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Three dimensional representation of a cross-sectional STM image 
showing the outward relaxation of an InGaAs quanturn dot on the cleavage surface 



Abstract 

Quanturn dots are nanostructures in a semiconductor heterostructure. When InAs is epitax
ially grown on a GaAs substrate, strain will accumulate due to the large difference in lattice 
constant. After a critical thickness, the strain will relieve by the formation of islands. This 
self-assembly processis called the Stranski-Krastinow growth mode. After capping with GaAs, 
these islands are like quanturn boxes in which charge carriers are spatially confined in all three 
dimensions, causing a ó-like energy dependenee of the density of states in the dots. 
Little is known of the exact shape and composition of these quanturn dots. From photo cur
rent measurements, Fry et al. [2] proved a permanent dipale in the InAs-GaAs dots, caused 
by the spatial separation of the confined electrans and holes. Shape and composition were 
derived from rnadeling of this result. The best fit was obtained for quanturn dots with the 
shape of a truncated pyramid and an Indium concentration which increases from the base to 
the top of the dot. In order to obtain the shape and composition of these quanturn dots more 
directly, this quanturn dot sample has been investigated with cross-sectional STM (X-STM). 

Surface strain relaxation plays an important role in X-STM measurements of these strained 
heterostructures. lt alters the surface topography and lattice constant. This effect has been 
investigated for a GaAs/InGaAs double quanturn well structure for which analytica! expres
sions of the surface lattice constant and outward strain relaxation are available. The model 
fits well but the predicted Indium content is overestimated by 15%. 
From an analysis of the electronic contrast in these STM images it is derived that empty state 
images at high image voltages are best suitable for the investigation of surface topography, 
because of the low electronic contrast. The electronic contrast at low voltages may reflect the 
probability density distribution of the confined states in the wells. 

From a set of dot cross-sections, the shape of the dots was obtained. The truncated shape was 
confirmed and the observed dimensions are consistent with the photo current model result. 
The exact shape of the base of the dot could nat be obtained from the data but this shape 
has only a minor effect on the electronic properties of the dots. 
The surface lattice constant and outward strain relaxation profiles of a quanturn dot are 
derived from X-STM images. The asymmetry observed in bath profiles could be related to an 
ln-concentration gradient in the dot, consistent with the photo current result. The quanturn 
well expressions cannot predict the effect of surface strain relaxation for a quanturn dot 
quantitatively. Therefore the Indium composition cannot be determined accurately. 
Analysis of the electronic contrast in these images showed a significant electronic contrast, 
even at high voltages. The exact origin of this contrast is uncertain but it may be related to 
electronic contrast due to surface Indium atoms. 

Spectroscopy I(V) measurements have been performed on different structures. The curves 
obtained from highly doped bulk material are understood reasonably well. Confinement of 
charges in a doped GaAs/ AlGaAs super lattice is observed. The location of the epi-layers 
of the quanturn well and quanturn dot structure in the intrinsic region of a pin-junetion 
complicates the interpretation of the spectroscopy curves from these samples. No features in 
the spectroscopy curves have been found that could be related to confined states. However, 
spectroscopy images of the quanturn dot show contrast that may be related to imaging of the 
probability density distribution of different confined states in the dot. 
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Chapter 1 

Introduetion 

Semiconductor heterostructure devices, used in micro- and optoelectronics, consist of stacks of 
layers of different semiconductor materials, each with specific electronic and optie properties. 
They are grown on a wafer, layer by layer, by epitaxial growth techniques like molecular
beam epitaxy (MBE) or metal-organic chemieal-vapor deposition (MOCVD) . Most of the 
semiconductor devices, like a quanturn well diode laser, consist of well-defined, atomically flat 
epitaxiallayers that spatially confine charge carriers in one direction. 
Quanturn dots are heterostructures in which charge carriers are spatially limited in all three 
dimensions, see Fig. (1.1). From the device point of view, the electronic spectrum of such 
quanturn dots makes it possible to eliminate a major problem of contemporary micro- and 
optoelectronics. Namely the high injection current and the degeneration of device properties 
with increase of working temperature caused by the "smearing" of charge carriers over an 
energy window in the order of kET. 
Wh en charge carriers are confined in only one direct ion, like in a quanturn well diode laser, 
they can occupy a range of electronic states. Consequently there is a range of possible tran
sitions where only one is desired. In quanturn dots, provided that they are small enough, 
only particular states that are separated by energies larger than kET can be occupied and 
consequently only one transitions occurs. For the quanturn dot diode laser, this would mean: 
a lower threshold current, narrower emission line width and higher temperature tolerance. 

bulk quanturn well quanturn wire quanturndot 

LIJ~Lj)LJ) 
~mm 

energy energy energy energy 

Figure 1.1: Density of states (DOS) of semiconductor structures in which charge carriers 
are confined in zero (bulk), one (quantum well), two (quantum wire) and three dimensions 
( quanturn dot). The arrowin the DOS graph indicates the width of the energy window over 
which the charge carriers will be smeared out over the available states. 
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Fig. (1.2) shows the performance of different diode lasers, including quanturn dot lasers. 
Over many years attempts have been made to fabricate quanturn dots by various methods, but 
the most promising methad uses the self-organizing effects of semiconductor nanostructures 
in heteroepitaxial semiconductor systems. In the so-called Stranski-Krastinow growth mode, 
the lattice mismatch causes nanoscale islands to be formed. In such fabricated structures 
unique physical properties were demonstrated for the fi.rst time which had been expected for 
quanturn dots for many years. 
Although some Stranski-Krastinow grown quanturn dot lasers already have been made, still 
little is known of the properties of the individual dots. N urnerous calculations on the electronk 
structure of quanturn dots have been performed [4, 5, 6, 7), but in the absence of good 
structural information of real dots, idealized shapes (usually pyramidal) have been used. 
Instead of calculating energies of structures of which the shape and composition are unknown, 
Fry et al. [2) recently derived the shape and composition from experimental information on the 
nature of the wavefunctions. These experiments unexpectedly showed that the quanturn dots 
passes a permanent dipole because the holes are localized towards the top of the dot, above 
the electrons. Modeling of this result suggested that the quanturn dots are more lens-shaped 
and also contain significant concentrations of Ga rather than being pure InAs. Moreover they 
found that it is essential to have a graded composition profile with In aggregation at the top 
surface of the dot. 
The goal of this research project is to obtain a more direct proof of the shape and composition 
of these quanturn dots and obtain knowledge on their structural and electronk properties in 
generaL For this purpose a quanturn dot structure is analyzed with a scanning tunneling 
microscope (STM) which is able of obtaining atomie resolution on a surface. The layers 
containing quanturn dots are however embedded in semiconductor material, invisible from the 
surface of the wafer. Therefore the wafer is cleaved and a cross-section with the quanturn dot 
layer will be imaged. This technique is called cross-sectional scanning tunneling microscopy 
(X-STM). 

lQ() 000 

10 

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 

Figure 1.2: The narrow gain profile in quanturn dot devices results in a lower threshold current 
density, from [1). 
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Chapter 2 

Theory 

2.1 Self-assembled quanturn dots 

The specific electronic properties of quanturn dots make them interesting and prom1smg 
nanostructures, bath from a fundamental and from a device point of view. Due to the differ
ence in bandgap between the quanturn dot material and surrounding material and the band 
line-up, charge carriers are confined. Confinement of charge carriers in all three dimensions, 
as is the case in quanturn dots, causes a 8-function-like energy dependenee of the density of 
states. In order to have confinement in all three dimensions, the dimensions of the quanturn 
box have to be in the order of the de Broglie wavelengthof electrans (50nm in GaAs). One of 
the most promising ways of obtaining three dimensional structures with such small dimensions 
is in Stranski-Krastinow (SK) growth mode (8]. 

2.1.1 Stranski-Krastinow growth 

Quanturn wells and superlattices are examples of one dimensional heterostructures that are 
made by normal, lattice matched, epitaxial growth. Materials with different band gap (Eg) are 
combined to give the desired band structure. This is easiest with materials with similar lattice 
constant like GaAs and AlAs, see Fig.(2.1). When heterostructures are made of materials with 

3 
AlP 

,........, 

~ .......... 
g. 
b.O 

"'C 
ä 

.D 1 

5.6 5.8 6.0 6.2 6.4 
lattice constant [A] 

Figure 2.1: Bandgap and lattice constant of frequently used III-V semiconductor materials. 
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InAs growth 
1.6-1.7 monolayers further InAs growth GaAs over growth 

~ ~ ~ r--------, 11 ---
1 GaA3(100) I I GaA•(IOO) I ~ GaA•(IOO) 

substrate InAs wetting layer 
is created 

accumulated strain is 
relieved by formation 
of InAs SK-islands 

Figure 2.2: Stranski-Krastinow growth 

the quanturn dots are 
capped with a GaAs 
layer 

Figure 2.3: Atomie force microscopy image of an ensemble of Stranski-Krastinow grown is
lands. 

different lattice constant, these are called lattice mismatched structures. Growth of lattice 
mismatched layers is only possible up to a critica! thickness after which a transition from 
2D to 3D growth mode occurs. An example of such growth mode occurs for InAs grown 
on GaAs (001) which has a large lattice mismatch of 7%. The critica! mean thickness for 
such a strained layer is 1.6-1.7 monolayers. After epitaxial growth of an InAs layer of this 
thickness, the so-called wetting layer, the strain that accumulates after further growth is 
relieved by the formation of nanometer-scale InAs islands on this wetting layer, see Fig.(2.2). 
This 3D growth mode is called Stranski-Krastinow growth. These islands can be overgrown 
with GaAs to create InAs quanturn dots embedded in a GaAs matrix. The structures are of 
high crystalline perfection and have a high size homogeneity (""10%) [8]. Fig. {2.3) shows a 
top view AFM image of an ensemble of SK-grown islands, befare burying under the capping 
layer. 

2.1.2 Morphological properties 

Shchunkin et al. [10] treated the subject of dot-formation in SK-growth theoretically and 
made morphology statements based on minimum energy calculations. lt was found that there 
is an optimum shape, size, orientation and distribution of 3D islands on a {100) surface. 
lt corresponds to a 2D periadie lattice of equally sized islands with a pyramid-like shape 
with square base, and with the primitive lattice veetors oriented along the [100] and [010] 
directions if the growth direction is defined as [001]. This is due to the cubic anisotropy of 
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[100] 

< [010] 

Figure 2.4: Some possible dot shapes, bounded by crystallographic planes 

the elastic moduli. Some more elaborate simulations of the shape of an individual quanturn 
dot, including surface and edge energies [11] resulted in an equilibrium crystal shape in the 
form of a truncated, actagorrally based, pyramid. See Fig.(2.4) for some possible dot shapes. 
Experimentally, plan-view and cross-section transmission electron microscopy experiments 
[9, 12, 23) on covered and uncovered dots also reveal square based island shapes. Also the 
preferential orientation and distribution of the square based islands along [100) and [010) 
is confirmed experimentally in these articles. X-ray scattering [21) and cross-sectional STM 
experiments [17, 21] suggest the preserree of facet families of {101} and additionally {111 }, 
suggesting square or actagorrally based pyramids. Experiments on uncovered dots indicate 
pyramidal shaped dots [12, 29). However, X-STM images of capped dots indicate lens-, disk
ar truncated pyramidal shaped dots [20, 17). 
Different techniques have been used to investigate the geometry of SK-grown quanturn dots, 
but not all data points to one particular shape. This indicates the importance of the growth 
parameters. It is known that different growth temperature and -speed, the use of growth 
interrupts and the III/V ratio affect the morphological and electdeal [28, 18, 19, 27, 41) 
properties of the quanturn dots. Moreover, although pure InAs is deposited during SK-growth, 
there is evidence for alloying [29, 30) and even different non-uniform composition profiles are 
proposed [26, 2). Finally, very little is known of what happens during overgrowth. Most 
of previous experimental results were attained from experiments on uncapped dots while 
intermixing and shape changes may occur during overgrowth [31, 9). 
Concluding, it is not exactly clear what the shape of the quanturn dots is. Most calculations 
on the electronk properties of the quanturn dots assume a pyramidal shape. Partly this is 
because of simplification, partly because of the first theoretica! and experimental indications. 
As far as known, the only experimental evidence for pyramidal dots is on uncovered samples. 
Experiments on covered dots however indicate lens- or truncated pyramid shapes. Apart 
from lack of strong evidence for any particular shape of the dots, it seems that shape and 
composition also strongly depend on the exact growth conditions. 

2.1.3 Electronic properties 

Quanturn mechanics describes the confinement of electrans and holes in a potential harrier. 
In a semiconductor structure, this potential is determined by its band structure. Electrans 
are confined in the conduction band potential and holes in the valenee band potential. The 
confinement energies depend, besides on the shape and dimensions of the dot, on the height 
of the potential harriers. The harrier height for electrans and holes in the dot is determined 
by the difference in bandgap between the dot- and matrix material and the band line-up. 
The bandgap and -offset depend on the composition of the dot materiaL The bandgap of 
ternary alloys can be described by a linear interpolation of the values for the constituent 
binary materials. This is Vegard's law. 
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Figure 2.5: compressive strain increases the bandgap and tensile strain decreases the bandgap. 

This band structure is influenced by the internal strain distribution in the materiaL Due to 
the large mismatch, necessary for SK-growth, this will significantly change the band struc
ture of the quanturn dots. Strain can be separated in hydrastatic and shear components. The 
hydrastatic strain Eh is linked to volume changes in the material and influences the bandgap. 
Compressive strain enlarges the bandgap and tensile strain decreases the bandgap. The spec
tral position of the conduction band offset Ec and the positions of the heavy Ehh and light 
E1h hole bands can be expressed as 

Eh Exx + Eyy + Ezz (2.1) 
1 

(2.2) Eb Ezz- 2(Exx + Eyy) 

Ec E~ + acEh (2.3) 
1 

Ehh Eo +a E + -[.6.8o + .6_8] (2.4) 
V V h 3 

E1h 1 \/ 8 E~ + avEh _ "6[.6.8o + .6_8] + 
2 

[.6_80 + .6_8]2 _ "3.6_80.6_8 (2.5) 

where .Ó.80 is the spin-orbit splitting and .6.8 = -3bEb· av and ac are the hydrastatic defor
mation potentials for the valenee band and conduction band respectively. b is the uniaxial 
deformation potential for the (001) strain. 

Table 2.1: All numbers are given in eV from [22) 

GaAs 0.34 1.16 -1.6 -8.33 0 1.25 
InAs 0.38 1.00 -1.8 -6.08 0.25 0.66 
Ino.2Gao.aAs 0.35 1.13 -1.64 -7.88 0.05 1.35 
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Figure 2.6: Basic elements of scanning tunneling microscopy. 

2.2 Scanning Tunneling Microscopy 

A scanning tunneling microscope is able of making atomically resolved images of surfaces of 
electrically conductive samples. For that, a sharp metal tip is brought within 1 nm of the sur
face. When a voltage is applied between tip and sample, electrous can quanturn mechanically 
tunnel between tip and sample and a electric current will occur. This current depends expo
nentially on the distance between tip and sample. If this distance is regulated, keeping the 
current constant, while the tip is scanned laterally, adjacent profiles of the surface topography 
can he assembied into an image via a computer. See Fig.(2.6) fora schematic. 
However, since the tunnel current also depends, except from the width of the tunnel harrier, 
on the electronic properties of the sample, the resultant image contains besides topography 
also electronic contrast. This means that for a correct interpretation of STM images a good 
understanding of the tunnel process is essential. 

2.2.1 The tunnel process 

Electrous tunnel from occupied states in the tip (sample) to unoccupied states of the same 
energy in the sample (tip), see Fig.(2.7). Tunneling to unoccupied statesin the semiconductor 
is called empty state tunneling and tunneling from occupied states in the sample is called 
filled state tunneling. The tunnel current depends on the overlap between the tip and sample 
state. According to Fermis Golden Rule, the tunnel probability of an electron in state x in 
the tip to state W in the sample is [32, Eq.(1.18)], see Fig. (2.7) 

(2.6) 

in which 6 is the deltafunction that accounts for the fact that only transitions can occur 
between states of the same energy. M is the tunnel matrix, indicating the overlap between 
the two electronic states determined by a surface integral over a separation surface in the gap, 
see Fig.(2.7). 

M = _!!_ { (x* aw - w* ox )dS. 
2m lz=zo 8z 8z 

(2.7) 
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(a) (b) 

Figure 2.7: (a)Tip and sample wavefunctions penetrate the vacuum harrier. The overlap in 
the tunnel matrix M is calculated at a surface z =zo in the vacuum harrier. (b) Schematic 
view of a tunnel junction with tip and sample density of states pr, PS· The relevant states 
are within an energy window of eV between tip and sample Fermi energy. 

