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1. Introduction  

 
Semiconductors, especially III/V compound semiconductors, play a d ecisive role 
�L�Q�� �P�R�G�H�U�Q�� �V�R�F�L�H�W�\�·�V electronic devices like in computers, telecommunication and 
energy generation [1,2]. Most of these technologies are based on Silicon (Si) as a 
substrate. However, although  the number of transistors per chip is doubling every 
two years, following Moor �·�V���O�D�Z�����W�K�H���F�O�R�F�N���V�S�H�H�G���R�I���W�K�H���F�R�P�S�X�W�H�U�V���V�W�D�\�V���D�W���D�U�R�X�Q�G��

4 GHz since the early 2000s [3]. This issue originates in the problem of power 
dissipation of electrical contacts. Modern CMOS (Complementary metal-oxide-
semiconductor) technology still uses electrical contacts, which generate heat due to 
resistive losses [4]. The dissipation of this heat on a chip with such a high density 
of transistors is very challenging , resultin g in the limited clock speeds mentioned 
�D�E�R�Y�H�����$���V�R�O�X�W�L�R�Q���F�R�X�O�G���E�H���W�K�H���X�V�D�J�H���R�I���R�S�W�R�H�O�H�F�W�U�R�Q�L�F���L�Q�W�H�J�U�D�W�H�G���F�L�U�F�X�L�W�V�����2�(�,�&�·�V����

for inter and intra chip communication  [5�²8]. Since almost all microelectronics are 
�E�D�V�H�G���R�Q���6�L���V�X�E�V�W�U�D�W�H�V�����V�X�F�K���2�(�,�&�·�V���D�O�V�R���V�Kould preferably be integrated on Si  [9]. 
However, the growth of bulk materials for optoelectronic devices like lasers, 
waveguides and photodetectors on silicon is very challenging because of lattice 
mismatch between the commonly used materials and the substrate Si. 
Semiconductor nanowires can offer a solution because of their ability of defect free 
relaxation to the sidewalls at the heterostructure interfaces, resulting in  possible 
lattice mismatches of around 10%, which is much higher compared to their bulk 
counterparts [10,11]. Examples for such nanowire devices for optoelectronic 
applications like the mentioned nanowire lasers,  �/�(�'�·�V�� waveguides and 
photodetectors were already realized on a research scale [12�²15].  
Another major  application of semiconductor nanowir es could be the generation of 
sustainable energy [16]. Such energy generation is one of the biggest challenges of 
�W�R�G�D�\�·�V�� �V�R�F�L�H�W�\�� �L�Q�� �Rrder to not further speed up  climate change by releasing 
greenhouse gases into the atmosphere due to the burning of fossil fuels for energy 
generation [17�²20]. To this end, the main application of nanowires is in the 
conversion of sun light into energy. One way is the generation of electrical power 
from the sun light via solar cells. Mainly these are based on the material Si because 
of cost efficiency [21]. However, such Si solar cells have a limited light to power 
efficiency of around 25% [22]. III -V multi junction nanowire solar cells could push 
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this efficiency to theoretical values of around 55% due to light funnelling effects and 
by the ability of the usage of a higher wavelength -range of the of the solar spectrum 
[23,24]. Another nanowire application for power generation is the currently 
investigated possibility of hydrogen generation by sunlight  [25�²28]. Here, a solar 
cell is used to split water in to its components directly without the step of generation 
of electrical energy. Hydrogen , albeit challenging, can be stored and transported 
and can be used for high energy consuming industries like the product ion of 
chemicals or steel [29,30]. 
Nanowires are commonly grown via the so called vapor-liquid -solid (VLS) 
mechanism [31]. Here, metallic particles are used as catalysts for the nanowire 
growth. However, these particles can be incorporated in the nanowire during the 
crystallization, resulting in impurities which can influence the performance of 
nanowire devices negatively  [32]. To this end, self-catalyzed growth of nanowires 
is part of the current research and is also investigated in this work  [33�²47]. 
Furthermore, the VLS growth can be performed via the metal-organic-vapor-phase-
epitaxy (MOVPE), which is a method for growth in highly scalable industrial 
extend [48�²50]. However, the growth of nanowires by the VLS mechanism is still 
not completely understood and under lively debate since decades. One of the 
discussed topics are the rate limiting steps during growth in dependence on the 
growth conditions  [51�²54].  
In-situ transmission electron microscopy (TEM) can give insights in the nanowire 
growth by liv e investigation at the nanometer scale, resulting in observations which 
are inaccessible in post-growth measurements. In in-situ TEM, a closed cell 
microscale reactor is inserted directly in the TEM column enabling growth 
conditions, which are comparable to the once used in conventional MOVPE reactors 
[55�²57]. Additionally, not only the growth dynamics  is not completely understood , 
but also the morphology of the grown nanowires is of great importance for 
technical applications. Nanowire can form  kinks during growth, ending up in non -
ordered morphologies  [58�²62]. These kinks can be investigated in post growth 
studies like scanning precession electron microscopy (SPED) to understand crystal 
orientations at the kink positions, giving  results of the crystallographic origin of 
these kinks [63,64]. Understandin g the kink mechanisms can introduce possibilities 
of avoiding kink formation or producing kinks in a desired way.   
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Thesis Objective 

