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1 Introduction

The fact that our world is composed of discrete elementary particles which interact accord-
ing to preexisting elementary interactions, rarely becomes evident to us in our daily lives.
This is not surprising, as our sensual perception is adapted to macroscopic dimensions, e.g.
to length scales ranging not far below the millimeter size. This scale is still by far larger
than the extension of elementary particles such as atoms or electrons. Physicists, however,
have always been fascinated by the small scale. During the last two centuries an enormous
advancement in its description has been achieved which evolved into the theory of quantum
mechanics, nowadays being a mainstay in the quali�cation of physicists.
Against this background, the exploration of electronic transport in semiconductors is

an intriguing �eld of study, as it allows to investigate the principles of quantum theory
and to demonstrate its validity. On the one hand, the electronic transport properties of
semiconductors are directly connected to the quantum nature of its constituting elements
by means of their periodic arrangement in a crystal lattice. From this periodic arrangement,
for instance, the electronic band structure is derived, as the wave functions of conduction
electrons adopt the periodicity of the crystal lattice. On the other hand, by reducing the
size of a semiconductor below certain limits, its electronic properties change according to
the principles of quantum mechanics due to, e.g., quantum con�nement or phase coherence
e�ects.
It is a delightful coincidence that basic research on semiconductor nanoelectronics not

only meets the desire of physicists to understand and prove the principles of quantum
mechanics, but also generates the foundation for future technological applications. Here,
in particular, the information technology has to be mentioned which has evolved into an
indispensable means of human coexistence in the past decades. Previous development in
the performance of information technology devices has been achieved by the miniaturization
of transistor channel lengths. Lastly, a further decrease of size has been prohibited by an
enormous increase of production costs. Furthermore, conventional device concepts fail if
the size falls below certain limits at which quantum e�ects govern the device behavior.
New concepts based on di�erent materials, new fabrication processes, or new transistor
principles in which the switching process is, for instance, based on the electron spin or its
phase are highly desired.
In this context, this work is dedicated to the analysis of electronic transport in narrow-

gap semiconductor nanowires. Nanowires are highly interesting as they might be used as
conductive channels in devices on the nanometer scale in addition to or as a replacement
of existing technology. Unlike conventional silicon devices which are fabricated in a "top-
down" lithography approach, the analyzed nanowires are synthesized using a "bottom-up"
self-assembly growth technique. It allows to produce nanowires with high crystal quality and
dimensions on the sub-100 nm scale in a low-cost way. The term narrow-gap refers to the
band gap of the utilized nanowire materials InAs and InN. Both have comparably small band
gaps of 0.36 eV and 0.7 eV, respectively, leading to superior electronic properties such as low
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1 Introduction

e�ective masses and high mobilities. In addition to pure InAs and InN nanowires, core/shell
nanowires consisting of a GaAs core and an InAs shell will be investigated. The possibility
of combining these highly lattice mismatched materials exempli�es another advantage of
nanowires: Compared to layer systems, nanowires allow for a superior �exibility in terms
of material composition which results from the high level of strain relaxation in wire-like
material.
Besides the analysis of basic transport properties of these nanowires, the investigation of

quantum e�ects is a focus of this work. In Chapter 2 the theoretical background necessary
for the description and explanation of the results is introduced. Here, attention is given
to the e�ects resulting from the small nanowire size on transport. Additionally, the theo-
retical background of the utilized measurement methods is explained brie�y. In Chapter
3, the physical properties of the materials InN and InAs in their bulk form are elucidated.
Furthermore, the special situation of wire-like material and its implications on the material
properties are highlighted. A review over existing literature dealing with InAs and InN
nanowires will be given, as well. Chapters 4 and 5 describe the nanowire growth and the
utilized sample preparation and measurement techniques in a brief way. In the following
three chapters the main results are presented. Here, one chapter has been devoted to each
type of nanowires. The most comprehensive studies are carried out on InAs nanowires,
shown in Chapter 6. Room temperature transport properties as well as the temperature
dependence of transport properties are investigated in detail. Furthermore, low tempera-
ture measurements are conducted which demonstrate quantum interference e�ects. Finally,
Hall measurements on single InAs nanowires are presented which manifest a possibility to
determine the carrier concentration which has never been used before for nanowires of these
dimensions. Chapter 7 presents room temperature and low temperature measurements on
InN nanowires. These measurements reveal the interesting e�ect of dielectric con�nement.
In Chapter 8, measurements on GaAs/InAs core/shell nanowires are presented. Finally
the results are summarized and an outlook for further investigations and possible future
applications is given.
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2 Theoretical Background

In this chapter the theoretical background, necessary to describe and understand the ex-
perimental results of this work, is explained. The explanations are mostly held in a brief
and succinct way. For more comprehensive literature, references are given in the respective
sections. Special attention is given to the e�ect of the small nanowire size on the transport
properties. In addition, the principle of �eld-e�ect transistor measurements as well as Hall
measurements is explained, as those methods are used in later parts of this work. Finally, a
method to simulate band structure and carrier distribution in nanostructures is introduced.

2.1 General considerations

When a current I is driven through a conductor, a voltage drop V can be measured and the
resistance scales according to Ohm's law: R = V/I. Classically, in an isotropic homogeneous
conductor of macroscopic dimensions R scales proportional to the ratio of contact separation
length L to cross section area A (see Fig. 2.1):

R = ρ · L
A
. (2.1)

Here ρ denotes the 3-dimensional speci�c resistivity of the material. In a four-terminal con-
�guration, as depicted in Figure 2.1, one does not have to account for a contact resistance.
If, in contrast, the voltage drop is measured at the same contacts, where the current is
injected, the measured resistance R comprises the sample resistance and twice the contact
resistance RC :

R = 2RC + ρ · L
A
. (2.2)

RC can be determined by comparing the resistances determined in a two-terminal and
a four-terminal measurement. The InAs nanowires as well as the GaAs/InAs core/shell
nanowires analyzed in this work exhibit hexagonal cross section areas:

A = 3/8
√
3d2. (2.3)

Here d is twice the hexagon side length. As it is common in the context of nanowires,
d is called the nanowire diameter throughout this work. To relate the resistivity with
microscopic parameters of the sample often the Drude model is used [1]:

ρ =
m

e2τmn
=

1

enµ
(2.4)

Here e and m are the electrons charge and mass, τm is the momentum relaxation time,
n the electron concentration, and µ = eτm/m the electron mobility. Although the Drude
model disregards the quantum mechanical nature of electrons, Equation (2.4) is a correct
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2 Theoretical Background

Figure 2.1: Current-voltage measurement on
a macroscopic sample in a four-
terminal con�guration. A

L

I

V

description for di�usive electronic transport, if one inserts the e�ective mass meff of the
electron and the momentum relaxation time at the Fermi edge (see e.g. [2]).
The nanowires analyzed in this work exhibit lengths in the range of 1 µm to 5 µm and

diameter in the range of 30 to 300 nm. Thus, the prerequisites for the utilization of Equa-
tions (2.1) - (2.4), macroscopic size and isotropy, are de�nitely not ful�lled. Therefore,
those equations might be inappropriate to describe the electronic transport or at least it
might be necessary to apply corrections. First of all, electronic transport depends on the di-
mensionality of the system. If transport is con�ned to lower dimensions, this has an impact
on the electronic properties. Additionally, in samples of small dimensions and high crystal
quality transport might be ballistic or phase coherent. It is useful to de�ne characteristic
length scales and compare them to the sample length to decide, if one has to account for
these phenomena. This will be done in Section 2.2. In the phase coherent regime, electron
interference e�ects modify the sample conductance, which will be discussed in Section 2.3.
Furthermore, the small size leads to a strong in�uence of the surface of the sample. In a
macroscopic sample, the in�uence of the surface can usually be neglected, as the surface
to volume ratio approaches zero for increasing sample dimensions. In contrast, in nanowire
samples, surface e�ects can have a crucial in�uence. On the surface the material proper-
ties can be very di�erent from the bulk ones because of space charge layers or increased
scattering. Surface e�ects will be discussed in Section 2.4.
In spite of the possible shortcomings described above, Equations (2.1) and (2.4) will be

used frequently throughout this work where it is appropriate, to relate the resistivity of the
nanowires with the carrier concentration and the mobility and to compare di�erent types
of nanowires with each other.

2.2 Transport regimes

To assess the in�uence of the small size on transport, it is useful to de�ne characteristic
length scales. These length scales can be compared with the sample dimensions to classify
the transport regime: The Fermi wave length λF , the electronic phase coherence length lϕ
and the momentum relaxation length lm. Each of these length scales can be in the range
or fall short of the sample dimensions, in this case corrections have to be applied. In the
following sections the di�erent regimes are explained in detail.

2.2.1 Reduced dimensionality and quantum con�nement

The Fermi wave length λF = 2π/kF is the wavelength of an electron at the Fermi edge,
with the Fermi wave vector kF . In a metal or a highly degenerate semiconductor, those
electrons having λF carry the current. One can de�ne the dimensionality of the transport
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2.2 Transport regimes

by comparing λF with the sample dimension. If one sample dimension is in the range of
λF , transport is con�ned in that speci�c direction. The following relation can be used to
relate the carrier concentration with the Fermi wave vector kF for 3-dimensional transport
[3]:

kF =
(
3π2nel

)1/3
. (2.5)

For lower dimensional transport other relations apply (see e.g. [3]). The reason for the
dependence on dimensionality can be understood in terms of a quantum mechanical treat-
ment of electron transport. Electronic motion through a semiconductor can be described
by the single band e�ective mass approximation Schrödinger equation [4]:[

EC +
(i~∆)2

2meff
+ U(r)

]
Ψ(r) = EΨ(r). (2.6)

Here EC is the conduction band energy, r the space coordinate (with components x, y,
z), U(r) an arbitrary con�ning potential, meff the e�ective mass in the conduction band
under consideration, and Ψ the electron wave function. In case of a macroscopic sample
with U(r) = 0, the solution of Equation (2.6) has the form of plane waves:

Ψ(r) = exp (ikr) , (2.7)

and the according energies are given by:

E = EC +
~2(kx + ky + kz)

2

2meff
, (2.8)

with wave vector k having the components ki = ni(2π/Li), with integers ni and i = x,
y, z. Thus, in case of a macroscopic sample (Lx, Ly, Lz ≫ λF ), the energetic separation
between electronic states is in�nitely small. In that case electron energies can be regarded
to be quasi-continuous. If the sample dimensions are con�ned in one or more directions
(Li ≈ λF ), the energy continuum evolves into discrete energies. For con�nement in z-
direction, the solutions can be written in the form:

Ψ(r) = Φn(z) exp (ikxx) exp (ikyy), (2.9)

leading to energies:

E = Ec + En +
~2(k2x + k2y)

2meff
. (2.10)

In x and y direction the wave function remains its form of plane waves with a parabolic
energy dispersion. In contrast, the z-direction is characterized by subbands labeled by
the index n, with di�erent wave functions Φn(z) and discrete energy En. Both Φn and
En depend on the speci�c form of U(r). For strong con�nement, En becomes larger and
increases the energy of the lowest subband, thus, increasing the band gap. For instance, in
a potential well of width d with in�nite potential barriers the lowest energy state is given
by:

E1 =
1

2meff

(
~π
d

)2

. (2.11)
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2 Theoretical Background

This band gap increase can be observed in optical absorbtion experiments by a decreased
absorbed wavelength or in transport experiments by an increased sample resistivity [5].
The e�ect is usually referred to as a quantum con�nement e�ect.
Due to the special symmetry of a cylindrical nanowire with axial coordinate z, radial

coordinate r, and azimuthal coordinate φ, it is convenient to expand the wave function as
[6, 7, 8]:

Φ = exp (ikz) exp (ilφ)χn,l(r), (2.12)

with the �rst part of the wave function being a plane wave describing the free motion along
z-direction. The second part describes the angular dependence of the wave function with
l = 0, ±1, ±2... the azimuthal quantum number describing the number of knots the wave
function exhibits around the circumference of the cylinder. The third part describes the
wave function along the radial coordinate r with the subband number n = 1, 2, 3... and,
remarkably, depending on l as well. The subband energies can be calculated using a self
consistent Schrödinger-Poisson solver, as described in Section 2.7.

2.2.2 Di�usive and ballistic transport

The momentum relaxation length lm is the average distance the electron propagates, until it
is scattered. It decides whether transport can be regarded as di�usive (L≫ lm) or ballistic
(L ≤ lm). In the di�usive transport regime, electrons are scattered many times on their
way through the sample. Scattering can take place on stationary scattering centers like
crystal dislocations or impurities. This kind of scattering is called elastic, as the electron
energy is conserved. Additionally, electrons can be scattered inelastically by phonons or
other electrons, here energy is not conserved. The momentum relaxation time τm relates
to the mean free path via the following equation (see e.g. [3]):

lm = vF τm =
~kF τm
meff

(2.13)

Additionally, the di�usion constant depends on τm:

D = v2F τm/d, (2.14)

here d is the dimensionality of the transport and vF the Fermi velocity.
In case of temperatures of a few Kelvin, phonon scattering is essentially suppressed. In

that case, the mean free path is mainly determined by elastic scattering on crystal impurities
or imperfections. In this regime the mean free path is often used synonymously with the
elastic scattering length le. If the crystal is perfect on the scale of the sample dimension,
electrons can propagate through the sample without being scattered. This regime is called
the ballistic regime. Here, the mean free path lm exceeds the sample length L.

2.2.3 Phase coherent transport

Coherence is a physical property, which basically describes the correlation of waves, in
particular the phase relation between waves. If waves are coherent, there is a correlation
between their phases and interference can occur. In 1927 Davisson and Germer were the
�rst who observed the interference of electrons. In their experiment an incident electron
beam in a vacuum chamber was scattered on a nickel crystal. The interference of the

6



2.2 Transport regimes

scattered electrons could be observed on a screen. The experiment was an important
step towards the establishment of quantum mechanics within which particles are described
as waves with complex probability amplitudes. In an electrical transport measurement,
electrons propagate through a crystal contacted by metallic reservoirs. Here the use of a
screen to illustrate the interference is not applicable. The natural observable in a transport
measurement is the conductivity of the sample and indeed interference phenomena can be
observed as changes in the conductivity. Such electron interference e�ects will be described
in Section 2.3. To assess, if phase coherent transport phenomena play a role, the phase
coherence length lϕ is de�ned. It describes the average distance an electron can propagate
until it looses its phase information. The phase information is lost, for instance, when an
inelastic scattering event occurs. It is important to mention, that electrons change their
phase when being elastically scattered. However, in elastic scattering the electron energy
is not changed and phase coherence is conserved. The reason for this is, that in a certain
transport channel with an elastic scattering center, each electron is subject to the same
phase change, thus the phase is not randomized. Accordingly, for the description of phase
coherence it is convenient to de�ne the electron dephasing time τϕ, which is the time a
conduction electron remains in a certain one-electron energy eigenstate in the presence of
static impurities [9].
In Chapters 6 and 7, phase coherent transport in a temperature range between 0.3 K

and 30 K is analyzed in InAs and InN nanowires. Due to crystal defects in the nanowires,
transport can be regarded as di�usive, which means that the phase coherence length is
given by:

lϕ =
√

Dτϕ, (2.15)

with the di�usion constant D as de�ned earlier. For semiconductor materials in this temper-
ature range, small energy transfer electron-electron (e-e) scattering, also known as Nyquist
dephasing, is the dominant source of dephasing [9]. It originates from the interaction of an
electron with the �uctuating electromagnetic �eld induced by all other electrons [10]. The
phase coherence time τee for this scattering mechanism depends on the dimensionality of
transport [10]:

1/τee ∝ T for 2-D transport, (2.16)

1/τee ∝ T 2/3 for 1-D transport. (2.17)

Another reason for decoherence is the e�ect of thermal averaging or energy averaging. If
an electron passes a length l in the time τl, due to the uncertainty relation, its one-electron
energy is only de�ned within an energetic width of EC(l) = ~/τl, also called correlation
energy. Within this energy range, electrons are correlated. For di�usive transport τl is
given by τl = l2/D ; thus, for di�usive transport the correlation energy equals [11]:

EC(l) = ~D/l2. (2.18)

At nonzero temperatures, because of thermal broadening of the Fermi distribution, elec-
trons within an energy interval of kBT contribute to transport. This means that a number
of (kBT/EC) uncorrelated channels contribute to transport, which reduces the phase co-
herence due to classical averaging. The thermal length is de�ned by the equality kBT =
EC (l = lT ), from which follows:

lT =

√
~D
kBT

. (2.19)
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2 Theoretical Background

Thus, for lT < L thermal averaging has to be taken into account.

2.3 Electron interference e�ects

2.3.1 Weak localization

The phenomenon of phase coherent transport, introduced in the previous section, leads to
electron interference e�ects, which can be observed in transport measurements. One e�ect
which occurs due to the phase coherence of electrons is the weak localization e�ect, which
manifests itself as an increase of the resistivity of a di�usive sample at low temperatures.
It has been explained by Anderson et al. [12] and Gorkov et al. [13] in 1979. Suppose a
di�usive sample, where an electron can propagate from point r to r′ on i di�erent trajec-
tories with a probability Ai for trajectory i. The total probability of traversing from r to
r′ is given by [14]:

P (r, r′) =

∣∣∣∣∣∑
i

Ai

∣∣∣∣∣
2

=
∑
i

|Ai|2 +
∑
i ̸=j

AiA
∗
j . (2.20)

Here, |
∑

iAi|2 is the classical di�usion probability, whereas interference is described by the
term

∑
i ̸=j AiA

∗
j . For arbitrary start and end points, the interference term averages out to

zero. In the case of closed trajectories, which means that start point r and end point r′

are the same, due to time reversal symmetry, the electron accumulates the same phase for
clockwise and anticlockwise propagation around the trajectory. This leads to constructive
interference at the start point, which doubles the probability of returning to the starting
point compared to the pure classical result [14]. The increased probability of backscattering
results in an increased resistance of the sample.

2.3.2 Universal conductance �uctuations

Universal conductance �uctuations (UCF) have been explained theoretically in 1985 by
Altshuler et al. [15] and Lee and Stone [16]. The e�ect leads to sample to sample variations
in the conductivity in the order of e2/h for samples, which are macroscopically identical
(same dimensions, same classical conductivity), except for their arrangement of scattering
centers. UCF occur in samples with a contact separation length L in the order of the phase
coherence length lϕ. Similar to the weak localization e�ect, UCF originate from electron
trajectories having the same start and endpoint, while in between due to their di�usive
motion, arbitrary phases can be accumulated. In contrast to the weak localization, there is
no restriction to backscattered electrons. Lee and Stone showed, that the interference term
does not average out in situations where lϕ exceeds the sample dimensions. The �uctuations
have a universal amplitude of e2/h and they are a universal feature of quantum transport,
independent of degree of disorder and sample size, as long as lϕ exceeds the sample size
[16].
For an experimental analysis of the UCF the variation of the con�guration of scattering

centers usually is inapplicable. As Lee and Stone pointed out [16], a �uctuating conductance
can be observed likewise by a variation of a magnetic �eld B penetrating the sample area
or by a variation of the electron Fermi energy E. It was shown, that a su�cient change
in E or B is equivalent to a complete change in impurity con�guration [14, 17]. A change
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2.3 Electron interference e�ects

in electron energy by ∆E = EC , with the correlation energy EC de�ned in Section 2.2.3,
leads to a new conductance value G(E+EC), which is statistically uncorrelated to G(E), as
transport channels with a distance of EC are uncorrelated. The second method to analyze
UCF, the variation of a magnetic �eld, will be used in Section 6.3. Thus, it will be discussed
in detail below.
The change of the interference pattern by a magnetic �eld can be understood as follows:

Electron waves, enclosing an area F which is penetrated by a magnetic �eld B are subject
to a phase shift, as known from the Aharonov-Bohm e�ect. The relative phase di�erence
of electron partial waves, enclosing F clockwise or anticlockwise, is given by:

∆AB = − e
~

∫∫
F
B · n d2a = − e

~
Φ = −2π

Φ

Φ0
, (2.21)

with n the vector normal to area F, d2a the surface element, Φ the enclosed magnetic �ux,
and Φ0 = h/e the magnetic �ux quantum. In di�usive motion, arbitrary areas are enclosed
by pairs of electrons. The total conductance is given by the sum over all possible electron
trajectories and their according probability amplitudes. If the magnetic �eld is changed
this leads to arbitrary phase shifts and eventually to an arbitrary change of the interference
terms. The phase shift, needed to cause an uncorrelated new conductance value has to be
in the order of 2π. The correlation �eld needed to cause this phase shift now depends on the
sample geometry and on the dimensionality of transport. For simplicity, in the following a
two dimensional transport channel of width W and length L is considered. Here, for BC

one obtains:
BC = γ

e

h

1

WL
, (2.22)

which implies, that typically the sample area WL is enclosed phase coherently. γ is a
constant between 0.42 and 0.95, depending on the relation of lϕ to the thermal length [14].
The correlation �eld is a measure for the �uctuation �eld scale of the UCF. According to
Equation (2.22), BC decreases with increasing sample size. This is obvious, as in a larger
sample, larger areas can be enclosed phase coherently, leading to larger phase shifts and,
thus, to a faster change in the conductance with the magnetic �eld. The correlation �eld
BC is connected with the magnetic �eld dependence of the conductance G (B) via the
autocorrelation function F (∆B), as shown theoretically in [11, 15, 16]:

F (∆B) = ⟨δG(B +∆B) · δG(B)⟩ . (2.23)

In particular, BC is de�ned by the half maximum of F (0):

F (BC) =
1

2
F (0). (2.24)

Descriptively, the autocorrelation function of G compares the conductance at magnetic �eld
B with the one at B+∆B. F (∆B) outputs a high numerical value if G(B) is (on average
over B) similar to G(B+∆B) (high correlation) and a value close to zero if G(B) di�ers (on
average) from G(B+∆B) (small correlation). A small �uctuation �eld scale thus manifests
in a rapid decay of F (∆B) for small ∆B, and accordingly in a small BC value.
For nonzero temperatures, lϕ might fall short of the sample length L. In this case the

typical area, enclosed phase coherently is reduced. For W < lϕ < L, Equation (2.22) is
modi�ed as follows:

BC (lϕ) = γ
e

h

1

Wlϕ
. (2.25)
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Thus, by analyzing the temperature dependence of BC , conclusions about the phase coher-
ence length can be drawn, as will be shown in detail in Section 6.3.
Besides the correlation �eld, the average �uctuation amplitude contains information on

the electronic phase coherence. The amplitude is obtained from G(B) by �rst determining
the deviation δG(B) from the average conductance:

δG(B) = G(B)− ⟨G⟩, (2.26)

⟨...⟩ denoting the average over the magnetic �eld. The idea of subtracting the average
conductance is based on the assumption, that the classical conductanceGcl is independent of
the magnetic �eld andGcl = ⟨G⟩, so that δG(B) re�ects only the changes of the conductance
due to the electron interference e�ects. The average �uctuation amplitude is then given by
the root mean square of δG:

rms(δG) =
√
var(δG) =

√
⟨(G− ⟨G⟩)2⟩. (2.27)

As already mentioned above, the amplitude is universal in the order of e2/h, if lϕ exceeds
the sample length [16]:

rms(δG) = C · e
2

h
, (2.28)

the numerical constant C depends on the sample geometry [14]. For nonzero temperatures,
lϕ might be smaller than the sample dimensions. In that case, several regimes can be distin-
guished, depending on the relation between L, lϕ, and lth. Considering a two dimensional
channel of width W and length L and with W ≪ L, the following regimes can be classi�ed:

1. lϕ ≪ lT and lϕ < L: In this case, N = L/lϕ coherent wire parts contribute to
transport. In each part i the conductance may vary by rms(δGi) = e2/h. Due to
classical averaging in the series of N parts the total amplitude rms(δG) is reduced.
Thermal averaging is absent, as lT > lϕ. rms(δG) is given by [18]:

rms(δG) = α
e2

h

(
lϕ
L

)3/2

, (2.29)

with α =
√
6 [18].

2. lT < L < lϕ: In this case N = kBT/Ec uncorrelated transport channels contribute to
transport. Due to thermal averaging rms(δG) is reduced:

rms(δG) =
e2

h

1√
N

=
e2

h

√
Ec

kBT
. (2.30)

3. lT ≪ lϕ < L: Both thermal averaging and inelastic scattering contribute to the
loss of phase coherence. In each phase coherent wire part of length lϕ there are
N ≈ kBT/EC(lϕ) of uncorrelated subintervals. Using Equations (2.18) and (2.19)
one obtains N = (lϕ/lT )

2 uncorrelated transport channels, thus it holds [14]:

rms(δG) = β
e2

h

lT
lϕ

(
lϕ
L

)3/2

= β
e2

h

lT
L

√
lϕ
L
, (2.31)

with β = 4π/3 [18].
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2.3 Electron interference e�ects

4. lϕ ≈ lT < L: In case of both length scales being in the same range, an interpolation
formula was derived [18]:

rms(δG) =
√
6
e2

h

(
lϕ
L

)3/2 [
1 +

9

2π

(
lϕ
lT

)]−1/2

. (2.32)

2.3.3 Regular oscillations

Regular oscillations in the magnetoconductance appear if electron trajectories are restricted
to a ring-like structure [19, 20, 21]. The origin of these regular oscillations is the same as
for the weak localization e�ect or the UCF. In an ideal ring structure, electron partial
waves propagating through the upper or lower arm of the ring [see Figure 2.2 (a)], are
subject to a relative phase shift given by Equation (2.21). In contrast to the situation of
di�usive transport in a conductor of arbitrary shape, where arbitrary phase shifts lead to the
occurrence of UCF, the enclosed area is �xed to the area of the circle, thus the phase shift is
always given by ∆AB = 2π

πr20
Φ0

, with the circle radius r0 and the magnetic �ux quantum Φ0.
Accordingly, if the magnetic �eld is changed the transmission through the ring structure
changes periodically with period ∆B = Φ0/(πr

2
0). These Φ0-periodic oscillations are called

Aharonov-Bohm (AB) oscillations [22]. In case of electron partial waves surrounding the
complete ring, they can interfere with their time reversed counterpart [Figure 2.2 (b)].
The relative phase di�erence is doubled compared to Equation (2.21), thus the period in
magnetic �eld is given by ∆B = Φ0/(2πr

2). These Φ0/2-periodic oscillations are called
Altshuler-Aronov-Spivak (AAS) oscillations [23]. As already mentioned in Section 2.3.1,
electron waves propagating on time-reversed paths clockwise and anticlockwise around the
ring, accumulate the same phase leading to zero phase di�erence at their point of origin.
Thus, AAS-oscillations are not averaged out, even if the ring structure is not ideal, which
means it has a �nite width with a number of transport channels. For instance, in the
seminal experiment of Sharvin and Sharvin [19], AAS-oscillations were observed in a Mg
cylinder with a diameter of 1 µm and a length of about 1 cm. In contrast, AB-oscillations
are subject to ensemble averaging in samples which contain many transport channels, as
electron waves in di�erent transport channels exhibit a di�erent initial phase (see e.g. [20]
for an extensive review).

B

r

B

r

(a) (b)

Figure 2.2: (a) Ring structure with electron partial waves enclosing half the ring clock- and
counterclockwise. In (b) the complete ring is enclosed by a partial wave and its
time-reversed counterpart.

For su�ciently small sample dimensions and a high degree of coherence of the electronic
wave functions, an alternative description of the situation can be given in terms of the single
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particle Schrödinger equation [see Equation (2.6)]. In the presence of a magnetic �eld B
the Schrödinger equation is modi�ed by the vector potential A with B = ∇×A [24]:[

(i~∆+ |e|A)2

2meff
+ U(r)

]
Ψ(r) = EΨ(r). (2.33)

The geometry favors the use of cylindrical coordinates (r, φ). The vector potential describ-
ing a magnetic �eld normal to the area of the ring is then given by A = eφΦ/(2πr). The
potential U(r) = U(r0) con�nes electron motion to the circle of radius r0. Interestingly, the
description holds not only for a ring-structure, but also for electronic motion on a cylin-
drical conductor, if one assumes the z-direction to be separable [compare Equation (2.12)].
From Equation (2.33) with r = r0 it follows for the angular motion:[

~2

2mr20

(
i
∂

∂φ
− πr20B

Φ0

)]
ψl(φ) = Elψl(φ). (2.34)

with the angular wave function ψl(φ) =
1√
2π

exp (ilφ) and the eigenenergies:

El =
~2

2mr20

(
l +

πr20B

Φ0

)2

, (2.35)

thus, a dispersion relation results which is parabolic in both l and B. The sign of the
angular momentum quantum number l determines the direction of propagation (clock- or
counterclockwise) around the ring. It can be shown that the transmission through the
ring is modulated with the Aharonov-Bohm period. (see e.g. [24]). The periodicity can
be explained in a descriptive way by means of Figure 2.3. Here the energy El is plotted
as a function of normalized magnetic �ux through the ring Φ/Φ0 for di�erent l. A �xed
Fermi energy EF of the system is assumed. With increasing magnetic �eld, the energy of
di�erent angular momentum quantum states is moved above and below EF , which leads
to a variation in the number of transport channels contributing to conduction, as (at zero
temperature) only channels located below EF contribute to transport. The period of this
alternation in the number of contributing channels equals the Aharonov-Bohm period.
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Figure 2.3: Dependence of energy El on Φ/Φ0 for di�erent l.
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2.4 Surface properties

At surfaces of crystalline solids, the physical properties di�er from the bulk ones. A surface
atom possesses a di�erent number of neighboring atoms, with which chemical bonds can be
formed. A surface band structure, distinct from the bulk band structure, develops at the
surface. This can be easily understood, if one considers the origin of the band structure in
the linear combination of atomic orbitals model [25]. Upon assembly of single atoms to a
crystal, the single atom energy levels split into energy bands. Due to the lack of bonding
partners at the surface, splitting and relative shift of the energy levels at the surface is
di�erent than in the bulk. Naturally, from the surface band structure, a surface density of
states is derived. Acceptor- and donor-like surface states are formed, depending on if they
originate from conduction band or valence band states. The energy, at which the charging
character of the surface states turns from donor-like to acceptor-like is called the branch
point energy EB. To describe the �lling of the surface states a surface Fermi level EFS can
be de�ned. For EFS = EB, the surface state band is neutral [25]. If EFS deviates from
EB, the surface states carry an according charge density qSS or an according charge QSS :

qSS =

∫ EFS

EB

NSS dE, (2.36)

QSS =

∫∫
F
qSS d2a, (2.37)

with NSS the surface state density per energy and F the surface area and d2a the surface
element. QSS is positive (negative) for EFS < EB (EFS > EB). As NSS can be very large
(in the range of 1013 cm−2(eV )−1), the deviation of EFS from EB is very small, as otherwise
large charges QSS would build up. As the bulk Fermi level - for charge neutrality reasons
- has to be equal to the surface Fermi level, this situation is often referred to as surface
Fermi level pinning. To achieve this equilibrium, charges are transferred between bulk
and surface states. Depending on the relative position of the surface states with respect
to the bulk band structure, charges need to be transferred from the bulk to the surface
states or vise versa. For many semiconductors (e.g. Si or GaAs), surface states are located
near mid-gap [25]. Here, charges are transferred into the surface states, which results in
a surface depletion layer. In contrast, the materials analyzed in this work, InN and InAs
(narrow-gap semiconductors), are special materials in this sense. For InN and InAs, there
are surface states at an energetic position above the conduction band edge, which leads to a
charge transfer from the surface states into the bulk. Thus, in these materials, an electron
accumulation layer is formed at the surface. This situation is depicted qualitatively in
Figure 2.4 for surface state densities of three di�erent magnitudes.
The high energetic position of the surface states causes electrons to be transferred from

the surface states into the near-surface bulk region. The surface states are, thus, charged
positively, while the positive charges are balanced by the electron accumulation layer. In
Figure 2.4 the density of surface states increases from (a) to (c) to illustrate the Fermi
level pinning. The larger the surface state density the closer EFS is pinned at EB and the
stronger is the surface accumulation.
Besides the surface state density NSS , the bulk doping level determines the amount of

charge, which has to be transferred, in order to achieve charge-neutrality. To illustrate
this, in Figure 2.5 the situation of three di�erent bulk doping levels is depicted, with the
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r r r

Figure 2.4: Band bending of conduction band EC and valence band EV as a function of
distance to the surface r for (a) low, (b) intermediate, and (c) high surface state
density.

n-type doping level increasing from (a) to (c). As the bulk Fermi energy is increased by
n-doping, less charge has to be transferred, in order to achieve EF = EFS . For very large
bulk doping levels [Figure 2.5 (c)], a �at band situation can be reached, where EF = EFS

is given without charge transfer.
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Figure 2.5: Band bending of conduction band EC and valence band EV as a function of dis-
tance to the surface r for (a) low, (b) intermediate, and (c) high (or degenerate)
bulk n-type doping level.

