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Abstract

An analysis was made of nanostructures with an atomic force microscope, AFM. Nanostructures
were first judge on usefulness by use of images made with a scanning electron microscope, before
there were AFM measurements made of the nanostructures. The analysed nanostructures were
made of indium antimonide and were grown on either a 111A or 111B indium phosphide wafer.
Different side facets were identified with manually calculated angles of cross sections and with a
Mathematica program in which different angles and crystal planes were colour coded. There were
planes which were making the same angle with the (111) plane. However, there were some planes
which did not share the same angle with other planes, or at least planes with low Miller indices.
These planes, especially the {113} plane, showed to be useful in identifying other side facets in the
structure, growth directions and the orientation of the wafer. The AFM showed to be unsuccessful
for taking cross sections of small nanostructures, which were nicely grown. With a lower tip
velocity or with smaller tips better measurements could have been taken. However, it was
successful in determining how smooth, atomically flat, the side facets were of small nanostructures.
The nanostructures grown on 111B were found to be smoother than nanostructures grown on
111A.
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1 Introduction

Alexei Kitaev introduced the concept of topological quantum computation in 1997.[1] This form of
quantum computation is based on two-dimensional quasiparticles named anyons. In a physical
topological quantum computer these anyons will be represented as Majorana quasiparticle. In 1937
Ettore Majorana suggested that neutral spin-1/2 particles can be described by a real wave
equation. This means that such particles are mathematically their own antiparticle, since
antiparticles are described by the complex conjugation of the wave equation. This results in the
creation and annihilation operators to be equal.[2]

These days there has been a lot of research done to topological quantum computation. The parts
of the topological quantum computer, which will support the Majorana quasiparticles, are
nanostructures made of a semiconductor. In combination with a superconductor Majorana
particles can be supported.[3] The nanostructures can be either grown out-plane or in-plane.[3, 4]
Currently the university of Copenhagen and the Technical University of Eindhoven are growing
in-plane nanostuctures.[4]

It is important for the nanostructures to be of good quality. An impurity at the interface between
the semiconductor and the superconductor will not support Majorana quasiparticles. Therefore it
is important that the surface of the nanostructures are smooth.[3] Also it can be of interest to
know what side facets a nanostructure has.

In this paper an analysis was done of atomic force microscope measurements of in-plane grown
nanostructures made from indium antimonide. The measurements were analysed on effectiveness
and what information it can provide about the measured nanostructures, as side facets and
impurities at surfaces.
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2 Theoretical Background

2.1 Crystal Planes and Side Facets

The nanostructure used for this study were made from indium atomnide, InSb, nanostructures.
InSb is part of the III-V group materials. It has a lattice constant of 0.648nm and its crystal
structure is zincblende as can be seen in figure 2.1.[5] The zincblende structure is comparable to the
diamond cubic structure, but with alternation of the two atoms at the different lattice sites. The
atoms are in a tetrahedral coordination, which means that every atom has 4 nearest neighbours of
the opposite atom.[6] The InSb nanostructures are grown in-plane on an indium phosphide, InP,
wafer. The production of the nanostructures will be discussed in chapter 3. InP is also part of the
III-V group material with a lattice constant of 0.587nm and its crystal structure is zincblende as
well.[7] It can be noticed that InSb and InP have different lattice constants. This causes a lattice
defect of 10%. This means that for every 10 InP lattices there are 9 InSb lattices.

Figure 2.1: A representation of the zincblende structure. The yellow and purple colours are repre-
senting the two different atoms of which the structure exists of. Picture retrieved from wikipedia.[6]

The top facet of the InP, on which the InSb was grown, is the (111) plane. This means that the
InSb nanostructure will also have (111) top facet. Since the (111) plane in the zincblende structure
consist of only 1 type of atom, the atoms in the (111) plane in InP can either be In atoms or P
atoms. When In atoms are in the (111) plane, it will be denoted with 111A and when P atoms are
in the (111) plane, it will be denoted with 111B. For the nanostructure this means, when it is
grown on 111A, the top facet will be made out of In atoms and when it is grown on 111B, the top
facet will exist of Sb atoms.

Besides the (111) plane a lattice in a crystal structure contains more planes. The planes are
indicated with Miller indices. Miller indices will be given in the form of (hkl) for planes, {hkl} for
a family of equivalent planes, [hkl] for directions and 〈hkl〉 for a family of equivalent directions.
The plane (hkl) is perpendicular to the vector (h a1, k a2, l a3), with a1, a2 and a3 the lattice
vectors.[8]

Grown nanostructures have different side facets. These facets often have an angle that corresponds
with a plane family. These angles can be used to determine to which family plane the side facets
belongs and what the different growth direction in-plane are on the InP wafer. In table 2.1 different
family of equivalent planes and their respective angles with the (111) plane are shown.