 
The first part  of investigations in this the sis is the growth of self-catalyzed 
galliumphosphide (GaP) nanowires on Si in a conventional MOVPE reactor. Several 
growth series were performed in order to investigate the optimal growth conditions 
for this type of nanowi re growth. The results show full c ontrol over the morphology 
of the nanowires by adjusting  different growth parameters.  
In a next step, GaP nanowires were grown in the in-situ setup to investigate their 
growth dynamics. In these  growth experiments, nanowires were grown with gold 
as catalyst particles, since the deposition of Ga droplets would need a substrate like 
Si. The results show that the incorporation of growth material into the catalyst 
droplet is the growth rate limiting step at the applied growth conditions. 
Furthermore, the transition between group V limited and group III limited regime 
could be identified by varying the V/III ratio of precursor gases during growth.  
In a last step, the grown GaP nanowires were investigated post-growth in order to 
understand the kink mechanism of the dominant kink angles by SPED. In this way, 
different crystal defects could be identified as the origin of  kinks.  
This thesis is structured in the following way.  After the introduction in chapter 1, 
the physical background, which is needed to understan d the results, is shown in 
chapter 2. Here, fundamental crystallographic aspects of GaP nanowires as well as 
their growth are explained . At the end of this chapter, the interaction of high energy 
electrons with mater is discussed because this builds the basis of the main 
characterization methods performed in this work. After that, in chapter 3, these 
methods are introduced. Here, the nanowire growth in MOVPE and in the in-situ 
setup is discussed, followed by different techniques of TEM for characterization.  In 
chapter 4 the results of the performed experiments are presented. The results of self-
catalyzed GaP nanowire growth via MOVPE are followed by the results on the 
nanowire  growth dynamics investigated with  the in-situ setup. At the end of this 
chapter, the results of the kink for mation of the grown nanowires are discussed. In 
the last chapter, the results will be summarized and an outlook for further 
experiments is discussed.   
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2.2 Nanowire Crystal Growth  
 
In this chapter, the fundamental aspects of the growth of GaP nanowire structures 
will be shown. Beginning w ith a view on the used precursor molecules, which play 
an essential role in the growth process, the VLS mechanism as the used growth 
method will be explained.  
  

2.2.1 Precursor Molecules  
 
The molecules, which are inserted in the growth reactor to deliver  the growth 
material to the growing crystal are called precursor molecules. In this work, the 
metalorganic precursors trimethylgallium (TMGa) and tertiary -butyl phosphine 
(TBP) are used as precursor gases. The molecular structure of both precursors is 
depicted in Figure 4. TMGa is depicted in the left part of Figure 4. The Ga atom has 
three covalent bonds to a methyl group each. This configuration is formed with a 
sp2 hybridization resulting in a planar geometry. Furthermore, TMGa has a melting 
point of -15.8 °C and boiling point of  55.8 °C [73] thus it is a liquid at room 
temperature, allowing easy handling. TBP is shown in the right part of Figure 4.  
 
