts observed on the surface are induced by the subsurface Mn
acceptors. The intensity, size and shape of the Mn contrast change with the depth of
Mn atom below the GaAs(110) surface. The orientation of these features is similar to
that observed for Zn acceptors in GaAs (see Fig. 2.10).

The charge state of a Mn acceptor in the GaAs matrix can be manipu-
lated by the STM tip as depicted in Fig. 2.11. At negative sample voltage
(Fig. 2.11(a)), the Mn acceptor level resides below the Fermi level, in this
case Mn is in its ionized charge configuration. At high negative voltage (for
example Vs < -0.5 V) it appears as an isotropic round elevation which is a
consequence of the influence of the A− ion Coulomb field on the valence band
states. At a positive bias (Fig. 2.11(b)), where the Mn acceptor level is pulled
above the Fermi level of the sample by tip-induced band bending, Mn switches
to its neutral A0(d5+h) state. At relatively high positive voltages, for example
above Vs = +2.0 V, the cross-like structure of Mn disappears. This is present
when the conduction band empty states (mostly C3) dominate strongly the
tunnel current. The spectroscopic window, i.e. for the voltages at which Mn is
visible in its neutral states, depend on the band bending in the semiconduc-
tor material. The latter depends on the work function, doping concentration
which might change from one measurement to another within small limits.

We observe Mn induced features in several sub-surface layers (Fig. 2.12).
The distinction is mainly based on the contrast difference, where Mn atoms
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situated closer to the surface are brighter. The size varies a lot with the depth.
The contrast of a Mn acceptor close to the surface has a smaller extension
and is more asymmetric with respect to the GaAs(11̄0) mirror plane. The
orientation of these cross-like features is the same for all observed Mn atoms
and is geometrically linked to the host crystal. At any depth Mn is symmetric
relative to the (11̄0) mirror plane. These observations of Mn are somewhat
similar to the Zn acceptors in GaAs. The contrast of deeply buried Mn atoms
is weakly asymmetric with respect to [11̄0] surface direction. We will show in
chapter 7 that the strain near the (110) surface is the main factor causing this
asymmetry of the Mn contrast. The contrast asymmetry becomes even more
pronounced when the Mn is located closer to the surface. On a (110) surface,
the Mn contrast along the [001̄] direction is more extended than along the
[001] direction.



Chapter 3

The impact of strain and
capping layer on the
formation of III/V quantum
dots

3.1 Abstract

The impact of the capping material on the structural properties of self-assembled
InAs quantum dots (QDs) was studied at the atomic scale by cross-sectional
scanning tunneling microscopy. Capping with lattice matched layers and with
strained layers was analyzed. When the different capping materials are lattice
matched to the substrate, the differences in the QD properties can be domi-
nated by chemical effects: InAs/InP QDs capped with InP have a 2 ML smaller
height than those capped with InGaAs or InGaAsP due to As/P exchange in-
duced decomposition. The height of the dots is found to be much more strongly
affected when strained capping layers are used. InAs/GaAs, QDs capped with
InGaAs are considerably taller than typical GaAs-capped dots. When GaAsSb
is used as the capping layer, the dots are almost full pyramids with a height
of 9.5 nm, indicating that dot decomposition is almost completely suppressed.
This indicates that the dot/capping layer strain plays a major role in inducing
dot decomposition during capping.

35



36
The impact of strain and capping layer on the formation of III/V

quantum dots

3.2 Introduction

Self-assembled InAs quantum dots (QDs) have attracted much attention in
the last years due to promising applications such as QD lasers [53,54], single
electron transistors [55], etc. InAs QDs are commonly created by Stranski-
Krastanov growth mode when InAs is deposited on a substrate with a bigger
lattice constant, like GaAs or InP [56]. Once created, the QDs are subsequently
capped, a step which is required for any device application. Although a lot of
effort has been dedicated to understand the QD growth mechanism, there are
relatively a few studies focusing on the effect of the capping process [57-65].
Some of these studies have already shown significant differences in size, shape,
and composition between uncapped and capped QDs. For example, an impor-
tant collapse of the QD height has been reported for InAs/GaAs QDs capped
with GaAs [59,60,62-64], revealing the big influence of the capping process on
the structural properties of the QDs. The existing structural studies of buried
InAs/GaAs QDs have been mainly devoted to GaAs-capped QDs. Neverthe-
less, different materials such as InGaAs and GaAsSb are used recently to cap
InAs/GaAs QDs in an effort to extend its emission wavelength to the tech-
nologically interesting 1.3-1.55 µm region for telecommunication applications
[66-71]. For InAs/InP QDs, capping materials other than InP, like InGaAsP,
have also successfully been used for laser applications [72-74]. The use of differ-
ent capping materials strongly affects the emission wavelength and therefore
should strongly affect the QD electronic and/or structural properties, such
as size, shape, composition, strain, band-offsets, etc. Indeed, critical issues oc-
curring during capping like dot decomposition, intermixing, segregation, As/P
exchange, and phase separation in the capping layer depend on the capping
material.

To understand the impact of the capping material on the structural prop-
erties of the QDs is consequently of crucial importance. In this work, we have
used X-STM to analyze at the atomic scale how capping with different materi-
als influences the structural properties of InAs QDs in GaAs and InP. The role
of different effects occurring during capping process (intermixing, segregation,
As/P exchange, compositional modulation in the capping layer, etc.) are de-
termined. First the capping process with lattice matched layers (with respect
to the substrate), where chemical effects could dominate the capping process,
is studied. For that we study InAs dots grown on (311)B InP that were capped
by either InP, InGaAs, or InGaAsP (the last two materials being nominally
lattice matched to InP). Then we studied capping with strained layers to reveal
the role of strain. For that we used InAs QDs grown on (100) GaAs capped
with InGaAs and GaAsSb strain reducing layers. While strong morphological
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differences are found when strained layers are used, the difference between
various lattice matched capping materials is more subtle, although relevant
for device applications.

3.3 The measurements

The samples used in the study of lattice matched capping were grown by gas
source molecular beam epitaxy (MBE) on a Si-doped (311)B InP high-index
substrate. This substrate orientation is very attractive for laser applications
because, in comparison with InAs dot formation on conventional (100) InP
substrates, a higher density of dots having a smaller size dispersion has been
achieved on (311)B InP substrates [72,73]. Indeed, room temperature lasers
with low threshold current density emitting at 1.5 µm were recently demon-
strated [75]. In the analyzed sample the growth temperature was set to 480
◦C. The QDs were formed by depositing 2.1 (100) equivalent monolayers (ML)
of InAs at 0.33 ML/s on InP buffer layers. A low As flux was supplied to the
surface during the InAs deposition to enhance the formation of small QDs
[73]. After island formation, a 30 s growth interruption under As flux was
performed before the growth of the capping layer. Three QD layers, sepa-
rated by 40 nm, were grown under the same conditions but capped with dif-
ferent materials: 40 nm of InP in the first layer, 20 nm of lattice matched
In0.53Ga0.47As in the second layer (followed by 20 nm of InP), and lattice
matched In0.87Ga0.13As0.29P0.72 in the third one. The growth rates were 1.4,
0.6 and 1.1 ML/s, respectively. The X-STM measurements were carried out
at T = 300 K on the (110) or on the (11̄0) equivalent surface plane of in situ
cleaved samples under ultrahigh vacuum (P < 2 × 10−11 mbar) conditions.
Polycrystalline tungsten tips prepared by electrochemical etching were used.
The images were obtained in constant current mode during which both the
topography and current images were recorded simultaneously. All the images
shown in this section were taken at high voltage (around ±3 V). Under these
conditions the electronic contrast is strongly suppressed and the measurement
reflects mainly the topographic contrast, which is due to the outward relax-
ation of the cleaved surface due to compressive strain [75].

3.4 Capping with lattice matched layers

A large-scale filled states X-STM image of the studied structure is shown in
Fig. 3.1, in which the three QD and capping layers can be observed. The
QD layers capped with InP, InGaAs, and InGaAsP are labeled A, B, and
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Figure 3.1: (a) Schematic and (b) large scale X-STM image of the structure showing
the entire layer stack which comprises InAs QD layers labeled A, B, and C (Vs = -2.5
V, It = 100 pA). Growth direction: [113], lateral direction: [1-10].

C, respectively. A number of individual QDs were analyzed within each layer
in order to extract information relative to its composition, size, and shape.
Figure 3.2 shows the high voltage filled states image of a single dot in layer A.
Atomic details are resolved in this image, where the group V elements, i.e., As
and P, are imaged. From the homogeneity of the contrast in the dot, it can be
deduced that the QD composition is quite uniform and close to 100% InAs.

All the observed dots in this layer have a similar truncated pyramidal shape
with a flat top facet. The height and base length distribution of a number of
dots showed an average height of 2.9 ± 0.2 nm and a maximum base length
of 32 ± 2 nm. The difference in the outward relaxation of the dots and the
wetting layer (WL), as indicated by the brightness in the STM image which
reflects the local height of the surface under the STM tip, is quite small (see
Fig. 3.2(a)). This indicates a high As concentration in the WL. Moreover, the
measured magnitude of the outward relaxation of the WL is much higher than
that observed in InAs/GaAs WLs [76]. This is surprising as the compressive
strain in the InAs/GaAs case is more than twice that of the InAs/InP system
and, thus, for equally thick wetting layers in both systems a reduction by a
factor of more than 2 in the outward relaxation for the case of InAs/InP should
be expected. We explain this by the presence of a very thick WL which contains
much more InAs material than the nominal 2.1 ML that were deposited during
the dot formation.

The relaxation of the WL was calculated by means of the analytical expres-
sion derived in Ref.[77] for the outward relaxation of a quantum well, which
assumes that the elastic response is linear and isotropic. The WL was mod-
eled including the effect of the asymmetric As profile, which is likely created
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Figure 3.2: (a) X-STM topography image and (b) current image of a single InAs
dot and the wetting layer (layer A) capped with InP (Vs = -2.5 V, It = 100 pA).
Growth direction: [113], lateral direction: [1-10] (c) Distribution profile of As atoms
from the InAs WL (layer A). Above a concentration of 25%, atom counting is not
reliable and only a lower limit of the real value is obtained. The inset depicts the
measured (dotted line) and the calculated (solid line) outward relaxation of the InAs
wetting layer based on the As profile that is indicated by the solid line in the main
graph.
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Figure 3.3: (a) Current image of two InAs quantum dots and the WL in a sample
similar to layer A but grown with a higher As flux (Vs = -2.0 V, It = 50 pA). Growth
direction: [113], lateral direction: [1-10] The WL is bended deep into the substrate
and is not aligned with the base of the dots due to a strong As/P exchange process
as shown in the schematic (b).

during the switching between phosphorus to arsenic flux or by As carryover
[78]. This can be seen in Fig. 3.2(b) in which the bright spots in the capping
layer correspond to As atoms in the InP matrix. Just as in the case of an InAs
WL in GaAs, in which there is an asymmetric In profile due to segregation,
we used the phenomenological model of Muraki et al. [79] to model the As
profile. The total amount of deposited As is determined by fitting the calcu-
lated relaxation profile to the measured one [76]. The result of this fitting and
the corresponding As profile are shown in Fig. 3.2(c). We obtained a total
amount of InAs of 4 ML. The latter is almost twice the nominal value of de-
posited InAs. The origin of this extra InAs is the As/P exchange reaction at
the InAs/InP interface during the dot formation process. During the growth
interrupts used before and after the dot formation process, the structure is
kept under an As flux promoting the exchange of P by As and thus increasing
the amount of deposited InAs. Such an exchange has also been reported to
give rise to the formation of InAs QDs and InAs quantum wires on InP sur-
faces where only a growth interrupt was used under an As flux without the
additional In deposition [80,81].

The large amount of InAs in the wetting layer is supported by the distri-
bution of As in the WL obtained by directly counting the As atoms in the
X-STM images. In Fig. 3.2(c) we plot the number of counted As atoms as
a function of the distance in the growth direction. This method is accurate
for As concentrations lower than about 25%, because above those values it
becomes complicated to distinguish individual As atoms in InP. The profile
based on the counting is shown in Fig. 3.2(c), together with the profile that
was used to the fit the outward relaxation. The agreement is quite good in



3.4 Capping with lattice matched layers 41

Figure 3.4: X-STM topography image (a) and (b) current image of two adjacent
InAs dots (in layer B) capped with InGaAs, (Vs = -3.0 V, It = 100 pA). Growth
direction: [113], lateral direction: [1-10] The image reveals the presence of a strain
induced lateral phase separation creating In-rich and Ga-rich regions in the InGaAs
capping layer. The line profile (c) showing the lateral phase undulation in the InGaAs
capping region.

the range of validity of the counting method. The effect of the As/P exchange
reaction would be stronger if the growth interrupt time after dot formation
would be longer, or if the As flux would be higher. A sample with a similar QD
layer to the previously analyzed one (layer A) but in which the As flux was
increased was also studied. Figure 3.3(a) shows a filled states image of a dot
in this sample. The effect of the As/P exchange is stronger now, as evidenced
by the fact that the InAs WL is digging deeper into the InP substrate. The
dots are protecting the InP buffer layer from the As flux and the result is that
their base is not aligned with the base of the WL. This is a good example of
how a chemical effect like As/P exchange can modify the grown structure. The
small height of the dots capped with InP suggests an As/P exchange during
the capping process. This effect should be eliminated by using InGaAs as the
capping material and therefore lattice matched In0.53Ga0.47As was used in the
second QD layer. Two dots in this layer are shown in Fig. 3.4(a). The height
and base length distribution of a number of single dots was again investigated,
giving an average height of 3.5 ± 0.2 nm and a maximum length of 29 ± 2 nm.
These dots are in average 0.6 nm higher than those capped with InP, which
corresponds to about 2 ML of InAs. This indicates that the height of the dots
was reduced by 2 ML due to dot decomposition induced by As/P exchange
during InP capping in layer-A. This value is in a good agreement with the 2
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Figure 3.5: X-STM image of two InAs dots (in layer C) capped with InGaAsP alloy
showing a flat base and top (Vs = -2.5 V, It = 100 pA) (a) AFM image, (the bright
areas represent the top of the QD), and (b) X-STM image, (the bright areas represents
the rich InAs area), of a typical truncated cone-shaped InAs-QD geometry which was
considered in the calculations presented in Ref. [88].

ML reduction of the In(As,P)/InP quantum well width reported in Ref.[82].
The observed difference cannot be due to the different growth rates. It has
been shown that the effect of the growth rate on the height of InAs/InP QDs
is such that the higher the growth rate, the bigger the dot height [83]. Since
the QDs capped with InP (higher growth rate) are smaller than the others,
the difference should be due to the capping material itself.The top facet of the
dots capped with InGaAs is less well defined and is more curved than that
of the dots capped with InP (compare Fig. 3.4 with Fig. 3.2). This is likely
related to the phase separation in the capping layer, which we analyze next.

The inhomogeneous topographic contrast in the InGaAs layer (Fig. 3.4)
reveals the presence of an inhomogeneous strain distribution, which must be
due to the presence of In-rich (brighter) and Ga-rich (darker) regions. This
phase separation is a strain driven process in which the In adatoms on the
growth surface migrate toward the regions on top of the dots to minimize the
strain, creating a columnar-like In rich region above the dots. This process
has been observed in columnar InGaAs QDs grown on GaAs [84], as well as
in InAs/ GaAs QDs, where capping with InGaAs has been shown to induce
an increase of the dot size [85]. In our case, the phase separation directly
affects the QDs by creating a rough top interface in which the In content
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decreases gradually. In the third layer, a lattice matched InGaAsP alloy was
used as the capping material [Fig. 3.5]. The average dot height was 3.4 ± 0.2
nm, and the maximum measured base length 27 ± 2 nm. As in the case of
InGaAs, the height of the dots is higher as those capped with InP where the
dot partially dissolved due to the As/P exchange. This means that, although
there is phosphorous in the capping layer, there is no dot height reduction due
to an As/P exchange.

The shape resembles that of a truncated pyramid with a flat top interface.
More remarkable is the fact that the phase separation in the capping layer is
much weaker than in the InGaAs. We think that the Ga-P bond strength (54.9
kcal/mol) which is stronger than the In-As bond strength (48.0 kcal/mol) and
Ga-As bond strength (50.1 kcal/mol) limits the phase segregation in InGaAsP
as compared to InGaAs. The resulting weak phase separation does not affect
the dot shape or size, as is evidenced by the well defined dot facets. Indeed,
this material has been successfully used as capping layer in InAs/InP (311)B
QD lasers emitting near 1.55 µm with low threshold current density [74].