2.5 Doping of semiconductors

Doping of semiconductors means the incorporation of impurities of di�erent valency into
the semiconductor host material. It is a basic tool to control the concentration or the
sort of charge carriers. For, e.g., n-type doping an impurity of higher valency replaces an
atom of the host material and thereby adds an electron to the system. Due to electrostatic
interaction with the atomic core of the dopant the electron is bound. The binding energy
can be roughly estimated using a formula for the ionization energy of hydrogen, known
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from the Bohr-model [2]:

Ei,H =
1

2

e4m0

(4π~ϵ0)2
. (2.38)

Here e and m0 are the electrons charge and mass, ϵ0 is the vacuum permittivity. To
estimate the ionization energy of the electron in a semiconductor, in Equation (2.38) one
has to replace m0 by the e�ective electron mass meff and insert the relative permittivity
of the semiconductor material ϵr. Due to the interaction of the electron with the crystal
lattice, meff is usually smaller than m0. The insertion of ϵr accounts for the fact, that inside
of a material, electric �elds are screened due to local displacement of charges. Thus, in a
semiconductor, the ionization energies of donor atoms are usually considerably smaller, in
the order of 10 meV, compared to Ei,H = 13.9 eV of the free hydrogen atom. By thermal
activation, electrons can be activated from the bound donor state into the conduction band
and contribute to transport. The total concentration of donors ND, thus, can be divided
into those which are ionized (N+

D ) and those which are not (N0
D):

ND = N+
D +N0

D (2.39)

It follows for the carrier concentration n (in case of only n-type doping):

n = p+N+
D , (2.40)

with the concentration of holes p. This means that an electron in the conduction band can
either originate from the valence band or from a donor atom. In the following, the case
of very high doping levels, also called degenerate doping, will be discussed brie�y. The
case of degenerate doping will be treated in Chapter 7 by means of measurements on InN
nanowires. Afterwards the e�ect of donor deactivation due to dielectric con�nement will
be explained.

2.5.1 Degenerate doping and donor band formation

For small or moderate doping levels (which, for simplicity, are supposed to be n-type in
the following) the concentration of electrons contributing to transport is well characterized
by thermal activation from single donor levels as described above. If the donor density
is increased above a certain limit, however, this description fails. At a certain point, the
donor wave functions start to overlap. In analogy to the case of band formation due to the
overlap of atomic orbitals in a crystal, a donor band can form which possibly merges with
the conduction band and forms a band tail [26]. Due to the statistical spatial distribution
of donor atoms there is a statistical distribution of their energy states. While an isolated
impurity contributes with a single level at an energy corresponding to the ionization energy
of that particular impurity in the host material, clusters of two or more impurities located
closely together lead to states lying lower in energy. The density of states in the donor band
is, thus, related to the probability of �nding impurities at certain spatial separations [26].
In general, the mathematical description of donor bands or band tails is a complicated
theoretical problem, as both the extra carriers and the randomly distributed impurity
potential change the band structure (band gap or e�ective mass) of the material [27]. As
a part of this work, a simplifying model has been developed to describe the conduction in
degenerately doped InN [28]. It will be introduced in Chapter 7.
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2.5.2 Donor deactivation and dielectric con�nement

Recently, it has been proposed theoretically, that the ionization energy of dopants in nanos-
tructures can be considerably increased due to dielectric con�nement [29, 30, 31]. The origin
of this e�ect is the vicinity of the dopants to the boundary of the nanostructure. At the
boundary, there is a mismatch in relative dielectric constants, which leads to a change in
the e�ective screening of the positively charged dopant. If the nanostructure with a high di-
electric constant (e.g. InN, ϵr = 15.3) is surrounded by air (ϵair = 1), the e�ective screening
is reduced. According to formula (2.38), this leads to an increase of the ionization energy.
For an alternative microscopic explanation it is instructive to consider the potential of a

donor atom in a bulk semiconductor:

VD (r, r0) =
e2

ϵ0ϵr |r− r0|
(2.41)

According to the notion of Diarra et al. [31], this corresponds to the potential of a point
charge with the charge of (e/ϵr); the remaining charge of e(1−1/ϵr) is "repelled at in�nity".
In a nanostructure, however, the charge is being repelled at the surface, which is in the
vicinity of the donor atom. This leads to an additional term Vs in the total potential of the
donor atom Vtot = VD + Vs. Their calculations show, that this additional term leads to a
decrease of the donor energy level proportional to 1/rc (rc: radius of cylindrical wire):

ED (rc) = ED,0 − α
2e2

ϵrrc

ϵr − ϵair
ϵr + ϵair

F

(
ϵr
ϵair

)
, (2.42)

and, thus, to an increase of the ionization energy Ei = EC −ED(d), where EC denotes the
conduction band energy. The function F (x) is a numerical approximation given in [30]:

F (x) =
0.0949x3 + 17.395x2 + 175.739x+ 200.674

x2 + 50.841 + 219.091
. (2.43)

The theory has been applied successfully by Björk et al. [32] to explain a measured resistiv-
ity increase in thin Si nanowires. As a part of this work, the e�ect of dielectric con�nement
has been found in InN nanowires. The measurements will be presented in Chapter 7.

2.6 Basic tools for transport analysis

2.6.1 Field-e�ect transistors

In a �eld-e�ect transistor (FET), the resistance of a conductive channel, contacted by a
source and a drain electrode, is controlled by an electric �eld via electrostatic induction
[25, 33]. The silicon metal oxide semiconductor �eld-e�ect transistor is one of the most
advanced transistor devices on which modern semiconductor technology is based. In the
course of miniaturization of transistor channel lengths, the potential of nanowires as channel
material has been widely explored. Nanowire FETs can be realized in back-gate, top-
gate and surround-gate geometries, depending on the arrangement of the gate electrode
[34, 35, 36].
The FET setup used in this work is depicted in Figure 2.6. The nanowire is lying on a

Si (100) substrate which is covered by a 100 nm or 200 nm thick SiO2 layer. The Si (100)
is highly n-doped and serves as the back gate.
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SiO2
n (100)-Si

+

Ti/Au

Figure 2.6: Illustration of the FET setup used
in this work. As a dielectric ma-
terial, SiO2 of thicknesses between
100 nm and 200 nm is used. The
underlying Si (100) is highly n-
doped to allow for a back gate
control.

The FET setup can be used to determine the �eld-e�ect mobility µFE and the carrier
concentration nel in the nanowire. To do so, the FET has to be operated in the linear
regime, i.e. the drain current ID has to depend linearly on the gate voltage VG, as shown
exemplarily in Figure 2.7 for a gate voltage range between −2 V and 2 V.
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Figure 2.7: Exemplary ID-VG curve. A line is �tted to the linear region between −2 V and
2 V.

A straight line is �tted to the linear region, the slope of which is known as the transcon-
ductance gm = ∆ID/∆VG. The section of this line with the ID = 0 axis is called the
threshold voltage Vth. The linear operating regime is usually given for small source drain
voltages VSD ≪ VG−Vth. The following considerations only hold for the linear regime. The
charges Qi induced in the nanowire by the electric �eld of the gate depend linearly on VG
and on the nanowire capacitance C:

Qi(VG) = CVG. (2.44)

For a su�ciently negative gate voltage Vth, the nanowire is depleted and no conduction takes
place anymore. Here, the induced charges Qi(Vth) equal the total electron concentration at
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zero gate voltage, nel(VG = 0); thus, it holds:

nel(VG = 0) = −Qi(Vth)

eLA
= −CVth

eLA
, (2.45)

or more generally:

nel(VG) =
C(VG − Vth)

eLA
, (2.46)

with the length L and cross section area A of the wire. Using Ohm's law and Equations
(2.1) and (2.4), one obtains the drain current, linearly depending on VG:

ID = µFEC(VG − Vth)VSD/L
2. (2.47)

From this one obtains a constant �eld-e�ect mobility:

µFE =
gmL

2

VSDC
, (2.48)

where gm is the transconductance, as given above. The capacitance of the nanowire can be
estimated using the assumption of an in�nitely long cylinder on a metallic plate [37, 38]:

C =
2πϵ0ϵL

ln

[
tox/r + 1 +

√
(tox/r)

2 + 2tox/r

] , (2.49)

where ϵ0 and ϵ are the dielectric constants of vacuum and the gate dielectric, respectively,
tox is the thickness of the dielectric material and r is the nanowire radius. The estimate is
inaccurate for the following reasons:

1. In the model, the dielectric material is supposed to surround the nanowire completely,
which is not the case in a back-gate setup. It has been shown that this inadequacy
can be accounted for by inserting an e�ective dielectric constant value ϵeff , lower than
the real ϵ of the dielectric material (e.g. ϵeff = 2.2 for SiO2 [37]).

2. The model assumes an in�nitely long nanowire, which is obviously not the case in an
experimental situation.

3. Metallic contacts screen the applied gate voltage. In the vicinity of the contacts, the
e�ective capacitance might be changed.

4. There might exist surface or interface states between the nanowire and the gate di-
electric. These states pose an additional capacitance and charge might be rearranged
during a gate measurement, which distorts the results.

Due to point 2. - 4., the actual capacitance of a nanowire FET with a short channel length
might di�er from the one obtained by Equation (2.49). Both �eld-e�ect mobility µFE and
carrier concentration obtained from a �eld-e�ect measurement nel might therefore di�er
considerably from the "real" drift mobility and carrier concentration values.
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Figure 2.8: Schematic illustration of a Hall

measurement setup. Usually the
size of the contacts is small com-
pared to the width w of the
sample.

2.6.2 Hall e�ect

In section 6.4 of this work, Hall measurements on InAs nanowires will be presented. The
Hall e�ect is a very basic tool for the characterization of semiconductors. It can be used to
determine the sign of carriers as well as the carrier concentration. In Figure 2.8 the principle
of the Hall e�ect is illustrated. In a Hall measurement, a current is injected through a
sample of width w and thickness t. In case of pure n-type conduction, a magnetic �eld
applied normal to the sample plane leads to the de�ection of electrons and thus to a charge
separation due to the Lorentz force:

FL = evB. (2.50)

In turn, as electrons accumulate at one side of the sample, an electric �eld EH perpendicular
to the current direction builds up. In equilibrium the electric force Fe = −eE compensates
the Lorentz force:

−eE = VH/w = −evB. (2.51)

Here VH denotes the potential di�erence between the Hall contacts, which have the distance
w. The current density through the sample is given by:

j3D = I/A = n3Dev. (2.52)

Inserting this in Equation (2.51) leads to a formula for Hall voltage or carrier concentration
n3D:

VH =
IBw

An3D
, n3D =

IBw

VHA
. (2.53)

In the limit of a vanishing sample thickness (e.g. for a two dimensional electron gas) the
two dimensional current density is given by:

j2D = I/w = n2Dev. (2.54)

This leads to:

VH =
IB

n2D
, n2D =

IB

VH
. (2.55)

Formulas (2.53) and (2.55) will be used in Section 6.4 to evaluate Hall measurements on
nanowires.
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2 Theoretical Background

2.7 Band structure simulations in nanowires

Due to con�nement e�ects (Section 2.2.1) and the strong in�uence of the surface (see Section
2.4), the electronic band structure in a nanowire di�ers from the one that is observed in bulk
material. For a simulation of band structure and carrier concentration, a self-consistent
Schrödinger-Poisson solver is used [39]. Starting with properly chosen initial conditions
the electric potential distribution in the nanowire is determined using Poisson's equation.
By means of the Schrödinger equation, in which the previously determined potential is
included, the quantum mechanical wave functions and, thus, the carrier distribution in the
nanowire are calculated. Using the new carrier distribution, the Poisson equation is used
to improve the electric potential calculation. This process is repeated until a stationary
solution is found. The number of iteration steps has to be chosen adequately. Due to the
cylindrical geometry of a nanowire, the program operates in cylindrical coordinates and an
in�nitely long nanowire is assumed. The wave function has the form given already above
in Equation (2.12). Surface e�ects are accounted for by inserting a pinning position of the
Fermi-level at the surface. Additionally, a bulk doping level can be included. Simulations
of di�erent nanowire types (InAs, GaAs/InAs core/shell) will be presented in later parts of
this thesis. While the simulations are performed for cylindrical wires, the nanowires often
exhibit a hexagonal shape. A conversion between circle radius rc and hexagon side length a
(in later sections the hexagon side length is usually denoted as d/2) is applied by assuming
equal areas of hexagon and circle:

πr2c = 3/2
√
3a2 ⇒ a =

√(
2π

3
√
3

)
rc ≈ 1.1rc. (2.56)

In Figure 2.9 exemplarily a calculation of the radial probability densities |χn,l(r)|2, the
evolution of the conduction band EC , and the resulting carrier concentration n are shown
as a function of wire radius r. In (a) and (b) the wire is undoped, while in (c) and (d) a
concentration of fully ionized donors of N+

D = 1 · 1018 cm−3 is assumed. Furthermore, in
both cases the Fermi level is assumed to be pinned at 150 meV above EC at the surface and
the temperature is 300 K. Subbands n = 1, 2 and angular momentum quantum numbers
|l| = 0..9 are considered. For the case of an undoped wire, due to the Fermi level pinning
the conduction band is bend downwards at the surface. Accordingly electrons accumulate
close to the surface [see Figure 2.9 (b)], while in the inner part of the wire a low carrier
concentration is present. In case of the doped wire, the Fermi energy is increased relative
to the conduction band. As it was described in Section 2.4, the band bending is reduced.
A high carrier concentration is present in the inner part of the wire and it is only slightly
increased at the surface.
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2.7 Band structure simulations in nanowires
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Figure 2.9: (a) Simulation of the electronic states in an undoped InAs nanowire. The black
line indicates the conduction band as a function of (circular) nanowire radius.
The Fermi energy is de�ned as zero (red broken line). The blue and green lines
show the radial probability density |χn,l(r)|2 for various angular momentum
numbers l and subband numbers n = 1, 2. The energetic position of each
eigenstate is re�ected by the section of the corresponding wave function with the
energy axis. (b) Conduction band EC and calculated carrier concentration n as
a function of r. In (c) and (d) the same calculation as in (a) and (b) is shown for
a InAs nanowire with a concentration of ionized donors of N+

D = 1 · 1018 cm−3.
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3 Properties of InAs and InN nanowires

In this chapter some general properties of the narrow band gap semiconductor materials
InN and InAs will be described brie�y. Afterwards, a focus will be given to the special
situation of wire-like material; particularly an overview over basic transport parameters of
InAs and InN nanowires will be presented. Finally, the GaAs/InAs heterostructurew will
be introduced.

3.1 General properties of InAs and InN

Both InAs and InN are very interesting materials. They have a direct band gap, which
makes them suitable for optoelectronic applications. Due to its small band gap, InAs
is used, e.g., for infrared detectors. InN alloyed with GaN o�ers the possibility to vary
the bandgap over the complete visible spectrum, thus, it is widely used as a material for
light emitting diodes and it has potential applications in solar cells. Compared to silicon,
InAs and InN exhibit lower electronic e�ective masses and thus higher electron mobilities.
Therefore, they are candidates for high speed and low power consuming electronic devices.
Some basic material properties are listed in Table 3.1 in comparison to Si.

Material InAs InN Si

Stable structure zinc blende wurtzite diamond

Lattice parameters [Å] 6.0583
a0: 3.5446 5.4301
c0: 5.7039

Ionicity 0.29 0.83 0
Band gap [eV] (300K) 0.354 0.7 1.12

E�ective electron mass [m0] 0.023 0.07 0.19-0.98
Electron mobility [cm2/Vs] <40000 < 3200 1350

Dielectric constant 15.15 15.3 11.7

Table 3.1: Basic material properties of InAs, InN and Si. Values are taken from [40], [41],
and [42].

3.1.1 Bulk crystal structure

The arrangement of III-V semiconductor atoms in a crystal is determined by several factors,
e.g. the electronegativity of the involved atoms and/or the atomic sizes. The character of
the chemical bond between atoms is usually a mixture of ionic and covalent bonding, de-
scribed by the ionicity, which is a number between 0 (completely covalent) and 1 (completely
ionic).
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3 Properties of InAs and InN nanowires

The most common crystal structure of III-V semiconductors is the cubic zinc blende (ZB)
structure. It can be described by two face-centered cubic lattices, one of which is shifted by
1/4 along the cell diagonal. Each sort of atoms occupies one of the lattices. Another crystal
structure, closely related to ZB structure is the hexagonal wurtzite (WZ) structure. There
are few materials which crystallize in WZ structure, among them the III-N materials (except
for bornitride). The WZ structure is characterized by a hexagonally close packing of atoms.
In Figure 3.3 schematic illustrations of ZB and WZ structure are shown. In WZ material,

Figure 3.1: Schematic illustrations of wurtzite (a) - (c) and zinc blende structures (d)-(f),
taken from [43].

the stacking sequence along the hexagonal (0001) (which is equivalent to the cubic (111)
axis) is ...ABAB..., whereas it is ...ABCABC... in ZB material. Due to the similarity of the
ZB and WZ crystal structure, the di�erence in formation energy between both structures is
very small. Numerical simulations performed by Yeh et al. [44] give values in the order of
±10 meV/atom for several materials in bulk form. Thus, using suitable growth conditions,
some materials can even be synthesized in both modi�cations, this behavior is referred to as
polytypism. Based on the calculations of Yeh et al., Ito [41] demonstrated that it is possible
to predict the stable crystallographic structure of a III-V compound material using the
ionicity fi as a criterion. According to Ito, the preferred structure of III-V semiconductors
is ZB for fi < 0.455 and WZ for fi > 0.455. This corresponds to the observation, that
bulk InAs (fi = 0.29 [40]) under normal conditions exhibits the ZB structure, whereas InN
(fi = 0.83 [40]) crystallizes in WZ structure. The energy di�erences between the formation
of WZ phase and ZB phase ∆EWZ−ZB are calculated to be 5.3 meV/atom for InAs and
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3.1 General properties of InAs and InN

between -11.4 meV/atom [44] and -15.5 meV/atom [40] for InN.

3.1.2 Nanowire crystal structure

Akiyama et al. extended the considerations described above from bulk to wire-like material
[40]. At small nanowire diameters the side facets become increasingly important, as the the
surface to bulk ratio increases with decreasing wire diameter. At the wire side facets the
electrostatic conditions di�er from the bulk ones, as there are less bonding partners at the
surface. They showed for InAs nanowires that there is a critical diameter around 20 nm
below which the stable crystal structure is WZ, in contrast to bulk material. Additionally,
at larger diameters, the crystal structure is predicted to be bistable which means that both
WZ and ZB structure can form, without (or with only very small) energetic di�erences. This
corresponds well to experimental observations of polytypism in InAs nanowires [45, 46, 47].
In contrast, for InN there is no change in the stable crystallographic phase which means

that InN nanowires are predicted to crystallize in the WZ phase for all diameters [40]. This
corresponds to the experimental observations of pure wurtzite InN nanowires [28, 48].

3.1.3 Band structure

The band structure of InAs and InN exhibits a unique feature, which distinguishes both
materials from other III-V semiconductors. It is related to the branch point energy EB,
which has already been introduced in Section 2.4 in connection with the surface Fermi level
pinning. Simply spoken, EB can be regarded as the mid-gap energy averaged over k-space
[25, 49, 50]. It marks the point, which separates acceptor-like states (lying above EB)
from donor-like states (lying below EB). Therefore, EB provides a qualitative means to
explain the charge character of gap-states, e.g. impurity states or surface states. Another
denomination of EB is "Fermi-level stabilization energy", as the Fermi level stabilizes at EB

for a high density of gap-states. The band structure of InN is shown exemplarily in Figure
3.2 (a). While the band gap at the Γ-point is small, the distance between conduction and
valence band in the remaining Brillouin zone is large. Thus, for InN EB is located above
the conduction band minimum (CBM) at the Γ-point. For InAs the situation is similar
but less pronounced, which means that EB is located only slightly above the conduction
band minimum. The energetic position of EB with respect to valence and conduction band
for common III-V semiconductors has been calculated by King et al. [49], their results are
shown in Figure 3.2 (b). It can be seen that only for InN and InAs EB is located in the
conduction band.

3.1.4 Surface accumulation and n-type conduction

The location of EB above the conduction band edge leads to a surface electron accumulation
layer, as explained in Section 2.4 and a propensity for n-type bulk conduction for both InAs
and InN. Both characteristics are more pronounced in InN.

Surface accumulation and n-type conduction in InN

King et al. determined the branch point energy EB of InN to be at an exceptionally high
position of 1.83 eV above valence band maximum (VBM) [49]. This leads, on the one hand,
to the observed propensity for high unintentional n-type bulk conductivity, as any kind of
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3 Properties of InAs and InN nanowires

(a)

Figure 3.2: (a) Calculated band structure of InN, taken from [49]. The red solid line depicts
the branch point energy EB, the broken line indicates the energy level where
the Fermi level is pinned at the surface. (b) Alignment of the branch point
energy EB with respect to valence band maximum (VBM) and conduction band
minimum (CBM) for several III-V semiconductors, according to [49].

impurity or crystal defect has a donor-like character. An exhaustive review on the origins
of n-type conductivity can be found in [51]. As sources for unintentional n-type doping
Van de Walle et al. [51] identify nitrogen vacancies, oxygen incorporation on an N site
and, in particular, hydrogen interstitials or hydrogen on an N site. This explains the fact,
that in impure or defect-rich material, very high carrier concentrations up to 1020 cm−3 are
observed [52]. Due to the ubiquitous nature of hydrogen and oxygen, even high quality InN
layers grown by plasma-assisted molecular beam epitaxy still show carrier concentrations
in the range of 1017 cm−3 [53, 54].
At the surface naturally the density of gap states, namely the surface states, is high, as

dangling bonds have to reconstruct with each other or with external adatoms. Thus the
Fermi level at the surface usually stabilizes close to EB and for charge neutrality reasons
electrons accumulate at the surface, as described in Section 2.4 [55, 56]. The question if
the Fermi level pinning is an intrinsic property of InN, or if it only occurs under certain
surface reconstruction conditions, is still under discussion. There are recent publications,
reporting on the absence of a surface Fermi level pinning on unpolar surfaces, when cleaved
under ultra high vacuum conditions [57, 58]. However, on polar surfaces and also on unpolar
surfaces under ambient conditions (after oxidation or adatom adsorption), a strong electron
accumulation is found on InN surfaces.

Surface accumulation and n-type conduction in InAs

For InAs the situation is similar, however, by far less pronounced than in InN. For InAs
EB is located only slightly above the conduction band minimum [49]. Therefore, both the
propensity for bulk n-type conduction and surface electron accumulation are reduced in
comparison with InN. Recently, Weber et al. performed calculations and identi�ed two
kind of surface states lying above CBM, i.e. In and hydrogen adatoms [59], while other
kind of surface-defect states did result in states close to or below CBM. Weber et al. state,
that surface electron accumulation on InAs "is clearly not an intrinsic property of the
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3.2 Properties of InAs nanowires

bare surface" [59]. Accordingly, there are publications reporting an electron accumulation
layer [60], and some, where no accumulation layer was found [61], depending on details
of surface preparation. Several reasons for surface states above CBM have been observed
experimentally: Smit et al. [62] exposed InAs layer to oxygen and chlorine and observed
Fermi level pinning at≈ 0.56 eV above VBM together with an surface electron accumulation.
Petrovykh et al. investigated sulfur-passivated InAs surfaces [63] and observed an increased
electron accumulation on the InAs surface compared to unpassivated material. Similar
results are also obtained by Lowe et al. [64]. This is especially interesting, as sulfur is also
used for the passivation of InAs nanowires [65].

3.2 Properties of InAs nanowires

In the past decade, InAs nanowires have been studied intensively by a lot of groups and a
complete overview about the results in literature would clearly exceed the scope of this work.
However, as an introduction to the results of Section 6.1 it seems useful to mention some
important publications, that are dealing with basic transport parameters like resistivity,
mobility, and carrier concentration. At a �rst glance, one can �nd a broad spread in the
parameters. For instance, for not-intentionally doped InAs nanowires resistivity values
ranging from 0.001 to 1 Ωcm can be found in literature (see Table 3.2). There are several
possible causes for this wide spread:

• variations in unintentional doping (e.g. carbon incorporation)

• crystal structure variations

• di�erences in surface conditions / surface electron accumulation

• diameter dependent transport properties

The in�uence of surface states has already been described in the previous section. Due to
the large surface to volume ratio, in wire-like material the surface has an even higher impact
on transport parameters. For instance, a passivation of the InAs wire with a InP cap or
by using sulfur has been found to increase the mobility [66, 67, 65]. Additionally, there are
even reports about the possibility to use InAs nanowires as gas sensors [68, 69, 70]. When
adsorbed at the surface of InAs nanowires, gas molecules can change the conductivity of a
nanowire.
Transport parameters might be dependent on the wire diameter, as the extend of surface

scattering as well as quantum con�nement (compare Section 2.2.1) might in�uence the
transport at small diameters. Additionally, a possible electron accumulation layer has a
larger impact for small diameters, as the surface to volume ratio increases.
The relation between crystal structure, background doping and transport parameters

will be discussed in detail in the following Section. Afterwards an overview over studies
analyzing basic transport parameters of InAs will be given.

3.2.1 Crystal structure and background doping

Under normal conditions, the stable crystallographic con�guration of InAs bulk material is
the ZB crystal phase. In contrast, as mentioned above, in nanowires polytypism between ZB
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3 Properties of InAs and InN nanowires

and WZ can occur. Due to the slightly di�erent arrangement of atoms in both structures,
the overlap of atomic orbitals is slightly di�erent, resulting in a small change in the band
structure. In particular, an o�set in the conduction band between ZB and WZ segments in
the range of 23 meV to 86 meV has been calculated [71, 72, 73, 74]. Here, the conduction
band of the WZ segments is located higher in energy, which causes a potential barrier for
electrons. In Figure 3.3 the conduction band shape along the axial direction (z-axis) of
the nanowire is shown for WZ segments in mainly ZB material (a) and ZB segments in
mainly WZ material (b). The Figure is based on simulations of Thelander et al. [75]. They
simulated the band structure using a self consistent Schrödinger-Poisson method [76] and
assuming a conduction band o�set of EC,WZ − EC,ZB = 100 meV. Furthermore a surface
state density of 8·1011 cm−2 which results in an overall nanowire carrier concentration of
3·1017 cm−3 is assumed. Note that this overall carrier concentration is assumed to be
the same for mainly ZB (a) and mainly WZ (b) material. The width of the segments in
Figure 3.3 is 16 nm, 10 nm, and 3 nm. The graph shows that WZ segments in ZB act
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Figure 3.3: Qualitative schematic illustration of the band alignment of (a) WZ segments in
ZB and (b) ZB segments in WZ along the nanowire axial direction z, according
to [75]. (c) A downwards band bending at the surface (r = 0, with r the
nanowire radial coordinate) as described in Section 2.4 might be superimposed
onto the potential shown in (a) and (b).

as potential barriers, which have a large impact on transport. With decreasing length
of the WZ segment, the barrier height increases. ZB segments in mainly WZ material
have a smaller in�uence on transport. For the simulation in [75] a uniform radial carrier
concentration was assumed. Thelander et al. [75] emphasize that a bend bending at the
surface due to surface electron accumulation could lower the e�ective barrier heights of WZ
inclusions at the surface [see Figure 3.3 (c)].
Besides crystal structure changes from WZ to ZB or vice versa, often rotational twins

(RT) are observed [77]. A RT describes a change in the stacking sequence in pure ZB
material. While in undisturbed ZB material the stacking is ...ABCABC... a rotational
twin is characterized by a ...ABCBA... stacking sequence. As Ikonic et al. [78] point out,
a RT induces a symmetry mismatch for the electron wave function which leads to electron
scattering.
A very good control over the nanowire crystal structure is achieved by the use of Au-

catalyzed metal organic chemical vapor deposition (MOCVD) or chemical beam epitaxy
(CBE) methods (see Section 4). Here pure wurtzite [79] as well as pure zinc blende [80]
InAs nanowires have been reported. It is even possible to embed sections of di�erent crystal
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3.2 Properties of InAs nanowires

structure intentionally at desired positions, and thus create tunnel barriers or structural su-
per lattices [46, 77, 81]. In Au-catalyzed MOCVD and CBE there are two basic parameters
which can be utilized to in�uence the structure: On the one hand the growth temperature
and on the other hand the ratio of group-V to group-III precursor �ow rates. For instance,
some groups observed a trend that at lower growth temperatures, in the range of 400◦C or
lower, the nanowire crystal structure tends to be mainly WZ [46, 77, 80]. Unfortunately,
simultaneously the carbon incorporation into InAs is higher at lower temperatures [82]. As
carbon acts as a donor in InAs [82] there is a tendency towards a higher doping level and
thus higher carrier concentrations in InAs nanowires grown at lower temperatures. In turn,
using higher growth temperatures leads to lower carbon background doping, while it creates
a higher wurtzitic proportion in the nanowire crystal structure. This situation complicates
an unequivocal analysis of the in�uence of the crystal structure on the transport properties
of InAs nanowires grown by Au-catalyzed CBE or MOCVD.

