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Abstract

This project report attempts to measure the piezoelectric effect in strained
core-shell nanowires. The core material is wurtzite indium phosphide (InP)
and the shell material wurtzite gallium indium arsenide (GaxIn1-xAs). The
lattice constant of GaxIn1-xAs can be adjusted by its composition x and
enables positive and negative strain for core and shell. A piezoelectric fields
in the order of 1× 106 V m−1 was predicted using analytical calculations of
the strain. The nanowire samples are grown using metal-organic vapor phase
epitaxy (MOVPE), resulting in nanowires with varying shell thickness and
shell composition. Single nanowires were contacted to measure their current
voltage characteristics. The extracted resistance and rectification behaviour
was dominated by the shell thickness for the case of thin shells (<10 nm).
The characteristics of a piezoelectric field, however, could not be extracted
from the measurement results.
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Chapter 1

INTRODUCTION

A growing world population with the goal of increasing average wealth cannot
base its growth solely on consumption of limited natural resources. In the
last decade, renewable energies have shown their potential to contribute to a
cleaner energy production. Particularly the use of solar radiation offers great
possibilities. It provides about 5000 times more energy than the current world
consumption per year [1]. Harvesting only a small portion of that energy
could therefore drastically reduce the emissions of energy production and the
connected climate change. For that reason the development of photovoltaic
cells has become a large research field.

Nowadays commercial wafer based silicon modules are dominating the
market due to their decent efficiency of about 16 %, relatively low costs,
and high reliability. Highly efficient modules could only be competitive in
combination with large collectors. That solution provides high efficiencies
at reduced costs per module-area. In order to improve the efficiency in a
photovoltaic module, mainly the bandgap of the semiconductor material,
which determines the distribution of absorbed wavelengths, is modified. A
promising material system for that purpose is the use of III-V semiconduc-
tors. Various element combinations in binary, ternary or higher order systems
provide a high flexibility to adjust the bandgap and ergo the spectral range of
absorption. Their predominantly direct bandgap contributes to high absorp-
tion coefficients [2]. Figures 1.1a and 1.1b illustrate the difference between
silicon based and III-V mulitijunction solar cells. In the latter case, higher
conversion efficiencies and manipulation of the absorption range help to avoid
thermalization losses.

Usually III-V semiconductor solar cells are fabricated in thin layers via
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Figure 1.1: The AM1.5 solar spectrum with theoretical absorption of different
solar cells.

(a) AM 1.5 solar spectrum and theoretical ab-
sorption of silicon solar cells after thermaliza-
tion and transmission losses.

(b) AM 1.5 solar spectrum and theoretical ab-
sorption of Ga0.35In0.65P / Ga0.83In0.17As / Ge
solar cells with reduced thermalization losses.

metal-organic vapor phase epitaxy (MOVPE). However, thin layers exhibit
high surface recombinations of photogenerated carriers and long collection
lengths for excited carriers. In contrast, nanowires with a high length-to-
diameter ratio provide short collection lengths perpendicular to the main
axis of the wire and high electron mobilities. Nanowires (NWs) also can
have high crystal qualities and accommodate an increasing amount of strain
with decreasing diameter [1]. The latter provides higher flexibility for mate-
rial combinations directly grown on each other. Jesper Wallentin et al. [3]
demonstrated in 2013 that an array of Indium Phosphide (InP) NWs yielded
efficiencies of 13.8 %. The device generated 83 % of the bulk-photocurrent,
covering only 12 % of the surface. This means that a fraction of material
can yield photocurrents close to bulk materials. The drawbacks of those
nanowire structures are the difficulties in fabrication, especially the doping
of the structures. Replacing the effect of doping would simplify the process
to a large extent.

This is the starting point for my project in the group of Magnus Borgström
at the department of Solid State Physics in Lund. The idea is that electron
hole pairs, which can be created by a photon, are separated by a piezopo-
tential (see figure 1.2) in strained heterostructures. In conventional semicon-
ductor solar cells, they are created by the potential of the depletion region in
p-n or p-i-n junctions. The question of whether this field is strong enough to
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Figure 1.2: Schematic drawing of electron hole separation by a piezoelectric
field in a contacted nanowire.

separate electron hole pairs was answered by Frederik Boxberg in 2010 [4].
The group used an analytical model and numerical simulations to investigate
strain in nanowires with an Indium Arsenide (InAs) core and an InP shell.
They found that the piezoelectric field can exceed 1 V m-1 and concluded
that the potential created by the piezoelectric field is indeed strong enough to
cause charge separation of photogenerated electron hole pairs. Another the-
oretical work on the piezoelectric field comes from the group around Hanan
Al-Zahrani [5]. They simulated the deflection of various III-V semiconductor
core shell nanowires by an AFM tip and calculated the polarization of the
systems. They concluded that the piezoelectric constants could be higher
than previously assumed and that a strong dipole is created along the main
axis of the wire. XiaoLong Feng [6] studied the piezotronic heterojunction
in axial heterostructures.

In spite of the theoretical predictions, the piezoelectric field in core shell
nanowires has rarely been the subject of experimental work. A short overview
of the previous work is given in the following. Satish Rai et al. [7] used the
piezo-phototronic effect in core shell nanowires to enhance photodetectors.
They embedded NWs in a thin polyester film on a silver foil and found in-
creasing resistance and photocurrents with larger mechanical stress on the
wires. The work of Pengbo Liu [8] demonstrated the possibility of bandgap
engineering using strain. The latter investigated long conical / tapered in-
dium arsenide cores surrounded by a thin indium phosphide shell (see figure
1.3). The strain along the wire is connected to the thickness of core and shell
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and manipulates the bandgap. By contacting both ends of the nanowire, they

Figure 1.3: a) Change of the conduction and the valence band depending on
the ratio of the InAs core (gold) to the InP shell (orange); figure adapted
from reference [8].

found high electron mobilities up to 22 300 cm2 V−1 s−1 at room temperature.
The group explained the improvement with surface passivation of the InAs
cores and the built-in piezoelectric field induced by strain. However, they
were not able to isolate the piezoelectric effect and prove the existence of the
field. Neither did they show how strongly the field influences the mobility
and the resistance of the wire. However, a careful investigation and isolation
of the piezoelectric effect is needed to design devices such as semiconductor
solar cells. This is the motivation behind the present project.

The basic idea of the project is to isolate the piezoelectric effect and to
measure its influence on the electronic properties of III-V semiconductors.
To achieve this, the following steps have to be taken: (i) a heterostructure
that most likely exhibits strong piezoelectric fields has to be found and de-
fined, (ii) the obtained heterostructure needs to be manufactured, and (iii)
the piezoelectric field or a direct ramification of it needs to be isolated and
measured. The present report is structured in the same way. The next
chapter (chapter 2) discusses strained heterostructures in theory and adum-
brates promising structures for practical measurements. Chapter 3 contains
information about growth and qualitative outcomes and, last but not least,
the careful analysis of the samples as well as its discussion can be found in
chapter 4. After that, an outlook will address the open questions in this
work.
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Chapter 2

STRAINED
HETEROSTRUCTURES

2.1 Qualitative model of strained heterostruc-

tures

An object consisting of two chemically different structures connected to each
other is called heterostructure. The specialty of a heterostructure is the
common interface that merges the two structures. This interface can be
created in a deposition of one species on the surface of another. The first
monolayer in this process will adapt to the chemical environment of the
surface and take over its structure. The more layers assemble, the greater
the disadvantage of deformed bonds in the top material becomes. Far from
the interface, the stress-free state of the top material will be reached by plastic
relaxation. In between those poles, the top structure will be strained. An
illustration of the described model can be found in figure 2.1. If the bottom
structure is not rigid, both structures will have to find a compromise at the
interface to balance the forces of their bulk parts. The following conclusions
can be drawn from this model:

1. The extent of each layer in the heterostructure will determine its ability
to accommodate strain.

2. The amount of strain will depend on the ratio of the interface area to
the bulk volume,
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3. the cross section area of each component, and

4. the difference of the lattice constants at the interface, called the lattice
mismatch.

Figure 2.1: Schematic heterostructure consisting of two materials with dif-
ferent stress free states.

Any crystal structure with a non-centrosymmetric unit cell exhibits piezo-
electric polarization when it is strained [7]. This local polarization then adds
up over the crystal-extent and creates a piezoelectric field. With the aim
to measure the piezoelectric field in nanoscale heterostructures, the sample
should exhibit unrelaxed strain. Following the four strain criteria above,
core-shell nanowires seem to be a good choice. First, they can accommodate
large amounts of strain, due to their high aspect ratio of the diameter to the
nanowire side and their small dimensions. Secondly, they have a high sur-
face/interface to volume ratio. Thirdly, the growth of core-shell nanowires
is flexible and would allow control of the crystal volume ratio. Fourthly, it
is possible to introduce ternary components, which offer control over lattice
constants and therefore strain by changing the composition.