The tunnel current can then be calculated by summing over all the relevant states. At finite 
temperatures, the electons in both tip and sample follow the Fermi distribution. With a bias 
voltage V, the tot al tunnel current is 

47re joo 
I= r;: -oo [f(EF- eV + E)- f(EF + E)]ps(EF- eV + E)pr(EF + E)IMI 2 dE, (2.8) 

where f(E) = {1 + exp[(E- Ep)fkBT]}- 1 is the Fermi distribution function descrihing the 
accupation of the electronk states around the Fermi energy Ep. ps(E) and pr(E) are the 
density of states (DOS) at the sample and tip respectively. 
If kBT is smaller than the energy resolution required in the measurement, then the Fermi 
energy distribution function can be approximated by a step function and the relevant states 
are within an energy window of eV, see Fig.(2.7). In general, the magnitude of the matrix 
element IMI depends on the two wavefunctions involved and the overlap, determined by 
the tip-sample distance and harrier height. At constant current image mode, the tip-sample 
distance is kept constant approximately and IMI does not change appreciably in the interval 
of interest. Then the tunnel current is determined by the convolution of the DOS of the tip 
and sample according to the Bardeen Formula 

{eV 
I ex Jo Ps(EF- eV + E)pr(EF + E)dE. (2.9) 

When a very sharp tip is produced, there is only one atom protruding from the tip apex. From 
experimentally observed corrugation amplitudes it is deduced [32, p32-36] that the tunnel cur
rent is predominantly contributed by a d-type localized state on this atom, see Fig.(2.8b). 
Because the tip is a free-electron metal tip, it has a constant DOS energy dependence. There
fore, according to (Eq.2.9), a constant current STM image can be interpreted as an image 
of the density of states of the sample. The density of states of the sample is contributed by 
bulk semiconductor states and localized states, see Fig.(2.8a). Localized states arise e.g. at 
the surface due to surface relaxation. 
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Figure 2.8: (a) Ad-type electronic state at the tip end, protruding from the apex of a W tip, 
interacts with a two-dimensional array of atomie states. (b) Bulk state, surface resonance and 
surface state at the surface of a solid. 

In conclusion, a constant current STM measurement images a constant local electronic density 
of states (LDOS) surface at a certain energy with LDOS contributions from bulk states 
as well as localized states. The STM image therefore contains topography information due 
to step edges and surface strain relaxation, chemical information (doping, electron affinity 
and effective mass) and information about the spatial extension of the wavefunction e.g. 
on a surface atom (atomie resolution) and in a quanturn well or quanturn dot (images the 
wavefunction of the confined states). 

2.3 Scanning Tunneling Spectroscopy 

The most interesting property of quanturn dots is their 8-like energy dependenee of the density 
of states. As stated in previous paragraph, an STM measurement images the local density of 
states. From Eq. 2.9 it is then possible to obtain the sample density of states if the tip has a 
constant density of states 

dl 
dV ex Ps(EF- eV). (2.10) 

In a scanning tunneling spectroscopy (STS) measurement, the tip is positioned above the 
sample. The feedback loop is turned off in order to keep the tip-sample distance constant. 
A voltage sweep is applied to the tip to measure the tunnel current as function of voltage 
I(V). From this measurement, the normalized conductance (di jdV)j(I /V) can be derived 
and compared with the expected (surface) DOS. For a theoretica! and experimental analysis 
of scanning tunneling spectroscopy (STS) see [38, 43] 

2.4 Tip-induced band bending (TIBB) 

The tunnel current at a certain gap voltage V can be interpreted as a probe of the sample 
LDOS at an energy eV above the semiconductor Fermi energy level EF. But, unfortunately, 
this is nat true in generaL The tunnelprocessis complicated even more because of tip-induced 
band-ben ding. 
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electron affinity x (GaAs) 4.07 eV 
bandgap Eg (GaAs) 1.42 eV 
band bending 4; 0.04 eV 
workfunction tip cf;m (W) 4.5 eV 
gap width d 0.9 nm 

Figure 2.9: Parameters determining the tunneling process and their typical values. 

2.4.1 Unbiased TIBB 

If two materials with different workfunctions (x and cf;m in Fig.(2.9)) are brought close to
gether (rvlnm), electrans will tunnel from the material with the highest workfunction to the 
material with the lowest workfunction. 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 
have aligned and an equilibrium exists. In case of physical contact between a metal and a 
semiconductor, this is called a 'Shottky' contact. 
This electric field between the two materials is shielded by space charges near both surfaces. 
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 0.05nm. In a semiconductor material, the 
electric field is shielded by majority charge carriers and ionized donors or acceptors. Therefore 
the width W of the space charge region depends on the doping concentration. The depletion 
length W is described by 

W= (2.11) 

where NA is the doping concentratien and 4; is the band bending at the surface of the semi
conductor, see Fig.(2.9). For GaAs with a doping concentratien of 1018 cm-3 , this screening 
lengthW is approximately 5nm (33]. In an energy diagram this screening finds its expression 
as the bending 4; of the conduction and valenee band, see Fig.(2.9). 

2.4.2 Voltage dependent TIBB 

Applying a voltage between the tip and sample increases or decreases the existing electric 
field and creates additional surface charges in the semiconductor sample which itself induce 
bending of the conduction and valenee bands near the surface. The conduction and valenee 
band edges at the sample surface shift in energy as areaction on a change in the applied volt
age. Depending on the doping concentration, the field penetrates the semiconductor sample, 
depleting it of free charge carriers leaving a space charge due to ionized donors or acceptors. 
For a highly doped sample, the electric field is sereerred immediately by the space charge and 
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Figure 2.10: Thnnel current versus tip-sample voltage for an n-type sample and a schematic 
showing the tip-induced band bending and the sample states that can contribute the tunnel 
current at different voltages. 

the depletion layer is thin. TIBB then plays a minor role. But in low or undoped samples, the 
depletion length cannot be disregarded. For intermediately doped samples, still electrans can 
tunnel from and to bulk states at bulk conduction and valenee band offsets. But an additional 
tunnel harrier in the semiconductor, with width of the depletion layer W, has tobetaken into 
account (type I depletion), see Fig.(2.10). For very low doped samples, this tunnel harrier is 
too wide for a current to occur. The shift of the conduction band and valenee band edges at 
the surface will continue until either the conduction or valenee band edge crosses the bulk 
Fermi level at the surface (type I accumulation or type 11 inversion). Population of the con
duction bandor depopulation of the valenee band will then screen for further band bending. 
See [34] for a more extended description of tip-induced band bending and the contributing 
bulk and surface states. 

2.5 Surface strain relaxation 

When two materials with different lattice constant are used in a heterostructure, this het
erostructure is called a strained heterostructure because of the builcl-in strain. SK-grown 
quanturn dots are the ultimate example of such strained heterostructures, but also lattice
mismatched quanturn wells have builcl-in strain. When such a structure is cleaved, it will 
reduce its builcl-in tensile or compressive strain by deforming the cleavage surface. Regions 
under compressive strain will bulge outward while tensile strain depresses the cleavage surface. 
For homogeneously strained mismatched layers of constant thickness the strain relaxation at 
the cleavage surface can be calculated analytically. This theory cannot predict the relaxation 
of the highly inhamogeneaus strain in quanturn dots, but the results can be a guide to the 
relaxation of a partly exposed quanturn dot, provided that its depthunder the cleavage surface 
is much larger than the thickness. 
1t is assumed that the elastic response is linear and isotropic, and that the elastic constauts 
are the same everywhere. The structure containing the strained slab is assembied as shown 
in Fig. (2.11), following the "strain suppression" methad of thermoelasticity [35, 36]. The 
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Figure 2.11: Strain relaxation at the cleavage surface of strained heterostructure. 

slab and its two claddings are brought nearby without stress (Fig. 2.11a). A uniform stress 
of at~ab = a~~b = - P is applied to the slab to reduce the lateral lattice constant. The slab 
can then be joined to the cladding layers without further stress (Fig. 2.11b). The fictitious 
stress applied in previous step must be removed by applying an outward pressure of P to the 
exposed cleaved edge of the slab. The region near the surface of bath well and cladding layers 
relaxes under this stress (Fig. 2.11c). In case of a quanturn well in a semi-infinite medium 
with a uniform mismatch with an applied stress axx(z, x = 0) = P for lxl < w, the stress 
obeys C7zz(z,O) = axx(z,O) at all points on the surface. Then it follows that the surface ofthe 
cladding layers is unstrained (but nat undistorted) and the surface of the well is uniformly 
strained, see Fig.(2.12). The total strains at the surface of the slab are 

Ezz = Eo(1 + 2v), Eyy = -Eo, 
-2v2Eo 

Exx = 1 ' -V 

2v(1- 2v)Eo 
Eh= 

1-v 
(2.12) 

in which v is Poisson's ratio and Eo is the lattice mismatch. For e.g. an InxGa1_xAs quanturn 
well lattice matched on GaAs 

_ alnGaAs 
1 Eo- - . 

a GaAs 
(2.13) 

In which arnGaAs is a linear interpolation of the lattice constant between GaAs and InAs 
arnGaAs(x) = xarnAs + (1- x)aGaAs· The surface lattice constant at the strain-relaxed surface 
a 8 follows directly from the strain Ezz in Eq. 2.12 

(2.14) 

The normal component of the displacement of the surface follows immediately from the strain 
Ezz and the normal component is given by [37] 

2(1+v)Eo{ ~z-p+wl ~z-p-wl} ux(z)=C- 1f (z-p+w)ln w -(z-p-w)ln w (2.15) 

in which wis half the well width and p the z-position of the center of the well, see Fig. (2.12). 
An arbitrary constant C is present because for two dimensional elasticity the displacement 
does nat decay at infinity. For multiple quanturn wells at different positions, the single quan
turn well solutions can be added. 
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Figure 2.12: (a) Outward strain relaxation at the cleavage surface of a homogeneously strained 
quanturn well and (b) the lattice constant at the surface and deeper in the sample. 

The calculation can be extendedfora nonuniform composition, where Eo(z) acquires an arbi
trary variation during growth. The strain is again given by Eq.(2.12) but now proportional to 
the local value of Eo(z). The outward relaxation can be derived from the slope of the surface 
which is given by [37) 

dux = -2(1 + v) . ..!:_ joo Eo(s) ds. 
dz 1r -oo z- s 

(2.16) 

This equation can be solved analytically for a linear mismatch profile as well. If the mismatch 
is zero outside the well and changes linearly from -E1 at one side of the well to EI at the other 
side of the well, the outward relaxation ux(z) is given by 

U x ( z) = C - ( 1 + v) E 1 { ( z - p) 2 - w2 ln I z - p - w I + 2 z - p } 
1r w 2 z- p + w w 

(2.17) 

If the mismatch profile can be split in a uniform (symmetrie) mismatch and a linear (an
tisymmetric) part the outward relaxation profile can be obtained by adding the symmetrie 
(Eq. 2.15) and antisymmetrie (Eq. 2.17) relaxation profiles. 
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Chapter 3 

Experimental setup 

This chapter will give an explanation of the STM-setup used for this project and the proce
dures that have to be passed through in preparation fora measurement. 

3.1 The STM unit 

The heart of an STM setup consists of a conductive sample and tip. The sample and tip are 
part of an electronk circuit. The tip is brought in close contact to the sample. Because the 
tip-sample distance is smaller than about 1 nm a tunnel current will occur when a voltage 
is applied. As mentioned previously, this tunnel current ( rv0.1 nA) depends exponentially on 
this tip sample distance which offers an accurate means to regulated the tip sample distance. 
The electronk circuit regulates the tunnel current by rnaving the tip with respect to the 
sample with use of a z-piezo tube, see Fig.{3.1a). Perpendicular to this direction, two other 
piezo tubes move the tip over the surface. The tip is scanned over the sample surface while 
keeping the tunnel current constant. The tunnel current is amplified in the electronk circuit 
and compared with the set image current. The feedback loop adjusts the tip sample distance. 
The tip z-movement is monitored and led to a computer that camposes a topography image 
of these scan profiles. 

The tip sample distance is only a few Ángström and the small tunnel current is very sensitive 
to this parameter, which makes the STM setup very sensitive to external vibrations. Therefore, 
the set up is vibration isolated with different damping systems. The components of the scanner 
are made as rigid as possible especially the parts connecting the tip and sample holder, see 
Fig.{3.1b). This scanner unit is suspended from a set of springs. Because this spring system 
is very sensitive to vibrations at the resonant frequency of the springs, external damping is 
added. Capper plates connected to the scanner are suspended between permanent magnets. 
Relative motion of the capper fins with respect to this magnetic field generates so-called Eddy 
currents that inhibit this motion. This unit, tagether with the rest of the setup, is mounted 
on a heavy metal tabletop, see Fig.{3.2). Rubber dampers between this tabletop and the 
supporting frame damp high frequency vibrations. Low frequency vibrations are damped by 
four air-damped feet under the frame. In this way, fluctuations in the tip-sample distance due 
to external vibrations are less than 5 pm. 
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Figure 3.1: (a) Schematic drawing showing the principle of STM and (b) a picture showing 
the STM unit. The three tubes in mutual perpendicular directions are the piezo's that move 
the tip. In the center, the small tip points to the sample in the sample holder. 

3.2 The vacuum system 

When the investigated samples are exposed to air , the surface is polluted and accurate images 
of the surface cannot he made. The measurements are therefore performed in vacuum. The 
STM unit is build in a ultra high vacuum (UHV) setup, see Fig.(3.2). 
The central vacuum chamber (STM), in which the STM unit is positioned, is pumped by 
a ion-getter pump with titanium sublimation element (IGP /TSE) to a pressure lower than 
5·10-11 torr. A valve (G2) separates this chamber from the preparation chamber (PREP). 
In this chamber the tips and samplescan he prepared for the measurement. In this chamber 
an ion-gun, self-sputter and baking unit are installed for this purpose. See section 3.3 and 
3.4 for a description of these units. Two turbomolecular pumps (V-250 and V-70), installed 
in cascade, keep the preparation chamber at a pressure of approximately 4·10- 10 torr. This 
preparation chamber is connected to a load loek which makes it possible to load and unload 
tips and samples into and out of the system without seriously affecting the pressure in the 
preparation and STM chamber. The load loek is pumped with one of the turbomolecular 
pumpstoa pressure of about 10-6 torr. A membrane pump (MP) provides with the necessary 
pre-vacuum of about 10-1 torr. A wobbie stick in the STM and preparation chamber is used 
for manipulation and transportation of the tips and samples. 

3.3 Sample preparation 

Small rectangular pieces (rv3.5x10 mm) are cleaved from a wafer containing the semicon
ductor heterostructure of interest. These wafers are normally 350- 450 J..Lm thick. From such 
thick wafers it is hard to obtain an atomically flat cleavage surface necessary in the measure
ments. Therefore the samples are grinded to a thickness of about 150 J..Lm. Thinner samples 
are unmanageable. 
For an STM measurement it is essential to have good electric contact with the sample. Al
though the samples themselves are conductive, a simple mechanica! contact between sample 
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Figure 3.2: Schematic drawing of the STM with the supporting UHV and damping system. 

and holder is not sufficient because of an oxide layer on the sample. Therefore contacts are 
annealed on the sample. A small tin (Sn) boll is placed on one of the corners of the sample 
and annealed forabout two minutes under a 80% N2/20% H2 atmosphere at a temperature of 
about 240°C. In this process, the oxide layer is etched away, the tin melts and diffuses partly 
in the semiconductor sample, creating good electric contact. 
Then the sample is ready for damping in the holder. The sample holder consists of two metal 
bars that can be screwed together, damping the sample. Part of these bars is removed, leaving 
a notch so that only one corner of the sample is clamped, see Fig.(3.3). One of these bars 
is connected to a support plate that fits in the holder of 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) placed on both sicles of the sample holder, and the sample is clamped. The 
sample holder is then heated and when the indium is melted, the screws are tightened. The 
indium provides for an even pressure distribution on the sample, preventing it from breaking 
and slipping out of the holder. 
The sample is cleaved in situ so that the surface stays clean and an atomically fiat surface 
can be obtained. Therefore, at this point, a little scratch is placed, just above the top of 
the damp, on the epi-side of the sample. When then, in the vacuum chamber, a pressure is 
applied to the top of the sample, it will break on this scratch. Because the sample is only 
clamped at one corner, this break can freely propagate through the sample. It will tend to 
follow a crystal plane, resulting in a nice atomically fiat cleavage surface. 
The sample is now ready for loading in the UHV system. There will be some water on the 
surface of the sample and its holder. This can pollute the ultra high vacuum in the STM 
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chamber. Therefore, the samples are baked in the preparation chamber of the setup. This 
is dorre by placing them close to a heating spiral and heating them for about an hour at a 
temperature of approximately 150°C. In this way, water and other pollution will evaporate 
from the sample and its holder and is pumped away. 
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Figure 3.3: Schematic drawing of the sample in the sample holder. (a) top view and (b) side 
view. 