3.2.2 Literature overview

Already in one of the �rst transport measurements on InAs nanowires, carried out in 2002 at
Lund university by Ohlsson et al. [83], some of the issues listed in the beginning of Section
3.2 are mentioned. In their work ISD-VSD measurements as well as back gate measurements
have been performed on single InAs nanowires grown by Au-catalyzed chemical beam epi-
taxy. A rather low mobility of 100 cm2/Vs and a high carrier concentration of 1 · 1019cm−3

has been found. The authors state: "The low mobility could be due to surface-, impurity-
or stacking fault scattering..." and "no intentional doping was used during growth, but a
likely donor is carbon from the methyl groups in the TMIn [Trimethylindium] source ma-
terial." Since then a lot of progress in the understanding of transport in InAs nanowires
has been achieved, but especially the question about the in�uence of the crystal structure,
in particular the in�uence of rotational twinning or changes in crystal structure between
zincblende and wurtzite on the transport, has been unanswered for a long time. A reason
for this is the already mentioned di�culty to achieve control over both crystallinity and
(unintentional) doping level at the same time, which would be necessary to distinguish be-
tween both e�ects [75]. Furthermore, the nanowire diameter in�uences the crystal structure
[47, 77]; at the same time, the diameter is known to in�uence the transport properties, e.g.
due to increased surface scattering, quantum con�nement, or donor deactivation at small
diameters (compare Chapter 6 or [31, 84, 85]). For a meaningful analysis, nanowires of the
same diameter and known doping level should be used, to investigate the impact of crystal
structure on transport. Only recently some reports appeared, where the in�uence of crystal
structure has been addressed [75, 86, 87, 88].
To get a rough literature overview, in Table 3.2 the resistivity, mobility and carrier

concentration values are listed together with information on growth method, kind of doping,
and crystal structure, where available. Chemical vapor deposition or chemical beam epitaxy
is represented by the abbreviation CVD, molecular beam epitaxy by MBE. A "C?" indicates
that background carbon doping is not discussed but might be present according to growth
method and temperature. "RT" indicates the presence of rotational twinning. The table
illustrates the large spread in transport parameters. In many cases it can be seen, that
CVD growth at low temperatures (T < 500◦C) is correlated with low resistivities, possibly
due to backgound carbon incorporation.
A very interesting study has been carried out by Wirths et al. [89] on InAs nanowires
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3.2 Properties of InAs nanowires

grown by selective area (SA) MOCVD (see Section 4.2.2 for growth details). Results on
similar nanowires are presented in Section 6.2 of this work. The speciality of these wires is
their growth process. It allows for a very low unintentional doping level due to high growth
temperatures of up to 650 ◦C. At these high growth temperatures, the decomposition of the
TMIn precursor is high compared to lower temperatures used for Au assisted CVD methods
[82, 89, 90]. Thus, the wires do not exhibit an unintentional carbon doping. Instead, Si
was used intentionally to increase the carrier concentration. The wires exhibit a mixture of
WZ and ZB structure with a high density of stacking faults, independent of doping level.
A high resistivity of 0.08 Ωcm has been found for undoped wires, with higher doping level
it decreases continuously to 0.005 Ωcm for the highest doping level. At the same time,
gate measurements indicate, that both carrier concentration and mobility increase with
increasing doping level. A model, similar to that one described in Section 3.2.1 or in [75]
has been used to explain the observations.
Thelander et al. [75] conducted a comprehensive study on MOCVD and MBE grown

InAs nanowires. All MOCVD wires were grown under conditions that minimize carbon
background doping (e.g. a growth temperature of 480◦C), however, they cannot exclude
some degree of carbon incorporation. Their set of MOCVD grown nanowires is classi�ed
according to the amount of ZB into 4 samples: 10-15% ZB, 50% ZB, 90% ZB, 100% ZB
with periodic twinnning. For comparison, they analyze MBE grown nanowires, which are
pure ZB and free of carbon incorporation. Nanowires with 10-15% ZB show resistivities
between 0.004 and 0.01 Ωcm. These values agree with the pure WZ, carbon free MBE grown
nanowires, from which Thelander et al. conclude "that the presence of stacking faults and
short ZB segments in predominantly WZ material does not a�ect the electrical properties,
although here to some degree likely compensated by carbon doping." [75]. Wires from B
and C exhibit dramatically increased resistivity values (0.02 to 0.3 Ωcm for B and 0.1 to 1
Ωcm for C). Wires from sample D with a nearly pure ZB structure with periodic twinning
again show low resistivities close to 0.01 Ωcm. They explain their results by introducing
the model described in Section 3.2.1.
Sladek et al. [90] pointed out, that possible in�uences of the di�erences in crystal struc-

ture between Au-catalyzed MOCVD and SA-MOCVD grown nanowires are superimposed
by the background carbon doping in the Au-catalyzed MOCVD nanowires.
Schroer and Petta [87] investigated (Au-catalyzed MOCVD) nanowires with a defect free

WZ bottom part (grown at 440◦C) and a defect rich top part (grown at 500◦C). In the
defect free part, the mobility is a factor of 2 (4.4) higher than in the defect rich part at
room temperature (4.2 K). In addition they �nd indications for single electron tunneling at
low temperatures. The explanation is that the defects introduce scattering, which decreases
the mobility. At low temperatures defect induced barriers cannot be overcome thermally,
which increases the mobility di�erence between the defect free and the defect rich part and
even leads to quantum dot formation. Schroer and Petta do not address the question of
carbon incorporation, which could be increased at lower growth temperatures.
A comprehensive study on the transport properties of unintentionally carbon doped and

intentionally doped InAs nanowires grown by MOCVD and CBE has been carried out by
Thelander et al. [88] (see Table 3.2). Here general trends of the amount of unintentional
carbon incorporation as a function of V/III ratio (compare Section 4) and growth temper-
ature are analyzed.
Dayeh et al. [86] addressed the in�uence of crystal structure on transport. They analyzed
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3 Properties of InAs and InN nanowires

pure ZB wires (grown on SiO2 at 350◦C) and mainly WZ wires with small ZB inclusions
(grown on InAs (111)B at 500◦C). Though the obtained µ and nel values are similar for both
types of wires (see Table 3.2), they �nd higher ratios between on-current and o�-current for
the WZ nanowires (104 compared to < 2) and explain their observations with the di�erent
crystal structures. As described in Section 3.2.1, there is a band o�set between the WZ
and the ZB segments. In addition the hexagonal WZ crystal phase exhibits a spontaneous
piezoelectric polarization, which leads to polarization charges at the opposite {0001} faces
of a WZ crystal. In particular they presume a band o�set of 40 meV between the wurtzite
and zincblende segments and in addition, a spontaneous polarization charge of 1013 cm−3

at the edges of WZ/ZB segments. With these assumptions they can simulate the change in
ratio of on-current to o�-current. However, Dayeh et al. [86] do not comment on background
carbon doping. In addition, it is unclear, how they determine their µ and nel values, as
they do not �t to the resistance values given in the publication.
In summary the extracts of literature results given in Table 3.2 document the challenges

that arise in connection with basic transport properties of InAs nanowires. Besides the
reports on basic transport parameters, there appeared a multitude of publications investi-
gating the potential of InAs nanowires for more elaborate applications. For instance, InAs
nanowires have been widely used to investigate the physics of single electron transistors
and quantum dots. Tunnel barriers for the creation of quantum dots have been facilitated
using thin InP segments [92, 93, 94] or local gates to de�ne the tunnel barriers electrostat-
ically [95, 96, 97, 98, 99]. Other reports investigated electron interference e�ects in InAs
nanowires [100, 101, 102, 103], such e�ects will be discussed in Section 6.3.

3.3 Properties of InN nanowires

In comparison with InAs nanowires, there is by far less literature about the transport
properties of InN nanowires. Problems in connection with unintentional doping and crystal
structure, as described for InAs nanowires above, do not appear in InN nanowires. The
crystal structure of InN nanowires usually is pure WZ, as already described in Section
3.1.2. Due to the propensity to n-type conduction, the nanowires resistivity is considerably
lower than in InAs nanowires. As can be seen in Table 3.3, for the overall resistivity of
InN nanowires an astonishing agreement at a value around 4 · 10−4 Ωcm is found for not
intentionally doped wires. One exceptions is the publication of Calleja et al. [104], where
considerably higher values are found. With Si (intentional) or H (unintentional) doping
(compare Section 3.1.4) the resistivity is lowered to around 1.5 · 10−4 Ωcm. In some of the
publications a surface accumulation layer was revealed by the observation of a decreasing
resistivity with decreasing wire diameter [104, 105, 106]. The measurements published in
[28] are part of this work and will be presented in detail in Section 7.

3.4 GaAs/InAs core/shell nanowires

In Chapter 8, measurements on GaAs/InAs core/shell nanowires will be presented. Due to
the smaller band gap of InAs (0.35 eV compared to 1.4 eV for GaAs), the band alignment
usually leads to a situation where the Fermi level is located above the conduction band
edge of the InAs shell (see band structure simulations in Section 8.2.3). Thus, the shell
constitutes a conductive tube. There are two major issues possibly in�uencing the transport

32



3.4 GaAs/InAs core/shell nanowires

ρ nel µFE d growth-
Reference [10−4 Ωcm] [1013cm−2] [cm2/Vs] [nm] method doping

Blömers (2012) [28] 1.5 5 2300 100 CVD H

Werner (2009) [105] 4 1-10 760-76 20-150 PA-MBE -

Richter (2009) [106]
4.2 7.8 470 40-160 PA-MBE -
1.6 20 470 40-160 Si

Calleja (2007) [104] 500-2000 n/a n/a 40-120 PA-MBE -

Chang (2005) [48] 4 n/a n/a 100-120 CVD -

Table 3.3: Literature overview over the following InN nanowire parameters: resistivity ρ,
carrier concentration nel, �eld-e�ect mobility µFE , diameter d, growth method,
kind of (background) doping.

in the InAs shell, both of which are related to the large lattice mismatch between GaAs and
InAs. The lattice constants of GaAs and InAs are 5.6535 Å and 6.0583 Å [42], respectively,
which means a mismatch of 7.2%. This large mismatch leads to strain e�ects which in�uence
band structure and e�ective mass. With increasing distance from the interface, the strain
usually relaxes by the formation of mis�t dislocations, which might in�uence transport via
scattering or the creation of charge carriers. The band alignment of a GaAs/InAs nanowire
is depicted qualitatively in Figure 3.4 (a). Here, the material is assumed to be undoped and
no strain and surface accumulation e�ects are taken into account. In a recent publication of
Pistol and Pryor [107], the e�ect of strain on the band structure of core/shell nanowires is
calculated for di�erent ratios of wire core diameter dc to the total diameter of the core/shell
wire dt. Figure 3.4 (b) shows the spatially averaged energetic position of conduction band
and valence band of both GaAs core and InAs shell. The spatial average is performed
over core and shell. Despite local variations in strain, the averaging is reasonable, as these
variations in the band energies are small [107]. The average energies of conduction band
minimum EC and valence band maximum EV in core and shell are shown as a function of
the ratio dc/dt, as the average strain in core or shell depends on this ratio. For small dc/dt
values, the InAs shell "dominates" the prevailing strain conditions, which means, that it
is nearly relaxed. Thus, its band gap approaches the intrinsic value of 0.35 eV, as shown
in Figure 3.4 (b). At the same time tensile strain is imposed on the GaAs core, leading
to a band gap reduction. In contrast, for dc/dt close to 1, the GaAs core "dictates" the
strain conditions, thus the GaAs band gap approaches the intrinsic value of 1.4 eV and
compressive strain in the InAs shell increases the band gap. The considerations do not
account for quantum e�ects which could lead to a band gap widening with decreasing wire
diameter.
Additionally the calculations of Pistol and Pryor do not account for strain relaxation.

Yamaguchi et al. [61, 108], however, report on InAs �lms grown on GaAs (111)A. Here
the strain relaxes due to the formation of mis�t dislocations within a InAs thickness of
6 nm. Although the work of Yamaguchi et al. cannot be compared directly with the
core/shell nanowire situation1 strain relaxation de�nitely modi�es the calculations shown

1Strain relaxation in thin �lms is di�erent from the one in core/shell wire structures and, in addition, the
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Figure 3.4: (a) Qualitative alignment of conduction band EC and valence band EV of both
GaAs core and InAs shell for both undoped materials. (b) Average energies
of conduction band minimum EC and valence band maximum EV in core and
shell as a function of ratio dc/dt according to calculations of Pistol and Pryor
[107].

in Figure 3.4 (b). Furthermore, Yamaguchi et al. �nd an electron accumulation in InAs
layers of thickness larger than 6 nm. They attribute this to mis�t dislocations, which induce
dangling bonds that act as donors and pin the Fermi level in the conduction band.

facets under consideration are di�erent [(111)A in Yamaguchi et al. [108] vs. {11̄0} side facet family of
the core/shell wires].
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4 Epitaxial Growth of Semiconductor
Nanowires

In epitaxial growth atoms of one or more source elements arrange regularly on a single
crystalline substrate and thus form a layer of likewise single crystalline material. The
structure and orientation of the substrate is adopted by the grown material. Common
methods to grow epitaxially are e.g. liquid phase epitaxy, vapor phase epitaxy (which is
often synonymously used with chemical vapor deposition) or molecular beam epitaxy; here
the deposited material originates from a liquid, a vapor, or a molecular beam respectively.
The epitaxial deposition techniques used to grow the nanowires analyzed in this work
are molecular beam epitaxy (MBE), chemical vapor deposition (CVD), and metal organic
chemical vapor deposition (MOCVD). In the following sections, the basic principles of
these methods will be described. Afterwards, the principles of nanowire growth will be
explained. As the growth of nanowires was not part of this work, it will be discussed only
brie�y. More detailed explanations can be found in [109, 110] for MBE growth and in
[43, 111] for MOCVD growth.

4.1 Deposition techniques

4.1.1 Molecular beam epitaxy

Molecular beam epitaxy is a commonly used method to grow layer systems of high crystal
quality and purity with atomically sharp interfaces. A detailed review about MBE growth
can be found in [112]. Growth takes place in an ultra high vacuum environment (10−8 Pa).
The deposited material originates gas sources or from solid sources, which are heated until
the material becomes gaseous. A molecular beam then impinges on the substrate. The
substrate is usually heated to enable surface di�usion to improve the homogeneous incor-
poration into the crystal. Compared to other growth methods, MBE growth is very slow;
layers are grown typically at growth rates of 0.1 - 1 µm/h.

4.1.2 Chemical vapor deposition

The chemical vapor deposition method (CVD) is used to grow the InN nanowires, analyzed
in this work. In contrast to MBE, in CVD the precursor materials are given in the gas
phase and usually transported to the substrate in a �ow of carrier gas (e.g. N2, H2).
A chemical reaction takes place in the vicinity of the heated substrate, which leads to the
single crystalline deposition of the precursor material on the substrate. An extensive review
on chemical vapor deposition can be found in [113].
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4 Epitaxial Growth of Semiconductor Nanowires

4.1.3 Metal organic chemical vapor deposition

The metal organic chemical vapor deposition is a particular CVD method. It is widely
used for commercial applications, as it is technically less demanding than MBE and o�ers
a higher throughput. The precursor materials are usually given in terms of metal organic
compounds as the group III sources and hydrides for group V sources, e.g. In(CH3)3 and
AsH3 for the growth of InAs. In a �ow of a carrier gas (usually N2 or H2) the precursors are
transported to the substrate. On the heated substrate, a chemical reaction takes place which
causes the decomposition of the precursor elements and their single crystalline integration
into a layer on top of the substrate. Unused products of the chemical reaction (as e.g. CH4)
are conveyed with the carrier gas. More information on MOCVD can be found in [114].

4.2 Nanowire growth

To grow nanowires instead of a continuous layer, the growth has to be enhanced in one
direction at certain nucleation points and / or prevented in the other directions. The most
commonly used method to grow nanowires is the vapor liquid solid (VLS) growth. Here,
metallic catalyst particles are used, which catalyze the growth in one direction. The basic
working principle of VLS growth will be explained in Section 4.2.1. Another method to
grow nanowires is the selective area epitaxy. Here a SiO2 mask with lithographically de�ned
openings is used. The mask causes selective growth, as material is deposited only in the
openings. Nanowires grow out of these openings, if the growth conditions are chosen so that
axial growth is enhanced with respect to lateral growth (see e.g. [115, 116]). In contrast
to VLS growth, the material is directly incorporated from the vapor to the solid phase,
therefore this growth mechanism is called vapor-solid growth. It will be described brie�y
in Section 4.2.2.

4.2.1 Vapor liquid solid growth

In VLS growth, metallic particles are used to catalyze the growth of nanowires. The
mechanism is schematically depicted in Figure 4.1 for the example of Au-catalyzed growth
of Si nanowires, as it has been pioneered by Wagner and Ellis [117]. The general principle is
transferable to other wire materials. Au droplets are deposited on the substrate in advance
to the nanowire growth [Figure 4.1 (a)]. Afterwards, Si is introduced into the growth
chamber. The droplets act as preferred sinks for incoming material, however, competing
layer growth can take place as well. At high substrate temperatures an Au / Si alloy is
formed. The silicon can enter the droplet by direct impingement or by surface di�usion
[Figure 4.1 (b)]. It di�uses through the droplet and precipitates underneath if certain
supersaturation conditions are ful�lled. Thus, the nanowire grows and lifts the droplet.
The nanowire diameter is basically determined by the size of the droplet. Growth can take
place on the nanowire side facets by directly impinging material [Figure 4.1 (c)]. As the
bottom part of the wire is subject to this kind of growth for a longer time, this can lead
to a tapering of the nanowire [Figure 4.1 (d)]. The growth can be in�uenced by changing
the amount of incoming material, as this naturally in�uences the direct impingement of
material into the droplet. In addition the substrate temperature in�uences the growth, as
it determines the di�usion length of the material and the supersaturation conditions in the
droplet.
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4.2 Nanowire growth

There might be contamination problems with certain material systems, when the metal
used as initial catalyzing nucleus is built in in the growing nanowire. The self-catalyzed
VLS growth, which does not su�er from this disadvantage, will be introduced in the next
Section.

Si
(a) (b)

(c) (d)

Au droplets
direct

impingement surface
diffusion

desorption

sidewall
impingement

Si (111)

Au-Si alloy

competing
layer growth

Figure 4.1: Basic VLS growth principle. Au is deposited on the Si (111) substrate previous
to the growth (a). At high substrate temperatures gold droplets form. In
(b) the material supply is started; Si atoms can enter the droplet by direct
impingement and surface di�usion. The Si di�uses through the droplet and
precipitates underneath. The droplet is lifted (c). Due to sidewall growth by
direct impingement a tapering can occur, as bottom parts of the wire are subject
to this kind of growth for a longer time (d).

In-catalyzed growth of InAs nanowires by molecular beam epitaxy

The MBE grown InAs nanowires, analyzed in this work are grown by a self-catalyzed VLS
process. Here the droplet is no extrinsic metal, but In. This has the advantage that the
nanowires do not su�er from contamination by an extrinsic metal. As a substrate mainly
GaAs is used, but InAs nanowires can also be grown on InP. A detailed overview over
growth analysis and growth conditions can be found in [110] and [109]. To prevent the
InAs material from being deposited as a layer on the complete substrate, the substrate is
covered with a thin hydrogen silsesquioxane (HSQ) layer of around 5 nm thickness. During
a thermal treatment hydrogen in the HSQ evaporates and a SiO2 layer is left. The sticking
of both In and As atoms on this layer is low at the temperatures used during growth.
Because of the small thickness and inhomogeneities in the SiO2 �lm, pinholes exist, by
means of which an epitaxial contact to the substrate can be formed [Figure 4.3 (a)]. Above
the pinholes In droplets can accumulate, which act as an energetic sinks for further material
[Figure 4.3 (b)]. Arsenic enters the In droplet by direct impingement. From this point on,
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4 Epitaxial Growth of Semiconductor Nanowires

the mechanism is basically the same as described above. The arsenic di�uses through the
droplet, precipitates underneath and, thus, lifts the In droplet [Figure 4.3 (c)-(d)].

GaAs (111)B

SiOx

Pinhole

In

As

InAs

InAs

InAs

(a) (b)

(c) (d)

direct
impingenment

Figure 4.2: In-catalyzed MBE growth process. (a) A pinhole is present in the SiO2 layer
above which an In droplet accumulates (b). Arsenic di�uses through the droplet
and precipitates underneath. Thus, the droplet is lifted (c). Sidewall growth
by directly impinging atoms leads to an increase of the diameter with growth
time (d).

An important di�erence to VLS processes with an extrinsic metal catalyst is that the
size of the droplet can be controlled by the amount of In supplied during growth. By using
a low V-III ratio (high amount of In), the droplets tend to be larger resulting in larger wire
diameters. Although sidewall impingement or the change of the droplet size could lead to a
tapering, the nanowires analyzed here do not show any tapering. A possible reason for this
could be that it is energetically favorable for directly impinging material to be incorporated
so that di�erences in diameter are equalized.
In Table 4.1 the growth parameters and the average nanowire diameters of the samples,

which are analyzed in Chapter 6, are shown. A label is given to each growth run, to allow
for an easier identi�cation. The samples are undoped except for sample MBE-H. Here, the
Si �ux is set to a value corresponding to a layer doping concentration of 5 · 1018cm−3. The
question, if Si incorporates during growth and if it acts as a donor will be treated in Chapter
6. Besides the V/III ratio, the pinhole density in�uences the nanowire dimensions. A high
pinhole density results in a high nanowire density. If more nanowires grow per unit area,
they have to share the incoming material. This might in�uence both length and diameter
of the nanowires.
Figure 4.3 shows scanning electron microscope pictures of samples MBE-A (a) and MBE-

D (b). It can be seen clearly, that wires of sample MBE-D have larger diameters. This can
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4.2 Nanowire growth

Growth- label As pressure InAs growth growth d
run [10−6Torr] rate [Å/s] time [h] [nm]

23195 MBE-A 1.2 0.03 3 70
23181 MBE-B 1.2 0.07 3 85
23182 MBE-C 1.2 0.21 3 115
23184 MBE-D 1.8 0.14 3 135
24023 MBE-E/F 1.2 0.14 3 170
23102 MBE-G 0.8 0.07 4 115
23121 MBE-H 1.2 0.07 4 100

Table 4.1: Growth parameters of MBE grown InAs nanowires. The growth temperature is
530 ◦C for all samples. Sample MBE-H is doped with Si, corresponding to a
layer doping concentration of 5 · 1018cm−3.

be attributed to the lower V-III ratio. It has to be noted, that no droplet is visible at the
top of the wires. A reason for this could be, that upon growth termination, the In �ux is
stopped and the temperature decreases, while there is still an excess of As. In this situation
the droplet might be consumed. Further discussion about this topic can be found in [109]
and [110].

(a) (b)

Figure 4.3: Scanning electron microscope images of samples MBE-A (a) and MBE-D (b),
grown at (a) high and (b) low V-III ratios.

Au-catalyzed growth of InN nanowires by chemical vapor deposition

The InN wires investigated in this work are grown by low-pressure chemical vapor deposition
(CVD). Growth takes place on a Si(100) wafer covered by its native oxide and coated with
a 10 nm Au �lm. Upon heating the substrate to 580◦C Au droplets form which catalyze
the VLS nanowire growth, as explained above. In an ammonia (NH3) carrier gas �ow of 50
sccm at a pressure of 1 Torr the material is transported to the substrate. Due to the SiO2

�lm there is no epitaxial connection to the Si substrate. Therefore the wire growth is not
directed. Figure 4.4 (a) shows an SEM pictures of InN wires grown in arbitrary directions.
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4 Epitaxial Growth of Semiconductor Nanowires

(c)

Figure 4.4: In (a) as-grown InN nanowires are shown. In (b) and (c) the tapering and
the triangular shape of a nanowire can be seen. The pictures (b) and (c) are
taken after transfer to a new substrate and preparation of metal electrodes (see
Chapter 5 for details).

As can be seen in Figure 4.4 (b) and (c), the wires are tapered in shape and exhibit a
triangular cross section. The tapering results from a sidewall growth, as shown in Figure
4.1 (d). The triangular shape has been observed previously on GaN nanowires [118, 119].
Because of the use of ammonia as a carrier gas, hydrogen is incorporated during growth
[120]. This leads to a strong unintentional doping of the wires [51, 121], as hydrogen
incorporates on an interstitial site and acts as a donor (compare Section 3.1.4).

4.2.2 Selective area metal organic chemical vapor deposition

The selective area epitaxy is a further method to grow nanowires. Instead of enhancing the
growth by catalyst particles, the growth is prohibited on large parts of the substrate by
means of a mask; growth takes place only at desired positions. As a substrate GaAs (111)B
is used, covered by a HSQ layer of approximately 30 nm thickness. By a thermal treatment
hydrogen is removed from the HSQ which thereby converts into a SiO2 layer. Holes are
lithographically de�ned into the SiO2-like, ordered in arrays with hole distances of 500 nm,
750 nm, 1000 nm, and 1500 nm. Growth only takes place in these holes. The selective
area epitaxy combines the advantages of high purity due to the lack of external metallic
catalysts with the ability to control the position of the nanowires. For the growth of InAs
nanowires, the precursor gases trimethylindium (In(CH3)3) (TMIn) and arsine (AsH3) are
used. The carrier gas is N2. As shown in Figure 4.5 (a) single crystalline InAs is deposited
in the holes, where a direct connection to the substrate can be established. CH4 is removed
with the carrier gas1 as a byproduct. It is very important, that the growth conditions are
chosen so that growth is enhanced on the top facet and reduced on the side facets of the
nanowire resulting in a high aspect ratio. Otherwise, at the point where the InAs material
sticks out of the mask [see Figure 4.5 (b)], sidewall growth would lead to a large diameter
and a smaller length of the nanostructure. To enhance the top facet growth a high growth
temperature of 650◦C and a low As-partial pressure is chosen. Further details on the growth
process can be found in [43].

1The carrier gas is not shown in Figure 4.5
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Figure 4.5: Principle of selective area growth. (a) The metal organic precursors TMIn and
arsine arrive in a �ow of carrier gas (indicated as arrows) at the heated substrate
and decompose by gas phase and surface reactions. The high di�usion length
of group III-species enables the migration to the mask openings where growth
takes place preferentially. Methane (CH4) is conveyed with the carrier gas.
Growth conditions have to be chosen to promote axial growth (contrary to
lateral growth), so that long and thin nanowires are obtained (b).

By introducing disilane (Si2H6) into the growth chamber the nanowires can be doped (see
e.g. [89]). A doping factor is de�ned in accordance with Penz [43] and Wirths et al. [89],
related to the partial pressure ratio of disilane to TMIn. A ratio of p(Si2H6)/p(TMIn)=
7.5 · 10−5 is de�ned as doping factor 1.

A further growth modi�cation is the change of both the partial pressures p(TMIn) and
p(AsH3) by a factor of 1/x and changing the growth time by x, while maintaining the
optimal partial pressure ratio. It was found that a partial pressure change by a factor
of 1/x changes the growth rate approximately by 1/x, thus, to obtain wires of the same
length, the growth time has to be increased by x. The growth rate has an in�uence on the
nanowire crystal structure (see Section 6.2).

Nanowires of doping factor 1 and 100 with partial pressure factors ranging from 1/8 to
1 are analyzed in Section 6.2. Their growth conditions are listed in Table 4.2.

Growth- Doping PP p(TMIn) p(AsH3) growth time
run factor factor [Pa] [Pa] [min]

4758 1 1 0.117 12.9 3
4759 1 1/2 0.059 6.45 6
4793 1 1/8 0.015 1.613 24
4810 100 1/2 0.059 6.45 6
4816 100 1/4 0.029 3.225 12
4811 100 1/8 0.015 1.613 24

Table 4.2: Growth parameters of MOCVD grown InAs nanowires. The growth temperature
is 650◦C for all samples. PP denotes the partial pressure factor.
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4 Epitaxial Growth of Semiconductor Nanowires

4.2.3 Growth of GaAs/InAs core/shell nanowires

Two di�erent kinds of GaAs/InAs core/shell nanowires are analyzed in Chapter 8. One
of them is grown by MBE, the other one by MOCVD. In both cases, �rst a GaAs core
is grown which is subsequently overgrown by a InAs shell. A brief overview over both
growth processes is given in the following, for more information the reader is referred to
[109] (MBE) and [111] (MOCVD).

MBE growth of GaAs/InAs core/shell nanowires

To grow GaAs/InAs core/shell nanowires, a GaAs core is grown by an Ga-assisted VLS
method. The growth method is basically the same as described in Section 4.2.1, except for
the exchange of In with Ga. After the core growth, the Ga �ux is stopped, which leads to
a consumption of the Ga-droplet at a constant As pressure within approximately 10 min.
Subsequently, the temperature is lowered to 490◦C and the In �ux is started to enable a
vapor solid overgrowth of the GaAs core with InAs. Due to the large lattice mismatch of
7.2% (cf. Section 3.4) the InAs shell �rst starts to grow in islands which coalesce during
growth and might produce grain boundaries [109]. Furthermore, a high density of mis�t
dislocation is likely to be present at the GaAs/InAs. In addition, an alloy of GaInAs might
form at the interface due to the high growth temperatures. By changing the shell growth
time, its thickness can be varied. In Table 4.3 the growth parameters of core and shell are
listed.

Growth run III - rate V / III Tsub growth time
[Å/s] ratio [◦C] [min]

24276 (CS-A) core 0.21 3 590 45
shell 0.28 2 490 3

24269 (CS-B) core 0.21 3 590 45
shell 0.28 2 490 5

24291 (CS-C) core 0.21 3 590 45
shell 0.28 2 490 10

24264 (CS-D) core 0.21 3 590 45
shell 0.28 2 490 15

24300 (CS-LT) core 0.21 3 590 90
shell 0.28 2 490 15

Table 4.3: Growth parameters of MBE grown GaAs/InAs core/shell nanowires. The As
pressure is adjusted to 10−6 Torr in all growth runs for both core and shell.

Figure 4.6 (a) shows a nanowire of sample CS-B in a high magni�cation. It can be seen
that the top of the nanowire is not covered with InAs. This allows for the determination of
the shell thickness directly. Figure 4.6 (b)-(d) shows wires with di�erent shell thicknesses,
resulting from di�erent shell growth times.
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200 nm200 nm40 nm 200 nm

(a) (b) (c) (d)

Figure 4.6: (a) Scanning electron
microscope pictures of
core/shell wires of sam-
ples CS-B [(a) and (b)],
CS-C (c) and CS-D (d).
The top of the wires is
not covered with InAs,
allowing to determine
the shell thickness.