In table 2.1 only planes with low Miller indices are included. Planes with higher indices are unlikely
to occur as side facet. A plane with high Miller indices consist of less atoms and for that the atoms
have fewer nearest neighbours than atoms in a plane with low Miller indices. That means that in a
plane with low indices the density of bonds parallel to the plane is higher than in a plane with high
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indices. That results in a plane with high indices having a higher surface energy and therefore it is
more unlikely to occur as a side facet of a structure than a plane with low indices.[9]

The side facets within a plane family are following a threefold symmetry. In figure 2.2 a 2D sketch
shows on a sphere how the different growth directions and planes are positions respectively to each
other, perpendicular to the surface of the sphere. The [111] direction is pointing out of the paper.
The directions on the side of the sphere are making an angle of 90◦ with the [111] direction. This
also holds for their respective planes.[10]

Horikoshi et al. found that gallium arsenide, GaAs, grown on 111A formed more hillocks than
GaAs grown on 111B. The hillocks were caused by stacking folds during the period of growth.
Nucleation near the defects is hindered because of strain, what the major cause is of the hillocks.
Also during the growth of the GaAs nanostructures other planes as the {113} and the {114} were
found. These are also presented in table 2.1.

The [113] and [114] direction are in the same plane as the [112] and [001] direction. This accounts
also for the other direction within the same family. It can be seen in table 2.1 that there are planes
which makes the same angle with the (111) plane. This might cause issues during the analysis of
nanostructures. Besides the {113} and {114}, the {21̄2} were added to table 2.1. The [21̄2] is
positioned in the same plane as the [101] and the [11̄1] direction and makes the same angle with
the [111] direction as [001].

Figure 2.2: A 2D representation of the orientation of different planes and directions depicted on a
sphere. The blue dots are placed on the front of the sphere, the white dots at the back.[10]

Table 2.1: Different facet plane families and their respective angle to the (111) plane.

Plane Family Angle respective to (111) (◦)
{112} 19.47
{113} 29.58
{114} 35.26
{110} 35.26
{012} 39.23
{21̄2} 54.74
{100} 54.74
{1̄12} 61.87
{1̄11} 70.53
{1̄20} 75.04
{1̄10} 90.00
{1̄1̄2} 90.00
{112̄} 90.00
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2.2 Majorana Particles in Nanostructures

A Majorana particle is a particle or fermion which is its own antiparticle.[2] Under certain
conditions these Majorana particles can be formed in nanostructures in the form of
quasiparticles.[1, 3, 11, 12] Majorana quasi particles are always formed in pairs, however at the end
of a nanowire an odd number of Majorana quasi particles is present. An even number of Majorana
quasi particles will result in the formation of Andreev states. These state are conventional
fermionic states.[3]

A spinless p-wave superconductor is needed for realising the Majorana quasi particles, or Majroana
zero modes, MZM. In conventional materials, electrons have a spin of a 1/2 and are not spinless.
To over come this problem spin-orbit materials, in which spin and orbital degrees of freedom are
related, are used. When nanowires made of spin-orbit materials are used in a structure with a
s-wave superconductor, a spinless superconductor can be created.[3] The spin-orbit coupling of the
semiconductor will lead to the wave function of the Cooper pairs being split in a singlet and a
triplet part.[3] Cooper pairs are formed in superconductors at low temperatures.[13] When the
Zeeman splitting,

Vz = gµBBx (2.1)

with Vz the Zeeman splitting, g the Landé g-factor µB Bohr Magneton and Bx a magnetic field
applied along the nanowire, induces a large enough Zeeman gap,

Vz >
√
µ2 + ∆2

0 (2.2)

with µ the chemical potential and ∆2
0 the induced paring gap, in the presence of an external field

at zero momentum, the singlet component of the wave function of the Cooper pair is suppressed,
thus the wave function only exists of the triplet component.[3] The superconductor has a p-wave
symmetry and is in a topological state.[11] As can be noted from equation 2.1 and 2.2 a large
Landé g-factor and spin-orbit coupling is favourable.

As stated in chapter 2.1 InSb nanostructures are used for this project. InSb has a high spin-orbit
coupling and a high Landé g-factor.[4] Thus InSb is a suitable material for supporting MZM in a
semiconductor-superconductor heterostructure.

For the system to support MZMs, the interface of the semiconductor and superconductor need to
be smooth. Any impurity at the interface will lead to disorder scattering, which tends to suppress
the p-wave symmetry of the superconductor, thus the superconductor is not in a topological
phase.[3]
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3 Production of In-Plane Grown InSb Nanostruc-

tures

The used samples for this project were produced and grown at the University of Technology in
Eindhoven, The Netherlands, by Roy Op het Veld and Jason Jung.

3.1 Production

As already mentioned in chapter 2.1 the indium antomonide, InSb, nanostructures were grown
in-plane on a 111A or 111B indium phosphide, InP, wafer. On this InP wafer a 20nm thick layer of
silicon nitride, SiNx, was grown by use of plasma enhanced chemical vapour deposition.[4] This
SiNx layer was covered with a resist. Commonly PMMA is used as a resist[4], but in this case
CSAR was used as resist. CSAR is resisting the process of reactive ion etching, RIE, better than
PMMA. With an electron beam, e-beam, channels were made in different patterns by which the
SiNx layer was exposed. The solubility of the resist was changed by the e-beam, which opened the
way to selectively removing the SiNx. To remove the resist out of the channels a solvent was used
depending on the used resist.