In this project the two material systems indium arsenide (InAs) on in-
dium phosphide (InP) and indium gallium arsenide (GaxIn1-xAs) on InP are
examined. InP has a suitable bandgap for solar cell applications [3] and is
therefore a suitable material for the outlook of this project. The ternary
component GaxIn1-xAs can adopt lattice constants larger than (x < 0.47),
smaller than (x > 0.47), and matched to (x = 0.47) InP. Therefore the
same material system allows positive, negative and no strain. This property
will make it easier to isolate the piezoelectric from other effects. The het-
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erostructure consisting of InP and InAs serves as a reference, due to its fixed
mismatch.

The crystal structure of all three materials is zincblende in the bulk ma-
terial. High surface to volume ratios, however, can shift the thermodynamic
equilibrium to the similar wurtzite structure. The reason for that shift is still
under debate [9-11]. InP [12], GaxIn1-xAs [13], and InAs [10] nanowires were
already grown in the wurtzite structure.

So far, a simple model of heterostructures has led to a qualitative choice
of the material systems and rough shape of the heterostructure. The result
are core-shell nanowire with InP in the core and GaxIn1-xAs or InAs in the
shell. In order to complete the heterostructure design, also a quantitative
relation between the heterostructure proportions and strain is needed. The
strain can then be connected to the piezoelectric properties and a sound
prognosis can be made for the growth samples.

2.2 Quantitative model of strained heterostruc-

tures

Appendix A contains a detailed description of the strain calculus used in this
work. All calculations are based on analytical expressions from the work of
Ferrand [14] and Boxberg [4]. The model describes radial heterostructures
with cylindrical symmetry and translational invariance along the main axis,
resulting in infinitely long nanowires. The latter does not harm the validity
of the result, since any segment separated from the ends by a distance more
than the nanowire diameter is described correctly (Saint Venant’s principle).
The crystal structure is either wurtzite or zincblende. Their orientation is
chosen in a way that the direction of highest polarization is aligned with the
main axis of the heterostructure. Local polarizations can then add up over
large distances and create a strong dipole [4]. The direction with the highest
polarization is [0001] in wurtzite and [111] in zincblende crystals [14]. The
mismatch parallel and perpendicular to the interface is fully accommodated
by elastic strain. To stabilize the interface and surface, stress is equal on both
sides of the interface and is set to zero at the surface. Analytical expressions
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for the main elements of the strain tensor can be found in equations 2.1.

εczz =
(1− η)χ

η + (1− η)χ
f‖

εszz =
−η

η + (1− η)χ
f‖

εcθθ − εcrr
2

= 0

εsθθ − εsrr
2

= Bs
r2
c

r2

εcθθ + εcrr
2

=
(1− η)χ

η + (1− η)χ
(f⊥ +Bs)

εsθθ + εsrr
2

=
−η

η + (1− η)χ
(f⊥ +Bs)

(2.1)

The letter f defines the mismatch, η = r2
c/r

2
s marks the ratio of the cross

section areas, and the variables Bs and (f⊥+Bs) are functions of the elastic
constants cij, of the lattice mismatch and the ratio η. Bs and (f⊥ +Bs) can
be found in the appendix (A.8 and A.11) for wurtzite and zincblende crystals.
A uniform lattice mismatch (f‖ = f⊥ = f) is assumed for zincblende crystals,
due to their cubic structure. The calculation of strain is correct for wurtzite
along [0001] and a very good approximation for zincblende along [111] [14].

Piezoelectric polarization along the main axis (Pz) can be described using
the piezoelectric constants e and the relevant strain components εzz and
(εrr + εθθ) for wurtzite or (2εzz − εyy − εxx) for zincblende (see equation 2.2).
The piezoelectric field in equation 2.3 is the average effective surface charge
density 〈ρpzs 〉 divided by the average electrical permittivity 〈ε〉 [4].

Pwz
z = e31(εrr + εθθ) + e33εzz

P zb
z =

e14√
3

(2εzz − εyy − εxx)
(2.2)

Ez =
〈ρpzs 〉
〈ε〉

= −Pz,cAc + Pz,sAs
ε0(εcAc + εsAs)

(2.3)

with the cross section areas for core and shell Ac and As, the components of
the strain tensor εkl, the electrical permittivity in the core and the shell εc
and εs, and the vacuum permittivity ε0. All constants used in the calculations
can be found in table 2.1. It should be noted that the permittivity constants
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Table 2.1: Physical and electrical properties of GaAs, InAs, and InP in their
wurtzite and zincblende phases.

GaAs InAs InP
Parameters WZ ZB WZ ZB WZ ZB

a[Å] 3.986[15] 5.6533[16] 4.2742[17] 6.0583[16] 4.1423[18] 5.8687[16]
c[Å] 6.581[15] 7.0250[17] 6.8013[18]

c11[GPa] 147.6[19] 124.2[19] 99.1[20] 80.3[20] 116.7[20] 98.4[20]
c12[GPa] 46.0[19] 51.4[19] 43.6[20] 43.3[20] 50.9[20] 45.4[20]
c13[GPa] 33.4[19] 31.9[20] 38.2[20]
c33[GPa] 160.2[19] 114.5[20] 135.9[20]
c44[GPa] 42.4[19] 63.4[19] 22.0[20] 36.9[20] 27.0[20] 39.5[20]
e14[C/m2] 0.21[21] -0.050[22] 0.060[22]
e31[C/m2] -0.17[5] -0.081[20] -0.026[20]
e33[C/m2] 0.32[5] 0.012[20] 0.091[20]

ε11 12.9[16] 12.9[16] 14.5[22] 14.5[22] 13.9[22] 13.9[22]
ε33 12.9[16] 14.5[22] 13.9[22]

εr of zincblende crystals were used for wurtzite, since there are no values for
the latter available. All values for the ternary component GaxIn1-xAs were
extracted by linear extrapolation between GaAs and InAs (Vegards rule).

The ratio η = r2
c/r

2
s has a strong influence on the strain of the system

(compare equation 2.1). In figure 2.2a the piezoelectric field is shown for
different ratios of the shell thickness to the core radius. The average ex-
tremum of the curves is found at a ratio of 0.43, which means that the core
radius should be approximately twice as large as the shell radius to obtain the
maximum field strength. For the two structures with InAs shells, zincblende
exhibits higher fields. This is due to the fact that the graph shows the isolated
field of the z-direction. Contributions from the other strain component are
omitted (see equation 2.3). This restriction affects wurtzite and zincblende
crystals in an opposite way, compared to numerical calculations provided in
reference [4]. The ladder solution shows that in fact wurtzite exhibits higher
fields. The piezolectric field in the analytical solution will be underestimated
in wurtzite and overstimated in zincblende crystals, due to the contribution
of strain components perpendicular to the main axis. The analytical re-
sults are in good agreement with reference [4]. When the Gallium fraction
is increased, the mismatch to InP shrinks and the effective strain decreases
together with the piezoelectric field. At x = 0.46 the shell is close to the
lattice match and the field almost disappears. For compositions exceeding
0.47, the strain and the field are reversed.

After clarifying the relative relation core radius and shell thickness, the
absolute radius of the heterostructure needs to be discussed. An important
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(a) The Piezoelectric field in InP-GaxIn1-xAs
core-shell nanowires in the wurtzite (0 ≥ x ≥
0.693) and zincblende phase (x = 0) against the
ratio of the shell thickness to the core radius.

(b) InAs-InP core-shell heterostructures: criti-
cal shell thickness as a function of core radius;
the dashed line represents the calculated critical
dimensions and the circles mark experimental
findings; data is from reference [23]; the ratio
creating the maximum field is 0.38 (green line).