 
 
 
 
 
 
 
 
 
Figure 4: Molecular structure of TMGa (left) and TBP (right). (Red: Ga, Blue: P, 
Grey: C, Dark Grey: H). 
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The molecule forms a sp3 hybridization thus the ligands are bound to the P atom in 
a 109.5° angle. The P is bond to two hydrogen atoms and one tert-butyl group. 
Beside this arrangement, a free pair  of electrons remains, forming no covalent bond. 
This pair of electrons is very important for different mechanisms in pyrolysis. TBP 
has a melting point of 4 °C and a boiling point of 56.1 °C [74]. Therefore, it is liquid 
at room temperature, like TMGa.  
The reason why these two precursor molecules were chosen for the in-situ 
experiments is on one hand the fact that they are liquid at room temperature, as 
mentioned above. On the other hand, both molecules have a relatively high vapor 
pressure at room temperature. In Figure 5 the vapor pressure of different group III 
(left) and group V (right) precursor molecules are plotted in dependence of the 
temperature. One can see that at room temperature (grey bar), the vapor pressure 
of TMGa and TBP are relatively high in comparison to other common precur sors, 
allowing in-situ experiments up to high precursor pressures, due to the used setup 
(see chapter 3.2.1).    
 

 
Figure 5: Vapor pressure vs. Temperature of different group III (left) and group V 
precursors (right).  Adapted from [75]. 
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2.2.2 The Vapor-Liquid -Solid Mechanism  
 
The GaP nanowires, investigated in this work, are grown via the so called vapor-
liquid -solid (VLS) growth mechanism [31]. A sketch how this mechanism works, is 
depicted in Figure 6. Before growth starts, a catalyst has to be deposited on a solid 
surface. In this work, gold nanoparticles and Ga droplets w ere used as catalysts, 
deposited on amorphous silicon nitride (SiN) and silicon (Si) respectively . After 
applying heat, the catalyst becomes a liquid droplet. The gas flow of precursor 
molecules decomposes at the vapor liquid interface. In this work, tempe ratures 
were used in which TMGa and TBP only decomposes on the catalyst surface and 
not on the solid substrate. After decomposition, the growth species diffuse in and 
over the catalyst droplet. At one point, the catalyst droplet is supersaturated by the 
growth material and nucleation takes place at the liquid solid interface. The 
growing crystal pushes the catalyst droplet upwards, resulting in a thin wire of the 
crystalline material.  
 
 

 
 
Figure 6: Sketch of the VLS mechanism. A catalyst particle is liquefied by heat. 
Precursor molecules from a gas flow decompose catalytic and diffuse into the liquid 
droplet. After supersaturation nucleation takes place at the liquid solid interface. 
The growing nanowire crystal pushes the catalyst droplet ahead.  
 
In a more detailed view, one can separate three major steps in this growth 
mechanism, which are shown in Figure 7 a). First, the incorporation of the growth 
material from the vapor into the catalyst droplet. Second, the diffusion of the 
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3.2.1 The in-situ System  
 
A sketch of piping and instrumentation of the used in-situ system is depicted in 
Figure 9. The system is divided into two main parts: the manifold and the gas 
storage locker. The manifold is a commercial gas mixing system produced by 
Protochips Inc. as part of their Atmosphere system. It consists out of two 
experim �H�Q�W���W�D�Q�N�V�����G�H�S�L�F�W�H�G���D�V���¶�7�D�Q�N�����·���D�Q�G���¶�7�D�Q�N�����·�����,�Q���W�K�L�V���W�D�Q�N�V�����J�D�V���P�L�[�W�X�U�H�V���I�R�U��

the experiments can be created. The gas inlets are the valves S1-S3, thereby the inlet 
S1 is equipped with N 2 as carrier gas for the experiments, while S2 and S3 are the 
inlets for the precursor gases. After mixing, a gas flow can be applied through the 
valves H1, H2 and V1 into the vacuum tank. This is a vacuum reservoir, pulling the 
experiment gases through the sample holder.  

 
Figure 9: Sketch of the in-situ system. On the left hand, the manifold for gas mixing, 
as well as the sample holder is depicted. On the right hand, the gas storage locker 
for storing the precursor gases is shown.  
 