The exposed SiNx was removed by use of RIE leaving trenches.[4] The under laying InP layer was
exposed through the created trenches. The resist is chemically removed, any left resist was
removed by use of plasma ashing with oxygen.[4] The SiNx functioned as a mask for selective
growth of the InSb nanostructure.

On the exposed InP the indium, In, and the antimony, Sb, attached and grew into an InSb
nanostructure. The nanostructure were grown by use of metal organic vapour-phase epitaxy.[4] A
schematic illustration of the growth process is shown in figure. 3.1 The ratio of In and Sb has
influence on the growth and quality of the nanostructures.[14] However this is a subject of ongoing
studies.

Figure 3.1: A schematic illustration of the production process of InSb nanostructures. In the first
illustration the InP layer, blue, topped with the SiNx, yellow, and CSAR layer, pink, is illustrated.
In the second illustration the removal of the CSAR layer with e-beam lithography and the removal
of SiNx with RIE is illustrated. In the third illustration the removal of the CSAR layer is illustrated.
In the fourth and last illustration the growth of the InSb nanostructure, black, is illustrated.
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3.2 Samples

For this project a 111A sample and a 111B sample were used. Both samples were grown by a
temperature of 470◦C. The used V/III ratio was 8042.4.

On the samples different nanostructures were present. On both used sample the same layout and
design were made. This design existed out of different small structure, e.g. hashtags, and labels to
indicate what kind of small structures were located on the sample. With the previous described
production method the small structures and labels were cut into the SiNx mask. This meant that
there were small nanostructures as well as big nanostructures present on the sample.
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4 Method

4.1 Scanning Electron Microscope

Before making measurements with an atomic force microscope, AFM, the structure and shape of
the nanostructures were studied by use of a scanning electron microscope, SEM. The used SEM is
a model from the ZEISS SIGMA family. The nanostructures which were the most useful for the
objective of this project are selected for further analysis and an image of these nanostructures were
made by use of the SEM. A nanostructure was deemed useful when there were either a lot of side
facets visible or if it was (partially) not overgrown or flaking. Overgrown or flaking means that the
structure grew out of the trench of the SiNx mask and eventually grew over the mask.

The images of the suitable nanostructures were further analysed. The visible side facets were
outlined and lines, indicating a height difference, were marked by use of Adobe Photoshop. Adobe
Photoshop was used, because it gave the possibility to draw the outlining on a separate layer so
that mistakes were easily able to be corrected without altering the original images. The outlinings
and markings were made by hand.

4.2 Atomic Force Microscope

After the analyses of the SEM images, the nanostructures were analysed with an AFM. The AFM
is tapping with a tip with constant force over the surface and is detecting height differences. The
tip is attached to a cantilever. The used AFM was made by the company Digital Instruments and
was of the type DimensionTM 3100 Series Scanning Probe Microscope. The used cantilevers were
made by the company NanoWorld and were of the type Non-contact/TappingTM mode High
resonance frequency - Reflex coating, NCHR. The dimensions of the cantilever can be seen in table
4.1. The tip had a radius of < 8.000 nm.

An AFM measurement was able to be of high or low quality. The quality of the measurement
depends on the size of what was measured, the number of data points, the tip velocity and the size
of the tip. For this project the size of the measurement varied between the 3µm2 and the 7µm2.
The number of measurement points was 512x512 and the tip velocity was set to 2µm s−1 for all
measurements. The set tip velocity might turn out to high for gaining the desired quality for
measurement of a size of 3µm2. A measurement took between the 40 and 60 minutes.

The made AFM measurements were analysed with the free program Gwyddion. In this program
the images were flattened and tilted, since the used AFM gave a tilted out put. With Gwyddion
cross sections were analysed to determine manually the plane angle and to which plane family the
side facet belonged. To manually determine the angle, it was important to take a cross section
perpendicular to the plane. With Wolfram Mathematica a program was written to colour the
different plane families and create 3D plots of the nanostructures. The program is included in the
Appendices.

Table 4.1: Properties of NCHR cantilevers.

Property Value Range (Typical Values)
Length 125µm (120− 130)µm
Width 30µm (25− 35)µm
Thickness 4.000µm (3.5− 4.5)µm
Force Constant 42.000N (21.000− 78.000)N
Res. Frequency 320.0kHz (250.000− 390.000)kHz
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5 Results and Discussion

5.1 SEM Results and Discussion

As stated in chapter 4.1 the made images with the scanning electron microscope, SEM, were
analysed by outlining the visible side facets and marking lines, which were indicating layers. The
structure visible in figure 5.1a is a segment of a letter. This letter was part of a label indicating
”Hexagons” on a 111A sample. It can be seen easily that there are a lot of side facets present in
this structure, and that the top facet is a bit to not atomically flat, ’smooth’. The relief exists of
many height differences of small areas of not smooth top facets. The different small areas of not
smooth top facets are divided by height differences in forms of smooth side facets or not smooth
side facets. The areas where lots of lines are visible, which are indicating height differences, are
indicating that the area is not smooth. In figure 5.1b an outlined version can be seen. The visible
side facets are outlined and the lines, which are indicating a height difference, are marked.

(a) An image of a part of a large nanostructure
of InSb grown on a 111A InP wafer a scanning
electron microscope.

