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Abstract
The goal of this thesis is to investigate experimentally (Ga,Mn)As - a canonical
diluted ferromagnetic semiconductor, obtained in a quasi-one dimensional
geometry of nanowires by self-assembled molecular beam epitaxy growth
methods. First, simple (Ga,Mn)As nanowires crystallized in two (high and low)
growth temperature limits are analysed. Then, more complex structures consisting
of non-magnetic [(In,Ga)As] nanowire cores overgrown smoothly by magnetic
[(Ga,Mn)As] shells are investigated. Our experimental analysis, based on structural
and magnetic techniques, addresses nanowire shells morphology, crystal quality
and structure, magnetic properties such as magnetic phases emerging at low
temperatures

(superparamgnetism,

ferromagnetism)

paramagnetic

to

ferromagnetic transition temperature and magnetic anisotropy. By modifying
composition and crystallographic structure of the core nanowires, we manage to
tailor the magnetic properties of the shells. Moreover, by exploring the limits of
the core-shell structure in a view of optimum magnetic characteristics, we
identified a need for realization of more complex structures, i.e. core-multi-shell
assembly with inner and outer shells behaving as quantum barriers for carriers.
Thorough experimental characterisation shows that these, more complicated
core-multi-shell structures, exhibit new magnetic properties.

Keywords: Diluted Magnetic Semiconductors, Magnetic Semiconductor Nanowires,
Core-Multi-Shell

structures,

Spintronics,

Superparamagnetism,

(Ga,Mn)As, Molecular Beam Epitaxy, Transmission Electron Microscopy.
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Chapter 1 INTRODUCTION

Chapter 1 INTRODUCTION
1.1

Spintronics

In the age of digital information, technological advances in electronics play the main
role. Permanent increase of amount of transistors on tiny chips resulted in modern
electronic devices with exceptional performance features. The main task for
engineers is to increase performance while decreasing electrical power consumption.
Therefore, during the last 50 years, in accordance to Moore’s law processing speed
and integration density on Si chips has been increasing exponentially, precisely
doubling every eighteen months. The current technology on Si, which is based on 14
nm (end of 2014) channel width, is reaching physical limits. In other words, end of
development of conventional electronics, based on Si is foreseen and new possible
solutions are explored. Spintronics and III-V based NWs belong to ones investigated
in this context [Wolf 2001].
Spintronics (spin electronics) is a field of physics where the main attention is focused
on spin phenomena and spin manipulation. Spintronics technology exploits both the
electrons intrinsic spin and its associated magnetic moment as additional properties
to its elementary charge used in solid-state devices. Conventional electronics
enriched by devices exploiting spin shall consume less energy since the energy
required to manipulate spin is smaller than the energy needed to move electron forth
and back [Fert 2003]. Other advantages of spintronics over conventional electronics
are non-volatility, faster operation of devices, increased integration densities, and
new ways of processing information [Bader 2010].
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1.1.1

Ferromagnetic/Semiconductor Devices and Materials

Discoveries, which gave birth to spintronics exploiting spin-dependent electron
transport phenomena in the solid-state devices, were made three decades ago. They
comprise the spin-polarised current injection into ordinary metal from ferromagnetic
metal [Johnson 1985] and giant magnetoresistance (GMR) [Baibich 1988], [Binasch
1989]. The GMR effect is based on intentional controllability of resistance by mutual
magnetisation orientation in two ferromagnetic layers separated by a nonmagnetic
metal layer. GMR based spin-valves have been rapidly industrialised in such form as
read/write heads of hard disk drives. Shortly after that, the effect that is much more
sensitive called tunnelling magnetoresistance (TMR) [Julliere 1975] occurring in
magnetic tunnel junctions (MTJ) was discovered and quickly replaced GMR-based
spin valve devices. TMR is nowadays applied in magnetic random access memories
and Hard Disk Drive (HDD). The main difference between GMR-based spin-valve and
MTJ consists in using thin insulator barrier instead of a metallic one.
Advances in conventional electronics and first generation of spintronics in metals
(magnetoelectronics) are limited by a bottleneck associated with the way in which
the computers manage digital data. Information bits are stored in metal-based
magnetic devices, while logic operations are performed in semiconductor-based
electronic device. In general, non-volatile magnetic memory is the slowest
component; hence, data transfer between these two units takes time and costs
energy. A natural wish to save it and make it faster suggests integrating fast
(preferable) non-volatile memory and data processing into a single device. However,
mainstream semiconductor electronics of integrated circuits, lasers, transistors
exploits Si, GaAs and GaN, which are diamagnetic (non-magnetic), on the other hand,
long term information storage (HDD) are based on magnetic elements such as Fe, Co,
Ni. Moreover, it is very difficult to manufacture hybrid functional heterostructures
combining magnetic and semiconducting elements [Ohno 1998]. An alternative way
is to use materials uniting ferromagnetic and semiconducting behaviour. This
approach should enable transformation from metal-based to semiconductor-based
spintronics.
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In addition to spintronics in metals, the research activity focused on using spin
properties of charge carriers in semiconductors has been extensively exploited during
the two recent decades. As briefly described above, metallic spintronics boasts
commercial applications while the semiconductor one lacks the proper material
eligible for use in the industrial devices. It is mainly because of the low temperature
at which the carriers in the so-far known semiconductor spintronics materials
maintain the spin orientation, which is still well below the room temperature [Dietl,
Ohno 2014]. On the other hand, many novel research results have been acquired in
a laboratory environment and numerous new physical phenomena and functionalities
have been discovered in DFS. Even some concepts discovered first in semiconductor
spintronics have been applied later on in metal spintronics [Dietl 2010], [Ohno 2010].
The combination of semiconducting and ferromagnetic properties leads to numerous
possible

benefits

in

spintronics,

e.g.

seamless

integration

with

existing

semiconductor technology [Matsukura 1998], [Ohno 1998], controllability of
magnetization by electric field [Ohno 2001], magnetoresistance effects [Mauger
1986] and others.
Materials combining semiconducting and ferromagnetic properties had been
investigated well before the birth of spintronics. The rare earth chalcogenides (Eu:
EuS, EuO) and Cr chalcogenide spinels (CdCr2Se4, CdCr2S4) [Passell 1976] are known
since

late

1960s/early

1970s.

These

first

generation

true

ferromagnetic

semiconductors (FMS) comprising magnetic elements in their chemical formula are
difficult to manufacture, incompatible with conventional electronics and have low
ferromagnetic phase transition temperature (TC < 100 K) which limits their use in
practical applications, for which FM behaviour much above room temperature is
required. Later on, due to aforementioned disadvantages of rare earth chalcogenides
and spinels, the interest shifted towards diluted ferrmagnetic semiconductors (DFS).
The representatives of a second generation of ferromagnetic semiconductors are,
narrow band-gap IV-Mn-VI semiconductors (Pb,Sn,Mn)Te [Story 1986] and heavily ptype doped II-Mn-VI ternary alloys (Cd,Mn)Te [Haury 1997] and (Zn,Mn)Te [Ferrand
2001], where the magnetic properties are due to the interactions between the charge

carriers (valence band holes here) and Mn magnetic ions. The third generation of
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magnetic semiconductors is based on III-Mn-V ternary alloys such as (In,Mn)As and
(Ga,Mn)As. Both of them reveal a FM behaviour without additional doping (here Mn
plays a dual role of an effective acceptor and source of an uncompensated spin in
the III-V semiconductor host). This does not occur in II-VI diluted magnetic
semiconductors (DMS), where Mn is an isoelectric impurity, i.e. additional, heavy
doping with acceptors is necessary to transform II-Mn-VI DMS (semimagnetic
semiconductors) into DFS [Haury 1997], [Ferrand 2001]. As mentioned above, the FM
phase transition in DFS is induced by exchange interaction between localized spins
of transitional metal ions (e.g. Mn in partial substitution of Ga in GaAs) and free
carriers of semiconductor host material. Moreover, the magnetic properties of such
DFS material are dependent on concentration of carriers. This effect was reported
for the first time by Story et al. in 1986 for (Pb,Sn,Mn)Te – IV-VI group narrow gap
semiconductor [Story 1986]. In the case of III-V semiconductors, successful alloying
with Mn leading to the III-Mn-V solid solution exhibiting low temperature
ferromagnetic phase transition was reported in 1992 for (In,Mn)As [Ohno 1992] and,
in 1996, for (Ga,Mn)As [Ohno 1996]. In the latter case Ohno et al. observed the FM
phase transition at 110 K, for a (Ga,Mn)As layer containing 5,3 % Mn (corresponding
concentration of holes was in the range of 1020 cm-3). Later on, this material became
a subject of intensive research activity supported by theoretical predictions – the
best-known Tc evaluations by Dietl et al. [Dietl 2000]. Recently state of the art
spintronics devices based on (Ga,Mn)As have been investigated [Jungwirth 2014].

1.2

Introduction and Motivation

The goal of semiconductor spintronics is to find the material suitable for room
temperature applications. This means that the Curie temperature should be above
400 K for commercial devices and above 500 K for military ones. Though the highest
phase transition TC so far is around 200 K for nanostructured (Ga,Mn)As [Chen 2011]
also other high TC ferromagnetic semiconductors are found such as Mn doped CdGeP2
[Medvedkin 2000], TiO2 [Matsumoto 2001], (Ge,Mn)Te [Fukuma 2008]. After the
discovery of FM in (Ga,Mn)As in 1996 [Ohno 1996] and a seminal paper by T. Dietl
4
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[Dietl, Science 2001] predicting the existence of carrier induced FM in many other
semiconductors alloyed with Mn, there has been a lot of reports claiming the
discovery of above-room-temperature ferromagnetism in many semiconductors
doped with Mn and other TM elements. However, all of them have been falsified
shortly afterwards [Zajac 2003], [Kuroda 2007], [Dietl 2010]. The HT FM phase was
verified to be due to the nano-precipitates of TM-rich nanocrystals embedded in the
matrices of semiconducting host materials. Such phase-segregated systems are
called condensed magnetic semiconductors [Dietl 2010]. Nowadays the expectations
for finding TM-doped semiconductor with carrier induced FM properties persisting at
room-temperature are much weakened, in comparison to the enthusiastic attitude
of solid state physics community a decade ago. However, these materials (e.g. DFS)
acquired well-grounded position in the solid-state physics and remain to be the testbed for searching for new physical phenomena.
DFS materials possess new functionalities, because of the possibility of tuning their
magnetic properties by the methods routinely used for modifying the electronic
properties of semiconductors. Hence the magnetic properties of DFS can be tuned
by application of electric fields by electrostatic gates [Ohno 2000], [Chiba 2008],
[Stolichnov 2008], [Chiba 2013], pressure [Gryglas 2010] or irradiation with light [Oiwa
2001], [Li 2008], [Rozkotová 2008]. In this context, exploiting quasi one–dimensional

(1D) geometry of nanowires is beneficial since it enhances possibilities of controlling
the electronic properties up to ultimate level of a single carrier [Salfi 2010].
This work aims to obtain and investigate (Ga,Mn)As DFS crystallized in a 1D
geometrical form of nanowire. In the beginning of the thesis, basic properties of
(Ga,Mn)As diluted ferromagnetic semiconductor are described. Then the methods of
preparation of NWs and their main properties are presented. Subsequently, the main
experimental techniques used in this work are discussed (with additional information
placed in Appendix A). In other chapters, five types of NWs are analysed and the
discussion of possible reasons of low FM phase transition temperature in (Ga,Mn)As
NWs is provided.
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1.2.1

Ferromagnetic - Semiconductor NWs

In order to observe FM phase transition in (Ga,Mn)As layers, the Mn content should
exceed 1 st. % [Ohno 1998]. Due to the low equilibrium solubility of Mn in GaAs, such
concentration is acquired by low temperature (LT) MBE growth. This inevitably leads
to the incorporation of substantial amount of point defects (As antisites, and other
discussed further) into the GaAs host lattice [Yu 2002], [Sadowski 2004], [Tuomisto
2004]. Therefore, it is interesting to exploit different growth methods in order to

investigate various possibilities of obtaining material with optimized properties. One
of the recent technological routes is to employ a 1D-NW growth mode, which differs
substantially from the 2D MBE growth of the layers. One of the advantages of 1D
geometry is the possibility to efficiently accommodate stresses in latticemismatched materials grown as radial/axial heterostructures. Furthermore, even
different crystalline structures than those naturally occurring in 3D and 2D can arise
in the 1D case. Core-shell NWs analysed in this work crystallize in ZB or ZB/W
polytypism or in pure hexagonal (wurtzite 2H) phase [both (In,Ga)As core and
(Ga,Mn)As shell], while in 2D and 3D cases both materials occur only in cubic (ZB)
crystalline structure. Thus, the growth of 1D NW structures enables fabricating
heterostructures of a new type, which are impossible to obtain in the planar
geometry.
FM NWs are extensively investigated as building blocks of the future memory devices.
The magnetic domain wall motion/movement along NWs is promising in this context.
It has been demonstraded in metallic stripes [Parkin 2008], as well as in (Ga,Mn)As
planar wires obtained from thin layers by litographical techniques [Yamanouchi
2004]. Manufacturing (Ga,Mn)As in the form of NWs by a bottom-up self-formation
approach, circumventing defects induced when preparing NWs lithographically,
would benefit in controlling their magneto-electronic properties better.
Earlier by my supervisor and later on by both of us, various MBE growth methods of
incorporating Mn magnetic ions into GaAs in the NW geometry were experimentally
investigated. GaAs NWs grow best at HT (550 °C – 650 °C), so the first approach was
to investigate Mn doping limits of GaAs in this HT range [Gas 2013], [Kasama 2015].
It was observed that Mn does not deteriorate the growth of GaAs NWs, even with
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quite high Mn/Ga flux ratio of about 3 %. This is in contrast with attempts of the MBE
growth of GaAs layers exposed to Mn flux at similar HT growth conditions, always
leading to surface segregation of MnAs nanocrystals inhibiting further 2D layer-bylayer growth [Ohno 1998]. Nevertheless, it has been verified that at high growth
temperatures, Mn can be incorporated into GaAs NWs host only at doping levels
(below 1018 cm-3) [Gas 2013]. The preferential growth direction of such NWs is <111>
revealing hexagonal cross-section with a catalyst on the top [Gas 2013]. Mn solubility
limits in the GaAs lattice can be increased at non-equilibrium growth conditions by
LT-MBE [Ohno 1998]. LT growth of NWs at about 350°C, only slightly higher than the
temperature used to grow (Ga,Mn)As layers was investigated by my supervisor earlier
[Sadowski 2007]. However, LT is deteriorating the growth of GaAs NWs. Such LTgrown NWs have irregular shapes and orientations, they are strongly tapered,
branched and have low crystalline quality [Sadowski 2007]. Although the Mn
concentration in the LT-grown (Ga,Mn)As NWs is higher than in the NWs grown at HT,
it is (probably) still below the limit of 1 st. %, which is required to support the FM
state. Furthermore, the growth temperature higher than 300 °C already enhances
the

segregation

of

MnAs

nanoparticles/clusters

(with

ferromagnetic

or

superparamagnetic properties), which makes the analysis of magnetic properties of
these NWs very complicated.
The most recent method to achieve high Mn concentration in GaAs:Mn NWs is to
combine the advantages of aforementioned HT and LT MBE growth modes. NWs
prepared in the two-stage

method

have the form of radial core-shell

heterostructures, with primary III-As cores grown at HT followed by (Ga,Mn)As shells
grown at LT. Limited number of attempts to manufacture such core-shell NWs with
pure ZB GaAs cores, by MBE, have been reported previously [Rudolph 2009], [Yu 2013].
The enhanced magnetic response below 20 K was observed, which combined with
recent theoretical predictions of an increase of TC for (Ga,Mn)As NWs crystallizing in
wurtzite structure [Galicka 2011], [Galicka, Kacman 2013], [Galicka, Shtrikman 2013]
served as a stimulus for further experimental research.
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1.3

Properties of III-V DFS

1.3.1

General features of ferromagnetic state in DFS

Mn concentrations higher than 1 st. % in (Ga,Mn)As solid solution are prerequisite to
reach the paramagnetic-to-ferromagnetic phase transition. Mn ions partially
substituting Ga in the GaAs host play a double role – they provide randomly localized
spins (due to the half-filled inner 3d electronic level with a total spin of 5/2) as well
as free conducting holes (Mn with 4s2 outermost shell substitutes Ga3+ in covalently
bonded GaAs) mediating the long-range ferromagnetic interactions in DFS (Figure
1.1). Well before the “birth” of III-V DFS [1992, 1996 for (In,Mn)As and (Ga,Mn)As,
respectively] the Mn doped II-VI semiconductors had been extensively investigated.
They belong to the class of DMS materials, in which sp-d exchange, i.e. interactions
between sp band electrons of II-VI semiconductor and localized 3d electrons of Mn
ions strongly modify (enhance) the electronic, optical, magnetic (and other)
propertiers [Gałązka 1978], [Gaj 1978], [Furdyna 1982], [Furdyna 1988]. Later on
also in some of these DMS materials, namely heavily p-type doped (Cd,Mn)Te [Haury
1997] and (Zn,Mn)Te [Ferrand 2001], a low temperature ferromagnetic phase
transition with TC depending on p has been reached. A decade earlier the LT FM
phase transition with TC related to the hole concentration has been reported for
(Pb,Sn,Mn)Te bulk crystals [Story 1986 and much later for another IV-Mn-VI
semiconductor,

namely

(Ge,Mn)Te

MBE

layers

[Fukuma

2003].