3.4 Tip preparation 

Making reproducible tips is very important for doing STM. According to Eq. 2.9, the tunnel 
current depends, in addition to the sample, also on the tip properties. This theoretica! analysis 
assumes that there is only one atom at the top of the tip that contributes to the tunnel current. 
This means that the tip has to be very sharp and mechanically stable. 
The tips are made of poly-crystalline tungsten (W) wire with a diameter of 0.25 mm. A short 
piece of this wire ( rv5 mm) is point welded to a tip holder and cleaned for use in UHV. The 
tips are then etched in a 2.0 molar KOH solution. The top 1-1.5 mm of the tip is put in 
the solution and a positive voltage is applied, see Fig.(3.4). A wound-up Pt-Rh (90/10) wire 
serves as anode. In the etching process, the tungsten dissolves. Because of the geometry, the 
reaction velocity is highest at the surface of the solution. This causes a constriction of the 
wire at the etching solution surface. Eventually the wire will break at this point, leaving a 
very sharp tip. A current delimiter will immediately interrupt the current at this point before 
the sharp tip point, still in the solution, is etched blunt. The tips are now ready for loading 
in the UHV setup. This etching process is described in more detail in [13, 32, 14, 15]. 
After loading in the UHV setup, the tip and its holder are baked. Similar to the samples, 
they are put in front of a glow spiral and are heated until most of the water is evaporated. 
After that, the oxide layer on the tip is removed by heating the tip separately. For this, the 
tip is brought in physical contact with a tungsten filament that is heated by driving a current 
through it. The tip will glow orange, indicating that the temperature is about 900-1100°C. 
At this temperature, the oxide layer will be removed. 
The tip is further sharpened by a self-sputter process. For this, the tip is placed at a distance 
of about 3 mm from a steel hall. The preparation chamber is brought at a Neon pressure of 
2·10-5 torr. The tip is electrically grounded. On the steel hall, a positive voltage is applied 
(2000-3000V). This will create astrong electric field around the apex of the tip. Electrons are 
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Figure 3.4: Schematic of the setup used for (a) etching the tips and (b) the self-sputtering 
process. 

emitted from the tip, creating a current. The voltage necessary for creating this current (1 nA) 
is a measure of the radius of the tip apex and thereby a good indication of the tip quality. This 
is the so called field emission voltage, and described in more detail in [15). During the actual 
self sputtering process, a sputter current of 10 f..LA is maintained. The electrons, coming from 
the tip, ionize the Ne atoms. These Ne ions are accelerated in the electric field and bombard 
the tip apex. The geometry of the electric field around the tip apex causes most of the ions 
to hit the tip just behind the apex. There they will kick away tungsten atoms, creating a 
constriction that finally breaks. In this way, very sharp tips can be obtained routinely. A 
more extended description of this sputtering process can be found in [13, 16, 34). 

The final step in the tip preparation process is the ion bombardment. An ion source, installed 
in the preparation chamber, produces and accelerates Argon (Ar) ions to 3.5 keV, creating a 
parallel bundle. The tip is put in front of this bundle. The bundie mechanically stahilizes the 
tip. The tip is now ready to use in a measurement. 

3.5 The measurement 

For a measurement several tips and samples are prepared in case anything goes wrong. They 
are placed in the STM chamber of the UHV setup. The ion-getter pump is caoled down to 
liquid nitrogen temperature, to provide for extra pumping power. The other pumps, two turbo 
molecular and one membrane pump are turned off because they are a souree of vibrations. 

One of the tips is placed in the scanner. One of the samples is cleaved in situ with the wobbie 
stick. If the sample nicely brakes along the scratch, a clean and atomically fiat surface is 
created, exposing a cross-section of the epi-structure. The sample is placed in the scanner 
as well, see Fig.(3.1b). The tip is positioned in front of the sample and will be approached 
with the tip. Once there is tunneling contact, the tip is moved to the edge of the cleavage 
surface of the sample where the epi-layers are. This exact position of the tip with respect to 
the epi-layer structure is now known and the layers of interest canthen be traced. 

The scan parameters like image voltage and image current are set and scans of the surface 
are made. The data is processed into images with use of a computer. 
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Scanning tunneling spectroscopy 

Sec. 2.3 shortly introduced scanning tunneling spectroscopy measurement. An area is imaged 
at a certain image current and voltage. These parameters determine the tip-sample distance. A 
grid with a predefined density determines the points at which a spectroscopy data is obtained. 
The grid can consist of several hundred to several thousands of data points (e.g. lOx 10 or 
50 x 50). At these points, the feedback loop is turned off to keep a constant tip-sample distance 
during the spectroscopy measurement. A voltage ramp is applied on the tip and the current 
is measured. The data obtained at different points on the surface can be averaged to obtain 
an accurate I(V) curve, from which the voltage dependent behavior can be analyzed. Spatial 
contrast can be derived from images showing the tunnel current at a specified voltage. 
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Chapter 4 

The sample 

The quanturn dot sample has Stranski-Krasinow grown InAs islands. The sample is the same 
as from which photo current results were obtained by Fry et al. [2]. The sample was provided 
by the Department of Physics at the University of Sheffield (UK). 

4.1 Growth procedures 

The sample was grown by molecular-beam epitaxy on (100) GaAs substrate at 500°C. It 
consisted of five uncoupled, SK-grown, InAs quanturn dot layers, embedded in GaAs matrix 
(see Table (4.1)). The growth speed was 0.01 monolayers per second to give an island density 
of ~1.5 x 109 cm-2 . The SK-grown layers are within the intrinsic region of a p-i-n-junction. 

Table 4.1: growth menu quanturn dot sample 1640 
j repeats thickness [A] material temperature [0 CJ dopant type conc. (cm 3) 

1 3000 GaAs Be p 2.0·10 1
" 

1 1500 GaAs ud 
4 500 GaAs 516 ud 
5 7 InAs 2.4ML 511 ud 
1 1500 GaAs 583 ud 
1 3000 GaAs 585 Si n 2.0·1018 

substrate GaAs (100) Si (n ) 

4.2 Photo current measurements 

The photo current measurements on this sample (also called stark-effect spectroscopy mea
surement), provided by Fry et al. [2] showed a permanent dipole. This dipale exists because 
the confined electrans in the dot are spatially separated from the holes. The conduction and 
valenee band potential are such that holes are confined in the top of the dot and the electrans 
more at the dot base. The bandgap and band line-up that cause this potential depend on the 
composition and strain distribution in the dot. This makes it possible to make predictions 
on the shape and composition of the dots, based on these measurements. Barker et al. de
rived [3] that the observed behavior can only occur in a quanturn dot that has a truncated 
shape and an In-composition gradient with increasing In-composition towards the top of the 
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Figure 4.1: (a) Results of the photo current measurements by Fry et al. [2]. There is a per
manent dipale in the quanturn dots. (b) Modeling of the data gives the average shape and 
composition of the dots. (1) from Fry et al. [2]later this was slightly adjusted [3] resulting in 
shape (2). 

dot. The average shape and composition of the dots derived by Fry et al. [2] is displayed 
in Fig.(4.1b(1)). The best fit was obtained using a pyramid of base length 15.5 nm, height 
22 nm, of which 75% is truncated to give an actual height of 5.5 nm, and the In-composition 
varying from 50% at the base to 100% at the top surface. Later these best fit parameters were 
slightly changed by Barker et al. [3]. Here a truncated pyramid is assumed with a base length 
of 18 nm decreasing to 14.8 nm at the top of the dot, a dot height of 5.5 nm and a linear 
In-composition gradient with a value of 60% at the bottorn and 100% at the top of the dot. 
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Chapter 5 

Surface strain relaxation 

As explained in Sec. 2.5, the cleavage surface of strained heterostructures shows effects of 
surface strain relaxation. When analyzing electronic contrast in STM images, this is an un
desirable effect. But because it is caused by the mismatch of the heterostructure material it 
contains information on the composition of the heterostructure. Therefore, the outward strain 
relaxation may be used to derive the composition profile of the heterostructure. 
Befare similar calculations can be used for analyzing the composition profile in quanturn 
dots, first the calculations have to be verified on a simple well-known structure for which the 
calculations should be exact. Moreover, the surface strain relaxation is a pure topographic 
effect and STM measurements are also sensitive to electronic inhomogeneities as explained 
in Section 2.2. In order to be able to campare the outward relaxation profile, which is pure 
topographic, with calculations, the contribution of the electronic contrast in STM images has 
to be known. The surface strain relaxation analysis of a well-known structure can also help 
to distinguish between this topographic and electronic contrast in STM images. 
A quanturn well structure has an easier and better defined strain profile than a quanturn dot 
because of its one-dimensional character. This makes it possible to campare the STM results 
on this structure with the analytica! expressions derived in Section 2.5. Moreover, if lattice 
constant and outward relaxation profile match the measurements, the topographic contrast 
can be subtracted from the STM image which makes it possible to investigate the electronic 
contrast. 

5.1 The sample 

For this measurement an InGaAs double quanturn well structure embedded in a GaAs matrix 
is used. Because of the large build-in strain and its one-dimensional character it is a promising 
structure for measuring the surface strain relaxation. Because of the linearity of the surface 
strain relaxation theory, the presence of a second quanturn well in the strain field of the first 
should not lead to complications. The strains and outward relaxations from the individual 
wells can simply be added. The growth menu of the sample is presented in Fig.(5.1a). STM 
images of the structure (Fig.(5.2a) and (5.lb) immediately made clear that this growth menu 
could not be accurate. The images showed an asymmetry in the In composition in the wells 
whereas the growth menu indicated two identical wells. Therefore, three different techniques 
were used to determine the exact composition and width of the two wells: X-STM, photo 
luminescence (PL) and X-ray diffraction (XRD). 
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Growth menu AlGaAs In GaAs AlGaAs 
thickn. Al Ga In As doping temp # 

.!- .!- .!- .!-0.10J.Lm p 1.20·10 500 
1.35J.Lm 22 78 p 5.05·1017 730 
0.40J.Lm 16 84 p 2.45·1016 730 
8oo.oA 8--+16 92--+84 730 
100.0Á 730 
55.0Á 80 20 730 

100.0Á 560 
55.0Á 80 20 560 

100.0Á 560 
400.0Á 8 92 560 
400.0Á 10 90 730 
0.37J.Lm 16 84 n 2.45·1016 730 

5.7A n 6.12·1017 730 x45 
332.1Á 23 77 n 4.74·1017 730 x45 

t t t 1000.0Á n 6.48·1017 725 
1000.0Á n 6.48·1017 700 GaAs 
1000.0Á n 6.48·1017 610 
Substrate n+ GaAs +--- growth direction 

(a) (b) 

Figure 5.1 : (a) Growth menu of the double quanturnwen structure and (b) XSTM image of 
the stucture showing the interfaces between the AlGaAs, GaAs and InGaAs. 

5.1.1 XSTM 

The first indication of the In concentration in the quanturn wells can he derived from atomie 
resolution STM images as in Fig.(5.2a). Because of the difference in bond-length, the different 
electrical properties of In and Ga atoms and the chemica! sensitivity of an STM measurement, 
the individual In atoms can he identified in this image. The In-concentration can then he 
derived from these images by simply counting the individual In atoms. The local concentration 
is estimated by the ratio of the number of In-atoms in an atomie row to the total number of 
atoms in that atomie row. Doing so for all atomie rows in the image results in the concentration 
profile as shown in Fig.(5.2b) . The error bars indicate the error that arises from statistica! 
arguments. The quanturn well with the larger In-concentration (QWII) showsasharp bottorn 
interface and a less sharp top interface, probably due to In-segregation during growth. The 
In-composition in the well is reasonably homogeneous: 14.4±0.6%. The other quanturn well 
(QWI) has a sharp bottorn interface and shows indications of segregation at the top interface 
as well. The In-concentration in this wellis 5.0±0.5%. 
The well width parameterscan he determined from the In-concentration profile. The FWHM 
values are 65±5Á and 45±5Á for QWII and QWI respectively. The lateral position, measured 
by the x-and y-piezos in the scanner, is very accurate because of calibration by the bulk GaAs 
lattice constant. Therefore, the error in the found well widths is caused by the sharpness of 
the interfaces. 

5.1.2 XRD 

X-ray diffraction can he a useful technique to determine the thickness and concentration of 
layers in a heterostructure. The width and concentration of the layers can he obtained very 
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Figure 5.2: (a) atomie resolution X-STM image of the double quanturn well structure taken 
at an image voltage of 2.5 V and tunnel current of 0.198 nA. (b) The corresponding In
concentration profile derived from the X-STM image by counting of the Indium atoms 

precisely from the diffraction pattern if the features related to the layers are clearly visible. 
The structure of interest contains more layers thanjust the two quanturn wells, see Fig.(5.1a). 
There is also a super lattice deeper in the sample that will have its strong features in the 
diffraction pattern. Moreover, the fact that the two quanturn wells are not identical may 
cancel part of the related structure in the X-ray diffraction pattern. 
It turned out that the diffraction pattern that was obtained could be simulated and the 
contribution from the quanturn wells could be identified, see Fig.(A.2). The best fit was 
obtained for awellof 65±2Á wide and a concentration of 13.7±0.5% and awellof 45±5Á 
wide and a concentration of 5.2±0.5%. 

5.1.3 Photo luminescence (PL) 

Measurement of the photoluminescence of the sample can also be used to obtain information 
on the well parameters of the structure. Photoluminescence measures the distance between 
the energetic levels of the confined states of electrans and holes in the quanturn well. The 
photoluminescence depends on the width of the well and its In-concentration. These two 
cannot be obtained independently from PL measurements, but with use of the well width 
determined in XSTM measurements, the In-concentration can be obtained. 
PL measurements on doped samples are hardor sametimes even impossible because much of 
the light will be absorbed by the charge carriers. The sample of interest is doped: the double 
quanturn wells are within the intrinsic region of a p-i-n junction. However it was possible to 
obtain a weak signal at high excitation intensity that could be related to the two quanturn 
wells. Fig.(A.1) shows the low temperature photo luminescence spectrum from the sample. 
The calculations are derived from the theoretica! energetic positions of the confined states 
of the electrans and holes in the quanturn wells. Assuming the well width found with STM 
measurements, the In-concentrations derived from the PL data are 14.7±0.6% for QWII and 
6.3±0.5% for QWI. 
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XSTM 
well width 45±5Á 65±5Á 
In-concentration 5.0±0.5% 14.4±0.6% 
XRD 
well width 45±5Á 65±2Á 
In-concentration 5.2±0.5% 13.7±0.5% 
PL 
well width 45±5Á 65±5Á 
In-concentration 6.3±0.5% 14.7±0.6% 
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Figure 5.3: Summary of the found well widths and concentrations, derived from XSTM, XRD 
and PL measurements. 

5.2 Lattice constant 

Now that there is a good indication of the well parameters in the quanturn dot structure, 
this double quanturn well structure can be used to learn something about the surface 
strain relaxation. The analytica! expressions derived in section 2.5 can be verified by the 
measurements. The theory prediets both a profile for the lattice constant at the cleavage 
surface and the outward relaxation. Both experimental results can be derived from STM 
images. First, the lattice constant will be derived since it is the most straight forward result. 

The lattice constant data is derived from an atomie resolution constant current empty 
state STM image of the double quanturn wellas in Fig.(5.2a) , taken at an image voltage of 
2.5 V and tunnel current of 0.198 nA. The lattice constant is obtained by simply determining 
the distance between the atomie rows. However, in order to get accurate results, some 
averaging is necessary. As can be seen in Fig.(5.2) single ln-atoms are visible that locally 
alter the lattice constant. In order to average out these local fluctuations, the image is Fourier 
filtered in the direction perpendicular to the growth direction. From this image, Fig.(5.4), 20 
height profiles along the growth direction [001] have been taken to be able to average out 
the low frequency fluctuations in the vertical direction that are left over after the Fourier 
filtering. These profiles show atomie corrugation and the peak positions correspond to the 
positions of the atomie rows. The lattice constant at each atomie row is then calculated by 
taking the average of the distance to the left and right atomie row. The resultant profile of 
the lattice constant across the quanturn wells is displayed in Fig.(5.5). 

The calculated surface lattice constant profile is obtained with use of Eq. 2.14 and 2.12. The 
value of Poisson's ratio used in the calculation is v=0.31. Elasticity theory predicts, as can be 
seen from the drawn line in Fig.(5.5), that the cladding layers are unstrained and the wells are 
homogeneously strained, giving a rectangular profile for the lattice constant. Similar behavior 
is seen in the measurement data. The lattice constant between the wells is unstrained and, 
except for some fluctuations, the lattice constant seems more or less constant in the wells. The 
asymmetrie widening of the well is probably due to segregation of In-atoms during growth. 
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~ [001] growth direction 

Figure 5.4: If Fig.(5.2a) is Fourier filtered, the local fluctuations in the direction perpendicular 
to the growth direction are averaged out. 

The average lattice constant in QWII is 5.84±0.02 A, and 5. 73±0.01 A in QWI. This is larger 
than the lattice constant derived, with Eq. 2.14, from the known ln-concentrations in the 
well (dashed line in Fig.(5.5)). Calculating back the ln-concentrations in the well from the 
measured lattice constant results in a In-concentration of 7±2% and 17±3% for QWI and 
QWII respectively. The discrepancy between the measurement and calculation of the lattice 
constant is almast within the error of the measurement, but seems significant. 
The dotted line in Fig.(5.5) is obtained by calculating the lattke constant profile from the 
local In-concentration derived as displayed in Fig.(5.2b) . Note that the fluctuations in the 
measured lattice constant show up in the In-concentration profile as well. This means that 
the fl.uctuations in the lattice constant are nat due to measurement errors, but reflect the 
inhomogeneity of the In-concentration in a single image. Because of the relatively low Indium 
concentration, this can lead to large fluctuations in the lattice constant. 