Figure 2.2: Analysis of the piezoelectric field depending on the relative shell
thickness in InP-GaxIn1-xAs core shell nanowires (left) and of the critical
absolute dimensions in InAs-InP core-shell nanowires.

restriction on the choice of dimensions for the heterostructure will be the
critical thickness, which marks the limit of elastic strain and the onset of re-
laxations. To be more precise, there is a critical core radius Rc and a critical
shell thickness Hc, below which no dislocations appear. Possible plastic relax-
ations are first the straight edge dislocations parallel to the nanowire axis and
secondly the edge dislocation loops, which are normal to the nanowire axis
[24]. Salehzadeh et al. [23] calculated the onset of dislocation in wurtzite
InAs-InP core-shell nanowires oriented in [0001]. The mismatch in such a
heterostructure amounts to 3.3 %. Figure 2.2b shows their result with good
agreement with experimental data. The optimal ratio for an optimized piezo-
electric field in InAs-InP core-shell wires was found to be 0.38 in the present
work and was added to figure 2.2b. Although the calculation of Salehzadeh
et al. do not consider exactly the same heterostructures as this work, both
can be assumed to behave very similarly [24]. Structures with less mismatch,
like the ones with the shell material GaxIn1-xAs, would exhibit a similar line
shape and allow larger critical parameters. It should be noted, that the cal-
culations of critical dimensions in core-shell nanowires are quite discrepant.
The critical core radii of Salezadeh et al. are relatively large (ten times
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larger) compared to findings in other references [24].
The quantitative analysis has shown that wurtzite core-shell heterostruc-

tures oriented in [0001] can exhibit relatively large piezoelectric fields in the
order of 106 V m−1. A calculation of the ideal ratio from the shell thickness to
the core radius yielded 0.43 for the heterostructures in the present work. For
the large mismatch of 3.3 % in InP-InAs core-shell nanowires, dislocations
and relaxation of strain play a major role in nanowires with large diameters.
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Chapter 3

GROWTH

The prerequisite for a successful measurement is a proper sample. The aim of
this chapter is to describe a growth process to manufacture the heterostruc-
tures described above. First, the wanted requirements are summarized,
then conclusions for the growth process are drawn. Wurtzite indium phos-
phide (InP) was chosen to be the core material and gallium-indium-arsenide
(GaxIn1-xAs) or InAs (x = 0) the shell material. The growth direction and
therefore the main axis of the nanowire is oriented along [0001]. Strain and
therefore the piezoelectric field depend on the mismatch at the interface and
on the relative core and shell thickness. Dislocations and successive strain
relaxation occur for thicker nanowires and demand a control of the total
diameter. What can be concluded for the growth process?

1. The growth conditions need to favor nanowire growth instead of planar
growth.

2. The substrates’ surface should be either 〈111〉A or 〈111〉B in order to
determine the growth direction and main axis of the nanowires along
[0001].

3. The composition of GaxIn1-xAs and the relative thickness of the core
and the shell will determine the strain. Therefore those factors need to
be controlled in the growth process.

4. A thin layer can accommodate more strain than a thick layer. The
parameter of absolute diameter needs to be adjustable in order to avoid
strain relaxation.
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Those requirements are the objectives for the two experimental approaches
of this work. The next three sections will describe their concept and devel-
opment in great detail.

3.1 Metal Organic Vapor Phase Deposition

Metal-organic vapor phase deposition (MOVPE) is a very flexible and ver-
satile growth technique and is able to produce almost all group III / V
semiconductors. It allows growth of high purity materials [25] and abrupt
interfaces [26]. Further, MOVPE is a scalable growth technique, which is
particularly interesting for the development of solar cell prototypes, which
is a possible outlook for this project. All samples were grown in a MOVPE
machine produced by the Swedish company Epiquip.

All experiments of the present work were carried out at a pressure of
100 mbar and a temperature between 510 ◦C and 750 ◦C. Low pressures have
the benefit of reducing parasitic reactions of the precursors and enhance the
mass transport. The temperature range mentioned above falls mainly in the
mass transport limited regime, which is normally defined between 550 ◦C and
750 ◦C [26].

The core material InP was grown with the precursors Trimethylindium
(TMIn) and Phosphine (PH3) and the shell material GaxIn1-xAs with TMIn,
Trimethylgallium (TMGa) and Arsine (AsH3). All precursors were carried
in a flow of hydrogen (H2) with a flow-rate of 6000 sccm/min. Such high gas
velocities reduce parasitic reactions, contribute to efficient use of precursors,
and enable instantaneous changes of gas composition, which can be used for
producing sharp interfaces [26]. The use of hydrogen has the benefit of being
almost free from impurites, which reduces impurity incorporation in the solid.
Furthermore, hydrogen disarms methyl radicals and forms relatively inactive
methane molecules with them. At temperatures higher than 300 ◦C, the
precursor gases phosphine or arsine were additionally used as a protective
gas.

The choice and preparation of the substrate determines the growth di-
rection and nucleation sites. In the present work, zincblende InP wafer with
the orientation 〈111〉A or 〈111〉B were used, so that the growth direction of
the nanowire is oriented along the hexagonal direction [0001]. Depending on
the growth mode, one of the two orientations (A or B) is chosen. For gold-
seeded growth or vapor-liquid-solid growth (VLS), the orientation 〈111〉B
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was used, which is common in literature [27-29]. In VLS growth mode, the
nanowire growth is catalyzed by a liquid gold nanoparticle [9]. The gold
nanoparticle serves as a catalyst for axial growth and provides good con-
trol of axial heterostructures. However, the seed particle strongly favors the
axial growth, which complicates the growth of radial heterostructures. In
contrast, selective-area epitaxy (SAE) does not need any catalyst particles.
The crystal nucleates directly on the substrate. To prevent planar growth,
the substrate is covered with a mask, which restricts nucleation to the non-
covered areas of the mask. This growth mode prefers the 〈111〉A orientation
[12, 30-31]. The following two sections provide a closer look at each growth
mode and their use in the project.

3.2 Gold seeded growth

In an aerosol process, gold nanoparticles were deposited on an InP 〈111〉B
wafer with a resulting density of one per square micrometer on average.
The diameters of the seed particles were distributed around 20 nm or 40 nm,
respectively. The wafer with gold nanoparticles on the surface was then sliced
into smaller pieces of approximately a quarter square centimeter. The growth
process of the core is divided into three phases:

1. The substrate is annealed at a high temperature of 550 ◦C in an at-
mosphere of H2 and PH3. This desorbs oxides, adatoms and other
contaminates.

2. A nucleation phase supersaturates the gold particle with Indium and
initiates the growth.

3. Actual growth: In this phase hydrogen bromide (HBr) is added to etch
the nanowires in situ to reduce tapering [32].

Based on the findings of Paiman et al. [28], a basic set of growth parameters
was selected.

With the settings, shown in table 3.1, and 40 nm gold nanoparticles, slight
tapering and pure wurtzite structure was expected. The molar fraction of
HBr in the gas phase was varied to obtain an etching rate, which eliminates
tapering but does not hinder axial growth too much. Figures 3.1a–3.1c are
images of a scanning electron microscope (SEM) by Hitachi (SU 8010, Hitachi
Ltd., Tokyo, Japan). They show three samples of InP cores, etched with
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Table 3.1: VLS growth parameters

Reactor settings
Technique: MOVPE, chamber pressure: 100 mbar, total flow:
6000 sccm / min, carrier gas: H2, protection gas: H2/PH3 or
H2/AsH3, substrate: InP(111)B, mean gold nanoparticle diameter:
20 or 40 nm

Core growth
Temp
[°C]

Time
[mm:ss]

XPH3 XTMIn V/III XHBr

Phase 1: Annealing 550 10:00 6.17E-3 - - -
Phase 2: Nucleation 510 00:15 6.17E-3 1.84E-5 335 -
Phase 3: Core Growth 510 08:00 6.17E-3 1.84E-5 335 4.03E-4

Shell growth
Temp
[°C]

Time
[mm:ss]

XPH3 XAsH3 XTMIn XTMGa V/III

Phase 1: Temperature change
and partly depletion

510 01:00 6.17E-3 - - - -

Phase 2:
Introduction of V-component

510 00:10 - 4.95E-3 - - -

Phase 3: Shell growth 510 00:14 - 4.95E-3
4.08E-6
3.26E-6
1.63E-6

1.84E-6
2.76E-6
3.68E-6

836
821
932

different molar fractions of HBr. A low molar fraction of 1.1 ·10−4 (fig. 3.1a)
clearly shows strong tapering, while a molar fraction of 7.8 · 10−4 (fig. 3.1b)
resulted in drastic decrease of the growth rate. In between those extremes, a
HBr content of 4.0 · 10−4 (fig. 3.1b) resulted in nanowires with a small base
and minor tapering.

However, a large amount of nanowires showed facetted side walls (see
inset of figure 3.1b), which indicate zincblende indium phosphide [33]. In
order to avoid zincblende nanowires, the average diameter of the gold seeds
was changed to 20 nm. As discussed above, the diameter of the nanowire will
favor the nucleation of indium phosphide in the wurtzite phase [9]. Indeed,
scaling down the gold seeds to 20 nm eliminated nanowires with facetted side
walls. The result, grown with the conditions in table 3.1, can be seen in figure
3.1d. The sample serves as a reference to the core in the heterostructure
described in the following. The dimensions are given in table 3.2 at the end
of this section.

The growth process of the shell is divided into three phases:

1. Temperature-change to the required shell growth temperature in order
to overcome limitations to shell growth and partial depletion of the
seed particle from indium.

2. Change of the group V-component from PH3 to arsine (AsH3).
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(a) Au-nanoparticle-diameter: 40 nm, growth
time: 10 min, XHBr=1.14× 10−4 , otherwise
with conditions in table 3.1.