(b) An outlined image of a part of a large nanos-
tructure of InSb grown on a 111A InP wafer
made with a scanning electron microscope.

Figure 5.1

In figure 5.2a a structure is visible of a segment of another letter. This letter was part of a label
indicating ”Correlations” on a 111B sample. It can be seen that the top facets are smooth. The
relief exists of large areas of smooth top facets, which have different heights relative to each other.
Where there is a height difference it can be seen by visible side facets or lines, which are indicating
height differences. In figure 5.2b an outlined version can be seen. The visible side facets are
outlined and the lines, which are indicating a height difference, are marked.

(a) An image of a part of a large nanostructure
of InSb grown on a 111B InP wafer made with a
scanning electron microscope.

(b) An outlined image of a part of a large nanos-
tructure of InSb grown on a 111B InP wafer made
with a scanning electron microscope.

Figure 5.2

The biggest difference that can be noticed between the both structures is the ’roughness’ of the
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surface. A ’rough’ surface has a lot of relief, meaning that there is a little to not smooth visible top
facets and lots of side facets. The structure grown on the 111A sample has a rougher surface than
the structure grown on the 111B sample.

In figure 5.3 a small structure, in this case a hashtag, is shown, which was grown on a 111A wafer.
The structure is very overgrown on some places, but there are also some nicely grown part visible at
the right middle half of the figure. Of the used sample this was one of the few structures that was
grown at all and had a part that was nicely grown. This could be that the growth circumstances
were not ideal. However, for an analysis of nicely grown structures grown on 111A, it should be
sufficient to analyse the part of the structure shown in figure 5.3 that is nicely grown.

As can be noticed, figure 5.3 is blurry. The reason for this is that the SEM was set to a higher
resolution what made focusing harder. Latter the resolution was reduced, but no new images was
taken from this small structure.

Figure 5.3: An image of a small nanostructure, a hashtag, of InSb grown on a 111A wafer made
with a scanning electron microscope.

In figure 5.4 a small structure, also a hashtag, is shown, which is grown on a 111B wafer. This
structure was nicely grown and there were no overgrown parts. The little dot that can be seen is
not part of the structure. It can be some dust, a little crumble of InSb or it can be a structure that
happened to be grown by an accidentally made hole in the SiNx mask. This dot will not influence
the analysis, since it is a separate structure and it will not harm any of the analysis methods.

Figure 5.4: An image of a small nanostructure, a hashtag, of InSb grown on a 111B InP wafer with
a scanning electron microscope.

Since the structures grown on the 111A sample contains more places with side facets, the
structures grown on 111A are more useful for further analysis for side facets and the growth
directions parallel to the wafer. The structures on the 111B sample are a lot smoother and could
be useful for a further analysis for smoothness of the top facets and other visible facets. As
expected from the theory.
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5.2 AFM Results and Discussion

For the AFM analysis of the side facets a small nanostructure, a star, which was grown on 111A
was used. This small structure has some big and noticeable side facets. Since it is a small structure
with a lot of sufficient visible side facets, this structure was chosen over a large structure for doing
an AFM anlysis to the side facets. The SEM images and an outlined version can be found in
figures 5.5a and 5.5b.

From the out put of the AFM a 2D plot can be made, in which the height difference is visualised
with a colour gradient, how lighter the colour how higher the structure is. An example of such 2D
plot is given in figure 5.5c, in which the same small structure is visible as in figure 5.5a. The 2D
plot is not very clear and it does not provide an idea how the structure looks like. To give a better
idea of what the relief of the structure looks like, a shading was given to the images. This can be
seen in figure 5.5d. The shading gives a better idea of how the relief of the structure looks like and
it provides more detail than figure 5.5c.

(a) An images of a small overgrown nanos-
tructure, a star, of InSb grown on a 111A
InP wafer made with a scanning electrode
microscope.

(b) An outlined images of a small overgrown
nanostructure, a star, of InSb grown on a
111A InP wafer made with a scanning elec-
trode microscope.

(c) A 2D plot of a small nanostructure, a
star, of InSb grown on a 111A InP wafer,
which is the out put of the atomic force
microscope made with GWYDDION. How
lighter the colours how higher the structure
is.

(d) A shaded 2D plot of a small nanos-
tructure, a star, of InSb grown on a
111A InP wafer, which is the out put of
the atomic force microscope made with
GWYDDION.

Figure 5.5: Caption

In figure 5.6a and 5.6b a cross section of the structure can be seen. From this cross section it can
be concluded that the structure has a height of 150± 2nm and contains two noticeable side facets.
With the Mathematica program mentioned in chapter 4.2 the different side facets are colour coded
so it is easier to see which side facets are present. Table 5.1 contains information about the
different side facets with corresponding angle, range and colour. The ranges are maximally 10% of
the actually angle. The angle with (111) is chosen grey, and its ranges is chosen to be 0.00-15.00◦,
so that the side facets stand more out. When facets do not belong to a family of equivalent planes,
it is clear with it having a black colour.

To test the accuracy of the program a side facets was analysed of the small structure from figure
5.5a. It can be seen in figure 5.9a that the side facets do not consist out of one colour and may

11



(a) The line indicates where the cross section is
made in this small nanostructure of InSb grown
on a 111A InP wafer.