MOCVD growth of GaAs/InAs core/shell nanowires

GaAs nanowires are grown by selective area MOCVD. The growth process is equal to
the one described in Section 4.2.2. As group III precursor Ga(CH3)3 is used instead of
In(CH3)3. Wire arrays have been grown with wire distances of 500 nm, 750 nm, 1000 nm
and 1500 nm. Afterwards the Ga(CH3)3 �ux is stopped, the temperature is decreased and
the In(CH3)3 �ux is started. To obtain conformal overgrowth of the nanowire side facets,
a lower temperature as well as a higher V/III ratio is used. The distance between wires
determines both the core diameter and the shell thickness, as the incoming material has
to be shared between adjacent wires for small distances. This will be analyzed further in
Section 8.1. The growth parameters of both core and shell for three di�erent samples are
given in Table 4.4.

growth run p(TM-III) p(AsH3) V/III ratio Tsub growth time
[Pa] [Pa] [◦C] [min]

4823 core 0.182 3.448 18.9 750 5
shell 0.050 6.330 126.6 400 5

4877 core 0.119 1.613 13.5 750 5
shell 0.047 5.936 127.6 450 0.5

4878 core 0.119 1.613 13.5 750 5
shell 0.047 5.936 127.6 450 1

Table 4.4: Growth parameters of SA-MOCVD grown GaAs/InAs core/shell nanowires.
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5 Experimental Details

In this chapter the details of the experiments, that have been carried out throughout this
work are described. This includes the preparation of electrical contacts to the nanowires on
the one hand and the functionality of the utilized measurement setups on the other hand.
The utilized methods and setups have been described in detail in earlier works (see e.g.
[7, 122]), at this point the descriptions are therefore kept brief.

5.1 Sample preparation

5.1.1 Wire transfer and contact design

In order to carry out electrical measurements on nanowires, contacts are prepared by means
of electron beam lithography and metal deposition. First, the wires are transferred mechan-
ically from the substrate, on which they have been grown, to a new highly n-doped Si (100)
substrate, covered by a SiO2 layer of 100 - 200 nm thickness. This choice allows for back
gate measurements using the SiO2 as a dielectric layer (see Section 2.6.1, Figure 2.6). On
top of the SiO2, �elds of Ti/Au marker points have been prede�ned in an earlier process
step by electron beam lithography and metal evaporation. These marker points are used
to determine the exact position of the nanowires. Scanning electron microscope images of
a marker-point �eld are taken after wire transfer. Figure 5.1 shows such a �eld with two
successfully transferred nanowires. Using the marker points, the SEM picture is aligned in
a computer aided design (CAD) program. The CAD program allows to design individual
contacts to the nanowires.
Figure 5.2 (a) exemplarily shows a nanowire with CAD-designed source and drain con-

tacts together with two side contacts, touching the nanowire from the side. The green point
indicates a marker point, which is used for alignment in the CAD program. Figure 5.2 (b)
shows the same nanowire after electron beam lithography and metal deposition.
As shown in Figure 5.3 (a) and (b), the metallic contacts extend and broaden to the

outside. In Figure 5.3 (b) only a small part of the total marker �eld is shown. The contacts
are connected to bond pads with a sidelength of 0.2 mm. On a chip of sidelength 1.7 mm,
20 contacts to nanowires can be prepared, as shown in Figure 5.3 (a).

5.1.2 Contact preparation with electron beam lithography

Subsequent to the contact design, the Si/SiO2 sample, onto which the nanowires have been
transferred, is spincoated with a 3 layer system of an poly(methyl methacrylate) (PMMA)
electron beam resist. Upon electron beam exposure, the resist changes its structure as
the polymer chains are destroyed. The layer system shown in Figure 5.4 (a) consists of
two bottom layers of "PMMA 200K" and a top layer of "PMMA 600K". The numbers
are related to the sensitivity of the resist to electron exposure. Lower numbers indicate
a higher sensitivity. When the electron beam exposes the resist system, this leads to an
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2 µm

transferred
nanowires

marker points

marker cross

Figure 5.1: Field of marker points after transfer of two InAs nanowires.

500 nm 500 nm

(a) (b)

Figure 5.2: (a) Exemplary scanning electron microscope picture of an InAs nanowire as
it is used for contact design in a CAD program. The yellow structures show
the designed contacts, the green square indicates an alignment marker. (b)
Scanning electron microscope picture of the same InAs nanowire after electron
beam lithography and metal deposition.
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Figure 5.3: (a) Chip design with 20 bond pads to which electrical contacts can be attached.
(b) Small part of the marker �eld shown in (a) with a contacted nanowire.

exposure pro�le shown in Figure 5.4 (b), where the two bottom layers of higher sensitivity
are a�ected on a wider area. After development in an "AR 600-55" developing solution,
the exposed resist is removed and an "undercut" resist pro�le, as shown in Figure 5.4 (c),
remains. Subsequently, a Ti layer of 10 nm thickness followed by a Au layer of 100-200 nm
thickness is evaporated [Figure 5.4 (d)]. The undercut ensures that acetone can penetrate
underneath the metal �lm and dissolve the resist in the vicinity of the nanowire to remove
the unused metal [Figure 5.4 (e)].

5.2 Measurement setups

The bond pads described in the preceding Section allow for electrical connection in a mea-
surement setup. In particular, metallic probes of a probe station can be attached to the
bond pads. Furthermore, metallic wires can be bonded from the bond pads to correspond-
ing pads of a chip carrier, into which the chip is introduced. The chip carrier is inserted into
low temperature measurement setups, which are described brie�y in the following Sections.
All low temperature measurement setups can be operated with standard voltage sources,

current sources, circuit analyzers, or lock-in ampli�ers.

5.2.1 Measurements at room temperature

For the analysis of basic transport parameters, current-voltage characteristics (ID-VSD) in
both two and four terminal con�guration, as well as �eld-e�ect transistor characteristics
(ID-VG) are obtained at room temperature using an HP4145B semiconductor parameter
analyzer. The HP4145B is connected to a probe station with 4 metallic probes, which can
be attached to the bond pads or to a metal plate connected to the back gate of the sample.
The probes can be used to drive a de�ned current through the nanowire or to apply a
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Figure 5.4: (a) Three PMMA resist layers are spin coated on the Si/SiO2 substrate. (b) At
the area of direct exposition the electron beam modi�es the PMMA so that the
modi�ed PMMA can be removed by a developing solution (c). Subsequently a
Ti/Au metal layer is deposited (d). In (e) the lift o� process is shown which
removes the resist with the metal on top of it. Only at exposed areas metallic
contacts are left (f).
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voltage between the wire contacts or at the back gate. Thus, the HP4145B is a versatile
setup to perform room temperature measurements in a quick and e�cient way.

5.2.2 Helium-4 �ow cryostat

The He-4 �ow cryostat allows to attain temperatures from room temperature down to 4 K.
The sample chamber is isolated by a vacuum from its surrounding. An adjustable �ow of
liquid helium is used to cool down the sample. A heater can be used in order to change
the temperature in a controlled way. Normally conductive magnet coils next to the sample
chamber allow to apply magnetic �elds up to approximately 0.5 T.

5.2.3 Variable temperature insert cryostat

A variable temperature insert (VTI) cryostat is used for measurements at a base tempera-
ture of 1.8 K. The working principle is similar to the He-4 �ow cryostat. The helium �ow
into the sample chamber is adjusted with a needle valve. The lower temperature compared
to the He-4 �ow cryostat is attained by pumping the sample chamber with a vacuum pump.
The sample chamber is surrounded by a liquid helium bath, in which a superconducting
magnet coil is placed. The magnet allows for the application of magnetic �eld up to 13 T.

5.2.4 Helium-3 cryostat

A He-3 cryostat is used to reach temperatures down to 0.3 K. In a closed sample chamber
He-3 can be liqui�ed by means of a 1-K pot and pumped by means of a sorption pump. To
cool down to 0.3 K, the He-3 has to be condensed. This is done by heating the sorption
pump up to 40 K which causes He-3 to be released from the coal particles of the sorption
pump. Subsequently the 1-K pot, which is �lled with liquid He-4, is pumped with an
external pump to attain a temperature of 1.2 K. This temperature is su�cient to condense
and liquify the He-3 in the sample chamber. It gathers at the bottom of the sample chamber
and compasses the sample. By decreasing the temperature of the sorption pump down to
10 K or lower, it starts to pump the He-3. Due to the lower vapor pressure of He-3 compared
to He-4, a base temperature of 0.3 K is reached. The sample chamber is surrounded by a
He-4 bath, in which a superconducting magnet coil is placed. A magnetic �eld up to 9 T
can be applied to the sample.
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6 Electronic transport measurements on
InAs nanowires

In this chapter the electronic transport properties of InAs nanowires grown by molecu-
lar beam epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD) will be
presented and discussed. This includes an analysis of the nanowire resistivity, carrier con-
centration and mobility at room temperature, as well as the temperature dependence of
the transport properties.

6.1 Transport properties of MBE grown InAs nanowires

6.1.1 Resistivity at room temperature

A set of about 130 nanowires from the MBE samples A to H listed in Table 6.1 has been
contacted according to the process described in Section 5.1. Measurements on samples
MBE-A to MBE-E to investigate basic transport parameters will be presented in this sec-
tion. Phase coherent transport measurements on samples MBE-G and MBE-H will be will
be presented in Section 6.3.
After contact preparation, current-voltage measurements (ID-VSD) in two-terminal con-

�guration are performed in ambient air conditions at room temperature. The contact re-
sistance is determined on a subset of nanowires in a four-terminal con�guration and by the
preparation of side contacts. The measurements are carried out using an HP4145B parame-
ter analyzer. The aim of the measurements is to determine the nanowire resistivity ρ and a
possible diameter dependence of ρ. To obtain a diameter variation, the samples have been
grown under di�erent V-III ratios. (see Table 6.1 and Section 4.2.1 for details). Scanning
electron microscope (SEM) pictures are taken subsequently to the transport measurements
to determine length and diameter of the nanowires.

Growth run label d [nm]

23195 MBE-A 70
23181 MBE-B 85
23182 MBE-C 115
23184 MBE-D 125
24023 MBE-E 170
23102 MBE-G 115
23121 MBE-H 100

Table 6.1: Growth run numbers and average diameters d of the MBE grown InAs nanowires.

Fig. 6.1 shows exemplary ID-VSD curves for nanowires of di�erent contact separation
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lengths L and diameters d. A linear behavior is found in all cases, indicating good ohmic
contacts. To compare the characteristics of di�erent nanowires, the resistivity is calculated.
The inverse slope of the ID-VSD curves corresponds to the sum of the lead resistance RL,
contact resistance RC , and nanowire resistance RW :

dVSD
dID

= RL +RC +RW . (6.1)

To determine the resistivity, however, only RW is relevant. RL is found to be below 50 Ω,
which is small in comparison to the other resistances. It will be neglected in the following.
RC is determined by four-terminal measurements, as described in Section 2.1.
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A
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VSD [mV]
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Figure 6.1: ID-VSD curves obtained from di�erent nanowires at room temperature. The
wire dimensions and the MBE sample letters, from which the wires originate,
are given in the label.

Four-terminal measurements are performed on a subset of wires covering the complete
diameter range. The absolute contact resistance values RC as well as the ratio between RC

and RW is plotted in Figure 6.2. RC exhibits a broad distribution between 10 Ω and 1 MΩ
[see Figure 6.2 (a)], which is a distribution over 5 orders of magnitude. However, a majority
of 80% of the RC values is located below 10 kΩ. At small diameters larger RC values are
observed. In Figure 6.2 (b) the relation of RC to the wire resistance RW (measured in
four-terminal con�guration) is plotted versus the wire diameter. The distribution covers
only 3 orders of magnitude. The smaller spread in RC/RW compared to the one of RC

indicates, that there is a tendency, that a large wire resistance comes along with a large
contact resistance. Figure 6.2 (b) allows to assess the relative in�uence of RC in comparison
with RW . For 19 of 26 wires, the ratio is below 10%. The highest measured RC to RW

ratio is close to 1.
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Figure 6.2: (a) Contact resistance RC of a subset of MBE grown nanowires plotted versus
the nanowire diameter.

Another way to determine the contact resistance is shown in Section 6.4.1. Side contacts,
touching the nanowire side facets on opposite sides, are prepared, in order to perform Hall
measurements. As shown in Section 6.4.1, the contact resistances have a low value of
RC ≈ 2.5 kΩ, in case of a proper coverage of the wire by the metal side contacts. The value
is considerably smaller than RC values obtained from four-terminal measurements, shown
above. One reason could be, that the metal does not cover the nanowires completely in
all cases due to a shadowing e�ect. This e�ect is schematically depicted in Figure 6.3 (a).
Due to the hexagonal wire shape, metal could accumulate on the upper side facets, leaving
the area underneath free of metal. Exemplary SEM micrographs, where indications for this
e�ect can be seen, are shown in Figure 6.3 (b)-(d). This e�ect is more likely to occur in
thick wires. However, in most cases RC is small compared to RW and it is at most as large
as the wire resistance. In the following analysis of the two-terminal measurements, RC will
be neglected.
From the ID-VSD curves the 3-dimensional resistivity of the nanowires is calculated (com-

pare Section 2.1):

ρ = RW
3
√
3d2

8L
, (6.2)

with wire diameter d and contact separation length L. The light spheres in Figure 6.4
depict the resistivity values directly after contact preparation. ID-VSD measurements on
individual nanowires at a later point in time revealed, that the resistivity decreases with
time. In the following the earlier measurements are referred to as measurements at date 1,
the later measurements as measurements at date 2. The resistance is determined both at
date 1 and at date 2. The time distance in between is approximately one month. Possible
reasons for a change in resistivity are discussed later. In Figure 6.4 the resistivity ρ is plotted
versus the nanowire diameter d at date 1 (light spheres) and at date 2 (dark spheres).
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Figure 6.3: (a) Schematic illustration of the shadowing e�ect, described in the main text.
(b) - (d) Exemplary SEM micrographs indicating small gaps between the wire
and the metal due to the shadowing e�ect.
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Figure 6.4: Resistivity of InAs nanowires of samples MBE-A to MBE-E at date 1 (light
spheres) and one month later, at date 2 (dark spheres).
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6.1 Transport properties of MBE grown InAs nanowires

The resistivity at date 1 (light spheres) for nanowires of samples MBE-B to MBE-E with
d > 80 nm shows a broad spread between 0.1 Ωcm and 1 Ωcm, with a mean value and
standard deviation of 0.28 ± 0.23 Ωcm. For the nanowires of sample MBE-A with the
smallest diameter between 60 nm and 80 nm the resistivity is considerably higher, with
mean value and standard deviation of 4.13 ± 9.31 Ωcm. Mean resistivity and standard
deviation of samples MBE-A to MBE-E can be found separately in Table 6.2.

date 1 date 2 w/o SEM

MBE sample ρ [Ωcm] ρ [Ωcm] ρ [Ωcm]
A 4.13 ± 9.31 0.35 ± 0.63 0.43 ± 0.53
B 0.23 ± 0.24 0.047 ± 0.03 0.32 ± 0.65
C 0.22 ± 0.21 0.044 ± 0.03 0.04 ± 0.02
D 0.25 ± 0.23 0.034 ± 0.017 0.04 ± 0.05
E 0.3 ± 0.18 0.011 ± 0.0035 -
G - 0.09 ± 0.06 -
H - 0.06 ± 0.04 -

Table 6.2: Mean resistivity ρ and standard deviation of wires from samples MBE-A to MBE-
H directly after contact preparation (date 1), after approximately one month
(date 2), and of wires approximately one month after contact preparation of
which no SEM micrographs have been taken (w/o SEM).

The resistivity of the nanowires at date 2 (dark spheres) is clearly decreased. On average,
the resistivity decreases by a factor of 10. The largest change in resistivity is observed for
sample MBE-E, here the resistivity decreases on average by a factor of 27. In spite of the
overall resistivity decrease, sample MBE-A with diameter in the range of d = 60 - 80 nm
still exhibits a considerably larger resistivity compared to samples with thicker diameter.
Between date 1 and date 2, scanning electron micrographs are taken, in order to deter-

mine the nanowire dimensions. For samples MBE-A to MBE-D the acceleration voltage
is 10 keV, for sample MBE-E it is 20 keV. The stronger decrease in resistivity observed
for sample MBE-E could be due to the higher acceleration voltage. To �nd out, if the
electron exposure is the major reason for the resistivity change, reference measurements
have been carried out on nanowires from samples MBE-A to MBE-D. Here, the resistivity
is determined from ID-VSD curves approximately one month after contact preparation and
no SEM micrographs have been taken previous to the measurements. As can be seen in
Table 6.2, the resistivities (denominated as 'w/o SEM') are close to the ones of those wires,
from which SEM micrographs have been taken. This implies, that the electron exposure is
not the exclusive reason for the resistivity decrease.

Discussion

The range of literature values for InAs nanowire resistivities is large, between 5 · 10−4 Ωcm
and 1 Ωcm. The average resistivity values at date 1 and even at date 2 are, thus, located
relatively high as compared to literature values. Possible reasons for this are the following:

1. The MBE grown nanowires are very pure and do not su�er from unintentional carbon
incorporation, in contrast to wires grown at low temperature by MOCVD (compare
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Section 3.2).

2. The MBE grown nanowires exhibit a high density of rotational twins (see Figure 6.5).
These rotational twins act as scattering centers [78] and, thus, might lead to a high
resistivity. Additionally, larger wurtzite (WZ) segments could be present, acting as
potential barriers (compare Section 3.2.1).

Figure 6.5: Transmission electron
micrograph of a typical
MBE grown InAs wire.
The blue dashed line
indicates the sidewall
facets; the yellow dotted
lines mark {111} twin-
ning planes. The picture
was taken in the ⟨1̄10⟩
direction.

The strong decrease of resistivity with time can be explained by the appearance of an
electron accumulation layer on the surface of the nanowires. On InAs surfaces, the presence
of an accumulation layer depends on the presence of surface states at an energetic position
above the conduction band minimum (compare Section 2.4). If such surface states are
abundant, the Fermi level at the surface is pinned above the conduction band edge. As
already discussed in Section 2.4, such surface states could originate from oxidation [62],
adsorption of hydrogen or water vapor [59]. Additionally, the electron exposure due to the
SEM micrographs, which took place in between date 1 and date 2, might have a major
impact on the nanowire surface. Here, the local energy deposition could lead to a depletion
of arsenic, which is lighter than indium and has a higher vapor pressure. This would
lead to an In-rich surface reconstruction which results in an electron accumulation [59].
Furthermore, carbon deposition could take place during electron exposure. The carbon
could create surface states and lead to the observed decrease in resistivity. Further evidence,
that the electron exposure in�uences the surface of the nanowires can be seen in the larger
resistivity change of sample MBE-E compared to the other samples. Here, the electron
acceleration voltage to take the SEM micrographs was 20 keV, whereas it was only 10 keV
for the other samples. This suggests, that a higher acceleration voltage leads to a stronger
impact on the nanowire resistivity.
Another noticeable feature of the resistivity is the increase at small diameter. It will

be discussed later, following the �eld-e�ect transistor measurements. These measurements
give further insights into the question, in how far the change in resistivity is caused by a
change in mobility or carrier concentration.

6.1.2 Mobility and carrier concentration

Field-e�ect transistor (FET) characteristics (ID-VG) are obtained in ambient air conditions
at room temperature on samples MBE-A to MBE-E. The measurements are carried out
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using an HP4145B parameter analyzer. As explained in detail in Section 2.6.1, FET mea-
surements allow to determine the carrier concentration and the mobility of the nanowires.
All FET measurements presented in the following indicate n-type conduction, i.e. an in-
crease of ID with increasing VG. For a better comparison between measurements on di�erent
nanowires, ID is converted to the conductivity σ using:

σ (VG) =
ID (VG)

VSD
· L
A
, (6.3)

with the contact separation length L and cross section area A = 3
√
3d2/8 of the hexagonal

nanowires.
A drawback of FET measurements is their sensitivity to surface and interface states.

This issue has already been traced in Section 2.6.1. As a result of charge rearrangement
processes at the nanowire surface, FET measurements often exhibit hysteresis e�ects. To
illustrate the hysteresis e�ect, in Figure 6.6 (a) the relative change of conductivity with
time σ(t)/σ(0) after an instantaneous gate switch is shown for several nanowires. The gate
is switched just before t = 0 from an initial to a new VG value, as indicated in the inset.
Subsequently, the conductivity is recorded within a time of 450 s. It can be seen, that upon
a negative relative gate switch (∆VG = VG,new − VG,old < 0), the conductivity (which was
decreased due to the gate switch at t < 0) increases within a time of 450 s. The increase
is in between 5% and 23% for di�erent nanowires. In contrast, for ∆VG > 0, the original
increase of σ due to the gate switch at t < 0 is followed by a conductivity decrease of 5%
to 30% within the measured timescale. The drift of the conductivity with time subsequent
to the gate switch indicates that the gate e�ect at t = 0 is stronger than the one at t > 0.
This means, that charges are rearranged after the gate is switched, the rearrangement leads
to a reduction of the gate e�ect, hence, the conductivity increases with time for ∆VG < 0
and it decreases for ∆VG > 0. The exact microscopic origins of this behavior are unknown.
Interestingly, an exactly opposite behavior upon a gate switch has been found by Dayeh
et al. [35]. Here for ∆VG > 0 (∆VG < 0) the conductivity increased (decreased) within a
time of 150 s after the gate switch. Di�erent surface and interface conditions resulting from
di�erent preparation methods and, in particular, a di�erent gate oxide material are likely
to have a crucial in�uence on the gate behavior.
The delayed charge rearrangement leads to a hysteresis in the gate characteristic, as

shown exemplarily for a nanowire of sample MBE-B in Figure 6.6 (b). The measurement
is started at VG = 10 V, then VG is swept to −10 V and afterwards back to +10 V. For
the di�erent sweep directions, two di�erent transconductances gm and threshold voltages
Vth are found. Thus, using the formulas introduced in Section 2.6.1, two di�erent carrier
concentration and mobility values are obtained. The values, shown in Figure 6.6 (b), di�er
by a factor of 2.6 and 1.5, respectively. This shows, that the FET measurements are subject
to some degree of uncertainty. The following measurements have all been performed in the
same sweep direction from positive to negative gate voltages. Thus, comparability between
di�erent measurements should be given, while the absolute values might be inaccurate. To
emphasize this, the mobility obtained from �eld-e�ect measurements is therefore denom-
inated as the �eld-e�ect mobility µFE to distinguish it from the electron drift mobility
µ.
A further issue, which has already been discussed in the previous Section, is the change

of the wire surface with time due to oxidization or adatom adsorption or due to electron
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Figure 6.6: (a) Ratio of conductivity at time t to its value at t = 0. The back gate was
switched at t < 0 according to the insets. (b) Conductivity σ as a function of
VG for a nanowire of sample MBE-B for di�erent sweep directions. The gate is
swept from VG = +10 V to 0 V and afterwards back to +10 V.

exposure. This has an impact on FET measurements, as well. In Figure 6.7 the conductivity
σ of several nanowires of sample MBE-E is plotted versus the gate voltage VG in a gate
voltage range from −10 V to +5 V. For all measurements VSD = 50 mV is used. The
dimensions of the nanowires are given in the label of Figure 6.7 (a). Measurements have
been performed both directly after contact preparation [date 1, see Figure 6.7 (a)] and after
electron exposure [date 2, see Figure 6.7 (b)]. In correspondence to the previous Section,
the conductivity at date 2 is substantially increased. In addition, at date 2 there is a
gate voltage region visible, where σ depends linearly on VG, whereas at date 1 σ seems to
increase exponentially with VG.
From the transconductance gm of the measurements shown in Figure 6.7, the �eld-e�ect

mobility µFE and carrier concentration nel is determined using the formulas introduced in
Section 2.6.1. It might be questionable, in how far the results obtained at date 1 [Figure
6.7 (a)] are reliable, as there is no clear linear dependence of σ on VG. The formulas derived
in Section 2.6.1 are only valid in the linear regime. The results are shown in Figure 6.8
anyway, to illustrate the change of the gate behavior. In all cases, both the mobility and
carrier concentration values are increased at date 2 compared to date 1. This is consistent
with the development of an electron accumulation layer with time, which naturally leads
to an increase of nel. A mobility increase could be explained in terms of the stacking faults
induced barriers. In case of a surface electron accumulation the conduction band at the
surface is bent downwards. Hence, at the surface the Fermi level is elevated relative to the
conduction band. Potential barriers due to stacking faults are thus overcome more easily
at the surface and cause less scattering. A similar e�ect has been observed by Wirths et al.
[89]. Here an increased doping level in the nanowires leads to an increase in both carrier
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Figure 6.7: Conductivity σ as a function of VG for wires of sample MBE-E directly after
contact preparation (a) and after electron exposure (b). A source-drain voltage
of 50 mV is used.
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6 Electronic transport measurements on InAs nanowires

concentration and mobility, which is explained by the elevation of the Fermi level above
stacking fault induced potential barriers.
In the following, measurements on samples MBE-A to MBE-E at date 2 are presented.

In Figure 6.9 the conductivity σ is plotted versus the gate voltage VG in linear (a) and
logarithmic scale (b). The gate voltage range is between −5 V and 3 V. The wires have a
contact separation length of approximately 1 µm and di�erent diameters d, as listed in the
inset of Figure 6.9 (a).
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Figure 6.9: Conductivity σ for wires of di�erent diameter d and similar contact separation
lengths L ≈ 1 µm on a (a) linear and (b) logarithmic scale. The label of (a)
shows the wire diameters and the MBE sample from which the wires originate
(A-D). The measurements are performed at date 2.

For all wires σ increases with increasing VG. In the range between approximately −1 V
and 3 V, σ(VG) increases linearly, which allows for the utilization of the formulas mentioned
above to calculate nel and µFE . From the slope of the linear region �eld-e�ect mobilities
µFE and carrier concentrations nel are calculated for approximately 90 nanowires from
samples MBE-A to MBE-E using the equations derived in Section 2.6.1. The resulting µFE

and nel values are shown as a function of the nanowire diameter d in Figure 6.10 (a) and
(b), respectively.
In general, the data show a large spread, however, some trends are visible. The mobility

shows a overall increase from 50 cm2/Vs up to around 2000 cm2/Vs in a diameter range
from around 60 nm to 140 nm. For d > 140 nm there is no trend and the spread is even
larger. The carrier concentration shows a large spread for all diameters, as well. It ranges
from 2 · 1016 cm−3 up to 1 · 1018 cm−3.
For a better overview over the diameter dependence, data are cumulated and averaged

in bins of 10 measurement points. Besides µFE and nel the resistivity ρ, already shown in
Figure 6.4, is included in this statistic evaluation. The results are shown in Figure 6.11.
From the averaged data it is clearly visible, that the �eld-e�ect mobility increases linearly
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Figure 6.10: Field-e�ect mobility µFE (a) and carrier concentration nel (b) of MBE grown
InAs nanowires as a function of diameter. The values are obtained from the
ID−VG characteristics of around 90 nanowires from samples MBE-A to MBE-E
at date 2.

in the range from 60 nm to 90 nm. Along with the increase in mobility comes an increase
in carrier concentration in this diameter range. However, the statistical errors on the nel
values are very large. The average resistivity drops from 1 Ωcm to 0.04 Ωcm, according to
the increase in µFE and nel. In the range between 100 nm and 180 nm, there is no clear
tendency, µFE is between 800 cm2/Vs and 1600 cm2/Vs and nel between 2 · 1017 cm−3 and
4 · 1017 cm−3. The resistivity is constant between 100 nm and 130 nm and slightly lower
for larger diameters.1

Discussion

Both mobility and carrier concentration values are relatively low, compared to literature
values (see Table 3.2). This is in accordance with the high purity and the high density
of stacking faults, which was already mentioned above. The large spread in resistivity,
mobility, and carrier concentration is visible in the large error bars in Figure 6.11. There
are several possible reasons for this large spread:

• First of all the measurements show, that the transport properties are very sensitive to
surface conditions. It is very likely that the surface conditions are not homogeneous
for di�erent nanowires. It is, however, di�cult to detect such di�erences in the surface
properties.

• Furthermore, there could be �uctuations in the number of incorporated impurities,
which could lead to di�erent transport properties. Again, such �uctuations are hard

1The resistivity decrease for the largest diameters could be due to the higher acceleration voltage used to
take the scanning electron micrographs.
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6.1 Transport properties of MBE grown InAs nanowires

to detect.

• Finally, �uctuations in density or kind of stacking faults could be the reason for
�uctuations in transport properties. As shown by Thelander et al. [75], the crystal
structure can have a strong in�uence on transport.

As shown in Figure 6.5 the MBE grown nanowires exhibit mainly zinc blende crystal struc-
ture with a high number of rotational twins (RT). A RT can be considered as a scattering
center, thus decreasing mobility and increasing the resistivity [78]. To investigate if dif-
ferences in crystal structure are present, which could explain the �uctuations in transport
parameters, further TEM images without high resolution are taken. Although no single
atoms are visible, the RT appear as changes in contrast. Two exemplary images are shown
in Figure 6.12 (a) and (b). Changes in contrast, corresponding to twinning planes, can
be seen quite regularly with a distance around 5 nm. The density of rotational twins per
micrometer (RT/µm) has been determined on 12 nanowires with di�erent diameters d by
counting the rotational twins on a length scale of around 350 nm for each wire. It is depicted
in Figure 6.12 (c).
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Figure 6.12: Transmission electron microscope images of two InAs nanowires of sample
MBE-A (a) and MBE-D (b). Number of rotational twins (SF) per micrometer
plotted versus the wire diameter for wires of samples MBE-A to MBE-E (c).