The flow during the experiment can be controlled via �D���I�O�R�Z���Y�D�O�Y�H���G�H�S�L�F�W�H�G���D�V���¶�)�9�·����

Addition ally, the system is equipped with a quadrupole mass spectrometer (QMS) 
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for residual gas analysis after the gas reactions in the holder. After an experiment, 
the gases in the system are exhausted by a scroll pump to an absorber in the gas 
storage locker. Beside this absorber, the gas storage locker contains the sources for 
the in-situ experiments. It fulfils the DIN 12925 norm for the safe storage of gases 
and the amount of the stored gases is so low that the threshold limit value (TLV) 
cannot be exceeded. Beside this safety measures, the whole system has to be helium 
leak tight, which is checked regularly.  
One major challenge for successful in-situ experiments is a clean system. To this 
end, pump purge circles are performed whenever no experiment is running . In this 
circles, the whole system is purged with N 2 to pick up contaminations in the system. 
After purging, the system is then pumped down to exhaust the contaminations 
together with the N 2 gas. These pump purge circles are then repeated many times 
in between every experiment. In addition  to the pump purging, the manifold can 
be backed out by temperatures up to 75 °C to remove contaminations by  thermal 
evaporation.  
The core of the in-situ system is the Atmosphere in-situ TEM holder produced by 
Protochips Inc. A cross-sectional sketch of this holder is depicted in Figure 10. The 
most important parts are the heating chip depicted on the top of the holder and the 
window chip on the bottom. The heating chip is a MEMS chip consisting out of Si 
with a hole insi de. This is covered by a 120 nm thick SiC heating membrane acting 
as a negative coefficient temperature (NTC) thermistor [82]. With this membrane , 
the sample can be heated up to 1000 °C. In the middle of the heating membrane are 
six windows covered by  30 nm thick electron transparent SiN, acting as viewing 
windows for TEM investigations  [83]. On this windows also the specimen is 
located. The bottom chip is covered only by electron transparent SiN, since no 
heating is required there. Electron beam investigations can be performed 
perpendicular to the chips, as shown by the green arrows in Figure 10. Both chips 
are separated by gold spacers, creating a vacancy between the chips of around 5 µm 
[83]. The chips are sealed by O-rings, indicated as the black circles in Figure 10. 
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Figure 10: Cross-sectional sketch of the in-situ holder tip. Gas flow is depicted by 
the red dashed line from right to left. The electron beam through the electron 
transparent SiN windows is indicated by the green arrows.  
 
Inside this sealed chamber, a pressure up to 1 bar can be applied while the 
surrounding of the holder is in vacuum. Beside static gas pressures, also gas flows 
can be used. The gas flow from the inlet, over the sample, to the outlet is depicted 
by the red dashed line. All in all, this holder can act as a microscale growth reactor 
in which growth conditions comparable to the once in MOVPE can be utilized.    
 

3.2.2 In-situ Nanowire Growth  
 
In contrast to the growth on a defined Si (111) substrate by deposition of Ga droplets 
for self-catalyzed growth as shown in chapter 3.1, the nanowire growth in the in-
situ setup is performed on the amorphous SiN membrane. As catalyst particles for 
the VLS growth, Au nanopar ticles were utilized. The nanoparticles were drop 
casted from a suspension directly on the MEMS chip. After evaporation of the 
isopropanol by an applied flow of N 2, the nanoparticles remain on the SiN 
membrane. The nanoparticles, used in this work, have a diameter of around 20 nm. 
Clustering and Oswald ripening  [84] can form bigger droplets from these 
nanoparticles after introducing heat. The size of the droplets determines the 
nanowire diameter [85]. To remove residual contaminations, the MEMS chip is 
plasma cleaned before assembling the in-situ holder. During plasma cleaning, an 
argon-oxygen mixture, ignited by high frequency voltage, removes contaminations 
by knock-on damage and oxidation [86]. After mounting the MEMS chip in to the 
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ray diagram, describing these phenomena, is depicted in Figure 11. In a crystalline 
sample, all electrons of the incident parallel beam are diffracted in different 
directions. In the objective lens, they are focused such that all electrons diffracted 
in the same direction come together in the same point, forming a diffraction pattern 
in the back focal plane. In this back focal plane an objective aperture can be utilized 
to cut of higher order diffraction points, or select sing le points for imaging. After 
the diffraction plane, all electrons impinged on the same position of the sample are 
then collected in the image plane. This image can then further be magnified by the 
intermediate lens, forming an image on the viewing screen or on a digital  camera.    
In this work, a JEOL JEM 3010, operating at 300 kV acceleration voltage, was 
utilized for  post growth investigations of nanowire kinks. Here, high -resolution 
imaging as well as scanning precession electron diffraction was performed . The 
second technique is a special way to use a TEM and will be discussed in the next 
section.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Ray diagram of the basic principle of TEM. The objective lens forms a 
back focal plane and an image plane. This image is further magnified by an 
intermediate lens.   
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4. Results  
 
In this chapter, the results on the GaP nanowire growth  are summarized. At the 
beginning, the growth behavior of self -catalyzed GaP nanowires on the crystalline 
substrate Si is shown. After that, the gold catalyzed nanowire growth in the in-situ 
setup is discussed. Post growth analysis, especially of the kink behavior of 
nanowires, is depicted in the last chapter.   
 