(b) Cross section of a small nanostructure of InSb
grown on a 111A InP wafer.

Figure 5.6

Table 5.1: The angle of different plane families with the (111) plane, and ranges for which corre-
sponding colours apply.

Plane Family Angle respective to (111) (◦) Range (◦) Colour
{111} 0.00 0.00-15.00 Grey
{112} 19.47 17.47-21.47 Purple
{113} 29.58 26.62-31.76 Cyan
{110} & {114} 35.26 31.76-37.06 Blue
{012} 39.23 37.06-43.13 Green
{100} & {21̄2} 54.47 49.34-60.14 Yellow
{1̄12} 61.87 60.14-63.14 Brown
{1̄11} 70.53 63.53-72.53 Orange
{1̄20} 75.04 72.53-82.54 Red

contain some black spots. The black spots do not correspond with any of the side facets presented
in table 5.1. The reason behind a facet not being one colour could be due to the fact that some of
the angles of the side facets are very close together, what results if combined with an error, or
range, that the values, which are pre set in the program, overlap. This means that the accuracy of
the program in combination with the AFM data is not good enough. The occurring black spot can
be the result that the program colours larger areas than the areas between data points. What also
can be seen from table 5.1 that there are facets coded with the same colour. This will make the
analysis more difficult since these facets are oriented in different directions. To identify different
facets, facets with unique angles and coded colours should be looked at and from there the other
facets and orientation of the wafer can be determined.

In figures 5.7a to 5.8c different shaded AFM images with corresponding cross sections can be seen.
These images are all from the small structure shown in figure 5.5a. From these cross sections the
angles were manually calculated and are presented in table 5.2. The corresponding side facets are
also presented in 5.2. In figures 5.9a to 5.9c 3D images with coloured facets can be seen. The
visible facets are the same facets as seen in figures 5.7a to 5.7c respectively. However, the 3D
images are mirrored.

In figure 5.9a a blue and yellow side facet can be seen. In table 5.2 the yellow facet is not
calculated manually. To which family of equivalent planes these side facets belong, can not be
determined yet, since there are two families of equivalent planes, which can occur in blue and
yellow in the program. The red facet visible at the left side of the structure also does not give any
guidance for determining which facets the blue and yellow facets are, judging from figure 2.2 and
table 5.1.

There are a few colours that correspond with a unique family of equivalent planes and with which
the families of the two side facets in figure 5.9a can be determined. One of these colours is cyan,
which corresponds to {113}. In figure 5.9b a section of a cyan coloured plane is visible. This side
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(a) (b) (c)

Figure 5.7: The line indicates where the cross section is made in this small nanostructure of InSb
grown on a 111A InP wafer.

(a) (b) (c)

Figure 5.8: Cross section of a small nanostructure of InSb grown on a 111A InP wafer. The places
of the cross section of the nanostructure can be seen in figures 5.7a to 5.7c respectively.

facet can be identified as a {113} plane. With that, the visible yellow side facet in figure 5.9b is a
{21̄2} plane. Looking back to figure 5.7a, 5.7b and 5.9a it can be concluded that the blue coloured
plane visible in figure 5.9a is a {114} plane and the yellow coloured plane is a {001} plane. With
this information the orientation of the wafer can be determined too. As can be seen in table 2.1
there are 3 growth directions. These directions are often depicted with 〈110〉 and 〈112〉. It can be
determined that the vertical direction is 〈112〉 and the horizontal direction is 〈110〉.

Noticeable is the cross section in figure 5.8c. The uncertainty is so big that this side facets could
be part of two different families of equivalent planes, either {1̄11} or {1̄20}. Judging from the
manually calculated value it could belong to the {1̄11} family, since the calculated value is under
70.53◦. However, when looked to the direction of side facets relatively to each other and knowing to
what plane family two other side facets in the structure belong, it could be that it is a {1̄20} plane.
Also figure 5.9c shows that it could be part of the {1̄20} plane family. The uncertainty of the
identification of this facet can be explained by the used tip. There exists a maximum slope, which
the tip still can measure well. It could be that this maximum was reached for this side facet.

Table 5.2: Angles from the cross section presented in figures 5.8a to 5.8c.

Cross section Angles (◦) Corresponding side facets
Cross section from figure 5.8a 35.71± 2.92 {114}
Cross section from figure 5.8b 51.34± 2.66 {21̄2}
Cross section from figure 5.8c 68.20± 6.99 {1̄11} or {1̄20}

To provide a closer look to the cyan plane, which can give the full orientation of the structure, a
cyan plane found in the large nanostructure from figure 5.1a is shown in figure 5.10b. The location
of this facets is indicated with a line in figure 5.10a. The AFM images shows multiple ’mountains’,
which can not be seen on the SEM images. These ’mountains’ could be dust or piece of InSb. In
figure 5.10b a yellow coloured side facet under the cyan can be seen too, this is the {001} plane.
When the {113} side facet is identified, other side facets and growth direction can be identified
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(a) A 3D image of the side facet, of which the
cross section is taken in figure 5.7a.

(b) A 3D image of the side facet, of which the
cross section is taken in figure 5.7b.