The densities have values between 250 RT/µm and 275 RT/µm at small diameters of
60 nm to 70 nm. For diameters between 100 nm and 160 nm, the densities are slightly
lower, between 175 RT/µm and 225 RT/µm. Within the analyzed wire segments, the
standard deviation of the density of stacking faults is in maximum 10%. The density of
RT is considerably larger than the one of MOCVD grown InAs nanowires denominated as
group I with pure ZB structure and RT in a report of Thelander et al. [75]. Here, a density
below 50 RT/µm is found. The lower RT density might be a reason for the lower resistivity
found in [75] compared to the present wires with a high RT density. The TEM analysis can
not provide an explanation of the strong resistivity �uctuations in terms of di�erences in
RT densities, as all analyzed wires show twinning planes with relatively regular distances.
However, the analysis is very limited, as only a small fraction of all wires can be analyzed.
Thus, it cannot be excluded that some wires exhibit larger �uctuations in crystal structure
or even larger WZ segments which act as potential barriers and lead to larger �uctuations
in the resistivity (compare Section 3.2.1).
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Another observation is the increase in resistivity at small wire diameters. The FET
measurements indicate, that both mobility and carrier concentration are lower at small
diameters. A reason for a mobility decrease for small diameters could be an increased
surface scattering at small diameters, as proposed by Ford et al. [123] and Dayeh et al.
[84]. The latter observed a linear increase of mobility from 1000 cm2/Vs at d = 60 nm to
2500 cm2/Vs at d = 105 nm. In addition the larger RT density for sample MBE-A [see
Figure 6.12 (c)] could be a reason for the lower mobility.
The decrease of carrier concentration with decreasing wire thickness is in contrast to

the assumption, that an electron accumulation layer is present. Such an accumulation
layer would - other things being equal - lead to an increase in carrier concentration with
decreasing wire thickness, as the surface to volume ratio increases. Such an increase has
been found previously in InAs nanowires by Dayeh et al. [84] and Sche�er et al. [85]. In
those reports the nanowires have been grown by Au-catalyzed MOCVD and might have a
larger background doping concentration (compare Table 3.2). Furthermore, no information
on crystal structure is given in Refs. [84] and [85].
In the present case the decrease of carrier concentration with decreasing wire thickness

could be related to the higher stacking fault density of wires with a small diameter [see
Figure 6.12 (c)] leading to an increased formation of potential barriers. For the case of InP
nanowires an electron trapping e�ect has been observed by Wallentin et al. [124]. Here, a
low carrier concentration has been explained by the formation of potential wells due to the
band o�set between WZ and ZB segments. Electrons are bound in the potential wells and,
thus, do not contribute to the measured carrier concentration in a �eld-e�ect measurement.
This explanation is, however, speculative, as long as the exact origin of potential barriers
in the present MBE grown InAs nanowires is unknown.
Furthermore, the decrease of electron concentration could be due to a dielectric con�ne-

ment e�ect, as explained in Section 2.5.2. Unintentionally incorporated impurities acting as
donors could be present. At smaller diameters the e�ect leads to an increase of the ioniza-
tion energy, resulting in a deactivation of these donors. The present situation clearly shows
the di�culties which have already been elucidated in Section 3.2.2, to interpret the mea-
surement results in case of many interrelated in�uencing quantities like crystal structure,
wire diameter, or surface electron accumulation.

6.1.3 Temperature dependence of the resistivity

The temperature dependence of the transport properties is analyzed on selected nanowires
of samples MBE-A to MBE-E. All measurements are performed after electron exposure
(due to SEM pictures) in a He4 �ow cryostat, which provides a temperature range from
room temperature down to 4 K. Current voltage characteristics (ID-VSD) are obtained at
di�erent temperatures, allowing to determine the temperature dependence of the resistivity
for di�erent nanowires. While at room temperature all nanowires show linear ID-VSD
characteristics, upon cooling two distinct behaviors are found: one group of nanowires
(in the following called group I) shows a small change in resistivity as well as linear ID-VSD
characteristics in the complete temperature range. Exemplary curves of group I nanowires
at T = 4 K are shown in Figure 6.13 (a). For the other group of nanowires (group II) the
change in resistivity is larger and the ID-VSD characteristics become nonlinear at low T . In
Figure 6.13 (b) and (c) ID-VSD characteristics of two nanowires of group II in a VSD range
of ±50 mV [Figure 6.13 (b)] and ±4 mV [Figure 6.13 (c)] are shown. Their dimensions and
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Figure 6.13: (a) Linear ID-VSD curves of di�erent nanowires of group I at a temperature of
T = 4 K. In (b) and (c) ID-VSD curves of two nanowires of group II are shown.
While at room temperature the curves are linear, they become nonlinear at
low temperatures.

the measurement temperatures are given in the labels of Figure 6.13. From the graphs it is
evident that below a temperature of approximately 50 K the behavior becomes nonlinear.
For further analysis, the temperature dependence of the resistivity is determined for 8
nanowires of group I and 5 nanowires of group II. In case of nonlinear ID-VSD curves, the
resistivity is calculated using the linear part of the curve at larger VSD values. Figure 6.14 (a)
and (b) show the results for group I and II, respectively. The nanowire dimensions and the
sample where they originate from is given in the label. Four nanowires are denominated with
an additional number, these wires will be further analyzed in Section 6.1.4. The nanowires
of group I exhibit a resistivity at room temperature between 0.006 Ωcm and 0.016 Ωcm.
The resistivities decrease in all cases with decreasing temperature from 300 K down to
100 K. Below 100 K, two wires show a constant or further decreasing resistivity, whereas
six wires show a slight resistivity increase upon further temperature decrease. There are
no indications, that the diameter in�uences the temperature dependence of the resistivity.
All in all, the changes in resistivity with temperature are very small. The resistivity of
group II nanowires at room temperature is larger than the one of group I wires, between
0.015 Ωcm and 0.03 Ωcm. All wires show a resistivity increase with decreasing temperature
in the complete temperature range.
The di�erent behavior of group I and II becomes more evident if one plots the logarithm

of conductivity versus the inverse temperature [see Figure 6.14 (c) and (d)]. A thermal ac-
tivation process could be the reason for the resistivity increase with decreasing temperature
of group II wires. For thermal activation, ln (σ) should depend linearly on 1/T :

ln (σ) = c− Ea

kB

1

T
. (6.4)

Thus, by �tting a line to the data at small 1/T an activation energy Ea can be obtained.
For the �t a range between 0.0035 1/K and 0.006 1/K is used. The Ea values are shown in
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6 Electronic transport measurements on InAs nanowires

Figure 6.14: Temperature dependence of the resistivity of group I (a) and group II (b)
nanowires. (c) and (d) shows the conductivity σ of the same nanowires as in
(a) and (b) on a logarithmic scale, plotted versus inverse temperature. In (d)
the activation energies resulting from a linear �t at small 1/T are listed in the
label.
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6.1 Transport properties of MBE grown InAs nanowires

the label of Figure 6.14 (d). They range from 0.9 meV to 8.1 meV.

Discussion

The temperature dependent measurements revealed the presence of two groups of wires:
group I behaving metal-like, and group II behaving semiconductor-like with temperature
activated transport and nonlinear ID-VSD curves at low temperatures. There are two pos-
sible activation mechanisms:

1. Shallow donor states due to unintentional impurities could be present. Activation
of carriers from these states into the conduction band would lead to the observed
temperature dependence of the resistivity.

2. Potential barriers might be present. A thermal activation would be necessary to
overcome the barriers.

Due to the fact that the ID-VSD curves are nonlinear at low temperatures for wires of group
II, the explanation in terms of potential barriers is more reasonable. Nonlinear ID-VSD
curves at low temperatures have been observed before in InAs nanowires [46, 75, 87, 89, 125].
They have been explained by the onset of single electron tunneling at low temperatures.
The potential barriers are either explained by larger WZ segments in mainly ZB material
[46, 75] (compare 3.2.1) or generally by changes between ZB and WZ structure and a
high density of stacking faults [87, 89]. A conduction band o�set between 23 meV and
86 meV has been predicted theoretically [71, 72, 73, 74]. Zhukov et al. [125] have been
able to locate a small number of potential barriers in an InAs nanowire grown by selective
area (SA) MOCVD with mainly WZ structure and a high density of stacking faults. The
present MBE grown nanowires, exhibit predominantly ZB structure with a high density
of rotational twinning de�cits. It is unclear where exactly the potential barriers originate
from. As only a small number and small parts of wires have been analyzed in TEM, it
cannot be excluded that some wires exhibit larger WZ segments, leading to the observed
potential barriers, as proposed by Thelander et al. [75].
The nonlinear ID-VSD curves at low temperature could also originate from the formation

of Schottky contacts at low temperatures. However, InAs does not tend to form Schottky
contacts due to its tendency for surface electron accumulation. In addition the curves are
all symmetric, which is not expected for Schottky contacts.
The question remains, why some wires (group II) show a semiconductor-like behavior

together with nonlinear ID-VSD curves, while wires of group I behave metal-like. Here,
di�erences in crystal structure could be the reason. It could be possible that wires of group
II exhibit certain con�gurations of stacking faults or changes between ZB and WZ structure
that lead to potential barriers, while wires of group I do not. Such potential barriers would
increase the initial resistance and lead to a semiconductor-like temperature behavior, as
electrons have to be thermally activated to overcome the potential barriers.
Another plausible reason for the di�erent temperature behavior of groups I and II is a

di�erent magnitude of surface electron accumulation. For group I, there is a pronounced
surface accumulation, which is consistent with a small initial resistivity value. In addition,
an accumulation layer behaves metal-like, which means that ρ(T ) increases with tempera-
ture due to increased phonon scattering at higher temperatures. Still, stacking fault induced
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potential barriers might be present, however, due to the downwards bending of the con-
duction band at the surface, the potential barriers are lowered in energy at the surface, as
well (compare Figure 3.3 or [75]). For group II, the accumulation layer is less pronounced,
which leads to a higher initial resistivity value at room temperature. In addition, the band
bending is not strong enough so that barriers still have to be overcome thermally at the
surface.
The activation energy values Ea, which are given in the label of Figure 6.14 (d) are

considerably smaller than the ones found for undoped SA-MOCVD grown InAs nanowires
(12 meV) [89] as well as for MOCVD grown wires (40 meV) [75]. The crystal structure
in the latter two reports di�ers from the present one, as it is characterized by a change
between WZ and ZB structure with larger segments of both types. This might be a reason
for the di�erence in activation energies. Furthermore, a stronger surface accumulation
could decrease the Ea values. Activation energies similar to the one found in the present
nanowires have been found by Wirths et al. [89] for Si-doped SA-MOCVD grown InAs
nanowires. Measurements on SA-MOCVD grown InAs nanowires will also be presented in
Section 6.2.

6.1.4 Gate measurements at di�erent temperatures

Field-e�ect transistor (FET) characteristics (ID-VG) are obtained in a He4 �ow cryostat
at temperatures between room temperature and 4 K on samples MBE-A to MBE-E. As
already mentioned in Section 6.1.2, some nanowires exhibit a strong hysteresis e�ect due to
delayed charge rearrangement at the nanowire surface. The charge trapping or detrapping
mechanism might be thermally activated, thus, a change of hysteresis with temperature
is expected [126]. Figure 6.15 (a) shows ID-VG sweeps from +10 V to −10 V and back
to +10 V at both room temperature and 4 K. At room temperature a strong hysteresis
is visible, leading in particular to di�erent nel values for di�erent sweep directions, as the
threshold voltage is changed considerably. At 4 K the hysteresis is clearly reduced. The
strong change in hysteresis with decreasing temperature complicates the analysis of the
temperature dependence of mobility and carrier concentration. It is di�cult to distinguish
between changes in the ID-VG characteristic that originate from a change in transport
properties and those that originate from changes in the hysteresis behavior. Therefore, no
quantitative analysis will be performed on wires showing strong hysteresis e�ects. However,
the general trend is visible in Figure 6.15 (a) that the gate e�ect on the conductivity is
usually stronger at lower temperatures. While no depletion is possible at 290 K in the
accessible gate voltage range, σ vanishes at VG < −5 V for T = 4 K. Furthermore, at
VG > 5 V the conductivity at 4 K is larger than it is at 290 K. In Figure 6.15 (b) the
gate e�ect on conductivity is shown for a di�erent nanowire. Here, the hysteresis at room
temperature is considerably lower. A di�erent magnitude of hysteresis can be attributed
to a di�erent density or kind of surface states. Due to the uncertainties resulting from
the in�uence of surface and interface states, only one exemplary analysis is shown in the
following to depict the general trends.
Figure 6.16 (a) exemplarily shows the temperature dependence of the σ(VG) curves of the

same wire as shown in Figure 6.15 (b). The wire is of sample MBE-E and behaves metal-like
at VG = 0. Using the method described in Section 2.6.1, carrier concentration and mobility
values are extracted for all temperatures. The results are shown in Figure 6.16 (b). With
decreasing temperature the mobility increases from 260 cm2/Vs up to 400 cm2/Vs, while
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Figure 6.15: (a) ID-VG characteristic of a nanowire of sample MBE-A for a sweep from
+10 V to −10 V and back to +10 V for both room temperature and 4 K. The
source drain voltage is 50 mV. (b) ID-VG characteristic of a nanowire of sample
MBE-E for a sweep from +10 V to −10 V and back to +10 V for both room
temperature and 4 K. The source drain voltage is 10 mV. Compared to (a) the
hysteresis at room temperature is reduced.

the carrier concentration decreases from 7.4 · 1017 cm−3 to 5 · 1017 cm−3.

Discussion

The gate measurements reveal an increasing mobility with decreasing temperature. This
behavior can be explained by the in�uence of an electron accumulation layer, which behaves
metal-like. With decreasing temperature phonon scattering is reduced and the mobility
increases. While the carrier concentration in an accumulation layer is expected to have
a weak temperature dependence, the bulk contribution to the total carrier concentration
is expected to decrease with temperature, as thermal activation might play a role. The
decreasing nel values with decreasing temperature could therefore be due to a decreasing
bulk carrier concentration. Due to the superposition of bulk and surface contributions,
the possible presence of potential barriers, and the (temperature dependent) in�uence of
surface states it is, however, hard to give certain explanations for the observations shown
in Figure 6.16. To get a further insight into the gate dependence, activation energies are
determined as a function of gate voltage in the following.

6.1.5 Gate dependence of activation energies

As it can be seen in Figure 6.16 (a), the temperature behavior of the conductivity can
be switched from metal-like (at Vg > −5 V) to semiconductor-like (at Vg < −5 V). To
illustrate this, in Figure 6.17 the conductivity of a nanowire of sample MBE-E is shown in
a 3-dimensional plot versus temperature and gate voltage.
As it has been shown in Section 6.1.3 for VG = 0, in case of semiconductor-like behavior
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Figure 6.16: (a) ID-VG characteristic of a nanowire of sample MBE-E [the same wire as
shown in Figure 6.15 (b)] for a sweep direction from +10 V to −10 V at
di�erent temperatures. The source drain voltage is 10 mV. The dimensions
are L = 480 nm and d = 160 nm. (b) Resulting �eld-e�ect mobility µFE and
carrier concentration nel as a function of temperature.

Figure 6.17: 3-dimensional plot of conductivity σ versus temperature T and gate voltage
VG for a nanowire of sample MBE-E [the same wire as shown in Figures 6.15
(b) and 6.16]. Wire dimensions are L = 480 nm and d = 160 nm.
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an activation energy can be determined. In the following, the gate voltage dependence of
the activation energy will be analyzed. For this purpose, the conductivity is plotted versus
the inverse temperature for di�erent gate voltages. Lines are �tted to the linear region of
ln (σ) at small 1/T values between 0.0035 1/K and 0.006 1/K, corresponding to a range
between 290 K and 167 K [compare Equation (6.4)]. This evaluation is performed on two
group I wires MBE-E1 and MBE-A1, which showed metal-like behavior at VG = 0 (see
Figure 6.14 in Section 6.1.3). Furthermore two group II wires MBE-A2 and MBE-D1 are
analyzed, which have been found to behave semiconductor-like at VG = 0 (see Figure 6.14
in Section 6.1.3). The results are shown in Figure 6.18 (a) - (d). The σ(T )-plots for di�erent
VG values are shown on a semi logarithmic scale on the left hand side of each sub�gure.
The activation energies are plotted as a function of VG in a range from -10 V to 10 V. They
can be found on the right part of each sub�gure as red points. The activation energies can
be shifted with gate voltage between 0 meV and 220 meV. For wires MBE-E1, MBE-A1,
and MBE-A2 activation energies are obtained only for VG . −5 V, as the wires behave
metal-like for larger gate voltages.

Figure 6.18: The left part of each sub�gure shows the conductivity as a function of inverse
temperature on a semi logarithmic scale. Open symbols indicate the curve for
VG = 0 V. The right part of each sub�gure shows the activation energy as
a function of gate voltage. Dimensions and source-drain voltages: (a) MBE-
E1, VSD = 10 mV, L = 480 nm, d = 160 nm; (b) MBE-A1, VSD = 1 mV,
L = 460 nm, d = 72 nm; (c) MBE-A2, VSD = 10 mV, L = 610 nm, d = 72 nm;
(d) MBE-D1, VSD = 10 mV, L = 1830 nm, d = 128 nm.

71



6 Electronic transport measurements on InAs nanowires

Discussion

With gate voltage, the temperature behavior of wire MBE-E1 can be turned from metal
like (for VG between −5 V and +10 V) to semiconductor-like (for VG between −10 V and
−5 V) [Figure 6.18 (a)]. For the semiconductor-like regime, Ea increases up to 3.5 meV.
Wire MBE-A1 behaves very similar [Figure 6.18 (b)], for VG > −5 V a metal-like behavior
is found. For VG < −5 V, however, the activation energy increases considerably stronger
than for MBE-E1, up to 60 meV. In the picture of potential barriers, the change of Ea

with VG can be explained by a change of the e�ective barrier height due to the relative
shift between potential barrier and Fermi energy. However, it is unclear why the maximum
Ea value di�ers considerably between wires MBE-E1 and MBE-A1. A reason could be
di�erent surface state densities and resulting amounts of surface accumulation together
with di�erent potential barrier heights.
Wire MBE-A2 has been found to behave semiconductor like with Ea = 2.8 meV for

VG = 0 V, as shown in Section 6.1.3. Surprisingly, the gate dependent measurement reveals
a metal-like behavior for VG = 0 V. Thus, in between the two measurements shown in
Figure 6.14 (d) and Figure 6.18 (c) the behavior of this wire changed from semiconductor-
like to metal-like. Between the two measurements on wire MBE-A2 there is a time span of
10 days. The observation strongly suggests that in between the two measurements a change
of the surface conditions took place, leading to a stronger surface accumulation and, thus,
to a metal-like behavior at zero gate voltage.
Wire MBE-D1 shows semiconductor-like behavior in nearly the complete gate voltage

range. Only for VG = 10 V, a transition to metal-like behavior is visible. Ea increases
up to 60 meV for VG = −10 V. The evolution of Ea with VG is similar to the one found
by Thelander et al. [75]. Here in a MOCVD grown InAs nanowire of mainly ZB crystal
structure with larger WZ inclusions Ea could be tuned between 10 meV and 100 meV.
In conclusion, the measurements support the interpretation in terms of potential barriers

in connection with a surface accumulation layer. The surface accumulation layer is sen-
sitive to the surface conditions and it might change with time, leading to a change from
semiconductor-like to metal-like behavior. It is, however, still unclear what is the exact rea-
son for potential barriers. For future investigations in would be bene�cial, to create de�ned
surface conditions, e.g. by an appropriate passivation procedure. Furthermore, transport
measurements and transmission electron microscope investigations on one and the same
nanowire are needed to analyzed the correlation of transport and structure in detail.

6.2 Transport properties of MOCVD grown InAs nanowires

In this Section, measurements on MOCVD grown InAs nanowires are presented. As de-
scribed in Section 4.2.2, it is possible to control the carrier concentration in the nanowires
by doping with Si. An extensive study about the e�ect of doping on transport and crys-
tal structure can be found in References [89, 126]. In addition, it is possible to modify
the crystal structure of the nanowires (c.f. Section 4.2.2). In contrast to the MBE grown
nanowires, which are characterized by a ZB structure with a high density of rotational
twinning de�cits (see e.g Figure 6.5), the structure of the MOCVD grown nanowires can
be seen as predominantly WZ with a very high density of stacking faults [43]. The stacking
fault density can be reduced by choosing a smaller partial pressure (PP) of both III- and
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V- component. As it is illustrated in Figure 6.19 for nanowires grown with partial pressure
factors of 1, 1/2, 1/4, and 1/8, larger stacking fault free WZ segments are obtained for
reduced partial pressures. In the following, it will be analyzed if the change in crystal
structure in�uences the electrical properties. In addition, doping levels of 1 and 100 are
investigated. Details on growth conditions can be found in Table 4.2. Measurements at
room temperature as well as the temperature dependence of the transport properties are
shown in the following. A comparison will be made with the MBE grown InAs nanowires
to see if the crystal structure di�erences between MBE grown and MOCVD grown InAs
nanowires a�ect the transport properties.

(a) (b) (c) (d)

5 nm 5 nm 5 nm 5 nm

Figure 6.19: Transmission electron microscope images of InAs nanowires grown under dif-
ferent partial pressure factors of (a) 1, (b) 1/2, (c) 1/4, and (d) 1/8. The size
of stacking fault free wurtzite segments increases from (a) to (d), as it can be
seen as an increasing amount of ordered lines of dark and light contrast.

6.2.1 Measurements at room temperature

A set of 50 InAs nanowires grown by selective area MOCVD has been contacted by the
method described in Section 5.1. ID-VSD curves are obtained at room temperature in the
same way as already described in Section 6.1.1. All obtained ID-VSD curves are linear at
room temperature and small contact resistances are assumed. In addition, gate measure-
ments are performed at room temperature. From the linear region of the ID-VG curves
the �eld-e�ect mobility and the carrier concentration is calculated. Subsequently to the
measurements, SEM images are taken to determine the dimensions of the wires. In con-
trast to the MBE grown InAs nanowires, the MOCVD grown wires exhibit a very uniform
diameter. Thus, in the following, no diameter dependence is accounted for. The average
3-dimensional resistivity ρ, �eld-e�ect mobility µFE and carrier concentration nel is calcu-
lated for nanowires of doping factor (DF) 1 and 100 grown using partial pressure factors
of 1/8, 1/4, 1/2, and 1. The results are plotted as a function of partial pressure factor in
Figure 6.20.
The resistivity of DF 1 wires is between 0.1 Ωcm and 0.5 Ωcm, thus, it is 1-2 orders

of magnitude larger than the one of DF 100 wires (around 0.005 Ωcm). This re�ects
that the nanowires have been successfully doped with Si. The doping of this type of
nanowires has already been demonstrated in [89] and [126]. Accordingly, the obtained
carrier concentration of the DF 100 nanowires is 1-2 orders of magnitude larger (around
3 · 1018 cm−3, compared to 5 · 1016 cm−3 for DF 1).
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Figure 6.20: Average resistivity ρ, �eld-e�ect mobility µFE , and carrier concentration nel
for di�erent partial pressure factors and doping factors (DF).

For DF 1 wires there is a slight increase of resistivity with partial pressure factor from
0.13 Ωcm for partial pressure 1/8 to 0.48 Ωcm for partial pressure 1. However, the increase is
within the standard deviation, thus, the statistics is not su�cient to make a clear statement.
For DF 100 wires, no clear in�uence of the partial pressure on the transport parameters is
visible.

Discussion

Except from the (statistically uncon�dent) increase of resistivity with partial pressure fac-
tor for DF 1 wires, the room temperature results do not disclose a clear dependence on the
partial pressure factor. A reason for this could be that inhomogeneous surface conditions
leading to di�erent degrees of surface electron accumulation superimpose the e�ect of dif-
ferences in crystal structure. The lower resistivity and the higher carrier concentration for
DF 100 compared to DF 1 nanowires demonstrates the successful doping. Furthermore, the
mobility of the DF 100 nanowires is found to be lower than the one of the DF 1 wires, which
could be due to increased impurity scattering. In the following section, the temperature
dependence is analyzed to gain further insights.

6.2.2 Temperature dependence of the transport properties

The temperature dependence of the resistivity is analyzed in the same way as presented in
Section 6.1.3. Distinct behaviors are found for DF 1 and DF 100 nanowires. Two ID-VSD
curves, representative for DF 1 and DF 100, are shown in Figure 6.21. While the DF 1
wire exhibits a strong non-linear ID-VSD curve at temperatures below around 50 K [Figure
6.21 (a)], the curves of the DF 100 wire remain linear in the complete temperature range
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[Figure 6.21 (b)]. The strong nonlinearity appeared for all analyzed DF 1 wires, while most
of the DF 100 nanowires show a linear behavior or only a very small nonlinearity.
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Figure 6.21: ID-VSD curves for a nanowire of doping factor 1 (a) and doping factor 100 (b)
at di�erent temperatures, as indicated in the labels.

For further analysis, the conductivity of DF 1 and DF 100 nanowires is plotted as a
function of inverse temperature on a semi logarithmic scale in Figure 6.22 (a) and (b),
respectively. Except for one wire (DF 100) all nanowires show a semiconductor-like tem-
perature dependence. As it has been performed before for the MBE grown nanowires in the
preceding Section, the activation energies Ea are determined by a �t to the linear region of
ln (σ) at small 1/T values between 0.0035 1/K and 0.006 1/K. The activation energies are
given in the labels of Figure 6.22. For DF 1 wires Ea values between 6.7 meV and 35 meV
are obtained, while the DF 100 wires exhibit considerably smaller values between 0 meV
and 2.3 meV. No consistent trend is found for the in�uence of the partial pressure factors
on the Ea values.

Discussion and comparison with MBE grown InAs nanowires

The occurrence of nonlinear ID-VSD curves in combination with relatively large activation
energies (on average Ēa = 14± 11 meV) for DF 1 wires suggests an interpretation in terms
of potential barriers caused by changes between ZB and WZ structure, as it has already
been described in Section 6.1 for the MBE grown InAs nanowires. The MOCVD grown
wires passed through the very same process steps as the MBE grown wires, as both types of
wires have been processed on the same substrate. However, in contrast to the MBE grown
wires there are no indications for a surface accumulation layer for DF 1 wires, leading to
a metal like behavior. This strongly suggests, that the crystal structure of InAs nanowires
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Figure 6.22: Conductivity σ of several nanowires of doping factor 1 (a) and doping factor 100
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grown by SA-MOCVD leads to higher potential barriers. A downwards band bending at
the surface might still be present, however, it is not strong enough to compensate the
potential barriers and induce a metal like accumulation layer at the surface. The higher
potential barriers result in larger activation energies, compared to the MBE grown wires.
This interpretation is supported by the relatively low carrier concentration values of DF 1
wires in the range between 2·1016 cm−3 and 8·1016 cm−3 compared to around 2·1017 cm−3

for the MBE grown InAs nanowires. The lower carrier concentration could be due to an
electron trapping e�ect, as it has been observed for InP nanowires by Wallentin et al. [124].
As mentioned before, a low carrier concentration has been explained by the formation of
potential wells due to the band o�set between WZ and ZB segments. Electrons are bound
in the potential wells and, thus, do not contribute to the measured carrier concentration
in a �eld-e�ect measurement. The presence of larger WZ segments for wires with lower
partial pressure factor seems to have no crucial in�uence.
The doped wires exhibit considerably smaller Ea values (Ēa = 1 ± 0.5 meV) and their

ID-VSD curves at low temperatures are nearly linear. This can easily be explained by the
doping induced increase of Fermi energy EF relative to the conduction band, as it has been
shown in Section 2.9. The increase of EF enables the electrons to overcome the potential
barriers more easily. However, only one wire shows a transition to a metal-like behavior,
while the other analyzed wires show semiconductor-like behavior with Ea values in the
range of around 1 meV [see Figure 6.22 (b)]. Here, it has to be noted that the doping
does not favor the creation of a metal-like surface accumulation layer as the doping of
the nanowire increases the bulk Fermi level and, thus, decreases the band bending at the
surface (compare Section 2.4). The activated transport might be due to remaining potential
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barriers or due to activation of electrons from shallow Si donor states.
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6.3 Phase coherent transport in InAs nanowires

In this Section, magnetotransport measurements on InAs nanowires are presented. The
measurements are published in [127]. While in many cases, the descriptions and discussions
are more detailed and elaborate than in [127], some parts are a paraphrase or direct citation
from [127].
The temperatures used for the measurements range from 0.3 K up to 30 K, which means

that inelastic phonon scattering is largely suppressed. As already described in Section 2.2,
in this regime the phase coherence length lϕ can come close to or exceed the sample dimen-
sions. One goal of the measurements is to determine lϕ and its temperature dependence
exactly. To achieve this, the method introduced in Section 2.3.2 is used. A magnetic �eld is
oriented perpendicular to the nanowire axis and universal conductance �uctuations (UCF)
and their temperature dependence are analyzed in nanowires of di�erent lengths. The mea-
surements and their analysis are shown in Section 6.3.1. In Section 6.3.2 magnetotransport
measurements in a parallel alignment between wire and magnetic �eld are shown. Here the
question is investigated wether a surface accumulation layer is present on the nanowires.
In case of a strong surface accumulation, the structure can be regarded as a conductive
tube. In that case regular magnetoconductance oscillations of Aharonov-Bohm (AB) or
Al'tshuler-Aronov-Spivak (AAS) type are expected (see Section 2.3.3 or [6, 22, 23, 128]).
Indeed regular oscillations have been observed in several wire-like structures with a highly
conductive shell [7, 129, 130, 131].

To attain temperatures in the range from 0.3 to 30 K, a He3 cryostat is used (see Section
5.2 for details). For noise reduction a lockin ampli�er is used (see Section 5.2.1 for details).
The current driven through source and drain contacts, ISD, is between 1 and 3 nA to prevent
the sample from ohmic heating. The voltage drop between source and drain contacts VSD is
measured using a voltage ampli�er with an ampli�cation factor of 100 or 1000. The sample
resistance R = VSD/ISD is measured as a function of magnetic �eld B in a range of −2 to
9 T.

6.3.1 Universal conductance �uctuations in a perpendicular magnetic �eld

The measurements are performed on a set of 6 MBE grown nanowires of samples MBE-G
(undoped) and MBE-H (doped) (see Section 4.2.1 for details). The nanowires hold similar
diameters d in the range of 100 nm but di�erent contact separation lengths L from 185 nm
up to 1120 nm (see Table 6.3). Wires with a low resistivity and linear ISD − VSD curves
at low temperatures are chosen for these measurements; this means, that they show ohmic
behavior and a low contact resistance can be assumed. Additionally, a surface accumulation
layer is likely to be present on the wires (cf. Section 6.1.3).
The sample resistance R = VSD/ISD comprises both the wire resistance RW and the

contact resistance RC . For the samples A3 a low contact resistance of 1 kΩ has been deter-
mined by a four-terminal measurement. For the other wires, in accordance with the results
of Section 6.1 the same low contact resistance is assumed. In the following evaluations the
contact resistance has been subtracted from the sample resistance. The following analysis
is based on the assumption of di�usive transport. Using the Equations (2.4, 2.5, 2.13),
together with an electron concentration between 1017 cm−3 and 1018 cm−3 (cf. Section 6.1)
the elastic mean free path lm is estimated to be in the range of 15 nm to 40 nm. Thus, the
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wire length L diameter d rms(δG) BC γ
[nm] [nm] [e2/h] [T] −

A1 185 110 0.35 0.27 1.35
A2 220 95 0.29 0.27 1.38
A3 280 100 0.3 0.21 1.46
A4 305 95 0.3 0.22 1.54
A5 420 110 0.31 0.11 1.24
A6 1120 115 0.14 0.1 −
B1 70 140 0.54 0.19 −
B2 230 105 0.27 0.18 −
B3 120 80 0.5 0.45 −

Table 6.3: Wire dimensions, maximum rms(δG), minimum BC and γ values of the UCF.

prerequisite for di�usive transport, lm ≪ L, is ful�lled.
In Fig. 6.23 (a) and (b) the resistance R(B) of samples A1 and A6 is plotted versus the

magnetic �eld for di�erent temperatures. Universal conductance �uctuations are observed
in both cases. The resistance change with magnetic �eld is reproducible, as long as the
samples are kept at low temperatures. The �uctuation amplitudes decrease in both cases
with increasing temperature. The main di�erence between samples A1 and A6 is the
contact separation length of 185 nm for sample A1 and 1120 nm for sample A6. This leads
to di�erences in the �uctuation patterns, e.g. the �uctuation �eld scale is clearly larger
for the short wire (or the �uctuation frequency is smaller). Additionally the change of the
�uctuation amplitude with temperature is faster for the long wire.
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Figure 6.23: Resistance R plotted versus magnetic �eld B for samples A1 (L=185 nm) and
A6 (L=1120 nm).