3.5 Capping with strained layers

As mention in the previous section, our studies have already shown a significant
reduction of the InAs/GaAs dot height after capping [59,60,62-64] with GaAs,
the most commonly used capping material. The amount of strain between the
partially relaxed dot and the capping layer could play an important role in this
process. It has already been reported that QDs capped with InGaAs instead of
GaAs tend to retain their shape during initial stages of capping [86,87]. Nev-
ertheless, those studies were performed using plan-view STM and atomic force
microscopy, so the final buried dots could not be observed. To study the role
of strain, we used XSTM to analyze samples in which the dots were capped
with InGaAs and GaAsSb strain reducing layers (described in Sec. 1.3). Fig-
ure 3.6(a) shows a high voltage filled states image of an InAs/GaAs QD capped
with InGaAs. The dot is 7.0 ± 0.5 nm high, considerably higher than the typ-
ical GaAs-capped QDs (about 4 nm high) [60,63,64]. The In composition in
the capping layer was deduced by the analysis of the outward relaxation. The
measured outward relaxation was compared to the one calculated using con-
tinuum elasticity theory. A finite element calculation is performed to solve the
three-dimensional problem, in which an isotropic material is considered. The
fit shown in Fig. 3.6(b) was found when a 8.5 nm thick layer (as measured
from the X-STM images) with 17% In content is considered in the calculation.
The In content is close to the nominal value (15%). The lattice mismatch be-
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tween the top of the dot (considering that it is completely relaxed) and the
capping layer is now 0.056, about 17% smaller than in the case of GaAs is used
as the capping material. This small difference seems to be enough to reduce
considerably the dot decomposition during capping and the result is that the
dot height is increased by almost a factor of 2. It might be argued that the
increase in dot height is due to strain induced compositional modulation in the
capping layer [85], as mentioned in section 3.3. Although part of the increase
in dot height could be due to that effect, we think that its contribution should
be very small, since no traces of compositional modulation are observed in the
capping layer.

The role of the strain can be clarified by using GaAsSb as the capping
material because in this case the InAs dot height cannot increase due to phase
separation in the capping layer. Figure 3.6(c) shows a filled states image of an
InAs/GaAs QD capped with GaAsSb. The group V elements are imaged in
this measurement so the bright spots are Sb atoms in the As matrix. Contrary
to what happens when capping with GaAs [57], the capping layer perfectly
wets the dots. Sb segregation into the GaAs layer is also observed. The dot
height is now 9.5 ± 0.2 nm, much higher than that of GaAs-capped dots, and
the dot is almost a full pyramid with a diagonal base length of 32 ± 2 nm.
This clearly indicates that the dots are preserved during capping.

By comparing the measured outward relaxation to the calculated one [see
Fig. 3.6(d)], we can deduce the Sb content in the capping layer. The fit shown
in Fig. 3.6(d) is obtained for a 25% Sb content. The fit is quite good in the
region of the layer itself, but deviates above the layer. This is likely due to
the effect of the Sb segregation, which is not included in the model but is
clearly present in the structure, as can be seen inset topography image of
Fig. 3.6(d). The lattice mismatch between the top of the dot (considering that
it is completely relaxed) and the capping layer is now 0.048, smaller than for
the InGaAs capped QDs analyzed before. That is probably the reason why
the GaAsSb-capped QDs are bigger. This seems to indicate that strain plays a
major role in inducing dot decomposition during capping and that decreasing
the dot/capping layer lattice mismatch can strongly reduce dot decomposi-
tion. The fact that InAs/GaAs QDs capped with InGaAs, and especially with
GaAsSb, are bigger than those capped with GaAs [see Fig. 3.7] is a main factor
to explain the observed increase of the emission wavelength.
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Figure 3.6: Topography image of a single InAs/GaAs QD capped either with (a)
InGaAs or with (c) GaAsSb layer (Vs = -3 V, It = 55 pA). Growth direction: [001],
lateral direction: [110]. Measured (solid line) and calculated (dotted line) outward
relaxation profiles of the (b) InGaAs capping layer and (d) GaAsSb capping layer. A
8.5 nm thick InGaAs layer and 5 nm thick GaAsSb layer (similar to the topography
images shown in insets) was respectively considered in each calculations. The bright
spots in (d) are Sb atoms in the As matrix. Sb segregation into the GaAs layer is
clearly present. The white circles and the dark feature are cleavage induced defects.
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Figure 3.7: Measured height of InAs QDs for different capping materials.

3.6 Conclusions

X-STM has been used to analyze at the atomic scale the effect of the capping
material on the structural properties of self-assembled InAs QDs. Capping
with lattice matched layers was studied by analyzing InAs/InP (311)B QDs
capped with InP, InGaAs, and InGaAsP. The As/P exchange on the InAs/InP
interface during the growth interrupts is shown to increase the amount of InAs
in the wetting layers. The As/P exchange takes place on the dot surface when
the QDs are capped with InP, reducing the dot height by about 2 ML. This
phenomenon can be avoided by using InGaAs as the capping material, but
in that case a strong strain driven phase separation appears, giving rise to
In rich regions above the dots and a degradation of the dot interface. If the
quaternary alloy InGaAsP is used instead of InGaAs, the phase separation
is much weaker and well defined interfaces are obtained. The impact of the
capping material was found to be much stronger when it implies a change
in strain. Capping with strained layers was studied using InAs/GaAs QDs
capped with InGaAs and GaAsSb. In both cases the QDs are bigger than
the typical GaAs-capped QDs. In the case of GaAsSb capped QDs, in which
the lattice mismatch between the dot and the capping layer is the smallest,
dot decomposition is almost completely suppressed. This indicates that the
dot/capping layer strain plays a major role in inducing dot decomposition.



Chapter 4

X-STM on II/VI multilayer
structures

4.1 Abstract

In this chapter, II/VI based semiconductor heterostructures grown by MBE
are investigated by X-STM. Some peculiar effects are found which are not ob-
served in III/V semiconductors. For zinc telluride (ZnTe) compounds, mono-
atomic vacancy chains are observed on the Te sublattice. These chains are
deduced to be created during the cleavage process, pulling straight lines of
atoms out of the surface. Another observation is the effect of atom manip-
ulation as a result of applying positive bias voltages to the sample. In this
process, atoms are randomly pulled out of the surface by the STM tip. More-
over, the quantitative extent of this atom manipulation is found to increase
with decreasing bias voltage. Atomic vacancy chains in particular seem to be
highly sensitive to this effect. An important result is the observation of ZnSeTe
quantum well structures. A concentration of about 17% to 18% is found for the
Se atoms within the quantum wells by directly counting the Se atoms in the
Te matrix. A concentration of 17% is also found by a numerical calculation
method which simulates the outward relaxation of the quantum wells. Fur-
thermore, from the analysis of the Se concentration, a lattice constant profile
is determined to be about 26%.

4.2 Introduction

Over the past decades, an increasing amount of research has been performed on
II/VI semiconductors. These materials are very interesting for specific optical
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applications due to their relatively large band gap energy in comparison with
the most commonly used III/V semiconductors. For example, the blue/green
wavelength region is relatively simple accessible with II/VI materials [89-91].
Another interesting property of II/VI compounds is that magnetization can
be introduced (by doping with for instance manganese (Mn)) without cre-
ating extra charge carriers. With respect to future information technologies,
recently it has been shown that single magnetic atoms can be inserted into
self-assembled II/VI quantum dots (QDs) [92,93]. This allows the accurate
study of the interaction between the injected carriers and the single magnetic
atom [93]. The structural characterization of II/VI semiconductor nanostruc-
tures has been mainly performed by transmission electron microscopy. Cross-
sectional scanning tunneling microscopy (X-STM) is a unique technique to
provide true atomic scale characterization. It has been widely used for nanos-
tructured III/V materials [84-97]. However, for the case of II/VI semiconduc-
tors, X-STM has almost never been applied. Limited studies have been done
of which the observation of ZnSe/BeTe multiple quantum wells (QWs) [98,99]
and a study of wurtzite II/VI compounds [100] are the most important ones.
In this chapter we present an X-STM analysis of ZnTe based semiconductor
heterostructure. Peculiar effects, which hamper scanning of the II/VI semicon-
ductor surface and which are not observed in III/V materials, are discussed
first. Subsequently, the topographic properties of ZnSeTe/ZnTe quantum wells
is studied.

4.3 Experiment

The samples were grown by molecular beam epitaxy (MBE) on a p-type phos-
phorous doped [100] oriented ZnTe substrate at a temperature of 280 ◦C. The
multiple quantum well (MWQ) structure consists of ten nominally 5 nm thick
ZnSeTe QWs with 20 nm thick ZnTe barriers. The schematic of the sample
structure and the topography image of a part of the epilayer region are shown
in Fig. 4.1, respectively. The nominal Se content was 5% in the ZnSeTe layer
and the MQW structure was capped with a 100 nm thick intrinsic ZnTe layer.
The X-STM measurements were performed at room temperature on the (110)
surface plane of the in-situ cleaved sample under ultra-high vacuum (UHV)
(with a base pressure better than 4× 10−11 mbar) conditions. Polycrystalline
tungsten tips are prepared by electrochemical etching and characterized by
field emmision technique. The images were obtained in constant-current mode
during which both topography and current images were recorded simultane-
ously.
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Figure 4.1: (a) Schematic structure of the sample showing the substrate, buffer,
epilayers and capping layer of the sample as grown by MBE. (b) Filled states X-STM
image belonging to the (110) cleavage plane of ZnTe/ZnSeTe/ZnTe layered structure
obtained at the set point Vs = -3.0 V, It = 50 pA.

4.4 Experimental results

4.4.1 Rows of missing atoms on ZnTe surface

In scanning the ZnTe material, we have come across difficulties that were
reproducibly observed in all our measurements. One peculiar aspect is the
presence of rows of missing atoms on the ZnTe(110) cleaved surface. A row
of missing atoms consists of a mono-atomic wide chain of vacancies on the
Te sublattice. Four of these missing rows can be seen in the X-STM image
in Fig. 4.2(a). The measurement was obtained at Vs = -3.5 V, which means
that the frame depicts the filled states Te (group VI elements) sublattice. The
rows of missing atoms can be distinguished as dark straight lines extending
preferentially along the [11̄0]/[1̄10] direction. These vacancy chains were al-
ways present from the moment after cleavage and were randomly distributed
over the surface. Statistically, the measured distances between the missing
rows found to vary between a few nanometers to tens of nanometers and their
lengths go up to several hundreds of nanometers. They are found to be cleavage
induced and not growth related. Since these X-STM images directly represent
the Te atoms, it may appear as if the vacancy chains are rows of missing sin-
gle Te atoms. However, when removing a row of single Te atoms, adjacent Zn
atoms would be left behind with three dangling bonds each, which is ener-
getically unfavorable. Therefore, it is most likely that besides Te atoms, Zn
atoms are removed as well in the cleavage process. Since this effect has never
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been observed for III/V semiconductors, its origin might be attributed to the
structural differences between III/V and II/VI materials. Most probably it is
related to the different hardness and ionicity of both types of semiconductors
[103,104].

A zoomed X-STM topography image of the Te sublattice of ZnTe, acquired
at Vs = -3.5 V, is displayed in figure Fig. 4.2(b). Height profiles along three
different cross-sections (1, 2 and 3) are shown in Fig. 4.2(c). As can be seen
in the topography image, the configuration of the atoms adjacent to the va-
cancy chain changes in parallel to the [11̄0]/[1̄10] axis of the chain. A clear
contrast variation along this first neighboring Te row can be observed. The
present contrast variation is characterized by height profiles that are taken
along the ZnTe[001] direction. Consistent with the latter profiles, the height
profiles display either symmetric (3) or asymmetric (2) elevation around a
single depression at the axis of the vacancy chain. The reason of these height
variations might originate from the charge accumulation, charge depletion or
the structural relaxation around the vacancy (including the missing dangling
bond). On the other hand, it might be due to a row of extra Te atoms. If
the rows are introduced by cleavage, vacancy chains are expected in both the
scanned sample piece and the cleaved off piece. For the latter case, this au-
tomatically implies that rows of extra atoms are suspected for the scanned
sample part. However, such rows have never been observed, which indicates
that all missing atoms move into the vacuum and leave the surface.

ZnTe is found to be the most sensitive material for this effect to occur. For
CdZnTe (in which the Zn concentration was always lower than 12%), rows of
missing atoms have also been observed, but in a degree much lower than that
for ZnTe. Since this effect has never been observed for III/V semiconductors,
its origin should be related to the structural differences between III/V and
II/VI compounds. Possible reasons can be attributed to the bond strength,
mechanical hardness and ionicity of these materials. The bond strength for
III/V and II/VI materials is in the same range [103], but this is not true for the
hardness and ionicity [104]. It is important to note that these experiments have
been done on cleaved surfaces in which the buckling behavior can play a role.
Therefore, this effect can not be explained simply in terms of bulk material
properties. A second peculiar II/VI semiconductor aspect is the effect of atom
manipulation that occurs for empty states imaging and this effect significantly
hampers the acquirement of atomically resolved empty states X-STM images.
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Figure 4.2: (a),(b) Filled states topography image of the ZnTe substrate (Vs = -3.5
V, It = 50 pA) showing a few mono-atomic wide vacancy chains on the ZnTe(110)
cleaved surface. (c) Line profiles obtained along three different cross-sections in
ZnTe[001] direction.
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4.4.2 Surface manipulation

Another important issue was to obtain empty states X-STM images due to
tip induced surface modification when applying positive bias voltages. This
effect is illustrated in the image sequence presented in Fig. 4.3, where three
X-STM images are shown that were obtained from one region sequentially at
(Vs = -3.0 V), (Vs = +3.0 V) and (Vs = -3.0 V) bias voltages. The scanned
area was the same in all three cases, except for a small and indicated drift
of the tip. As can be seen in the image on the left, the sample surface was
originally clean, except for two vacancy chains. However, when a positive bias
voltage was applied, a large number of bright spots are observed on the surface.
Finally, after having switched back to the negative bias as in the right image,
it can be seen that the surface has been strongly manipulated. The resulting
image shows a lot of vacancies and adsorbents. Apparently, atoms are pulled
out of the surface (creating the dark spots) when a positive bias voltage is
applied after which they are dragged towards other places where they might
be left behind (bright spots). Due to a drift artifact of the tip, the region that
is indicated by 2nd drift in Fig. 4.3(c) is not scanned at positive voltage and
therefore it remained clean. Furthermore, the vacancy chains appear to be
preferential sites for this manipulation effect, due to the presence of adjacent
atoms with extra dangling bonds. As a result of that, the initial mono-atomic
wide character of the vacancy chains is destroyed in the manipulation process
and clusters of missing atoms can be observed on the surface. In addition,
some (missing atom) spots of the original vacancy chains are filled with atoms.
Apparently, the application of a positive bias gives rise to a modification effect
on the vacancy chains. The extent of the surface modification is reduced by
imaging at higher positive voltages, indicating that this effect is related to the
distance between the tip and the sample surface.

The atom manipulation is studied in more detail by investigating its de-
pendence on the applied bias voltage. The experiments are carried out in the
same manner as mentioned before. Scanning-sequences are made, measuring
a specific region at succeeding negative, positive and negative bias voltage, all
for the exact same surface region. The positive voltage is changed for each
sequence in order to investigate the voltage-dependence of the atom manip-
ulation. The applied negative bias voltage is chosen to be Vs = -3.0 V for
all sequences, since this value appears to give optimal atomically resolved X-
STM images and does not modify the surface. Furthermore, all these images
are taken in a region which includes two ZnSeTe epilayers. Three sequences
obtained at the bias voltages Vs = +3.0 V, Vs = +4.0 V and Vs = +5.0 V
can be seen in Figs. 4.4.
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Figure 4.3: X-STM image sequence in which a specific surface region is scanned at
(a) negative (Vs = -3.0 V), (b) positive (Vs = +3.0 V), and (c) negative (Vs = -3.0 V)
bias voltages for a fixed tunnel current of It = 75 pA. The surface has been modified
in (b) while scanning at positive voltage.

From these measurement sequences, it can be seen that the surface scanned
at Vs = +3.0 V seems to be affected strongly, whereas the surface scanned
at Vs = +5.0 V is affected less. The atoms are randomly picked up from
the surface before they are dropped again in other regions. Hence, the latter
image in each sequence shows both dark (places where the atoms have been
removed) and bright spots (places where the atoms have been left behind).
We mostly observe that the extent of atom manipulation increases with de-
creasing positive voltage. The reason for this increase of atom manipulation
with decreasing positive bias voltage is not well understood. Most probably,
it is due to the fact that the tip-to-sample distance at low voltages is reduced
to such a degree, where a chemical bond is formed between the tip apex and
the surface atoms. Consequently, atoms can be pulled out of the surface and
the extent of this process increases with decreasing tip-to-sample distance and
corresponding interaction.