(c) A 3D image of the side facet, of which the
cross section is taken in figure 5.7c.

Figure 5.9: 3D images of nanostructures in which the facets are colour coded.

too. However, there might be other side facets with higher Miller indices, with which the {113}
can be confused, but high Miller indices are unlikely to be found. The growth direction of the big
nanostructure from figure 5.1a is the same as for the small nanostructure from figure 5.5a.

The orientation of the 111B sample was also analysed. The big structure from figure 5.2a was used
for the analysis. The Mathematica program showed to be insufficient to colour the side facets well.
To determine the orientation a {113} plane was searched with the program and manually. In figure
5.11a the facet, of which the cross section is taken is, showed. In figure 5.11c the cross section can
be seen. The manually calculated angle was 24.78± 4.77◦. In figure 5.11b the side facet is coloured
cyan in the program. It can be said that this is a {113} plane. By use of figure 2.2 the 〈112〉 is in
the horizontal direction and the 〈110〉 is in the vertical direction. The uncertainty of the manually
calculated angle is relatively high. The high uncertainty can be explained by the size of the side
facet. The side facet is small compared to the side facets of the structures grown on 111A, it is
24± 0.5nm high. How smaller the side facet how uncertain the manually calculated value is.
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(a) A shaded images of the AFM measurement
of the big structure seen in figure 5.1a, which is
made of InSb grown on a 111A InP wafer.

(b) A 3D images of the plane, which is indicated
with a line in figure 5.10a.

Figure 5.10

(a) A shaded 2D images of big nanostruc-
ture made of InSb grown on a 111B InP
wafer.

(b) A 3D image of the side facet crossed
with a line in figure 5.11a

(c) Cross section taken from the side facet indi-
cated in figure 5.11a

Figure 5.11

In figures 5.12a and 5.12b the shaded AFM images from the small structure from figure 5.3 and 5.4
are presented respectively. Here only the not overgrown part will be analysed. Judging from the
SEM images, a flat top facet and side facets are expected to be seen from the nicely grown
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parts.

The cross section in figure 5.12c and 5.12d from the small structure from figure 5.12a and 5.12b
respectively are not as expected. The cross section appear to be more round than trapezium
shaped. When the cross section would have been trapezium shaped a top facet was measured and
visible in the cross section. A reason for this is that the structures are to small to be measured
with the used tip, or that the structures contained no top facet, but only side facets. Another
possibility is that the AFM measured with a to high velocity. The number of measurement points
could not be set higher, but more data points could reveal the top facet too. The absence of a top
facet seems unlikely, since the SEM images were giving the illusion that there is a top facet
present. The height of the structures can be determined which are 14.0± 0.2nm and 6.5± 1.5nm
respectively. The width of the structures are 125± 5nm and 115± 5nm respectively.

Figure 5.12c shows that the nanostructure is having two different side facets. The calculated angles
from figure 5.12c are for the left 10.78± 1.43◦ and for the right facet 34.44± 10.80◦. From table
2.1 it can be seen that the right facet corresponds with the {110} plane, but the uncertainty is
very high. The reason for this is that the interval of the side facet on the x-axis is small en creates
a big uncertainty. For the left facet it can be seen that it does not correspond with any of the
given facets. However, since the right facet is known, it could be stated that the left facet is a
{112} plane. The {112} plane is the only plane with low Miller indices and a small angle. It could
be that it is a plane with higher Miller indices and a smaller angle than the {112}, bur according
to the theory that is unlikely, but still possible.

(a) The line indicates where the cross sec-
tion is made in this small nanostructure of
InSb grown on a 111A InP wafer.

(b) The line indicates where the cross sec-
tion is made in this small nanostructure of
InSb grown on a 111B InP wafer.

(c) Cross section of a small nanostructure
of InSb grown on a 111A InP wafer.

(d) Cross section of a small nanostructure
of InSb grown on a 111B InP wafer.

Figure 5.12

The same thing was done for the small nanostructure from figure 5.12d. For the left facet an angle
of 11.31± 4.36◦ was calculated and for the right facet an angle of 11.31± 8.71◦ was calculated.
Both facets do not correspond to any of the facets, which are presented in table 2.1. The side
facets can be planes with high Miller indices, which are making a small angle with the (111) plane,
but according to the theoty such plane are unlikely to be present. Another reason for the low angle
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with big uncertainties is that the structure was to small to be analysed with the AFM and used
tips. With smaller tips, the small nanostructures, which do not show overgrown part, could be
analysed better.

In section 2.2 it was stated that it is important to have a smooth and clean interface between the
nanostructure and the superconductor. This means that even though the AFM did not detect any
top facet, the side facets should be smooth. In figures 5.13a to 5.13d a cross section along the
structure are presented for a small nanostructure grown on 111A, as seen in figure 5.3, and grown
on 111B, as seen in figure 5.4.

Figure 5.13c shows the cross section along the nanostructure, of which the place is shown in figure
5.13a. It can be clearly seen that along the nanostructure the surface is not smooth. In contrast
with the cross section shown in figure 5.13b, of which the place can be seen in figure 5.13b. The
end and the beginning of the nanostructure can clearly be seen by the steep lines. Between these
two steep lines the surface of the nanostructure can be seen. It seems that the surface is not
smooth, however this is noise from the AFM. That means that the surface along the nanostructure
is flat on the 111B structure.