5.3 Surface strain relaxation 

Except for the lattice constant profile, the calculations in Sec. 2.5 also predict the outward 
relaxation of the cleavage surface. This change in topography of the cleavage surface can he 
determined from X-STM measurements (see Fig.(5.6)) and should reflect the In-distribution 
profile in the sample. However, the surface topography, determined from topography STM 
image shows contributions from electronk variations on the surface as well. This electronk 
contribution depends on the image voltage. 
The topography profiles are obtained from a set of constant current (0.110 nA) STM topog
raphy images at different image voltages. Again, the fl.uctuations perpendicular to the growth 
direction are filtered out by means of Fourier filtering. At different image voltages profiles 
were taken from these images and displayed in Fig.(5.8). The 'apparent ' outward relaxation 
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Figure 5.5: Profile of the lattice constant at the surface of the cleavage plane across the two 
quanturn wells obtained from atomie resolution STM images of the structure. 
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Figure 5.6: 3D representation of the outward relaxation of the cleavage surface of the double 
quanturn well structure. 

depends on the image voltage at which the image is taken, indicating the electronic contrast. 
At high (negative) image voltages, the 'apparent' outward relaxation is minimal suggesting 
that the electronic contrast is minimaL This effect is previously observed in [24, 25] . This 
makes a profile, taken at a high voltage, the best candidate for comparison with the cal-
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culated outward relaxation profile. Fig.(5.7) shows the measured outward relaxation profile, 
taken at high negative image voltage (-3.0 V), and the results of the model calculations. The 
calculated results are abtairred by adding the outward relaxation results of two single quanturn 
wells (Eq. 2.15) with different positions (p), different half well width value (w) and different 
lattice mismatch (~:0 ). The widths and positions correspond to the values derived from XSTM 
images: separation PQWII- PQwi=15.4 nm, widths: 2wQwi=45 A, 2wQwn=65 A. Poisson's 
ratio: v=0.31 

'E .s 

o maasurement (-3.0V) 
0.15 -error(-3.0V) 

- 45À, 5% /65À, 17.1% 
------ 45À, 5% /65À 14.4% 

0.10 

-0.05 

position [nm] 

Figure 5. 7: The outward relaxation profile of the double quanturn well structure taken from 
a filled state constant current STM image, image voltage of -3.0 V and image current of 
0.110 nA, compared with calculations of the outward relaxation. 

As expected, the structure releases its built-in strain by outward relaxation of the cleavage 
surface. The quanturn wells bulge out of the surface, the well with the higher In-concentration 
more than the one with the smaller In-concentration. The overall shape of the calculated 
profile is consistent with the measured relaxation profile. But the profile, calculated with use 
of the concentratien parameters derived from X-STM measurements doesn't fit very well (the 
dashed line in Fig.(5.7)); the measurement indicates a strenger outward relaxation. A better 
fit of the curve can be made with an ln-concentration of 5.0% and 17.1% for QWI and QWII 
respectively. The well widths and positions are still in agreement with the values in Table 
(5.3): PQWII- PQwi=15.4 nm, widths: 2wQwi=45 A, 2wQwn=65 A. 
The thin line in Fig. ( 5. 7) shows the error between this fit and the measured relaxation profile. 
The error is only a few picometers except for some specific locations on the profile. Above 
QWII and further to the right in the profile. The locations along the profile, where the errors 
arise, coincide with material transitionsin the sample. The verticallines in Fig.(5.7) mark the 
locations of the GaAs-InGaAs and GaAs-AlGaAs interfaces that arealso visible in Fig.(5.1b). 
The error on the GaAs, to which the curve is aligned, is almast zero. The fact that the GaAs-
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AlGaAs interface is visible in this profile indicates that there is still some electronic contrast 
at this image voltage. Since the lattice mismatch between the GaAs and AlGaAs is smaller 
than Eo < 5·10-4 , this contrast cannot be caused by outward relaxation of the cleavage surface 
due tobuilcl-in strain at the GaAs-AlGaAs interface. The error curve in Fig.(5.7) shows that 
the error is less than 15 pm (rv10%), but given the fact that there is still an electronic contrast 
of order 10 pm, the error between the calculations and the measurement can be no more than 
a few percent. 

5.4 Electronic contribution 

In previous section, the theoretica! topographic relaxation profile was matched with the mea
surement data. On one of the curves, the fit was reasonably well, but there was still some 
residue that could be explained by electronic contrast. In this section, the electronic contrast 
in STM images will be analyzed in further detail. 
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Figure 5.8: The 'apparent' outward relaxation of the double quanturn well structure at dif
ferent image voltages in empty state (a) and filled state (b). The feedback tunnel current is 
0.110 nA. 

5.4.1 Voltage dependenee 

Fig.(5.8) shows the profiles for different image voltages in empty and filled state. The curves 
are aligned based on their values above the GaAs layers. The empty state curves show the 
highest voltage dependence. At low voltages, the electronic contrast can be as high as the 
topography contrast. Also the GaAs-AlGaAs interface shows voltage dependent contrast, a 
further indication that this interface shows electronic instead of topographic contrast. The 
filled state profiles show much less contrast above the quanturn wells. 
From the profiles in Fig.(5.8) the 'apparent' height of the quanturn wells is determined for 
the different voltages. They are measured with respect to the center of the GaAs harrier to 
the right of QWII. Fig.(5.9) shows this voltage dependenee of the 'apparent' height for both 
QWI and QWII. 
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Figure 5.9: The 'apparent' outward relaxation at filled and empty state as derived from 
Fig.(5.8), compared with the calculated relaxation values for (a) quanturn well I with an In
concentration of 5% and (b) quanturn well II with an In-concentration of 15% as function 
of the absolute value of the image voltage. 

The apparent relaxation value of the profiles obtained from filled state images is more or 
less independent of the image voltage. It's value is close to the calculated relaxation value 
indicating that there is no, or a small constant, electronk contrast. In empty state there 
is a strong voltage dependenee and at low voltages there is large electronk contrast. At 
higher voltages the electronk contrast decreases and the relaxation approaches the calculated 
and filled state value. This result shows that filled state images or high voltage empty state 
images are best suitable for obtaining topographk information as suggested earlier, because 
the electronk contrast is lowest. 

The apparent height in empty state images is, even for high voltages, slightly larger (±20pm) 
than in filled state images. The fact that single Indium atoms are distinguishable in all empty 
state images and not in filled state images may be related to this small difference in contrast. 
The height contrast due to a single Indium atom in an empty state image is approximately 
50 pm. Contrast caused by surface atoms may also explain the small deviations from the 
calculated outward relaxation profiles at high voltages visible in Fig.(5.9a and b). 

The voltage dependent behavior of the apparent height can be explained by examin
ing the tunnel process in more detail. The relevant electron states that are involved in the 
tunneling process are within the energy window between sample and tip Fermi energy (see 
Sec. 2.2.1). However, these states do not contribute equally. In the tunnel matrix element 
M, Eq. 2.7, there is a hidden dependency on the vacuum harrier height. The tunnel matrix 
element describes the overlap between tip and sample wave functions. The decay length 
of these wavefunctions however, depends on the height of the vacuum harrier. The higher 
the harrier, the shorter the wavefunctions penetrate the vacuum harrier, see Fig.(5.10a). 
This will decrease the overlap of the tip and sample wave functions and thereby the tunnel 
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probability. 
The vacuum harrier is a classically forbidden region for the electrons. In this region the 
wavefunction can be expressed as 

y2m<P 
'lf;(z) = 1f;(O)e-~z = 1/J(O)e- li z, (5.1) 

where cp is the vacuum harrier height, z the tip-sample distance and m the electron effective 
mass. The tunnel probability w of this state is 

2 2 V'2rTi" z r:i. 
w <X 11/J(O)I e--r.-v'+'. (5.2) 

The tunnel probability shows an exponential behavior on the vacuum harrier height. This 
vacuum harrier height is different for the different states that contribute the tunnel current. 
This leads to the domination of the tunnel current from contributions from electron states 
that abserve the lowest vacuum harrier height, see Fig.(5.10b). 
With this effect, the observed voltage dependency of the electronk contrast can be explained. 
For tip Fermi energy levels close to the GaAs conduction band edge, the increase in current 
can be huge when moving to the InGaAs, see Fig.(5.10c). However, when the tip Fermi 
energy level is high above the conduction band, electron states high above the conduction 
band dominate the tunnel current and the electronk contrast is much lower. 
A similar effect happens for tunneling in filled state. The contrast can be very high when the 
tip Fermi energy level is very close the the semiconductor valenee band level. However, in 
case of filled state tunneling, the vacuum harrier height is higher. Consequently, the relative 
harrier height difference is smaller, resulting in a smaller voltage dependence. The tunnel 
current in filled state images is generated by tunneling of occupied electron states in the 
sample to the unoccupied states in the tip. This means that once the tip Fermi energy level 
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Figure 5.10: (a) wavefunctions of electron states at different energy show a different pene
tration behavior in the vacuum harrier. (b) The tunnel probability decays with the vacuum 
harrier height. This leads to the domination of the tunnel current from contributions from 
electron states which observe the lowest vacuum harrier height. (c) Indication ofthe electronk 
states involved in tunneling at two different tip voltages. 
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is below the semiconductor valenee band, the states that contribute the tunnel current are 
practically independent of the tip Fermi level. For further negative image voltages, the same 
states (close to the semiconductor valenee band) dominate the tunnel current resulting in the 
very weak dependenee of the image contrast on the image voltage. 

5.4.2 Imaging of the wavefunction 

Sirree the calculated outward strain relaxation is reasonably accurate, the pure electronic 
contrast can be obtained by subtracting the calculated outward relaxation profile from the 
measured profiles in Fig.(5.8). Fig.(5.11) shows the electronic contrast at different image 
voltages for empty state images. There is a high electronic contrast at the positions of the 
quanturn wells, particularly at low image voltages as explained previously. 
The fit of the outward relaxation above the GaAs is very good, see Fig.5.7. This means that 
the finite contrast above the GaAs as visible in Fig.(5.11) is not topographic but electronic. 
This can be understood if one assumes that the confined states in the quanturn wells penetrate 
the GaAs harrier. Tunneling to the confined states in the quanturn wellisthen also possible 
through tunneling in the GaAs region close to the well. According to the overlap of the tip 
and sample wavefunctions, expressed in the tunnel matrix element M (Eq. 2.7), the tunneling 
probability to this state is however smaller above the GaAs than above the InGaAs because 
of the lower magnitude of the wavefunction in the harrier. The STM current is sensitive to the 
local amplitude of the wavefunctions involved, see also Eq. 5.2. This suggests that the profile 
in Fig.(5.11) reflects the wavefunctions of the confined electronstatesin the conduction band 
of the wells. 
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Figure 5.11: (a) Electronic contrast at different image voltages. (b) Schematic showing the 
calculated wavefunction amplitude of confined electrans and holes in the conduction band 
resp. valenee band of QWII. 
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In order to verify this, the wavefundions of the confined states in QWII are calculated. A 
slight change in the wavefundion may be expected due tosome overlap with the wavefundion 
of the confined state in QWI, but for a qualitative comparison this is negligible so QWI is 
not considered. The dashed line in Fig.(5.11a) shows the shape of wavefundion of the only 
confined state in QWII. The tunnel probability is however proportional the the probability 
density of the wavefunction, the thick line in the graph. 
The calculated penetration depth of the wavefundion in the GaAs barrier is consistent with 
the observed electronk contrast in the GaAs. The material interfaces are not distinguishable 
in the profiles in Fig.(5.11a) and the shape of the electronk profiles, at low voltages, roughly 
match the probability density function. This suggests that this profile does reileet the proba
bility density function of the confined state in the well (imaging of the wavefunction) and that 
the tunnel current is dominated by tunneling into this confined state. Imaging of confined 
states in a GaAs/ AlGaAs super lattice has been observed previously by G.J. de Raad [34]. 

5.5 Conclusion 

The expression for the surface lattke constant (Eq. 2.14) matched the data with In
concentration fit parameters of 7±2% and 17±3%. The expression for the outward relaxation 
(Eq. 2.15) could also be fitted. The best fit was obtained with In-concentrations of 5.0±0.1% 
and 17.1±0.2%. The error that remains is only significant on the InGaAs and AlGaAs and 
is therefore related to electronk contrast, possibly caused by surface Indium and Aluminum 
atoms. These results obtained from the outward relaxation and lattice constant are more 
or less consistent, indkating that the theory behind the calculations is useful. However, the 
fitting parameters that were found deviate significantly from the values obtained from PL, 
XRD and XSTM measurements of the In-concentration in the wells (5.5±0.8% and 14±1%). 

The fact that the two independent measurements of bath the lattke constant and 
outward relaxation result in a higher strain relaxation than the predictions, indicates that 
the error is not in the measurements. One of the assumptions, made to be able to calculate 
the strain relaxation, may be able to explain this discrepancy. The assumptions that are 
made are 

• semi-infinite sample 

• isotropie rather than cubk symmetry 

• same elastic constants everywhere 

• linear elastkity 

The first assumption cannot explain the error. The dimensions of the scan area are much 
smaller than the dimensions of the sample. 
The isotropy assumption, however, may not be without significance. It is hard to include this 
in the calculation, but from preliminary results of numerical simulations there is evidence 
that it makes a significant difference. The value of Poisson's ratio that is used, (v=0.31) is 
for tensile strain along a [100] axis. This is the correct value for the relaxation of a uniform 
strained layer, deep inside the sample. However, it is a rather extreme value and a spherical 
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average is lower, around 0.25. A correction for this would however, probably make things 
worse. 
The elastic constants for GaAs and InAs are slightly different. The fact that the In
concentration in the wells is much less than 1, will cause this only to be small effect. More
over, the elastic constants depend on the atomie volume. The fact that the layers are strain 
matched deep in the sample, therefore further reduces the error. At the surface, the error may 
be slightly larger but it is difficult to estimate the effect on the surface lattice constant. But 
since the underestimating of the relaxation also occurs for the outward relaxation it is more 
likely that a bulk effect causes the error. 
The linearity approximation in elasticity approximation is nat likely to cause major errors. 
The strains that occur in the structure are in the order of one percent. In this regime the 
deviations from linearity approximations are negligible. 

Except from a small structural deviation in the value of the In-concentration, the the
ory seems to describe the strain relaxation reasonably well. Because of this good fit, it is 
possible to make a good estimation of the electronic contrast by subtrading the calculated 
relaxation profile from the measured profiles. The electronic contrast is more pronounced in 
empty state STM images than in filled state images and the contrast decreases for higher 
voltages. This behavior can be explained by examining the consequences of the vacuum 
harrier height. The knowledge that the electric contrast is smallest at high voltages can be 
useful in determining the topographic contrast with STM in generaL 
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Chapter 6 

Quanturn dot shape and orientation 

As is concluded in Sec. 2.1.2, it is not exactly clear what the shape of quanturn dotsis and the 
shape and composition may also strongly depend on the exact growth conditions. Structural 
information has been obtained for various samples with use of all kinds of imaging techniques. 
Most of these experiments on covered dot samples indicate a truncated pyramidal shape. 
Experiments on uncovered dots also indicate full pyramids. From photo current measurements, 
Fry et al. derived [2] structural information on the investigated quanturn dots. Shape, size and 
composition were modeled to fit the experimental data. The shape that was found, was not 
that of a full but that of a truncated pyramid. This provides, now also from an electronic point 
of view, with evidence fora non pyramidal shape. This modeling is however a rather indirect 
way of determining the shape of the dots. Therefore this same sample, that is also used for 
the Stark-effect spectroscopy measurements, is investigated with cross-sectional STM. 
The sample was prepared, along with the tips, according to the process, described in chapter 3. 
The sample was cleaved in situ, leaving anatomie flat (110) or (1IO) surface (growth direction 
is defined as [001]) . 

6.1 Shape and orientation 

Fig.(6.1) shows a typical X-STM image of a cleaved quanturn dot. Fig.(6.1a) is an empty state 
constant current image ofthe dot showing the topography ofthe cleavage surface. Fig.(6.1b) is 
the image of the corresponding current signal, collected during the measurement, which is the 
error signa! of the regulation. The feedback loop that regulates the set image-current cannot 
keep up with high frequency fluctuations during the scan. Therefore, this image, showing the 
deviation from the set image current, still shows contrast. The image of the current signa! 
is similar to the spatial derivative of the constant current image in the scan direction. Note 
that the resulting contrast, however, can not be interpreted as topography. The black and 
white line above and under the dot should not be interpreted as topography but indicate large 
down- and upward movementsof the tip during the scan. 
Although normally a cleavage plane is perfectly flat, Fig.(6.1a) shows a large contrast. This 
contrast is caused by the relaxation of the cleavage surface around the dot due to the builcl-in 
strain. This topographical contrast is much larger than the chemica! contrast, which makes 
it hard todetermine the exact contours of the quanturn dot . The contourscan more easily be 
obtained from the current image, Fig.(6.1b). Because the feedback loop can easily follow the 
gradual fluctuations due to the relaxation, this contrast is not visible in the current image. 
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(a) (b) 

(c) 

Figure 6.1: X-STM image (35x35 nm) of a self assembied InAs quanturn dot in a GaAs 
matrix. (a) constant current ( topographic) image (b) the conesponding current image and 
( c) definition of dot height and baselength. 