For

the

aforementioned materials (II-Mn-VI and IV-Mn-VI DFS) the low temperature
ferromagnetic phase is attributed to Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange coupling between localized spins (Mn ions) and free carriers (valence band
holes) [Story 1986], [Haury 1997]. In the RKKY model, the sign of the interaction
between localized moments oscillates depending on the distance between them and
on concentration of carriers. In III-Mn-V DFS, the concentration of magnetic ions is
significantly higher than that of the free carriers. In consequence, the period of RKKY
oscillations is larger than the mean distance between localized spins, and the RKKY
interaction is mostly FM. In such a case, the system can be described by mean-field
Zener model [Dietl, Ohno 2014]. This model has been sucessfully applied to describe
magnetic properties of zinc-blende DFS such as (Ga,Mn)As and (Zn,Mn)Te [Dietl 2001,
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Ferrand 2001]; e.g. the magnetic anisotropy and Curie temperature dependence on
Mn content and valence band holes density have been derived and agree well with
the experimental results. Even though other above mentioned DFS materials have
been synthesised, (Ga,Mn)As DFS has attracted most of attention of the reseach
community over the last two decades. This is due to the relatively high TC (nowadays
close to 200 K [Chen 2011]) and commercial applications/availability of GaAs-based
optoelectronic devices. Moreover, in contrast to IV-Mn-VI and II-Mn-VI DFS, where Mn
is an isoelectronic impurity, in (Ga,Mn)As Mn is a shellow acceptor, providing huge
concentrations of valence band holes at Mn concentrations in the percentage range.
One of the consequences of that is high TC of (Ga,Mn)As, much higher than that of
II-Mn-VI and IV-Mn-VI (except (Ge,Mn)Te) DFSs. However, due to the low growth
temperature (Tg) (Ga,Mn)As contains significant amount of point defects (mainly As
antisites and Mn interstitials, as shown in Figure 1.1), which have donor character
(both defects are double donors). These defects are partially compensating MnGa
acceptors, thus lowering concentration of holes which changes (deteriorates in the
sense of Tc) the magnetic properties. It is discussed more in the next part how to
minimize their concentrations and, in consequence, how to optimize the magnetic
properties of (Ga,Mn)As.

a

Ga

b

Ga

Ga

Ga

Ga

As

As

Ga

Ga
Ga

As

MnI
As

Ga

MnGa

As

Ga

Mn

Ga

Ga

Ga
AsGa

Figure 1.1. (a) spin orientation in half-filled 3d shell of Mn ion according to Hund’s
rules. b) fcc zinc blende unit cell of (Ga,Mn)As grown at LT showing the lattice
structure and defects like substitutional (MnGa), interstitial (MnI) Mn, and arsenic
antisite (AsGa).
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1.3.2

LT grown GaAs and (Ga,Mn)As cases

MBE is a versatile method for deposition of layered structures of such materials as
semiconductors, metals, and organics. Use of the ultraclean, highly controllable MBE
technology enabled pioneering creation of thin film heterostructures, remote
doping, high carriers’ mobility structures, semiconductor lasers, radiation detectors,
and many others. Moreover, Nobel prize winning discoveries in condensed matter
physics, such as tunnelling phenomena in semiconductors, quantum fluid with
fractionally charged excitations, fractional quantum Hall effect – all share one – use
of a vacuum growth chamber of the MBE system for the sample preparation [McCray
2007].
Manufacture of FM (Ga,Mn)As with required Mn concentration and hole density is
challenging as Mn solubility in GaAs at equilibrium growth conditions is very low. Due
to that, bulk crystals of GaAs:Mn can be obtained only at doping limit. Two decades
ago it was reported (by Ohno et. al.), that using a highly non-equilibrium growth
technique i.e. LT MBE growth, the (Ga,Mn)As layers at Mn dilution level of 1 st. % 7 st. % (equivalent hole densities provided a 100 % doping efficiency of MnGa, would
be in the range 2.2×1020 cm-3 – 1.5×1021 cm-3) can be grown [Ohno 1996]. High quality
GaAs is grown at about 600 °C, whereas LT-GaAs and (Ga,Mn)As – below 300 °C. This
has an impact on the crystalline quality of LT grown layers, since ad-atoms are less
mobile on the LT growth surface and can be embedded in the non-equilibrium
positions (such as antisite or interstitial) in the lattice of the growing crystal.
Most important defects occurring in LT-GaAs are As antisites (AsGa maximal
concentration 0.5 at. %) and Mn interstitial (MnI up to 20 % of a total Mn content).
Both of them are double donors – effectively compensating part of the holes
introduced by substitutional Mn acceptors (MnGa). The first one also deteriorates
optical properties of GaAs, since it introduces trap levels located in the middle of
the GaAs host energy gap. The second one can be located in the vicinity of MnGa and
in such a case it couples antiferromagnetically to substitutional Mn excluding part of
MnGa ions from contributing to the FM phase. Indeed, such a situation is energetically
favourable since MnGa and MnI have opposite electric charges [Blinowski 2003]. MnI
has also a prevailing influence on the increase of the (Ga,Mn)As lattice parameter.
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Briefly, both AsGa and MnI are highly undesirable. Depending on the growth conditions
and Mn content, the (Ga,Mn)As layers can be metallic or insulating. The simplified
diagram describing the (Ga,Mn)As MBE growth is shown in Figure 1.2.

Figure 1.2. Optimal growth temperature (from pyrometer) for (Ga,Mn)As layers of
highest Mn concentration and lowest defect level. Reproduced from [Sadowski 2008].

The optimum growth temperature of (Ga,Mn)As is slightly below the MnAs
segregation line. Too low Tg increases concentration of As antisites, while higher Tg
leads to formation of MnAs inclusions. MnAs is unwanted as it forms surface islands
rendering further the 2D (layer by layer) growth impossible. Moreover MnAs is a FM
metal with TC around 310 K, thus its presence at the (Ga,Mn)As surface contributes
to the magnetic characteristics of the sample.

1.3.3

Curie temperature (TC)

“valence band model” and “impurity band models” of FM in (Ga,Mn)As
It should be noted that within the community of DMS, it is still not well established
if Mn induced impurity band is merged with or separated from the valence band of
the GaAs host. In the former case, the significant effects of Mn on the band structure
are typically included only within a mean field, virtual crystal approach. The latter
models consider the Fermi level to be located within an impurity band, which is
separated from the valence band, with either p- or d-orbital character.
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However, a clear separation of valence and impurity bands is not observed
experimentally, except possibly at low Mn concentrations [Keavney 2003],
[Kobayashi 2014]. Both types of models may offer some predictive power,
particularly for showing trends in TC and electrical/magnetic properties, but the
limitations should be carefully considered in each case [Edmonds 2015].
Critical temperature
FM phase in DFS is well described by Zener model [Dietl 2000], [Dietl 2001]. It is
equivalent to RKKY model in the case of semiconductors. This model allows
determining correctly the FM transition temperature for (In,Mn)As, (In,Mn)Sb,
(Zn,Mn)Te, (Ga,Mn)As.
The hole mediated mean field model (virtual crystal approach) is only valid when the
Mn states are hybrydized with the valence band. In this approach the paramagnetic
to ferromagnetic phase transition also known as critical temperature (TC) in
(Ga,Mn)As mainly depends on such factors: concentrations - xeff – active
substitutional MnGa and p – active holes: 𝑇C ~𝑥eff × 𝑝1⁄3 , where 𝑝 = 𝑥MnGa − 2(𝑥MnI +
𝑥AsGa ). The formula indicates requirements for high TC: the concentration of
substitutional MnGa should be as high as possible and interstitial MnI as low as
possible. From the second formula, the highest p concentration is obtained for high
concentration of substitutional MnGa and low concentration of defects (AsGa, MnI).
The price for increasing substitutional MnGa is the need to decrease Tg which results
in increase of AsGa defect concentration. Apparently both requirements are in
contradiction, which leads to an optimum maximum concentration of around 12 st.
% of Mn. Mn concentration higher than 10 % can be obtained only for very thin layers
(2D growth) as further growth realizes in appearance of unwanted MnAs islands (3D
growth).

1.3.4

Coupling (Exchange interactions)

Any model used to describe the origin of FM of DFS needs to consider the relevant
magnetic interactions. Weak strength of a direct dipole-dipole interaction does not
allow explaining electrons spin interactions [Ashcroft 1976]. The origin of FM is due
to the interplay between spin degree of freedom, Hund’s rules (repulsive Coulomb
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interactions between electrons, Pauli Exclusion Principle precluding two electrons
with the same spin to appear in a given quantum state) and the Fermi statistics
[Jungwirth 2006].
In the absence of carriers, the spins of magnetic ions can be coupled by
superexchange mechanism. The sp-d Zener or RKKY mechanism is responsible for
carrier-mediated spin-spin coupling of partly occupied conduction or valence sp
bands in extrinsic semiconductors or metals. Appearance of electrons or holes from
non-isovalent doping of magnetic insulator can lead to double-exchange coupling
mechanism. Sufficiently large overlap between d wave functions in itinerant carrier
system can cause domination of Stoner-like mechanism [Bonanni 2010].
Relations between exchange interactions are shown in Figure 1.3. Superexchange
and double exchange interactions describe DMS being on insulating side, while the
RKKY/sp-d Zener models describe DMS with metallic character.

Figure 1.3. Comparison of exchange interactions. The solid (dashed) lines represent
the main (enlarged) region of application. Adopted from [Duan 2005].

1.3.5

Anisotropies

Magnetic anisotropy fields belong to basic micromagnetic parameters of a
ferromagnet.
A large scatter of experimental results concerning micro magnetic parameters of
(Ga,Mn)As found in literature reveals the growth issues related to disorder. As
already mentioned in the paragraph 1.3.2, the concentration of donor-like defects,
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compensating MnGa acceptors is hard to control and strongly depends on the MBE
growth conditions. This scatter also reflects the possibility to tune intrinsic
properties of (Ga,Mn)As by varying growth temperature, hole and Mn densities,
orientation or type of substrate on which the (Ga,Mn)As layer is deposited.
The anisotropy fields are related to the energy required to coherently rotate
magnetic moments of the entire ferromagnet. They can be determined from external
magnetic fields required to reorient the magnetisation of a ferromagnetic sample in
magnetization or magneto-transport measurements, or from the field dependent
resonant frequencies in magnetization dynamics experiments [Khazen 2008], [Zemen
2009], [Wang 2005], [Liu 2006].

Magnetic anisotropy constant (K) or in other words volume anisotropy energy density
determines energy required to align magnetic moments from the easy axis to the
hard one. Reproducible and systematic trends of magnetic anisotropy (K) for
optimally and consistently synthesized (in the sense of maximum TC, e.g. minimum
compensation for given MnGa content) series of bare (Ga,Mn)As epilayers on
GaAs(001) substrate are shown in Figure 1.4 a [Nemec 2013].
a

c

b

Figure 1.4. (a) Dependence of magnetic anisotropy constants on nominal Mn doping
at 15 K. Ku, Kc, Kout uniaxial, cubic, out of plane anisotropic constants respectively.
Adopted from [Nemec et al., 2013]. Visualisation of strain effects: (b) (Ga,Mn)As layer
under biaxial compressive in-plane strain, (c) (Ga,Mn)As layer under biaxial tensile inplane strain. Magnetization is in red, shape anisotropy - blue.

Magnetic anisotropy in (Ga,Mn)As(001) layers consists of three components: two
acting in plane and one out of epitaxial layer plane. The out of plane component Kout
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is a sum of a thin-film shape anisotropy, magneto crystalline anisotropy due to the
strain caused by the lattice mismatch between the substrate and the layer. When
(Ga,Mn)As layer is grown on the GaAs substrate, the epilayer is under compressive
strain and Kout favours magnetisation to lie in plane for most of the Mn doping range
and high concentration of holes (see Figure 1.4 (a), (b)). However, the epitaxial
strain can be changed from compressive to tensile by using a substrate or relaxed
epilayer with the lattice parameter slightly larger than that of (Ga,Mn)As, e.g.
(In,Ga)As substrate or (In,Ga)As buffer layer. To impose the compressive stain in the
(Ga,Mn)As epilayer grown on relaxed (In,Ga)As buffer, the concentration of In should
slightly exceed concentration of MnGa, since both Mn and In increase the lattice
parameter of resulting ternary alloy [(Ga,Mn)As and (In,Ga)As, respectively] in the
similar way. Below TC, tensile strain in the (Ga,Mn)As forces Kout to flip sign (with
respect to the compressive strain case) and the film turns into an out of plane
ferromagnet [Abolfath 2001], [Dietl 2001], [Yamanouchi 2004], [Rushforth 2008],
[Cubukcu 2010].
The cubic ZB crystal structure of the semiconductor is mirrored in cubic
magnetocrystalline anisotropy Kc. Additional uniaxial anisotropy component Ku along
diagonal in plane occurs [Kopecky 2011], [Mankovsky 2011], [Birowska 2012]. Its origin
is still debated. There are suggestions that it is due to some anisotropy in Mn
distribution in (Ga,Mn)As ternary alloy caused by the anisotropy of (Ga,Mn)As surface
during the MBE growth [Birowska 2012]. Another explanation point on the presence
of very diluted stacking fault defects in (Ga,Mn)As epilayers [Kopecky 2011]. There
is also an alternative hypothesis stressing the inherent anisotropy of the (Ga,Mn)As
surface, i.e. the presence of ripples oriented along [1̅10] direction of (Ga,Mn)As(001)
surface, which can possibly be inherited by the layer below in form of slight
structural anisotropy [Piano 2011].
The magnitudes of the anisotropy constants Kc, Ku of in-plane magnetized (Ga,Mn)As
layers depend on Mn concentration, and temperature. At low Mn doping, the cubic
anisotropy, Kc dominates and the easy magnetisation axis aligns along the main
crystal axes [100] or [010]. At moderate Mn doping the magnitudes of Kc, Ku are
comparable, the two equilibrium easy axes are tilted towards the [11̅0] direction,
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but fluctuate in temperature as ratio Kc/Ku decreases with temperature [Wang 2005].
The origin of the magnetocrystalline anisotropies is the spin-orbit coupling of the
valence band holes mediating the ferromagnetic Mn-Mn coupling [Zemen 2009],
[Jungwirth 2014].
Typical values of anisotropic constant K for (Ga,Mn)As in plane – out of plane
configurations are in the ranges between 5000 erg/cm3 to 50000 erg/cm3 (500 J/m3
– 5000 J/m3) [Slupinski 2002], [Sawicki 2006].
Shape anisotropy
When the magnetization M inside a ferromagnetic body meets the surface, it has to
stop suddenly. This situation realizes in creation of magnetic monopoles on the
surface acting as sources of demagnetizing field inside an object and magnetic field
outside. The demagnetizing field can be an extremely complicated function of
position for a ferromagnet of arbitrary shape. A simple form is obtained for
ellipsoidal ferromagnet, where demagnetizing field Hd is uniform [Blundel 2003],
[Szewczyk 2012]. For the long cylindrical rod parallel to z, the demagnetizing tensor
has the lowest component along z direction, resulting in magnetisation to align along
the rod even in absence of magnetocrystalline anisotropy. This effect is known as
shape anisotropy, since an easy magnetisation axis is created due to the shape. In
the case of magnetic nanowire, it is expected to observe the easy magnetisation axis
along the NW. In the case of magnetic layer, the easy axis should be found in plane.

1.4

Nanowire heterostructures

1.4.1

Crystal structures of Si and GaAs

In this work, two different substrates are exploited for growing NWs: either Si or
GaAs. Si has four valence electrons in outermost orbital and creates tetrahedrally
coordinated covalent bonds. Si crystallizes in the diamond crystal structure (fcc).
GaAs consists of elements from III-V groups of periodic table and in tetrahedrally
arranged compound, each atom makes 4 covalent bonds. In the bulk form, GaAs
crystallizes in the sphalerite (ZB) phase. It is also possible to describe both structures
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by hexagonal unit cell by so-called surface hexagonal coordinate system. This system
is useful in description of different polytypes [Feidenhans’l 1989].
The lack of centre of inversion in GaAs unit cell results in polar surfaces of (111) and
(1̅1̅1̅), meaning that along space diagonal of the cubic cell (the [111] direction)
surface can terminate in two arrangements: by group III atom (Ga) or by group V
atom (As). To distinguish both cases, the planes are labelled as GaAs(111)A and
GaAs(111)B respectively. NW growth on both surfaces is possible. The influence of
GaAs substrate orientation on the NW growth is discussed later.

1.4.2

Zinc-blende-wurtzite polytypism

Under ambient conditions bulk semiconductors such as arsenides, phosphides, and
antimonides of aluminium, gallium, and indium occur in the cubic zinc-blende (ZB,
3C) crystal structure with the space group 215/F4̅3m (Td2 ). Highly anisotropic needlelike crystals such as NWs tend to grow in [111] direction of ZB structure.
Tetrahedrally coordinated ZB GaAs in the body diagonal direction possess a fixed
stacking ABCABC… . Each of the letters A, B, C corresponds to a bilayer of atoms,
each consisting of an anion and a cation layer. The periodicity is defined by three
bilayers (ABC). However, when GaAs is manufactured in the geometrical form of NW,
the studies of crystalline structure show deviancies from the bulk counterpart – a
high amount of twin-plane defects along body-diagonal growth direction [111] occur
[Mikkelsen 2004], [Johansson 2006], [Wacaser 2006]. The formation energy for a twin
plane can be very small, hence the faults are difficult to avoid even in bulk crystals
grown from the melt [Wacaser 2006]. Moreover, former growth experiments of
freestanding GaAs wires revealed that the manipulation of growth temperature could
lead to the formation of the hexagonal wurtzite (W, 2H) structure with space group
4
186/P63mc (C6v
) [Hiruma 1993], where the atoms are still tetrahedrally coordinated.