4.4.3 Multiple quantum well structure

In spite of the difficulties mentioned in the previous sections, successful X-
STM results are obtained for the ZnSexTe1−x/ZnTe MQW structure. Two
ZnSeTe/ZnTe QWs can be seen in the filled states (Vs = -3.5 V) X-STM im-
age in Fig. 4.5(a). At this high negative bias, the image is assumed to mainly
reflect the topography of the surface [104]. The quantum wells appear as dark
layers in which the Se atoms can clearly be resolved as dark spots. The dark
contrast in the QWs represents the outward surface relaxation of the tensile
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Figure 4.4: X-STM image-sequences taken on a specific region to investigate the
atom manipulation process under different sample bias voltages.
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strained ZnSeTe epilayers (which is actually inward since aZnSeTe < aZnTe,
with a being the lattice constant). The Se atoms are observed as dark spots
because of the local dangling bond. It can be seen that the QW interfaces
are abrupt and smooth, which means that no segregation was present. The
thickness of the QWs is found to be about 5 nm, which is in agreement with
the nominal value. Furthermore, Se atoms are observed in the ZnTe mate-
rial in between the QWs. These Se atoms were present as residual elements
in the MBE chamber and have incorporated in the material during growth.
Since the X-STM image is atomically resolved, the concentration of Se atoms
within the QWs can be deduced by simply counting the dark spots. This was
done for both QWs and the resulting Se concentration profile as a function
of the distance along the [001] growth direction can be seen in Fig. 4.5(b).
The abrupt QW interfaces can be traced back from this profile. Furthermore,
the concentration of Se atoms within both QWs is deduced to be 17.1% and
17.7%, respectively. This concentration was also determined by using a finite
element calculation package to simulate the surface relaxation of the QWs.
For this method, continuum elastic theory is used and an isotropic material
is assumed. Furthermore, the measured thickness of the QWs is used as an
input for the simulaton and the Se content is changed in order to obtain the
best fit for the outward surface relaxation that is directly obtained from the
X-STM images. Both measured and simulated outward relaxation profiles are
displayed in the inset of Fig. 4.5(b). The best fit was found for a Se concentra-
tion of 17%, which is in very good agreement with the value that was found by
directly counting the Se atoms. However, these values are significantly larger
than the nominal concentration of 5% as was intended for the growth of the
sample. The main reason for this deviation is that the MBE growth of ZnSeTe
materials was probably not properly controlled.

It is also possible to obtain a lattice constant profile from the X-STM
images, in which the lattice constant is displayed as a function of the distance
along the growth direction. The outward relaxation of the QWs induced by the
strain is present as an additional background effect in the image. This effect
may have an influence on the determination of the lattice constant profile and
is to be subtracted in advance. A statistical difference filter-method is therefore
applied to the X-STM image. This is a local mean equalization filter which
subtracts the influence of the outward relaxation of the QWs. For the X-STM
image, this results in a suppression of the dark color of the QWs such that only
the individual Se atoms appear dark. Then, the distance between each atomic
row is measured and the average distance between two adjacent atomic rows
is displayed as a function of the distance spacing in the growth direction. The
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Figure 4.5: (a) Filled states topography image (Vs = -3.5V) of the (110) cleavage
plane showing two ZnSeTe/ZnTe QWs. The dark spots are individual Se atoms. (b)
Profile of Se concentration within two quantum wells as a function of position along
the [001] growth direction. Inset: measured and calculated outward relaxation profiles
across a QW for a Se content of 17%.
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result is shown in Fig. 4.6 in which the data points are averaged over three
individual measurements. The vertical solid lines indicate the boundaries of
the QWs as obtained from the measurement presented in Fig. 4.5(a).

We measured that the lattice constant changes near the boundaries of the
QWs. The lattice constant is smaller inside the wells as the lattice constant
reduces with increasing amount of Se. A similar effect has been observed for
the case of InGaAs/GaAs quantum wells [104,105]. Furthermore, the average
lattice constant of the ZnTe region on the right is lower than that of the region
in the middle, which, on its turn, is less than the region on the left. The same
can be seen for both epilayers, in which the right epilayer has a smaller lattice
constant with respect to its neighbor on the left. It seems that an additional
artifact has come into play giving rise to a non-constant background, which
might be subscribed to non-linear piezo effects of the STM tip. In addition,
the figure has not yet been corrected for the STM scanner calibration artifact,
which explains that the overall lattice constants are significantly higher than
the nominal lattice constant of ZnTe.

For a clear analysis of the quantum wells, the profile of Fig. 4.6(a) has to
be corrected for the additional background artifact as well as to be calibrated
to the lattice constant of ZnTe (aZnSeTe = 0.61 nm). Assuming that the back-
ground artefact is linear in first approximation, this can be done by fitting a
linear curve through the ZnTe data points and subsequently subtract the fit
from these points. Next, the average value of the obtained ZnTe data points is
aligned with the lattice constant of ZnTe. The data points within the quantum
wells are excluded for the linear fit. The final result is shown in Fig. 4.6(b).
The lattice constant of ZnTe is marked in the figure by a dashed line and an
overall distribution of the lattice constants can be found around this value.
The profile is a good indication for the lattice constant behavior and nicely
shows the change in lattice constant inside the quantum wells. The average
lattice constant values for the two wells are indicated in the figure by the solid
lines and are determined to be 0.580 nm for both wells. Moreover, since the
change in lattice constant is an indirect indication for the amount of Se atoms
that are present in the wells, the profile can be used to determine this amount.
For this determination, the percentage of Se atoms within a quantum well is
assumed to be uniform, meaning that an average lattice constant for each well
is proposed. By using the approach in Ref.[105] which govern the in-plane
and perpendicular strain by assuming the QW is fully strained, the amount
of Se is found to be about (26 ± 3)% for both the left-hand and right-hand
side quantum well. This value is obtained from the unstrained ZnSeTe lattice
parameter through Vegard’s law [105]. The Se concentration is found to be
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Figure 4.6: (a) Profile of the lattice constant in the [001] growth direction. This
profile is obtained from the X-STM measurement presented in Fig. 4.5(a). (b) Pro-
file of the lattice constant versus position, corrected for the linear background and
calibrated to the lattice constant of ZnTe.
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much larger than 5%. Furthermore, this concentration is higher than the 17±
2% obtained by the previous methods.

4.5 Conclusions

Atomically resolved X-STM images of the (110) surface of II/VI semicon-
ductors have been successfully obtained. For ZnTe compounds, mono-atomic
vacancy chains are observed on the Te sublattice. These vacancy chains are
cleavage induced, pulling out straight rows of atoms in the cleavage process.
They are aligned in the [11̄0] direction, perpendicular to the [001] growth di-
rection. Rows of extra atoms are never observed except maybe immediately
close to the vacancy chains. Hence, the atoms are concluded to evaporate into
the vacuum. The underlying reason for this effect is unclear. Another interest-
ing effect that has been observed for this material is the introduction of atom
manipulation by applying positive bias voltage. From the X-STM images, it
can be seen that the atoms are randomly pulled out of the surface, hence
leaving a modified surface. The extent of this manipulation effect appears to
decrease with increasing bias voltage. Furthermore, the earlier mentioned va-
cancy chains seem to be highly sensitive to this effect. It is observed that the
mono-atomic character of these chains is destroyed when a positive bias is
applied. Not only the neighboring atoms are removed, but also the atoms are
incorporated to the vacancy chains. Apparently, a chemical bond is formed
between the tip and the atoms when the tip is brought into close distance of
the surface. The atoms of the ZnTe surface are picked up and left back to fill
the vacancy chains by the STM.

The most important result is the observation of ZnSeTe quantum well
structures. The corresponding X-STM images are obtained with atomic res-
olution, showing at most five quantum wells in a single image. From direct
analysis of the X-STM images, the concentration of Se atoms within the wells
is found to be about 17-18%. Furthermore, an outward relaxation profile for
the quantum wells is calculated and fitted with the outward relaxation pro-
file as obtained by X-STM measurements. The best fit corresponds with a Se
concentration of 17%. From lattice constant profiles, the Se concentration is
found to be about 26% on average.
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Chapter 5

Mn acceptor in GaAs

5.1 Abstract

Cross-sectional STM measurements on MBE grown Mn-doped GaAs(110) at
T = 5 K are presented. The enhanced mechanical stability of the STM at low
temperature allows a detailed study of the electronic contrast of Mn atoms in
the GaAs(110) surface. According to reproducible and distinguishable contrast
patterns of single Mn atoms, we present statistical evidence for a layer by layer
identification of Mn atoms embedded in the first few monatomic layers of the
crystal. A comparison with a bulk-like tight-binding theoretical model reveals
a semi-quantitative agreement with the measurements. Remaining differences
between theory and experiment indicate the influence of the surface as an
important factor to understand the contrast of impurities close to the surface.
Furthermore, we report the injection of transition metal atoms into the surface.
Finally, reproducible complexes consisting of a surface Mn and an adsorbate
atom are found and manipulated by STM tip.

5.2 Introduction

Among most of the 3d transition-metal acceptors in GaAs, Mn acceptors were
found to behave unusually. This was evidenced already by the experimental
observations that in its infrared absorption spectrum, just before the onset
of photoionization into the valence band, sharp spectral lines appear [106].
These result from optical transitions into bound excited states, as 2P5/2(Γ8)
and 2P5/2(Γ7), which are well accounted by effective-mass theory [107]. From
these data, the binding energy of the neutral Mn acceptor is determined with
spectroscopic precision, at Ev + 113 meV [108]. This value is the smallest one
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Figure 5.1: Schematic (a) top view and (b) side view of the (110) surface of a GaAs
crystal in which the two possible Mn substitutional positions are indicated by dashed
circles. (c) schematic energy band diagram of GaAs including the Mn acceptor level
relative to the top of the valence band.

observed among most of the 3d acceptor states in GaAs; on the other hand,
this value greatly exceeds the one predicted by effective-mass theory, Ev +
26 meV [107]. Similar to most of the transition metal impurities in GaAs, a
Mn ion substitutes for a Ga atom (also for group-III element of other III/V
materials) in the GaAs lattice [see Fig. 5.1(a,b)] and donates three electrons to
the bonds. Therefore, the most natural configuration seems to be Mn3+, the
neutral configuration of Mn ion with four electrons bound on d shell. However,
optical and electron paramagnetic resonance experiments have shown that en-
ergetically more favorable is a configuration of Mn2+ with half-filled d shell
and such locally negatively charged Mn ion acts as a typical acceptor which
bounds a hole to (Mn2+3d5) center. The above-mentioned absorption spectrum
[106], as well as the donor-acceptor type luminescence spectrum [109] suggest
that Mn behaves as a conventional acceptor in GaAs. Furthermore, magnetic
susceptibility [110,111] and Faraday-rotation measurements [112] were inter-
preted as evidence that Mn is a typical 3d acceptor with the hole bound in the
3d shell. Thus the situation is controversial and the question arises how the
electronic ground state of neutral Mn acceptor in GaAs is properly described.

The scope of this chapter is to determine experimentally the incorpora-
tion of Mn and its position dependent electronic structure in GaAs by giving
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particular attention to the basic symmetry principles. In order to examine
the electronic structure of the Mn state, we compared our X-STM topography
measurements with a multi-band tight-binding model (TBM). Our model con-
siders the non-spherical symmetry of the GaAs top most valence band struc-
ture in consideration of spin-orbit interaction. The calculations presented in
this chapter are done for a bulk-like (Mn2+3d5 + hole) complex and exclude
the possible effects caused by the presence of the surface and vacuum half
sphere. This helps us to distinguish the actual surface induced effects from the
bulk properties of the Mn acceptor state located near the vacuum interface.

5.3 Identification of Mn acceptor in GaAs

The investigation of individual, isolated impurities has gained increasing sci-
entific interest since the invention of STM by Binnig and Rohrer [113,114].
Due to the technical importance of impurities in opto-electronic devices with
ever decreasing sizes, individual shallow dopants in semiconductors like Si in
GaAs have been investigated in a great extend. Other examples are phospho-
rus (P) [115] and boron (B) in silicon [116], beryllium (Be), carbon (C), and
zinc (Zn) [117,118] as shallow acceptors in GaAs, and silicon (SiGa) [119] as a
shallow donor in GaAs. The observation of the magnetic properties of Mn in
III/V semiconductors [120-122] led to increased interest for this high-binding-
energy acceptor. STM images of isolated Mn in GaAs were published in 2004
[123], followed by images of pairs of Mn atoms [124] and Mn atoms in strained
environments [125]. Whereas these experiments were performed on Mn-doped
samples, another group used the the STM as a tool to insert Mn atoms [126]
into the first layer of GaAs(110) and to explore their properties. When inves-
tigating impurities close to a surface, one has to consider the surface-induced
modification of the lattice. For the Si(111) surface, the (2×1) reconstruction
was found [127,128] to dominate the observed contrast of P atoms in the first
few layers of the crystal. The experiments on Mn in GaAs mentioned above,
however, have been interpreted on the basis of bulk properties and theoretical
models neglecting the surface because the relaxation on GaAs(110) is expected
to have only a minor effect on the electronic properties. Nevertheless, the bro-
ken symmetry at the surface substantially modifies the binding energy of the
SiGa donor close to the GaAs(110) surface [129]. The wave function of other
dopant atoms therefore can be supposed to be modified by the surface when
observed by STM. General trends of Mn atoms close to GaAs surface were ob-
served by STM and have been reported to be correctly predicted by basically
a bulk-like theory. Surprisingly this was even reported for the STM results of
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Mn atoms located directly in the first layer of GaAs(110) [126].
Since the expected modifications should depend on the substitutional depth

of the impurity below the surface, the exact position of the addressed atomic
defect is of crucial interest to understand the details of the observed con-
trasts. An earlier study of deeply buried acceptors at room temperature (RT)
[123] estimated the relative depth of individual acceptors using the convinc-
ing assumption that the topographic contrast is expected to smear out with
increasing depth of the impurity. A second aspect is related to the position
of the impurity contrast with respect to the voltage dependent atomic corru-
gation of the GaAs(110) surface, which allows one to conclude if the defect
is substituted in an odd or an even layer below the surface [130]. For Mn in
GaAs(110) this approach has been taken in Ref.[131], and will be applied to
determine the depth of deeply buried Mn atoms in GaAs. A main difficulty of
this method is to determine the position of the impurity in its host material
is the lack of an absolute point from where to start counting. Mn in the top
most layer is well known and should thus provide a well defined starting point
as a reference. Due to rather strong modifications, which the contrast pattern
undergoes if the defect is located close to the surface, e.g. in layer 2, 3 or 4
relative to the surface states, it has been an open issue how to connect the two
regions including the ”top layer” [126] and ”deeper layer” [123]. This question
is of scientific interest as it was shown recently by comparing STM measure-
ments and ab-initio calculations that it was possible to identify P atoms on
the non-equivalent lattice sites of the Si(111)-2×1 surface [128]. Furthermore,
detailed knowledge about the substitutional position of an impurity is nec-
essary to interpret spectroscopic or other properties of the impurities which
might depend on their depth below the surface. Therefore it will be necessary
to know exactly where the defect is located below the surface.

5.3.1 Experimental procedures

To tackle those questions mentioned above, we investigated Mn doped GaAs in
an Omicron LT-STM in UHV conditions (with a base pressure better than 1×
10−11 mbar) with cross sectional scanning tunneling microscopy (X-STM). The
samples were grown on the (100) surface of a p-type GaAs wafer. The sample
structure consists first of a 70 nm buffer layer of intrinsic GaAs, then 100 nm
Mn doped GaAs, then 40 nm Mn doped AlAs as a marker layer, and 150 nm
Mn doped GaAs epilayer on top. The nominal doping level of 5×1018cm−3 was
the same for all Mn-doped layers including GaAs as well as AlAs. The samples
were cleaved at RT in the UHV chamber to expose a nearly adsorbate-free
(110) surface with atomically flat terraces of hundreds of nm up to several µm
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between adjacent atomic step edges [133]. We used electrochemically etched
polycrystalline tungsten (W) tips. To achieve sharp tips with high stability, we
glowed the tips in UHV (base pressure better 5×10−10 mbar), and bombarded
them with Ar+ ions. Finally the tip preparation was checked by means of field
emission of the tip against a half sphere electrode. A low onset voltage of the
field emission current made sure that the tip has a small apex radius. Smooth
and reproducible I(V) characteristics of the emission current prove that the tip
apex is stable and free of loosely bound adsorbates. The tips were transferred
to the STM without breaking the UHV to avoid contamination after UHV
preparation. This procedure produces a high percentage of tips that achieve
atomic resolution laterally, and at the same time good spectroscopic behavior
(resolution and long term stability) [134].

The sample was inserted into the pre-cooled cryostat within a few minutes
of cleavage. After a few hours, when thermal equilibrium was reached at T
= 5 K, we started the measurements. As usual for X-STM we first had to
find the AlAs marker to make sure that we would scan the Mn doped GaAs
layers. Then the Mn acceptors were identified by their peculiar topographic
contrast at a sample bias of around +1.5 V [123]. The exact voltage needed to
address the Mn atoms depends on the microscopic configuration as well as the
chemical composition of the tip apex (which sets the work function of the tip).
The voltage at which a specific contrast (e.g. the cross-like contrast of a Mn
atom) is addressed can thus differ by several hundred mVs between individual
atomic tip configurations.

5.3.2 Experimental results

Figure 5.2 shows a typical X-STM topography image obtained at the (110)
cleavage plane of p-type GaAs single crystals. The image was acquired at a
positive sample bias Vs = +1.5 V, so that the Ga-derived empty (C3) states
contribute to the tunneling current. The Ga related background atomic cor-
rugation is clearly seen and numerous elevations, consisting of Mn related
anisotropic cross-like contrasts, are superimposed on the atomic lattice. Their
observation reveals several magnitudes of heights and symmetries, suggesting
that these elevations correspond to the Mn atoms located at different depths
below the GaAs(110) surface, as indicated in Fig. 5.2.