(a) The line indicates where the cross sec-
tion is made in a small nanostructure of
InSb grown on a 111A InP wafer.

(b) The line indicates where the cross sec-
tion is made in a small nanostructure of
InSb grown on a 111B InP wafer.

(c) Cross section lengthwise of a small
nanostructure of InSb grown on a 111A InP
wafer.

(d) Cross Section lengthwise of a small
nanostructure of InSb grown on a 111B InP
wafer.

Figure 5.13
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6 Conclusion

The AFM showed to be successful in analysing nanostructures. How bigger the structure how
better the measurements were. For the smaller nanostructures, which were not overgrown, the
AFM showed to be less successful. The only information that could be gather out of the AFM
measurements for small structures, which were not overgrown, were the height and the width of
the structure.

The identification of side facets can only be done, when certain side facets are not the only one
present. It was showed that certain plane families are making the same angle with the (111) plane.
This means that facets with low Miller indices and unique angles should be present in the
nanostructure to be able to identify side facets and in-plane growth directions.

The {113} facet showed to be useful in identifying the surrounding side facets, the growth
direction in-plane and the orientation of the wafer. With this facet the growth direction of a small
overgrown structure and a big structure were able to be determined. The only down side is, that
there could be other planes with much higher Miller indices making the same angle with (111) as
{113} is making. However, planes with higher Miller indices are unlikely to occur. This also means
that not all visible side facets need to be analysed to determine the identity of other side facets,
the growth direction and the orientation of the wafer. For the used 111A wafer the vertical
direction was 〈112〉 and the horizontal direction was 〈110〉. For the used 111B wafer the vertical
direction was 〈110〉 and the horizontal direciton was 〈112〉.

The manually calculation and the 3D images made with a Mathematica program showed to be
inline with each other. Both gave the same out come of the identity of side facets. However, for
steeper side facets the manually calculation showed some doubt, which side facets it was, and also
the program gave some mixed out put, even though, the program gave a more certain identification
than a manual calculation.

The AFM in combination with the used tip did not proof to be useful in showing top facets of small
nanostructures or wires. The wires are to small for the machine to make a good measurement of.
Cross sections of nanostructures turned out to be pointier than being trapezium shaped. However
the measurement velocity could have been set lower and might have given a better result.

Even though, the AFM showed to be unsuccessful in measuring the top facet of a small
nanostructure with the set measurement velocity, the AFM was able to give an indication how
smooth the surface along the nanostructure was. It turned out that the nanostructure, which was
grown on a 111B wafer, was smoother than the nanostructure, which was grown on a 111A wafer.
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A Appendices

A.1 Mathematica Script

In the following pages the used Mathematica script will be discussed. Under the headline ’Import
data’ the data from the AFM measurement is imported. The file can not be the regular out put
file of the AFM, but the data must be transported to another file type, in this case a .xyz file. This
data is interpolated.

Under the headline ’Definitions’ the derivative is taken from the interpolation. With the derivative
the surface vector is calculated and with that the angle with the ground surface. A colour function
is setup so that every plane will be represented by a different colour, depending on the angle. Two
different colour function can be seen. The first function is colouring with an uncertainty of max
±10% and the second function is colouring with an uncertainty of ±2◦.

Under the headline ’Plot’ four different plots can be seen. All plots are showing a big
nanostructure made of InSb grown on a 111A InP wafer. The first plot show a density plot of the
angles. The angles are coloured with a continuous rainbow gradient. The lower the angle the more
purple the area is, the higher the angle the more red the area is. In the second plot a cross section
can be seen of the nanostructure for fixed x-values. With the slider the y-value can be differt to see
the cross section for different y-values. In the third plot a 3D plot can be seen of the structure in
which the first colour function is chosen to colour the side facets. The quality of the image can be
improved by zooming in by changing the plot ranges. In the fourth and last plot a 3D plot can be
seen of the structure in which the first colour function is chosen. The slider on the top left can be
used to see direction of the plane depicted by an arrow.
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AFM Data Analysis
Definitions

In[1]:= (* Calculate surface vector and angle *)

sn[x_,y_]:=-Df[a,b],a,-Df[a,b],b,1/.{a→x,b→y};

va[x_,y_]:=VectorAngle[sn[x,y],{0,0,1}];

In[3]:= (* Plotting Options *)

SetOptions[#, ImageSize → 300, Frame → True, GridLines → Automatic,

GridLinesStyle → GrayLevel[.9], LabelStyle → Medium] &[{Plot}];

In[4]:= (*Both are colour functions to colour different

facet groups our facets with the same slope. The first

function has a bigger uncertainty then the second function.*)