(b) Au-nanoparticle-diameter: 40 nm, growth
time: 10 min, XHBr=4.03× 10−4 , otherwise
with conditions in table 3.1.

(c) Au-nanoparticle-diameter: 40 nm, growth
time: 10 min, XHBr=7.80× 10−4 , otherwise
with conditions in table 3.1.

(d) Grown with the conditions in table 3.1.

Figure 3.1: (a)-(c) three samples with increasing rates for in-situ etching, (d)
core reference for VLS growth samples.

3. Introduction of the group III-components TMIn and Trimethylgallium
(TMGa) and actual growth of the shell or an additional axial segment.

Shell growth is usually carried out at higher temperatures, where ther-
modynamic barriers of binding sites are less important and the growth speed
depends less on the crystal direction. If the axial growth rate is dominant
in the mid-temperature regime, it will be closer to the radial growth rate
in the high-temperature regime. Furthermore, the crystal quality is known
to benefit from higher temperatures [26]. The seed particles’ sensitivity to-
wards changes in circumambience, however, can complicate the growth of
radial heterostructures. In this project, the gold nanoparticle seems to move
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(a) Au-nanoparticle-diameter=40nm, 5 min
ramp, 540 ◦C, 1 min stabilization, V-
component switched in 15 s, V/III-ratio=411,
XTMIn=1.02E-5, XTMGa=1.84E-6.

(b) Au-nanoparticle-diameter=20 nm, 510 ◦C,
1 min stabilization, V-component switched
in 10 s, V/III-ratio=821, XTMIn=3.26E-6,
XTMGa=2.76E-6.

Figure 3.2: Both cores were grown like the example in table 3.1; figure 3.2a
shows shell growth with meandering seed particle, in figure 3.2b most seed
particles stayed on top of the nanowire; the tilted nanowires occured due to
the strain in the heterostructure.

or fall off from the nanowire’s tip and create branches or planar tracks on
the substrate when growth conditions are changed. It is not the scope of
this work to root out the process behind this, but it can be stated that the
wetting angle of the seed particle plays an important role in the particle [34].
Especially changes in the composition of the indium-gallium-gold alloy will
have an influence on the wetting angle [35]. Hence, depletion of the gold par-
ticle during heating and enrichment of the nanoparticle after introduction of
the III-components can lead to movements of the seed particle.

A rough mapping of the parameter space suggested the following: it helps
to grow the shell at the same temperature as the core. After core growth, the
seed particle had one minute to equilibrate, the V-component was switched
within a few seconds, and the shell growth was carried out without etching
for short times. The growth results before and after optimization are shown
in figures 3.2a and 3.2b. At this point, it should be noted, that the previous
conclusions about the parameter change are not a result of systematic anal-
ysis and can only be interpreted as simple observations. Table 3.1 shows the
growth parameters used in this work.

The morphology for the samples relevant to the later analysis is given in
table 3.2. All length measurements were taken with the use of scanning elec-
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tron microscopy (SEM) images. The scale bar served as a length reference.
The nanowire-length was measured along the facing side from the top to the
base of the nanowire. Diameters were evaluated by measuring the full width
half maximum of an intensity profile perpendicular to the nanowires main
axis. Two diameters were averaged - one above the base and one below the
end of the shell. This provides the additional information of tapering, which
is the difference between the top and the bottom diameter. Negative values
mark inverse tapering, where the top is thicker than the bottom. The data
provided in 3.2 and 3.4 are mean values of many nanowires in the center of
the substrate. The standard deviation of those values is also given for each
average. Based on the mean and standard deviation of the (referenced) core
and the shell diameter, the strain in core and shell, as well as the piezoelec-
tric field along z were calculated. Values for all possible combinations of core
and shell radius were averaged, weighted with the deviation from the mean.
The results are given in tables 3.2 and 3.4. It should be noted, that the
GaxIn1-xAs composition was not measured. The given values are the molar
fraction of Ga divided by the sum of the molar fractions of In and Ga.

Table 3.2: Average morphology of InP-GaxIn1-xAs core-shell nanowires
seeded with gold nanoparticles; all samples were grown with the conditions
in table 3.1.

Core reference
Length

[nm]
Diameter

[nm]
Tapering

[nm]
Sample VR 1443± 231 39± 4 3± 3
Core/Shell

samples
GaxIn1-xAs

Length
[nm]

Diameter
[nm]

Tapering
[nm]

εczz (calc)
[%]

Ez (calc)
[106 V/m]

Sample V1 0.311 2802± 258 53± 5 −1± 3 0.49 -1.61
Sample V2 0.458 2702± 415 50± 5 −2± 4 0.08 -0.21
Sample V3 0.693 2377± 345 47± 4 −3± 3 -0,20 1.26

3.3 Selective area epitaxy

In this growth mode, a mask is needed to restrict the growth to small areas.
For this purpose, a 20 nm layer of SiNx was deposited on an InP〈111〉A
surface. The surface was then covered by a lift-off and imprint resist. A
hole pattern was created by a plastic imprint stamp and the structure was
thinned down with the use of oxygen plasma until the substrate laid bare.
The openings are then used to etch the SiNx layer with reactive ion etching.
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Each hole has an average diameter of 130 nm and a spacing of 1µm. The
array has a hexagonal structure.

Table 3.3: SAE growth parameters

Reactor settings
Technique: MOVPE, chamber pressure: 100 mbar, total flow:
6000 sccm/min, carrier gas: H2, protection gas: H2/PH3 or
H2/AsH3, substrate: InP(111)A, hole diameter = 130 nm,

pattern density: 0.87 /µm2

Core growth
Temp
[°C]

Time
[mm:ss]

XPH3 XTMIn V/III XHBr

Phase 1: Annealing 750 10:00 2.47E-2 - - -
Phase 2: Core Growth 710 10:00 2.47E-2 1.22E-5 2025 -
Phase 3: Etching 620/660 10:00 1.23E-2 - - 8.28E-5

Shell growth
Temp
[°C]

Time
[mm:ss]

XAsH3 XTMIn V/III

Phase 1: Switch of V-component
temperature change

460
02:00

– 05:00
5.50E-4 - -

Phase 2: Shell growth 460
00:15

– 05:00
5.50E-4 82

Based on the process of M. Heurlin et al. [31] a growth process was
designed (see table 3.3). The core growth is divided into three phases:

1. The substrate is annealed at a high temperature of 750 ◦C in a at-
mosphere of H2 and PH3. This desorbs oxides, adatoms and other
contaminates from the substrates surface.

2. Introducing III-component and growth of nanowires

3. In situ etching with hydrogen bromide and H2/PH3 protection gas; in
this step the morphology of the nanowire is manipulated.

This process creates an array of uniform and straight InP nanowires with
a pure wurtzite structure [31]. The average diameter is 148 nm after ten
minutes of growth, which is quite limited in accommodating strain, due to
relaxation processes in thick layers. Thus, an etching step was added to
the growth process to reduce the core diameter before the shell is grown.
The product after phase one and two (table 3.3) is shown in figure 3.3a, the
product of phase one to three can be seen in figure 3.3b. It can be clearly
seen that the nanowire morphology was changed during etching. Most often,
inverse tapering was the resulting change, but often additional features were
added to this change. Moreover, the etching rate was varying strongly over
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(a) InP cores after phase two of the process
shown in table 3.3.

(b) InP cores after phase 3 of the process shown
in table 3.3.

Figure 3.3: Two nanowire arrays in selective area growth mode; the left
shows the nanowires as-grown and the figure on the right hand side shows
them after the etching process.

the substrate. Especially when etching down to smaller diameters, nanowires
towards the edges of the substrate vanished.

Series with temperature variations and subsequent careful analysis of the
etching rates along a radial line from the substrates center did not exhibit
a clear correlation between temperature and etching rate. Towards smaller
diameters, the etching rate increases rapidly, due to a heterogeneous reaction
on the surface with the rate limiting step. This would suggest, that etching
is quicker with a higher surface to volume ratio.

Instabilities of the etching process over the substrate would not directly
influence the quality of electrical measurements. The nanowires can be picked
selectively from a small area of the substrate, as described in section 4.1.1.
The changes in morphology between the individual nanowires in a small
area is a bigger concern, because they will be hidden under the shell of the
heterostructure. In samples with nanowires etched down to about 40 to
60 nm in diameter, the standard deviation can be up to 12 % of the diameter
(see table 3.1). Before the etching process, the standard deviation of the
diameters amounts to about 3 % of the total diameter. Since the fluctuation
of the shell thickness and its dependency on the core diameter is unknown,
it will be difficult to reconstruct the proportions of a single heterostructure.
Furthermore, it is barely possible to measure the diameter of the core when
it is covered by a shell. This means, that the fluctuation should be as low as
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possible to simplify the analysis. Moreover, in-situ etching could influence
the surface structure and the epitaxial growth of the shell.