In addition to the well known contrast of Mn atoms in the first layer [126]
of the surface (marked [a] in Fig. 5.2 and deeply buried Mn acceptors [123]
marked [f] and [g]), several more patterns appear in our measurements. Two
of them, marked [c] and [d] in Fig. 5.2 strongly resemble the contrast of deeply
buried Mn atoms, whereas the feature marked [b] is completely new to our
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Figure 5.2: (a) (50 x 50 nm2) (b) (30 x 35 nm2) X-STM topography image of
Mn:GaAs(110) with defect contrasts. Mn acceptors in the top layer are marked with
[a]. The indices [b] to [e] indicate Mn atoms in the following 4 layers below the surface.
Contrast [g] sums up all deeper buried Mn atoms, [P1] and [P2] are Mn pairs, and [u]
unintended defects, respectively. The crystallographic directions given here are also
used for the subsequent figures in this chapter.
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knowledge. Furthermore we find two defects, marked [P1] and [P2] which are
shown in more detail in Fig. 5.4 I and in Fig. 5.4 III, that roughly resemble the
patterns of surface Mn atoms. By comparison with the results from Ref.[126]
reproduced in Fig. 5.4 II and in Fig. 5.4 IV, it is reasonable to assign them to
the pairs of Mn atoms in the surface layer. [P1] is the nearest neighbor-pair
on the Ga sub-lattice in the [11̄0] direction, and [P2] is the next nearest neigh-
bor on the Ga sub-lattice in the [001] direction. The difference between feature
[P2] in our data and the respective contrast in Ref.[126] will be addressed later
on in this section. Finally a large but spatially extended triangle is marked
[u] in the image. It is assigned to an unintended shallow acceptor, probably
C or Be (see Ref.[118]) and might stem from the background pressure of the
MBE chamber. To check which of the above described features [u], [P1], [P2],
and [a] to [g] are significant, we improved statistics by the analysis of a large
number of images with in total 150 individual defects distributed between the
patterns [a] to [f]. We were able to confirm the following typical, distinct pat-
terns, which are shown in Fig. 5.3. All structures listed below have a symmetry
axis parallel to the [001] direction:

[a]: The contrast as observed for a single Mn atom located in the topmost layer
of the surface described in Ref.[126].

[b]: Two strong protrusions at a distance of ∼1.25 nm along one atomic row
in the [11̄0] direction together with a third protrusion of similar height on the
next atomic row in the [001] direction form an isosceles triangle. Two addi-
tional smaller and shallower protrusions are located in front of the triangle’s
head with a distance of ∼6.5 Å between them.

[c]: An isosceles triangle with a height of 3 atomic rows and base length of
∼1.7 nm with two weak protrusions on both sides in front of its head in the
[001] direction, ∼1 nm apart.

[d]: An isosceles triangle with a height of 4 atomic rows and base length of
∼2.1 nm with two weak protrusions on both sides in front of its head including
a distance of ∼1.4 nm between them. The middle of the triangle’s base is now
less protruded than the edges.

[e] and [f]: The isosceles triangle spreads now further than 4-5 atomic rows in
the [001] direction and evolves thus toward the [001̄] oriented wing of the well
known cross-like shaped contrast of buried Mn acceptors [123]. The two weak
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protrusions are no longer clearly apart from each other and thus start forming
the [001] oriented wing of this pattern, that here only spreads over 2 atomic
rows.

[g]: The well known cross-like pattern of a deeply buried Mn acceptor [18]. The
asymmetry between the wings in the [001] and the [001̄] direction decreases
with increasing depth of the impurity below the surface [132]. Thus image [g]
stands for a larger group of patterns. Because they are all quite similar to each
other we don’t investigate them here in more detail.

We identified and counted 5 different patterns [a] to [g] as well as [P1] and
[P2] in the measurements. The number of counts for each pattern are displayed
in a histogram in Fig. 5.3. We also checked the patterns [a] to [g] with scanning
tunneling spectroscopy. The observation of highly comparable LDOS structure
for the patterns [a] to [g] confirms our conclusion that they originate from Mn
impurities. In addition there are many more Mn atoms of type [g]. As group
[g] does not consist of exactly one type of identical contrasts (as the groups
[a] to [f]), we did not count them in detail. A rough estimate shows that type
[g] appears ∼5 times more often than each of the patterns [a] to [f]. If the
population of 147 impurities identified as one of the types [a] to [f] equally
divides into these 5 patterns, the average count equals to 30 with a standard
deviation, σ, of 5. The counts for all defects are thus found within a little more
than one σ around the expectation confirming that these patterns have the
same density. In addition we know that pattern [a] stems from a Mn atom in
the top most atomic layer on the surface, and represents thus the number of
Mn atoms within exactly one monolayer. We assume a random distribution of
the Mn atoms in the MBE grown material.

A second prerequisite to interpret our statistics is the fact that the cleavage
surface preserves the surface configuration far from thermal equilibrium that
is created when the crack travels through the crystal [137]. As the scanned
surface is not evolving towards the equilibrium configuration on the time scale
of our experiments, no significant diffusion or intermixing takes place. We can
thus expect that the Mn acceptors are still randomly distributed. This implies
that the probability to find a Mn atom should be equal for all layers in and
below the cleavage surface. Since the counts for the patterns [b] to [f] are
approximately the same as for [a] we conclude that each pattern represents a
Mn atom substituted in one specific layer below the surface. To assign each
pattern to a specific depth, we take two assumptions: First, the contrast of Mn
atoms in GaAs undergoes a smooth transition between the well know pattern
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Figure 5.3: (6 x 6 nm2) X-STM topography images of different classes of the con-
trast of Mn acceptors in GaAs(110). The histogram represents how often each of the
contrasts appeared in the measurements (except the contrast labeled with g). The
indices a to g here correspond with those shown in Fig. 5.2
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Figure 5.4: Images I and III: (4 x 4 nm2) X-STM topography images zoomed in
on patterns ’P1’ and ’P2’. Image II and IV: LDOS-maps taken from Ref.[126] at Vs

= +1.55 V on Mn pairs in the topmost layer of GaAs(110). Image II shows a pair
of nearest neighbor Mn atoms in the (110) direction on the Ga sub-lattice, whereas
I(V) map shows a pair of next nearest neighbors in the (001) direction on the Ga
sub-lattice.
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for Mn atoms in the top layer toward deeply buried ones. Second, the contrast
smears out to a broader but shallower feature with increasing depth of the
buried Mn atom. With these assumptions we can unambiguously assign the
patterns [b] to [f] to Mn atoms embedded 1 to 5 layers below the surface.

Let’s now return to the result that there are ∼5 times as many features [g]
as the average of [a] to [f] yields. Based on each pattern [a] to [f] representing
Mn atoms in one atomic layer, the features [g] add Mn atoms in 6 more atomic
layers since the dopant atoms are statistically distributed over all layers. In
our experiments we find that buried Mn atoms are visible in the first 10 layers
of the crystal surface. This agrees with the depth limit for impurities in a
highly doped material to be typically visible in STM and therefore confirms
our identification of one layer to each of the patterns [a] to [f]. The assignment
of features [a] to [f] to Mn atoms in layers 0 to 5 is confirmed by the changing
odd-even mirror symmetry of the contrast with respect to the Ga and the As
sublattice and the (11̄0) mirror plane.

5.3.3 Interpretation

Up to now the depth of the Mn atoms has been identified purely based on
experimental measurements and basic arguments of geometry and statistics.
The independence of our conclusions of any involved theoretical calculation
opens up the possibility to compare the results of both approaches. Unfortu-
nately, the existing theoretical ’first principles’ density functional theory cal-
culations [138,139] are not useful for studying STM images of Mn-defects in
GaAs close to the (110) surface. Other simulations are based on tight-binding
and effective-mass methods, and both neglect the influence of the surface. So
we don’t expect full agreement between theory and STM measurements and
rather look for general trends that might be reproduced both in experiment
and theory. Figure 5.9 in section 5.4 shows simulated STM topography im-
ages at a tunneling voltage of +1.55 V of Mn atoms in the first 7 layers of
GaAs(110). As described in this chapter, the experimental STM contrast of
Mn atoms embedded in layer 2, 3, and 4 of the crystal (patterns [b], [c], and
[d]) is mainly characterized as an isosceles triangle with its base perpendicular
to the [001̄] direction, and 2 additional weak protrusions at its apex. The tri-
angle spreads over 2, 3 or 4 atomic rows with increasing depth of the Mn atom,
respectively. If we now focus on the size of the contrast in the [001] direction
predicted by theory, we find a nice agreement: except for the weak protrusions
in the [001] direction, the number of the enhanced atomic rows in the images
from [b] to [d] in Fig. 5.9 is the same as for the respective experimental results
as presented in the images from [b] to [d] in Fig. 5.3. The electronic impact of
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a Mn atom spreads over one additional atomic row for each monolayer the im-
purity is located more deeply below the surface. The theoretical prediction and
our experimental STM data nicely agree on the absolute numbers of enhanced
rows as a function of the depth of Mn atom below the surface.

A transition from the peculiar pattern [126] for Mn atoms in the topmost
layer to a cross-like shape [123] for deeply buried of Mn atoms is expected.
Up to now it has only been demonstrated for Mn in InAs [140], but not for
Mn in GaAs. These two materials significantly differ in a number of electronic
properties, e.g. the bulk values of the band gap Egap, the spin-orbit splitting of
the valence band ∆SO, and the binding energy of the Mn acceptor EMn bulk
as reproduced from Ref.[142]. Obviously the band gap as well as the binding
energy of Mn, are much bigger in GaAs compared to InAs, whereas the split-
off energy due to spin-orbit coupling is quite similar in both materials. The
binding energy of Mn in GaAs of 113 meV clearly points to a deep acceptor,
whereas the value of 28 meV in InAs exactly equals the binding energy of Be
in GaAs [142] which is known as a shallow impurity. Since shallow acceptors
turned out to have a triangular contrast in STM on GaAs(110), whereas deep
acceptors are characterized by cross-like shaped contrast, the contrast can be
used to decide if an impurity is a deep or a shallow acceptor. However, the
ratio of binding energy and band gap is rather similar for Mn in InAs and in
GaAs. From this point of view, in spite of its small binding energy, Mn can
still be seen as a deep acceptor in InAs. Furthermore when tunneling on InAs
with the metallic STM tip, the small band gap results in an accumulation
layer of quasi free electrons in the tip induced quantum dot (TIQD) at the
surface even at very low voltages [143], which is not the case for GaAs. There
the formation of a measurable TIQD requires a sample voltage of nearly -1 V
[144].

Due to these differences between InAs and GaAs, the Mn acceptor wave
function can not a priori be expected to have a similar shape at the surface and
evolution towards the bulk in both materials. Mn acceptors in GaAs have been
investigated directly in the surface [126] and several monolayers below [123],
but the transition region in between is still unknown. This connection is now
resolved and allows us to compare Mn acceptors in different layers in the clearly
different matrices GaAs and InAs with the following conclusion: None of the
differences between InAs and GaAs strongly influences the contrast of the Mn
acceptor. Following the general trend of shallow acceptors showing triangular
patterns and deep acceptors being characterized by bow-tie-like shapes, Mn
in InAs is a deep acceptor even though its binding energy equals only to 28
meV. This is in contrast to the general classification of impurities given by
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Schubert [145], that assigns a defect with a binding energy on the order of kT
at room temperature and clearly smaller than 100 meV. Based on this, Mn
is a deep acceptor in GaAs, whereas it is intermediate to a shallow or deep
acceptor state in InAs. The same holds when one compares the experimentally
observed binding energies with the values predicted by the effective mass (EM)
approach. This approach results in 25.6 meV in GaAs, and 16.6 meV in InAs.
Thus the binding energy of Mn in GaAs is a factor 4 higher then the ideal EM
acceptor, whereas this factor is only 2 for Mn in InAs. Furthermore, the wave
function of EM impurities needs to be extended with respect to the lattice
constant of the host material.

5.4 Surface modifications

Concerning pattern [a] we report the following interesting observation shown
in Fig. 5.5. The topographic STM images depicted in Fig. 5.5 I to III were
sequentially scanned with equal tunneling parameters of +1.5 V and 50 pA
on the same spot of the Mn-doped GaAs(110) surface. One Mn pair [P2], two
deeply buried Mn atoms [g], and one Mn atom in each of layers 2 and 5 below
the surface (patterns [b] and [f]) are observed in image I. In addition there
is another defect marked [V] with a rather weak contrast, that is probably a
vacancy. In image II, which was scanned from bottom to top, the feedback
loop shows an instability directly at the site of this weak contrast. The tip
decreases in resolution, but still keeps a reasonable imaging quality. Instead
of the weak contrast [V], the ongoing scan shows the upper half of a pattern
that perfectly looks like feature [a] from Fig. 5.3 at the spot where [V] had
been located. In the subsequently scanned frame shown in image III the tip
even regains full atomic resolution confirming that [V] has been replaced by
a contrast of type [a]. To our opinion the contrast formed here does not differ
from what has been identified as Mn in top most surface layer of GaAs(110).
In total we observed ∼10 of such tip induced contrast changes.

The explanation for the introduction of Mn-like features might be straight-
forward: the tip has picked up and then carried a Mn atom prior to the se-
quence shown in Fig. 5.5, where the Mn atom is released from the tip and
inserted into the surface. For a single event, this mechanism would be satisfy-
ing. But we don’t believe that this unlikely path gives a convincing explanation
for an effect that appears more frequently. A better interpretation is based on
the following: The differences between the transition metals Zn, Mn, Fe, and
Co in the top layer of GaAs(110) as observed in STM images as well as be-
tween Zn and Mn in the theoretical calculations [147] are rather small. This
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Figure 5.5: (15 x 15 nm2) X-STM topography images on Mn doped GaAs(110) at
+1.5 V, 50 pA, and 5 K sequentially taken on the same spot. Frame I shows 5 Mn-
like features and one defect, most probably a surface vacancy. During frame II (scan
direction pointing upward) an instability in the feed back loop occurred. Thereby a
contrast similar to the one shown in Fig. 5.3 is created at the position of the vacancy.
The stable final configuration is shown in frame III.
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might stem from the fact that the atomic electronic structure of all of these
elements ends with 2 electrons in the 4s shell. The pattern in Fig. 5.3 [a] then
rather represents a quite general signature of transition metals (with 2 s-like
valence electrons) in the GaAs(110) surface, instead of specific properties of
individual chemical elements. As the electronic configuration of a big majority
of the transition metals provides 2 s-like valence electrons, we have a wide
choice of elements we probably inserted into the surface causing the contrast
observed in Fig. 5.5 III. The tip material (W) itself is the most natural species
as it will of course be present at the tip apex. The electronic structure of
W also terminates with 2 s-like valence electrons. The only difference of the
atomic electronic structure of W with respect to the elements investigated in
Ref.[126] is that the electrons are bound in the 6s shell (for W) instead of
the 4s shell for Mn, Fe, Co, and Zn. From the fact that Zn and Mn appear
completely different in STM images when they are embedded deeper below
the surface (Zn has a triangular, whereas Mn a cross-like shaped contrast)
and appear very similar if they are substituted in the top layer, we conclude
that the influence of the surface cannot be underestimated. This is stressed
by the similar contrast of a Mn atom and possibly a W atom in the topmost
layer of GaAs(110).

The possibility to easily insert a feature resembling Mn obviously increases
the number of counts for type [a] with respect to the others as it is very unlikely
to insert impurities with the STM into deeper layers. The total number of
patterns [a] has thus to be corrected for this effect. Another correction to the
number of patterns [a] arises from the following observation concerning pattern
[P2] which looks similar to a pair of Mn atoms on the next nearest neighbor
positions on the Ga sub-lattice except for the already mentioned asymmetry
of the pattern [P2] which is absent in the respective feature in Ref.[126] (see
Fig. 5.4 II and Fig. 5.4 IV). One might thus explain the asymmetry of pattern
[P2] as an unequal pair that consists of a Mn atom and an atomic impurity
next to it instead of a pair of Mn atoms as investigated in Ref.[126]. The
pattern [P2] might also consist of a Mn atom with an adsorbate on the surface
attached next to it. Figure 5.6 offers an answer to this question. It shows
a sequence of STM images captured in constant current mode on the same
spot on the cleavage surface. The image I shows one pattern [P2], one pattern
[a], and 2 subsurface Mn atoms. While image II was scanned an instability
occurred on top of the pattern [P2] clearly modifying it. The following image
III confirms that a modification took place as the pattern [P2] is replaced by a
pattern [a]. From this observation we can draw 2 conclusions: First we identify
the apex of the asymmetric protrusion of pattern [P2] that points in [001̄]
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Figure 5.6: (10 x 10 nm2) X-STM topography images sequentially scanned at +1.6
V and 50 pA on the same spot on GaAs(110). The feature [P2] in frame I is changed
to a pattern [a] as shown in Fig. 5.3 in frame III. Frame II shows the instability of the
feed back loop directly occurring on [P2] connected to the modification. The white
dashed lines show that the distance between the the feature [a] on the right and the
[001] end of the changing feature is constant. This confirms that the bigger protrusion
of [P2] in [001̄] direction is removed.
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direction as the Mn atom because it stays in the surface, whereas the wider
part in [001̄] direction of this feature is removed from the surface. Secondly,
no vacancy remains on the surface after removing the wider part of [P2] favors
the interpretation of [P2] as an adsorbate bound to a surface Mn atom over
the explanation as an unequal pair. As pattern [P2] has been found 8 times
in our measurements, it is remarkable that a complex of a Mn atom in the
first layer with a rather undefined adsorbate atom gives rise to a reproducible
contrast pattern. Unfortunately we don’t have detailed knowledge about the
chemistry of the adsorbate next to the Mn atom. In any case, Fig. 5.6 confirms
the high reactivity of surface Mn atoms in GaAs(110). Both the insertion of
a transition metal atom as well as the removal of an adsorbate bound to the
surface Mn atom affect the number of the counts for pattern [a]. On the one
hand the number of inserted [a]-like features has to be subtracted, whereas
on the other hand the pattern identified as [P2] stems from nothing more
than masked single Mn atoms in the top layer and thus needs to be added to
quantity [a]. In total, both effects nearly cancel out. The corrected number of
counts for [a] remains nearly unaffected.