4.1 Self-Catalyzed GaP Nanowire Growth via MOVPE 
 
This subchapter summarizes the findings of the pu blication, depicted in chapter 7 .1.  
Figure 13 a) shows a growth series where the TMGa preflow tim e was varied from 
0 s to 3 s in order to investigate the Ga droplet formation on the Si substrate. The 
growth time after the preflow was 5 min at a growth temperature of 500 °C and a 
V/III ratio of 1. It can be seen that for no TMGa preflow, the longest an d thickest 
nanowires are growing. This finding implies that Ga droplets are also formed by 
introducing both precursors at the same time. But without a TMGa preflow, the 
nanowires nucleate in a very low density. Furthermore, they grow tapered in such 
a way that their diameter increases with growth time. This tapering is referred with 
the term conicity in the following. This conicity hints that the Ga droplet diameter 
increases with the growth time. This can be explained by the low nucleation density 
of the nanowires, leading to a local lower effective V/III ratio due to low diffusion 
lengths of P species. At a TMGa preflow time of 1 s, the nanowires are slightly 
shorter and thinner but no conicity is visible due to higher nucleation density, 
indicating an eff ective V/III ratio of 1. Between the nanowires, some parasitic 
islands consisting out of GaP are visible. At longer preflow times, the nanowire 
lengths and diameter decrease to 0, so no nanowires are growing any more. An 
explanation for that could be that the initial Ga droplets are too large for VLS 
nanowire growth and only bulk GaP is growing. Because the nanowires grown with 
a preflow of 1 s show no conicity, these optimized growth conditions were used for 
further growth experiments.  
To achieve high aspect ratios, the influence of the growth time on the nanowire 
growth was investigated. The growth time was varied from 5 min to 75 min. In all 
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dependence of the V/III ratio. All experiments were performed at a growth 
temperature of 500 °C with a growth time of  5 min and a TMGa preflow of 1 s. Over 
the whole growth series, we see a drop in the conicity with increasing V/III ratios. 
Indeed, the conicity turns negative at a V/III ratio of 1.5, resulting in nanowires 
which becoming thinner during growth. This behav iour can be explained by the 
VLS mechanism. The droplet on top of the nanowire is mainly Ga metal and Ga is 
incorporated in the nanowire crystal during growth also. The size of the droplet 
defines the diameter of the resulting nanowire. If the relative amo unt of Ga 
delivered by the gas phase is high, the droplet becomes larger during the growth, 
resulting in an increasing nanowire diameter. If the relative Ga fraction is smaller, 
more and more Ga from the droplet gets incorporated into the nanowire and the 
droplet shrinks, which results in a thinning nanowire. At the first three steps of the 
V/III ratio variation, the nanowire length and diameter stays approximately 
constant. At a V/III ratio of 2, the nanowire length shrinks immediately. This can 
be explained again by the consumption of the Ga droplet during the growth. The 
Ga droplet is fully consumed at a certain stage and growth stops, resulting again in 
a nanopillar -like structure.    
All in all, this study demonstrates full control over the morphology o f MOVPE-
grown self -catalyzed GaP nanowires on Si (111) with systematic investigation of 
growth parameter dependencies.  
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Figure 13: Different growth series of self -catalyzed GaP nanowires, grown in an 
MOVPE reactor. a) Nanowire lengt h and diameter in dependence of the TMGa 
preflow time. b) Nanowire lengths in dependence of the growth time. c) Nanowire 
length and diameter in dependence of the applied growth temperature. d) 
Nanowire length, diameter and conicity in dependence of the use d V/III ratio.  
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4.3 Kink formation investigated by SPED 
 