NWs of W structure grow along hexagonal c-axis parallel to [0001]. In this direction,
W GaAs possesses a fixed stacking sequence ABAB…, because of tetrahedra bond
rotation by 60°. The periodicity is reached after two bilayers (AB). The W and ZB
crystal structures share some similarities in terms of atomic arrangements. In both
cases, each atom forms four bonds with the nearest neighbours, and it is only the
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third nearest neighbour, which distinguishes the crystal structures with tetrahedrally
bonded atoms.
Not only growth temperature, but also III-V NW surface of facets shows influence of
ZB/W energetic stability in theoretical and experimental studies [Hilner 2008],
[Leitsmann 2007]. Moreover, nucleation processes and growth kinetics further
influence the atomic arrangement of freestanding 1D objects [Biermanns 2011], [Dick
2010]. In recent years, considerable progress has been achieved in growing structures
of pure ZB or W as well as regions of intermixing through stacking faults [Dick, Caroff
2010], [Shtrikman 2008]. Recent developments of aberration corrected TEM setups
enable thorough investigations of NWs, hence fluctuating stacking was found and
some ordered structures identified with such stacking sequence’s: 4H (ABCB… )
[Soshnikov 2008] or even 6H (ABCACB…) [Mariager 2007] in GaAs and other III-V NWs.
Stacking faults
A close packed lattice and the close packed planes are under consideration in a
simple model of perfect spheres (a sphere resembles bilayer) as shown in Figure 1.5.
This could lead to various stacking sequences and could even initiate a change in the
crystal structure. ZB and three most typical hexagonal crystal structure stacking
sequences are shown in Figure 1.5. These are so called polytypes [Kackell 1994].
Here the stacking sequence is alternating only in one direction as in III-V NWs along
the [111] growth direction, while keeping bilayers unmodified [Shtrikman 2009],
[Kriegner 2011].
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Figure 1.5. (a) closed packed layer of atoms. The A, B and C positions are marked
and A, B, C layers schematically shown. ABC sequence represents fcc lattice. An AB
stacking results in a hexagonal close packed structure; (b) (upper panels) stacking
sequences for fcc structures: ideal (3C), with an intrinsic-stacking fault (twin
boundary), and with an extrinsic stacking fault (SF). (lower panels) stacking sequences
for hexagonal polytypes: 2H, 4H, and 6H. A, B, C represent the three inequivalent
̅𝟎) and (𝟏𝟏𝟐
̅𝟎) planes respectively. A dot represents a pair of
positions within a (𝟏𝟏
atoms with the connecting bond along [𝟏𝟏𝟏] and [𝟎𝟎𝟎𝟏] respectively. Prepared
following [Bechstedt 2003]; (c) bonds in neighboring tetrahedra in cubic and hexagonal
arrangements. Arrows indicate the repulsive and attractive electrostatic interactions.
(d) Stick and ball models of 3C and pH (p = 2, 4, 6) polytypes presented in hexagonal
coordinate system. Cations: green spheres, anions: violet ones. A, B, C indicate the
stacking sequence of cation-anion bilayers. Primitive unit cells are shown for the pH
polytypes, while a non-primitive unit cell is depicted to illustrate the cubic symmetry.
̅̅̅̅𝟐𝟎) plane are indicated by thick gray lines. Adopted from
The bonding chains in the (𝟏𝟏
[Bechstedt 2013].

Hexagonality
The stacking sequence of ABC cation-anion bilayers for ZB crystal structure along
[111] direction is called 3C combining the periodicity (3) and Bravais lattice (cubic).
In a similar way, the W hexagonal crystalline structure is defined for [0001] direction
as 2H with a stacking sequence of AB. The 4H and 6H polytypes are combinations of
cubic and hexagonal double layers distinguished by different directions of the cationanion bonds to the [0001] direction. These polytypes with four or six bilayers have
eight and twelve atoms in hexagonal unit cells respectively. The 4H and 6H polytypes
still have the same space group as 2H W. The ratio of the number of hexagonal layers
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to the total number of double layers gives the percentage of hexagonality h. The
hexagonality of different polytypes is summarized in Table 1.1.
Table 1.1. Hexagonality.

Polytypes

3C

6H

4H

2H

Hexagonality (%)

0%

33%

50%

100%

The 2H, 4H, 6H polytypes of hexagonal nature lead to severe changes in the topology
of bonding along the cubic [111] or hexagonal [0001] axis [Panse 2011]. The
experimental results show that the occurrence of hexagonal bilayers tend to stretch
the distances of atomic layers parallel to the c axis and to reduce the in-plane
distances in comparison to ZB ones. Moreover, the lattice parameters scale linearly
with the hexagonality of the polytype (fraction of bilayers with hexagonal character).
In the theoretical calculations framework it was shown that in the case of ZB
compounds with direct energy gap, the corresponding W crystal has also direct gap,
however slightly larger [Yeh 1994]. Since the electronic band structure, e.g., the
fundamental energy gap, is linked to the lattice structure, this enables the
fabrication of polytypic heterostructures within the same material, like polytypic
superlattices [Kackell 1994]. This holds for transition region between two polytypes,
e.g., 3C-pH that is characterized by band offsets ΔEC (ΔEv) in the conduction
(valence) bands similar to those of a heterojunctions. Moreover, the offsets may form
energy barriers for electrons (holes). Indeed, in GaAs NWs a II type band alignment
has been observed between regions of 3C and 2H in optical spectroscopies [Spirkoska
2009], [Spirkoska 2012]. This can lead to quantum well structures for one carrier
type. Furthermore, the variation of the unit-cell size is accompanied by changes of
the Brillouin zone, which can affect transitions from an indirect to a direct character
of semiconductor. Electronic properties of systems consisting partially of hexagonal
crystals are affected by the presence of built-in electric fields due to the
spontaneous polarization [Resta 2010]. These effects have been experimentally
observed in W GaAs NWs, but they are much weaker than in the III-Nitrides [Bauer
2014]. For a complete understanding of NW properties, also the presence of strain
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emerging due to the stacking of different crystal polytypes needs to be taken into
account.
If we denote hexagonal lattice constants of a 3C polytype a and c with the lattice
parameter a0 to be 𝑎 = 𝑎0 ⁄√2, 𝑐 = 𝑎0 √3, they are connected by the relation
2𝑐⁄(𝑝𝑎) = √8/3, where p is a number of bilayers per unit cell. The value √8/3
corresponds to the ideal hcp lattice with an optimal packing fraction of 0.74.
Interestingly, the deviation from this ideal value is observed for GaAs what suggests
the existence of a hexagonal crystal field.

1.4.3

Heterostructures

Interesting aspect of NWs is a possibility to grow novel dislocation-free
heterostructures, which do not occur in 2D cases due to the high lattice mismatch.
Because of the small diameter of NWs, the strain can be accommodated without the
formation of dislocations and/or stacking faults, which is the case in thin films. This
freedom in the design of NW heterostructures further increases their functionality
and possible fields of applications. The examples of radial/axial NW structures are
shown in Figure 1.6.
1D growth nucleation
NW

Axial growth of heterojunction

NW

Axial growth of NW

Axial superlattice

NW

Radial growth of heterojunction

Radial heterostructures

Figure 1.6. 1D radial and axial heterostructures. Prepared following [Lauhon 2002],
[Gudiksen 2002].

As mentioned earlier, due to the low Mn solubility in GaAs NWs, it is impossible to
achieve high Mn doping at axial NW growth, thus it is advantageous to exploit the
benefits of radial heterostructures by preparing core-shell structures with LT grown
(Ga,Mn)As shells.
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In order to exploit possibile NW heterostructures comprising III-Mn-V DFS, the
following combinations were prepared for investigation in this thesis:
 Core-single shell heterostructures
 Core-multi-shell structures with barriers

1.4.4

Strain

Facets of NWs
III-V NWs possess hexagonal cross-sections along growth direction of [111]/[ 0001].
{11̅0} family planes terminate six facets of NW. Schematic atoms configuration is
shown in Figure 1.7 for (001) and (010) surfaces for comparison reasons. The
GaAs(110) surface is characterised by the rectangular unit grid (the lattice spacing’s
of {001} planes and {11̅0} planes are 5.653 Å and 3.997 Å, respectively) in contrast
to the square one for GaAs(001). As it can be seen in Figure 1.7 the polarity of both
surfaces differ along [001] direction. GaAs (001) is a polar surface, terminated either
by Ga or As atoms, while GaAs(110) is an non-polar one with equal amounts of Ga
and As atoms.
a

Zinc blende

b

Wurtzite

Figure 1.7. Surface atomic configuration of (a) ZB (𝟏𝟏𝟏), (𝟏𝟏𝟎) and (𝟎𝟎𝟏) oriented
GaAs; (b) respective orientations for W structure. Dashed lines indicate a 2D unit cell.
The filling of the circles defines the cation or anion character of the atom. Atoms of
different sizes belongs to different layers. Adopted from [Bechstedt 2003].
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This makes the epitaxial growth characterisation of GaAs(110) difficult as missing
surface reconstruction disables the precise in-situ control of growth parameters by
RHEED [Tong 1978].
Strain in heterostructures
Epitaxy is a method to grow crystalline material usually in a form of a layer (in our
case a NW shell) on a substrate (in our case on a template of NWs), which is of high
crystalline quality. In general, deposited layer mimics the crystalline structure of the
substrate. At least, there are two epitaxy modes: homoepitaxy – when both the layer
and the substrate are of the same material e.g. GaAs on GaAs, and heteroepitaxy –
when the layer and the substrate are composed of two different materials, e.g.
(Ga,Mn)As or (In,Ga)As on GaAs. In the case of large mismatch between lattice
parameters of both materials, a buffer layer between them is usually grown. In our
case (In,Ga)As is manufactured to tailor the crystalline strain in (Ga,Mn)As layer or
shell.
The beginning of the heteroepitaxial growth of crystals is characterised by layer
deformation in order to match the substrate at the interface. Depending on the
mismatch direction the tensile or compressive biaxial strain is induced in x and y
planar directions (in other words, in-plane), while the distances of atomic planes in
z direction adapt freely by shrinkage or expansion as shown in Figure 1.8, yet not
necessarily conserving the original volume size. This is called pseudomorphic growth
mode and lasts until certain thickness, so-called critical one is reached. The critical
thickness depends on the mismatch of crystals lattice constants and elastic
properties of the layer material. At the critical thickness, the accumulated strain
energy peaks (attains maximum value) after that the minimisation of energy occurs
in the form of stress relaxation by formation of dislocations. In the case, when it is
impossible to avoid, a compromise value of a certain concentration of defects and
dislocations is tolerated, even though it deteriorates optical or electrical and
magnetic properties. In order to obtain high crystalline quality film, buffer layer in
a form of thick relaxed layer, multilayer, or layer with composition gradient is grown
[Chyi 1996].
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a

a(Ga,Mn)As > aGaAs

Compressively
strained layer

b

a(Ga,Mn)As < a(In,Ga)As

Tensilely strained layer

Figure 1.8. Schemes for growth of coherent structures. (a) (Ga,Mn)As layer on GaAs
substrate is compressed in the X-Y plane; (b) (Ga,Mn)As layer on (In,Ga)As buffer layer
is expanded.

Poisson effect – deformation of the unit cell
If two materials of slightly different lattice constants are combined coherently strain between them is induced. When the layer – substrate system is under stress,
mainly layer is deformed [if the thickness of the substrate is much larger (3-4 orders
of magnitude) than that of the epilayer]. Significant elastic strain energy is stored in
such structure, e.g. accommodation of a lattice mismatch of just 1 % in the coherent
way produces a stress field equivalent to 2 GPa, assuming a shear modulus of 5×1010
Pa and a Poisson’s ratio of 0.33. However, if the volumes and stiffness constants of
both materials are comparable both of them will be strained (in different directions)
and in the interface, both materials will adjust their lattice parameters to the
equilibrium value (𝑎‖ ), which can be found from such relation (mean value of
parameter of interest):
𝑎‖ =

𝑐 𝑠 ℎ𝑠 𝑎0𝑠 +𝑐 𝑐 ℎ𝑐 𝑎0𝑐

(A1)

𝑐 𝑠 ℎ𝑠 +𝑐 𝑐 ℎ0𝑐

where 𝑎0𝑠 , 𝑎0𝑐 lattice constants of bulk materials; ℎ 𝑠 , ℎ𝑐 thicknesses; 𝑐 𝑠 , 𝑐 𝑐 –
stiffness constants of shell and core respectively.
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Figure 1.9. Schematic positions of atoms in the core and the shell under
compressive strain in the interface plane and dilatations in perpendicular directions –
Poisson effect. Solid lines indicates initial unit lattice size (𝒂𝒄𝟎 < 𝒂𝒔𝟎 ). Distortion is
shown along [𝟎𝟎𝟏] and [𝟏𝟎𝟎] directions.

Change of the in plane lattice constant 𝑎‖ results in the change of the out of plane
one 𝑎 (of opposite sign). Such changes due to the strain are shown in Figure 1.9 and
are called Poisson effect. If the lattice constant of the core is smaller than that of
the shell, the latter is shrunk in-plane and the out of plane 𝑎 increases (“plane” is
defined as a NW sidewall facet here). A decrease in 𝑎 is observed for 𝑎0𝑐 > 𝑎0𝑠
situation.
Strain has significant influence on magnetic, electronic and optical properties of
materials. In this thesis, we are mostly interested in controlling magnetic properties.
Due to the magneto-crystalline effects, it is possible to modify the magnetic
anisotropy by strain, as described below.
Strain (mapping) in crystalline core-shell NWs
Crystalline materials are characterised by anisotropic elastic properties. Moreover,
core and shell may differ in stiffness constants. In addition, NWs can differ from
cylinder shape with round cross-section and, indeed, faceting features are usually
present. Therefore, calculation of strain distribution in the core-shell semiconductor
NW structures is a difficult task. Various methods have been applied to analyse strain
configuration quantitatively, what requires numerical computation of local strain
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either using microscopic model such as valence force field model [Keating 1966], or
performing finite element model treatment of the continuum elasticity theory
[Gronqvist 2009]. An example of numerically calculated strain map shown in Figure
1.10 below is taken from ref [Boxberg 2012].

Figure 1.10. Calculated strain in core-shell NW structure showing complex strain
distribution. Taken from [Boxberg 2012].

Analytical formulas are also available [Raychaudhuri 2006], [Rigutti 2011].
For our analysis, we focus on understanding the stress in the (Ga,Mn)As shell. We
treat primary GaAs core just as a template or support to carry the shell. However
the strain profile of the shell is very complex since (Ga,Mn)As shell is in contact with
GaAs core on one side and the vacuum on the other side, so a strong strain gradient
within the shell is expected. On the other hand, strain in the core is expected to be
more homogeneous, as it is covered by the shell in all directions. Moreover, to
simplify the analysis, it is generally assumed to treat the core as having circular
cross-section with uniform strain in the radial plane. It was shown in ref [Ferrand
2014] that cylindrical approximation is good. In general, the strain tensor is a second
rank tensor possessing six independent components. The NW symmetry allows
reducing the number of independent components from 6 to 2. Practically, such
symmetric tensor allows measuring the strain tensor just performing two different
measurements.

26

Chapter 1 INTRODUCTION

Elastic properties/Elastic behaviour
Microstructure of core-multi-shell epitaxial heterostructures highly depend on
materials elastic properties, hence knowledge of these is important.
̅𝟎)
Cubic crystal on GaAs(𝟏𝟏
The final relation defining relaxed lattice parameter (𝑎r ) through measured values
of lattice parameter along NW (𝑎‖ ) and normal to NW facet ( 𝑎 ):
c′13
c ′ 11 + c′12
𝑎𝑟 = ′
𝑎 +
𝑎
𝑐 11 + 𝑐 ′ 12 + 𝑐′13 ‖ 𝑐 ′ 11 + 𝑐 ′ 12 + 𝑐′13 
̅𝟎)
Wurtzite crystal on GaAs(𝟏𝟏𝟐
In hexagonal (Cartesian) (primary) xyz related to hexagonal structure, the angle
between xy axes is 120°. GaAs NW sidewalls of W crystalline structure can be found
in two orientations: (101̅0), (112̅0). 𝐶ijkl tensor is invariant under any rotation around
the c axis (z ordinate), so it is ready to relate to NW coordinate system.
Recalculation of W lattice parameters into ZB ones is performed by such relations:
𝑍𝐵
𝐺𝑎𝐴𝑠
𝑎𝑎
= √2𝑎𝑤

3

𝑍𝐵
𝐺𝑎𝐴𝑠
𝑎𝑐‖
= √4𝑐𝑤

Final relation defining relaxed lattice parameter through measured values of lattice
parameter along NW and normal to NW facet:
𝑍𝐵
𝑎𝑎𝑐𝒓
=

1.5

c13
c11 + c12
𝑍𝐵
𝑎𝑐‖
+
𝑎 𝑍𝐵
𝑐11 + 𝑐12 + 𝑐13
𝑐11 + 𝑐12 + 𝑐13 𝑎

NW Synthesis

A characteristic feature of NWs is high aspect ratio (length to diameter). Usually a
diameter is in the scale of nm and a length can reach several (tenths) of µm. In
quantum wires the electron movement is constrained in two directions (diameter is
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comparable either to the De Broglie wavelength (less than 5 nm) or to the mean free
path length of charge carriers [Datta 1997]). The third direction is not constrained.
NWs may be prepared by a top-down approach using well-established lithographic
techniques (etching), or by growing within nanoporous membranes. Another method
is named a bottom-up approach and is based on a spontaneous formation of
nanostructures in various chemical reactions or on vapour deposition processes on
crystalline substrates. In this work, we employ a variety of MBE growth regimes to
obtain self-assembled complex nanowire heterostructures composed of nonmagnetic
semiconductor HT and LT-GaAs, (In,Ga)As, (Al,Ga)As; diluted ferromagnetic
semiconductor (Ga,Mn)As), and ferromagnetic metal (MnAs) [Sadowski 2007],
[Sadowski 2008], [Sadowski 2011], [Gas 2013], [Kasama 2015], [Šiušys 2014].
Different growth mechanisms and growth methods for semiconductor NWs that are
fabricated using bottom-up approach are discussed in the following sections. First,
brief historic overview of the development of VLS mechanism for NW growth is
presented. Later, the main aspects of modern interpretations of NW manufacture,
growth kinetics and NW nucleation theory are overviewed.