5.5 The symmetry of Mn wave function

We have shown that, under appropriate tunnel conditions, Mn reveals a strik-
ing anisotropic cross-like shape of LDOS with a twofold symmetry on the
GaAs(110) cleavage plane. The contrast introduced by Mn exhibits a weakly
asymmetric profile along the GaAs[001] crystal direction and a slight reduc-
tion of the spatial symmetry across the single GaAs(11̄0) mirror plane. The
lowering of the contrast symmetry may be related to the symmetry properties
of the crystal lattice at the GaAs(110) cleavage surface. The distortion of the
Mn contrast becomes more pronounced when the Mn atom is situated closer
to the surface. In Fig. 5.7 the right-hand part extends further away than the
left-hand one. The orientation of the larger part is similar to that of the trian-
gular features induced by Zn and Cd acceptors in GaAs. Figure 5.7(a) shows a
magnified X-STM topography map of a pair of Mn dopants (labeled Mn1 and
Mn2) in GaAs. To further explore the spatial symmetry and the anisotropy
of Mn contrast, a Fourier Filter Technique (FFT) is applied to separate the
background atomic corrugation of the Ga atomic sublattice (high-frequency
topography component) [Fig. 5.7(b)] from the topography map.

The symmetry and height analysis obtained from the topography line pro-
files along the GaAs[001] direction [Fig. 5.7] reveal that Mn1 is located 1 atomic
layer (AL) closer to the GaAs surface than Mn2; thus Mn1 exhibits a higher
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Figure 5.7: (8 x 8 nm2) X-STM (a) topography, (b) atomic corrugation, image
of two neighboring Mn dopants located at two different subsurface plane below the
GaAs(110) cleavage surface. Each of the Mn atom introduces a distinct contrast and
symmetry on the atomic LDOS of the Ga sublattice. (c) Line profiles along GaAs[001]
direction. The (11̄0) mirror plane showing the Mn symmetry is indicated by a dashed
line through the contrast maximum. (d) Schematic side view of the GaAs(11̄0) cross-
sectional plane representing the Mn substituted in Ga site located at either odd (Mn1)
or even (Mn2) plane.
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intensity and a smaller spatial extension as compared to Mn2 in the topogra-
phy image. The separation between the Mn centers (from layer-A to layer-B)
is 1 AL. From one plane position (layer-A) to one layer deep position (layer-
B), the measured height of Mn drops by a factor of about Z(Mn1)/Z(Mn2) =
1.4 whereas the full-width half maximum (FWHM) of the associated envelope
increases by a factor of about FWHM(Mn2)/FWHM(Mn1) = 1.1. As it is
evident from the high-frequency filtered image [Fig. 5.7(b)] and topography
line profiles [Fig. 5.7(a)], Mn shows two distinct spatial symmetry, appearing
as two different arrangements of the atomic LDOS on the Ga sub-lattice. The
contrast symmetry is reflected in an equal increase of two Ga contrast on top
or only a single rising of the Ga atom in the around the Mn center. This is
due to the fact that Mn is located either in between (i.e., Mn2 at even sub-
surface plane) or underneath (i.e., Mn1 at odd subsurface plane) the surface
Ga atomic rows. In agreement with the zig-zag alternation of the adjacent
planes in a usual zinc-blende crystal, the substitution of the Mn atom alters
spatially in Ga sub-lattice position from one plane to another with respect to
the top GaAs(110) cleavage surface [Fig. 5.7(d)]. In both [001] and [001̄] sides
of the all Mn contrasts there is a considerable change of the atomic corrugation
[Fig. 5.7(b)]. This apparent shift of atomic rows in the [001]/[001̄] direction
can be as much as 2-5 AL even when the Mn is located deeper into the crystal.
Since this corrugation change appears only at low positive voltages and is not
observed at higher voltages, thus we conclude that it has pure electronic origin
and is not related to a reconstruction or considerable lateral displacement of
the Mn atom.

Although the orientation of the cross-like contrast is always the same for
all dopant atoms in one sample, there are crucial differences if we compare
(110) and (11̄0) cleavage surfaces. It is known that these two surfaces repre-
sent orthogonal cross-sections through the crystal. Figure 5.8 show that the
Mn induced contrasts have opposite orientations on the (110) compared to
the (11̄0) surface with respect to the [100] direction. Figure 5.8 shows that
the anisotropic contrast introduced by Mn has a reversed orientation on the
GaAs(110) [Fig. 5.8(a)] surface compared to the GaAs(11̄0) [Fig. 5.8(a)]surface
with respect to the [100] direction. Such inversion of the asymmetric shape is
consistent with the opposite crystallographic orientation of the Ga/As zig-zag
rows along [11̄0] or [110] direction which is induced by the inversion asymme-
try of the (11̄0) and (110) surfaces. The symmetry reversal of the Mn contrasts
in GaAs is in a good agreement with the X-STM results on the inversion of
the triangular shape of shallow Zn acceptors on the orthogonal GaAs surface
planes [117].
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Figure 5.8: (20 x 20 nm2) X-STM topography image of (a) Mn:GaAs(110) surface
and (b) Mn:GaAs(11̄0) surface.
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5.6 The role of temperature

Finally we want to address the role of temperature on these data. All images
shown here have been acquired at 5 K, but additionally a similar set of mea-
surements has been taken at T = 77 K. We did not count the defects in detail
in the 77 K data, but concerning the topography we do not see a significant
difference with the data measured at 5 K. It would even have been a surprise if
the results strongly depended on temperature. The images just map the wave
function of the acceptor states, most probably convolved with the electronic
structure of the buckled GaAs(110) surface. Except for thermal broadening,
these properties are not expected to depend on temperature. This now leads
to the question, why these results have not been observed in earlier STM work
on Mn-doped GaAs at RT (e.g. the data behind Ref.[123]). A simple expla-
nation might be, that the authors did not focus on the contrast of Mn in the
top layer because it can easily be mixed up with adsorbates. A more involved
interpretation is suggested on page 54 of Ref.[147]; the STM was found to in-
duce a reversed exchange process of a Co atom in the top layer which is kicked
out of the surface and replaced by a Ga adatom. As we already mentioned,
there are only minor differences between transition metals incorporated in the
GaAs(110) surface. Even though the reverse incorporation is not reported for
Mn, we still conclude that the reactivity of a surface unit cell containing a Mn
atom is enhanced with respect to the undisturbed GaAs(110) surface. The
rate and the mobility of atoms landing on the surface is enhanced at RT with
respect to low temperature. Thus adsorbates typically get trapped at reactive
sites on the surface and thus mask the Mn atoms in the top most layer of
GaAs(110). This mechanism prevents single Mn impurities in the top most
layer of the GaAs(110) surface from being observed at RT.

5.7 Tight-binding model of Mn in GaAs

The TBM calculations assumes the anisotropy of the local binding potential
as suggested by Vogl and Baranowski [148] and further computed by Tang
and Flatté [149]. The model basically treats the band structure by considering
the microscopic inter-atomic interactions. Thus the model provides a natural
means to understand the physics of any effects including strain on semicon-
ductor band structures. In band calculations using the TBM, the quantum
mechanical nature of bonding is retained, ensuring a simple and straightfor-
ward description of the electronic band properties. It is known that there are
two atoms in a primitive cell of tetrahedral (Td) symmetric crystals. In a sp3
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Figure 5.9: (5 x5 nm2) Calculated (110) cross-section of the bulk-like Mn acceptor
wave function in GaAs sliced at 113 meV above the valence band maximum. Frames
[b] to [g] indicate Mn impurities which are each one atomic layer deeper below the
surface. Note that the influence of the surface on the wave function is not taken
into account. The calculations are spin averaged over all possible spin polarization
directions.
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TBM, the conduction and valence bands are formed from the valence elec-
tron orbitals, with each atom in the primitive cell contributing an s, px, py,
and pz orbital, and the Hamiltonian is 8 x 8 without inclusion of the spin-
orbit interaction. Using this model, Chadi and Cohen (1973), and Harrison
(1975) studied the band structures of various diamond structure and zinc-
blende semiconductors. Their results show that the band structures of both
diamond structure and zinc blende semiconductors are overall very similar.
Along the [001] direction, the valence bands are formed by p bonding states
with the heavy-hole (HH) band composed of the in-plane orbitals (e.g., px and
py orbitals) and the light-hole (LH) band composed of the out-of-plane orbitals
(e.g., pz orbital). With inclusion of the spin-orbital interaction, the HH wave
function is circularly polarized in the perpendicular plane and the LH wave
function is oriented along the quantization axis. This polarization of the wave
function for the valence bands is particularly important when studying the
external effects such as strain on the band structures.

For direct gap zinc-blende semiconductors, the conduction band is com-
posed of the s anti-bonding states, while for Si, due to the p admixture from Γ
point to X point, the wave function of the conduction band edge is primarily
composed of the p anti-bonding states. By using a small set of atomic functions
as basis states, the high energy bands are described less satisfactorily because
they are more delocalized and thus consist of more atomic functions. The local
electronic structure around Mn atoms in GaAs is calculated by using a 16-band
sp3-TB Hamiltonian and the approach developed by Koster and Slater as de-
scribed in Ref.[150]. Most of the state‘s binding energy comes from the p − d
exchange interaction, which is modeled as a spin-dependent potential (Vpd)
present at the four 1st nearest neighbor sites as shown in the 3D schematic of
Fig. 5.9. The value Vpd = 3.63 eV is set to obtain the experimental binding
energy of Mn in GaAs Ea = 113 meV. An on-site potential (V0) accounts for
the direct Coulomb contribution to the binding energy, and is chosen to be 1
eV in the calculations. Thus,

VMn(R) = V0

∑
l,σ

cl,σ(R0)c
†
l,σ(R0) + Vpd

∑
j,l∈p

cj,l,↑(R1)c
†
j,l,↑(R1) (5.1)

where j labels the atomic sites (Mn is at j = 0), l labels the atomic orbitals,
and σ labels the spins. The quantization axis is the spin orientation of the Mn
core 3d electrons. The LDOS were obtained by calculating the imaginary part
of the lattice Green’s functions in real space with an energy resolution of 10
meV. The TB material parameters of the host GaAs crystal were taken from
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Ref.[151]. In order to compare the calculated TB data with the X-STM re-
sults, the Mn 3d core spins are averaged over all possible spin orientations.
The spatial plots of the calculated LDOS based on the TBM are shown in
logarithmic scale in Fig. 5.9 for Mn in GaAs. The frames depict the cross sec-
tions of the Mn-LDOS on the GaAs(110) viewing plane for various Mn center
to surface separation. Consistent with the X-STM results, the calculations
show very similar spatially extended anisotropic cross-like structure for the
Mn wave function. The cross sections in the (110) plane display symmetry in
the (11̄0) mirror plane and a relatively weak asymmetry in the [001] direction
(C2v symmetry).

5.8 Conclusions

In this work we experimentally identify buried Mn atoms in and below the
GaAs(110) surface with monolayer precision. This connects the recent results
on Mn atoms inserted into the top layer of the surface by the STM tip with
the measurements of buried Mn acceptors deeper below the surface. We found
an excellent agreement when we compare the experimentally observed Mn fea-
tures with those obtained by TBM calculations. However the contrast of Mn
in the 4 topmost layers near the vacuum interface deviates from the calculated
LDOS profiles. This discrepancy will be the subject of chapter 7 of this thesis.
In addition we showed the possibility of injecting defects which look very sim-
ilar to Mn in the surface. As no Mn adsorbates were present, we conclude that
the contrast of the inserted impurity is dominated by the electronic properties
of the GaAs(110) surface rather than by the chemical nature of the impurity
atom itself.



Chapter 6

The role of spin-orbit
interaction on acceptor states
in III/V semiconductors

6.1 Abstract

Cross-sectional scanning tunneling microscopy is used to study the origin of
the anisotropic electronic structure of acceptor states in III/V semiconductors.
The density of states introduced by a hole bound to an individual Cd acceptor
in GaP is spatially mapped at T = 300 K. Similar to the Mn hole wave
function in GaAs, we found a highly anisotropic, cross-like shape of the hole
bound to Cd both at the GaP(110) and the GaP(11̄0) orthogonal cleavage
planes. The experimentally observed similarity of the symmetry properties of
Mn:GaAs and Cd:GaP shows that the anisotropic structure of acceptor states
in zinc-blende III/V compounds is determined mostly by the cubic symmetry
of the host crystal. The weak spin-orbit interaction in GaP leads to a slight
modification of the Cd bound hole wave function relative to that of Mn in
GaAs. In addition to the anisotropic angular structure of the d-like spherical
harmonic of the wave function, which dominates the appearance of the hole
ground state far from the ionic core, the admixture of g-like and higher order
spherical harmonics is identified in the Cd hole wave function. The spin-orbit
interaction thus has a minor but distinctive influence on the acceptor wave
function. The experimentally obtained results are explained by both atomistic
tight-binding and effective mass theoretical models.

85



86
The role of spin-orbit interaction on acceptor states in III/V

semiconductors

6.2 Introduction

Dopant atoms are essential components in semiconductor materials not only
because they provide extrinsic charges or magnetic moments but because single
dopants offer the potential to be used as the functional parts of nanoscale or
quantum information devices [152-155]. In order to utilize single dopants in
such devices, their electronic and magnetic properties have to be understood in
detail including the influence of the host materials. This includes the spin-orbit
(SO) interaction, which in bulk semiconductors doped with magnetic atoms
is known to contribute to magnetic anisotropy and optical dichroism [156].
X-STM with its high spatial resolution and electronic sensitivity, has recently
become a technique to investigate at the atomic scale the local electronic
structure of individual dopants.

In X-STM measurements donors like Si in GaAs appear as isotropic round
protrusions [157], in analogy with the hydrogenic impurity model, whereas
relatively deep acceptors such as Mn introduce a distinct anisotropic contrast
in GaAs [158]. A multitude of experimental techniques, including electron
paramagnetic resonance [159] and infrared (IR) spectroscopy [160] revealed
the existence of a Mn-related neutral A0(d5+hole) acceptor center in GaAs.
The IR spectroscopy data were analyzed theoretically within a spherical ap-
proximation for the electronic structure [160], although a large contribution
of the anisotropic d -like spherical harmonic to the bound-hole ground state
was identified experimentally by X-STM measurements [158]. Similar results
have since been found for the shallower Mn in InAs [161]. Under appropriate
tunnel conditions as discussed in chapter 5, Mn was found to display a strik-
ing anisotropic cross-like LDOS with a two-fold symmetry on the GaAs(110)
cleavage plane. The contrast introduced by deeply buried Mn was shown to
retain a weakly asymmetric profile along the GaAs[001] direction. Previously,
the theoretical approaches based on an atomistic tight-binding model (TBM)
and an envelope-function effective mass model (EMM) have provided insight
into the origin of the anisotropic ground state wave function of a valence hole
bound to an individual Mn center in GaAs [158,162].

The EMM provides a detailed qualitative insight into the composition of
the wave functions as a mixture of different spherical harmonics due to the
cubic GaAs environment. The TBM takes into account the full band dispersion
and models the local binding potential of a tetrahedral symmetry due to the
specific bonding configuration of the dopant atom in the host crystal. The
TBM provides quantitative information on the atomic scale and allows a direct
comparison with the experimental X-STM results. It is known that the hole
ground state originates from the strong hybridization of the Mn 3d5 electrons
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with the As p-states associated predominantly with the host heavy-hole band
[158]. Further TBM calculations including the SO interaction revealed a small
spin orientation dependence of the LDOS around an isolated Mn dopant in
GaAs [163]. Within the EMM, the anisotropy in the bulk-like (Mn2+3d5+hole)
acceptor state was traced to the influence of the cubic symmetry of the GaAs
crystal which enhances the contribution of the d-like spherical harmonics of
the hole ground state far from the Mn center.

In this chapter we present a comprehensive experimental and theoretical
investigation of the role of the SO interaction and the cubic crystal symmetry
on the spatial structure of relatively deep acceptors. We first focus on our
experimental X-STM data of the spatial dependence of the Mn state in GaAs
and the Cd state in GaP. The principal difference between these two host
materials is that GaP has a much smaller SO interaction than GaAs [see
Fig. 6.1]. The anisotropic structure of those two acceptors will be analyzed
individually and compared quantitatively with each other with an emphasis on
differences in symmetry. The experimentally obtained results of the acceptor
wave functions for both Mn:GaAs and Cd:GaP will be evaluated in detail with
the TB and EM calculations which consider the non-spherical symmetry of the
host crystals.