For further analysis, the conductance G(B) = 1/R(B) is calculated in units of the con-
ductance quantum e2/h, as the typical amplitude of the UCF is of this magnitude (cf. Sec
2.3.2). In Figure 6.24 (a) and (b) G(B) is shown for the samples A1 and A6 at di�erent
temperatures.
For a comparison of the �uctuation amplitude of di�erent wires, the deviation of the
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conductance δG(B) from its average value ⟨G⟩ is determined: δG(B) = G(B)− ⟨G⟩, ⟨...⟩,
as already described in Section 2.3.2. The subtraction of the average conductance implies,
that the classical conductance Gcl is independent of the magnetic �eld and Gcl = ⟨G⟩, so
that δG(B) re�ects only the changes of the conductance due to the electron interference
e�ects. This assumption seems reasonable, as for high temperatures, the conductance G(B)
is (except for remaining UCF with a small amplitude) nearly constant, and no classical
magneto size e�ects (compare e.g. [14]) can be observed (see Fig. 6.24 (a) and (b) for high
temperatures).
In Figure 6.24 (c) and (d) δG is shown as a function of magnetic �eld and temperature

in a color scale plot. The observation mentioned above that the �uctuation amplitude
decreases faster in the short wire, can be seen more clearly in this illustration. In sample
A1, δG is nearly constant up to a temperature of about 2-3 K, whereas δG decays more
rapidly in sample A6.

Figure 6.24: Conductance G versus magnetic �eld for wire A1 (a) and wire A6 (b) at dif-
ferent temperatures T. Conductance �uctuations δG(B) in units of e2/h of
samples A1 (c) and A6 (d) as a function of magnetic �eld and temperature.

For a quantitative analysis, the average �uctuation amplitude rms(δG) =
√

⟨δG2⟩ is
calculated for the wires A1 to A6. The temperature dependence of rms(δG) is shown in
Figure 6.25 (a) for all wires except wire A4, which is omitted for clarity. For wires A1 to
A3, the rms(δG) value is constant at low temperatures at a value of about 0.3− 0.35 e2/h
and starts to decrease at higher temperatures. The rms(δG) value of wire A5 reaches 0.3
e2/h as well, but no clear saturation is visible. The longest wire A6 shows a decreasing
rms(δG) in the complete temperature range and the maximum rms(δG) value is about 0.15
e2/h.
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T−1/2-decrease. (b) Correlation �eld BC as a function of temperature for wires
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shows a power law decrease with T−1/3, according to Nyquist dephasing in
one dimension.
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As described in Section 2.3.2, rms(δG) is determined by both phase-coherence length
lϕ and thermal length lT =

√
~D/kBT , with D the di�usion constant [11]. Both length

scales have an in�uence on rms(δG), depending on their relation to the sample length. A
constant rms(δG) at low temperatures is only possible, if both lT and lϕ exceed the sample
length L [14, 18]. If lT is smaller than L (and lT < lϕ)2, an energy-averaging process
takes place. This means that the energy distribution of electrons at the Fermi edge ∆E ≈
kBT exceeds the energetic spacing between adjacent transport channels EC = ~D/L2. In
this case, adjacent channels are not uncorrelated anymore and decoherence takes place,
which reduces rms(δG). If lϕ is smaller than L, a self-averaging process takes place, as a
number of N = L/lϕ uncorrelated sample pieces are in series, which leads to an e�ective
averaging of the �uctuation amplitude (cf. Section 2.3.2 or [11, 14]). The constant rms(δG)
values observed for the short wires A1−A3 at low temperatures [see Figure 6.25 (a)], thus,
strongly suggest that here both lT and lϕ exceed the contact separation lengths L, i.e. phase
coherence is maintained in the complete wire segments between the contacts. Exemplarily,
the temperature dependence of rms(δG) of wire A3 can be interpreted as follows: The
constant rms(δG) value up to a temperature of ≈ 2 K means that lϕ ≥ 280 nm (which
is the contact separation length L of wire A3) up to a temperature of 1.8 K. In contrast,
wires A5 and A6 show no saturation at low temperatures because lϕ and/or lT is shorter
than L. The rms(δG) value of wire A5 reaches the same maximum value (of ≈ 0.3 e2/h)
as wires A1-A3. This means, that lϕ is close to L at the lowest temperature. In contrast,
for wire A6, the averaging process leads to a clear reduction of the amplitude to 0.15 e2/h.
These �ndings suggest that the thermal length exceeds the lengths of the short wires at low
temperatures. As already introduced in Section 2.3.2, in a quasi one-dimensional transport
channel of width d < lϕ, the dependence of the �uctuation amplitude on lϕ in absence of
energy averaging (lT > L) is given by [18]:

rms(δG) ∝ e2

h

(
lϕ
L

)3/2

. (6.5)

As explained in Section 2.2.3, the expected mechanism for the loss of phase coherence
is the Nyquist dephasing. With Equations (2.15) and (2.17) and the assumption of one-
dimensional transport (which can be assumed here, as d < lϕ), this leads to a temperature
dependence of lϕ ∝ T−1/3. Inserting this in Equation (6.5) leads to:

rms(δG) ∝ T−1/2. (6.6)

This �ts nicely with the measurements, as indicated by the dashed line in 6.25 (a). In
order to obtain quantitative values of the phase coherence length, the correlation �eld BC

is analyzed. As introduced in Section 2.3.2, it is a measure for the �uctuation �eld scale
of the UCF. It is related to the sample geometry and, in case of lϕ < L, depends on the
phase coherence length [compare Equations (2.22) and (2.25)]. In the present case, the
nanowire can be regarded as quasi one dimensional, as long as d < lϕ. Thus, Equation
(2.25), valid for a quasi one-dimensional transport channel in a two dimensional electron

2In case of lϕ < lT , e�ects of energy averaging are suppressed, as decoherence is already introduced on a
length scale smaller than lT due to inelastic scattering processes.
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gas is appropriate to describe the present situation [11, 18]:

BC = γ · Φ0

lϕd
, for lϕ < L (6.7)

BC = γ · Φ0

Ld
, for lϕ > L (6.8)

with the magnetic �ux quantum Φ0 = h/e and γ being a constant between 0.42 and 0.95,
depending on geometrical considerations and the relation between lϕ and lT [18]. As the wire
geometry di�ers from a two dimensional electron gas of width d and length L, the γ value
has to be adjusted, as will be seen later. The area lϕd can be interpreted as the maximum
area enclosed phase coherently by electron partial waves during their di�usion through the
sample. The derivation of this formula is based on the idea of taking into account all
possible classical ("random walk") trajectories traversing the disordered region in the sense
of Feynman's interpretation of quantum mechanics [11]. In 6.26 (b) BC is plotted versus
temperature for the wires A1-A6. Constant BC values are found for the wires A1-A4 at low
temperatures. The constant values at temperatures below approximately 2 K imply that
an increase of lϕ (because of a decrease in temperature) does not increase the area enclosed
phase coherently by electron partial waves. This means, that lϕ ≥ L and the maximum
area Ld is enclosed phase coherently. This allows to directly obtain the parameter γ using
Eq. 6.7 for the wires A1-A4. The values of BC and γ can be found in Table 6.3. Strikingly,
within an error of about 10% the same value of γ ≈ 1.4 is obtained for the wires A1-A4,
demonstrating the consistency of this evaluation method.
Once the parameter γ is determined, lϕ can be obtained quantitatively using Equation

(6.7). In 6.26 (c) the phase-coherence length is plotted versus temperature for wires A1-A6
using the �tted value of γ = 1.4. The dotted horizontal lines in 6.26 (c) indicate the length
of the wires. For the wires A5 and A6 one obtains a phase-coherence length of 400−500 nm
at 0.5 K. Remarkably, in both wires lϕ is close to each other in the complete temperature
range, which one would expect for macroscopically identical wires with L > lϕ. The results
also suggest, that the incorporation of doping atoms - if there is any - has no major in�uence
on the electron phase coherence. The decrease of lϕ with temperature (in the case of lϕ < L)
is close to T−1/3 (dashed line), which indicates Nyquist dephasing being the major source
of decoherence [132]. The lϕ values extracted here are comparable to the values reported
for InAs nanowires grown by di�erent growth methods [100, 101, 103, 133].

Discussion of the γ parameter

The analysis shown above indicates, that the experimentally obtained correlation �eld
values are in direct relation to the nanowire dimensions. Inserting the wire dimensions
and γ = 1.4 in Equation (6.8) results in a good agreement with the measured BC values.
The value of γ, however, is considerably larger than the theoretical values of 0.42 - 0.95 for a
quantum wire structure based on a two-dimensional transport channel [18]. A reason for this
could be, that the requirements for one dimensionality in Equation (6.7) (d≪ L and d≪ lϕ)
are not ful�lled strictly, as we use wires with a length between 185 - 305 nm and diameters
around 100 nm to extract the γ value. Unlike the strictly one dimensional case, where the
direction parallel to the magnetic �eld is irrelevant [11], in the present case the exact shape
of the sample becomes relevant. In particular the extension of electron trajectories in the
direction parallel to the magnetic �eld is not negligible anymore compared to their extension
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along the wire axis. As pointed out by Lee et al. [11] the correlation �eld depends on the
average area enclosed by two "random walks" across the sample, which simply means that
the �ux through all possible areas enclosed by electron trajectories is averaged, in order
to determine BC . In the case of hexagonal wires new possible trajectories, which could be
neglected in the one-dimensional limit, have to be considered. To illustrate this, a sketch
of a two-dimensional transport channel of width d = 2a is shown on the left side of Figure
(6.26). A hypothetical closed electron trajectory, which encloses a �ux 2alϕBz, is illustrated.

Figure 6.26: Schematic of hypothetical closed electron trajectories in two-dimensional trans-
port channel of width 2a (left) and in a hexagonal nanowire (right). Due to the
di�erent orientations of the enclosed areas with respect to the magnetic �eld
(indicated by the green magnetic �eld arrows), the enclosed �ux is reduced or
can be canceled out completely.

On the right side of Figure 6.26 a hexagonal nanowire with a diameter d = 2a (with the
hexagon side length a) is shown; its side facets are folded to the plane perpendicular to the
magnetic �eld. The green arrows indicate the magnetic �eld direction with respect to each
side facet. The magnetic �ux Φeff through the inclined side facets is reduced by a factor of
sin(30◦) = 0.5. This leads to a reduction to Φeff = 3/2 ·alϕBz if a closed electron trajectory
of the same circumference is considered, as indicated in the right part of Figure 6.26. For
certain trajectories, covering the upper and lower side facets (indicated by light blue and
green), the enclosed �ux might even cancel out completely. Trajectories with a reduced
e�ective �ux can also be located in the bulk of the wire. The reduction of the �ux leads
to an increased correlation �eld BC , as on average a higher magnetic �eld is required to
obtain a phase shift in closed loops. An increased BC leads to a higher γ value in Equation
(6.8). This �ux cancelation e�ect is di�erent from the one explained in Ref. [18], where for
quasi one-dimensional wires the boundary scattering in a ballistic transport regime (le > d)
leads to the �ux cancelation. In literature there are two reports in which Equation (6.7) is
used to determine lϕ in InAs nanowires [133, 134]. In fact, in both reports the authors �nd
comparatively small values for lϕ which could be explained by the �ux cancelation e�ect
proposed here.
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6.3 Phase coherent transport in InAs nanowires

6.3.2 Electron interference in a parallel magnetic �eld

In the following, the measurements in a magnetic �eld in parallel to the nanowire are
presented. As discussed in Sections 3.1.4 and 6.1, a surface accumulation layer is present
on the InAs nanowires to a certain degree. Such a surface accumulation layer could lead
to regular magnetoconductance oscillations of Aharonov-Bohm or Altshuler-Aronov-Spivak
type (c.f. Section 2.3.3), as it has been found in earlier measurements on wire-like structures
(see e.g. [7, 130, 131]). The present measurements, therefore could contribute to the
question how pronounced the surface conduction is in comparison to bulk conduction. An
oscillation frequency of f0 = A/Φ0 is expected if Aharonov-Bohm type interferences take
place or coherent angular momentum quantum states form in the two-dimensional electron
gas (see Section 2.3.3). For AAS-type oscillations originating from the interference of time-
reversed paths the characteristic frequency 2f0 is expected [23]. The measurements are
carried out at a temperature of 0.8 K. According to the analysis presented in the previous
section, lϕ should be around 400 nm, it is therefore smaller than the circumference of wire
B1 and it exceeds the ones of wires B2 and B3. In the left part of Figure 6.27 δG is
plotted versus the magnetic �eld for wires B1−B3. In the right part of Figure 6.27 the
corresponding Fourier spectra and the frequency ranges f0 and 2f0 are shown. The ranges
result from uncertainties in the diameter determination (±5 nm) and in the alignment
between wire and magnetic �eld (±5◦). No peaks are observed at the frequencies f0 and
2f0 (not shown in the graph) for wire B1. This can be explained by the fact that lϕ < πd,
and thus coherence is not maintained around the circumference. However, considerable
amplitudes can be seen in the spectrum below a frequency of 2 1/T. The frequency 2f0 is
not visible for the wires B2 and B3 as well, which means that no AAS-type interferences
take place in the present experiments. Small peaks can be found at f0, although, compared
to earlier measurements on InN wires [7], their amplitude is relatively weak.

Discussion

The overall observation of missing amplitudes at 2f0 and small amplitudes at f0 indicates
that surface conduction does not dominate over bulk conduction. One reason for this
is explained in Section 3.1.3. The surface Fermi level pinning position above the lower
conduction band edge is lower in InAs compared to InN, which means that the conductive
shell is less pronounced. Additionally, the Fermi level pinning depends on the surface
conditions. As was seen in Section 6.1.3, the surface accumulation layer is more pronounced
for some wires and less pronounced for other wires, probably due to di�erences in the
surface conditions. Two measurements at di�erent points in time on the same nanowire
even revealed a change from semiconductor-like to metal-like behavior. The change was
attributed to a change of the amount of surface electron accumulation due to a change of the
surface conditions. It might be that the surface conditions vary locally so that the situation
of a homogeneous tube-like conductor does not exist. It might further be that the surface
conditions of top and bottom facets of the wires are di�erent, as the top layer is subject
to direct electron beam exposure while the bottom facet is in contact to SiO2. Due to the
lack of knowledge about the exact surface conditions, the presence of highly conductive
shell might be questionable. A further argument is that the electron concentration of
the Mott transition in InAs is very low (in the order of n = 1015cm−3 [135]). Due to
unintentional doping the nanowire core is degenerate and conductive. This reduces the
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Figure 6.27: δG(B) at T = 0.8 K and the corresponding Fast Fourier Transformations
(FFT) for wires B1-B3. The dotted vertical lines indicate the frequency range
of f0 = A/Φ0 and 2f0, respectively.

relative contribution of the conductive shell in the interference experiments. Additionally
it leads to the observed amplitudes in the FFT spectra below frequencies of f0, shown in
Figure 6.27. These frequencies can be attributed to UCF, originating from closed electron
trajectories in the inner part of the nanowires. As mentioned before, no passivation of the
nanowires was performed, which could lead to enhanced elastic scattering on surface states
[136, 67, 66]. Another reason could be a disturbance of the surface conductive tube by the
high density of stacking faults. These stacking faults might introduce potential barriers,
as already described in earlier sections of this work (compare Sections 3.2.1, 6.1, and 6.2).
In conclusion it might be questionable that the system is well described by a model of a
conductive tube, on which the explanation of regular oscillations is based.
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6.4 Hall measurements on InAs nanowires

6.4 Hall measurements on InAs nanowires

The typical method to determine the carrier concentration nel in semiconductor nanowires
is to utilize the �eld-e�ect in a gate measurement setup. As already mentioned in Section
2.6.1, this method su�ers from several drawbacks, the most severe of which are the following:

1. Surface and/or interface states between the semiconductor and the gate dielectric
usually distort the measurement.

2. The source drain electrodes screen the applied gate voltage in devices of small size.

In bulk-like semiconductor samples, layers, or two-dimensional electron gases, nel is com-
monly determined with high accuracy using the Hall e�ect [137], the quantum-Hall e�ect
[138] or Shubnikov de Haas oscillations [139, 140]. Up to now, Hall measurements are lack-
ing on semiconductor nanowires, as a Hall measurement geometry is di�cult to realize on
nanowires. For such a geometry two current injecting contacts are needed. Additionally, at
least two Hall contacts have to be placed perpendicularly to the current �ow to detect the
Hall voltage VH (see Figure 6.28). The small diameter of the nanowires usually does not
allow for the placement of two Hall contacts, each of them contacting the nanowire from
the side. As a part of this work, however, using a high overlay accuracy e-beam lithography
process [141], the fabrication of Hall contacts on nanowires with diameters in the range
of 120 nm to 240 nm is achieved for the �rst time. Both source drain contacts and Hall
contacts have been processed in the same lithography step, as it is described in Section 5.1.

I
SD

B

U
Hall

w

Figure 6.28: Schematic illustration of a Hall measurement setup.

The measurements presented in the following have been performed on MBE grown InAs
nanowires of growth run 24023. The transport properties of these nanowires have already
been presented in Section 6.1, labeled as MBE-E. Further measurements are presented on
nanowires from the same growth run, contacted by Thomas Grap [110], here labeled as
MBE-F. For MBE-E and MBE-F the Si (100) wafer is covered with a 200 nm thick SiO2

layer and a 100 nm thick Si3N4 layer, respectively.
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6 Electronic transport measurements on InAs nanowires

6.4.1 Resistance between Hall contacts

Hall contacts have been fabricated successfully to 7 nanowires of sample MBE-E and to 6
wires of MBE-F. In this section, results on wires of sample MBE-E are shown. Figure 6.29
shows a scanning electron micrograph of a nanowire contacted with both source drain and
Hall contacts in a top view (a) and under an angle of 35◦ (b).

100 nm200 nm

(a) (b)

Figure 6.29: Scanning electron micrograph of an InAs nanowire contacted by source drain
contacts and Hall contacts in top view (a) and under an angle of 35◦ (b).

To �nd out about the quality of the Hall contacts, the resistance RHC between the Hall
contacts is determined by I-V measurements at room temperature. As the resistance is
in�uenced by electron exposure (compare Section 6.1.1), I-V measurements are performed
both before and after electron exposure. The I-V curves show a linear behavior in all cases,
the resulting resistances are shown in Figure 6.30.
As opposed to the wire resistances between the source and drain contacts RSD (presented

in Section 6.1, Figure 6.4), the resistance between the Hall contacts RHC changes only
slightly on electron exposure. It decreases only by a factor of ≈ 1.8, compared to a factor
of 27 for RSD. A plausible reason for this di�erent behavior of RSD and RHC is likely
related to the contact resistance. As RHC is determined by a two-terminal measurement,
it comprises both the contact resistance RC and the inherent nanowire resistance RW .
While RW is a�ected by the surface conditions, which determine the extent of electron
accumulation at the surface, RC is independent of the surface conditions. Due to the short
distance between the Hall contacts dH (in the range of 50 nm, see Table 6.4), RHC is
dominated by the contact resistance. This interpretation is supported by the fact, that the
relative change of RHC is very low for wires with a high initial RHC value (wires 2 and 4),
as the initial high RHC value most likely results from a large RC . Indeed, the short distance
between the Hall contacts allows to estimate the size of the contact resistance. Most RHC

values are below 5 kΩ, which means a resistance in the range of only 2.5 kΩ per contact.
A small contact resistance is expected for metal contacts to InAs [60, 83, 142]. The larger
RHC values for wire 2 and 4 (≈ 20 kΩ) could originate from a small misalignment of the
Hall contacts. The Hall measurements presented in the following are performed on wires
with RHC < 5kΩ.
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Figure 6.30: Resistance RHC between the Hall contacts both before and after electron ex-
posure (SEM). The resistance after electron exposure is slightly lower (by a
factor of 1.8 on average).

6.4.2 Hall measurements at room temperature

Hall measurements are performed at room temperature on a set of 7 nanowires of samples
MBE-E and MBE-F using a magnetic �eld up to 0.5 T and source-drain currents ISD
between 100 nA and 10 µA. The nanowires are labeled from H1 to H7, their dimensions as
well as the Hall contact separation dH are shown in Table 6.4. In Figure 6.31, exemplarily,
the Hall voltage VH measured between the Hall contacts of wire H1 is plotted versus the
magnetic �eld B for applied source drain currents between −10 µA and +10 µA.

wire sample
d L dH mH/ISD σ2D
nm nm nm Ω/T 10−4 S

H1 MBE-F 160 480 53 130 4.3 / 3.5
H2 MBE-E 220 1300 75 129 2.7
H3 MBE-F 230 530 55 128 4.5
H4 MBE-F 220 1350 50 75 2.1
H5 MBE-F 235 2030 45 69 2.7
H6 MBE-F 200 1300 50 55 5.2
H7 MBE-F 200 1000 50 47 7.1

Table 6.4: Diameter d, source drain contact separation L, separation between Hall con-
tacts dH and ratio of Hall slope to applied source drain current mH/ISD for 7
nanowires, on which Hall measurements have been performed.

The sign of the Hall voltage indicates n-type conduction. As it is expected from a
usual Hall measurement (compare Section 2.6.2), VH depends linearly on the magnetic
�eld, additionally it scales linearly with the applied ISD. On current reversal (indicated
by the algebraic signs in Figure 6.31) VH changes its sign. For a comparison between the
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Figure 6.31: Hall voltage VH measured on wire H1, as a function of magnetic �eld B. VH
is linearly dependent on B and ISD. The algebraic signs indicate the current
direction.

measurements, the Hall slope mH is obtained from a linear �t to the VH(B) data3. It is
shown in Table 6.5 together with the ratio of mH to ISD. The mH/ISD values agree well,
with mean value and standard deviation of 161± 7 Ω/T.
Further measurements on wires H2 to H7 are performed in the same way. For all wires,

VH depends linearly on B and ISD. In Figure 6.32 VH/ISD is plotted versus the magnetic
�eld for wires H2 to H7. As is evident from the Graph, the mH/ISD values are in the same
order of magnitude for di�erent wires (see also Table 6.4).
For an interpretation of the Hall measurements, one has to adapt the simple Hall model,

as introduced in Section 2.6.2, to the present nanowire geometry. First of all, the question
arises, where the conduction through the nanowire takes place. Here, in accordance with
the results of Section 6.1, it is assumed, that there exists a strong surface accumulation layer
at the nanowire surface, especially in sample MBE-E due to a strong electron irradiation.
Given the large change in resistivity (by a factor of 27) for sample MBE-E (compare Section
6.1), bulk conduction is completely neglected in the following. Thus, the two dimensional
current density is given by [compare Equation (2.54)]:

j2D = ISD/3d = n2Dev, (6.9)

with the circumference of the nanowire given by 3d. In the following, all carrier concentra-
tions are 2-dimensional sheet carrier concentrations. The second di�erence to the simple
Hall model is, naturally, the sample geometry. It is illustrated in Figure 6.33 (a). The
crossed out arrows indicate, that charge separation through the inner part of the wire does
not take place, as bulk transport is neglected. The Hall voltage is probed between the Hall

3mH is formally de�ned as the derivative of VH with respect to B (compare Section 2.6.2)
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6.4 Hall measurements on InAs nanowires

ISD mH mH/ISD
µA mV/T Ω/T

−10 −1.603 160.3
−5 −0.782 156.4
−2 −0.348 174
−1 −0.164 164
1 0.163 163
2 0.316 158
5 0.798 159.6
10 1.485 148.5

Table 6.5: Hall slope mH = dVH
dB and the ratio of mH to ISD measured on wire H1 for

di�erent ISD.
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Figure 6.32: Ratio of Hall voltage to applied source drain current VH/ISD as a function of
magnetic �eld for wires H1 to H7. The labels show the Hall sloped normalized
to the source drain current.
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6 Electronic transport measurements on InAs nanowires

contacts, which touch the upper left and right side facets of the hexagonal wire and, in most
cases, cover part of the upper side facet. The shortest distance between the Hall contacts
(along the upper side facet) is dH , thus, in a �rst approximation in which bulk transport
is neglected, the Hall voltage drops across the distance dH . Therefore, in Equation (2.51)
one has to replace the sample width w with dH :

−eE = VH/dH = −evB. (6.10)

Figure 6.33: (a) Schematic illustration of the Hall e�ect in a nanowire with a surface accu-
mulation layer. Charge separation due to the Lorentz force only takes place
in the upper side facets, as charge transport in the inner part of the nanowire
is neglected. (b) Carrier concentration nH , obtained from Hall measurements,
plotted as a function of conductivity σ2D. As it is indicated in the graph, each
data point represents a measurement on a di�erent nanowire, except for wire
H1; here two measurements have been performed on two di�erent days.

Inserting Equation (6.9) into (6.10) results in:

VH =
BISDdH
3denH

. (6.11)

With the Hall slope mH = dVH/dB, one obtains for the carrier concentration:

nH =
ISDdH
3demH

. (6.12)

With formula (6.12) the carrier concentrations for the di�erent nanowires can be calculated
using the mH/ISD values shown in Figure 6.32. To check the consistency of the Hall
measurements, the conductance G = ISD/VSD of the nanowires is measured together with
VH . From G, the two dimensional sheet conductivity σ = G · 3d/L is calculated. Assuming
the validity of the Drude model together with a constant mobility for di�erent wires, the
two dimensional carrier concentration should scale linearly with the two dimensional sheet
conductivity:

σ = neµ. (6.13)
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6.4 Hall measurements on InAs nanowires

In Figure 6.33 (b), nH , obtained from the Hall measurements, is plotted as a function of σ.
The carrier concentration nH scales linearly with the conductivity, showing the consistency
of the Hall measurements very nicely. From the �tted line through origin, a mobility of
4340 cm2/Vs is deduced.

6.4.3 Comparison of �eld-e�ect and Hall e�ect measurements

Field-e�ect transistor measurements have been performed on wires H1, H2, H5, H6, and H7
subsequently to the Hall e�ect measurements. From the transfer characteristics (ID − VG)
the (2-dimensional) carrier concentrations nFE are calculated, as described in Section 2.6.1,
and compared with the results of nH from the Hall measurements. The results are shown
in Figure 6.34.

Figure 6.34: Carrier concentrations n determined from Hall-e�ect and from a FET mea-
surement, plotted as a function of conductivity.

The nFE values are a factor of 2 to 7 larger, than the according values from the Hall
measurement. A possible reason for the discrepancy is most probably overestimation of
the carrier concentration using the �eld-e�ect due to a high interface state density. As
already explained in Section 6.1.2, in a gate measurement, surface and interface states
screen the applied voltage. Depending on the ratio of surface state density to the electron
concentration in the conductive channel, the gate e�ect can be reduced drastically.

6.4.4 Hall e�ect under applied gate voltages

In addition to the previous measurements, Hall measurements have been performed under
simultaneous application of a constant gate voltage VG. In the linear regime of a FET, the
carrier concentration as a function of VG is given by (compare Section 2.6.1):

n2D = −C(VG − Vth)

3edL
. (6.14)
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6 Electronic transport measurements on InAs nanowires

According to Equation (6.12), a gate-induced change in the electron concentration is sup-
posed to have an e�ect on mH . Indeed, as can be seen in Figure 6.35 (a) for wire H1, mH

decreases with increasing VG, consistent with an increase of the carrier concentration.

Figure 6.35: (a) Hall voltage VH as a function of magnetic �eld for gate voltages between
−10 V and +10 V for wire H1. The source drain current is 5 µA. (b) Carrier
concentration nH obtained from Hall measurements on wire H1 plotted versus
the conductivity at di�erent gate voltages.

In analogy to the previous analysis, σ can be determined for each gate voltage and
compared with the carrier concentration nH calculated from the Hall slope. Figure 6.35 (b)
shows nH as a function of σ. The change of nH calculated from the Hall slopes at di�erent
gate voltages agrees very well with an according change in conductivity σ(VG). Within the
Drude model, a mobility of µH = 4885 ± 100 cm2/Vs is obtained by a line through origin
�t [see Figure 6.35 (b)]. Strikingly, this value is in well agreement to the value obtained
from the measurements on di�erent wires, shown in Figure 6.33 (b).
The same analysis has been performed on wires H5, H6, and H7 (see Figure 6.36). Wire

H7 shows a similar behavior as wire H1, a line through origin can be nicely �tted to the
data, leading to a mobility of µH = 5060 ± 196 cm2/Vs, which agrees well with the the
value found for wire H1. Wires H5 and H6 behave di�erently, here a change in σ does not
correspond to an according change in nH . Accordingly, �tting a line through the origin
leads to a poor agreement with the data. In both cases the relative change in σ with gate
voltage is stronger than the relative change in nH . The exact reason for the disagreement
for wires H5 and H6 is unknown. It might have to do with delayed charge rearrangement
in surface states, as described in Section 6.1.2.
In conclusion, a consistent model to determine the carrier concentration from Hall mea-

surements has been presented. The comparison of Hall and �eld-e�ect data suggests a
systematic overestimation of the carrier concentration nFE obtained from �eld e�ect mea-
surements.
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Figure 6.36: Carrier concentrations nH obtained from Hall measurements at di�erent gate
voltages for wires H1, H5, H6, and H7, plotted versus conductivity σ2D. The
red lines are �ts through the origin, from their slopes the mobility is determined
(except for wire H6).
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7 Electronic transport measurements on
InN nanowires

In this chapter the electronic transport properties of InN nanowires grown by chemical
vapor deposition (CVD) (see Section 4.2.1 for growth details) will be presented and dis-
cussed. This includes an analysis of nanowire resistivity at room temperature, as well as its
temperature dependence. A special focus will be given to changes of transport parameters
as a function of nanowire lateral size. In addition, magnetotransport measurements will
be presented, which give further insight into transport mechanisms. The following mea-
surements are published in [28]. While in many cases, the descriptions and discussions are
more detailed and elaborate than in [28], some parts are a paraphrase or direct citation
from [28].