1.5.1

Semiconductors NW Growth Mechanisms

Growth model
Prior to the 1960’s Eshelby showed a screw dislocation induced growth from vapour
resulting in continuous vertical elongation of a whisker [Eshelby 1953]. Such growth
is known as a Frank mechanism, where the crystals grow at relatively low
supersaturation due to the high ad-atom sticking coefficients on steps of screw
dislocations [Frank 1949]. In pioneering growth by MBE in 1969, a self-induced growth
of whiskers was identified as a defect occurring at improper growth conditions of
layers [Arthur 1969]. However, the first observation of catalyst-induced growth of
NWs by VPE and vapour-liquid-solid (VLS) model was proposed in 1964 [Wagner 1964].
According to this model, the main role is played by metal nanoparticles (usually
gold), which remain solidified at the top of whiskers after the growth. For many
vapour-phase techniques, they are not only a reservoir for impinging atoms, which
will constitute the NWs, but also decrease the cracking temperature of precursor
molecules. This is not necessary and is simpler in the MBE growth, since NWs are
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formed from atoms directly supplied by molecular beams. Furthermore, the ad-atom
diffusion on the substrate and on the NW facets is best understood in the MBE growth
mode. Hence, for radial core-multi-shell heterostructures MBE suits the best. In
terms of the MBE grown NWs, a word “catalyst” should be omitted and the proper
terminology should be used: “metal (self)-induced growth”. In the seminal paper
published in 1975, Givargizov outlined temperature dependent kinetic aspects of the
VLS mechanism: whisker diameter dependence on supersaturation, poly-nuclear
growth, the role of the liquid phase, and surface diffusion [Givargizov 1975]. He
described the fact, that whiskers below a critical diameter do not grow, by the GibbsThomson effect, where the supersaturation is dependent on the diameter of the Au
particle. Yazama announced a transition between whiskers era and NWs era by
demonstrating a 20 nm diameter InAs NWs accidental growth [Yazawa 1991], [Yazawa
1992]. The ground-breaking discovery that III-V NWs can occur in hexagonal wurtzite
structure [Koguchi 1992], despite the fact that bulk and two-dimensional growth of
these compounds leads to strictly cubic, zinc blende structure [Vurgaftman 2001]
was one of the factors stimulating further research activity in this field
Modern approaches
Mainly groups of V. G Dubrovski and F. Glas accommodated the latest experimental
results in the theory [Dubrowski et al. 2005 – 2015], [Glas et al 2007 – 2014], starting
from 2004 by extending the Givargizov model [Givargizov 1975] of VLS mechanism
[Dubrovskii, Sibirev 2004]. In this work, the authors explored nucleation processes,
particularly for mononuclear case, as NWs are several order of magnitude smaller
than the rods analysed by Givargizov. In addition, they concluded that the driving
force for the phase transition from liquid to solid is the supersaturation of a liquid
droplet, in contrast to vapours as defined by Givargizov. For very Ga-rich conditions,
where the droplet is highly supersaturated and the diffusion on NW sidewalls is
negligible, Dubrovski described dependence of NW growth rate on the NW radius by
expanding Givargizov and Chernov model [Givargizov 1973], which accounts GibbsThomson effect and direct impingement of material to the droplet [Dubrovskii,
Soshnikov 2004]. Later on, a growth model was extended to include Ga diffusion from
the bottom to the top of NW [Dubrovskii, Cirlin 2005]. In addition to V. G Dubrovski
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NW kinetic growth theory, F. Glas has developed a nucleation theory, in order to
explain a polytypical crystal structure of NWs [Glas 2007]. In 2008, both groups
combined the theory of diffusion and nucleation [Dubrovskii, Glas 2008]. Later Glas
showed the importance of a group V element in the nucleation process [Glas 2010
b]. At present, it is somehow explained both due to theoretical modelling and due
to experimental data, how to manipulate the crystal structure of Au-induced NWs
[Krogstrup 2011], [Zhang 2015]. However it is still not completely clear, which
factors are decisive here; e.g. some experimental results are contradictory to the
theoretical ones [Henini 2013]. For example, it is not well understood, why the
growth conditions promoting W or ZB phase for Au-induced GaAs NWs are opposite
for MBE and MOVPE growth techniques (for MBE high V/III ratio promotes W phase,
and low V/III promotes ZB phase, where as for MOVPE this is reversed) [Lehmann
2015]. Starting from 2008, a considerable progress in the theoretical modelling and
experiments has been achieved also in Ga-induced (self-induced) NW growth
[Krogstrup 2013], [Rieger 2013], [Yu 2012], [Tersoff 2015].
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Figure 1.11. A schematic illustration of NW growth by VLS method. a) Initial
condition with liquid droplet on substrate. b)-c) growing crystal with liquid droplet at
the tip. [Wagner 1964], d) processes during the growth of NWs: (1) direct impingement
onto a droplet, (2, 5) desorption from the droplet and from lateral facets, (6, 4, 3)
diffusion from the surface to lateral faces and from lateral faces to the tip, and (7)
growth of the parasitic layer between NWs. The inset illustrates nucleation from
supersaturated solution of the droplet. Prepared on the grounds of [Li 2007].
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To achieve an anisotropic crystal growth, numerous mechanisms were proposed and
investigated. They are classified according to the phases’ involved in the reactions:
vapour-liquid-solid (VLS), vapour-solid-solid (VSS), vapour-solid (VS). Applying these
mechanisms a variety of materials has been successfully fabricated: III-V: GaAs [Duan
2000], [Colombo 2008], [Persson 2004], InAs [Jensen 2004], GaP [Martensson 2004],
[Tang 2000], GaN [Duan 2000 b], [Songmuang 2007], InP [Duan 2001], InSb [Ercolani,
2009]; II-VI: ZnSe [Aichele 2008], ZnTe [Janik 2006], [Wojnar 2012], CdSe [Yang
2002]; IV-VI: PbTe [Dziawa 2010], [Jang 2009], [Volobuev 2011]; oxides: ZnO [Pan
2001].

1.5.1.1 The Vapour-Liquid-Solid
As mentioned above, this mechanism was originally employed to explain the growth
of crystalline silicon whiskers on Si(111) substrate [Wagner 1964]. In the production
of anisotropic nanostructures, this is the most studied and applied mechanism. Here
the three material phases are harmonically matched: a source material in the vapour
phase and a liquid metal nanoparticle supersaturated by atoms from vapours. After
precipitation a solid NW crystal is formed. The main steps of VLS process are alloying,
nucleation and elongation. During the first stage, a metal preliminary deposited on
the substrate absorbs impinging atoms from vapour and forms eutectic nanoparticles.
After incubation time required the liquid intermetallic compound to become
supersaturated, a high quality solid crystal starts to nucleate at the liquid alloy
nanoparticle-substrate interface. In addition to the droplet acting as a sink for the
incorporation of a new material into the NW at high rate, it also controls the
diameter of the NWs, if it stays at the top. Furthermore, it was shown that, the
crystalline structure depends on droplets geometry/shape, volume and wetting
conditions on the NW top facet [Krogstrup, 2011]. Continuation of supplying
materials in the gas phase keeps nucleation of nanoscale crystals inside the droplet.
This results in elongation of NW by pushing nanoparticle away from the substrate.
The growth direction depends on the NW diameter, but for larger ones [more than
10 nm in diameter, the [111] growth direction prevails due to the lowest energetic
state taking into account a large surface of NW [Mohammad 2014]. The trunk of NW
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can be cylindrical or show faceting. For the case of GaAs NWs the tendency of growth
is along [111] with hexagonal cross-section for ZB and along [0001] for W crystal
structures. Facets of ZB crystalline structure are usually found to be parallel to {11̅0}
or {112̅} planes [Spirkoska, Abstreiter 2009], [Zou 2007], while in W – two orientations
of facets have been identified: (112̅0) and (11̅00) [Hjort 2013]. The surface energy
is lower for later orientation, while the (112̅0) side facet represent energetically
unfavourable sidewall configuration [Sibirev, Timofeeva 2010]. The different surface
energy is a result of difference in chemical potentials of the (11̅00) and (112̅0)
sidewalls. Due to this reason, the diffusion of ad-atoms is directed to decrease the
size of energetically unfavourable facet in favour of (11̅00) one [Wagner 2010].
Nanoparticles
Gold nanoparticles are chosen most frequently as seed material for NWs growth due
to several reasons: low eutectic point with elements commonly occurring in
semiconductors (Si, Ga, In), and easy access to different sizes of particles. Colloidal
Au particles of different sizes are commercially available. However, special
chemicals should be used to increase their adhesion to the surface. Another way of
producing nanoparticles is by annealing of a preliminary deposited Au layer. It is
supposed that the density of nanoparticles could be affected by the Au layer
thickness. However, we have not observed any trend in the range of the Au layer
thickness of 0.5 Å – 10 Å. The details are discussed further in the 0.
We have also tried to obtain regular size (diameter) of NWs by covering substrate by
Au colloids. However, the growth did not start. As gold wetting properties depend
on GaAs surface dangling bonds, a way to reduce the size of gold is to use substrate
of higher hkl indices. In addition, wetting properties are of central importance for
Ga-induced growth of NWs as Ga wets GaAs surface, hence a non-wetting additional
layer should be used, e.g., SiO2 [Russo-Averchi 2015]. An important issue is SiO2
thickness, as on too thick one the growth does not start, while on freshly cleaved
edge it does [Jabeen, Grillo 2008]
Gold is known to behave as an unwanted impurity, which can be found in both Si and
GaAs NWs grown by Au-assisted method, affecting their optical and transport

32

Chapter 1 INTRODUCTION

properties [Dupré 2012], [Bar Sadan 2012]. In order to avoid nonintentional doping
of NWs with gold, the Au-free NW growth should be applied. However, when doping
is required, the VLS model is generally extended to other metals. For example,
attempts to promote grow of GaAs NWs by Mn [Martelli 2006], [Bouravleuv 2013],
MnAs clusters [Sadowski 2007], Bi [Essouda 2015] were performed. The Mn (MnAs)
incuced NW growth was used along with an idea to exploit possible Mn diffusion into
NWs in order to dope them with magnetic ions. Another approach, widely used
nowadays, is to exploit metal constituting the NWs, e.g. Ga, or In in GaAs or InAs
case, respectively [Plissard 2010], [Dimakis 2011].
It is still open question, if, in some cases, e.g. Au-induced growth of InAs NWs,
metallic nanoparticle is liquid or solid [Tchernycheva 2007]. It is especially valid for
aforementioned external metals and multi-component eutectics. VSS is an
alternative explanation where the growth takes place at a temperature lower than
the eutectic point, hence nanoparticle is partially or all solid. Depending on the
temperature, the liquidity of a metal-semiconductor alloy nanoparticle can be
visualized as shown in Figure 1.12.

Figure 1.12. Models of ad-atoms incorporation into growth front (orange): (a)
ordinary VLS. (b) nanodroplet is partially molten. Only nanodroplet surface and the
interface are liquid, while the core of it is solid. (c) nanodroplet is solid, yet the
interface is liquid. Prepared on the grounds of [Wang 2008].

There are reports showing VSS growth below the eutectic point for different type of
semiconductor NWs induced by external metals: Al induced Si NWs [Wang 2006], Ti
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induced Si NWs [Kamins 2001], Au induced GaAs NWs [Hiruma 1995], [Ohlsson 2002],
[Persson 2004 b], Sn induced GaAs [Sun 2015].
In both VLS and VSS growth, the interface between the NW and the droplet provides
a sink for incorporation of growth atoms. However, it is assumed that solid or liquid
phase of metal nanoparticle (nano-droplet) does not affect the quality of NW
material [Kolasinski 2006].
Nucleation model and crystal structure control
It has been observed, that crystallographic structure of GaAs NWs is dominated by W
structure, in spite of the fact that bulk material and layered structures are found in
ZB. The energy difference per atomic pair between W and ZB structures in bulk GaAs
is higher by 19 meV [Shtrikman, Kacman 2009] or 24 meV [Yeh 1992]. In contrast,
the surface energy is lower for W due to the lower number of dangling bonds (4/3
bonds and one bond per layer for ZB and W respectively) [Yamashita 2010],
[Shtrikman, Kacman 2009]. Non-passivated, non-oxidized crystal terminates with a
surface of unsaturated dangling bonds, which play the main role in NWs due to the
high surface to volume ratio. A difference higher than about 10 meV should lead to
NWs with stable structure at typical growth temperatures. It was shown theoretically
and realized practically that low diameter NWs (diameters lower than 10 nm) are of
pure W structure [Shtrikman, Kacman 2009]. Aforementioned considerations are
valid only in the frame of crystal structure control by thermodynamic processes.
However, the recent nucleation theory rejects this and the phase selection is mainly
explained by the growth kinetics – by differences in chemical potentials.
The cross-section of NW is small; hence, the nucleation process is assumed to be
mononuclear. It means that on finished monolayer the growth is induced by the
formation of one nucleus – the single starting point for the next monolayer. There
are two characteristic steps in the nucleation process [Glas, Harmand 2010]: (i) rapid
formation of a nucleus island and completion of a monolayer, (ii) longer period
between two nucleation’s, mainly to refill the droplet with As. The second process
mainly determines the growth rate of NWs. The origin of such behaviour is low
solubility of As in Au/Ga droplet so that whole amount of As is consumed for creation
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of a monolayer and some time is needed to refill it. The nucleation probability is
described by a saw-tooth function and the effect is known as the nucleation anti
bunching effect [Glas, Harmand 2010].
Nucleation can occur on different sites on the droplet-NW boundary: (i) in the centre
of the boundary, (ii) on a triple phase line. The nucleus position together with the
droplet shape influences the NW crystal structure as shown in Figure 1.13 according
to both theoretical and experimental work [Krogstrup 2011], [Yu 2012].
a
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Theoretical
investigations

Observations in
experiments

Figure 1.13. Theoretical nucleation model and experimental crystal phase control
confirmation based on nanodroplet size and its wetting of NW sidewalls. Adapted from
[Krogstrup 2011] and [Yu 2012].

Properties and general trends, observations for GaAs NW growth
For NWs grown by MBE a high V/III flux ratio favours W and in opposite – ZB phase
(the reversed trend holds for NWs grown by MOVPE). The main explanation is the
dependence of liquid droplet shape, volume, wetting on the V/III flux ratios.
Both Au-induced and Ga-induced NWs growth share many similarities, yet there are
differences. A specific property of self-induced NWs growth is that, if Ga supply is
switched of and NWs are exposed just to As flux, the Ga nanoparticle is consumed
and the growth stops, but it is possible to resume further growth of NWs [Priante
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2013]. Furthermore, already grown NWs are possible to thin by exposure to
temperature similar or a little bit higher than the growth one, making atoms
constituting NW to sublimate (sauna effect) [Loitsch 2015].
Properties and general trends, observations for (In,Ga)As NW growth
An important observation noted for the growth of III-III-As NWs is that the
composition ratio between the group III elements in the alloy is different from what
was expected taking the growth of 2D epitaxial layers as a reference [Jabeen 2008].
In addition, the composition can be inhomogeneous axially or/and radially. In
(In,Ga)As NWs it was found that In content increases moving from the bottom towards
the tip [Jabeen 2009]. For As overpressure condition, only different diffusion lengths
of the group III ad-atoms can explain such observations. The In diffusion length is
higher than Ga one [Verschuren 1999].

1.5.2

Growth of magnetic shells and their properties

Manufacture of smooth LT-GaAs [Diaz Álvarez 2015], not mentioning the (Ga,Mn)As,
shells on primary NWs ensemble template is a difficult task. The growth window for
uniform (Ga,Mn)As is quite small and very high calibration accuracy of the MBE
growth temperature is required. As shown in Figure 1.14 in comparison to 2D layer
growth only certain range of Mn concentrations is available for production of the
smooth shell.