6.3 Experimental approach

To study experimentally the effect of SO interaction on the acceptor shape
anisotropy, we carried out a set of X-STM measurements on Mn acceptors in
GaAs and on Cd acceptors in GaP. We evaluate the relative SO interaction by
considering the energetic position of the split-off band (∆Eso) relative to the
acceptor ground state binding energy Ea(1S3/2) in the band gap region. There
is a general trend in compound semiconductors that the spin-orbit interaction
induced splitting between the p3/2 and p1/2 valence band states (at k = 0)
increases mainly as a function of the atomic number of the anion (group-V
element). For example, in the specific case of N and P based III/V compounds,
the spin-orbit coupling is much weaker than in Sb and As based III/V ma-
terials. In Fig. 6.1(a) the change of the spin-orbit splitting energy (∆Eso)
for different semiconductors is plotted as a function of the atomic number of
their constituent anion element. Although the Cd acceptor binding energy of
Ea = 102 meV in GaP is nearly identical to that of Mn in GaAs (Ea = 113
meV), [see, for example Fig. 6.1(b)], the SO interaction differs greatly between
the two hosts. The value of δ = ∆Eso/Ea for a specific dopant and host ma-
terial qualitatively determines whether the dopant is in the weak SO coupling
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Figure 6.1: (a) The split-off energies for various III/V semiconductors as a function
of the atomic number of the constituent group-V element. (b) Plot of the experimental
binding energies for Zn, Cd and Mn acceptors in InAs, GaAs and GaP materials. (The
data points were taken from Refs.[164-166,168])

limit (δ � 1) or in the strong SO coupling limit (δ � 1) [167]. As measured
from the top of the valence band, the magnitude of the SO splitting in GaP,
∆Eso(GaP) = 80 meV, which is about 4 times smaller than that of GaAs,
∆Eso(GaAs) = 340 meV [168]. Thus (δCd:GaP < 1) corresponds with the weak
SO coupling case and (δMn:GaAs > 1) corresponds with the strong SO coupling
case.

The X-STM measurements were performed at T = 300 K individually on
p-type and non-degenerate Mn doped GaAs and Cd doped GaP single crys-
tal samples. In order to achieve a clean and an atomically flat surface, the
samples were cleaved in-situ under UHV conditions (P < 2 × 10−11 mbar)
and the experiments were done by using electrochemically prepared polycrys-
talline W tips. The first set of measurements were carried out on the (110)
surface plane of a 150 nm thick MBE grown Mn doped GaAs layer with a
doping concentration of about 2 × 1018 cm−3. For the other set, two Liquid-
Encapsulated-Czochralski grown, Cd doped GaP samples, with a doping level
of about 5 × 1017 cm−3, were measured separately on the two non-equivalent
(110) and (11̄0) planes of orthogonally cleaved crystal facets. As mentioned in
Chapter 5, these two planes exhibit perpendicular cross-sections through the
crystal in which the orientation of the Ga and P zig-zag atomic rows is inverted
relative to each other. The cleaved sample surface planes were scanned with a
wide range of applied voltages during which the empty state topography and
the current images were obtained simultaneously.
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6.4 Experimental results

In Fig. 6.2 we compare the topography maps of the hole distribution around
single Mn and single Cd acceptors in GaAs and GaP, respectively. Unlike the
measurements given for Mn1, Mn2 and Cd2, where the (110) sample surface is
exposed, the measurement presented for Cd1 depicts the orthogonal GaP(11̄0)
surface plane. All the measurements analyzed in this chapter were obtained
at fixed tunnel set point Vs = +1.5 V and It = 50 pA in constant-current
mode. Thus, the atomic corrugation of the topography images corresponds to
the unoccupied Ga states of GaAs and to the unoccupied P states of GaP.
As can be seen in Fig. 6.2 Mn introduces a typical anisotropic LDOS with a
two-fold symmetry which is asymmetric for the reflection in the (001)-plane.
We know that the observed asymmetry and the intensity of the Mn related
contrast depend strongly on the depth of the Mn atom below the surface. The
actual subsurface depths of the Mn atoms are determined within atomic layer
(AL) precision (e.g. 1AL = 0.23 nm for GaAs) by comparing their height
and spatial symmetry with the ones of all the Mn atoms observed in our
measurements. By using this technique we distinguished Mn1 and Mn2 to be
located at 4 and 6 ALs below the GaAs(110) surface, respectively. The Mn1
related contrast is more asymmetric relative to the (001) plane and has higher
intensity than the contrast of the Mn2 atom. Our measurements on the Cd
doped GaP samples showed that the Cd acceptor displays a laterally extended
anisotropic cross-like LDOS around its atomic center. This picture of Cd in
GaP is different from its triangular structure in GaAs; note that Cd is a typical
shallow acceptor with a binding energy of around 35 meV in GaAs. As seen
in Fig. 6.2 the shape, orientation and the symmetry properties of Cd induced
contrast closely resemble the Mn structure for the same depths and positions
of the Cd atom below the GaP(110) surface. Similar to Mn:GaAs, Cd has a
two-fold symmetry which is mirror asymmetric in the (001)-plane.

Based on the symmetry and the height analysis of the Cd contrast, we
identified both Cd centers (labeled Cd1 and Cd2) to be located in an odd
layer position at different subsurface depths (d = 4 AL for Cd1 and d = 6
AL for Cd2). In comparison with the Cd2 contrast observed at the GaP(110)
plane, the intensity of Cd1 at the GaP(11̄0) plane is relatively high whereas the
respective contrast exhibits a lower spatial extension with a strongly broken
symmetry (nearly a triangular shape) along the [001̄] direction. This behavior
of Cd is similar to the Mn located at 4AL underneath the GaAs(110) surface.
The observed distortion of the contrast symmetry is due to the relative near-
ness of Cd1 to the cleavage surface compared to Cd2. This will be discussed
in more detail in chapter 7.
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Figure 6.2: (6 x 6 nm2) X-STM topography image of (a) single Mn acceptors in
GaAs and (b) single Cd acceptors in GaP. Note that the image of Cd1 in (b) was
acquired at the GaP(11̄0) surface whereas the others were observed at the GaP(110)
surface. The depth of the acceptors below the surface is indicated in AL.
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Figure 6.3: (6 x 6 nm2) Low-pass FFT processed envelope images of (a) Mn acceptors
in GaAs and (b) Cd acceptors in GaP. The envelope images were extracted from the
topography measurements presented in Fig. 6.2. The fine protrusions sticking out the
upper and lower side edges of the Cd envelopes can be observed in (b).
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Figure 6.4: The topography line profiles measured along the [001] direction for (a)
Mn1 and Mn2 on GaAs(110) surface, and for (b) Cd1 and Cd2 on the respective
GaP(11̄0) and GaP(110) surface planes. The maximum of the topography profiles
representing the approximate dopant position was taken as the origin. (c) and (d)
show the line profiles obtained through (A) the center and (B) off-center at 2.0 nm
away from the central line through the impurity center in the [001] direction. The
profiles were obtained from the envelopes shown in Fig. 6.3.
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To further explore the extension and the anisotropy of the observed con-
trasts, a low-pass FFT filter is applied to extract the low frequency Mn and
Cd related envelopes from their topography images. Figure 6.3 shows the FFT
processed envelopes for the Mn in GaAs and Cd in GaP. The measured LDOS
of the Mn and Cd acceptors are further shown by line profiles through both the
center and a point off-center of the envelope images in Figs. 6.4(c,d). The off-
center line profiles, which are parallel to the main axis of the envelopes along
the [001] direction, were acquired at a distance about 2.0 nm away from each
envelope maximum. Unlike the case for the Mn envelopes, the off-center line
profiles of the Cd envelopes display additional fine protrusions [Fig. 6.4(d)].
For example, these Cd induced structures, which are also visible in the enve-
lope images [Figs. 6.3(b)], extend sideways along GaP[11̄0] and GaP[1̄10] in
opposite directions on GaP(110)/GaP(1̄10) plane. The observed fine features
make a minor contribution to the anisotropic appearance of the Cd-LDOS
at large distances but have no dependence on the opposite orientation of the
surface states at two orthogonal facets or on the spatial position of the dopant
center.

6.5 Theoretical comparison

6.5.1 Tight-binding model

We used a multiband TB Hamiltonian and the approach developed in Ref.[162]
to calculate the ground state wave function of Mn and Cd acceptor states in
GaAs and GaP hosts, respectively. The calculations are performed for isolated
bulk-like acceptors with the binding energies of either 102 meV (for Cd) or 113
meV (for Mn). The tight-binding parameters for the host materials come from
Ref.[172]. As in Ref.[162], the effective potential is considered to arise from
the hybridization of the anion p-orbitals with the Mn or Cd d-orbitals on-
site. This produces an effective spin-dependent potential at the position of the
As atoms nearest to magnetic Mn acceptor, and an effective spin-independent
potential at the position of the P atoms nearest to nonmagnetic Cd acceptor.
The parameters used for Mn:GaAs are those described in Ref.[173], whereas
for Cd:GaP a single parameter 2.508 eV is used for the potential at the Cd
site and at the four neighboring P sites.

The spatial plots of the calculated LDOS based on the TBM are shown
in the logarithmic scale in Fig. 6.5 for Mn:GaAs and Cd:GaP acceptors. The
frames depict the cross-section of the LDOS for both acceptors on the (110)
plane with each of the acceptors located at the same spatial position at 5 AL
below the viewing plane in the corresponding crystal. Consistent with the X-
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Figure 6.5: (5.2 x 5.2 nm2) (a) Calculated TBM Mn-LDOS on the GaAs(110) plane
and Cd-LDOS on the GaP(110) plane. The center of each acceptor is located at 5AL
below the (110) viewing plane. The spatial extent of the atomic orbitals is set to half
of the nearest-neighbor bond length. (b) Shows the corresponding FFT processed
contour plots of the envelope images.
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Figure 6.6: The line profiles obtained both through the center (A) and off-center (B)
(1.5 nm) of the (a) Mn:GaAs and (b) Cd:GaP TB-envelopes. The measured heights
were normalized by the maximum value of the Cd envelope. Cd related protrusion
cen be observed in (B) of (b).

STM results of deeply buried Mn and Cd, the calculations reveal very similar
spatially extended anisotropic cross-like structures for the Mn and Cd wave
functions. For a precise analysis of the TBM data, the high frequency compo-
nent is filtered out from the calculated topography-like images by a low-pass
FFT filter. As shown in Fig. 6.5(b) the spatial structure and the symmetry
of Cd envelope in GaP appears slightly different from that of Mn in GaAs.
The apparent differences between the two acceptors can be observed by com-
paring the center and the side edges of their respective envelopes. Unlike the
Cd envelope in GaP, the profile around the center of Mn envelope is strongly
asymmetric relative to the reflection in the GaAs(001) mirror plane. The slight
change of the symmetry around the core of the envelope is determined by the
p− d exchange potential term used for the magnetic Mn acceptor and for the
non-magnetic Cd acceptor. In other words, the symmetry change can be as-
sociated with the structural differences between the 3d atomic orbital of Mn
and Cd. For instance, the Cd acceptor has a four-fold degeneracy with the
angular momentum 3/2, whereas Mn introduces a three-fold state with the
angular momentum 1. In addition, the envelope obtained from the calculated
Cd-LDOS in GaP reveal the presence of weak protrusions both at the upper
and lower edges and also the right/left corners of the related envelopes. This
observation of the weak protrusions is consistent with the experimental results.
Similar to the experimental envelopes, the fine features, which were character-
ized quantitatively by the line profiles (compare Fig. 6.6(a) with Fig. 6.6(b)),
extend laterally in the sideways along the [11̄0]/[1̄10] direction.
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Compound γ1 γ2 γ3 Eg(eV) ∆Eso(meV ) Ea(1S3/2)(meV )
GaN 2.70 0.76 1.11 3.30 17 80-130
GaP∗ 4.20 0.98 1.66 2.78 80 47.5
GaAs 7.65 2.41 3.28 1.42 340 25.6
GaSb 11.8 4.03 5.26 0.80 760 4.7

Table I: Values for the Luttinger parameters (γ1, γ2, γ3), the band gap energies Eg,
the spin orbit split-off energies ∆Eso, and the ground state binding energies Ea(1S3/2)
for the hydrogenic acceptors in III/V semiconductors. The sets of parameters for GaP,
GaAs and GaSb are taken from Refs.[164,167,168,176] and for GaN the data is taken
from Refs.[165,168].

6.5.2 Envelope-function effective mass model

Unlike hydrogenic donors, the application of the hydrogenic model to accep-
tors in III/V semiconductors is complicated by their degenerate valence band
structure. For hydrogenic donors, the effective electron mass is simply sub-
stituted for the free electron mass. The substitution was possible, since the
conduction band was assumed to be parabolic, isotropic and non-degenerate
(as for most III/V semiconductors). Such a simple substitution is not possi-
ble for acceptors, since the valence band structure of III/V semiconductors is
more complicated than the conduction band structure. The electronic band
structure of several III/V semiconductors was calculated by Chelikowsky and
Cohen (1976). The band structure near the center of the Brillouin zone is
schematically shown in Fig. 6.7. The highest point of the valence band is lo-
cated at k = 0. Without spin-orbit coupling (∆Eso = 0) [see, for example
Fig. 6.7(a)] this point is six-fold degenerate with three dispersion relations
including two-fold spin degeneracy (s = ±1/2) (Kohn 1957). The presence of
spin-orbit coupling lifts the degeneracy partially and leads to the situation
shown in Fig. 6.7(b). The top of the valence band remains four-fold degen-
erate (g = 4) at k = 0. The corresponding band are composed of light hole
and heavy hole dispersion relations. The top of the two-fold (spin) degenerate
split-off band is also at k = 0, however gets apart with an energy separation
of ∆Eso from the valence band maximum. The top of the valence band has Γ8

symmetry and corresponds to the atomic j = 3/2 states (Kohn 1957), where
j is the total angular momentum (orbit + spin), i.e. j = l + s = l + 1/2 =
3/2. The split-off band corresponds to atomic j = l - s = 1 - 1/2 = 1/2 states
which have Γ7 symmetry.

For strong spin-orbit coupling, the split-off band is far removed from the
top of the valence band. In this case, both the heavy hole and light hole
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Figure 6.7: Schematic illustration of the valence band dispersion relations near the
center of the Brillouin zone (k = 0) (a) in the absence and (b) in the presence of
split-off band.

bands must be taken into account and the Hamiltonian is, therefore, a 4 x 4
matrix (Kohn1957a). In the limit of weak spin-orbit coupling, all three valence
bands must be taken into account and the Hamiltonian is a 6 x 6 matrix.
Kohn used a 6 x 6 Hamiltonian matrix to calculate acceptor energies in cubic
semiconductors. Baldareschi and Lipari (1973) developed a widely accepted
model for the hydrogenic acceptors in cubic semiconductors with degenerate
valence bands. In their approach, the Hamiltonian is written as the sum of
a spherical term and a cubic correction, thus pointing out the relevance of
the spherical symmetry in the acceptor problem and the strong similarity
to the case of atoms with spin-orbit interaction. Neglecting the cubic term,
the Hamiltonians with radial symmetry were obtained. In a subsequent work,
Baldareschi and Lipari (1975) investigated the contribution of cubic symmetry
terms of the Hamiltonian to the spherical model for the acceptor states. The
effects of the cubic symmetry were studied using perturbation theory which
allows reproducing all the details of acceptor spectra.

For the acceptors like Mn:GaAs and Cd:GaP with the binding energies
much greater than the binding energy of hydrogenic acceptors, but much less
than Eg/2 can be well described by the zero-range potential method [174]. In
this method the defect wave function is considered to be the infinity-decreasing
solution of the Hamiltonian, which correctly describes the energy spectrum of
the free carriers in semiconductor bands. However, the attractive potential
is substituted by the additional boundary conditions near the defect. This
boundary condition defines the binding energy. Wave functions obtained by
this method describe adequately the charge distribution far from the defect
center and correctly reflect the crystal symmetry.
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Figure 6.8: 3D isosurfaces of the four component hole wave functions of Mn and Cd
acceptors in GaAs and in GaP materials. The criterias (γ2 = γ3) and (γ2 �= γ3), (α2

�= α3) correspond to the calculations performed within the spherical approximation
and within the cubic approximation, respectively. The (110) cross-section of each
isosurface is parallel to the page plane.
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To further investigate the effect of the SO interaction on the Cd-LDOS and
Mn-LDOS, we also performed EM calculations within the zero-range potential
approximation. For strong SO interaction, the Hamiltonian of the four-fold
degenerate Γ8 top most valence band can be expressed in the following form:

HΓ8 = (γ1 +
5
2
γ2)k2 − 2γ2

∑
i

J2
i k2

i − 2γ3

∑
i<j

kikj{JiJj} (6.1)

where γ1, γ2, γ3 are the Luttinger-Kohn (LK) parameters, which describe
the hole dispersion relation near the center of the Brillouin zone, and J is the
angular momentum matrix for the 3/2 state. It is well-known [175] that the
Hamiltonian (1) is the upper-left (4 x 4) part of the (6 x 6) Hamiltonian, which
is obtained by performing the unitary transformation of the block-diagonal
Hamiltonian with the (3 x 3) blocks and by adding the value of the spin-orbit
splitting ∆Eso to the last two diagonal terms.