This subchapter summarizes the findings of the pu blication, depict ed in chapter 7.3.  
The performed growth experiments show  that nanowires typically grow straight 
but change their growth direction after random distances, producing kinks. The 
nanowire kinks, investigated in this study, are grown in the in-situ TEM holder and 
on the amorphous SiN substrate of the MEMS chips. However, the effect of a 
defined substrate like Si on the kinking mechanism might diminish for longer 
nanowires and the kinking mechanism is only affected by the growth conditions 
and the thermodynamic stability of the nanowire system. Accordingly, this results 
can be transferred to the epitaxial growth setup as well. The nanowire kink angles 
are not distributed randomly, but show certain accumulations. In order to 
determine the kink angles, tilt series of the grown nanowires were performed post 
growth. By the images from these tilt series, the kink angles are determined via 3D 
reconstruction. Dominant kink angles are observed at angles of around 70.5°, 109.5° 
and 123.7°. The relative occurrence of the kink angels is also not equally distributed. 
Most of the nanowires kink at an angle of around 70.5° and 123.7°, while the relative 
occurrence of 109.5° kink angles is quiet low. The origin of this distribution will be 
discussed at the end of this chapter.  
In order to understand the origin of the nanowire kinks during growth, SPED 
measurements were performed to produce orientation maps of the nanowire 
crystal. Figure 16 a) shows a combination of the orientations, index and reliability 
map of the SPED measurement of a 70.5° kink. The orientation map indicates 
�G�L�I�I�H�U�H�Q�W�� �F�U�\�V�W�D�O�V�·�� �R�U�L�H�Q�W�D�W�L�R�Q�� �Z�L�W�K�� �G�L�I�I�H�U�H�Q�W��colors. The index map displays the 
correlation index value in greyscale at every scan pixel. The higher the index value, 
the better the match between the recorded diffraction pattern and the selected 
template. The inclusion of the index map de-emphasizes amorphous regions. 
Orientation reliability is a measure of the difference between the index values for 
the two best-matching templates for the selected point displayed by the reliability 
map. This de-emphasizes regions with overlapping crystals, where the orientation 
is ambiguous. The color code for all the orientation maps is depicted in Figure 16 
e). 
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After identifying the origin of the dominant kinks in GaP nanowires, the relative 
occurrence of these kinks can be discussed. As mentioned above, the relative 
occurrence of 109.5° kinks is relatively low in comparison to the 70.5° kinks, 
although these kinks should be produced more easily from a geometrical point of 
view. An explanation for this could be the termination of the growth front, as 
discussed in chapter 2.1.2. 109.5° kinks change the growth termination, while it is 
maintained at 70.5° kinks. This leads to the suggestion that one termination is 
energetically preferred over the other. In fact, III -V nanowires typically grow B -
polar , which means that the growth front is terminated by th e group V material 
[69]. Also the high occurrence of 123.7° kinks can be explained by this theory. If a 
109.5° kink occurs, the nanowire crystal will form a second 109.5° kink to come back 
to its preferred growth termination, producing a microtwin of second order overall.  
All in all, microtwins of first order originate nanowire kinks of 70.5° and 109.5°, 
while the 123.7° kinks are originated by microtwins of second or der.  
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As mentioned above, the findings of the self-catalyzed growth of GaP nanowires in 
a conventional MOVPE reactor could be transferred to the in-situ setup in future. A 
further investigation of self -catalyzed growth can be of high technical interest, 
because the growth with seed particles like gold comes with the drawback of 
possible incorporation of this catalyst in the nanowire crystal, r esulting in 
impurities which can influence the material properties for device a pplications 
negatively [32]. To deposit Ga droplets on the MEMS-chip of the in-situ setup, a 
substrate like the presented Si is needed. With such a crystalline substrate, several 
challenges of imaging in the in-situ setup could be solved as well. If the catalyst 
particles are deposited on the amorphous SiN windows, the nanowires will grow 
in random directions. Some of them grow over the window, following the rou gh 
morphology of the SiN. Others grow free standing, which can result in a growth 
out of the focal plane of the TEM, resulting in projection errors by determining the 
growth rate. Moreover,  the growth in atomic resolution is very challenging because 
of the single-tilt capability of the in-situ TEM holder. With one tilt axis it is very 
unlikely to find the correct zone axis for high -resolution imaging. A defined 
substrate could prevent all of this problems, by aligning the substrate in such a way 
that the nanowires grow in the focal plane. Furthermore, the substrate can be pre-
oriented such that only one tilt axis is needed for a tilt in zone axis condition. A 
growth in high resolution can give deeper insights in the VLS -mechanism as well 
as in kink formation . With such a setup, also axial and vertical heterostructures 
could be grown, which are on high interest for many technical device applications. 
Furthermore, the GaP nanowires can be grown in wurtzite  structure instead of 
zincblende by applying a very high  V/III ratio [100]. It is expected that nanowires 
in zincblende form no kinks like they do in the presented case of zincblende 
structure. Additionally, GaP in wurtzite  crystal structure has a direct bandgap 
which is also on high interest for different optoelectronic applications.  
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Knicke, welche auch häufig vorkommen, können durch Mikrozwillinge zweiter 
Ordnung erklärt werden. Das relative Auftreten der verschiedenen Knickwinkel 
kann vermutlich durch einen Wechsel der elementaren Terminierung der 
Wachstumsfront bei den 109,5° Knicken erklärt werden . Dadurch entsteht ein 
Zwilling zweiter Ordnung durch zwei kurz hintereinander folgende 109 ,5° Knicke, 
welche dadurch die entstandene Terminierungsänderung wieder aufheben. Dies 
erklärt das relativ seltene Auftreten der 109,5° Knicke und die hohe Häufigkei t der 
123,7° Knicke. Da erwartet wird, dass die Entstehung von Knicken ein 
thermodynamischer Prozess ist, kann diese voraussichtlich durch Änderung der 
Wachstumsparameter, wie der Temperatur, unterdrückt werden.  
 