Another approach to diminish the diameter of the nanowires is the mod-
ification of the growth mask. This would reduce large diameter fluctuations
and ensure epitaxial core surfaces. Instead of the imprint method, electron
beam lithography (EBL) was used to produce the mask. The hole diameter
of the samples was reduced to 50 nm. Unfortunately, the growth with the
newly prepared masked substrates was not completed before the end of this
project. It will be mentioned in the outlook section, chapter 5.

The InGaAs shell is as well part of the outlook section, but the simpler
heterostructure with the binary component indium arsenide (InAs) was ac-
tually grown. The binary structure has defined lattice parameters, which
simplifies the measurement of strain with techniques like x-ray diffraction.
The shell part was grown in two phases:

1. Switch of the V-component and changing to the desired temperature
(see table 3.3); both is changed simultaneously.

2. Actual growth of the shell by introduction of the III-component.

In this way, various core shell nanowires with a fixed core growth and varying
InAs shell growth times were produced. The morphology of the important
ones for the next chapter about electrical measurements are summarized
in table 3.4. The length measurements and calculations follow the same
procedure described above. Two different core references are used. Sample
SR1 has an etching temperature (phase 3 of the core growth - see table 3.3) of
620 ◦C and sample SR2 was etched at 660 ◦C. On top of those core references,
the shells were grown for different duration. The values are 300 s for S1, 60 s
for S2, and 20 s for S3. SEM images of the two samples S1 and S3 are shown
in 3.4a and 3.4b. The nanowires of sample S1 are tilted, which can be caused
by the strain in the structure.
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(a) Growth according to table 3.3; the etching
temperature was 620 ◦C and the shell growth-
time was 300 s.

(b) Growth according to table 3.3; the etching
temperature was 660 ◦C and shell growth-time
was 20 s.

Figure 3.4: Two SEM images of InP-InAs core-shell nanowires with different
shell thickness.

Table 3.4: Average morphology of InP-InAs core-shell nanowires grown by
SAE; all samples were grown with the conditions in table 3.3.

Core references
Length

[nm]
Diameter

[nm]
Tapering

[nm]
Sample SR1 1938± 163 49± 6 8± 2
Sample SR2 1037± 389 54± 4 10± 2
Core/Shell

(ref)
Length

[nm]
Diameter

[nm]
Tapering

[nm]
εczz (calc)

[%]
Ez (calc)
[106 V/m]

Sample S1 (SR1) 1968± 127 170± 11 −10± 4 3.21 -0.43
Sample S2 (SR1) 2161± 60 99± 9 −22± 15 2.34 -3.73
Sample S3 (SR2) 2390± 51 105± 3 −9± 4 2.30 -3.94
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Chapter 4

ELECTRICAL
MEASUREMENTS

4.1 Experimental details

4.1.1 Device fabrication

The goal is to contact a single nanowire with defined contact positions.
The starting point are nanowires standing on the top of a substrate. The
nanowires were then transfered with a sharp tip of a cleanroom-tissue onto a
device template (see figure 4.1a). Device templates provide the infrastructure
for connecting macroscopic with nanoscale contacts. It consists of a silicon
wafer covered with a silicon oxide layer of 100 nm and measures 3 mm× 5 mm.
On top of that, a gold pattern connects the inner contact fields with larger
ones placed on the outside. A vertical array of contact fields lies in the cen-
ter of the device template. Each contact field is 100µm× 100 µm wide and
provides a fine dot grid, marks, and crosses for alignment purposes in the
following process (see figure 4.1b).

If placed correctly, the nanowires lay inside the contact fields. To iden-
tify a single intact wire and its coordinates on the grid, SEM images were
recorded of each field and nanowire position. An example is shown in fig-
ure 4.1b. With help of a Matlab script, provided by David Göransson, a
contact design file was produced, which places four contacts on the chosen
nanowire in each field. The device was then spincoated with 520 nm of the
resist poly(methyl-methacrylate) (PMMA) and heated to 180 ◦C for 10 min.
The contact design was then engraved into the resist by a electron beam
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(a) Device template.
(b) Contact field 24 with nanowires.

(c) Contact field 24 with contacted nanowire (d) Contacted nanowire.

Figure 4.1: Two SEM images of the device template (4.1a) with nanowires
on the contact fields (4.1b).

lithograph (Raith 150, Raith GmbH, Dortmund, Germany). The accelera-
tion voltage was either 10 kV or 20 kV and the area dose was 270 µA s cm−2.
After exposure, the gravure was developed for 90 s in a mixture of three
parts isopropanol and one part MIBK (Microchem), followed by 60 s in pure
isopropanol. The device was then etched in oxygen plasma (Plasma Preen
II-862, Plasmatic Systems Inc., North Brunswick, NJ, United States) for 30 s
to reduce organic contamination on the surface. In order to remove potential
oxides on the nanowire surface [36], the sample was etched at 42 ◦C in a solu-
tion of 10 mL deionized water and 0.127 mL NH4Sx solution (consisting of a
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20 % (NH4)2S stock solution from VWR International mixed with elemental
sulfur). The samples were etched for 5 min, rinsed with deionized water, dried
in a stream of nitrogen, and quickly transfered to the evaporation chamber
(AVAC AB, Linköping, Sweden). The etching process was evaluated by the
contact resistance only, which is discussed below. At a vacuum lower than
5× 10−7 mbar, nickel was evaporated at approximately 1.5�A s−1 to a layer
thickness of 30 nm layer and gold was evaporated at rates increasing from
approximately 1.5�A s−1 to 6.5�A s−1, forming a layer thickness of 100 nm.
After metal deposition, the sample was placed in the Microposit Remover
1165 (DOW Chemical Company) at 80 ◦C for 30 min to dissolve the PMMA
resist under the evaporated metal. This process disconnects the metal layer
from the device template and it can be lifted off. The contact design, which
is directly in contact with the decice template, remains. The result can be
found in figure 4.1c and 4.1d. Electrical measurements were performed in
the time span of maximum 8 h after the lift-off process.

4.1.2 Electrical measurements on individual nanowires

All measurements were performed on a Model 4200 - Semiconductor Char-
acterization System produced by the company Keithley (Tektronix Inc.,
Beaverton, OR, United States) connected to a Source One probe station
(Cascade Microtech Inc., Beaverton, OR, United States). The current and
voltage specifications of the tool can be found in table 4.1. For all measure-
ments the automated mode was used, so that the tool was able to react on
the measured data and adjust the current and voltage ranges accordingly
(compare table 4.1). This can lead to discontinuity in the curves, but pro-
vides higher accuracy in each section and the tool can adjust to large changes
in the current, which occurred frequently. Every nanowire has 4 contacts,
named A, B, C, and D. The contact closest to the top of the nanowire is de-
fined as contact A and the naming follows the alphabetic order towards the
bottom of the nanowire (compare figure 4.1d). The contacts to the nanowire
are linked via the contact pattern on the device template to the outer gold
plates (compare figure 4.1a), which can be contacted by probe needles.

A measurement of the current voltage relation (I-V) was performed on
pairs of nanowire contacts. In this work, the combinations A-B, B-C, and
C-D were probed. To reduce influences of the needles, all combinations were
measured with the same two probe needles. The I-V curves were recorded by
sweeping the bias voltage and measuring the current in one of the contacts.
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Table 4.1: Specifications of the Semiconductor Characterization System,
Model 4200, from the manufacturer Keithley; all data is from the manual
of the measurement system.

Currents Measure Source

Current
Range

Max.
Voltage

Resolution
Accuracy

±(%rdg + amps)
Resolution

Accuracy
±(%rdg + amps)

100 mA 21 V 100 nA 0.045 % + 3 µA 5 µA 0.050 % + 15 µA
10 mA 210 V 10 nA 0.037 % + 300 nA 500 nA 0.042 % + 1.5 µA
1 mA 210 V 1 nA 0.035 % + 30 nA 50 nA 0.040 % + 150 nA

100µA 210 V 100 pA 0.033 % + 3 nA 5 nA 0.038 % + 15 nA
10µA 210 V 10 pA 0.050 % + 600 pA 500 pA 0.060 % + 1.5 nA
1 µA 210 V 1 pA 0.050 % + 100 pA 50 pA 0.060 % + 200 pA

100 nA 210 V 100 fA 0.050 % + 30 pA 5 pA 0.060 % + 30 pA
Voltages Measure Source

Voltage
Range

Max.
Current

Resolution
Accuracy

±(%rdg + volts)
Resolution

Accuracy
±(%rdg + volts)

200 V 10.5 mA 200 µV 0.015 % + 3 mV 5 mV 0.02 % + 15 mV
20 V 105 mA 20 µV 0.01 % + 1 mV 500 µV 0.02 % + 1.5 mV
2 V 105 mA 2µV 0.012 % + 150 µV 50 µV 0.02 % + 300 µV

200 mV 105 mA 1µV 0.012 % + 100 µV 5µV 0.02 % + 150 µV

A bias voltage is applied on both contacts with the same absolute value
but different signs. During the measurement, the voltage bias is changed
symmetrically towards each other until the opposite end is reached. In a
contact pair X-Y, contact X is defined to start from negative bias voltage.
This means that the contact combinations A-B and B-A would start from
opposite bias conditions. An example for a characteristic I-V curve is given
in figure 4.2.