(*This function has an uncertainty of max 10%*)

myPiecewise[x_, y_] :=

PiecewiseGray, 0 ≤ # ≤ 15 Pi  180, Purple, 17.47 Pi  180 ≤ # ≤ 21.47 Pi  180,

Cyan, 26.62 Pi  180 ≤ # ≤ 31.76 Pi  180,

Blue, 31.76 Pi  180 ≤ # ≤ 37.06 Pi  180, Green,

37.06 Pi  180 < # ≤ 43.13 Pi  180, Yellow, 49.34 Pi  180 ≤ # ≤ 60.14 Pi  180,

Brown, 60.14 Pi  180 ≤ # ≤ 63.14 Pi  180, Orange,

63.53 Pi  180 ≤ # ≤ 72.53 Pi  180, Red, 72.53 Pi  180 < # ≤ 82.54 Pi  180,

Magenta, 88 Pi  180 ≤ # ≤ 92 Pi  180 &@va[x, y];

(*This function has an uncertainty of 2 degrees*)

myPiecewise2[x_, y_] :=

PiecewiseGray, 0 ≤ # ≤ 15 Pi  180, Purple, 17.47 Pi  180 ≤ # ≤ 21.47 Pi  180,

Cyan, 26 Pi  180 ≤ # ≤ 29 Pi  180, Blue, 33.26 Pi  180 ≤ # ≤ 37.26 Pi  180,

Green, 37.26 Pi  180 < # ≤ 41.23 Pi  180, Yellow,

52.74 Pi  180 ≤ # ≤ 56.74 Pi  180, Orange, 68.53 Pi  180 ≤ # ≤ 72.53 Pi  180,

Red, 73.04 Pi  180 ≤ # ≤ 77.50 Pi  180 &@va[x, y];

Import data

In[7]:= (* Import raw data *)

path = FileNameJoin[{NotebookDirectory[], "surface structure2"}];

data = Import[path, "Table"];

(* Create test data *)

(*data=FlattenTablex,y,2Sin[x]+1,{x,0,Pi},{y,0,Pi},1;*)

(* Process data *)

{dataX, dataY, dataZ} = Transpose@data;

{{xMin, xMax}, {yMin, yMax}, {zMin, zMax}} = {Min@#, Max@#} & /@ Transpose@data;

(* Interpolate *)

f = Interpolation[Transpose@{Transpose@{dataX, dataY}, dataZ}];
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Plot

In[ ]:= plotD = DensityPlot[va[x, y], {x, xMin, xMax}, {y, yMin, yMax}, PlotRange → All,

PlotLegends → BarLegend[{"Rainbow", {0, 90}}, LegendLabel → "surface normal [°]"],

ColorFunction → "Rainbow", MeshFunctions -> {#3 &}, Mesh → 3, MaxRecursion → 5]

Out[ ]=
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In[ ]:= Manipulate[Plot[f[x, y], {x, xMin, xMax}, ImageSize → 500], {y, yMin, yMax}]

Out[ ]=
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In[12]:= plot = Plot3D[f[x, y], {x, xMin, xMax}, {y, yMin, yMax},

ColorFunctionScaling → False, ImageSize → 500, BoxRatios → Automatic,

PlotRange → {{xMin, xMax}, {yMin, yMax}, {zMin, 1.4 zMax}},

ColorFunction → Function[{x, y, z}, myPiecewise[x, y]], ColorFunctionScaling → False,

PlotLegends → BarLegend[{{Gray, Black, Purple, Black, Cyan, Blue, Green, Black, Yellow,

Brown, Black, Orange, Red, Black, Magenta}, {0, 90}}, {0, 15, 17.47, 21.47,

26.62, 31.76, 37.06, 43.13, 49.34, 60.14, 63.14, 63.53, 72.53, 82.54, 88, 90},

ColorFunctionScaling → False, LegendLabel → "surface normal [°]",

Ticks -> {0, 15, 17.47, 21.47, 26.62, 31.76, 37.06, 43.13, 49.34,

60.14, 63.14, 63.53, 72.53, 82.54, 88, 90}, TicksStyle → Large],

MaxRecursion → 5, ImageSize → 300, TicksStyle → Large]

Out[12]=
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In[ ]:= Manipulate

Column

Show

plot,

Graphics3DArrowheads[Medium], Thick, Arrow{s〚1〛, s〚2〛, f[s〚1〛, s〚2〛]},

{s〚1〛, s〚2〛, f[s〚1〛, s〚2〛]} + 1  3 zMax * Normalize@sn[s〚1〛, s〚2〛]

,

N@180  Pi * va[s〚1〛, s〚2〛]

,

{s, {xMin, yMin}, {xMax, yMax}}

Out[ ]=

s

surface normal

15.00

17.47

21.47

26.62

31.76

37.06

43.13

49.34

60.14

63.14

63.53

72.53

82.54

88.00

2.57459

4     AFM_1.3.nb

Printed by Wolfram Mathematica Student Edition



A.2 Manual Calculation Angles

In chapter 5.2 the angles planes with cross sections are calculated. The angles are calculated with
the following formula:

θ = ArcTan[
o2− o1
a2− a1

], (A.1)

with o2− o1 in m the height of the plane and a2− a1 in m the width of the plane. The uncertainty
of formula A.1 is given by:

∆θ =

√
do2 · ( ∂θ

∂o2

2

+
∂θ

∂o1

2

) + da2 · ( ∂θ
∂a2

2

+
∂θ

∂a1

2

), (A.2)

with do in m the uncertainty in the heigth and da in m the uncertainty in the width.
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