Shell

Figure 1.14. Schematic grow window for smooth FM shell of (Ga,Mn)As (green) in
front of layer growth window (adapted from [Dietl 2014]).
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Magnetic anisotropy in NWs
Magnetic materials are rich in their remarkable properties. One of them arises due
to existing boundaries of material – shape effect. In the case of NWs, the poles
emerge at the ends of NW, thus the easy and hard magnetisation axes naturally occur
in the directions along and across NWs. The magneto-crystalline anisotropy can be
modified by strain. The epitaxially induced strain influences the strength of the
magneto crystalline effect, due to the difference in the lattice constant between
the core and the shell of NWs. In the case of magneto crystalline anisotropy being
stronger than that induced by the shape, the orientation of easy magnetisation axis
may change, for example, from along to across NW in 1D case.
Strain in core-shell structures
The Mn content in the (Ga,Mn)As NW shells was chosen to be equal to 5 st. %. The
equilibrium lattice parameter at the interface between the core and the shell (a0 inplane

and ain-plane) was calculated by A1 equation and compared to the lattice
Ga0.95 Mn0.05 As

parameter of the shell (𝑎0

and a of shell) for ZB and W structures

respectively for shell thickness of 12 nm and the radius of core 38 nm (Figure 1.15).
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Figure 1.15. The equilibrium lattice parameters a0 in-plane of ZB (a) and ain-plane of W
(b) crystalline structures at the interface between InxGa1-xAs core and Ga0.95Mn0.05As
shell calculated by A1 equation and compared to the lattice parameter of the shell (a0
and a of shell with 5 % of Mn).
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The trend is a constant increase of a0 in-plane due to the increase of In concentration
in (In,Ga)As core. At In concentration exceeding 3 st. %, Ga0.95Mn0.05As shell is already
in tensile strain state. This holds for cubic crystal case, but for W case, similar trends
for a lattice parameter are obtained.
The lattice parameter of the Ga0.95Mn0.05As would be smaller than that of the
(In,Ga)As(001) with In content higher than 5 st. % as follows from Figure 1.15.
However, in contrast to the 2D case, here both (In,Ga)As and (Ga,Mn)As are
subjected to strain, due to the similar volumes of the core and the shell (the shell is
12 nm thick, the radius of the core is 38 nm, the NW length equals 1.6 µm, the
density of NWs is 2×109 cm-2; see Figure 1.16).
Vall shell and Vlayer between NWs

Vshell and Vcore

42%
58%

Total volume of
NW shells

38%

Vshell
Vcore

62%

Volume of layer
between NWs

Figure 1.16. Comparison of (a) core and shell volumes and (b) volume of shells and
layer between NWs. Analysed for shell thickness of 12 nm and the radius of core 38
nm, length of NW 1.6 µm, density of NWs 2×109 cm-2.

Hence both of them are under stress (however, in opposite directions), the shell
being two times less stressed than the layer deposited on a thick substrate with the
same lattice parameter as the NW core one. Additionally, different crystallographic
and spatial orientation of the sidewall facets should be taken into account. Moreover,
the growth mechanism involved in the MBE growth of planar (In,Ga)As layers is
different than Au-nanoparticle-induced growth of (In,Ga)As NWs performed at
identical conditions. The actual concentration of In in the (In,Ga)As NWs is lower.
Hence, the In/Ga flux ratio during the growth of (In,Ga)As NWs with the given In
content must be higher than that used for deposition of (In,Ga)As planar layer. The
In content of (In,Ga)As ternary alloy is routinely calibrated by standard procedures
based on RHEED intensity oscillations registered during the growth of GaAs and
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(In,Ga)As layers on a test GaAs(100) substrate without gold catalyst (the In content
is evaluated form the growth rate increase of (In,Ga)As with respect to GaAs). This
is in agreement with previous reports (e.g., about 20 % lower incorporation of In into
wurtzite (In,Ga)As NWs compared to the In content in the (In,Ga)As(100) planar layer
has been reported by [Jabeen 2008]).
Magnetic anisotropy of (Ga,Mn)As: from layers to shells
In this part, a theoretical model of magnetic anisotropy for NWs is developed
following the ideas valid for layers.
(Ga,Mn)As is a material rich in magnetic anisotropies. The TC of a paramagnetic-toferromagnetic phase transition and magnetic anisotropy of (Ga,Mn)As is governed by
Mn content, concentration of valence band holes, temperature and epitaxial strain
[Dietl 2001]. For FM layers the shape anisotropy due to dipolar interactions results in
easy magnetization axis oriented in plane. In (Ga,Mn)As layers this effect is relatively
weak and magneto-crystalline anisotropy influenced by the epitaxial strain
determines the easy magnetization direction.
For (Ga,Mn)As(001) layers with the Mn content above ~ 2% and sufficiently high
concentration of valence band holes the easy magnetization axis is parallel to the
layer plane for the film, which is under compressive strain, and out of the plane
(perpendicular anisotropy) in the tensile strain case, as shown in Figure 1.17 a, b.
Thus, the magnetisation is in plane, when (Ga,Mn)As of moderate dilution (5 st. % –
10 st. %) is grown on a material (001 orientation) with smaller lattice parameter, for
example, GaAs(001). While it sticks out of plane when (Ga,Mn)As is grown on a
material (001 orientation) with lager lattice constant, for instance, (In,Ga)As(001)
with In content exceeding the Mn one. Additionally, it should be mentioned that for
low hole and low Mn concentrations (1 st. % – 3 st. %) the magnetic anisotropy in
(Ga,Mn)As reverses, e.g. it is in plane for tensile strain and out of plane for
compressive strain. Moreover, it can reorient by changing the temperature, i.e. at
higher temperature it jumps back to the “typical” one [Sawicki 2006].
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a
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Shell – Core – Shell

Shape
anisotropy

d

Shell – Core – Shell
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𝑴

𝑴

Figure 1.17. (Ga,Mn)As on GaAs(001) case: (Ga,Mn)As layer under (a) compressive
and (b) tensile in-plane strain. Magnetization is in red, shape anisotropy in blue arrows.
(Ga,Mn)As shell under (c) compressive and (d) tensile in-plane strain, with
magnetization along and across NW axis respectively.

Schematically core-shell heterostructures in the NW geometry can be obtained by
combining two aforementioned systems of substrate-layer as shown in Figure 1.17
(c), (d). Neglecting the weak shape anisotropy due to the NW geometry, the
magnetization is expected to be parallel to the their axes, when the lattice
parameter of (Ga,Mn)As shell is larger than that of the (In,Ga)As core (compressive
strain of the shell). However, it is perpendicular to the NWs axes in the opposite
situation (tensile strain of the shell).
This entire schematic picture would be acceptable, unless the orientation of facets
would not differ from {001}. From the TEM characterisation of NWs facets, it was
found that it belongs to {11̅0} or {112̅} for ZB and {112̅0} or {11̅00} for W cases
depending on diameter and growth conditions. Thus, the magnetic anisotropies of
aforementioned orientations are of interest. Unfortunately, there is only limited
data available for (Ga,Mn)As layers on GaAs(110) [Wurstbauer 2008], [Wurstbauer
2007]. These layers demonstrated cubic anisotropy, with three easy axes oriented

along the main axes of a cube (coordinate system): [100], [010], [001]. The
schematic illustration is depicted in Figure 1.18, where one of the easy axes is in
plane and other two are sticking out of plane at an angle of 45°.
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Figure 1.18. (Ga,Mn)As on GaAs(110) case: (Ga,Mn)As layer (a) under compressive
and (b) tensile biaxial in-plane strain. Magnetization is in red, shape anisotropy in blue
arrows.

Theoretically, the magneto-crystalline anisotropy influenced by epitaxial strain
should reorient the easy magnetization directions for the (Ga,Mn)As layer on
(In,Ga)As with In concentration exceeding Mn as shown in Figure 1.18, b.
Magnetic anisotropy in the core-shell NWs
In the case of NWs described in this dissertation, the orientation of (In,Ga)As six
sidewall-facets of the cores is {11̅0} for ZB and {112̅0} for W case. Every two walls of
the facets are parallel to each other and magnetic anisotropies are similar for them.
Hence, there are at least four sources of magnetic anisotropy: along NW in addition
to facets leading to very complex general magnetic anisotropy. Usually, throughout
this thesis magnetic properties of only two orientations were investigated: parallel
(along) and perpendicularly (across) to the ensembles of NWs. Thus, the projections
of magnetic moment into these orientations are registered.
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1.6

Thesis outline and investigated samples

Four types of NWs are investigated in terms of their structural and magnetic
properties:
 Core-single shell heterostructures:


GaAs-(Ga,Mn)As (ZB);



(In,Ga)As-(Ga,Mn)As (W).

 Core-multi-shell structures with barriers:
 A single barrier between core and shell:


(In,Ga)As-(Al,Ga)As-(Ga,Mn)As (W).

 Two barriers on both sides of (Ga,Mn)As:


(In,Ga)As-(Al,Ga)As-(Ga,Mn)As-LT-GaAs (W).

The heterostructures listed above have been investigated in the following aspects:
 Analysis of strain for manipulation of magnetic anisotropy fields.
 Induction the growth of NW in wurtzite crystalline structure.
 Confinement of charge carriers.
The experiments of the last point are devoted to modify the magnetic properties by
decreasing the possible channels of carriers out-diffusing or carrier-depletion effects
in (Ga,Mn)As shell.
The list of main samples investigated throughout thesis:
 Sample A: NW 38 – GaAs-(Ga,Mn)As (ZB) Au-induced VLS on GaAs(111)B;
 Sample B: NW 47 - GaAs-(Ga,Mn)As (ZB) Ga-induced VLS on Si(111);
 Sample C: NW 52 - (In,Ga)As-(Ga,Mn)As (W) Au-induced VLS on GaAs(111)B;
 Sample D: NW 114 - (In,Ga)As-(Al,Ga)As-(Ga,Mn)As (W) Au-induced VLS on
GaAs(111)B;
 Sample E: NW 122 (In,Ga)As-(Al,Ga)As-(Ga,Mn)As-LT-GaAs (W) Au-induced VLS
on GaAs(111)B.
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Chapter 2 EXPERIMENTAL TECHNIQUES
The experimental techniques employed in this thesis cover a wide range of
semiconductors processing and micro fabrication methods. Knowledge of the
nanoworld

was

gathered

starting

with

the

sample

growth,

post-growth

characterisation, microstructure device fabrication. This chapter reviews only
selected aspects of the major techniques involved: Molecular Beam Epitaxy (MBE),
electron microscopy (Scanning (SEM), Transmission (TEM)), X-ray Diffraction (XRD).
A more detailed description is presented in Appendix A. Less used methods are
addressed briefly in other chapters.

2.1

Molecular Beam Epitaxy

The term “epitaxy” is a combination of two words originating from classic Greek
language, namely “epi” and “taxis” meaning “on/above” and “oriented/arranged”,
respectively. It has been combined to one word and used in the context of crystal
growth, in the case when one crystalline material is deposited on another one, and
there is some correlation between both (in terms of crystalline structure, or
orientation of one crystal with respect to the other). MBE is widely used for crystal
growth in the state of the art semiconductor research due to the capability of atomic
layer-by-layer epitaxial growth of high quality thin films, precise control of
composition, doping, layer thickness and sharp interfaces. A. Y. Cho and J. R. Arthur
are developers of the first MBE in the 1970’s, which was used for GaAs/(Al,Ga)As and
(In,Ga)(As,P) material structures for telecommunication applications. [Cho 1971],
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[Cho 1971 b], [Cho 1975]. Today the MBE method is applied to grow high quality
structures for optoelectronic devices, high electron mobility transistors (HEMT), and
many others. The MBE technique played a main role in the growth of new structures
in the realm of nanoscience.

2.1.1

RHEED – in situ monitoring

The main components of RHEED system is electron gun and a fluorescent screen
usually equipped with a digital camera providing ability to register electron
diffraction images and analyse intensity oscillations on a computer. Electrons
accelerated to 10 keV - 15 keV (depending on the setup) hit the surface of substrate
at glancing angle (less than 5° from the substrate) and are scattered by periodic
array of atomic potentials at the crystal surface. Electrons reflected from the first
few monolayers of the layer form a diffraction pattern on the phosphor screen on
the other side of the growth chamber (opposite to the RHEED gun). RHEED surface
sensitive characterisation provides valuable information on multiple aspects of live
(in-situ) growth: (i) substrate temperature control [surface oxide desorption (InAs
T=520 °C, GaAs T=595 °C, Si T=900 °C); As layer desorption (180 °C), GaAs(001);
surface (2×4)  c(4×4) reconstruction transitions (T≈390 °C – 480 °C, depending on
As flux)]; (ii) quality of the deposited material; (iii) growth rate calibration
(determination of the element III fluxes) without spoiling the MBE growth.
Flux calibration
For growth rate calibration, a piece of (001) oriented GaAs substrate is mounted on
the sample holder. During layer-by layer MBE growth, scattering of electrons is
affected by periodic changes in the roughness of a sample surface what is the origin
of RHEED intensity oscillations. During the growth of one monolayer (ML), intensity
is at its minimum position when ML is half finished due to incoherent scattering by
surface islands and at maximum, when whole ML is completed and practically no
incoherent scattering occurs. We use RHEED oscillations to adjust the Mn flux during
the growth of ternary (Ga,Mn)As layers as additional Mn flux increases the growth
rate proportionally (the growth is performed in excess As flux). Typical LT-GaAs and
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LT (Ga,Mn)As oscillations are shown in Figure 2.1. For the case of (Ga,Mn)As the
oscillations can be observed for exceptionally long time.

Intensity

110

100

10 ML LT GaAs
7 min LT (Ga,Mn)As

90
100

200

300

400

500

Time (s)
̅𝟏𝟎] azimuth,
Figure 2.1. Typical RHEED oscillations of specular beam intensity in [𝟏
recorded during the growth of LT-GaAs and subsequent deposition of LT (Ga,Mn)As on
GaAs(001) substrate. Large number of oscillations indicates perfet 2D layer-by layer
growth mechanism persisting over exceptionally long time.

RHEED diffraction patterns
[112̅] and [11̅0] are the high symmetry directions lying in (111) plane of the substrate
used for NW growth. Analysis of RHEED images taken in these two azimuths yields
some information about the crystal structure and orientation of NWs. The [112̅],
[1̅10] crystal directions in ZB are equivalent to [11̅00], [112̅0] in W crystal phase
respectively as shown in Figure 2.2. In fact, different types of facets can be observed
in NWs [Dick 2010], [Mariager 2007].
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Figure 2.2. Cross-sectional view of the core-shell NW geometry. X,Y coordinate
axes indicate NW oriented coordinate system for ZB case, x, y for W case.

RHEED diffraction patterns recorded during the growth of GaAs-(Ga,Mn)As NWs are
shown in Figure 2.3 for two azimuthal orientations [112̅] and [11̅0]. First, upon initial
heating of the substrate to 600 °C, the desorption of oxide can be registered as a
disappearance of diffused featureless image. Oxide-free GaAs(111)B surface is
usually quite smooth and gives almost 2D streaky diffraction picture. Later on, during
the growth of NWs streaky patterns transform into Bragg spots (due to the
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transmission-like diffraction of electrons propagating across NWs) elongated in the
direction perpendicular to the surface streaks. This elongation is due to the 2D
diffraction along the NW walls. Growth of (Ga,Mn)As shells lowers the quality of the
images.
a

b

GaAs(111)B [11-2]

c

GaAs(111)B [11-2]

GaAs(111)B [11-2]

Changes of
RHEED
pattern
during the
growth
GaAs(111)B [-110]

GaAs(111)B [-110]

GaAs(111)B [-110]

̅]
Figure 2.3. RHEED patterns registered along two characteristic directions ([𝟏𝟏𝟐
̅𝟏𝟎]) during the growth of NWs on GaAs(111)B: a) streaky pattern of initial stage
and [𝟏
of growth: desorption of oxide and transformation of gold wetting layer into droplets;
b) streaky pattern transformation into elongated Bragg spots - HT growth of primary
GaAs cores; c) LT growth of (Ga,Mn)As shell.