The resistance and the rectification were extracted from the measured
I-V curves. To that end, the differential resistance Rdiff = dV/dI was calcu-
lated using a noise robust differentiator proposed by Pavel Holoborodko [37]
(equation 4.1).

f ′(x∗) ≈
M∑
k=1

· fk − f−k
xk − x−k

· 2k (4.1)

While x is the current, f is the total bias voltage difference between the two
contacts, k gives the distance to the center point, and M = 2. The six values
for the differential resistance closest to zero bias voltage were averaged and
the result was taken as the resistance of the measurement.

The absolute current difference between pairs with the same absolute bias
voltage give the absolute rectification. The absolute rectification relative
to the current at positive bias voltage, gives the relative rectification. In
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Figure 4.2: Exemplary current voltage characteristic of the sample V2; all
contacts exhibit positive absolute rectification or a relative rectification larger
than one.

any contact pair X-Y, positive values (absolute rectification) or values above
unity (relative rectification) mark higher currents for positive bias voltage
on contact X. Rectifications were evaluated between 0.15 V and 0.35 V total
bias voltage and the obtained values were averaged.

4.1.3 Morphology of individual nanowires

Additionally to the electrical measurements, detailed SEM images, like the
one in figure 4.1d, provided information about the contact width, the distance
between the contact and the width of the nanowire in the middle between two
contacts. The measurement procedure is described in section 3.2. Measure-
ments on the core diameter inside a core-shell nanowire can not be measured
in a simple manner. In the following it is described how to infer the core
diameter from the outer diameters of the heterostructure. The samples V1-3
have a top segment originating from the shell growth phase (compare figure
4.1d). The growth of the top segment was catalyzed by the same seed particle
as the core, which is hidden under the shell. For a given wetting angle of the
gold seed particle during growth, the diameter of the wire is correlated with
the volume of the seed particle [38]. Thus, the mean diameter will vary for
different growth conditions, but the diameter distribution will depend only
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on the volume distribution of the seed particles and remains constant. Table

Table 4.2: Diameter relation between core reference and top part of the
samples V1-3.

Sample Core Reference V1 V2 V3
Mean diameter at top [nm] 36 33 32 32

Core-to-top offset [nm] +3 +4 +4
Standard deviation [nm] 2.8 2.6 2.5 2.9

4.2 shows the statistics for the diameter of the top part close to the seed
particle and the top part of the reference core. It is clearly visible from the
table, that the standard variation of the samples and the core is very similar.
Therefore it is reasonable to assume that there is a direct correlation between
the core thickness and the top part of an individual nanowire. The offset is
simply the difference between the mean diameter of the reference core and
the mean diameter of the samples top part. Assuming the core is uniform in
diameter, this creates the opportunity to infer the shell thickness from the
outer diameter. This is, however only possible for the VLS samples V1, V2,
and V3.

4.2 Results and Discussion

4.2.1 Gold seeded GaxIn1-xAs-InP core-shell nanowires

Resistance is known to depend on the contact distance (d), the cross section
area (A), and the resistivity of the material (ρ):

R =
ρd

A
(4.2)

Influences on the distance and the shell thickness are evaluated first. The
contact pairs A-B and C-D have a mean distance of 217 nm - 222 nm with
a standard deviation ranging from 11 nm to 16 nm. Therefore, the distance
has a minor influence on the resistance in those contacts. Figures 4.3a and
4.3b show the resistance of A-B and C-D as a function of the shell thickness,
which was calculated as described above. The size of the markers reflects the
relative rectification. In the A-B measurements (figure 4.3a), the markers
are split into two groups, while the group with lower resistances (A1) has
a relative rectification larger than unity (= size shown in the legend) with
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(a) Dependence of the resistance on the shell
thickness in A-B; the color and shape marks
different samples, the size reflects the relative
rectification (legend shows size with no rectifi-
cation).

(b) Dependence of the resistance on the shell
thickness in C-D; the color and shape marks
different samples, the size reflects the relative
rectification (legend shows size with no rectifi-
cation).

only a few exceptions. In the C-D measurements (figure 4.3b), all markers
are in the group with high resistances and their rectification seems to spread
randomly in both directions with strong individual rectifications. In both
figures, the resistance seems to exponentially decrease with increasing shell
thickness. However, a concrete relation can not be extracted from the figures,
due to the data scattering larger than two orders of magnitude. Moreover,
the shell thickness decreases with increasing gallium fraction.

In between the contacts B and C, the distance can vary from 50 nm to
680 nm. A colored map of the resistance in dependence on shell thickness
and contact distance is shown in figure 4.4. The strong dependence on the
shell thickness can also be observed following horizontal lines of equal shell
thickness. However, the graph does not show a clear relation between the
contact distance and the resistance.

A statistical overview of the obtained rectifications can be found in table
4.3. It shows which part of the samples (count) had positive or negative
rectification, meaning high currents with a positive or negative bias voltage
on contact X in X-Y. The mean value of the relative and absolute rectifica-
tion is also given. Due to the splitting of the results in figure 4.3a, also the
rectification data was split into the group with low (A1) and high (A2) resis-
tances. The relative amount of samples with a certain rectification (compare
the count columns in table 4.3) follow a similar trend in all samples. An
exception is B-C in sample V2.
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Figure 4.4: Dependence of the resistance on the shell thickness in B-C; the
color provides the resistance, the shape different samples and the position
determines the shell thickness and contact distance.

Additional data in table 4.3 gives the rectification for a contact pair E-F
on the top part of the nanowire. Note that the naming is an exception to the
previous cases, since E-F lies closer to the top of the wire, than A-B. The
rectification in those measurements is never negative, meaning that higher
currents are obtained for a negative bias on contact E, which lies closer to
the top of the wire. Figure 4.5 adds information about the resistance in
the top part of the nanowire. The average distance between the contacts
E and F is 331 nm, 332 nm, and 258 nm for the samples V1, V2, and V3
(standard deviation for the distances is below 8 nm). The resistances range

Table 4.3: Rectification statistics

Sample V1 Sample V2 Sample V3
High Count rel. abs. [A] Count rel. abs. [A] Count rel. abs. [A]

A1-B A1+ 62% 208% 4,98E-07 67% 213% 2,74E-07 71% 307% 2,58E-07
A1– 17% 48% -3,83E-07 33% 79% -8,63E-08 29% 61% -7,39E-08

A2–B A2+ 21% 448% 3,16E-10 20% 178% 5,65E-11 0%
A2– 79% 25% -8,16E-09 80% 19% -3,84E-10 100% 16% -2,84E-10

B-C B+ 31% 288% 1,54E-10 50% 202% 2,19E-11 32% 554% 4,10E-11
B– 58% 45% -7,21E-08 39% 62% -1,05E-11 58% 58% -6,85E-12

C-D C+ 65% 710% 9,55E-10 77% 715% 5,12E-10 67% 688% 1,15E-11
C– 27% 52% -8,34E-11 23% 67% -7,70E-12 33% 64% -1,06E-08

Total count > 26 > 26 > 19
E-F E+ 100% 329% 2,55E-9 60% 279% 1,11E-8 67% 171% 1,27E-9
(top) E–
Total count = 7 = 5 = 6
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Figure 4.5: Dependence of the resistance on the shell thickness in E-F; the
color and shape marks different samples, the size reflects the relative rectifi-
cation (legend shows size with no rectification).

from 1× 107 Ω to 1× 109 Ω.