In the current image, the individual atomie rows are clearly visible. But there is no atomie 
corrugation perpendicular to the growth direction. The observed corrugation depends on the 
surface states that contribute the tunnel current and can therefore change as function of 
voltage. See [34] for a more extended description of voltage dependent corrugation changes. 
Apparently, at this voltage, the corrugation in the [001] direction is strongest. The wetting 
layer is clearly visible as well. It's sharp interface at the bottorn and more wide interface at 
the top indicate segregation of In-atoms during growth of the sample. This segregation has 
been observed aften and found to extend over 4- 5 monolayers [20, 39). 
The shape of the cross-section of the cleavage plane through the dots is best approximated 
by a trapezoid. The three dimensional shape of the dot can, however, not be obtained from 
a single image of a quanturn dot. This cross-section can still be that of a full pyramid if 
it is not through the top of the pyramid. By investigating cross-sections of different dots, 
more information can be derived on their three dimensional shape and orientation, provided 
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Figure 6.2: theoretica! distribution of the heights and base lengths of the cross-sections for 
square based, truncated and full pyramids in two orientations. 

that all the dots have similar shape and size. It is known that the size of the SK-grown dots 
are uniform to within 10% of the average size [8]. For some possible dot shapes, Fig.(6.2) 
shows the shape of the cross-section and the theoretica! distribution of their heights and base 
lengths. All the dot shapes and orientations have a unique size distribution. 

The height and base length of the cross-section with the cleavage plane is determined for 
a set of 18 quanturn dots and plot in Fig.(6.3). The shape of the cross-section in Fig.(6.1) 
is inconsistent with that of a full pyramid with axes along [100] and [010], for which the 
cross-section is always a triangle. So this option is already excluded. The height of the dot 
cross-sections is more or less constant with a value of 4.5±1.5 nm. This means that the 
quanturn dots cannot be full pyramids. 

The base lengths of the cross-sections of the quanturn dots varies. This can however not be 
explained by the size distribution of the quanturn dots being smaller than ""'10%. This means 
that different base lengths correspond to different cross-sections, indicating that the dots have 
a preferential orientation along the [010] and [100] as also found in [9, 12]. The maximum 
observed base length corresponds to the length of diagonal: 25±2 nm. 

So far, only square based pyramids have been considered. But the shape distri bution for 
octagonally based pyramids differs only from that of the square based pyramids at very small 
widths (dotted line in Fig.(6.3)). From the observed data, it is impossible to distinguish 
between a square and octagonal base because there is only one experimental data point at 
small widths. Also a lens shape is still consistent with the observed height and base length 
data. But distinct side facets that are visible in most of the cross-sections indicate a shape 
that is bounded by crystallographic planes. The angles of these side facets, being between 
30° and 60°, can indicate {101} (35°) and {111} (52°) planes and thus an octagonal base 
consistent with [17, 21]. 
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6.2 Conclusion 

The dots have a truncated shape. Their non-constant base width indicates an orientation 
along the [100) and [010) direction with a maximum diameter of 25±2 nm and a height of 
4.5±1.5 nm. The best fit for the photo current measurments were obtained fora square based 
pyramid with a baselengthof 18 nm and height of 5.5 nm [2). The In-concentration varying 
from 0.6 at the base to 1 at the top. This means a base diameter of 25.5 nm and height 
of 5.5 nm. The observed data is consistent with these values. The X-STM results indicate a 
somewhat thinner dot. 
The truncated shape and dimensions and the preferential orientation is consistent with ob
servations from literature on similar samples. The exact shape, in particular the shape of 
the base and side facets is not certain. An octagonal or even circular base shape cannot be 
excluded from the dot base length versus height data. But the presence of sharp angles in the 
cross-section indicate crystallographic planes for the side facets . However, it is not expected 
that a minor difference in base shape has major consequences for the electronk properties 
of the quantumdots. The recombination energy is primarily determined by the island volume 
[40) . 
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Chapter 7 

Quanturn dot composition 

In the previous chapter the shape and dimensions of the dots in the analyzed sample have been 
discussed and it was shown that this shape is consistent with the expectations based on photo 
current measurements on the same sample. Apart from typical shape and dimensions, the 
results of the photo current measurements could only be understood with an In-composition 
gradient present in the dot. 
STM measurements have chemical sensitivity. If the individual In atoms can be identified 
the composition can directly be determined from STM images, by simply counting. This was 
the case for the double quanturn well structure of Chapter 5. The In concentration that was 
determined in this way, was consistent with the values derived from other measurements. In 
a topography image of a quanturn dot, this chemical contrast is less than for the quanturn 
well. Partly this is caused by the huge surface strain relaxation and the possibly more pro
nounced wavefunction sensitivity of the confined states in a quanturn dot. But similar to the 
quanturn well analysis, these large scale fluctuations can be filtered out by Fourier filtering. 
Fig.(7.1) shows a high pass filtered constant current image of a quanturn dot. However, the 
In-concentration in the dot is probably much higher than in the quanturn well. This makes it 
hard to identify individual In atoms in the dot. 
Although the individual In atoms are not distinguishable, the high frequency topography 
fluctuations in the dot do suggest that the dot consists of an alloy and not pure InAs, as 
assumed in many theoretica! calculations. 
In Chapter 5, a more indirect way of determining the composition was proposed. The calcu
lations of Sec. 2.5 were verified on a double quanturn well structure. Both the surface lattice 
constant and the outward relaxation were found to be useful indicators of the composition 
of the quanturn well structure. Moreover a good indication of the electronk contrast in STM 
images was obtained in this chapter. In this chapter, this analysis will be used to draw con
clusions on the composition profile of quanturn dots as well. Also the electronk contrast will 
be investigated again. The data on which this analysis is based, is obtained during the same 
measurements from which the shape data of Chapter 6 is obtained. The samesample is used 
and the description is in Chapter 4. 

7.1 Lattice constant 

Although it's not possible to count the individual atoms, the atomie corrugation leaves the 
option of determining the lattice constant. The lattice constant is determined from a constant 

45 



0.20 

0.15 

0.10 

Ë .s 0.05 
ti g 
c: 0.00 0 
u 
Q) 

g> -0.05 
.§ 

-0.10 

-0.15 

(a) 

to dot 

0 10 

position [nm] 

(b) 

dot base 

15 

Figure 7.1: (a) High pass filtered constant current image of a quanturn dot (25x25 nm). The 
fiuctuating contrast in the dot region suggest the preserree of an alloy in the dot. (b) A typieal 
height profile across the dot showing the positions of the atomie rows. 

current STM image with good atomie resolution, see Fig.(7.1a). The image is high pass filtered 
so that the contrast due to outward relaxation is reduced and the atomie corrugation is more 
pronounced. From this image, forty height profiles trough the quanturn dot, parallel to the 
growth direction are obtained, see Fig.(7.1b). They cover approximately 10 nm of the center 
of the dot cross-section. Bath ends of the dot cross-section are nat considered. The peak 
positions, corresponding to the positions of the atomie rows, are determined and the average 
distance to their next neighbors is calculated. The error in these locallattice constant profiles 
is still quite large. The forty profiles are therefore averaged to get a more accurate average 
lattiee constant profile in the dot, see Fig.(7.2). 

In contrast to the quanturn well measurements and calculations, the GaAs close to this quan
turn dot is strained. This is due to the three dimensional nature of a quanturn dot and also 
expected from calculations of the strain distribution in and around the dot, see thick curve 
Fig.(7.2) . A homogeneaus epitaxial layer will accommodate its thickness to account for the 
strain necessary to match the substrate lattiee. If the crystal unit cell is biaxially strained 
perpendieular to the growth direction it will extend in the growth direction. A quanturn dot is 
surrounded, in all directions, by a material with smaller lattiee constant and there is no space 
to relax in the growth direction to account for the strain necessary to match the substrate. 
This means that there is a large build-in pressure that compresses the surrounding GaAs. 

An other important feature in the lattice constant profile concerns its non-constant value 
through the dot . There is a gradient in the lattiee constant along the growth direction with 
a smaller lattiee constant at the bottorn and larger value at the top of the dot. This could 
be a confirmation of the proposed composition gradient derived from the photo current mea
surements. The slightly higher lattice constant of the atomie row at the dot base is probably 
related to the wetting layer which is expected to have a higher In-concentration. To verify 
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Figure 7.2: Average lattice constant in the growth direction of the quanturn dot compared 
with calculated profiles. 

that the gradient in the lattice constant can be related to an In-concentration gradient, the 
strain distribution in a quanturn dot will be considered. 
In the process of fitting the photo current data, three different kinds of structures were 
considered: an InAs full pyramid, an InAs truncated pyramid and an InGaAs truncated pyra
mid with graded In-composition (the photo current fit structure). for these three structures, 
Fig.(7.3) shows the calculated strain profiles through a cross-section of the dot. The lattice 
constant in the growth direction az is determined by the strain component Ezz and the local 
In-concentration. 

az(z) = (1 + Ezz(z))ao(z), (7.1) 

where a0 (z) is the lattice constant determined by the local In-concentration. For a dot with 
homogeneaus composition, whose cross-sectional area tapers from the base to the top, the 
strain is constant or decreases towards the top. There can only be an increase in strain 
towards the top of the dot assuming a gradient in the In-concentration increasing towards 
the top of the dot. See the Ezz profiles in Fig.(7.3) . This means that the observed gradient 
in the lattice constant profile can only be explained with a composition gradient increasing 
towards the top. The lattice constant data therefore confirms the existence of the proposed 
In-concentration gradient in the dot. 
In order to make some estimates on the value of the average composition or the In
concentration gradient, the lattice constant data can be compared with the calculated strain 
profile in Fig.(7.3c) for which a linear In-concentration gradient from 60% to 100% is assumed. 
The lattice constant can be obtained from the local strain Ezz and In-concentration according 
to Eq. 7.1 and the result is plotted as the thick line in Fig.(7.2). The calculated lattice con
stant profile shows similar behavior as the measurement data. Both the compressive strain in 
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Figure 7.3: The hydrostatic, biaxial and strain component in the growth direction (Ezz) 

through a cross-section of the dot for (a) a full InAs pyramid, (b) a truncated InAs pyramid 
and (c) a truncated InxGal-xAs pyramid with the In-composition gradient as proposed by 
Barker et al. [3]. 

the GaAs and the gradient in the lattice constant in the dot are predicted correctly. However, 
the effects of strain relaxation on the cleavage surface is not included in this lattice constant 
profile. From the quanturn well analysis it is known that this effect enlarges the surface lattice 
constant as compared to the value for an unrelaxed surface. 

The effect of surface strain relaxation can be estimated from calculations on a quanturn well 
with the same composition gradient. The strain in the growth direction in this case is given 
by Ezz in Eq. 2.12 where Eo(z) is now a function of position along the growth direction. 
Fig.(7.2) shows the expected lattice constant for a quanturn well with the photo current fit 
In-concentration profile of 60% at the bottorn and 100% at the top. The theory prediets no 
change of the lattice constant in the GaAs and because there is no compressive strain in 
the GaAs around a quanturn well, the compressive strain in the GaAs is not predicted. The 
gradient in the lattice constant in the well is predicted and, as expected, the average lattice 
constant value is larger than on the unrelaxed surface. 

Instead of assuming an infinite quanturn well, it is also possible to correct the calculated 
strain distribution profile for the strain relaxation at the surface, similar to the quanturn well 
case. The quanturn well calculation assumes a mismatch based on a perfect lattice match 
of an infinite well. If this mismatch is replaced by the calculated mismatch (strain) for a 
quanturn dot, as displayed in Fig.(7.3c), this should result in a better approximation than 
with the quanturn well or unrelaxed surface assumption. The resulting lattice constant is 
between the values of the quanturn welland unrelaxed approximation, see Fig.(7.2). Because 
the quanturn dot material is not completely matched to the GaAs matrix the tensile strain 
in the growth direction is lower than is the case for a quanturn well. 

The profile in Fig.(7.2) is an average over a significant part of the dot cross-section. 
In contrast to the one dimensional quanturn well, the quanturn dot will have inhomogeneous 
strain and lattice constant profiles in the direction perpendicular to the growth direction 
because of its finite dimensions. Therefore the average lattice constant may not be a useful 
quantity. The local lattice constant profiles (before averaging) are not very accurate, but 
arranging them next to each other may indicate inhomogeneities perpendicular to the growth 
direction. The measurement data in Fig.(7.4b) shows the distribution of the local lattice 
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constant (in the growth direction) in the dot. Note that the distribution of the profiles over 
the dot cross-section is not exactly homogeneous. The strained GaAs and the lattice constant 
gradient are also visible in this image. Inhomogeneities in the direction perpendicular to 
the growth direction are not evident but it seems that the lattice constant in the center 
of the dot is larger than closer to the sides. The data is compared with the calculation 
of the strain distribution for the photo current fit result, corrected for the surface strain 
relaxation, see Fig.(7.4a). The larger lattice constant in the center of the dot may reflect the 
inhomogeneous strain distribution €zz in the dot as also visible in the calculations. However, 
these fluctuations are very small because of the large aspect ratio of the dot cross-section. 
This means that it is correct to use an average lattice constant. This effect may only cause 
a slight underestimation of the local lattice constant with respect to the actual value in the 
center of the dot. 
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Figure 7.4: Lattice constant in the growth direction of the quanturn dot (a) derived from cal
culated strain distri bution €zz, corrected for the surfacestrain relaxation and (b) the measured 
lattice constant on part of the cleavage surface of the quanturn dot. 

7.2 Surface strain relaxation 

From STM images of quanturn dots, the topography of the cleavage surface is obtained. Just 
like the quanturn well, the quanturn dot shows outward relaxation of the cleavage surface, see 
Fig.(7.5) . It seems that the top of the quanturn dot shows a stronger outward relaxation than 
the bottom. This section will discuss if this can be related to an In-composition gradient in 
the dot. 
The topography profiles across the dot are again obtained from a set of constant current STM 
images (0.114 nA) at different image voltages, similar to Fig.(7.5). All images depiet the same 
quanturn dot. Because of the inhomogeneous relaxation profile, caused by the finite width 
of the dot, it is not possible to average along one direction. In order to be able to compare 
the profiles, they were taken at exactly the same position on each image, determined by an 
individual segregated In atom outside the dot. In filled state, this atom is hard to identify 
and some other contrast was used for alignment, but the position is the same. 
Similar to the quanturn well profiles, the 'apparent' height of the profiles decreases with 
increasing voltage indicating the decrease of electronk contrast at higher voltages. A profile 
from a filled state image taken at -3.0V is used to discuss the outward relaxation, see Fig.(7.6). 
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(a) (b) 

Figure 7.5: Thee dimensional representation of the observed outward relaxation of a quanturn 
dot on the cleavage surface. The outward relaxation is exaggerated (30x). Constant current 
image, Iimage=0.114 nA, (a) empty state Vimage=3.0 V, (b) filled state Vimage=-3.0 V. 

The electronk contribution is assumed to be least at this voltage. The electronk contrast is 
discussed in next paragraph. 
The quanturn dot shows a strong outward relaxation of approximately 5 A which is almast 
twice the thickness of anatomie layer. Fig.(7.6) further shows that the relaxation quickly goes 
to zero outside the dot in contrast to the finite relaxation infinitely far from a one dimensional 
structure like a quanturn well. Finally, the relaxation profile is asymmetrie and not centered 
with respect to the dot. This can be an indication of the In composition gradient in the dot. 
To verify this, the data will be compared with some calculations. 
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Figure 7.6: The observed outward relaxation profile for a quanturn dot, compared with that 
of an infinite quanturn well. The In-concentration profile is that of the photo current fit 
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Quanturn well approximation 

For the outward relaxation of a quanturn well, the expressions from Sec. 2.5 are available. 
The photo current fit proposed a quanturn dot with a linear In-concentration profile in the 
dot. The outward relaxation of such a composition profile can be solved analytically for a 
quanturn well, from equation Eq. 2.16. The result is given by summing Eq. 2.15 and 2.17. In 
Fig.(7.6), the measurement data is compared with the calculated outward relaxation profile 
for a quanturn well with the photo current fit In-concentration profile, varying from 60% at 
the bottorn to 100% at the top. The thin line shows the error between the calculation and 
the measurement. The calculated curve doesn't fit very well, partieularly far away from the 
dot. This behavior can be related to the finite lateral width of the quanturn dot. The strain 
can relax side wards as well which results in a much shorter decay length of the outward 
relaxation. The finite relaxation that occurs far away from an infinite quanturn well doesn't 
occur for a quanturn dot. Because the width of the quanturn well is larger than its thickness, 
however, this approximation may still be valid close to the quanturn dot. 
The asymmetrie relaxation observed in the measurement is also predicted by the quanturn well 
calculation. According to the calculations, an asymmetrie In-concentration profile causes an 
asymmetrie outward relaxation profile. This confirms that the observed asymmetrie outward 
relaxation may be caused by an In-concentration gradient increasing towards the top of the 
dot. 
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Figure 7.7: the observed outward relaxation profilefora quanturn dot, compared with finite 
element calculations on a pure InAs and alloyed quanturn dot with finite dimensions. 