RHEED diffraction for NWs ensemble works in TEM mode and this allows comparing
to electron diffraction patterns. Some characteristic ones for earlier mentioned
orientations are shown in Figure 2.4 taken from the textbook [Williams 2009]. A
distinction between W and ZB crystal phases is impossible along [112̅], [11̅00] due
to similar diffraction patterns. This orientation can lead to improper interpretation
of patterns resulting in conclusion of stacking-free crystal structure. The situation is
different for electrons projection in (1̅10) and (112̅0) planes, which allows for
registering differences in crystal phase. Usually the growth of GaAs NWs is
accompanied by the ZB–W phase transformations back and forth along [111], [0001],
and, indeed, is observed in RHEED patterns during the growth. Such reflections are
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combination (superposition) of the diffractions from crystals with hexagonal (W
and/or 4H polytype) symmetry along the [112̅0] zone axis and the diffraction from
crystals with cubic (ZB) symmetry along the [1̅10] zone axis. Supposing that NWs are
dense, most of the diffraction process will take place at the top of the NWs. This
area under the droplet is most likely being in phase mixed state, therefore RHEED
patterns do not allow to conclude about NWs crystal structure being W or ZB.

a

c

ZB
b

Wurtzite

Figure 2.4. Indexed diffraction patterns for ZB with zone axes (electron beam
̅̅̅̅], (b) [𝟎𝟏𝟏] and for W with zone axes (c) [𝟐𝟏𝟏
̅̅̅̅𝟎], (d) [𝟎𝟏𝟏
̅𝟎]
parallel) (a) [𝟏𝟏𝟐
respectively. Adopted from [Williams 2009]. Ratios of the principal spot spacing’s and
the angles between the principal plane normals are shown. Forbidden reflections are
indicated by x.
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2.2
Electron

Electron microscopy
microscopy

plays

a

main

role

in

morphological

and

structural

characterisation of NWs, thus main working modes of such microscopes are discussed
below. Electron microscope differs essentially from the optical one, since light is
replaced by a beam of electrons, which are accelerated from the source through
metal apertures and magnetic lenses towards the sample in UHV. Electrons
interacted with the sample are detected and converted to an image. The main
advantage of electrons is their De Broglie wavelength dependence of accelerating
energy, e.g. 3.7 pm at 10 kV. This is five orders of magnitude smaller than optical
wavelengths enabling atomic resolution. However, in practice electron microscope
resolution is limited due to lens aberrations: spherical, chromatic, astigmatism.
Electron microscope exploits various signals appearing after electron-sample
interaction as shown in Figure 2.5. Scattering events can take part up to several
micrometres in depth and are divided into elastic – no energy loss and inelastic – part
of initial electrons energy is transferred to the material. High-resolution images and
electron diffraction patterns are constructed from former electrons, while emitted
signals from excited material are mainly employed for elemental analysis.
Incident electron beam
Secondary e
Auger e
Visible light
Characteristic X-rays
Backscattered e
-

e hole pair

“absorbed” e

Specimen

-

<50 nm

Continuum X-rays
-

e

-

Inelastically scattered e
Direct beam

Elastically scattered e

-

Figure 2.5. Generation of signals by a high-energy electron beam impinging at the
sample. The signals under the sample are only possible in the case of sufficiently thin
sample.
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More detailed description of Electron Microscopy features and measurement
protocols relevant to NWs studies presented in this thesis are included in the
Appendix.

2.3

Realisation of magnetic studies

Magnetic studies of NWs with magnetic (Ga,Mn)As shells have been performed by
SQUID magnetometers (commercial Quantum Design and home-made setup). The
detailed description of SQUID magnetometer is presented in the Appendix.
Measurements of magnetic properties of NWs
Complete information on samples magnetic behaviour is obtained by performing the
proper magnetisation measurement protocols (MMP) in SQUID magntometry, as
depicted in Figure 2.6 and is summarised in Table 2.1.
Table 2.1

Common MMP

Additional MMP for SP investigation

Label

Magn. field, H

T

Label

Magn. field, H

T

1k FC

1000 Oe

↓

FC

30 Oe

↓

TRM

0 Oe

↑

0 FC

0 Oe

↓

0 FC

0 Oe

↓

ZFC

30 Oe

↑

a

M

b

M
𝑇B =

TRM

1k FC

TB

𝐾𝑉
25𝑘B

FC 30 Oe

ZFC 30 Oe

0 FC

FC 0 Oe
T

T

Figure 2.6. Magnetisation measurement protocols for regular analysis and for
superparamgnetic behaviour examination.
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2.4

NWs separation from the substrate

In the case of (Ga,Mn)As layer or magnetic (In,Ga)As-(Ga,Mn)As core-shell NWs
heterostructures on GaAs substrate, the magnetic signal is a sum of different
contributions (diamagnetic, ferromagnetic), which should be subtracted for the
correct analysis of the material of interest. Diamagnetic characteristic of the
specimen is measured at temperatures higher than TC of magnetic material. In the
case of as-grown NWs standing freely on a substrate, the situation is more complex.
As usually NWs are small objects, their magnetic signal is weak. Thus, the
contributions arising from the following objects should be evaluated:
 In, Ga alloy mixture used to mount the substrate on the MBE holder.
 Non intentionally grown magnetic layer in between the NWs.
 Diamagnetic signal of the substrate.
There are several options how to prepare the sample to analyse magnetic properties
of NWs. These procedures are discussed below, and in the further chapters of the
thesis.
As already mentioned, we are interested in magnetic properties of (Ga,Mn)As shells
only. However, the spurious signals arising from a parasitic layer in between NWs
and In on the bottom side, which can carry some magnetic impurities as shown in
Figure 2.7.

a

b

Parasitic
layer

250 nm

Figure 2.7. (a) around 100 nm thick parasitic magnetic layer between NWs. (b)
leftover of In-Ga alloy used to glue the sample to holder for MBE growth.
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There is also a diamagnetic signal arising from the GaAs substrate, but it can be
successfully subtracted by mathematical manipulation, if a diamagnetic response of
the sample is known [Šiušys 2014].
Various approaches for getting rid of aforementioned sources of spurious signals were
tested. In addition, the requirement to preserve the spatial NWs arrangement of asgrown sample is of high priority as it enables investigating the magnetic anisotropy.
Only two most practical approaches are briefly introduced below. In the first
approach, the sample is prepared by transferring ultrasonificated NWs from
isopropanol solution onto Si substrate with a well-established diamagnetic response.
The disadvantage of this method is the decreased concentration and random
orientation of NWs, as shown in Figure 2.8. From now, it is called approach I.
Embedded NWs
NWs on Si
a (separated from substrate) b
(ultrasonificated and transferred)

c

Layer between NWs
(after ultrasonification)

Resin

(In,Ga)As-(Ga,Mn)As

(In,Ga)As-(Ga,Mn)As

Indium-Galium

Indium-Galium

GaAs(111)B

GaAs(111)B

5 µm

200 nm

GE glue

(In,Ga)As-(Ga,Mn)As

Si(001)

GaAs(111)B

Indium-Galium

Figure 2.8. (a) a sketch of a substrate separation from embedded NWs preserving
their spatial orientation; (b) ultrasonificated NWs randomly transferred on Si carrier
substrate from IPA solution. EDS analysis of the chemical content of all objects lying
on the surface was performed. No magnetic elements were found except in NWs; (c)
substrate-layer left after ultrasonification of NWs.

In the second approach, the spatial orientation of NWs is preserved. Many tests have
been performed in order to find the right method. First, NWs have been embedded
in the resin and later on separated from the GaAs substrate. We have carefully
analysed the side of the exfoliated slice, which was in contact with the substrate
using SEM. We have found that there are no traces of parasitic magnetic layer in this
slice. This can be seen in the bottom part of the slice in which cross-sections of NWs
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are shown (see Figure 2.9, Figure 2.10). Charging of the surface in-between the NWs
indicates a non-conductive material, most probably resin, not (Ga,Mn)As.

As-grown

a

Removed NWs

b
Substrate

c
Embedded

Shadowing
effect

100 nm

(Ga,Mn)As layer in areas not
covered by NWs

100 nm

Charging
effect of
insulating
resin

500 nm

Resin

(In,Ga)As-(Ga,Mn)As

(In,Ga)As-(Ga,Mn)As

GaAs(111)B

GaAs(111)B

GaAs(111)B

Indium-Galium

Indium-Galium

Indium-Galium

(In,Ga)As-(Ga,Mn)As

GE glue

Si(001)

Figure 2.9. Top-view SEM images of surfaces of (a) as-grown NWs, (b) substrate
after removal of a flake of embedded NWs, (c) bottom side of the peeled-off NWs
flake. The charging of the surface in-between NWs indicates its insulating nature. This
confirms the exposure of the resin, which proves that no (Ga,Mn)As parasitic layer has
been extracted.

a

As-grown

Removed NWs

b

(Ga,Mn)As d=[10-70] nm

(Ga,Mn)As d=[10-70] nm

(In,Ga)As d=[300-400] nm

(In,Ga)As d=[300-400] nm

GaAs(111)B substrate

200 nm

100 nm

Figure 2.10. Side views of (a) as-grown NWs and (b) specimen after separation of
NWs flake. Boundaries of (In,Ga)As and (Ga,Mn)As parasitic layers in between NWs are
marked. Thickness of (Ga,Mn)As vary in range of 10 nm – 70 nm.

From now, this method is called approach II.
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2.5

X-ray diffraction (synchrotron)

X-ray diffraction (XRD) techniques are widely used to investigate crystalline objects.
XRD has been extensively used to study bulk materials, and thin films using
commercial diffractometers equipped with X-ray tubes. However, for investigation
of nanobjects by XRD methods usually much higher intensities than these provided
by the laboratory sources are required. Thus it is highly desirable (or necessary in
most of the situations) to use intense X-ray beams generated by synchrotron sources.
Some basic principles of XRD from nanostructures in the kinematic approximation
are described in the following sections.
Atomic planes and Miller indices in ZB and W crystals
The orientation of a lattice plane with respect to the crystallographic axes is
characterised by the Miller indices (hkl) and directions, by [hkl] for ZB. The situation
is more complex for a hexagonal case. The lattice parameters for the hexagonal
system are given by [a, a, c]. First of all, three hexagonal basis vectors a1, a2, c
((a1, a2)=120°, ( a1, c)=( a2, c)=90°) can be used to express directions [u’v’w’]
and Miller indices of planes (hkl). In addition, direction and normal to planes can be
expressed with respect to the four-basis vectors a1, a2, a3, c. The direction is then
specified using the Miller-Bravais indices [uvtw], with the third index t referring to
the extra basis vector a3, i.e. t=ua1+va2+ta3+wc. Similarly, four-index plane is
defined as (hkil). The Miller-Bravais and Miller symbols for planes in a hexagonal
crystal lattice are related to each other by i=-(h+k) and can be missed; when
considered as components of the plane normal, they are expressed with respect to
two different sets of reciprocal basis vectors. In contrast, the three and four indices
expressions for lattice vectors are expressed with respect to the same set of basis
vectors, yet described by the sum of three or four basis vectors (t) respectively. Thus
the mutual relation between expressions of three and four indices is more complex
– transformation rules between u’, v’, w’ and u, v, t w are established and can be
find in [Graef 2003] also depicted for some cases in Figure 2.2. Four-index system,
when used as described above, is equivalent to the 3-index system and leads to the
same type of relations between geometric quantities. Throughout this thesis, we are
using the four indices notation for both directions and planes.
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X ray diffraction
Thomson scattering describes x-ray scattering from a single free electron. Charged
free electron accelerated by incoming electromagnetic wave reemits a spherical
wave of the same frequency and a dipole angular distribution. Summation of all
scattering centres (electron density) results in intensity of a diffracted beam in a
finite crystal. Intensity depends on the structure factor and lattice properties. The
former is a sum of atomic form factors and takes into account electron density of
the atoms in the unit cell. It depends on a type of atoms, their distribution inside
the unit cell and determines the intensity of a particular Bragg reflection. The latter
is the sum of unit cells and defines direction of propagation of scattered X-rays (the
possible locations of reflections in reciprocal space) when scattering vector Q equals
a reciprocal lattice vector Ghkl. Scattering vector is defined by reflected and incident
wave vectors (elastic scattering condition: |𝒌𝐟 | = |𝒌𝐢 | = 𝑘 = 2𝜋/𝜆) as: 𝑸 = 𝒌𝐟 − 𝒌𝐢 .
𝑸 = 𝑮𝐡𝐤𝐥 is a diffraction condition in the reciprocal space and is in analogy to Bragg’s
law in the real space: 𝑛𝜆 = 2𝑑hkl ∙ sin(𝜃B ). Combining both: 𝑸 = (4𝜋 ∙ sin(𝜃B ))/𝜆.
Deviations from a perfect infinite crystal lattice results in a non-zero intensity away
from the Bragg point. Applied electric field or compressive or tensile strain in
heterostructures makes Bragg peaks to deviate from ideal positions.
Modulation of scattered X-ray wave intensity from a strain-free finite size objects is
inversely proportional to the objects size.
Surface hexagonal coordinate system and its reciprocal space
In order to analyse the polytypism in NWs by XRD, it is convenient to choose a
common/one coordinate system for all types of stacking sequenxes (along [111]
growth direction) allowing separating Bragg points from all structures. For this
reason, a surface coordinate system with one out of plane vector along [111] and
two in plane vectors perpendicular to it is frequently used in surface physics
[Feidenhans’l 1989]. This is a hexagonal system, where (𝐚1 ; 𝐚2 ) = 120°, (𝐚1 ; 𝐚3 ) =
(𝐚2 ; 𝐚3 ) = 90°, (𝐛1 ; 𝐛3 ) = 60°. The common thing of all three different polytypical
structures (ZB, TW, W) is their equivalent in plane structure [(111) plane], thus their
reciprocal vectors are the same too. However, the c axis of W is shorter and equals
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2/3 length of cubic c axis in hexagonal surface coordinate system as shown in Figure
1.5. This has an impact in reciprocal space, as reciprocal lattice vector b3 of the W
is 3/2 longer than b3 of the ZB structure in the hexagonal surface coordinates. The
structure factors of polytypes are different in this coordinate system what is
beneficial for NWs structure analysis.
A termination of a monocrystalline infinite material by a surface leads to the
occurrence of crystal truncation rods (CTR) perpendicular to the surface [Robinson
1986]. NW has as many CTR as facets. Since all polytypes of interest possess the same
in-plane lattices, their Bragg points align along rods extending vertically from the inplane points. A scan along these directions allows registering the peaks from all
stacking structures. A sketch with expected locations of peaks from ZB, TW, W
structures is presented in Figure 2.11. The rotation symmetry is 120°. The CTR of
(10𝑙), (01𝑙) are stacking sequence sensitive, while (00𝑙), (11𝑙), etc. are insensitive
(all points from ZB, TW, W merge as these sequences scatter in phase). ZB and TW
peak positions interchange along (10𝑙), (01𝑙) CTR by rotation of NW by 60° around
[111]. It should be noted that reciprocal space peaks of ZB in surface coordinate and
in cubic ZB coordinate systems do not coincide due to difference in size of unit cells.
Lhc
10

Lh

9

6

8
7
6

W
(4 2 2)c
(1015)wz
(3 3 1)c

5
4

5

3

4
3

2

2
1

1

(0,0,L)h

TW
ZB

(1,0,L)h

(1,1,L)h

(0,1,L)h

(h,k,L)h

Figure 2.11. A sketch of Bragg points positions of ZB, TW, W stacking sequences on
different (h,k,l) CTR in the surface coordinate system. In addition, the cubic and W
type indices are provided for several peaks. Bragg points of W phase arise at 1.5
multiples of ZB structure due to the different length of c lattice parameter.
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Chapter 3 STRUCTURAL AND MAGNETIC PROPERTIES OF
NANOWIRES
3.1

GaAs-(Ga,Mn)As core-single shell NWs on GaAs by Au VLS

This chapter is dedicated to presentation of the results obtained for GaAs-(Ga,Mn)As
core-single shell NWs manufactured by the VLS growth mechanism. This method
involves covering the substrate with thin Au film. Eutectic Au-Ga metal
nanodroplets are generated by heating thin gold layer predeposited on GaAs
substrates. These nanodroplets induce effective vertical NWs growth. Morphology
and crystal structure of GaAs NWs are analysed in the following paragraphs.

3.1.1

Core GaAs NWs on GaAs

Growth conditions
The NWs were grown by MBE on GaAs substrates covered with a thin gold layer. The
Au layer is converted to the ensemble of nanodroplets by initial preheating of the
substrate to about 600 °C in the MBE growth chamber. Typically, the GaAs NWs are
grown at the substrate temperature of about 540 °C – 550 °C with Ga flux
corresponding to the planar growth rate of 0.2 ML/s (0.56 Å/s). The arsenic flux is
generated by a valved cracker source with the cracking zone temperature of 950 °C,
i.e. mostly As dimers (As2) occur in the flux. Usually we grow NWs with V/III ratio
close to 5. After the 2-hour growth, the deposited GaAs is equivalent to
approximately 0.4-µm thick 2D layer. The main part is consumed for NWs, the rest
forms parasitic layer on GaAs substrate in between NWs. From SEM images the
average growth rate of GaAs NWs on GaAs(111)B was found to be equal to 1 µm/hour
for the growth conditions specified above.
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3.1.1.1 Morphology of GaAs NWs (SEM investigations)
For the investigation of NWs morphology, different series of samples were prepared.
Here, the influence of substrate orientation and NWs density sensitivity to Au layer
thickness are briefly described. NWs morphology depends also on the ratio of As to
Ga fluxes and the substrate temperature during the growth. NWs density is evaluated
from the top view SEM images. Diameters, lengths, the thickness of a parasitic layer
grown in-between the bottom parts of NWs are determined from the side view
images.
Substrate orientation
Structural information of pure GaAs NWs was extracted from SEM images. The NWs
have been grown on GaAs(110), GaAs(111)A, GaAs(111)B substrates with similar
growth time as exemplified in Figure 3.1, Figure 3.2, Figure 3.3 respectively.
a

b

200 nm

1 µm

Figure 3.1. SEM micrographs of Au-induced GaAs NWs grown on GaAs(110)
substrate.

a

b

1 µm

200 nm

Figure 3.2. SEM micrographs of Au-induced NWs grown on GaAs(111)A substrate.
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Most of the NWs grow in epitaxial relation to the substrate with well visible side
facets. Due to the energetically favourable stacking and faceting reasons NWs grow
along [111] direction, thus perpendicular NWs are manufactured for GaAs(111)B
substrate orientation. This orientation is of most interest in this thesis.
a

b
NW-49 black colour
10 Ǻ of Au layer
200 nm

1 µm
NW-28b red colour
10 Ǻ of Au layer

c

d

NW-64b black colour
2 Ǻ of Au layer
200 nm

200 nm

Figure 3.3. SEM micrographs of Au-induced NWs grown on GaAs(111)B substrate
with different thicknesses of predeposited gold layer. (b) and (c) 10 Å Au, (d) 2 Å Au.