7.1 Room temperature measurements

Measurements at room temperature are performed on CVD-grown InN nanowires. The
growth of the has already been described in Section 4.2.1. As shown in Figure 7.1 (a),
the wires cross section is triangular and they are tapered in shape. The crystal structure
has been analyzed in terms of high resolution transmission electron microscopy at several
positions along single InN nanowires. As shown exemplarily in Figure 7.1 (b), the structure
is predominantly single crystalline wurtzite. Growth takes place along the [210] direction.
The a-plane lattice constant of about 0.3 nm matches well to the hexagonal wurtzite phase
of InN.
After growth, the InN nanowires are transferred to a Si/SiO2 substrate and contacted as

described in Section 5.1. Wire total lengths range from 5 µm to 10 µm and the triangle
side lengths d range from 35 nm to 300 nm. Contacts are prepared with contact separation
lengths between 400 nm and 1000 nm, which means that up to 10 contacts are placed on
a single wire dividing it into several segments. The tapering allows to determine the side
length dependence of the resistivity. In total, 22 wires with 80 wire segments are contacted.
Current-voltage measurements (ID-VSD) in a two-terminal con�guration are performed in
ambient air conditions at room temperature. In addition, the four-terminal resistance is
measured on selected wire segments to determine the contact resistance. The measurements
are carried out using an HP4145B parameter analyzer. All obtained ID-VSD curves show
a linear behavior, both at room temperature and at low temperatures (see Section 7.2),
indicating good Ohmic contacts. Figure 7.2 (a) shows typical ID-VSD curves of di�erent
segments of the nanowire shown in Figure 7.2 (b). Each ID-VSD curve is assigned to one
segment, indicated by color code. As it is expected, the source-drain current increases with
increasing wire side length d.1

1The side length is determined as the average of the values directly at adjacent contacts.
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Figure 7.1: (a) Scanning electron microscope picture of a triangular shaped InN nanowire.
(b) High resolution transmission electron microscope image of a InN nanowire.
Insert: SAED of the InN nanowire along the [001] zone axis. The interplanar
distance 0.306 nm con�rms nanowire growth along [210].

1µm
(a)

d [nm]

Figure 7.2: (a) ID-VSD curves for the nanowire shown in (b). (b) Scanning electron micro-
scope image of a contacted InN nanowire. Each curve in (a) corresponds to a
measurement on a particular segment, as indicated by color code.
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7.1 Room temperature measurements

From four terminal measurements a very low average contact resistance of ⟨RC⟩ = 12 Ω is
obtained. RC is shown in Figure 7.3 (a) for di�erent wire side lengths. Due to the decrease
of wire resistance RW with increasing side length, the ratio RC/RW increases up to 0.5 for
d = 258 nm [Figure 7.3 (b)]. For the following evaluation of resistivity and resistance per
length ratio, ⟨RC⟩ is subtracted from the two terminal resistance R2T . After �nishing the
transport measurements, scanning electron microscope images are taken to determine the
exact contact separation L and the average side length d of the wire segments. On selected
segments, the resistance was measured both before and after electron exposure. Here, in
contrast to InAs nanowires (compare Section 6.1), the resistance of the InN nanowires is
found to be relatively stable (the change is < 5%).
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Figure 7.3: (a) Contact resistance RC of selected InN wire segments plotted versus the
nanowire side length d. (b) Ratio of contact resistance RC to four terminal
resistance R4T as a function of side length d.

As it was already discussed in Section 2.4, 3.1.4, and 3.3, InN usually exhibits a sur-
face electron accumulation layer. An accumulation layer can be revealed by plotting the
resistance normalized to the contact separation length R/L as a function of d. For three
dimensional transport one expects a dependence of R/L ∝ d−a, with a = 2 (compare
Section 2.1). If only surface conduction takes place one expects a = 1. There are sev-
eral reports, where indications of a surface accumulation layer have been found with this
method [104, 105, 106]. As shown in Figure 7.4 (a), for a side length larger than a crit-
ical side length of dc ≈ 80 nm, one �nds a linear decrease of R/L with d in the double
logarithmic scale plot, corresponding to a dependence according to R/L ∝ d−a with an
exponent of a = 2.0 ± 0.1. This value matches the expected value for 3-dimensional bulk
transport, therefore one can conclude that transport is dominated by carriers in the bulk of
the nanowire, whereas the contribution of the electron accumulation layer at the surface is
of minor importance. As plotted in 7.4 (b), due to the fact that the transport is dominated
by bulk, the resistivity ρ = R · A/L is constant at a value of about 1.5 · 10−4 Ωcm, with
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A =
√
3 · d2/4 the cross section of the nanowire.

(a) (b)

Figure 7.4: (a) Resistance per length R/L as a function of the wire side length d in a double
logarithmic scale. (b) The dots depict the measured wire resistivity ρ plotted
versus the wire side length d. The dashed line shows the resistivity calculated
with a donor deactivation model described later.

For smaller side lengths one would expect a parameter a closer to 1 for transport taking
place in the surface accumulation layer. In contrast, a value of a = 3.9 ± 0.3 is obtained
from a �t shown in Figure 7.4 (a) for d < 80 nm. This result is in contrast to previous
measurements on InN wires in a diameter range between 20 and 130 nm [105, 106]; here
a = 1.1 and a = 1.6 have been reported for wires with a lower doping concentration which
indicates a contribution of a surface accumulation layer in that case.

7.1.1 Discussion

Comparison with InAs nanowires

Compared to InAs nanowires the transport properties of InN nanowires have a small statis-
tical spread and they are much more stable over time and after electron irradiation. A likely
reason for this is, in the �rst place, a stable surface con�guration. While for InAs the pres-
ence of surface states above the conduction band edge EC depends on the speci�c surface
conditions, for InN nearly always a high density of surface states above EC is found (see
also Section 3.1.4). In the second place, the crystal structure of InN is pure wurtzite with-
out stacking faults, which is in contrast to the usually stacking fault rich InAs nanowires.
The pure crystal phase likely leads to more homogeneous behavior. Furthermore, the high
bulk doping level probably leads to a harmonization of transport properties. The lack of
a surface accumulation layer is also in relation with the high doping, it will be discussed
together with the resistivity increase for small side lengths in the following.

Absence of surface accumulation

The absence of surface accumulation, which expresses itself as a constant resistivity for
wire segments with d > dc can be explained with the high unintentional doping level in
the wires. The use of ammonia as a carrier gas during growth leads to a high level of
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7.1 Room temperature measurements

hydrogen incorporation. As hydrogen acts as a donor in InN, the bulk is highly doped
(compare Section 3.1.4 and 4.2.1). As explained in Section 2.4 (see especially Figure 2.5),
this reduces the band bending at the surface and, thus, the relative contribution of the
surface to conductivity. In fact, the value of ρ is about 3 times lower compared to values
reported for unintentionally doped, single crystalline InN nanowires, as shown in Section
3.3, Table 3.3. In contrast, the value found for the present nanowires is close to the one of
Si doped InN nanowires [106].

Estimation of carrier concentration

For a further evaluation of the data an estimate of the carrier concentration is useful. Field-
e�ect transistor measurements, however, have not been successful, as the gate in�uence on
the drain current is very small and probably interface states distort the measurements.
The small gate e�ect is in line with the high unintentional doping level. An estimate of the
carrier concentration can be conducted using reports of Lebedev et al. [143] and Gallinat et
al. [53]. Here, it was reported that hydrogen impurities enhance the electron concentration
in InN layers, whereas the mobility is mainly determined by the dislocation density. For the
present dislocation free nanowires, therefore both high carrier concentration and mobility
can be assumed. Based on the �ndings of Gallinat et al. [53] a mobility of µ = 2300 cm2/Vs
and a carrier concentration of nel = 2 · 1019 cm−3 is estimated, which �ts to the observed
resistivity at large wire side lengths [ρ = 1/(neleµ)].

Increased sidewall doping

One possible reason for the resistivity increase for smaller diameters could be an increased
dopant incorporation at the nanowire sidewalls, as it has been reported before for VLS
grown nanowires [144, 145]. Such an increased sidewall incorporation would lead to a
stronger doping of wire segments with large side length, as the tapering results from sidewall
growth (compare Section 4.2.1). The e�ect is expected for low solubility of the dopant
in the metallic catalyst particle together with a high probability of vapor solid sidewall
incorporation of the dopant. In contrast to the reports mentioned above, however, hydrogen
is the main dopant in the present InN nanowires. Hydrogen is characterized by a high
di�usivity in III-nitride semiconductors [146]. In particular, at the elevated temperatures
used during growth, di�usion lengths up to the µm range are expected [146]. In addition,
di�usion from the gas phase into the InN material is expected independent of wire diameter
[120]. Thus, any doping gradient is likely to be equalized by hydrogen di�usion.

Surface scattering

Another possibility for the resistivity increase for d < 80 nm could be di�usive surface
scattering. It has been observed previously in polycrystalline metallic wire-like conductors
[147, 148, 149, 150]. It was explained by surface and grain boundary scattering when
side lengths fall in the range of the elastic mean free path. Since the present wires are
single crystalline, scattering could only take place at the surface, e.g. on surface impurities
or roughness. To estimate the in�uence of di�usive surface scattering on the resistivity, a
model based on a work of Chambers [151] can be applied. Based on this model, the increase
of resistivity is dependent on a specularity parameter p, which describes the probability of
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7 Electronic transport measurements on InN nanowires

specular scattering, and the elastic mean free path le. The elastic mean free path can be
estimated using Equations (2.5) and (2.13). Together with the carrier concentration of
nel = 2 · 1019 cm−3 (as estimated above), a mean free path of around 100 nm is obtained.
For totally di�usive boundary scattering (p = 0) in rectangular wires of side length a the
model can be expressed in the following form [150]:

ρw =
ρB

1− 2S1 − S2
, (7.1)

with ρB the bulk resistivity, ρw the resistivity of a wire of side length a and the integrals:

S1 =
3le
8a

[
1− 8

π

∫ π

0
dθ sin2 θ cos2 θ

∫ arctan 1

0
dϕ cosϕ exp
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− a

le sin θ cos θ
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, (7.2)
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. (7.3)

The in�uence of the specularity parameter is given by the series expansion [150]:(
ρB
ρw

)
p,le

= (1− p)2
∞∑
n=0

npn−1

(
ρB
ρw

)
0,le/n

(7.4)

Figure 7.5 shows the measured wire resistivity and the calculated wire resistivity for le =
100 nm and several specularity parameters. The abrupt increase of the resistivity for
d < 80 nm cannot be reproduced. Therefore, surface scattering can be excluded as the
main reason for the resistivity increase.
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Figure 7.5: Measured and calculated wire resistivities for di�erent specularity parameters
p at a elastic mean free path of le = 100 nm.

7.2 Measurements at low temperatures

In order to further clarify the type of carrier transport, temperature dependent measure-
ments of the nanowire resistance, as well as magnetotransport measurements are performed.
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7.2.1 Temperature dependence of the resistivity

To determine the temperature dependence of the resistance, a He-4 �ow cryostat is used.
The resistivity of 8 nanowires is measured as a function of temperature from room tem-
perature down to 4 K. As shown in Figure 7.6 (a), for d > dc the resistivity decreases
with decreasing temperature down to about 100 K, as expected for a metal-like conductor.
The relative change is less than 5% . At temperatures lower than 100 K the resistivity
remains basically constant. For d < dc [Figure 7.6 (b)] the resistivity increases slightly with
decreasing temperature.

Figure 7.6: Relative resistivity change ρ (T ) /ρ0 plotted as a function of temperature T for
wires with d > dc (a) and d < dc (b). ρ0 is the resistivity at room temperature.

7.2.2 Magnetotransport measurements

A He-3 cryostat is used to perform magnetotransport measurements on a nanowire segment
with d < dc in a temperature range from 0.3 K to 3.8 K. Using a lock-in measurement
technique a source drain current of 10 nA is applied to the nanowire, while the voltage
drop is recorded simultaneously. As can be seen in 7.7 (a), for a nanowire with a side
length of 65 nm, universal conductance �uctuations (UCF) are observed as a function
of the external magnetic �eld, applied perpendicularly to the wire axis. The UCF can be
attributed to electron interference e�ects, as introduced in Section 2.3.2 and already seen for
InAs nanowires (see Section 6.3.1). The average �uctuation amplitude decreases when the
temperature is increased from 0.36 K to 3.8 K. From the correlation �eld BC , information
on the phase-coherence length lϕ can be obtained (compare Section 2.3.2). In 7.7 (b), BC

is plotted as a function of temperature. As can be seen here, BC monotonously increases
from 0.1 T at 0.36 K to 0.27 T at 3.8 K. From the correlation �eld, the phase coherence
length lϕ is determined by using the expression given in Section 2.3.2, lϕ = γϕ0/(BCd),
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7 Electronic transport measurements on InN nanowires

Figure 7.7: (a) Universal conductance �uctuations in units of e2/h of a nanowire with a
side length of 65 nm as a function of an external magnetic �eld at various
temperatures. (b) Correlation �eld BC and phase coherence length lϕ as a
function of temperature T .

with ϕ0 = e/h the magnetic �ux quantum. In a one-dimensional conductor γ is 0.42, in
case that the thermal length exceeds lϕ [18]. The resulting values of lϕ are given in 7.7
(b). At 0.36 K a phase coherence length of about 260 nm is extracted. With increasing
temperatures lϕ decreases. The decrease of lϕ according to T−0.24 for temperatures below
2 K can be attributed to electron-electron scattering [10, 152].
Due to the conservation of phase coherence in large parts of the wire, hopping transport in

wire segments with a small side length can be excluded, as the nature of hopping transport
destroys phase coherence. This is in contrast to untapered InN wires grown by the same
method, but in a di�erent growth run [153]. In those wires, no UCF were found and a
transition in the temperature dependence of the resistivity has been attributed to variable
range hopping. The change in temperature dependence from metal-like for side lengths
d > dc to semiconducting for d < dc could indicate a transition from metallic to temperature
activated transport. This will be discussed further in the following Section.

7.3 Donor deactivation model

After excluding surface scattering, hopping transport, and side wall doping as a reason for
the resistivity increase for small side lengths, an explanation in terms of donor deactivation
due to dielectric con�nement in a degenerately doped system is suggested. The e�ect of
dielectric con�nement has already been introduced in Section 2.5.2. It occurs in case of a
mismatch between dielectric constant of the wire material and the surrounding. For thin
wires this e�ect shifts down the donor energy levels and, thus, increases the donor ionization
energies. Accordingly, the Fermi level is shifted downwards and the resistivity increases.
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7.3 Donor deactivation model

In the present case of degenerately doped InN nanowires, the overlap of donor wave
functions leads to a formation of a donor band, which merges with the conduction band, as
explained in Section 2.5.1. As a rough approximation, this situation can be modeled with
a simple free electron gas in the conduction band where the extra electrons originate from
the ionized impurities of the donor band. As mentioned in Section 2.5.1, the statistical
spatial distribution of donor atoms leads to a statistical distribution of the density of states
in the donor band. Thus, as a reasonable description of the donor-band, a Gaussian shaped
electronic density of states g(E) is assumed [26]:

g (E) =
ND√
2πσ

exp

(
− (E − ED)

2

2σ2

)
, (7.5)

with σ the energetic width, ED the center of the distribution, and ND the total density
of donors. Taking into account typical density of states modi�cations of the conduction
band edge due to heavy doping [26], the width of the donor band can be estimated to
be around σ = 135 meV. Additionally, the donor concentration is adjusted to ND = 1.2 ·
1021 cm−3. In this way the model leads to the estimated carrier concentration of nel =
2 · 1019 cm−3 for large wire side lengths. The high donor density is not unreasonable.
InN layers grown by molecular beam epitaxy already exhibit unintentionally incorporated
hydrogen concentrations in the order of 1019 cm−3 [53]. The CVD growth of InN using
ammonia as a carrier gas likely leads to even higher hydrogen concentrations [120].
The side length dependence of the resistivity can be calculated by determination of Fermi

and donor energy levels and the resulting carrier concentration as a function of wire side
length. In consideration of the very high doping level, the assumption is reasonable that
the number of carriers excited from the valence band can be neglected compared to carriers
originating from the donor band. The carrier density n therefore equals the density of
ionized donors N+

D :
n = N+

D . (7.6)

The density of ionized donors is given by unoccupied states of the donor band, it is thus
determined by the Fermi distribution f(E):

N+
D =

∫ ∞

EC

f (E)
ND√
2πσ

exp

(
−E − ED (d)

2σ2

)
dE. (7.7)

The carrier concentration is determined by the Fermi distribution and the conduction band
density of states:

n =

∫ ∞

EC

f (E)D (E) dE =
1

2π

(
2m∗

~2
(EF − EC)

)3/2

, (7.8)

with the conduction band density of states D(E) and the Fermi distribution f(E). The
Fermi-energy EF adjusts so that the free carrier density n and the density of ionized donors
in the donor-band N+

D mutually compensate, as it is indicated in Figure 7.8 (a).
The dielectric con�nement e�ect enters the description as it changes the ionization energy

of the donors. This means that the energetic location ED of the donor band center in
Equation (7.5) depends on wire side length d (compare Section 2.5.2):

ED (d) = ED,0 − α
2e2

0.29 · ϵrd
ϵr − ϵair
ϵr + ϵair

F

(
ϵr
ϵair

)
. (7.9)
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(a) (b)

Figure 7.8: (a) Density of states in valence band (VB) conduction band (CB) and donor
band as a function of energy. The Fermi energy EF aligns so that the conduction
band carrier density n equals the density of ionized donors N+

D . (b) Illustration
of the conversion of circular radius rc to triangle side length d.

Here ED,0 indicates the energetic center of the donor band for large wire side lengths. The
factor α = aInN/aSi ≈ 3 has been added to the original expression for Si-nanowires [31],
taking into account the di�erent Bohr-radii of the donor electron in Si (aSi) and InN (aInN).
This is reasonable, as the e�ect increases with the extension of the wave functions [30], and
the Bohr-radii are a measure for this extension. The model has been developed for circular
shaped wires (with radius rc). To account for the triangular shape of the wires, a conversion
of rc = 0.29 ·d is used [see Figure 7.8 (b)]. Using a value of EC = 0.75 eV for the conduction
band energy with respect to the valence band maximum, a value of EC − ED,0 = 12 meV
for the average ionization energy at large side lengths [154], and ϵr = 15.3 for InN, the
evolution of Fermi energy EF and donor band center ED as a function of side length d can
be calculated. The results are shown in Figure 7.9 (a). Furthermore, the resulting carrier
concentration in plotted in Figure 7.9 (b).
In Figure 7.4 (b), the dashed line indicates the resistivity as a function of side length,

calculated from the carrier concentration shown in Figure 7.9 (b) using the Drude formula.
As one can see, the resistivity increases at around 80 nm, and a reasonably well �tting of
the experimental and calculated data is obtained.
The presented model also explains the slight temperature dependence of ρ in Figure

7.6. The transition from semiconducting to metal-like at dc indicates an underlying size
dependent origin. Above dc the free carrier concentration is nearly constant, just as in
a metal. Below dc the carrier concentration decreases with decreasing wire side length;
thermal excitation of carriers becomes visible, as in semiconductors.
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Figure 7.9: (a) Calculated position of Fermi level EF , donor band center ED, and conduc-
tion band edge EC as a function of wire side length d. (b) Resulting carrier
concentration as a function of d.
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8 Transport properties of GaAs/InAs
core/shell nanowires

In this chapter measurements on GaAs/InAs core/shell nanowires are presented. Due to the
large conduction band o�set between GaAs and InAs, electrons accumulate in the InAs shell.
Thus, compared to pure InAs nanowires, the transport is further con�ned to only a thin shell
region of 5 to 35 nm thickness. In the following, core/shell nanowires grown by MBE and
MOCVD are analyzed. First, it will be described how the shell thickness of the core/shell
wires is determined. Afterwards, room temperature measurements will be presented and
the dependence of transport parameters on shell thickness will be highlighted. Finally,
magnetotransport measurements at low temperatures are presented. Because of the tube-
like conductive InAs shell, these measurements are particularly interesting. As explained in
Section 2.3.3, regular magnetoconductance oscillations are expected as a function of parallel
magnetic �eld. Here, low temperatures allowing for phase coherent transport within the
sample dimensions are needed. In contrast to pure InAs wires, where transport might take
place in the inner part of the wire (see Section 6.3.2), the core/shell wires constitute a
perfect conductive tube.

8.1 Determination of shell thickness

8.1.1 MBE grown core/shell nanowires

As shown in Section 4.2.3, the shell thickness ts of the MBE grown nanowires can be directly
determined, because the nanowire top is uncovered (see e.g. Figures 4.6 and 8.1). Thus,
by comparing the total diameter dt (the diameter at a covered wire part) with the core
diameter dc (at the uncovered wire part), the shell thickness can be calculated:

ts =
dt − dc

2
. (8.1)

For particular growth conditions ts is mainly determined by the shell growth time. Fur-
thermore, the density of nanowires in�uences the shell thickness in case that the incoming
material is shared between adjacent nanowires (cf. Section 4.2.1). As the growth process
leads to a random distribution of nanowires with slightly varying wire densities, the shell
thickness varies to some extend. Wires from 4 growth runs with di�erent shell growth times,
labeled with CS-A to CS-D (see Table 8.1), are used to analyze the shell thickness depen-
dence of transport properties. Measurements are performed on a set of 7 to 14 nanowires
of each sample, they will be presented in Section 8.2. A further growth run, labeled with
CS-LT, is used for low temperature measurements which will be presented in Section 8.3.
The average core diameters and shell thicknesses d̄c and t̄s values are given in Table 8.1.
Within the standard deviation, the core diameters agree for samples CS-A to CS-D, the
mean value is approximately 86 nm. The average shell thickness ranges from 8 nm up to
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8 Transport properties of GaAs/InAs core/shell nanowires

24 nm. The average shell thickness increases with shell growth time, as expected. Wires
of sample CS-LT exhibit a larger core diameter due to the longer core growth time (see
Table 4.3). Figure 8.1 shows scanning electron microscope images of samples CS-A (a)

Growth run Label shell growth d̄c t̄s
time [min] [nm] [nm]

24276 CS-A 3 93 ± 7 8 ± 2
24269 CS-B 5 87 ± 7 10 ± 1
24291 CS-C 10 81 ± 9 13 ± 5
24264 CS-D 15 82 ± 8 24 ± 3
24300 CS-LT 15 100 25

Table 8.1: Shell growth times, average core diameters d̄c and shell thicknesses t̄s of MBE
grown core shell nanowires. Details on the growth parameters are given in Table
4.3.

and CS-B (b). While the InAs shell covers the core completely (except for the wire top)
for CS-B wires, wires of CS-A exhibit an incomplete coverage, as can be seen by means of
several cavities in the InAs shell. For larger shell growth times (samples CS-C and CS-D),
no cavities are observed.

200 nm 200 nm

(a) (b)

Figure 8.1: Scanning electron micrographs of wires from sample CS-A (a) and CS-B (b).
Wires of sample CS-A are not covered completely and show cavities in the InAs
shell.

8.1.2 MOCVD grown core/shell nanowires

The MOCVD grown nanowires are grown in regularly ordered patterns with prede�ned
inter-wire distances of 500 nm, 750 nm, 1000 nm, and 1500 nm. As for the MBE grown
wires, the shell thickness mainly depends on the shell growth time and on the distance of
wires. In contrast to the MBE grown wires, the GaAs core of the MOCVD grown nanowires
is covered completely with InAs (see. Figure 8.2). While the total diameter dt can be
measured accurately, core diameter dc and the shell thickness ts have to be estimated. For
this purpose the core diameter dc,ref of GaAs nanowires, which have been grown using the
same process parameters, but without an InAs shell can be used as a reference. Naively,
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8.1 Determination of shell thickness

the shell thickness ts,i of a single wire i can then be determined as the di�erence of its
(measured) total diameter dt,i and the average reference core diameter:

ts,i =
dt,i − dc,ref

2
. (8.2)

This method would be feasible, if the core diameters were exactly the same for all wires and
di�erent dt,i values originate solely from variations in shell thickness. It is, however, likely
that dc,i has a certain distribution and that variations in dt,i originate from variations in
both core and shell thickness. To account for this possibility, an advanced method is used
which attributes variations in total diameter equally to variations in core diameter and shell
thickness. The average total diameter d̄t as well as the deviations ∆dt,i = dt,i − d̄t for each
wire i are calculated. Now, ∆dt,i is attributed equally to a deviation in core diameter ∆dc,i
and shell thickness ∆ts,i with

∆dc,i = dc,i − dc,ref , (8.3)

∆ts,i =
ts,i − ts,ref

2
, (8.4)

ts,ref = d̄t − dc,ref , (8.5)

leading to
∆dt,i
2

= ∆dc,i = 2∆ts,i. (8.6)

The core diameter of wire i is then given by

dc,i = dc,ref +∆dc,i. (8.7)

Accordingly, the shell thickness of wire i is given by

ts,i =
dt,i − dc,i

2
. (8.8)

The exactness of this method depends on correctness of the assumption given in Equation
(8.6) and on the accuracy of the estimation of dc,ref . The method is applied to nanowires
of growth run 4823 and reasonable results are obtained as shown in the next section. Here,
the holes have been de�ned by electron beam lithography, which provides uniform hole
diameters and depths. As it can be seen in Table 8.2, both the average total diameter d̄t
and the estimated average shell thickness t̄s increases with increasing inter-wire distance.
This is expected, as for small distances, the incoming material is shared between adjacent
wires (compare Section 4.2.3). Wires of growth run 4823 are divided into three groups
according to the di�erent wire distances and labeled with CS-E to CS-G.
The shell thickness of wires of growth runs 4877 and 4878 could not be determined

with the method described above. Here, the hole-mask has been prepared by nanoimprint
lithography. Due to imperfections in the nanoimprint lithography stamp, the variation in
hole depth and diameter is large, resulting in a large distribution in the total diameter.
Wires of these growth runs are labeled with CS-H, no attempts are made to determine the
shell thickness, only the total diameters of di�erent wire distances and shell growth times
are given in Table 8.2.
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300 nm500 nm

(a) (b)

Figure 8.2: Scanning electron micrographs of wires from MOCVD grown sample CS-E (a)
and CS-H (b). In both images, the wire distance is 500 nm. The wire cores are
completely covered.

growth run label hole distance d̄t dc,ref [nm] t̄s
[nm] [nm] [nm] [nm]

4823 CS-E 500 159 ±8 134 14.5
CS-F 750 199 ±10 164 19.5
CS-G 1000 234 ±14 171 32

4877 CS-H 500 90 ±5 - -
750 112 ±9 - -
1000 91 ±11 - -
1500 108 ±11 - -

4878 500 101 ±19 - -
750 97 ±7 - -
1500 122 ±12 - -

Table 8.2: Mean value and standard deviation of total diameter dt, reference core diameter
dc,ref , and average shell thickness t̄s for MOCVD grown wires of growth run 4823
(see Section 4.2.3) for di�erent hole distances. The shell growth times of samples
4823, 4877, and 4878 are 5 min, 0.5 min, and 1 min, respectively (see Table 4.4).
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8.2 Room temperature measurements

8.2.1 ID − VSD measurements

A set of 40 MBE grown core/shell nanowires of samples CS-A to CS-D, a set of 52 MOCVD
grown nanowires samples CS-E to CS-G, as well as a set of 75 MOCVD grown nanowires
of sample CS-H is contacted with the standard method explained in Chapter 5 and charac-
terized at room temperature. Current voltage characteristics (ID−VSD) are obtained using
an HP4145B parameter analyzer. Exemplary ID−VSD curves for MBE grown wires of sam-
ples CS-A to CS-D with similar contact separation lengths (around 300 nm) and similar
core diameters dc ≈ 86 nm, but di�erent shell thicknesses ts are shown in Figure 8.3. The
characteristics show a linear Ohmic behavior in all cases so that the sample resistance is
obtained from the inverse slope of the curves. In accordance with measurements on pure
InAs nanowires, the contact resistance is assumed to be small. The resistance decreases
with increasing shell thickness. Linear ID − VSD curves are obtained for both MBE and
MOCVD grown core/shell nanowires in all cases.
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Figure 8.3: ID − VSD curves of selected MBE grown core/shell nanowires of samples CS-A
and CS-B (a) and CS-C and CS-D (b), all having di�erent shell thicknesses as
indicated by the labels.

For a comparison between nanowires with di�erent shell thicknesses the 3-dimensional
speci�c resistivity ρ is calculated using Equation (2.1), with the conductive area A given
by:

A = 3/8
√
3
(
d2t − d2c

)
. (8.9)

In Figure 8.4 (a) ρ is plotted as a function of the shell thickness for the MBE grown wires.
For ts between 12 nm and 28 nm the resistivity ranges from 0.02 Ωcm to 0.2 Ωcm. Below
ts = 12 nm a strong resistivity increase is visible, up to values between 30 Ωcm and 200 Ωcm
for sample CS-B and values between 200 Ωcm and 3000 Ωcm for sample CS-A.
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8 Transport properties of GaAs/InAs core/shell nanowires

Compared to the MBE grown wires, the resistivity of MOCVD grown wires, shown in
Figure 8.4 (b), is slightly lower, between 0.008 Ωcm and 0.02 Ωcm for sample CS-F and
CS-G with ts between 12 nm and 35 nm. Samples of CS-E with ts ≤ 15 nm exhibit a higher
resistivity between 0.02 Ωcm and 0.1 Ωcm. Compared to the MBE-wires, the resistivity
values of the MOCVD grown wires have a very small spread [as indicated by the dotted
line in Figure 8.4 (a)].
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Figure 8.4: Resistivity ρ of MBE grown nanowires of samples CS-A to CS-D (a) as well as of
MOCVD grown nanowires of samples CS-E to CS-G (b) as a function of shell
thickness ts. The dashed line in (a) illustrated the small spread of MOCVD
grown wires shown in (b). It indicates the resistivity and shell thickness range
in which all data shown in (b) are located.

Further measurements have been performed on wires of sample CS-H. As mentioned in
the previous Section, the shell thickness could not be determined. Thus, in Figure 8.5 the
resistance per unit length is plotted versus the total diameter. Shell growth times and
wire distances are given in the inset. It can be seen that wires with a shorter shell growth
time and a smaller wire distance tend to exhibit a higher resistance. In particular, an
increase of 3-5 orders of magnitude in the resistance per length is visible, similar to the
observed resistivity increase for MBE grown wires shown in Figure 8.4 (a). Before discussing
the results, �eld-e�ect transistor measurements will be presented to gain information on
mobility and carrier concentration.

8.2.2 Field-e�ect transistor measurements

To determine carrier concentration and mobility, �eld-e�ect transistor measurements have
been performed in the same way as described in Section 6.1.2. In Figure 8.6, ID-VG curves
are shown for wires of samples CS-A to CS-D and CS-F, the source drain voltage is 50 mV
and 20 mV, respectively. In Figure 8.6 (a) the curves are shown for samples CS-A and CS-B
on a semi-logarithmic scale. In accordance with the high resistivity, the drain current at
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Figure 8.5: Resistance per unit length R/L of nanowires of MOVPE-grown samples CS-H
as a function of total wire diameter dt. The label provides information about
the wire pitch (wire distance during growth) as well as about the shell growth
time, as these parameters determine the shell thickness.