Finite element calculations 

Finite element calculations are available for a quanturn dot with finite dimensions. The dashed 
line in Fig. (7. 7) shows the result of these fini te element calculations of the outward relaxation 
fora pure InAs quanturn dot. The simulated quanturn dot is square based truncated pyramid 
with a base lengthof 18 nm decreasing to 10.6 nm at the top. The dot is 5.0 nm high. The 
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island sits on a 0.6 nm thkk continuous wetting layer. 
The shorter decay length of the outward relaxation, as compared to the quanturn well, is 
predicted correctly. The calculated outward relaxation of a pure InAs quanturn dot is stronger 
than the observed outward relaxation. This suggests an alloyed dot with less than 100% 
Indium. However, the exact position of the cleavage plane and the effect of the position of the 
cleavage plane are unknown. From the large width of the dot cross-section and the statistkal 
data on the dots presented in Chapter 6, it may be expected that about half of the dot is 
buried, similar to the calculations. If this is the case and the outward relaxation is linear with 
the average In-concentration, as is the case in the quanturn well calculations, an estimate 
of the average Indium concentration in the dot can be made from Fig.(7.7). This calculation 
suggests an average ln-concentration in the dot of about 75%, which would be consistent with 
the predktions based on the photo current results. But because this value is based on weak 
assumptions, it can at most serve a rough estimate. 
The fini te element calculation of the outward relaxation of the pure InAs quanturn dot can be 
used to estimate the error introduced when assuming an infinite quanturn well. The outward 
relaxation fora pure InAs quanturn well can be compared with the finite element calculations 
for a quanturn dot. The thin drawn line in Fig. (7. 7) shows the difference between the two 
methods. The two models do notfit very well. Apart from the misfit further away from the 
dot, the error curve shows some significant deviations close to the dot as well. The GaAs close 
to the dot seems to bulge out more than expected from the quanturn well approximation. This 
could be related to the compressive strain in the GaAs close to the dot that was predicted 
and observed earlier. 

7.3 Electronic contribution 

In the previous paragraph zero electronk contrast in the STM images was assumed. This 
paragraph will analyze this electronk contrast. Fig.(7.8a) shows the height profilesacross the 
dot for three different voltage regimes. Fig.(7.8b) shows the apparent height of the dot as 
function of the image voltage analogous to Fig.(5.8) and (5.9). 
The apparent height of the surface relaxation shows similar voltage dependenee as for the 
quanturn well. The electronk contrast increases for lower values of the absolute value of the 
image voltage and is stronger in empty state images than in filled state images. Insection 5.4 
this voltage dependent behavior is attributed to the tunnel probability dependenee on the 
harrier height. The maximum electronk contrast in the quanturn well images, defined as 
the maximum difference in observed apparent relaxation, was 0.15 nm at 1.4 V. Here the 
maximum electronk contrast has a similar value. 
In contrast to the quanturn well data, for the quanturn dot, above approximately 2.4 V, the 
empty state height contrast has a constant value. And the empty state value doesn't approach 
the filled state value at higher voltages. The difference has a constant value of about 0.6 A. 
When the topographk height profile is subtracted from an empty state profile, the pure 
electronic contribution should remain. In the case of the quanturn well, this contribution 
was assigned to the wavefundion probability density of the confined state in the well. For 
a dot, the exact outward relaxation profile is not known, however, the differences should be 
attributed to electronk contrast. 
When two curves taken at different voltages are subtracted, the topographic contrast com
pletely vanishes. However, also some electronk contrast whkh is the same in both curves will 
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Figure 7.8: (a) The observed outward relaxation profile for a quanturn dot for three voltage 
regimes. (b) The apparent outward relaxation of the quanturn dot at all measured image 
voltages, Iïmage=0.114 nA. 

vanish and at different polarity electron and hole wavefunction sensitivity, if present, are sub
tracted. Fig.(7.9) shows the mutual differences of the curves taken at three different voltage 
regimes as displayed in Fig.(7.8). As expected these curves are only non-zero on or just outside 
the quanturn dot. The edges of the quanturn dot are surprisingly sharp. The penetration in 
the harrier is just about one nanometer, much less than for the quanturn well. This could be 
explained by the larger confinement, caused by the larger difference in bandgap, as compared 
to the quanturn well. In contrast to the quanturn well case, the remairring contrast cannot 
simply be assigned to the probability density of a wavefunction. 

7.4 Coneinsion and discussion 

Dot composition 

There is an In-concentration gradient in the quanturn dot. The In-concentration increases from 
the base to the top of the dot. Both the lattice constant and the outward strain relaxation 
observed on the quanturn dot have been used to analyze the In concentration profile in the dot. 
Independently the asymmetry in both the lattice constant profile and the outward relaxation 
confirm an In-concentration gradient increasing toward the top of the dot. 
The In-concentration gradient follows from the lattice constant data from comparison with 
calculated strain distributions in similar quanturn dots. The effect of outward relaxation on 
the lattice constant is discussed based on calculations using the quanturn well approximation 
and the strain profile in the dot. The effect of surface strain relaxation will increase the the 
lattice constant on the cleavage surface but the gradient remains. The proposed linear In
concentration increasing from 60% at the bottorn of the dot to 100% at the top is consistent 
with the observed data. But because the effect of outward relaxation on the lattice constant 
on a dot is not known accurately, an accurate estimate of the In-concentration cannot be 
made. 
The calculated outward relaxation of a quanturn well with an ln-concentration gradient shows 
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Figure 7.9: Mutual difference between the height profiles at three different voltage regimes 
shows the voltage dependent part of the contrast. 

an asymmetrie outward relaxation profile, similar to the observed outward relaxation profile of 
the quanturn dot. Finite element calculations on a pure InAs quanturn dot, does not show this 
asymmetry. This suggests that the observed asymmetry in the outward relaxation profile can 
be related to an In-concentration gradient in the dot consistent with the composition profile 
derived from the photo current data. When camparing the observed outward relaxation with 
the finite element calculations on a pure InAs quanturn dot, an average In-concentration of 
about 75% can be derived. However, therefore it is assumed that the position of the cleavage 
plane is the same as in the calculation. This is not certain. 

Quanturn well approximation 

The calculation of the outward relaxation of a quanturn well is not very accurate when 
compared with the outward relaxation of a quanturn dot. Further from the dot this is caused 
by the shorter decay length of the outward relaxation. But from comparison with finite 
element calculations it is derived that also closer to the dot there are significant errors that 
are probably related to the finite width of the dot. An accurate estimate of the average 
In-concentration or the gradient in the In-concentration in the dot can therefore not be made 
with the quanturn well approximation. 

The quanturn dot is approximated by a well to analyze the effect of surface strain re
laxation. Both in case of the lattice constant and outward relaxation different behavior 
has been observed. In order to be able to interpret the calculations correctly, and draw 
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conclusions for a quanturn dot, the assumptions have to be considered. they are: 

• finite width of the quanturn dot 

• finite depth of the quanturn dot 

• difference in accumulated strain 

Because of the first assumption, the fini te width of the quanturn dot, the surface can relax in 
two directions whereas for the quanturn well only relaxation parallel to the growth direction is 
possible. This will result in an overestimation ofthe relaxation. However, sirree the width ofthe 
quanturn well is larger than the height, close to the dot, the one dimensional approximation 
may be better. 
The second assumption, the finite depth of the quanturn dot, may be important because the 
effects of the surface relaxation are also present deeper under the cleavage surface. It signifi
cantly effects the strain distribution up to multiple times the well thickness under the cleavage 
surface. The depth to heigh ratio for the investigated dot is expected to be approximately 
three, but it is difficult to estimate the importance of these long range influences. As aresult 
of the reduction in the total strains intheslab as compared toa quanturn well this may lead 
to an overestimation of the relaxation. 
The third assumption is nat related to the relaxation mechanism but the accumulated strain 
in the dot. The GaAs matrix compresses the quanturn dot from all sicles whereas a quanturn 
well is compressed only in two directions. The surrounding GaAs is compressed and the 
hydrastatic strain stronger than is the case in a quanturn well with similar In-concentration. 
Therefore, the quanturn well approximation may underestimate the relaxation because of an 
underestimation of the strain in the dot. 
The magnitudes of these effects are difficult to estimate. The effects of the finite width and 
depth of the dot and the extra accumulated strain have an opposite effect. Moreover, the 
calculations in Sec. 5.5 already showed some deviation from the observed relaxation of a 
quanturn well, that are possibly caused by the assumptions in the model itself. This makes 
it difficult to make quantitative statements on the In-concentration of a quanturn dot, based 
on these calculations. 

Electronic contrast 

The voltage dependent behavior is similar to that of the quanturn well. The contrast decreases 
at higher voltage and for empty state it is higher than for filled state. However, at higher 
voltages the empty and filled state contrast does nat coincide. 
The complete electronic contrast cannot be abtairred because exact topography profiles are 
nat available. However, when height profiles, taken at different voltages are subtracted, pure 
electronic contrast remains. The shape of this voltage dependent part doesn't however seem 
to reileet the probability density of a confined state. Probably an other effect dominates. 
The effect is related to the constant difference in contrast between empty and filled state at 
high voltages, see Fig.(7.8b). Similar but smaller contrast for the quanturn well exists. In 
Sec. 5.4 it has been suggested that it is related to contrast due to surface (Indium) atoms. 
Because the In-concentration is expected to be higher, the effect may be stronger for the 
quanturn dot. lf this is the case, it's tempting to relate the contrast in Fig.(7.9) to the local 
In-concentration, moreover because it is higher at the top of the dot. But the exact nature 
of the effect is unknown. The three dimensional nature of a dot, the surface strain relaxation 
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and the fact that the semiconductor is undoped around the dot complicate the interpretation 
of the observed contrast. 

Finally, one remark has to be placed. The lattice constant and outward relaxation 
analysis presented in this chapter is performed on only one quanturn dot. The dot parameters 
derived from the photo current measurements represent an average dot. The investigated dot 
may differ slightly from the average of all dots in the sample. 
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Chapter 8 

Electronic properties of quanturn 
dots 

Scanning tunneling microscopy is a imaging technique sensitive to the electronk properties of 
the material under investigation. Sec. 2.2 and 2.3 explains the behavior ofthe STM current as a 
function of the electronk properties of a semiconductor. In a scanning tunneling spectroscopy 
(STS) measurement, the I(V) curve is obtained. From this curve, it should be possible to 
derive knowledge about the electronk structure of the material under investigation. Scanning 
tunneling spectroscopy offers the possibility to investigate the band structure and the confined 
electronic states in a heterostructure. Apart from abtairring the electronk distribution of the 
density of states it should be possible to image the probability density of the wavefunctions of 
confined states. This chapter will present the spectroscopy results on different structures. The 
tunnel current in STM or I(V) curve that is obtained in a spectroscopy measurement on a 
quanturn dot is difficult to interpret. Tip-induced band bending (TIBB), the three dimensional 
nature of quanturn dots and the fact that the dots are located in an intrinsic region of a p-i-n 
junction will complicate the interpretation. Therefore STS data is obtained for some well 
known (hetero-) structures. 

8.1 Spectroscopy on n-, p-type and intrinsic GaAs 

8.1.1 n-type GaAs 

The scanning tunneling spectroscopy data is obtained as described in Sec. 3.5. Fig.(8.la) 
shows an example of a measured I(V) curve. On the left axes, the absolute value of the 
current is plotted on a logarithmic scale to clarify the behavior at low current values. The 
behavior of the I(V) curve in Fig.(8.1a) will be briefly explained by means of Fig.(2.10). 

At zero and slightly negative voltages, the tip Fermi energy level is within the bandgap of 
the semiconductor and no states are available for tunneling. This is the dead region, (3) 
in Fig.(2.10). For positive voltages, at some point, the tip Fermi energy level crosses the 
semiconductor bulk valenee band offset. Same band bending has occurred, but the electric 
field between tip and sample is effectively sereerred by ionised donors near the surface. 
Because of the high doping, the resulting depletion region in the semiconductor is thin and 
charge carriers can tunnel through this semiconductor harrier to bulk states. This means 
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that the positive voltage at which a current starts to occur, marks the bulk conduction band 
level (BCB). The Fermi energy level in the semiconductor is close to the bulk conduction 
band level in case of n-type doping. At zero volt, the Fermi energy level of the semiconductor 
and tip align. This means that this tunneling to BCB states occurs already at low positive 
voltages. At higher voltages the current behavior can change because of extra contributions 
of surface states at the conduction band (5) and even depleted surface states at the valenee 
band during inversion (6). These events will cause extra current contributions and appear 
as shoulders in the I(V) curve. Probably they cannot be identified in this curve because no 
high enough positive voltage was applied. 
For negative voltages, the semiconductor bands will be bend downward. At some voltage, the 
conduction band at the surface will cross the bulk Fermi energy level in the semiconductor 
(2). At this point, the (surface) states at the conduction band will be occupied, creating an 
accumulation layer. Because of the polarity of the applied voltage, these electrans can tunnel 
to the tip and generate a so-called accumulation current. This is a measurable current that 
can be identified in the measurement. The current onset at negative voltages indicates the 
starting point of this current contribution. The accumulation layer with surface charges will 
screen the electric field and very little further band bending will occur. At higher negative 
voltages, additional current contributions can occur. At the bulk valenee band (BVB) level, 
tunneling to bulk valenee band states can occur through the thin depletion layer. The change 
in the behavior of the current at -1.35 V in Fig.(8.1) marks this point. Below the valenee 
band offset at the surface, tunneling to surface states in the valenee band will occur. 

The mechanisms involved in STS have been explained by means of an I(V) curve. According 
to Eq. 2.10, the density of states of the semiconductor Ps is proportional to the derivative 
of the I(V) curve. The derivative of the STM current or differential conductance (tM is 
displayed in Fig.(8.lb). The features in the current graphare also visible in this curve. The 
normalized conductance (dl/ dV) /(I/V) has previously demonstrated to provide a convenient 
measure of surface state density for the case of metallic or smali-band-gap surfaces [38]. 
Fig.(8.1c) shows the normalized conductance for n-type GaAs as derived from the differential 
conductance. Fig.(8.lc) shows that there are no states in the dead region. The accumulation 
current shows up as a peak in the normalized conductance denoted by C3. C3 is the name 
of the conduction band surface state that has been shown to cause this accumulation current 
in bulk n-type doped GaAs, see [34] for more detailed information on this subject. The BVB 
and BCB offsets can be identified by the edges of the BVB and BCB peaks in the normalized 
conductance. Because states arise as peaks in the normalized conductance, it offers an easy 
interpretation of the current contributions. However, the error in the normalized conductance 
is very large, particularly where the current is low. Because of the division by I, the value of 
the normalized conductance is very sensitive to errors in the measured current and diverges 
at the band edges. Sirree the speetral positions of different current contributions can also 
be derived from features in the I(V) curve, from now on, the calculation of the normalized 
conductance will not be made. But this analysis shows that the features in the tunnel current 
refiect changes of the states that dominate the tunnel current. 
From these graphs, the speetral positions of the BVB and BCB onset and the point where 
the CB crosses the bulk Fermi energy level can be determined. The position of the BVB and 
BCB should refiect the bandgap. From these graphs a value of about 1.5 eV can be derived. 
This is slightly larger than the room temperature bandgap of GaAs (1.42 eV). Because of 
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Figure 8.1: spectroscopy results on n-type GaAs (2·1018cm-3 ) (a) I(V) curve (b) the differ
ential conductance t~ and (c) normalized conductance (di/dV)/(I/V), proportional to the 
local density of states. 

the error in the current measurement the exact onsets cannot be determined. A measurable 
current has to occur. This is probably the reason why the observed value is slightly larger 
than the expected value. 

8.1.2 p-type GaAs 

Fig.(8.2) shows the I(V) curve, measured on a p-type GaAs sample. The acceptor concentra
tion is 2·1018 cm-3 . The curve should show similar behavior asthen-type GaAs. But because 
the semiconductor Fermi-energy level is now close to the valenee band offset, the zero volt 
should be closer to the BVB offset than the BCB offset. Consequently, the accumulation cur
rent, now caused by tunneling to depleted statesin the valenee band, should arise for positive 
voltages. 
Less I(V) curves were available than for the n-type GaAs. Consequently the error in the 
current data due to the detection limit is larger. The conduction and valenee band current 
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onsets can be determined, again resulting in an observed bandgap of about 1.5 eV. The 
presence of the accumulation current is not evident, but the noise level close to the BCB 
seems smaller than at the BVB. This indicates the presence of a small accumulation current. 
This accumulation current is much smaller than for n-type GaAs, see Fig.(8.la). However, 
this is consistent with calculations assuming one dimensional tunneling model. See thin line 
in Fig.(8.2). This smaller accumulation current is probably caused by the larger barrier height 
in case of a valenee band accumulation layer compared to a conduction band accumulation 
layer. 
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Figure 8.2: Spectroscopy results on p-type GaAs. 