NWs grow at certain angle with respect to the surface, on GaAs substrate orientations
other than (111)B. Such inclined NWs could find applications, e.g. in photonics or
photovoltaics, as in this case the NW facets are more exposed in comparison to the
perpendicular NWs. Nanoparticles are visible after NWs growth. In some cases, after
switching off the material supply, but without decreasing the Tg rapidly, the growth
continues until the nanoparticle is emptied from Ga (or consumed in the case of Gainduced NW growth), since usually, the MBE growth chamber atmosphere is As rich,
which results in tapered growth giving pencil shape NWs tips. The same effect
(pencilled shaped, tapered NWs) occurs, when the NW Tg becomes too low, due to
the limited migration of III-elements along the NW sidewalls in this case.
Au layer thickness influence on NWs density
The investigation of NWs density control were performed by varying gold layer
thickness in the range from 0.5 Å to 10 Å. Metallisations of samples were performed
in two different MBE systems at IP PAS dedicated for metals. NWs were manufactured
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at similar conditions, but in different growth runs. As depicted in Figure 3.3, the
density of selected NWs is not much correlated with the gold layer thicknesses
varying from thinnest to thickest by a factor of 20, yet it is more of statistical origin.
In addition, the diameters and lengths are almost independent of Au film thickness
and depend more on the growth parameters and growth time. Furthermore, from
thicker Au layer larger nanoparticles could form. The resulting NWs are thicker and
shorter. Moreover, higher Au concentration in nanoparticles could modify the
chemical potential of catalyst resulting in change of the crystal structure.
Colour of NW samples
Due to the difference in the NW lengths and densities, we have observed different
colours of the samples (Figure 3.4). Similar effects are reported in literature [Wu
2012], [Azizur-Rahman 2015], where dependence of optically observable colour in

the visible spectrum on geometrical parameters like NWs diameter D, length L,
period P, filing factor f were analysed. It was found that the colour of the sample
depends on NWs diameter, red shifting with increasing D. The total absorption can
be tuned to be smaller or higher that of a thin film with equivalent amount of
material as in arrays of NWs, by proper choice of D and fL. Arrays of larger fL absorb
stronger.

1 µm

1 µm

[Wu 2012]

a

1 µm

d

Figure 3.4. Unintentionally obtained colourful samples of NWs. (a) theoretical and
experimental investigation of colourful samples of NWs (adopted from [Wu 2012]).
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Statistically success rate of NWs growth conducted on GaAs(111)B is around 80 % (150
samples grown in total). We also observe NWs lengths and diameters differences
within the sample and attribute this to the local temperature variation across the
substrate.

3.1.2

Core-magnetic shell NWs

Here we combine GaAs NWs with (Ga,Mn)As DFS exploiting MBE capabilities on GaAs
substrates using the (VLS) growth method described in the previous parts. In the
following paragraphs, we study magnetic and structural properties of the core-shell
NWs grown by MBE on GaAs(111)B substrate.
Growth conditions of the shells
For the growth of primary GaAs core NWs, we used the same Au nanodropletsinduced growth technique as explained in previous parts. In contrast to GaAs NW
cores, which were grown at HT (550 °C), (Ga,Mn)As shells were grown at lower
temperature (200 °C – 250 °C) required for the growth of homogeneous (Ga,Mn)As
layers. Usually NW templates were grown for 3-4 hours in order to obtain 3 µm - 4
µm long NWs. After finishing the growth of the cores, the temperature was decreased
to about 250 °C and the shells were typically grown for half an hour. Not optimised
MBE growth of (Ga,Mn)As shells usually results in secondary branched NWs caused by
MnAs segregation and catalysing properties of MnAs nanoislands on facets. Structural
and magnetic properties of series of samples are compared, in search of smooth
shells with appropriate magnetic properties. It should be noted, that the growth
conditions of (Ga,Mn)As shells are different than those used for planar (Ga,Mn)As
growth on GaAs(001) and even on GaAs(110) (the most similar surface orientation to
{1̅10} facets) substrates. In principle, the growth on the side facets is similar to the
planar case – ad-atoms stick to the surface where they have arrived, because Tg is
too low to activate surface migration, but the difference is in the deposition angle.
For the planar growth, it makes 70° (angle between effusion cell and samples
surface), while for (perpendicular to substrates surface) NW facets – 20°. From
simple evaluation of how much material sticks to the NWs tips (resembling planar
growth) and NWs facets, it can be deduced that sticking coefficient is lower for the
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latter case. From cross-sections of the core-shell NWs, we have found that the
average speed of the shell growth is about 20 nm/hour, i.e. 10 times lower than the
planar growth rate.

3.1.2.1 Morphology of shells (SEM investigations)
SEM images of the GaAs-(Ga,Mn)As core-single shell structures for series of samples
with different morphologies changing from rough shells with secondary NWs induced
by segregation of MnAs nanoclusters to smooth shells with uniform (Ga,Mn)As are
shown in Figure 3.5.
a

a

b

c

Smooth shells

b
d

c

200 nm

200 nm

GaAs + (Ga,Mn)As d=200 nm
GaAs(111)B substrate 400 nm

Figure 3.5. SEM micrographs of Au induced GaAs-(Ga,Mn)As core-single shell NWs
grown on GaAs(111)B substrate. The NWs grow perpendicular to the substrate.
Polycrystalline shells - too low Tg (a), secondary NWs catalysed by MnAs nanocrystals
segregated at NW sidewalls - too high Tg (b) and smooth shells - optimum Tg (c).

The differences are visible for both the surface morphology and the shape of NWs
tips compared to pure GaAs NWs. At improper growth conditions (too high Tg), MnAs
nanoclusters segregate at the shell surfaces, which further leads to the growth of
branched heterostructures with secondary GaAs:Mn NWs. This is unwanted mainly
because of MnAs magnetic properties (ferromagnetic metal with TC = 313 K)
prevailing over those of DMS (Ga,Mn)As. Due to aforementioned reason we
concentrate our efforts on optimising the growth of the shells to obtain both smooth
morphology and the lowest concentration of defects while keeping the highest
amount of Mn possible. Successful growth of smooth shells is shown in Figure 3.5 c.
Manufacturing high quality (Ga,Mn)As shell is not an easy task and the yield is about
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15 % (20 smooth shells without MnAs features in magnetic response in the set of 130
samples), much lower than for a 2D layered growth. NW 38 is one of the successful
samples with smooth, uniform (Ga,Mn)As shells. It has been chosen for further
analysis and from now, it is called sample A. The shell surfaces are extremely smooth
and different facets of NWs are sometimes still observable. However, the main
difference is the shape of the tip. Compared to facets, the thickness of the material
deposited on the tips is larger; however, the overall volume of the shells is much
higher. In contrast to smooth shells, the surface of tips is rough and without preferred
orientation/shape. Diameter of NWs with shells is obviously larger, however just
from SEM images, it is risky to make any conclusions about the shell thickness,
because of unknown shape and diameter of the cores and due to the shadowing effect
making the thickness of shells inhomogeneous along the length of NWs, i.e. thicker
at the top and thinner at the bottom. The shell is deposited all around the NW due
to rotation of the sample during the growth process. Typical diameter of NWs is 100
nm and the length is 2.5 µm.
TEM characterisation was carried out to investigate crystal quality and collect
chemically sensitive information about GaAs-(Ga,Mn)As NWs of sample A.

3.1.2.2 Crystal structure (TEM investigation)
3.1.2.2.1

NWs on the grid

TEM characterisation makes it possible to address the following issues concerning
NWs: (i) if the shell is in epitaxial relation to the core, (ii) what is the crystalline
structure of the core and shell, (iii) if the Mn content is high enough to be detected
in the shell, and (iv) if gold can be detected in NW tip.
First, the sample was characterised in TEM mode as depicted in Figure 3.6. NWs have
significant amount of SFs along entire lengths. An amorphous-polycrystalline tip of
characteristic irregular shape is visible for every NW.
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a

b

Figure 3.6. Images in TEM mode. Most of the NWs have high concentration of SFs.
The shell on the tip is amorphous-polycrystalline.

HR TEM
Figure 3.7 shows HR TEM images of two NW parts with different zone axis (ZA), where
SFs are invisible - (a) and visible - (b). The sections of NW have ZB structure as shown
in FFT patterns. Panel (b) shows the region with high SFs density. Faint contrast
between the core and the shell can be identified.
a

b
VACUUM

Oxide

(Ga,Mn)As SHELL

GaAs CORE

9.82 1/nm

[𝟏𝟏𝟏]

5 nm

̅]
[𝟏𝟏𝟐

10 nm

̅], (b) – [𝟏
̅𝟏𝟎] zone axis, illustrating
Figure 3.7. BF HR TEM images with (a) – [𝟏𝟏𝟐
visibility of SFs in ZB NW. The contrast between the core and the shell is weak.
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STEM-EDX
In analytical TEM characterisation mode we have found a small increase in EDS counts
for Mn at the edge of NW, where e-beam can easily pass the NW through (Ga,Mn)As
shell (see Figure 3.8). When the e-beam spot is moved towards the centre of the NW,
a very weak Mn signal can still be observed, which can be attributed to the thin
(Ga,Mn)As shell through which the e-beam is propagating. We have made some effort
to identify Au in the tips of several different NWs; however, no observable peak was
detected (the detection limit of TEM EDS equipment is around 0.5 at. percent). This
may be due to significant amount of GaAs:Mn nanocrystals covering the Au
nanoparticle.
a

b

No Mn

Mn

c

Figure 3.8. EDS measurements of NW shown in panel (b). In EDS, signal collected
from two points, Mn is identified only at the edge of NW shell – panel (a).

GaAs-(Ga,Mn)As NWs have also been investigated by TEM in the cross-sectional
geometry (with cross-sections perpendicular to the NW axis), following the
preparation method described below.
3.1.2.2.2

Cross-sections of NWs (ultramicrotom)

Leica ultramicrotome was employed for preparation of thin cross-sections of NWs.
Slices of the thickness in the range of 50 nm – 100 nm are cut from the specimen of
NWs embedded in resin by a diamond knife. A successful cut of slice containing plenty
of NWs cross-sections enabling statistical investigation is depicted in Figure 3.9
showing SEM micrographs at various magnifications.
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Cuts of slices are slightly misaligned with respect to the substrate carrying NWs.
Hence, cross-sections originate from different NWs heights in different parts of cut.
This makes it possible to analyse the distribution of diameters and shell thicknesses.
Moreover, the cut preserves the as-grown orientation and position of NWs.
Resin was hardened at low baking temperature (100 °C) not to modify/anneal
(usually at 180 °C) (Ga,Mn)As shells enabling further investigation of structural and
chemical composition properties.
The main advantage of specimen prepared by ultramicrotome is the lack of grinding,
milling and ion etching avoiding any heat transfer to the sample, which eliminates
the risks of modifying the crystalline structure.

1 µm

Figure 3.9. SEM images of a slice placed on the TEM grid demonstrating plenty of
NWs cross-sections suitable for further crystal quality investigation taken at different
magnifications.

Cross-sectional TEM analysis
Images of several hexagonal NW cross-sections are taken in TEM and STEM modes
(Figure 3.10). Obvious contrast between the core and the shell is visible. The shell is
about 10 nm thick after 0.5-hour deposition time, which indicates about 10 times
lower growth rate, than that of the planar growth.
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a

b

Cross-section samples cut by
ultramicrotome

10 nm

20 nm

GaAs core

Figure 3.10. Images of hexagonal NW cross-sections taken in (a) BF TEM and (b) DF
STEM modes. A clear contrast between the core and the shell is visible. Shell is about
10 nm thick after 0.5-hour growth. Inset in (a) panel – shows FFT processed image.

It is difficult to evaluate crystal structure from FFT due to influence of SFs. HRTEM
images demonstrate the epitaxial relation between non-magnetic core and magnetic
shell. Hence, the shell inherits the crystal structure of the core. Shells are wrapping
homogeneously all facets around. Concentric shells are quite thin, so cross-sections
have quite sharp hexagonal form. However, for thicker shells the facets get rougher
and rounder, in contrast to sharp hexagon shape of primary NW cores.
For GaAs-(Ga,Mn)As core-shell NWs, detailed TEM observations reveal no crystal
structure change between GaAs cores and (Ga,Mn)As shells.
The only drawback for slices prepared by ultramicrotome is that all cross-sections
are slightly misaligned and there is a need to search for the zone axis for each of
them, which is time consuming.

3.1.2.3 Magnetic properties
Magnetic properties of the ensemble of NWs oriented normally to the substrate of
sample A were studied by SQUID magnetometry. All diamagnetic signals have been
carefully subtracted.
Results for the sample A (as-grown NWs together with the growth substrate mounted
on the Si support) shown in Figure 3.11 indicate magnetic anisotropy behaviour with
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an easy axis pointing along the NWs. The NWs revealed low magnetic transition
temperature of less than TC  20 K, what indicates (Ga,Mn)As layers with relatively
low concentration of holes (with high degree of compensation).
a
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1.0
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0.5
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Figure 3.11. (a) temperature and (b) magnetic field dependence of magnetization
for ensemble of GaAs-(Ga,Mn)As core-shell NWs (sample A). The external magnetic
field was applied normal to the substrate plane (i.e. along the NWs [111] axes) or
perpendicular to it. LT part of (a) field cooled moment at 1 kOe (1kFC, diamond
symbols), warming at remanence (TRM, square symbols). Tch marks the temperature at
which the TRM moment vanishes. (b) Low field part of the magnetic hysteresis at
selected temperatures.

Magnetic transition temperature is dependent on carrier concentration. In order to
increase p by removal of compensating defects, the sample was annealed at 180 °C
for 4 hours. SQUID measurements of temperature and magnetic field dependences
of magnetization are shown in Figure 3.12.
No significant increase in the transition temperature was observed after annealing.
This behaviour can be due to compensation mechanisms different than those
occurring in planar (Ga,Mn)As layers. One of them can be the surface depletion
region (decreased concentration of holes) in the outer region of thin (Ga,Mn)As shell.
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Figure 3.12. Temperature and magnetic field dependence of magnetization for asgrown and annealed GaAs-(Ga,Mn)As core-shell NWs (sample A). The external
magnetic field was applied along or perpendicular to the NWs axes.

Additional measurements focused on identifying a super-paramagnetic behaviour,
revealed that magnetic shells are magnetically granular. The main magnetic
characteristics of sample A is shown in in Figure 3.13. The magnetic response of
(Ga,Mn)As shells measured in weak magnetic fields and low temperature indicate the

-5

Magnetic moment (10 emu)

blocking mechanism typical for a superparamagnetic (SP) material.
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Figure 3.13. Results of magnetic studies of sample A – as-grown NWs on the GaAs
mounted on Si support. Magnetic field applied along NWs. Temperature dependence
of ZFC and FC moment at 30 Oe (down, up triangle symbols respectively) and 0FC
(bullets) and TRM at 0 Oe (squares). TB marks the mean blocking temperature.
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The observed divergence between FC and ZFC curves at TB means that magnetically
ordered FM particles (supermoments) are dispersed in the paramagnetic environment
and do not percolate with each other. The average size of these magnetic objects
can be assessed from the magnitude of the temperature, at which the maximum of
the ZFC is registered. This maximum defines mean blocking temperature (TB = 14 k)
of the distribution, which is related to the (mean) volume (V) occupied by the
supermoments through the relation
𝑇B = 𝐾𝑉/(25 ∙ 𝑘B )
where K, the anisotropy constant in (Ga,Mn)As, ranges between 5000 to 50000
erg/cm3, (500 to 5000 J/m3), [Slupinski 2002], [Sawicki 2006] and the factor 25
represents the typical acquisition time in SQUID magnetometry (about 100 s). From
these numbers the mean volume occupied by the supermoments corresponds to a
sphere of a diameter between 6 nm and 13 nm. The lower value fits perfectly to the
typical NWs shell width, the larger values still can be realized here if the FM coupled
sizes adopt oblate forms embedded around the perimeter of the NWs shell.
In addition, 0FC M(T) further confirms the magnetically granular structure of the
shells by the lack of any moment detected, when the sample is cooled from above
Tch at H = 0 Oe.
Moreover, below TB the blocking mechanism slows the dynamics of the
supermoments, which explains such a huge increase of the coercivity, as observed in
Figure 3.11 b.
Further discussion about NWs of super paramagnetic behaviour can be found in
[Šiušys 2014].
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3.1.3

Sample A - summary

GaAs-(Ga,Mn)As core-single shell NWs of ZB crystalline structure grown by MBE were
investigated. The NWs have been obtained in two steps, first Au-induced GaAs NW
cores have been grown at 550oC on GaAs(111)B substrate; then the Ga0.95Mn0.05As
shells were deposited at low temperature (close to 220oC). Shell growth rate is about
20 nm/h. The NWs are up to 2.5 µm in the length and 80 nm – 130 nm in diameter.
TEM microscopy investigations confirm that the (Ga,Mn)As shells are of ZB crystalline
structure, exhibit sharp interface with GaAs cores and smooth outer surfaces.
However, NWs possess high amount of stacking faults. Thorough investigations of the
magnetic properties of as-grown and annealed NWs, not separated from the growth
substrate, indicate that magnetically (Ga,Mn)As NW shells are composed of scattered
FM-coupled mesoscopic regions of dimensions in the range of 6 nm – 13 nm. These
regions give rise to SP properties above the blocking temperature close to 14 K and
easy magnetization axis along the NW axes. However, no increase in TC was
registered for annealed sample at LT. Most probably, the annealing time is too short,
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3.2

GaAs-(Ga,Mn)As core-single shell NWs on Si by Ga VLS

This chapter is devoted to presenting the results obtained for GaAs-(Ga,Mn)As coresingle shell NWs manufactured by the VLS growth mechanism involving Ga metal
nanoparticles predeposited on Si substrates. Gold is a fast diffusing metal inducing
deep level defects at small concentrations (impossible to detect in EDS, tomography)
in the band-gap of semiconductors, but somehow deteriorating optical properties
(decrease in luminescence intensity). In such a context, a self-metal induced growth
is an alternative method avoiding use of gold. This section is devoted to a briefly
introduce to GaAs NWs produced by Ga metal nanodrolets on Si substrates covered
by thin SiO2 layer. Moreover, this oxide film acts as a mask and prevents the
nucleation of GaAs layer when the temperature of substrate exceeds 600 °C [Heiß
2008]. Ga nucleates in the form of spheres at sites featured by defects in SiO2 layer,
which result from technological fabrication procedure, or are created artificially e.g.
by wet chemical etching. These Ga nanodroplets induce effective NWs anisotropic
vertical growth. The Ga metal self-induced growth is a type of VLS growth. [Colombo
2008]. After manufacture of HT GaAs core template, the growth of (Ga,Mn)As shells
was performed at low substrate temperatures (200 °C to 250 °C). Morphology and
crystal structure of single GaAs and GaAs-(Ga,Mn)As core-shell NWs are analysed in
the next parts.