In the following, the present data is discussed in order to find the major
influences on the resistance and the rectification. First of all, the shell thick-
ness seems to determine the order of magnitude of the resistance and can be
rated as a major influence (figures 4.3b and 4.4). Consequently, the electri-
cal measurements actually show the wires’ properties and are not dominated
by Schottky barriers. However, the scattering of the data points spans two
orders of magnitude for a given shell thickness and a clear relation between
the thickness can therefore not be extracted. One reason for the deviations
could be the contact distance, but even for a change over 650 nm a signifi-
cant trend of the resistance with the contact distance is not visible (compare
figure 4.4). Thus, entities related to the volume of the segment, like compo-
sition and doping density can be ruled out as a main influence. Furthermore
the composition difference is the largest between the samples, but no obvi-
ous difference in rectification or resistance behaviour is visible between the
samples. (The composition of the shell has an influence on the electron mo-
bility [39] and therefore the resistance) On the core-shell part, strain leads
to piezoresistive effects, which directly influences the resistance. Especially
the splitting in 4.3a is a feature likely to be explained with piezoresistance.
But since it appears in every sample with a similar distribution, it must
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be a feature indifferent to the amount of strain and is therefore not related
to piezoresistance. The piezoelectric field could cause bending of the bands
along the wire and lead to charge accumulation or depletion at the ends of
the wire, which in turn changes the carrier concentration and ergo the resis-
tance. This would affect the contact pairs A-B and C-D in the opposite way.
In fact, the distributions and resistances are very similar (compare figures
4.3a and 4.3b).

The rectification contains information about the directionality of the elec-
trical properties. Hence, the piezoresistivity and the piezoelectric effect will
have an impact on the rectification. Table 4.3 provides the data for the fol-
lowing discussion of the rectification. In sample V1, the major part of the
nanowires exposes positive rectifications (higher currents for a positive bias
on contact X in X-Y) for the contact combinations A1-B, C-D, and E-F and
negative rectifications for A2-B and B-C. Except for sample V2 B-C, the
behavior in sample V1 translates to sample V2 and V3 without changes. As-
suming that the samples V1 an V3 show reversed strain, the latter argument
rules out the piezoresistive and piezoelectric effect as a dominating influence
on the rectification behavior. Thus, either a composition gradient or the
shell thickness needs to be responsible for the rectification. An unintended
composition gradient for the growth of GaxIn1-xAs is likely to appear [13],
due to the relatively small diffusion length of gallium compared to indium
[40]. Unfortunately, the composition along the shell was not measured and
makes every further analysis speculative. The shell thickness remains as a
major influence on the measurements of the samples V1, V2, and V3. In
the following, an explanation model based on the detailed morphology of the
wire is developed. For this purpose, the average morphology of the nanowires
was thoroughly investigated. Figure 4.6 shows a qualitative scheme of the
nanowire with the contact positions. The morphology’s details are strongly
exaggerated in the scheme in order to illustrate the model. One important
feature of the nanowire is the hidden transition from the core-shell part to the
top part, which complicates the precise placement of the contact. Contact A
thus lies either on the top (A1) or on the core-shell (A2) part. Considering
the large cross section in the top part close to the interface, this explains
the splitting of the resistance measurements in A-B (see figure 4.3a). In A-B
measurements with low resistances, contact A was placed beyond the inter-
face (A1) and otherwise on the shell (A2). How the shell thickness could
influence the rectification, the following explanation is suggested: In the case
of quantum confinement in a two dimensional layer, the conduction band of
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Figure 4.6: Morphology with contact placement of an exemplary sample for
V1, V2, or V3.

the material is shifted to higher energies by the term

εn =
h̄2

2m∗
π

L2
n2 (4.3)

with the reduced Planck-constant h̄, the effective electron mass m∗, thickness
L (in the direction of confinement) and the integer n = 0, 1, 2, .... The energy
is inversely proportional to the layer thickness, so that a thinner layer has the
bottom of the conduction band at higher energies. A gradient in the layer
thickness would then result in a band that is bent down towards thicker
layers. This would group the contacts C-D and E-F in one group and A1-B,
A2-B, and B-C in the other. Except for the special case A1-B, where the
current has to cross the interface to the core-shell part, the grouping fits
with the observations above. The model, however, predicts that electrons
pass easier from the thinner to the thicker layer. The opposite is the case
in the measurements. For the special case A1-B, the model seems to fit
perfectly well. In conclusion, the model considers the shell thickness as the
main influence of the wires resistance and rectification. The model leads
to the same grouping of the contacts observed in the experiments and can
explain the low resistance of A1-B and its rectification. The rectification for
all the other contacts is strictly the opposite to the expected one and needs
another theoretical model to explain it.

4.2.2 SAE InAs-InP core-shell nanowires

Samples grown with SAE do not have a top segment. Consequently, the mean
value of the reference core is the only possible approximation to the core ra-
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Table 4.4: Rectification statistics

Sample S3
High Count rel. abs. [A]

A-B A+ 86% 587% 1.75E-10
A– 14% 55% -8.01E-10

B-C B+ 67% 248% 4.11E-14
B– 33% 62% -7,06E-13

C-D C+ 5% 125% 9,86E-14
C– 95% 55% -1.42E-13

Total count A-B: 28, B-C: 9, C-D: 21

dius and therefore the shell thickness. The reference core has a diameter of
49 nm with a standard deviation of 6 nm (compare table 3.4). This creates
an uncertainty in core thickness critical to the results, since the shell thick-
ness was the main influence in the previous section. The factor composition,
however, vanishes for the InAs shell. The drawback of a defined composition
is the fixed strain, which makes it difficult to distinguish the piezoresistance
and the piezoelectric field from other effects. Figure 4.7 and the support-
ing table 4.4 contain the results for the measurements on sample S3. From
both, it can be concluded that A-B has resistances two orders of magnitude
lower than C-D and B-C. The dependence on the diameter is not pronounced

Figure 4.7: Dependence of the resistance on the shell thickness in A-B, B-C,
and C-D; the color and shape marks different samples, the size reflects the
relative rectification (legend shows size with no rectification).
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clearly compared to figures 4.3a and 4.3b. The comparison of the mean resis-
tance and shell thickness in C-D for the samples S3 (1.93× 1012 Ω, 21 nm), S1
(5.84× 103 Ω, 58 nm) and V2 (1.54× 1010 Ω, 9 nm) emphasizes that the layer
thickness can not be the only major influence on the resistance. Hence, the
model used in the previous section is not sufficient for describing the results
in sample S3. The contact quality should mainly depend on the material and
the process. Resistances in the order of kΩ for S1 indicate a good contact
quality to the InAs shell. The distances between the contacts A-B and C-D
have a standard deviation of less then 19 nm. The distance in B-C deviates
by 162 nm. However, a correlation between the deviation of the resistance
and the contact distance does not emerge from figure 4.7. Furthermore, the
rectification is clearly positive in A-B and clearly negative in C-D. The major
part of B-C measurements exhibits positive rectification. Those directional
electronic properties are likely to be caused by the directional piezoresistance
and piezoelectric field, but since the system has fixed strain, the influence of
the strain on the directionality can not be proved.

Possible influences on the electrical properties are the piezoresistance
caused by strain in the heterostructure, the piezoelectric field causing charge
accumulation or depletion at the ends of the wire, Schottky barriers, dislo-
cations from strain relaxation, and quantum confinement. The information
obtained from the measurements and the measurement conception does not
allow a separation of those influences.

4.3 Conclusion

This work examined radial nanowire heterostructures with wurtzite InP cores
and GaxIn1-xAs shells. A theoretical prediction of the strain and the result-
ing piezoelectric field using analytical calculations led to an ideal ratio from
the shell thickness to the core radius of 0.43 and electrical fields in the order
of 1× 106 V/m. The samples were grown with success using two different
growth methods, first, gold seeded growth mode and, secondly, selective area
epitaxy. Single nanowires were contacted at 4 positions and a current volt-
age characterization of the samples provided the resistance and rectifying
behavior. For GaxIn1-xAs (0.3 < x < 0.7) shells with a thickness smaller
than 10 nm, the shell thickness was the main influence on the resistance
and the rectification in the sample. The model proposed was based on the
nanowires detailed morphology and can explain the resistance of the contacts.
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However, the observation that electrons flow more likely towards thinner seg-
ments contradicted the model of larger energy barriers, due to the quantum
confinement in the shell. For InAs (x = 0) shells thicker than 25 nm, the
morphology of the nanowire is no longer the dominating influence, but the
measurements did not provide enough information to separate the influences.
The resistance for thick shells was 60 nm, which indicates good contact qual-
ity. If the nanowire heterostructures exhibited strain and piezoelectric fields,
the measurements and the samples did not provide the flexibility to isolate
the effect from other influences. The aim to prove the piezoelectric field in
strained core-shell nanowires was not reached.
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Chapter 5

OUTLOOK

The piezoelectric effect could not be shown in the present work. The concept
of this project could still lead to success, if the number of uncertainties are
reduced: First, the cores’ morphology needs to be well known and repro-
ducible. The diameter should be smaller than 40 nm. The most reliable and
reproducible results was obtained by SAE growth without subsequent etching
procedure. Therefore, a growth mask with small openings would probably
lead to reproducible results. Secondly, the composition of the shell must be
uniform or known. Thirdly, the shell thickness should be larger than 15 nm
to avoid strong influences Fourthly, the location of the transition needs to
be known. If these factors are fulfilled, the measurement approach should
be sufficient to extract the piezoelectric effect. Nevertheless, it will require a
good theoretical model to estimate the different influences.