8.1.3 Intrinsic GaAs 

STM on intrinsic GaAs is not possible. The lack of free charge carriers makes the semicon
ductor insulating. However the presence of a nearby doped layer can make tunneling possible. 
X-STM in the intrinsic region of a p-i-n junction is possible. The structures of interest in 
this project, the quanturn wells and quanturn dots, are located in the intrinsic region of a 
p-i-n junction. The thickness of the intrinsic region in these cases is 0.5p,m and 0.2J.tm for the 
quanturn dot and quanturn well respectively. The presence of this p-i-n junction will however 
probably effect the behavior of the tunnel current. Fig.(8.3) shows the measured I(V) curve, 
observed on the GaAs in the intrinsic region of the quanturn well and quanturn dot sample. 
They are taken at an image voltage of -1.8 V and 2.0 V respectively. 
In order to analyze the mechanisms occurring in STM on intrinsic GaAs, calculations of 
the tunnel current have been made within a one dimensional tunnel model. The model by 
Feenstra et al. [43] includes tip-induced band bending. The results are displayed in Fig.(8.3). 
In the model it is not possible to simulate a pin-junction. The availability of charge carriers 
in intrinsic material is simulated by assuming doping with an equal acceptor and donor 
concentration. Higher doping concentrations decrease the apparent bandgap. This is caused 
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by the thinner depletion layer. For a highly doped sample, tunneling through the vacuum 
harrier is possible and the predicted bandgap is the bandgap of bulk GaAs. For low doped 
GaAs, the depletion layer is too thick. No tunnel current can occur and the bands will bend. 
Note however that the model assumes screening of the electric field by ionized dopants. In a 
pin-junction, these dopants arenotpresent so this screening mechanism cannot occur. When 
the band bending is so strong, that inversion (or accumulation) occurs the conduction or 
valenee band cross the bulk Fermi energy level. The surface states are occupied or depleted 
depending on the polarity of the voltage. This causes a surface charge and a current can occur. 
In this case, the current onsets, don't represent the BVB and BCB levels in bulk. However, 
sirree the total tip-induced band bending is approximately the bandgap, the current onsets 
should be 2Eg apart. In the calculations, this is approximately 2.5 eV, a little bit smaller than 
twice the bandgap. 
In the measurement, the apparent bandgap is smaller than expected for undoped samples. 
Because the semiconductor Fermi energy level is probably almost in the middle of the bandgap, 
the asymmetry of the edges around zero volt is less than for the highly doped samples. For 
positive voltages, the current onset is at 1.1 eV. But also at slightly lower voltages, a significant 
current contribution is observed. The current onsets for the quanturn well structure and 
quanturn dot structure coincide. At negative voltages, the current onsets do not seem to 
coincide. They differ by about 0.1 eV. For the quanturn well sample, there seems to be a 
significant current at less negative voltages. In the quanturn dot measurement, this is not 
evident. The lowest current onsets observed in the quanturn well measurement, if significant, 
give an apparent bandgap of about 1.4 eV. This is approximately the bulk GaAs bandgap. 
The current contributions that may contribute may be tunneling through the depletion layer 
in the bulk states or tunneling to an accumulation (inversion) layer. Because there are no 
dopants that can screen the electric field, the depletion layer is expected to be very thick. If 
this is the case and it is not possible to tunnel through, the current onsets, giving an apparent 
bandgap of 1.4 eV, have to be caused by accumulation (inversion) current. The surface charge 
that they cause can screen the electric field and at higher voltages, tunneling (through the 
depletion layer) to bulk states is possible. 

8.1.4 Condusion 

For highly doped samples, the different features in the spectroscopy curves can be related to 
bulk valenee and conduction band levels. Extra current contributions may arise at different 
voltages. An accumulation current is observed for n- and p-type GaAs. The speetral positions 
of the current onsets and the features cannot be determined very accurately. Comparison with 
values of the bulk bandgap and calculations gives an error of about 0.1 eV. 
For spectroscopy on the intrinsic region of a pin-junction, the states that cause the current 
contributions cannot be determined unambiguously. The current at the onsets can be caused 
by accumulation states, by tunneling through the depletion layer to bulk states or even a 
combination. This may complicate the interpretation of the spectroscopy results on the in
vestigated heterostructures. 

8.2 AlGaAs superlattice 

Scanning tunneling spectroscopy data, obtained on heterostructures are expected to show 
features related to the confinement of charge carriers [44]. The quanturn welland quanturn dot 
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Figure 8.3: Spectroscopy results on intrinsic GaAs. 

3.0 

structures that are investigated in this project are strained heterostructures. As was concluded 
in previous chapters, the strain relaxes at the cleavage surface. According to Sec. 2.1.3 the band 
structure is affected by strains. This surface strain relaxation complicates the interpretation 
of the I(V) curves. Therefore also an unstrained heterostructure has been analyzed. A n-type 
doped GaAs-AlGaAs super lattice was chosen for this purpose. The growth menu of the SL 
sample is displayed in Table 8.1. 
As can beseen in Fig.(2.1) AlAs and GaAs have almast the same lattice constant. This means 
that no surface strain relaxation will occur and the bands will be that of the bulk materiaL 
Because the structure is a super lattice, it will have confined states that may be visible in the 
STS data. 
Fig.(8.4) shows the I(V) curve on the super lattice sample taken at an image voltage of 
-2.84 Volt. One curve is an average above a GaAs layer, the other above a AlGaAs layer. 
The curves show somestrange voltage dependent behavior around zero volt, see Fig.(8.4b). 
There seems to be a significant offset in the current at the two polarities. The origin of this 
behavior is unknown. The exact position of the zero current can therefore not be determined. 
Fig.(8.4a) shows a logarithmic plot of the absolute value of the current. The two horizontal 
lines in Fig. (8.4b) are defined as zero current for positive and negative polarity. 
Similar to the n-type GaAs, an accumulation current arises at negative voltages. The thickness 
of the depletion layer is thin enough to tunnel through. The BVB and BCB level can be 
determined from the current onsets and the apparent bandgap of the GaAs is about 1.6 eV. 
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Table 8.1: Growth menu of the super lattice sample. 

Thickness Al Ga As doping temp [0 C] repeats 

100.0A 650 
100.0Á 650 
4.00J,Lm 20 80 n 5.01·1017 650 

50.0Á n 1.00·1018 650 x100 
50.0Á 33 67 n 6.67·1017 650 x100 

500.0Á n 1.00·1018 650 
substraten+ GaAs 

Because of an additional confinement energy of the electrons and holes, the expected apparent 
bandgap is a bit larger than bulk GaAs (1.53 eV). The I(V) curves on bulk GaAs and 
AlGaAs have been simulated with the one dimensional tunnel model. An accumulation layer 
is predicted. The predicted width of the accumulation current contribution fits the measured 
width quite well, indicating that the band bending behavior is predicted correctly in the 
model. 

The value of the apparent bandgap on the AlGaAs layers is similar to the GaAs value. The 
bulk bandgap qf Alo.33Gao.67As is however 1.93 eV. Fig.(8.4a) shows the calculated curve 
for bulk AlGaAs as well. At negative voltages, the accumulation current is predicted as well 
but expected to arise at higher negative voltages. The STS curve on the AlGaAs seems to be 
affected by the presence of the nearby GaAs layers. The presence of a current at lower voltages 
indicate states in the bandgap of AlGaAs. This can only be the confined states in the GaAs 
that penetrate in the AlGaAs harrier. Because of a lower probability density, the amplitude 
of the current is expected to be lower than on the GaAs. This is not the case. The cause of 
this higher accumulation current on the AlGaAs is unknown, but G. de Raad [34] observed 
similar effect, described as contrast inversion, in constant current images of GaAs/ AlGaAs 
super lattices. The screening is probably caused by an accumulation layer that exceeds a 
single layer and also has contributions from nearby GaAs layers. The accumulation current 
contribution on both the GaAs and AlGaAs may be caused by confined and bulk states in 
the GaAs layers as well as bulk states in the AlGaAs layers. This may cause the alignment 
of the current onsets. 

In a heterostructure some features are expected from confined states. There seems to be 
significant fine structure in the spectroscopy curve on the GaAs and AlGaAs layers, see e.g. 
the arrow in Fig.(8.4). On the GaAs, the accumulation current is caused by tunneling from 
confined states in the conduction band. Therefore these features could be related to these 
confined states. If the conduction band is being bend across the bulk Fermi energy level, first 
the confined states and at higher negative voltages also the bulk states can contribute the 
accumulation current. Calculations predict two confined states in the conduction band of the 
GaAs, 0.3 eV apart. The fact that features also show up in the AlGaAs curve would indicate 
penetration of the confined states in the AlGaAs harrier. The significanee of these features is 
however small. The error in the current is still quite large and the energetic resolution small. 

In conclusion, confinement of in the GaAs layers is observed from the higher apparent bandgap 
in the spectroscopy curves. The alignment of the current offsets on the GaAs and AlGaAs 
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scale. ( c) Schematic drawing of the band structure of a GaAs/ AlGaAs super lattice with the 
confined states. 

suggests an infl.uence of the nearby layers. They may contribute to the screening and to an 
accumulation current. On the AlGaAs this suggests a current contribution from confined states 
in nearby GaAs layers. Significant features seem to exist in the spectroscopy curves. If this is 
the case, they may be related to confined states in the conduction band but more accurate 
measurements have to be performed to be able to draw conclusions from these features. 

8.3 InGaAs quanturn well 

Fig.(8.5a) shows the I(V) curves for InGaAs double quanturn well structure that is described 
in Sec. 5.1. One curve is an average on the GaAs surrounding the wells, the other is taken on 
the quanturn well with an In-concentration of 15%. The image voltage is -1.8 V. See Fig.(8.5b) 
for the expected band structure and confined states for an Ino.lsGao.ssAs quanturn well. This 
calculated structure is consistent with the results of room temperature lasing experiments, 
showinga luminescence wavelengthof 955 nm and equivalent transition energy of 1.298 eV. 
Because of the confinement energy, the difference in BVB and BCB level for the two materials 
is expected to be ofthe order of0.05 eV, see Fig.(8.5b). It is diffi.cult todetermine accurately 
the voltages where the current goes to zero. It is hard to distinguish between noise and the 
actual current onset in Fig.(8.5a). However, the apparent bandgap fortheInGaAs well seems 
smaller than for the GaAs, just as expected from the band structure. 
A quanturn well has discrete energy levels. This could cause features in the I(V) curve on 
the well. There seem to be a few small features in the I(V) curves in Fig.(8.5a) at low 
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tunnel currents. But because the energetic separation is very small and the inaccuracy of the 
measured current at the current onsets is quite large, these features are hardly significant. 
They cannot be related to the confined states in the well or tunneling processes in intrinsic 
materiaL A more accurate measurement and a stronger confinement is desired. 
There is a stronger contrast between the GaAs and AlGaAs in empty state compared to filled 
state. The I(V) curves in filled states align whereas in empty state, there is a significant 
difference. This again confirms the weak voltage dependenee at negative voltages. Closer to 
the BVB level, a small contrast arises. This could be related to the band offset between GaAs 
and the InGaAs well. This current onset should then however, reflect the BVB offset or more 
precisely, the difference between the GaAs bulk valenee band and the confined state in the 
well. The current must not be caused by inversion or accumulation and the thickness of the 
depletion layer at BVB voltage, should be small enough to tunnel through. Although the 
accuracy of the current at these offsets is too small to determine this difference in energy level 
accurately, the observed energy difference (0.05-0.leV) is consistent with the expected value 
of 0.05 eV. 
A similar analysis can be clone at the conduction band side of the curve. However, the posi
tion of the current onsets cannot be determined accurately at the noise level of the current 
measurement. The expected energetic difference between the GaAs and the confined state in 
the conduction band can be consistent with the observed I(V) curve. 
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Figure 8.5: (a) Spectroscopy results on the InGaAs double quanturn well structure. (b) 
schematic showing the expected band structure. 

Chapter 5 discussed the surface strain relaxation of this quanturn well structure. This strain 
relaxation will influence the position of the conduction and valenee band offset and thereby 
the bandgap, see Eqs. 2.1 to 2.5. Evaluation of these expressionscan indicate the importance 
of this effect. The calculated hydrastatic Eh and biaxial Eb strain of an Ino.2Gao.sAs quanturn 
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well are displayed in Tab. 8.2. The values are displayed for the unstrained material, in case 
of lattice match on GaAs and at the surface corrected for surface strain relaxation. At the 
surface, the conduction band is shifted -0.16 eV and the valenee band 0.033 eV. Therefore, at 
the surface, the bandgap is ~Eg=0.20 eV smaller than deeper in the sample. At about 2 nm 
under the cleavage surface only half of this difference (0.1 eV) is left. 

Table 8.2: influence of strain on the bandstructure of Ino.2Gao.sAs. 
Ev and Ec are with respect to the bulk GaAs valenee band. 

/ unstrained deep in sample at surface difference 

Eh[%] 0.00 -1.59 0.49 
Eb [%] 0.00 2.73 3.25 

Ec [eV] 1.35 1.47 1.31 -0.16 
Ev [eV] 0.17 0.19 0.22 0.033 
Eg [eV] 1.18 1.28 1.08 0.20 

In conclusion, the observed apparent bandgap in the quanturn well is smaller than in the 
surrounding GaAs. The valenee band curves coincide, except close to the BVB level. This 
behavior is consistent with the expected voltage dependenee as also discussed in previous 
chapters. The current onsets at the valenee band side could therefore reflect the valenee band 
offset. This value can be determined reasonably accurately and is of the sameorder as expected 
from the calculated band structure. The current at the onset should be tunneling to BVB, 
but the exact nature of the current at the edges is uncertain. At the conduction band side 
of the curve, the contrast is high and the current offsets are difficult to distinguish from the 
noise. Moreover, the strain relaxation at the surface significantly influences the position of the 
BCB at the surface. There could be some features in the spectroscopy curve that are related 
to tunneling to confined states, but they are not significant. The error in the measurement 
is to large. A more accurate measurement with lower noise in the current is necessary to be 
able to draw conclusions about the band structure. 

8.4 InAs quanturn dot 

Fig.(8.6) shows the I(V) curvefora quanturn dot. The curve is measured at an image voltage 
of 2.0 Volt. The contrast is higher for empty state than for filled state. The apparent GaAs 
bandgap is about 1.8 eV and symmetrie around zero volt. The I(V) curves on the dot have 
a smaller apparent bandgap of about 1.5 eV and are not symmetrie around zero volt. 
Confined states in the quanturn dot are expected to show up as features in the conduction 
or valenee band of the spectroscopy curve. They are however not evident. To get spatial 
information, the current images, that display the STM current at a particular voltage can be 
analyzed, see Fig.(8.6b-d). 
At voltages where the tip Fermi energy level is in the semiconductor bandgap, the image 
shows only noise because no tunnel current is possible. The image shows a typical change in 
the contrast at about 0.8 V, see Fig.(8.6b-d). At 0.51 V, the center of the dot is highlighted 
and at a slightly higher voltage (0.91 V), both sicles of the dot cross-section show highest 
current. 
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Figure 8.6: (a) Spectroscopy measurement on the quanturn dot sample showing the curve 
on the GaAs and the dot materiaL (b-d) current image at three different voltages showing 
contrast that resembles the probability density distribution of s-type and p-type confined 
state in the dot. 

If this contrast in the spectroscopy image is significant and the tip-sample distance is equal 
in every position in the dot, the change in contrast could be explained by the wavefunction 
dependenee of the tunnel current. The change in the contrast at different voltages could then 
indicate different confined states with different probability density distributions contributing 
to the tunnel current. The first confined state, having a s-state like wavefunction shape and 
second confined state, having a p-type wavefunction shape. Calculations of the probability 
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density distribution in a quanturn dot do show similar probability density distributions for 
the confined states, see Fig.(8.7a and b). A similar change in contrast in the spectroscopy 
images is not observed in filled state. 
Except from the change in contrast, the highest current is mainly located at the top of the 
dot. This is also the case for the filled state spectroscopy images, but not as strong as in 
empty state at low voltages. 
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Figure 8.7: Probability Density for a Truncated Pyramid in the (010) plane through the 
dot center (a) first confined state in the conduction band (b) second confined state in the 
conduction band and (c) heavy hole state in the valenee band. 

Conclusion and discussion 

From the spectroscopy curves, the current onset at the conduction band and valenee band can 
be determined. However, since the material is not doped locally, the depletion layer may be 
very thick and the onsets may not represent bulk values. Because of the noise at small current 
values, the onsets are diffi.cult todetermine which makes the interpretation very diffi.cult. The 
apparent bandgap in the dot is smaller than in the GaAs measurements and up to the smallest 
measurable current the apparent bandgap on the GaAs is larger than the bulk GaAs bandgap. 