HΓ15 = (α1 + 2α2)k2 − 4α2

∑
i

I2
i k2

i − 4α3

∑
i<j

kikj{IiIj} (6.2)

When ∆Eso = 0 (or small enough to neglect it), the Hamiltonian given in
Eq. (6.2) describes the Γ8 valence band and the Γ7 split-off band as well as their
interaction. For large SO splitting one can use Eq. (6.1) as the Hamiltonian
of the Γ8 band only. The connection between the constants γi and αi can be
determined by comparing the Eq. (6.1) and Eq. (6.2) in their matrix forms.
The Hamiltonian in (6.2) can be written in the explicit form:

H3x3 =

⎛
⎝ Lk2

x + M(k2
y + k2

z) Nkxky Nkxkz

Nkxky Lk2
y + M(k2

x + k2
z) Nkykz

Nkxkz Nkykz Lk2
z + M(k2

x + k2
y)

⎞
⎠(6.3)

Comparing (6.2) with (6.3) one can see that,

L = α1 + 2α2 (6.4)
M = α1 − 2α2

N = 4α3

Similarly, the matrix form of (6.1),
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H4x4 =

⎛
⎜⎜⎝

F H I 0
H∗ G 0 I
I∗ 0 G −H
0 I∗ −H∗ F

⎞
⎟⎟⎠ (6.5)

with the elements of,

F =
L + M

2
(k2

x + k2
y)

G =
F

3
+

2
3
(M(k2

x + k2
y) + Lk2

z)

H =
N√
3
(kykz + ikzkx)

I =
1√
12

(
(L − M)(k2

x − k2
y) − 2iNkxky

)

By comparing the γ’s of (6.1) with the values L, M, N in both (6.3) and
(6.5), we can determine the following set of relations

γ1 =
L + 2M

3
= α1 − 2

3
α2 (6.6)

γ2 =
L − M

6
=

2
3
α2

γ3 =
N

6
=

2
3
α3

We calculated the density distribution of the hole localized on a acceptor
with a binding energy of Ea = 100 meV in the presence and in the absence
of the split-off bands by using the Eqs. (6.1) and (6.2), respectively. In our
calculations the LK parameters for the J = 3/2 states of GaAsΓ8 and GaPΓ8

are taken from table 6.1 whereas for the J = 1 state of GaPΓ15 the parameters
(α1 = 5.18, α2 = 1.47, α3 = 2.49) are obtained from the relations given in
(6.6). In Fig. 6.8 and Fig. 6.9 the results of our calculations are represented.
Figure 6.8 shows the 3D isosurface plots of the hole density distribution around
the acceptor centers obtained either in the spherical approximation (γ2 =
γ3) or in the cubic approximation (γ2 �= γ3). In GaAs, where (γ2 �= γ3), the
spherical approximation does not give the correct solutions for the Mn wave
function [see Fig. 6.8]. In this case the analytical expressions in the real space
can not be obtained and the numerical method of fast Fourier transforms
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Figure 6.9: (7 x 7 nm2) 2D hole density distributions around Mn acceptor in GaAs
and Cd acceptor in GaP in the (110) plane obtained at different distances away from
the acceptor center: r0 refers to the distance between the vacuum and the center of the
acceptor core. The (110) cross-sections are the cuts from the calculations presented
in Fig. 6.8.
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should be used to define the wave functions. The calculated 2D spatial plots
of the acceptor LDOS in the GaAs(110) and GaP(110) atomic planes are
shown in Fig. 6.9 for different distances d away from the acceptor centers.

The results obtained by the four-band approach reveal similar anisotropic
structure to the acceptor LDOS with a slightly different localization size for
each of the Mn:GaAs and Cd:GaP wave functions. This anisotropy is due to
the enhanced contribution of the d-like wave function component which domi-
nates the acceptor shape at large distances away from the acceptor centers. In
addition to this anisotropy, the profiles of Cd:GaP are found to contain striking
additional fine features extending in the [110] and [11̄0] directions similar to
those seen before in the analysis of the experimental and TBM results. One can
clearly see that all the images have the same C2v symmetric character whereas
the fine structure of Cd for the Γ15 Hamiltonian [Eq. (6.2)] is more pronounced
than that of [Eq. (6.1)]. We can explain the observed additional fine protru-
sions of the Cd-LDOS by our effective-mass model as in the following manner.
The zero-range approximation for a dopant potential, which applies to dis-
tances larger than the core potential radius, will be applied to clarify the
difference between acceptor wave functions calculated using the Hamiltonian
of Eq. (6.1) and those calculated using the Hamiltonian of Eq. (6.2). In the
zero-range approximation the 4 components acceptor wave function is formed
as a solution of (H − IE)Ψ = V in the k-representation [174]. As it was men-
tioned above, the Hamiltonian (6.1) is a part of the Hamiltonian (6.2). In
other words, Eq. (6.2) provides all the solutions that are similar to those of
Eq. (6.1) but reverse is not true. For Eq. (6.1) this set of equations is effectively
reduced to two equations due to the Kramers degeneracy. The solution for a
spinor component in the k-representation displays a d-like spherical harmonic
centered at the dopant core. The solution of Eq. (6.2) is similar; however it
includes even higher order spherical harmonics (of at least g-like character).
Consequently, the STM image of an acceptor state in a semiconductor with
small SO splitting like GaN will produce more rich spatial structure, but the
overall acceptor induced shape anisotropy will be conserved.

6.6 Conclusions

The wave functions of holes bound to a Mn acceptor in GaAs and a Cd acceptor
in GaP are spatially mapped and investigated at room temperature by cross-
sectional scanning tunneling microscopy. Similar to the Mn state in GaAs, we
found a highly anisotropic, cross-like contrast for Cd on the GaP(110) cleavage
plane. As determined by the topographic measurements, the SO interaction in
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the host material does not yield any significant change in the acceptor shape
anisotropy whereas the symmetry of the hole wave function is only influenced
strongly by the spatial position of the dopant atom with respect to the host
surface plane. The experimentally obtained results demonstrate that the prin-
cipal determinant of the acceptor induced anisotropic shape of the LDOS in
III/V semiconductors is solely the cubic symmetry of the host crystal and
not the SO interaction. We confirmed this by obtaining similar cross-like spa-
tial structures for the acceptor ground state wave function using tight-binding
and envelope function effective mass models including either finite or zero SO
terms in the model calculations. Nevertheless, our experiments and theoreti-
cal models also revealed that a strong reduction of the SO interaction gives
rise to additional fine structure in the acceptor state wave functions. These
fine structures appear as weak protrusions at the side edges of the acceptor
envelopes and make a negligible contribution to the overall acceptor LDOS.
Thus, we can conclude that the SO interaction has a minor but distinctive
influence on the appearance of the acceptor wave functions in III/V materials.
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Chapter 7

Surface induced asymmetry
of deep and shallow acceptor
wave functions

7.1 Abstract

The local density of states of individual acceptors and their interaction with
the semiconductor surface are investigated with X-STM at T = 5 K. Our ex-
perimental results show that the symmetry of the Mn acceptor state strongly
depends on the position of the Mn atom relative to the GaAs(110) surface. We
developed a model based on the tight-binding approach to interpret the exper-
imentally observed modification of the acceptor wave function symmetry near
the semiconductor-vacuum interface. In our model calculations we successfully
demonstrate that the homogeneous strain induced by the surface relaxation is
responsible for the observed depth dependent breaking of the acceptor wave
function symmetry. This symmetry breaking is found to be enhanced for the
acceptors with smaller binding energies. The binding energy dependent in-
teraction of acceptors with the surface strain explains, within one coherent
approach, the commonly observed triangular shapes of shallow acceptors and
the cross-like shapes of deep acceptor states in III/V materials. Furthermore,
we suggest that the deep acceptors can be used as atomic scale sensors to
detect the internal strain distribution near the semiconductor surface.
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7.2 Introduction

Understanding the electronic states of the dopant atoms in semiconductors,
and their interaction with interfaces, is essential to control dopant properties
in devices such as field effect transistors [177,178] as well as in future ones such
as solid state quantum computers [179,180]. X-STM has shown its capability
in the last decade to map the local density of states (LDOS) of individual
dopants near a III/V semiconductor-vacuum interface [181-185]. The LDOS
of a hole bound to an acceptor has received considerable attention because
of its surprisingly anisotropic triangular or cross-like appearance in X-STM
measurements [182-184]. Although the anisotropic cross-like shape of deeply-
buried Mn acceptors in GaAs and InAs has been successfully described by
tight-binding (TB) [183,185,187] and effective-mass [188] models, which in-
clude the non-spherical symmetry of valence band, the measured LDOS for a
Mn atom located within a Bohr radius distance from the surface exhibits much
less symmetry under (001) reflection than the calculated results [185,186,189].
The (001)-reflection asymmetry of the Mn acceptors located between 3 to 5
atomic planes below the GaAs(110) surface has been interpreted as the hy-
bridization of a Coulombic impurity state with the intrinsic surface states
[193]. However, observations of the asymmetry of true Coulombic impurities
like C, Be, and Zn (with ground state binding energies (Ea) around 30 meV in
InP and GaAs) show much more pronounced triangular shapes than Mn. It is
known that these shallow acceptors display a triangular contrast which extends
laterally ∼ 5 lattice constants along the cleavage surface [182,184,191,192].
Proposed explanations for the triangular appearance of the shallow acceptors
include the electronic configuration of the outer shell d-electrons of different
acceptor species, wave function mapping of the excited states retaining the
zinc-blende tetrahedral (Td) symmetry and a resonant tunneling process in-
volving evanescent states, but all these explanations do not address the weaker
asymmetry of a deeper state such as Mn. Thus there is no model that describes
the strongly different symmetries of both shallow and deep acceptors. Such a
unified model would require a central role for the surface related effects such
as explaining the measured (001)-reflection asymmetry of the acceptor wave
functions at the (110) surface which reverses at orthogonal facets due to the
inversion of the cation and anion sub-lattices (see chapters 5, 6 and Ref.[190]).

In this chapter we identified strain, induced by the surface relaxation,
as the dominant cause of the asymmetry of the LDOS as observed in STM
images for both shallow and deep acceptors. The detailed depth dependence of
the Mn contrast symmetry in topographic measurements is characterized and
quantified as a function of the depth of the acceptors up to seven layers below
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the surface. These results are compared with the results of TB calculations
either in the absence or in the presence of an internal uniform strain. Secondly,
the effect of a surface-related strain on different acceptor species with different
binding energies is investigated with an emphasis on their (001)-reflection
asymmetry. We conclude that the role of surface strain explains the (001)-
reflection asymmetry for both shallow and deep acceptor states, describing
both the triangular shape of shallow acceptors and the modified (unbalanced)
cross-like shape of deep acceptors.

7.3 Experiment

The X-STM experiments are performed on MBE grown Mn doped GaAs and
LEC grown Zn doped GaP and Cd doped GaP samples. The concentration of
Mn in the GaAs epilayer was 2× 1018 cm−3. The bulk concentration of Zn in
GaP and Cd in GaP was close to 5 × 1017 cm−3. A clean and atomically flat
surface was obtained by cleaving the samples inside the UHV-STM chamber
with a base pressure P < 2×10−11 torr. The topography scans were carried out
on the (110) sample surface by using electrochemically etched polycrystalline
tungsten tips that were further treated in vacuum as described in chapter 5.
The measurement presented in Fig. 7.1 was acquired at T = 5 K in constant-
current mode and at the tunnel set point Vs = +1.55 V, It = 50 pA. At
this voltage the electrons are injected from the tip mainly into the Ga-derived
unoccupied (C3) states and into the acceptor state which is lifted above the
Fermi level of the sample by tip induced band bending.

7.4 Experimental results

The topography image of Mn doped GaAs (Fig. 7.1) shows a number of Mn
induced contrasts at the GaAs(110) cleavage surface. The numbers in the
image correspond with the position of Mn acceptors below the GaAs(110)
surface, where 1 indicates the surface layer. The depth determination and
hence the labeling is done according to the relative intensity and symmetry
of the Mn induced contrasts. The features labeled 1 and 2 correspond to the
well known contrast of the Mn acceptors located in the surface layer and one
atomic layer (AL) below the surface, respectively. The structure P displays
the typical shape of a Mn atom that is coupled to an unidentified adsorbate in
the GaAs surface layer. The characteristics of the LDOS of those Mn related
features were studied in detail in chapter 5. Similar as discussed in previous
chapters, one can observe that Mn displays a contrast which changes from
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Figure 7.1: (a) (45 x 35 nm2) Constant-current topography map of the GaAs(110)
surface showing a number of Mn acceptors in their neutral charge state. The numbers
correspond with the atomic layer position of the Mn acceptors in GaAs. (b) The
schematic top and side views of the GaAs(110) surface and the Mn atoms substituted
on a Ga site in an odd or an even plane near the surface.
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Figure 7.2: (6.5 x 6.5 nm2) Topography, high-pass and low-pass filtered images of
single Mn acceptors located between 2 and 5 ALs underneath the GaAs(110) surface.
The low-pass filtered images show the envelope of the Mn acceptors.
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a trapezoidal to a cross-like pattern as a function of the depth of the Mn
atom below the GaAs(110) surface [see also Fig. 7.2]. For a number of Mn
acceptors the depth dependent change of the height and the spatial extension
of contrast are characterized by topography line profiles along the GaAs[110]
direction. Unlike deeply buried Mn, the contrast of a Mn acceptor close to
the surface has a smaller extension and is more asymmetric in the GaAs(11̄0)
mirror plane. The contrast of the Mn acceptor located deeper than 8 AL be-
low the surface (corresponding to label 9 in Fig. 7.1) has a highly extended
profile which is asymmetric only around the topography maximum. A similar
asymmetric profile around the center of Mn wave functions has been found in
TB calculations (Ref. [187] and chapter 6) and the origin of this asymmetry
was attributed to the Td local bonding configuration of the four neighboring
As atoms with the Mn ion. A pronounced quantitative depth dependence in
the (001)-reflection asymmetry of the Mn acceptors can be seen in Fig. 7.3
where Fig. 7.3(a) depicts the measured height profiles of the Mn acceptors
that are located between 2 and 8 ALs below the surface. The profiles shown
in Fig. 7.3(a) were obtained by averaging a number of parallel STM traces
taken in the [001] direction across the center of the Mn acceptor contrast.
The width of the box, in which the parallel [001] traces are averaged, is typ-
ically 0.5 nm in the [110] direction. In order to quantify the observed trends
in the depth dependent change of the Mn symmetry, the background atomic
corrugation is filtered out from the topography line profiles by a fast Fourier
transform (FFT) technique. The extracted envelope line profiles of the Mn ac-
ceptors, after filtering, are presented in Fig. 7.3(c). The asymmetry (skewness)
of these envelope profiles is quantified by a standardized third moment, µ3 =
[
∫ ∞
−∞(r− r)3Z(r)dr]/σ3, where Z(r) corresponds to the envelope profile and σ

is the second statistical moment (standard deviation) of this profile. The third
moment and thus the degree of asymmetry increases substantially for the Mn
atoms closer to the GaAs(110) surface. Figure 7.4 shows the transition from
the symmetric bulk-like behavior to a strongly asymmetric shape for near sur-
face Mn acceptors. Interestingly the asymmetry is found to alternate between
the Mn acceptors located in an odd or even numbered layer. The envelopes
of the Mn acceptors substituted in the odd layers are more asymmetric than
the ones located in the even layers. The obtained σ‘s of the envelope lines are
checked, however are not found to yield such an alternation of the skewness
parameters.
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Figure 7.3: (a) Topography along [001] and (b) FFT processed envelope line profiles
along [001] of single Mn acceptors located between 2 and 8 ALs below the GaAs(110)
surface. The profiles are offset along the height axis for clarity. The (11̄0) mirror
plane showing the Mn symmetry is indicated by a dashed line through the contrast
maximum. The change of (c) topography height and of (d) envelope FWHM as a
function of the depth of Mn atoms below the GaAs(110) surface for a fixed tunnel set
point Vs = +1.55 V, It = 50 pA.
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Figure 7.4: (a) The skewness of a number of Mn envelopes as a function of Mn
depth below the GaAs(110) surface. The inset depicts the averaged values for the
depth dependent change of the second moment (width) of the envelope lines. (b)
Schematic side view of the relaxed GaAs(110) surface where the Mn positions are
indicated in odd and even layers. In the odd position, Mn is located in a vertical
column beneath a surface Ga row whereas in the even position, Mn is located in a
vertical column between two surface Ga rows.
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Figure 7.5: Two different crystal configurations of the GaAs lattice in the cases of
Ga sub-lattice shifted relative to the As sub-lattice (a) along the GaAs[1̄1̄0] direction
and (b) along the GaAs[110] direction.