Wie oben erwähnt, könnten die Erkenntnisse über das selbstkatalysierte Wachstum 
von GaP Nanodrähten in einem konventionellen MOVPE Reaktor, auch in den in-
situ Aufbau übertragen werden. Weitere solcher Untersuchungen des 
selbstkatalysierten Wachstums könnten von großem technischen Interesse sein, da 
das Wachstum mit Partikeln wie Gold den Nachteil mit sich bringt, dass ebendieses 
Gold in den Nanodrahtkristall eingebaut werden kann, was in Verunreinigungen 
resultiert, welche sich negativ auf die Materialeigenschaften für Anwendungen in 
Bauteilen auswirken können [32]. Um Ga Tropfen auf dem MEMS-Chip des in-situ 
Aufbaus zu deponieren wird ein Substrat wie zum Beispiel Si benötigt. Mit solch 
einem kristallinen Substrat könnten weiterhin einige Herausforderung in der 
Bildgebung im in-situ Aufbau gelöst werden. Wenn die Katalysepartikel auf dem 
amorphen SiN deponiert werden, wachsen die späteren Nanodrähte in zufällige 
Richtungen. Einige wachsen über das SiN Fenster und folgen dabei der rauen 
Morphologie von diesem. Andere wachsen freiste hend, was zu einem Wachstum 
aus der Fokalebene des Mikroskops führen kann. Dies resultiert gegeben falls in 
einem Fehler der ermittelten Wachstumsrate durch Projektionsfehler. Auch das 
Wachstum in atomarer Auflösung ist mit großen Herausforderungen verbund en, 
da der in-situ Halter lediglich über eine Kippachse verfügt. Ein definiertes Substrat 
könnte all diese Probleme lösen, indem es so orientiert wird, dass die Nanodrähte 
in der Fokalebene des Mikroskops wachsen. Weiterhin kann es so orientiert 
werden, dass lediglich eine Kippachse benötigt wird, um die gewünschte 
Zonenachse der Nanodrähte zu treffen. Ein solches Wachstum in Hochauflösung 
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kann weitere Einsichten in den VLS-Mechanismus und die Entstehung von Knicken 
ermöglichen. Mit einem solchen Aufbau kön nen außerdem axiale und vertikale 
Heterostrukturen gewachsen werden, welche ebenfalls von großem Interesse für 
technische Anwendungen sind. Außerdem könnten die GaP Nanodrähte in 
Wurtzit -, anstatt in Zinkblendestruktur gewachsen werden, indem ein sehr hohe s 
V/III Verhältni s angelegt wird [100]. Es wird erwartet, dass Nanodrähte in 
Wur tzitstruktur keine Knicke, so wie es in der Zinkblendestruktur der Fall ist, 
bilden.  Weiterhin hat GaP in Wur tzitstruktur eine direkte Bandlücke, was ebenfalls 
hochinteressant für optoelektronische Anwendungen ist.   
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