In order to avoid that, also the concept of measuring the piezoelectric
effect can be revised. One approach could be, to restrict the measurement
to the piezoelectric field. A device to achieve this, would be a core-shell
heterostructure, where the two ends of the core lie bare and are contacted.
Another pair of contacts lies on the shell, close to the edges. The outer pair
on the core part could then apply an electric field and the contact pair on
the shell part only measures the voltage. If the contacts on the shell show
an opposite field to the one applied at any time, the piezoelectric field would
be directly visible.
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Appendix A

STRAIN CALCULUS

The strain distribution in real core-shell nanowires will depend on a large
diversity of factors, varying from each individual nanowire. As usual, the
attempt to precisely model the reality will not lead to an end. Therefore
simpler models are required, which can describe the system reasonably well.
Initially it is assumed, that the lattice mismatch f , defined by the two lattice
constants ac and as of the unstrained core and shell (see equation A.1), is
fully accommodated. No relaxation will be taken into account.

f =
(as − ac)

ac
(A.1)

This alignment at the interface shifts the atoms from their equilibrium posi-
tion ~r to a new one. Those two positions are related by the displacement field
u(~r). The symmetric part of the fields derivatives then accurately describe
the strain ε (equation A.2).

εij =
1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
(A.2)

A displacement of atoms from their equilibrium position then requires a new
balance of forces. In this case the stress and the body forces per unit volume
F (~r) build this new equilibrium (equation A.3).

A set of equations fully describing the elastic strain in any heterostructure
will be obtained if the stress σij of the equilibrium condition is related to
strain. For the case of elastic strain, a stiffness tensor can connect those two
entities in the manner of Hook (see A.4). The obtained expression is called

45



Lamé-Clapeyron-Navier equation (A.5). One for each i and xi = x, y, z will
then form a complete set to describe the strain in the crystal.

∑
j

∂σij
∂xj

+ Fi = 0 (A.3)

σij =
∑
kl

cijklεkl (A.4)

∑
jkl

cijkl
∂

∂xj

(
∂uk
∂xl

+
∂ul
∂xk

)
+ Fi = 0 (A.5)

The number of terms in equation A.5 can be reduced drastically by boundary
conditions and symmetry, which is the aim of the next steps. Before that,
it should be noted, that a cylindrical coordinate system was used. The
elements of the displacement field are then ur, uθ, and uz, which are defined
by ux = ur(r) cos θ and uy = ur(r) sin θ. The main axis z is chosen to be
parallel to interface and surface and lies in the center of the heterostructure.
Such a coordinate system is convenient for cylindrical heterostructures and
simplifies the calculation for the case of cylindrical symmetry, which will be
important later in the chapter.

Two boundary conditions stabilize the surface and the interface. First,
the stress on both sides of the interface needs to be equal, meaning σcrr = σsrr,
where the indices c and s mark the core and the shell. Secondly, Surface stress
is not allowed (σsrr(rs) = 0). Additionally it must be implemented, that the
displacement field fully compensates for the lattice mismatch.

The effect of symmetry on the equation system needs to be evaluated for
both crystal structures separately. In the case of wurtzite, the direction [0001]
has cylindrical symmetry and the polarization is large, when it is strained.
Therefore the calculations will restrict to heterostructures with the z-axis
aligned to [0001]. From cylindrical symmetry follows, that the elements σrθ
and σrz automatically vanish and σczz and σszz are uniform. The latter results
in the condition ησczz + (1 − η)σszz = 0. Symmetry has a particularly large
effect on the stiffness tensor with 36 independent elements. Equation A.6
provides the stiffness tensor in Voigt notation for wurtzite crystals oriented
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in [0001]. 

c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c11−c12

2


(A.6)

The result has only five independent elements and is invariant to rotation
around the z-axis. Furthermore, the wire is assumed to be infinitely long,
which leads to translational invariance of all u(~r) derivatives. According to
Saint Venant’s principle this simplification does not influence any segment
separated from the ends of the wire by the length of the wire diameter. Thor-
ough simplification of the Lamé-Clapeyron-Navier equations [14] with the
stated boundary conditions and symmetry arguments, lead to the following
results:

εczz =
(1− η)χ

η + (1− η)χ
f‖

εszz =
−η

η + (1− η)χ
f‖

εcθθ − εcrr
2

= 0

εsθθ − εsrr
2

= Bs
r2
c

r2

εcθθ + εcrr
2

=
(1− η)χ

η + (1− η)χ
(f⊥ +Bs)

εsθθ + εsrr
2

=
−η

η + (1− η)χ
(f⊥ +Bs)

(A.7)

with

Bs = −
(c11 + c12)f⊥ + c13f‖

(c11 − c12)[η + (1− η)χ] + (c11 + c12)

(f⊥ +Bs) =
(c11 − c12)[η + (1− η)χ]f⊥ − c13f‖

(c11 − c12)[η + (1− η)χ] + (c11 + c12)

(A.8)

The area ratio of the circular cross sections is η = r2
c/r

2
s and the Poisson ratio

χ is averaged over each term χ = csijkl/c
c
ijkl, which is a good approximation
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in the present case. Two different mismatches are needed in the hexagonal
structure: f⊥ is perpendicular and f‖ is parallel to the interface.

In cubic zincblende crystals, the (111) plane is isotropic to some mechan-
ical properties, so the cylindrical approximation is therefore a natural choice
[14]. The coordinate system is then x = [11̄0], y = [112̄], and z = [111]. The
stiffness matrix with six (dependent) components is then

c̃11 c̃12 c̃13 c̃14 0 0
c̃12 c̃11 c̃13 −c̃14 0 0
c̃13 c̃13 c̃33 0 0 0
c̃14 −c̃14 0 c̃44 0 0
0 0 0 0 c̃44 c̃14

0 0 0 0 c̃14
c̃11−c̃12

2


(A.9)

with

c̃13 =
1

2
c11 +

1

2
c12 + c44

c̃13 =
1

3
c11 +

2

3
c12 +

4

3
c44

c̃13 =
1

6
c11 +

5

6
c12 −

2

6
c44

c̃13 =
1

3
c11 +

2

3
c12 −

2

3
c44

c̃13 =
1

3
c11 −

1

3
c12 +

1

3
c44

c̃13 =
1

3
√

2
(c11 − c12 − 2c44)

(A.10)

Using the same boundary conditions as above, translational invariance along
z, and the symmetry of the crystal structure, the Lamé-Clapeyron-Navier
equations can be simplified to a set of equations equivalent to A.7 (review
[14] for more details). The lattice mismatch, however, reduces to f‖ = f⊥ = f
and the parameters of A.8 are changed to

Bs = − 3(c11 + 2c12)

(c11 − c12 + 4c44)[η + (1− η)χ] + (2c11 + 4c12 + 2c44)

(f⊥ +Bs) = − (c11 − c12 + 4c44)[η + (1− η)χ]− (c11 + 2c12 − 2c44)

(c11 − c12 + 4c44)[η + (1− η)χ] + (2c11 + 4c12 + 2c44)
(A.11)
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With equations A.7, A.8, and A.11 analytical calculation of strain in core
shell nanowires is possible for cylindrical nanowires. For the case of radial
wurtzite heterostructures grown along [0001] the result is correct [14]. In the
case of zincblende grown along [111], the shell is warped [41] Nevertheless,
the analytical result is very close to more advanced three dimensional calcu-
lations (see the work of Ferrand et al. for more details) and therefore a good
approximation.

The relevant strain components for piezoelectric polarization in the two
systems described above are εzz and (εrr+εθθ) (for wurtzite) or (2εzz−εyy−εxx)
(for zincblende) [4]. The piezoelectric polarization in z-direction is then given
by

Pwz
z = e31(εrr + εθθ) + e33εzz

P zb
z =

e14√
3

(2εzz − εyy − εxx)
(A.12)

while wurtzite crystals have two piezoelectric constants, e31 and e33, and
zincblende crystals one, e14. The polarization adds up along the crystal
and turns nanowires of finite lengths into dipoles. A first approximation of
the field is the average effective surface charge density 〈ρpzs 〉 divided by the
average electrical permittivity 〈ε〉 [4]:

Ez =
〈ρpzs 〉
〈ε〉

= −Pz,cAc + Pz,sAs
ε0(εcAc + εsAs)

(A.13)

while Ac and As denote the cross section areas of core and shell, εc and εs are
the permittivity of the core and the shell, and ε0 is the vacuum permittivity.

In summary, the formulas provided here allow an analytical calculation
of strain and an assessment of the piezoelectric polarization along [0001] in
wurtzite structures and [111] in zincblende structures.
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