7.5 Surface relaxation induced strain

Bulk TB calculations were successful to explain the spatial structure of Mn
acceptors deep below the surface, but obviously fail for the acceptors located
in the vicinity of the surface. It is known that the (110) surface of III/V
semiconductors such as GaAs and InAs is relaxed and the displacement of the
lattice near the surface region [19,20] is described by a depth dependent strain.
In our TB calculations we considered two different GaAs crystal configurations
[see Fig. 7.5]. To approximate the case of a relaxed GaAs surface within the
TB model, we first shifted the Ga-lattice by ∆⊥ = 1.4 pm (corresponds to
0.25% of the GaAs lattice constant, a0 = 0.56 nm) with respect to the As-
lattice along the GaAs[1̄1̄0] direction (Fig. 7.5(a)). In this configuration, the
vertical displacement between the two sub-lattices mimics the real buckling
geometry of the relaxed GaAs(110) top most surface layer. The value of the
relative dispalcement (∆⊥) in this configuration corresponds to ∼2.2% of the
actual [1̄1̄0] displacement between the Ga and As atoms in the GaAs(110)
surface layer (∆s

⊥ = 65 pm). In our second model, the Ga-lattice is shifted by
∆⊥ = 1.4 pm relative to the As-lattice but in the GaAs[110] opposite direction
(Fig. 7.5(b)). In this case, the shift of the two sub-lattices approximates the
buckling geometry of the 1st subsurface layer below the GaAs(110) relaxed
surface, where the Ga atoms are moved in GaAs[110] direction by about ∆1st

⊥
= 14 pm relative to the As atoms. In either TB configurations, the applied shift
of the Ga sub-lattice induces a homogeneous internal strain in the Ga(Mn)As
unit-cell, whereas the unit-cell volume is kept essentially unchanged.

We compare the topography images of the Mn acceptors located at dif-
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ferent depths with the corresponding TB calculations for the unstrained and
strained GaAs bulk lattice in Figs. 7.6 and 7.7, respectively. The TB frames in
Fig. 7.6(b) depict the (110) cross section of the Mn-LDOS at different planes
away from the Mn core in the GaAs crystal. The calculations in the absence of
strain [Fig. 7.6(b)] reveal a mirror symmetry in the (11̄0) plane and a relatively
weak asymmetry in the [001] direction. The results of the bulk and unstrained
TB calculations show also an odd/even alternation which varies between µ3

= 0.07 and µ3 = 0.08 for odd and even layers, respectively [see Fig. 7.8]. This
is a natural result of the inversion asymmetry of the Td symmetry group for
the impurity in a cubic bulk crystal and at some distances away from the im-
purity center, the corresponding wave function will be more symmetric. The
measured µ3 for the calculated wave function is somewhat smaller than the
experimentally obtained results which vary from 0.12 to 0.2 on average for
deeply buried Mn acceptors. This demonstrates that, for the depths greater
than 8ALs below the surface, the asymmetry of the bulk calculations is similar
to that found experimentally.

As can be seen in Fig. 7.6(c) and in Fig. 7.7(c) the applied shift of the
Ga sub-lattice modify the overall Mn-LDOS and further breaks the symme-
try of the Mn bound hole wave function. Unlike the [001] orientation of the
asymmetric topography images, the strain induced by the [1̄1̄0] shifting of the
Ga lattice is found to break the wave function symmetry in [001̄] direction.
However, the [110] shift of the Ga sub-lattice breaks the symmetry of the Mn
bound hole wave function along the [001] direction. This picture is consistent
with the topography images in which the wing of the Mn wave function in the
[001̄] direction is more pronounced than the wing in the opposite direction. The
calculations mimicking the surface relaxation induced strain agree especially
well for the Mn acceptors located at 2 and 3ALs below the surface, whereas
it overestimates the symmetry breaking of the Mn acceptor at deeper layers.
For example, in contrary to the experimental results as shown in Fig. 7.4, the
absolute value of µ3 for the strained TB calculations is found to increase from
0.3 to 0.5 for the Mn wave functions at 2nd and 8th TB cross-sectional planes,
respectively. This is no surprise because the surface relaxation induced strain
disappears rapidly and inhomogeneously within a few atomic layers below the
(110) surface of a real GaAs crystal.

7.6 Strain undulation

The experimental skewness (µ3) parameters provides a relative scale for the
strength of the depth dependent coupling of the Mn acceptors with the relaxed
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Figure 7.6: (5 x 5 nm2) X-STM topography images of single Mn acceptors located
between 2 and 4 ALs underneath the GaAs(110) surface. The calculated (5 x 5 nm2)
cross-sectional TB view of Mn-LDOS either in (b) the absence or in (c) the presence
of a homogeneously strained Ga(Mn)As unit-cell. Shift of the Ga lattice is in the
[1̄1̄0] direction. Position of the Mn atom is indicated by a white spot. All the TB
cross-sectional images retain a spin polarization along [001] direction.
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Figure 7.7: (5 x 5 nm2) X-STM topography images of single Mn acceptors located
between 2 and 4 ALs underneath the GaAs(110) surface. The calculated (5 x 5 nm2)
cross-sectional TB view of Mn-LDOS either in (b) the absence or in (c) the presence
of a homogeneously strained Ga(Mn)As unit-cell. Shift of the Ga lattice is in the
[110] direction. Position of the Mn atom is indicated by a white spot. All the TB
cross-sectional images retain a spin polarization oriented along [001] direction.
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Figure 7.8: Position dependent change of the skewness parameters (µ3) for the
calculated Mn wave functions either (a) in the absence or (b) in the presence of a
homogeneous internal strain in GaAs.

surface and gives a quantitative insight into the strain profile in the near sur-
face layers. Unlike for deeply buried impurities, the bound hole localized near
the vacuum interface interacts strongly with the surface relaxation induced
strain and consequently its LDOS becomes highly asymmetric. We suggest
that the alternating behavior of the asymmetry shown in Fig. 7.4 is related
to the local bond reconfiguration at the surface. The non-uniform buckling
of the surface and near surface atoms gives rise to a strain undulation along
the [001] direction at the surface with a periodicity equal to the separation of
the Ga rows in the surface plane. Because the Mn acceptor is highly localized
and its effective Bohr radius (a∗ = 0.9 nm) is comparable with the separation
between the Ga rows, it might be affected by this periodic variation of the
surface relaxation induced strain. Note that the separation between the two
surface Ga rows is about 0.6 nm. When the Mn atom is located in an even
plane, its projected position on the surface is located between the surface Ga
rows. At this position we expect a local minimum of the strain undulation
along the surface. However, when the Mn atom is located in an odd layer, it
resides under a surface Ga row where a local maximum of the strain is present.
The strain thus undulates between these positions and is expected to be at
maximum in the column below the Ga atoms. This can be easily understood
by comparing the averaged actual displacements of the Ga atoms [196] in a
vertical column beneath a Ga row and the averaged value in a vertical column
between two surface Ga rows (see the schematics in Fig. 7.4). The buckling
angle and hence the rotation of the bonds for the surface and near surface
GaAs layers greatly differs between the odd position of Mn and the even po-



118
Surface induced asymmetry of deep and shallow acceptor wave

functions

sition of Mn. Thus, the measurements suggest that the surface related strain,
which breaks the Mn contrast symmetry, is bigger on average below a Ga row
giving rise to a stronger breaking of the wave function symmetry at these Mn
positions. The behavior of odd/even alternation is further supported by TB
calculations. The obtained (µ3) parameters of the Mn wave functions calcu-
lated within the strained TBM show a much weaker (a factor of ∼3) odd/even
alternation with depth than observed experimentally. This proves that there
is no major contribution from the (Td) symmetry of the bulk crystal.

7.7 Acceptor binding energy

Finally we can now address the role of binding energy on the acceptor shape
anisotropy based on our strain arguments. In Fig. 7.9 we compare the X-STM
topography images of three acceptors with different binding energies [197] in
GaAs and GaP. Each acceptor is located at 5 AL below the (110) surface of the
respective host crystal. The acceptors with relatively large binding energy such
as Mn:GaAs (Ea= 113 meV) and Cd:GaP (Ea= 102 meV) display identical
cross-like LDOS at the (110) surface. Cd showing this peculiar LDOS in GaP
is very different from its previously reported triangular appearance in GaAs
(Ea= 35 meV) [182]. This clearly indicates that the shape is related to the
acceptor state and is not determined by the intrinsic property of the dopant.
The response of the hole bound to Zn, with a binding energy of 70 meV in GaP,
is rather different from Cd state in GaP for the same strain field. The Zn-LDOS
is highly extended over the GaP(110) surface and shows a strong asymmetry
in the [001] direction. For a fixed depth of an acceptor below the surface,
the interaction of the bound hole with the surface relaxation induced strain
changes with acceptor binding energy. The reduction of the LDOS symmetry
with the binding energy thus can be associated with the depth dependent
change of the contrast symmetry. Acceptors with a smaller binding energy
as comparable to the hydrogenic states, have a larger effective Bohr radius,
therefore their wave functions couple more strongly with the surface strain
than the energetically deep acceptor states which are more spatially localized.
For the acceptors with the binding energy comparable to the hydrogenic state
in a particular host, the contrast will be highly broadened. This argument
addresses why all the shallow acceptors such as C, Zn and Be in GaAs appear
as triangular features in STM measurements [182,184,191,192].
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Figure 7.9: (6.5 x 6.5 nm2) Topography images of single Zn:GaAs, Zn:GaP, Cd:GaP
and Mn:GaAs acceptors located at 5 AL below the (110) surface of the corresponding
host crystal. The tunneling set point is fixed for all the measurements (Vs = +1.55
V, It = 50 pA).
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7.8 Conclusions

X-STM has been used to investigate the LDOS of various acceptor states
near the (110) semiconductor surface on the atomic scale. The experimentally
observed depth dependent change of the Mn wave function symmetry was
characterized quantitatively and interpreted successfully by TB calculations.
We were able to show within the TB model that, without a detailed descrip-
tion of the reconstruction of the near surface layers and a vacuum half sphere,
the strain due to the relative displacement between the cation (Ga) and the
anion (As) sub-lattices is responsible for the experimentally observed reduc-
tion of the bulk acceptor wave function symmetry near the surface of III/V
materials. With respect to the calculations presented in Ref.[193] we show that
this surface relaxation related strain is the key component which explains the
broken symmetry of both energetically shallow and near surface energetically
deep impurities and the depth dependence of the symmetry breaking of deep
acceptors in a unified approach. Consequently, we propose that deep accep-
tors can be used as atomic scale sensors that allow profiling the strain both
as a function of depth and the lateral position in the surface region of III/V
semiconductor materials.
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Macé, C. Paranthoen, A. Simon, P. M. Koenraad, N. Bertru, D. Bimberg, and
S. Loualaiche, Phys. Rev. B 74, 035312 (2006).

[89] M. C. Tamargo, S. Guo, O. Maksimov, Y. Chen, F. C. Peiris and J. K.
Furdyna, J. Cryst. Growth 710, 227 (2001).

[90] W. Faschinger and J. Nürnberger, Appl. Phys. Lett. 77, 187 (2000).

[91] M. A. Haase, J. Qiu, J. M. DePuydt and H. Cheng, Appl. Phys. Lett. 59,
1272 (1991).
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[124] A. M. Yakunin, A. Y. Silov, P. M. Koenraad, J.-M. Tang, M. E. Flatté,
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P. Ebert, Phys. Rev. Lett. 94, 026407 (2005).

[171] S. Loth, M. Wenderoth, L. Winking, R. G. Ulbrich, S. Malzer, and G.
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H. Döhler, Phys. Rev. Lett. 96, 066403 (2006).

[193] J.-M. Jancu, J.-Ch. Girard, M. O. Nestoklon, A. Lemáıtre, F. Glas, Z.
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Summary

Atomic scale study of impurities and nanostructures in compound
semiconductors

This thesis deals with cross-sectional scanning tunneling microscopy anal-
yses on III/V and II/VI semiconductor nanostructures and single dopants in
various III/V materials. A detailed atomic scale study of the structural prop-
erties of capped InAs quantum dots and ZnSeTe/ZnTe based quantum wells
and the local charge distribution around acceptor type dopants in GaAs and
GaP are presented.

Self-assembled InAs quantum dots are interesting objects from fundamen-
tal and technological points of view because they form nearly ideal zero-
dimensional systems in which quantum confinement effects become important.
For example, InAs quantum dots are employed in quantum dot lasers, single
electron transistors, midinfrared detectors, single-photon sources, etc. For any
device application, the quantum dots are capped after growth to prevent un-
wanted effects occurring at the surface of uncapped dots. However, the use of
capping materials such as InP, GaAs and InGaAs strongly affects the struc-
tural properties of quantum dot size, shape and composition. In chapter 3,
critical issues occurring during the capping process like dot decomposition, in-
termixing, segregation, As/P exchange, and compositional modulation in the
dot/capping layer interface have been identified on the atomic scale.

In chapter 4, II/VI semiconductor heterostructures grown by MBE are
investigated on the atomic level. Some peculiar effects are found which are not
observed in III/V semiconductors. For ZnTe, mono-atomic vacancy chains are
observed on the Te sublattice. These chains are found to be created during
the cleavage process, pulling straight atomic rows out of the surface. The
measured distances between these missing rows were found to vary between a
few nanometers and tens of nanometers whereas their lengths go up to several
hundreds of nanometers. It can be an interesting breakthrough to use these
vacancy chains as templates to create 1D magnetic quantum wires with a cross
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section of only one atom by incorporating magnetic ions (e.g. Fe, Mn or Co)
into these vacancy chains.

Atom manipulation as a result of applying positive bias voltages to the
sample is observed on ZnTe. In this process, atoms are randomly pulled out of
the surface by STM tip. Moreover, the quantitative extent of the atom manip-
ulation appears to increase with decreasing bias voltage while maintaining the
constant tunnel current. Atomic vacancy chains in particular are determined
to be highly sensitive to the change of the bias voltage. The most important
result concerns with the observation of ZnSeTe/ZnTe quantum well struc-
tures. The compositional profile of these quantum wells is determined directly
by atom counting and by numerical fitting of the cleavage induced outward
relaxation of the ZnSeTe/ZnTe layered structure.

In chapter 5, the identification of the spatial position of Mn acceptors in
GaAs is studied with atomic layer precision at T = 5 K. In the experiments,
the STM tip is used not only to probe the hole distribution around the Mn
acceptors, but also to manipulate the transition metal atoms and their adsor-
bate related complexes on the GaAs surface. The symmetry of Mn is studied
experimentally both at GaAs(110) and GaAs(11̄0) cleavage surface. In order
to examine the electronic structure of the Mn state, we compared our mea-
surements with a multi-band tight-binding model. The model considers the
non-spherical symmetry of the GaAs top most valence band structure and
takes into account the spin-orbit interaction. The calculations were performed
for a bulk-like (Mn2+3d5 + hole) complex and excluded the possible effects
caused by the presence of the surface and a vacuum-half sphere. The results
of the bulk calculations made it possible to distinguish the experimentally
observed actual surface induced effects from the bulk properties of the Mn
acceptor state located near the vacuum interface.

In chapter 6, the wave functions of single Mn, and Cd acceptors at 10atomic
layers below the (110) cleavage surface of GaAs and GaP are spatially mapped
both at room and low temperature (T = 5 K). In particular, the effect of
the spin-orbit interaction on the acceptor wave functions is investigated by
comparing a set of measurements on Mn doped GaAs and Cd doped GaP
samples. Although the binding energy of Cd (102 meV) in GaP is nearly
identical to that of Mn (113 meV) in GaAs, the spin-orbit interaction differs
by a factor of about 4 between the two materials. Similar to the Mn hole
wave function in GaAs, we found a highly anisotropic cross-like shape of the
hole bound to Cd acceptor at GaP(110) surface. The observed similarity of
the symmetry properties of Mn:GaAs and Cd:GaP clearly showed that the
anisotropic structure of the acceptor states in III/V semiconductors is found to
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be determined by the cubic symmetry of the host crystal. The role of the spin-
orbit interaction on the overall shape of acceptor wave functions is identified
to be negligible. Nevertheless, the weak spin-orbit coupling in GaP gives rise
to additional components in the Cd acceptor wave function as compared to
Mn:GaAs. Our experimental results are confirmed by two independent models
based on tight-binding and effective mass approaches.

In chapter 7, a detailed depth dependence of the Mn acceptor wave function
symmetry is characterized and quantified experimentally at T = 5 K as a
function of the depth of the Mn atom up to several layers below the surface.
The experimental results are compared with the results of theoretical tight-
binding calculations in the presence of an internal homogeneous strain and
the strain induced by the surface relaxation, is identified to be the dominant
cause of the symmetry breaking of both shallow and deep acceptors in III/V
materials. To approximate the case of a relaxed GaAs surface within the tight-
binding model, the Ga sub-lattice of the GaAs crystal is displaced vertically
relative to the As sub-lattice. Such a shift of the Ga sub-lattice created an
internal strain which was found to break the Mn wave function symmetry
along a particular direction as observed experimentally. Finally, the effect of
the surface related strain on different acceptor species with different binding
energies is investigated with an emphasis on their (001)-reflection asymmetry.
As the strain driven effect is found to be stronger for weakly-bound acceptors,
this work explains within a unified approach the long-standing problem of the
commonly observed triangular-shaped STM images for all shallow acceptors
and the cross-like features of deeply-bound acceptor wave functions in III/V
semiconductors. The results are of general importance for the dopant atoms
in a stain field as well as near a strained interface. Further analysis on the
acceptor wave functions, as presented in this thesis, suggests that the deep
acceptor wave functions can be used as atomic scale sensors to trace the strain
profile in a strained semiconductors.
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