No significant features in the spectroscopy curve could be related to tunneling to con
fined states in the dot. In the spectroscopy images however, some spatial contrast is observed 
that changes at about 0.8 V. This could be caused by the wavefunction dependenee of 
the tunnel current. This would mean that the contrast reflects the probability density 
distribution of confined states in the dot. 
This change in contrast in scanning tunneling spectroscopy images has been observed earlier 
by B. Grandidier et al.[42] on a similar quanturn dot structure. Two confined states were 
observed with s- and p-state probability density distributions. The states were observed at 
0.69 V and 0.82 V. 
lf the tip-sample distance in the center of the dot, for some reason, is different from the value 
at the si des of the dot, this could cause contrast in the spectroscopy images. However, it 
is unprobable that variations in tip-sample distance cause a change in contrast as observed. 
Moreover, at high voltages, STM images are known to show little electronic contast. In [42], 
the image voltage at which the spectroscopy images were taken, was 2.15 Volt. The artiele 
claims that for this voltage, the variation in tip-sample distance cannot explain the contrast. 
The s- and p-state shapes displayed in Fig.(8.7) are calculations for an uncleaved dot. The 
band structure and shape of the confined states are strongly affected by cleaving and surface 
strain relaxation. Grandidier et al. calculated the shape of the band structure for a cleaved 
quanturn dot and found an triangular shaped well in the (110] direction. The calculated depth 
of this well to the innermost part of the dot was about 500 meV. Irrespective of the exact 
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shape and composition of the dot, s- and p-like bound states were found with a separation 
energy of about 100 me V, consistent with the observed separation. 
The contrast in the spectroscopy images was mainly located in the top of the dot. If it is 
related to the shape of the wavefunction, this would mean that the confined electron states 
are located in the top of the dot. Photo current measurements concluded that the hole is 
confined above the electron in the dot [2) and Barker et al. related this to an In-composition 
gradient [3). The spectroscopy results are however obtained from a cleaved dot and moreover 
the strain relaxation at the surface willalter the band structure in the dot. These results are 
therefore not perse in contradiction. In the spectroscopy images there seems to be a gradient 
in the current from the bottorn to the top of the dot. This is the case for both filled and 
empty state and for high and low voltages. Because the contrast seems to exist at all voltages, 
it may not be related to the probability density of the wavefunction. 

8.5 Conclusion and discussion 

The behavior of the STS curves on highly doped n- and p-type GaAs is understood reasonably 
well. The bulk valenee band and bulk conduction band level can be determined from the 
STS curves. They are consistent with the value of the bandgap of bulk GaAs. A current 
contribution with the tip Fermi energy level in the bandgap can be related to an accumulation 
layer. For a more extended treatment of these current contributions and their effect on the 
the corrugation, see [34). 
The position of the accumulation, BVB and BCB current onset in n- and p-type material is 
determined by the band bending at zero volt, the tip-sample distance and the thickness of the 
depletion layer. This means that these parameterscan be derived from the measured current 
onsets. This may be used in the future to get some more insight in the tunnel process and the 
influence of the tip-sample distance in the image contrast in spectroscopy images. However, 
to get accurate values, the speetral positions of these current onsets have to be determined 
more accurately. 
The I(V) curves can be converted to differential conductance and normalized conductance 
curves. In order to obtain more accurate values of the differential conductance, these can be 
measured directly. When an oscillation is applied to the tip voltage ramp and the resultant 
current is measured with use of a loek in amplifier, the differential conductance can be mea
sured directly. An attempt has been made to do so, see Fig.(8.1b). The resulting differential 
conductance is consistent with the numerical value. However, because of the large averaging 
of the measured I(V) curves, the accuracy with respect to the direct measurement is hardly 
improved. Improving of this technique may offer a more accurate way of determining the 
electronk properties. 
STS curves on the intrinsic region of a pin-junetion are more difficult to interpret. Different 
features are visible but they cannot unambiguously be related to the contributing states. 
Because there are no dopants that can screen the electric field, the depletion layer is expected 
to be very thick. The fact that a significant current exist at low voltages then indicates the 
importance of accumulation or inversion states. 
In the super lattice sample, the larger observed apparent bandgap suggest confinement in 
the GaAs layers. The alignment of the conduction and valenee bands on the different layers, 
indicates the influence of nearby layers. They may contribute to the accumulation layer and 
consequently the tunnel current. This could explain the current on the AlGaAs layers at 
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low negative voltages. The accumulation current at low negative voltages seems to showsome 
finestructure, both in the curve on the GaAs and AlGaAs. This may be related to the confined 
states in the conduction band. Wavefunction related contrast of confined states in an AlGaAs 
super lattice has been observed earlier and is described in [34]. This was however observed at 
positive voltages and not in the accumulation current. 
The spectroscopy curves on the quanturn well show a smaller apparent bandgap than on the 
GaAs. The valenee band part of the curve aligns but the conduction band part shows strong 
contrast between the GaAs and the well. Because the exact tunnel mechanism on intrinsic 
material at low voltages is unknown, it is difficult to interpret the data. The observed difference 
in valenee band current onset could be related to the valenee band offset between the materials. 
At the conduction band current onset, the noise in the current is too high to determine the 
value accurately. A more accurate current measurement is necessary to determine the current 
onsets. Strain relaxation will significantly alter the band structure at the surface up toa few 
nanometer under the surface. The difference in observed current onsets at the conduction 
band may be enlarged by this effect. 
The STS curves on the dot show similar behavior as the data on the quanturn well. The ap
parent bandgap in the dot is slightly smaller than the value on the quanturn well, consistent 
with a higher In-concentration. Again no significant features in the spectroscopy curves can 
be related to tunneling in confined states. However, the observed spatial contrast in the spec
troscopy images at particular voltages resembie the s- and p-state like shape of the probability 
density distribution expected in the dot. This suggest imaging of the wavefunction. lt is not 
certain if this contrast is significant and can be related to the imaging of wavefunctions, but 
similar behavior has been observed by B. Grandidier et al.[42] which has been related to the 
imaging of the wavefunction. 
Finally, scanning tunneling spectroscopy measurements are very sensitive to the exact state 
of the tip and sample. Tip changes and dirty sample surfaces have been shown to alter the 
spectroscopy curves, creating extra current contributions from states not originating from the 
structure of interest. A way to control this better in the future may be to test every tip on a 
well known structure, like a gold surface, before the measurement. 
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Chapter 9 

Conclusions 

From photo current measurements it was derived [2] that the quanturn dots in the sample 
described in Chapter 4 have a permanent dipale because the electrans and holes that are 
confined in the dots, are spatially separated. The holes are located above the electrons. This 
result was modeled with the dot shape and composition as parameters. The photo current 
result could only be understood assuming dots with a truncated shape and an In-concentration 
increasing towards the top. The best fit was obtained fora dot with the shape of a truncated 
pyramid with square base. The height of the dots is 5.5 nm and the base diameter 25.5 nm. 
The In-concentration increases from 60% at the base to 100% at the top of the dot. 
This quanturn dot sample was investigated with cross-sectional scanning tunneling microscopy. 
From this data, the shape, size and composition were determined. The composition has been 
derived from the observed lattice constant and outward strain relaxation profile caused upon 
cleaving the strained heterostructure. In order to be able to draw conclusions on the compo
sition, based on the observed lattice constant and outward relaxation profile, the effects of 
surface strain relaxation have been analyzed for a well known one dimensional structure for 
which analytica! expressions can be derived. 

Surface strain relaxation 

The available outward relaxation theory has been verified on a double quanturn well structure. 
The structure is characterized by X-STM, XRD and PL and is found to have two different 
quanturn wells, one having a width of 45±5Á and an average In-concentration of 5.5±0.8%, 
the other having a width of 65±5Á and an In-concentration of 14±1 %. 
The observed lattice constant and outward relaxation profile are determined from the X
STM images and the available expressions have been fitted using the In-concentration as 
parameter. The In-concentrations resulting from both techniques are consistent. The lattice 
constant analysis results in an In-concentration of 7±2% and 17±3% for quanturn well I 
and 11 respectively. The outward relaxation analysis results in 5±0.1% and 17.1±0.2% for 
the respective quanturn wells. The In-concentrations resulting from bath fits differ however 
significantly from the values derived using the other experimental techniques. 
The electronk contrast in STM is analyzed and found to be a function of the image voltage. 
This voltage dependency is stronger in empty state than in filled state. It converges at higher 
voltages to less than about 15 pm, if compared with the calculated outward relaxation. STM 
images measured at high voltages are therefore a good representation of the surface topog
raphy. The voltage dependenee can be understood when analyzing the effect of the vacuum 
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harrier height on the tunnel current. 
In low voltage empty state images, the electronic contrast is strongest on the quanturn well 
but also persists in the GaAs harriers. The width of this electronic contrast is consistent 
with the finite probability density of the confined electron state in the harrier. This suggest 
wavefunction sensitivity of the STM current and therefore imaging of the probability density 
of confined states in the quanturn wells. Imaging of the wavefundion has been observed 
earlier in an AlGaAs super lattice [34] and in quanturn dots [42]. 

The STM images of the double quanturn well structure, taken at a high image volt
ages are accurate representations of the surface topography. In case of the double quanturn 
well structure, the surface topography is accurately predicted by the outward relaxation 
expressions. The small remaining error may be explained by contrast, related to different 
surface atoms. The discrepancy between the In-concentration value predicted by the lattice 
constant and outward relaxation according to the surface strain relaxation theory and the 
value obtained from other measurements is expected to be caused by assumptions used in 
the model. 

Quanturn dot shape and size 

The shape and size have been determined from a set of STM images of a cross-seet ion of various 
dots. The dot has a truncated shape. The observed height (4.5±1.5nm) and base diameter 
(25±2nm) are consistent with the predictions from the photo current measurements. The wide 
base length distribution suggests a preferential orientation in the [100] and [010] direction in 
case of a square base, consistent with observations on similar dots [9, 12, 23]. But octagonal 
or even circular base shapes, as have been suggested earlier [11, 17, 21], cannot be excluded 
from the available data. 

Quanturn dot cornposition 

The lattice constant and outward relaxation profile on dots have been determined from STM 
images. Both profiles show a different behavior from the observations on the quanturn well, 
indicating that different effects play a role and the quanturn well approximation has to be 
used with caution. 
The observed lattice constant along the growth direction of the dot increases from the bot
torn to the top of the dot. This gradient in the lattice constant profile can be related to an 
In-composition gradient based on calculations of the strain distribution in dots with similar 
shape. This lattice constant profile is compared with the calculated strain distribution in 
a quanturn dot with the shape and composition based on the results of the photo current 
measurements. The gradient in the lattice constant and compressive strain in the GaAs sur
rounding the dot are predicted correctly. The value of the lattice constant cannot be compared 
directly, since the surface strain relaxation has to be included. Corrections using calculations 
for a quanturn well with the same In-concentration gradient and a correction of the lattice con
stant derived from the strain distribution give lattice constant values similar to the observed 
values. 
The outward relaxation profile is asymmetrie. Moreover it does not show the finite outward 
relaxation as observed for the quanturn well but decays to zero close to the dot. The outward 
relaxation at the top of the dot is stronger than at the bottom. Calculation of the outward 
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relaxation of a quanturn well with the same In-gradient as proposed from the photo current 
measurements resulted in an asymmetrie outward relaxation as well. From comparison of the 
outward relaxation of a pure InAs quanturn dot with a pure InAs quanturn well it is derived 
that there are some major differences between the quanturn welland a quanturn dot. Not only 
the behavior far away from the dot, but also close to the dot there are significant deviations. 
However, the fini te element calculation of the full InAs dot doesn't show asymmetry, indicating 
that the observed asymmetry is caused by an In-gradient in the dot. 
The electronic contrast has been analyzed. The voltage dependent behavior is similar to the 
quanturn well case except at large voltages where a constant height contrast between empty 
and filled state images remains. This contrast may be related to some finite contrast from the 
surface Indium atoms as suggested for the quanturn well. The complete electronic contrast 
cannot be obtained because the exact outward relaxation profile is unknown. However, the 
topography contrast is removed when subtracting height profiles at different voltages. The 
resulting contrast does not seem to reflect the probability density of a confined state in the 
quanturn dot as was the case for the quanturn well. The contrast may be dominated by the 
contrast that remains at high voltages. 

Electronic properties of quanturn dots 

Spectroscopy I(V) measurements have been performed on different structures. Spectroscopy 
curves obtained from highly doped samples are understood reasonably well. The bulk valenee 
and conduction band contributions and an accumulation current can be obtained from the 
curves. Spectroscopy curves from the intrinsic region of a pin-junetion seem to be influenced 
stronger by tip induced band bending and are therefore more difficult to interpret. 
Confinement in a doped GaAs/ AlGaAs super lattice is observed from the wider apparent 
bandgap. Moreover, the tunnel current on the AlGaAs is affected by nearby layers, possibly 
due to the penetration of the confined states in the nearby GaAs layers. 
The offset in the valenee band current onsets observed in the spectroscopy curves on the double 
quanturn well structure may represent the offset in the valenee band. The double quanturn 
well structure is however located in intrinsic material which complicates the interpretation of 
the spectroscopy curves on this structure. Moreover, the surfacestrain relaxation is expected 
to influence the local band structure and therefore the spectroscopy curve significantly. 
On the quanturn dot spectroscopy curves, no significant features can be distinguished that can 
be related to confined states either. However, spectroscopy images at different voltages show 
contrast that may be related to imaging of the probability density distribution of confined 
states in the quanturn dot. Variabie tip-sample distance, surface strain relaxation, the absence 
of dopants and the finite dimensions of the dot complicate the interpretation of this contrast. 
However, similar contrast has been observed earlier (42] that could be related to wavefunction 
sensitivity of STM. 

Photo current measurement 

The quanturn dot structure for which shape and composition were proposed based on photo 
current measurements has been analyzed with X-STM. The predicted truncated shape, di
mensions and In-concentration gradient are confirmed by the X-STM measurements. An exact 
value of the In-concentration profile could not be obtained because of the lack of an accurate 
description of the surface strain relaxation of the dots. However, the predicted composition 
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is consistent with the observed lattice constant and outward relaxation profile. 
Similar measurements have been performed that give camparabie shapes [24, 26] and com
position [26, 29] of quanturn dots. But because it is shown that the shape and composition 
highly depends on the growth parameters, no conclusions can be drawn on the validity of 
the predictions of photo current measurements based on measurements on a different sample. 
The results of this X-STM analysis tagether with the photo current results prove that it is 
possible to draw conclusions on the shape and composition of a quanturn dot based on these 
photo current measurements. 

Recommendations and further research 

Some questions remain open and new questions have been raised during this project. 
They may lead to some interesting further research. This paragraph will mention the most 
important questions that are still open. 

The shape and dimensions of the observed dots are consistent with the predictions of 
the photo current measurements. However, the exact base shape and present side facets 
cannot be obtained from the available data. Although this may not significantly effect the 
electronk properties of the quanturn dots, it may provide information about the formation 
process of the dots. From the investigation of a larger number of dots some more accurate 
estimates of the base shape may be obtained. Further, investigation of different dot structures 
may reveal the effects of different (growth) parameters. STM measurements on stacked 
dots show that the shape of the dots is effected by the strain field of the dots underneath. 
An analysis of these shape changes may reveal the importance of the different mechanisms 
during growth. 

No accurate estimate of the average Indium concentration and concentration gradient 
could be made based on present results. Better estimates could be made based on finite 
element calculations of the lattice constant and outward relaxation of a quanturn dot. Some 
preliminary results confirm the asymmetrie outward relaxation. However, the exact position 
of the cleavage plane in the experiment is unknown as well as the effect of the position of 
the cleavage plane on the outward relaxation. To obtain more accurate estimations of the 
In-concentration, this has to be included as well. 

It has been shown that the electronk contrast in STM images decreases at higher val
ues of the image voltage. This is useful information for STM experiment in which only the 
topography is of interest. However, some finite (electronic) contrast seems to persist, even at 
high voltages. This may be related to the contrast of surface Indium atoms. Because of the 
higher Indium content in the quanturn dot, this mayalso relate to the (larger) finite contrast 
for the quanturn dot. The exact nature of this effect is unknown. If it does relate to the 
Indium concentration it may offer a means to measure the local Indium concentration more 
directly. Analysis of the electronk contrast of a single Indium atom or clusters of atoms may 
reveal some more information. 

The wetting layer has not been examined extensively. Since (far away from the dots) 
the wetting layer may be approximated well by a one dimensional structure, the quanturn 
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well approach of the outward relaxation and lattice constant may predict accurate results. In 
this way the segregation observed in the wetting layer may be investigated [39, 20]. Moreover 
an estimate may be made of the total amount of In in the wetting layer which may indirectly 
provide with information on the amount of Indium in the dots. 

Spectroscopy measurements on doped materials are understood reasonably well but 
little is known of the exact mechanisms involved in the STM current on intrinsic material 
and heterostructures. Also little is known about the effect of surface strain relaxation on 
the band structure at the surface and consequently the STM current. STM experiments 
on less complex structures may individually reveal some information on the effect of e.g. 
dopants on screening, the effect of confinement and nearby layers and the effect of surface 
strain relaxation on the surface band structure. Possibly the impravement of the direct 
measurement of the differential conductance can be used for this purpose. 

The surface strain relaxation theory has proven to be useful in the prediction of the 
surface lattice constant and outward strain relaxation for a one dimensional heterostructure. 
However, there is a discrepancy between the predicted and experiment al In-concentration 
values. This may be caused by assumptions made in the calculations. An analysis of the 
assumptions made in the calculations could reveal if this is the case. 
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Appendix A 

PL and XRD results for the double 
quanturn well structure 

wavelength (nm] 
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Figure A.l: PL spectrum from the double quanturn well sample at high excitation intensity 
and different exposure times. The larger and weak peak correspond to the quanturn well 
with high and low ln-concentration respectively. The verticallines indicate expected PL peak 
positions from wells with width and ln-composition as indicated by the labels. The side bars 
indicate an expected shift of the peak due to theexciton binding energy. 
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Figure A.2: X-ray diffraction pattem and residuals of the double quanturn well structure 
described in Sec. 5.1. 
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