VG = 0 is very low and there is no linear region in the transfer characteristic. Figure 8.6
(b) shows the curves for samples CS-C and CS-D in a linear scale. At higher gate voltages
the curves are nearly linear and the drain current is higher. In Figure 8.6 (c) ID-VG curves
are shown for wires of sample CS-F. In contrast to the MBE grown samples, the curves are
very homogeneous and a clear increase of overall current with shell thickness is observed.
The increasing overall drain current ID with shell thickness is expected as the conductive
area increases. This indicates a correct estimation of the shell thickness.

The lack of a linear region for samples CS-A and CS-B prohibits the calculation of
mobility and carrier concentration values. Therefore, these values are only calculated for
samples CS-C and CS-D, as well as for samples CS-E to CS-G. Here, the method introduced
in Section 2.6.1 is used. The capacitance of a GaAs/InAs core/shell nanowire can be
calculated in the same way as for a pure InAs nanowire, as the model assumes a metallic
conductive cylinder with a �eld-free inner part. To determine nel, Equation (2.45) is used
where A is the conductive area as given above in Equation (8.9). Figure 8.7 shows the values
resulting from slope and threshold voltages of the ID-VG curves. The mobility ranges from
11 cm2/Vs to 300 cm2/Vs. There seems to be a trend for an increase with shell thickness,
especially the MOCVD grown wires show a linear increase up to ts = 22 nm [see dotted line
in Figure 8.7 (b)]. The carrier concentration ranges from 0.5 · 1018 cm−3 to 2.3 · 1018 cm−3.
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Figure 8.7: Mobility µFE and carrier concentration nel as a function of shell thickness.
Results on MBE grown wires of samples CS-C and CS-D are shown in (a) and
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(b) and (d). In (b) the dotted line is a guide to the eye to indicate the linear
mobility increase.
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8.2.3 Discussion and simulations

The 3-dimensional resistivity values of the MBE grown core/shell wires between 0.02 Ωcm
and 0.2 Ωcm, observed for shell thicknesses between 10 nm and 35 nm, agree reasonably well
with the values obtained for pure InAs nanowires grown by MBE (after a surface accumula-
tion layer is formed, see Section 6.1.1). Furthermore, compared to pure InAs nanowires, the
core/shell wires exhibit a lower mobility and a slightly higher carrier concentration. The
lower mobility can be explained with surface, interface or even grain boundary scattering.
Grain boundaries could be present, as the shell tends to grow in islands which coalesce for
longer growth times [109]. Additionally, as found by Yamaguchi et al. [61] (compare Section
3.4), the strain between GaAs and InAs relaxes by the formation of mis�t dislocations. A
higher carrier concentration can be explained by the large conduction band o�set between
GaAs and InAs. The band alignment causes the Fermi energy to be located far above the
conduction band of the InAs shell. This can be seen by means of a simulation of the band
alignment shown in Figure 8.8.
The MOCVD grown wires exhibit a slightly lower resistivity, comparable to Si-doped (DF

100) InAs nanowires grown by MOCVD (see Section 6.2). This could be due to a higher
doping level, as there might be a background carbon incorporation during the shell growth
(compare Section 3.2). Another possible reason could be a higher mobility resulting from
a better crystalline quality of the MOCVD shell. While there tends to be island growth
resulting in grain boundaries for MBE wires, the shell overgrowth for MOCVD core/shell
wires is more uniform [111]. The MOCVD grown samples show a nearly linear mobility
increase with increasing ts from 50 cm2/Vs up to 300 cm2/Vs. This can be explained with
surface scattering or scattering on mis�t dislocations at the GaAs/InAs interface, which
becomes increasingly important with decreasing shell thickness.
The strong increase of resistivity for shell thicknesses below tc ≈ 10 nm for samples

CS-A and CS-B, as well as for wires of sample CS-H with small distances and short shell
growth times, is an indication for a quantum con�nement e�ect (compare Section 2.2.1).
Con�nement e�ects can be simulated using the Schrödinger-Poisson solver introduced in
Section 2.7. For this purpose, simulations have been performed for a circular nanowire with
radius rc = 39.1 nm and shell thicknesses of 4.6 nm, 9.1 nm, 13.6 nm, and 18.2 nm. These
values correspond to the dimensions of samples CS-A to CS-D with hexagonal dimensions
[diameter dc = 86 nm and shell thicknesses ts = 5 nm, 10 nm, 15 nm, and 20 nm (compare
Section 2.7)]. The conduction band o�set is set to a range from 394 meV for the thinnest
shell to 375 meV for the thickest shell, which is according to the calculations of Pistol and
Pryor [107] (compare Section 3.4). The surface Fermi level is set to be pinned at 160 meV
above the conduction band [62, 25]. A background core doping of 5·1015 cm−3 and constant
e�ective masses of 0.067 me and 0.028 me are assumed for GaAs and InAs, respectively.
The results are shown in Figure 8.8 (a)-(d).
The �gure shows the conduction band alignment as a function of radius for core (blue

color) and shell (red color). The Fermi energy is de�ned as zero. The radial probability den-
sity |χn,l(r)|2 (compare Section 2.2.1) is plotted for various angular momentum quantum
numbers l. The energetic position of the states is indicated by the section of the corre-
sponding wave functions with the energy axis. It can be seen, that for a shell thickness
of 4.6 nm [Figure 8.8 (a)] all states are located above the Fermi energy. The lowest state
is 173 meV above EF . Transport can only take place if electrons are activated thermally.
Thus, a very low electron concentration is expected as 173 meV is considerably larger than
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(a) (b) (c) (d)

Figure 8.8: Simulation of the electronic states in GaAs/InAs core/shell nanowires. The
black line indicates the conduction band as a function of (circular) nanowire
radius. The Fermi energy is de�ned as zero (red broken line). The blue area
indicates the GaAs core, the red one the InAs shell. The blue and green lines
show the radial probability density |χn,l(r)|2 for various angular momentum
numbers l and subband numbers n = 1, 2. The energetic position of each
eigenstate is re�ected by the section of the corresponding wave function with
the energy axis. The (circular) core radius is chosen to be rc = 39.1 nm, the
shell thicknesses are (a) 4.6 nm, (b) 9.1 nm, (c) 13.6 nm, and (d) 18.2 nm.
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the thermal energy at room temperature (kBT ≈ 25 meV). For a thickness of 9.1 nm [Fig-
ure 8.8 (b)] 4 states (n = 1, l = 0, 1, 2, 3) are located below EF . For thicknesses of
13.6 nm and 18.2 nm there are 9 and 10 states below EF , respectively [Figure 8.8 (c) and
(d)]. The carrier concentrations in the InAs shell calculated with the Schrödinger-Poisson
solver as a function of shell thickness are shown in Figure 8.9. The results are scaled to a
hexagonal shell thickness by using a factor of ≈ 1.1 (compare Section 2.7). Furthermore,
the experimental resistivities of samples CS-A to CS-D are plotted as a function of shell
thickness, as already shown in Figure 8.4. Finally, the simulated carrier concentration is
used to calculate the resistivity using the Drude model [Equation (2.4)], here a mobility
value of 300 cm2/Vs is inserted.
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Figure 8.9: Experimental resistivity data of samples CS-A to CS-D together with simulated
carrier concentration and simulated resistivity (using µ = 300 cm2/Vs) plotted
versus shell thickness.

The carrier concentration which results from the simulations is depicted by the green dots
in Figure 8.9. The values agree well to the values obtained from the gate measurements
shown in Figure 8.7. Below ts = 14 nm, the calculated nel starts to decrease slightly and
below ts = 10 nm it decreases rapidly. The decrease of nel below 14 nm is explained by
quantum con�nement, as it was already described in Figure 8.8. The con�nement e�ect
leads to an increase of the eigenstate energies. One state after another is lifted above
the Fermi energy EF . If all states are above EF , the carrier concentration is governed
by thermal activation. It can be seen, that the simulated resistivity increase does not
exactly �t the measurement, as it starts to increase at a too low ts value. A reason is
most likely a decreasing mobility with decreasing shell thickness, in contrast to the ρtheo
calculation where a constant mobility is inserted. As mentioned before, there is certainly
a high density of mis�t dislocations in the �rst few nanometers of the InAs shell. Due to
an island formation and coalescence of islands, there might be grain boundaries, as well.
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8 Transport properties of GaAs/InAs core/shell nanowires

Furthermore, there might be an interface region where GaAs and InAs are alloyed [109]. In
addition, a dielectric con�nement e�ect, as it has been discussed in Sections 2.5.2 and in
Chapter 7, might cause the deactivation of donors in the InAs shell, as both the GaAs and
the surrounding air have a lower dielectric constant. This would contribute to a resistivity
increase with decreasing ts.
The higher resistivity of CS-A wires compared to CS-B wires despite of similar shell

thicknesses could be due to the cavities which are observed in CS-A wires (see Figure 8.1).
The cavities are certainly detrimental to the conductivity of these wires.

8.3 Phase coherent transport at low temperatures

In this section, transport measurements at low temperatures are presented. Due to the
suppression of inelastic phonon scattering, the phase is preserved during transport through
the wire. Thus, universal conductance �uctuations (UCF) are observed both as a function
of magnetic �eld and as a function of gate voltage (compare Section 2.3.2). The analysis of
the UCF allows for the determination of the phase coherence length; this will be presented
in Section 8.3.1. Furthermore, regular magnetoconductance oscillations with the Aharonov-
Bohm (AB) frequency (compare Section 2.3.3) are observed as a function of magnetic �eld
parallel to the wire axis. These measurements will be presented in Section 8.3.2.
For the low temperature measurements MBE grown core/shell nanowires of sample CS-LT

(see Table 8.1) are processed with the standard contacting method. The growth parameters
are given in Table 4.3 (growth run 24300). The utilized growth conditions result in wires
with a core diameter of around dc = 100 nm and a shell thickness of around ts = 25 nm.

8.3.1 Determination of pase coherence length

Transport measurements in a temperature range between 1.7 K and 32 K are performed
in a He4 variable temperature insert (VTI) cryostat. A lock-in measurement technique is
used and a current of 10 nA is applied to the nanowires. In Figure 8.10 (a) the conduc-
tance of wire CS-LT1 in units of e2/h is shown as a function of magnetic �eld B applied
perpendicular to the wire axis. The contact separation length is L = 220 nm. A repro-
ducible �uctuation pattern is observed which attenuates with increasing temperature. In
Figure 8.10 (c) the conductance of wire CS-LT2 in units of e2/h is shown as a function
of gate voltage VG. The contact separation length is L = 70 nm. Again, a reproducible
�uctuation pattern is found, which diminishes with increasing temperature. A background
conductivity which increases with VG is superimposed to the �uctuations.
The observed dependence of G as a function of B and VG is attributed to universal

conductance �uctuations. As described in Sections 2.3.2 and 6.3, the phase coherence
length lϕ can be estimated by analysis of the temperature dependence of the UCF. To do
so, the average �uctuation amplitudes rms(δGB) and rms(δGV ) are calculated, in analogy
to Equation (2.26) (see Section 2.3.2). Starting from high temperatures, the �uctuation
amplitude of wire CS-LT1 increases with approximately T−1 with decreasing temperature
[see Figure 8.10) (b)]. This behavior is expected for the case that the phase coherence length
lϕ increases with decreasing temperature, but still falls short of the contact separation length
L. Between around 3 K and 1.8 K the increase is less prominent which indicates a saturation
of the rms(δGB) value. This suggests, that lϕ reaches L. A very similar behavior is found
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Figure 8.10: (a) Conductance of wire CS-LT1 in units of e2/h as a function of magnetic �eld
B oriented perpendicular to the wire axis. The gate voltage is set to a value
of VG = 6 V. (c) Conductance of wire CS-LT2 in units of e2/h as a function
of gate voltage VG. (b) and (d) Average �uctuation amplitudes rms(δGB) and
rms(δGV ) if wires CS-LT1 and CS-LT2 as a function of temperature.
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8 Transport properties of GaAs/InAs core/shell nanowires

for the rms(δGV ) value, shown for wire CS-LT2 in Figure 8.10 (d). Here, the saturation
already starts at a temperature around T = 6 K, which means that lϕ reaches L already at
a higher temperature. This �ts very nicely to the fact that the contact separation length
of wire CS-LT2 is considerably smaller than the one of CS-LT1. The measurements show
the consistency of this method to determine the phase coherence length. It can be stated
that the phase coherence length is larger than 220 nm at a temperature of T = 1.8 K.

8.3.2 Magnetotransport measurements in a parallel magnetic �eld

The simulations presented in Section 8.2.3 have shown that the current in an InAs shell of
around 20 nm thickness is carried by only around 10 angular momentum quantum states at
room temperature. Due to the large conduction band o�set between GaAs and InAs, the
Fermi level is located above the conduction band of the InAs shell [see Figure 8.8 (d)] and
a metal-like electron accumulation layer forms. Thus, upon a temperature decrease down
to 1.8 K, one expects only a small change in level occupation and carrier concentration.
Furthermore, electronic transport around 1.8 K is phase coherent on a length scale of
several 100 nm, as shown in the preceding section. In this context, measurements in a
parallel magnetic �eld are of particular interest. As described in Section 2.3.3, so-called
Aharonov-Bohm (AB) oscillations are expected for phase coherent transport through a
ring-like structure. There is a large amount of literature which reports on the observation
of AB oscillations in di�erent kind of samples [20, 21, 129, 155, 156, 157, 158]. In most
cases, however, the semiclassical picture of electron trajectories which scatter on impurities
or sample boundaries during propagation through the sample is used to explain the regular
oscillations. In the present situation of a very thin conductive shell a limited number of
angular momentum quantum states carry the current. Here, intuitively the semiclassical
picture becomes inappropriate, as one cannot refer to electron trajectories anymore. The
reason for this can be given in terms of the Fermi wave length. It can be estimated for the
2-dimensional case using [3]:

λF =
2π

kF
=

2π√
2πn2D

. (8.10)

The 2-dimensional carrier concentration is obtained by converting the 3-dimensional results
for nel shown in Figure 8.7:

n2D = n3D
A

3d
≈ n3Dts, (8.11)

here A is the conductive area and 3d the circumference of a core shell wire. A value of
λF ≈ 30 nm results, which is close to the geometric dimensions of the sample. Thus, as
already described in Section 2.3.3, the present situation is better described by the magnetic
�eld dependent energy spectrum of coherent angular momentum states. However, the
expected frequency of the conductance oscillations is the same as for AB-oscillations, thus
in the following the term AB-oscillations or AB-frequency will be used to describe the
observations.
In the following, magnetotransport measurements in a parallel magnetic �eld are pre-

sented on a wire of growth run CS-LT with dc = 100 nm and ts =25 nm. Its length is
2.7 µm and it is contacted with 8 contacts with varying contact separation lengths [see
Figure 8.11) (a)]. The magnetic �eld alignment is illustrated in Figure 8.11 (b). Trans-
port measurements are performed on two wire segments [as indicated in Figure 8.11 (a)]
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with contact separation lengths of L = 100 nm (in the following called segment 1) and
L = 370 nm (in the following called segment 2). Further measurements are performed on a
di�erent wire, having the same core and shell dimensions and a contact separation length
of 70 nm (in the following called segment 3).

500 nm

(a)

(b)

370 nm

100 nm

Figure 8.11: (a) Scanning electron microscope image of the GaAs/InAs core/shell nanowire
which is used for the magnetotransport measurements in a parallel magnetic
�eld. (b) Illustration of magnetic �eld alignment.

A lock-in measurement technique is used with a source drain current of 10 nA. The
conductance of the sample is measured as a function of magnetic �eld in a range between
−2 T and 10 T for segment 1 and between 0 T and 6 T for segment 2. Additionally, a back
gate voltage VG can be applied to the sample. In Figure 8.12 (a) and (b) the conductance
of segment 1 and 2 is shown for di�erent VG as a function of magnetic �eld.

Figure 8.12: Conductance G as a function of magnetic �eld B for di�erent gate voltages VG
for segment 1 (a) and segment 2 (b). In (c) and (d) the corresponding Fourier
spectra of segment 1 and 2 is shown for gate voltages of 6 V and 8 V.

Regular magnetoconductance oscillations as a function of magnetic �eld are obtained
for both wire segments. The regular oscillations are superimposed on a slowly varying
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8 Transport properties of GaAs/InAs core/shell nanowires

background, which changes with di�erent gate voltages. For decreasing gate voltage, the
overall conductance decreases, as expected. For segment 2, the regular oscillations vanish
for low gate voltages. The slowly varying background can be attributed to UCF. The
disappearance of �uctuations for low gate voltages is explained by the fact, that no metallic
transport regime is given anymore. Usually the ID-VSD curves become nonlinear at low
gate voltages, indicating the onset of tunneling processes. Such processes counteract the
phase coherent transport.
A fast Fourier transformation (FFT) [159] is performed exemplarily for gate voltages

6 V and 8 V for both wire segments. The results are shown in Figure 8.12 (c) and (d)
for segment 1 and 2, respectively. The low frequency background has been excluded from
the Fourier analysis. Distinct peaks are found in the Fourier spectra with peak centers at
a frequency of 2.22 T−1 for segment 1 and at a slightly larger frequency of 2.71 T−1 for
segment 2. The AB frequency is expected to be

fAB =
3
√
3d2

8Φ0
, (8.12)

for electrons enclosing a hexagonal area of diameter d and Φ0 = h/e. Using the mean
diameter between core and outer shell dav = 125 nm one obtains a frequency of fAB =
2.45 T−1, which �ts very well to the observed frequencies.
The measurements shown in Figure 8.12 (a) and (b) are performed on segments 1, 2,

and 3. A gate voltage stepsize of 40 mV is chosen. The slowly varying background ⟨G(B)⟩
is subtracted from G(B) to obtain the conductance oscillations δG(B): δG(B) = G(B) −
δG(B) as it is shown in Figure 8.13. In Figure 8.14 (a)-(c) the conductance oscillations δG
are plotted as a function of magnetic �eld and gate voltage in a color scale plot for wire
segments 1-3.

Figure 8.13: Illustration of back-
ground subtraction
procedure. The
slowly varying back-
ground ⟨G(B)⟩ is
subtracted from the
measured conductiv-
ity G(B).
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As one can see, the periodic oscillations are found over nearly the complete gate voltage
range (except for the lowest gate voltages, as discussed before). Small shifts in the phase
of the oscillations can be observed. Additionally, the oscillation amplitude seems to vary
slightly with gate voltage. For instance, smaller amplitudes can be seen as vertical yellow
lines in the �gures. Fast Fourier transforms are performed for each gate voltage and the
Fourier amplitudes are shown as a function of frequency and gate voltage on a color scale
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plot in Figure 8.14 (d)-(e). Again, a predominant peak is found in a range between 2 T−1

and 2.7 T−1, which is attributed to AB-oscillations corresponding to hexagonal areas with
diameters between 113 nm and 131 nm. The peak maximum slightly shifts with gate
voltage. Furthermore, only very small amplitudes at around 5 T−1, which corresponds to
twice the AB-frequency (also called the Altshuler-Aronov-Spivak (AAS) frequency, compare
Section 2.3.3), are found for segment 2.
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Figure 8.14: In (a)-(c) the conductance oscillations δG are shown on a color scale plot as
a function of magnetic �eld B and gate voltage VG for nanowire segments of
di�erent lengths. In (d)-(f) corresponding FFT spectra are shown on a color
scale plot as a function of frequency and gate voltage.

As mentioned before, the observations can be explained within the framework of coherent
angular momentum quantum states, which have a magnetic �eld dependent energy spec-
trum. While in Section 2.3.3 the magnetic �eld dependence of single particle energies El

has been shown qualitatively, here a the Schrödinger-Poisson solver is used to calculate the
magnetic �eld dependence of the single particle energies El for the present geometry. In
Figure 8.15 (a) the conduction band as well as the radial probability densities |χn,l(r)|2 for
subbands n = 1 and n = 2 and angular momentum quantum states |l| = 0..9 and |l| = 0..16
are shown, respectively (compare e.g. Figure 8.8). The subband n = 1 is occupied up to
a angular momentum quantum number of |l| = 11. Figure 8.15 (b) shows the calculated
energies El of the states shown in (a) as a function of magnetic �eld. The Fermi energy EF

is de�ned as zero. In the �gure, the AB-period ∆BAB = Φ0/A is marked by an arrow.
The situation of a small number of one-dimensional quantum channels can be described

with the Landauer-Büttiker model [160, 161]. Here the one-dimensional channels are char-
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8 Transport properties of GaAs/InAs core/shell nanowires

Figure 8.15: (a) Simulation of the electronic states in a GaAs/InAs core/shell nanowires
with (circular) core radius rc = 45.5 nm and total radius rt = 68.1 nm. The
black line indicates the conduction band as a function of radius. The Fermi
energy is de�ned as zero (red broken line). The blue and green lines show the
radial probability density |χn,l(r)|2 for various angular momentum numbers
l and subband numbers n = 1, 2. The energetic position of each eigenstate
is re�ected by the section of the corresponding wave function with the energy
axis. In (b) the magnetic �eld dependence of the energy of states with di�erent
l is shown.
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acterized by the quantum numbers n and l, movement along the z-direction is free. In case
of ballistic transport, the Landauer-Büttiker model predicts a conductance of G = N ·2e2/h,
with the number of occupied spin-degenerate channels N . Each time an energy level corre-
sponding to a certain l-value crosses the Fermi energy, the conductance changes by 2e2/h
in this ideal case. In the present situation the conductance is only in the range of 1 e2/h to
5 e2/h owing to the occurrence of elastic scattering on e.g. mis�t dislocations or stacking
faults (compare Section 8.2.3). However, the AB-periodicity is still maintained in the pres-
ence of elastic scattering, as it has been shown by Tserkovnyak and Halperin [6]. Thus, the
observed AB-periodicity can be explained with the model of coherent angular momentum
states. Furthermore, an explanation for the slight shifts in frequency with back gate voltage,
as seen in Figure 8.14 (d)-(f), can be given. As pointed out by Tserkovnyak and Halperin
[6], the occurrence of scattering modi�es the transmission coe�cients of di�erent states. A
further change of transmission coe�cients is expected to occur if a gate voltage is applied,
as it induces a slightly inhomogeneous electric �eld in the shell which enriches or depletes
the electron gas. As the probability distributions are shifted outwards for increasing l (due
to the centrifugal force), a change in transmission coe�cients could lead to the observed
small changes in the oscillation frequencies.
As can be seen in Figure 8.14 (d)-(e), only slight amplitudes are found at the AAS-

frequency of around 5 T−1 in the Fourier spectra. As already explained in Section 2.3.3,
the AAS-oscillations are expected to be more robust against ensemble averaging, compared
to AB-oscillations. In the notion of Lee and Stone [16] (see Section 2.3.2), applying a gate
voltage creates a statistically uncorrelated conductance, if the gate voltage is changed by
an amount of VC causing an energy change of EC , the energetic separation of adjacent
transport channels. Note, that EC is de�ned by the time an electron needs to di�use
through the sample in connection with the uncertainty relation (compare Section 2.3.2). It
is, thus, not equal to the energetic separation of ideal angular momentum quantum states,
which have been calculated above for an ideal wire in the absence of scattering. The gate
voltage VC , can be determined from the autocorrelation function of the G(VG) curve. Both
G(VG) and its autocorrelation function are shown in Figure 8.16 (a) for segments 1 and 2.
As expected, a aperiodically �uctuating conductance is superimposed to a linear increase
as a function of VG. The correlation voltages are between 0.2 V and 0.3 V. VC of the long
segment is smaller, as it is expected (EC = ~D/L2, see Section 2.2.3). Thus, an ensemble
averaging can be achieved by averaging the conductance G(B) over the gate voltage. This
has been done in a range from VG = 0 V to 20 V for segment 2, as shown in Figure 8.16
(b). It has to be noted, that the slowly varying background (compare Figure 8.13) has
been subtracted subsequent to the averaging procedure. In the averaged conductance data,
both the AB- and the AAS-frequency are clearly visible, as indicated by the arrows in the
conductance plot, as well as by the Fourier spectrum shown in the inset.
The presence of AAS-oscillations in the conductance data averaged over gate voltage

shows the robustness of these oscillations against ensemble averaging. The maximum at
zero magnetic �eld is an indication of weak antilocalization due to a strong spin orbit
coupling in InAs [19, 162]. At larger magnetic �elds, time reversal symmetry is suppressed
[163, 164], leading to the disappearance of AAS-oscillations. The results can be explained
both with time reversed electron trajectories and in the framework of coherent angular
momentum quantum states, as higher harmonics of the AB-oscillation are expected as well
[6]. This also suggests the equivalence of both pictures.
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8 Transport properties of GaAs/InAs core/shell nanowires

Figure 8.16: (a) Conductance G as a function of gate voltage VG for segment 1 and 2. The
inset shows the normalized correlation functions of both segments. (b) Con-
ductance G averaged over a gate voltage range from 0 V to 20 V as a function
of magnetic �eld. The inset shows the corresponding Fourier spectrum.
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9 Summary and Outlook

Throughout this work the electronic transport properties of InAs, InN, and GaAs/InAs
core/shell nanowires have been analyzed. This includes the analysis of speci�c resistivity
at room temperature and the breakdown of resistivity by a contribution of mobility and
carrier concentration using gate measurements. A considerable di�erence has been found
between InAs nanowires and InN nanowires concerning the statistical spread of the results.
While the InN nanowires show a rather constant resistivity for a large number of samples,
the resistivity data of InAs nanowires scatter by a factor of 10 or more. Mainly two reasons
for this were identi�ed. First of all, In both InAs and InN nanowires, the surface has a
crucial in�uence on transport. The pinning of the surface Fermi level of InAs depends on
the speci�c surface conditions which may vary randomly between di�erent nanowires or
with time due to e.g. ambient air exposure, oxidation, or electron irradiation. This leads
to di�erent degrees of surface accumulation on di�erent nanowires. In contrast, InN nearly
always exhibits a strong surface accumulation. The existence of surface states located
above the conduction band minimum due to the rearrangement of dangling bonds at the
surface is an intrinsic property. It is comparably insensitive to further surface treatment
like oxidation, electron irradiation, or ambient air exposure. The second reason is linked
to the crystal structure of the nanowires. While InAs exhibits crystal structure variations
such as changes from wurtzite to zincblende structure and very high densities of stacking
faults, the crystal structure of InN is predominantly wurtzite and no �uctuations in crystal
structure are observed.
The in�uence of surface conditions and crystal structure on InAs nanowires has been

pointed out by comparing the transport parameters before and after a surface treatment
(electron irradiation and long time ambient air exposure), and by comparing the transport
parameters of wires grown by di�erent growth methods which exhibit a di�erent kind of
crystal structure. In particular the temperature dependence of the conductivity revealed
di�erent activation energies in nanowires with di�ering crystal structures. An explanation
has been suggested in terms of stacking fault induced potential barriers.
A �eld-e�ect measurement setup has been utilized to determine the nanowire mobilities

and carrier concentrations. Even though this method is widely used for nanowires, it is
subject to a serious disadvantage concerning the in�uence of surface and interface states
on the measurements. Ideally, the gate electric �eld is supposed to a�ect exclusively free
carriers contributing to transport. In a real situation, though, a possibly high density of
surface states exists which shields the electric �eld and distorts the results. This applies
particularly to nanowires, as they naturally exhibit a large surface to volume ratio. An
alternative method not su�ering from this drawback is the utilization of the Hall e�ect.
In this work, Hall measurements have been successfully performed on InAs nanowires for
the �rst time. These measurements became possible because of the development of a
new electron beam lithographic procedure with an alignment accuracy in the 5 nm range.
Carrier concentration values could be determined and compared to the ones obtained from
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9 Summary and Outlook

�eld-e�ect measurements. The results of the Hall measurements revealed a methodical
overestimation of the carrier concentrations obtained from �eld-e�ect measurements due to
the in�uence of surface states.

Besides the e�ect of surface and crystal structure, the in�uence of the small structure
size on transport has been studied extensively in this work. The homogeneity in trans-
port characteristics of the InN nanowires allowed for the accurate analysis of the diameter
dependence of the nanowire resistivity. The e�ect of donor deactivation, which has been
proposed theoretically and observed experimentally in silicon nanowires before, has been
found to increase the resistivity of InN nanowires with small diameters. Furthermore, a
quantum con�nement e�ect has been observed in GaAs/InAs core/shell nanowires. This
e�ect results from carrier con�nement leading to an increase of single particle energy level
spacings. It a�ects transport in case the size of the conductor falls short of the electron
Fermi wavelength; this is the case for thin InAs shells. At very low shell thicknesses be-
low 10 nm a drastic resistivity increase has been found. Simulations with a self consistent
Schrödinger-Poisson solver con�rmed the interpretation in terms of quantum con�nement.

A further major topic of this work has been the analysis of phase coherent transport at
low temperatures. Due to the suppression of inelastic phonon scattering, electron interfer-
ence phenomena could be observed in all types of investigated nanowires. In particular,
universal conductance �uctuations have been analyzed and a consistent method to deter-
mine the phase coherence length quantitatively has been developed. In addition, transport
measurements on GaAs/InAs core/shell nanowires with a magnetic �eld applied parallel to
the wire axis lead on to outstandingly interesting results. By virtue of the tube-like conduc-
tive shell this arrangement constitutes an Aharonov-Bohm-type experiment. These kind of
experiments have a long tradition of experimentally revealing and verifying basic principles
of quantum mechanics. A semiclassical picture to illustrate the Aharonov-Bohn-type exper-
iments deals with electron trajectories which are scattered between sample boundaries or
scattering centers. The downscaling of the conductive channel, as in the case of the present
core/shell nanowires, puts this interpretation in question, as the extension of the electron
waves exceeds the channel thickness. Within this work a more appropriate explanation in
terms of coherent angular momentum quantum states in the conductive InAs shell has been
developed to explain the Aharonov-Bohm oscillations.

To conclude, both room temperature and low temperature measurements allowed to gain
insights into basic classical as well as quantum transport properties of nanowires. In the
face of future application of nanowires in quantum information processing or their use
in so-called phase-based switching devices, valuable information is provided within this
work. Furthermore, the room temperature results show that for controlled application of
nanowires in electronic devices, both the crystal structure and the surface conditions have
to be controlled. Here, it will be inevitable for future progress to achieve a controlled
passivation of the wire surfaces for de�ned and stable surface conditions. Furthermore,
a more detailed investigation of the correlation between crystal structure and transport
properties is needed. E�orts are already going on to perform electrical measurements on
InAs nanowires which are positioned over a hole on a grid [165]. This setup allows for
transmission electron microscopy subsequent to the transport measurements to correlate
the transport properties explicitly with the prevailing crystal structure. Favorable to this
arrangement is the suspension of the wire which avoids the presence of an interface between
a wire and a dielectric material, thus, less distortions due to the surface are expected.

130



A better control and knowledge over the in�uences of crystal structure on transport could
even o�er the possibility of an intended crystal structure design. One could think of regular
changes of crystal structure between ZB and WZ to create so-called mini bands [46] or of
intentionally incorporated WZ segments acting as potential barriers to improve the device
performance [166].
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