3.2.1

Core GaAs NWs on Si

Substrate preparation
Preparation of substrate is of critical importance for the self-induced growth. The
native defects of the SiO2 film, like pinholes, serve as nucleation sites for Ga
nanoparticles during initial stage of NWs growth. It is very important that nanoscale
pinholes reach the substrate as it is the condition for epitaxial grow of NWs.
Otherwise, the anisotropic growth of NWs is replaced by a 2D growth (too thin oxide
layer and too big pinholes) or NWs growth at random directions (too thick SiO2 layer
and pinholes do not reach the substrate). Ga nanoparticles induce the GaAs NWs
growth via the VLS mechanism. We were using Si substrates with thin (few nm) SiO2
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layer without any pre-treatment (usually SiO2 film should be thinner than 10 nm), so
the success rate is low (10 %) as depicted in Figure 3.16. However, we observe the
growth of NWs on edges, being freshly cleaved and covered by a very thin oxide film.
Growth conditions
The NWs were grown in the SVTA MBE system equipped with a valved cracker As
source. As substrates, Si(100) and Si(111) wafers, intentionally oxidized with 5 nm
surface SiO2 were used. After introducing into the MBE growth chamber the Si
substrate was annealed at 650 °C for 15 min with to desorb any contaminants, then
it was exposed to Ga flux for the time equivalent to the deposition of 3 ML of GaAs
layer. Afterwards the substrate temperature was kept at 630 °C for another 10
minutes and then it was decreased to 600 °C and the growth of GaAs NWs was started
by opening Ga and As shutters. The NWs were grown with arsenic cracking zone
temperature of 950 °C, i.e. with As dimer flux. The MBE growth was monitored by
RHEED. The appearance of sharp spotty patterns in RHEED images, indicating the
presence of epitaxial NWs was observed typically after (10 - 15) min, and then the
NWs growth was continued for 60 minutes with the Ga flux corresponding to the layer
growth with the rate of 0.2 µm/h and As2/Ga flux ratio of about five. The main part
is consumed for NWs, the rest forms randomly oriented GaAs nanocrystals located
in-between NWs on oxidized Si substrate. From SEM images, after 1 h MBE growth
the length of the NWs is about 5 µm, which means that the NW growth is about 25
times faster than the planar growth and 5 times faster than GaAs NWs on GaAs(111)B
substrate with similar As and Ga fluxes.

1 µm

Figure 3.14. SEM image of Si substrate with Ga nanoparticles prepared for the GaAs
NWs growth.
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This proves that Ga nanoparticles act as robust growth catalysts. The Ga nandroplets
on Si are as shown in Figure 3.14.
Growth mechanism
Several conditions are necessary to induce GaAs NW growth on oxidized Si surface.
First, sufficient surface wetting properties should be fulfilled for the metal
nanoparticles to be able to form as close as possible to a spherical shape. Ga adatoms are mobile on SiO2 surface due to an increased desorption rate and diffusion
length. Second, to get the epitaxial growth of NWs the pinholes in the SiO2 layer,
reaching crystalline Si have to be created. If the SiO2 layer is sufficiently thin the
pinholes can emerge during preheating of the substrate after/during exposure to Ga
flux due to the etching action of Ga nanodroplets, partially dissolving the SiO2 layer
beneath them. During the growth, Ga nanoparticle residing at the top of NW is
continuously refilled by Ga ad-atoms impinging directly or diffusing along NWs facets
until they are incorporated. As2 molecules decompose into As atoms and follow the
gradient towards liquid nanoparticle-solid NW interface, where new monolayer of
GaAs crystal is formed by binding with Ga atoms. The axial growth occurs through
standard VLS growth mechanism. Ga beam flux mainly changes the size of Ga droplet
and this introduces tapering or inverse tapering of the NW and almost does not affect
the growth rate, which is mainly dependent on As beam flux rate. As the NWs
elongate, less Ga arrives to the nanoparticle due to the desorption from the sidewalls
during the trip and more Ga will be consumed for the growth of NWs resulting in
decrease in size of nanoparticle and tapering of NWs.

3.2.1.1 Morphology of GaAs NWs (SEM investigations)
For the investigation of NWs morphology, different series of samples were prepared.
Here, the substrate orientation influence on NWs orientation and NWs density
sensitivity to SiO2 film thickness are briefly described. The NW morphology also
depends on the ratio of As to Ga beam fluxes and substrate temperature during the
growth.
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Substrate orientation
Structural information of as-grown GaAs, GaAs-(Ga,Mn)As NWs was extracted from
SEM images. As exemplified in Figure 3.15 and Figure 3.16, we have grown NWs on
Si(100) and Si(111) substrates with similar growth time.
a

b

2 µm

1 µm

Figure 3.15. (a) top view, (b) side view SEM images of Ga-induced GaAs NWs grown
on Si(100) surface covered with SiO2 film following four equivalent <111> directions
coming out of the Si(100) surface.

a

b

500 nm

c

1 µm

1 µm

Figure 3.16. SEM images of (a) Si-SiO2 surface, where no NWs grow, except
crystallites; (b) view of freshly cleaved edge with fresh SiO2 film where NWs tend to
grow; (c) side view of Ga-induced GaAs NWs grown on Si(111).

Most of the NWs grow in epitaxial contact with the substrate with visible facets. Due
to energetically favourable stacking and faceting reasons NWs grow along [111]
direction, thus perpendicular NWs are manufactured on Si(111) substrate
orientation. This orientation is of most interest in this thesis, because of the
possibility to overgrow with radial continuous shell. Due to the preferred [111]
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growth direction NWs grow at certain angle with respect to the surface on substrate
orientations other than (111) as shown in Figure 3.15. Ga nanodroplets are visible at
the tops of NWs.
As shown in SEM images, NWs follow mainly [111] growth direction. However the
density of NWs is lower by 5-10 times (108 cm-2), but the growth rate is 5 times faster
(5 µm/hour) than for NWs grown on GaAs(111)B substrate. Moreover, there is a
significant amount of NWs not following the epitaxial growth direction. In addition,
pronounced nanocrystals formation producing almost closed GaAs layer in-between
the NWs after sufficiently long growth time can be observed. A tapering of NWs is
evidenced by diameters changing from 180 nm thick at the foot to 120 nm at the top
for the 7 µm long NW. Thus, the GaAs NWs have typical diameters in the range of
(100 – 200) nm, and the lengths of (5 to 15) µm (after 1-3 hour growth).
Some aspects of growth of GaAs NWs on Si(100) are described in the next paragraph.

3.2.1.2 Crystal structure (TEM investigations)
Detailed analysis of the TEM pictures at the SiO2/Si – NW interface region shows that
NWs are contacted with Si substrate through tiny pinholes. A typical pinhole at the
NW foot (filled with monocrystalline GaAs) is shown in Figure 3.17.
a

(a)

b

c

(b)

Figure 3.17. Low-resolution (a), and high resolution (b) cross-sectional TEM images
from the base of GaAs NW. The NW is contacted with Si(100) substrate by a small (20
nm in diameter) pinhole filled with monocrystalline GaAs coherently strained to Si. (c)
BF TEM image of the top part of GaAs NW with Ga nanoparticle at the tip. Stacking
faults are clearly visible, starting at the distance of about 20 nm from the interface
between Ga nanoparticle and GaAs NW. Taken from [Sadowski arXiv].
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On the low-resolution image (Figure 3.17 a), the NW base and 5 nm thick SiO2 layer
is visible. The diameter of a pinhole in the SiO2, through which GaAs is contacted
with Si is about 20 nm. High-resolution image (Figure 3.17 b) shows, that the pinhole
is filled with monocrystalline GaAs coherently strained to Si. The base of a GaAs NW
is formed around a GaAs nanocrystal filling the pinhole and contains twin defect.
White and black lines labelled with appropriate crystallographic directions show
orientation of the twinned parts in relation to orientation of the Si substrate.
TEM image of a top part of an individual NW is shown in Figure 3.17 c. At the end of
NW the intact Ga nanoparticle in the form of a nano-ball is clearly visible. The
interface between the Ga nanoparticles and the NWs are atomically abrupt. The NW
has a high density of stacking faults at the top part. This is typical for GaAs NWs of
this diameter, grown along the <111> direction and is due to finishing of the growth.
It has been observed by other groups too, e.g. Cirlin et al in the same type on NWs
[Cirlin 2010].

3.2.2

Core-magnetic shell NWs

We have investigated core-single shell structures consisting of NWs with GaAs cores
and magnetic (Ga,Mn)As shells. The core-shell NWs were grown by MBE on silicon
substrates.
Growth conditions
First, GaAs core NW templates were grown at high substrate temperature (600 °C –
630 °C), using self-induced growth on Ga droplets spontaneously formed on the
oxidized Si surface exposed to Ga and As fluxes, as described in the section above.
The growth of shells was performed at low substrate temperatures (200 °C to 250
°C), necessary for formation of ternary ferromagnetic (Ga,Mn)As semiconductor, for
approximately half an hour. From cross-sections of the core-shell NWs, we have
found that the average shell growth rate is about 20 nm/hour. In the following parts,
structural and magnetic properties of core-shell NWs grown by MBE on Si(111)
substrate are described. The structural properties of the resulting core-shell NW
structures were investigated by SEM and TEM; chemical composition – by EDS,
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magnetic

properties
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by
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3.2.2.1 Morphology of the shells (SEM investigations)
A series of attempts to deposit (Ga,Mn)As shells were performed. Both, core-shell
structures and hierarchical structures consisting of secondary GaAs:Mn nanowires
deposited on side facets of primary GaAs nanowires were obtained in the case of
(Ga,Mn)As shell deposition as exemplified in Figure 3.18.
a

b

100 nm

c

100 nm

200 nm

Figure 3.18. SEM images of (a) GaAs NW overgrown with Ga0.95Mn0.05As at 260 °C
resulting in a branched heterostructures with secondary GaAs:Mn NWs; (b-c) smooth
(Ga,Mn)As shells showing tip and foot of NW.

As shown in Figure 3.18 b, c panels, successful growth of smooth shells was achieved
for NW 47. We have chosen to analyse this specimen and from now, we call it sample
B. The surfaces of shells are extremely smooth and different facets of NWs are still
observable. However, the main difference is the shape of the tip. Compared to
facets, the thickness of polycrystalline material deposited at the tips is much higher,
however the overall volume is lower. The NWs density is low, so shadowing effects
are less pronounced in comparison to Au-induced NW growth on GaAs(111)B, hence
the shells should be more homogeneous. Moreover, the shells are deposited all
around the NWs due to rotation of the sample during the growth process. Typical
diameter of these NWs is 140 nm -200 nm and the length is 8 µm.
TEM characterisation was carried out to investigate crystal quality and gather
chemically sensitive information about GaAs-(Ga,Mn)As NWs.
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3.2.2.2 Crystal structure (TEM investigations)
3.2.2.2.1

NWs on the grid

HR TEM mode
First, sample was characterised in TEM mode as depicted in Figure 3.20. NWs
demonstrate significant amount of SFs. There is no clear contrast between the core
and the shell. However, about 3 nm thick amorphous shell surrounding the NW can
be distinguished. Most probably, it is a mixture of Ga2O3 and As2O5 oxides formed
during NWs contact with the air after removing the sample from the UHV system.

5 nm
No contrast of shell

Figure 3.19. BF HR TEM image of a section of NW with SFs. There is no clear contrast
between the core and the shell.

STEM
DF image demonstrates a high amount of SFs in the GaAs-(Ga,Mn)As as shown in
Figure 3.20. Selected area electron diffraction has been used to confirm the ZB
structure.
EDS line scan across NW is shown in Figure 3.20 b. Higher Mn concentration is
detected at the edges of NW, because electron beam passes only through the shell
there. From the Mn concentration evaluation, the Mn content was found to be about
3 at. percent.
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a

b

Red arrow indicate
the EDS scan direction

Extracted HAADF, Mn, Ga and As signal

100 nm

Figure 3.20. (a) dark-field STEM mode image. The stacking faults extending from
the core to the shell confirm the epitaxial relation between both. (b) Mn concentration
was measured across the NW using EDS and annular dark-field imaging modes in STEM.
The Mn concentration was confirmed to be close to 3 at. %.

GaAs-(Ga,Mn)As NWs have also been investigated by TEM in the cross-sectional
geometry, following the preparation method described below.
3.2.2.2.2

Cross-sections of NWs (FIB-GIS)

Cross-sections of sample B were prepared using SEM FIB-GIS system as schematically
shown in Figure 3.21. First, NWs have to be mechanically removed from the growth
substrate and have to be transferred onto Si substrate by rubbing the two pieces of
material against each other. The aim is to cover the Si substrate by a high density of
NWs in predominat orientation.
Subsequently two amorphous Pt layers (transferred by electrons and later on by ions)
are deposited on the Si surface containing NWs. The thickness of the deposited layers
is at least double the diameter of the NW in order to completely embed the lying
NWs. Next, keeping track of the orientation of the NWs an ion beam was used to cut
out a wedge shape containing cross-sections of NWs. The wedge was then fastened
to micromanipulators, lifted and series of ion milling processes were carried out on
both sides of the wedge until the sample is electron transparent – i.e. of about 100
nm thick. Afterwards, the sample was transferred to the TEM grid.
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HAADF
detector

SEM-GIS

FIB
Pt

Si

Pt
Si

Si
Si

e-

NW
crosssection

Figure 3.21. A sketch of lamella preparation by FIB-GIS method including deposition
of Platinum and cutting a wedge by ion beam.

The main disadvantage of this technique is the potential of modifying the chemical
and structural composition of (Ga,Mn)As by Ga ion bombardment. It is impossible to
avoid incorporation of some Ga into the crystal. Furthermore, a non-negligible
heating process occurs during the ion milling, so that local modifications of the
material composition cannot be excluded [Park 2007]. Ion current for the first
samples was too high, since induced defects are visible at the corners as depicted in
Figure 3.22.
Cross-sectional TEM analysis
TEM dark field micrographs of the (first at IP PAS) attempt to produce cross-section
of NWs is shown in Figure 3.22. The darker hexagons represent the projected crosssections of the NWs. A platinum layer is recognizable as a continuous layer on the
NWs. The Si layer is visible at the bottom. A little bit too high Ga ion current was
used for cutting what damaged the shell. However, the contrast between the core
and about 15 nm thick shell is clearly visible.
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VACUUM

a

Cross-sections of NWs

Si

5 µm

1 µm

b

c

50 nm

5 nm

Figure 3.22. (a) SEM images taken during FIB-GIS preparation process showing NWs
cross-sections. (b-c) LR and HR TEM images of NW cross-sections prepared by SEM FIBGIS system. The contrast between the core and the shell is visible, as well as a damage
induced during the cut, due to the too high ion beam current.

A more successful cross-section was prepared in Julich by A. Kovacs as shown in
Figure 3.23. The shell is grown perfectly on the core, which is a regular hexagon.
From the contrast, we can identify the (Ga,Mn)As shell. The defects or damages
induced during preparation are visible in the shell, particularly at the edges of the
hexagonal shape, where two sidewalls meet.
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a

b

c

50 nm

Figure 3.23. Cross-sectional specimens of GaAs-(Ga,Mn)As core shell NW prepared
using FIB. A high quality epitaxy of the shell on the core is revealed. (a) BF and (b) DF
images expose defects at the corners of (Ga,Mn)As hexagons. (c) SAED pattern.

3.2.2.3 Magnetic properties
Magnetic studies are performed for as-grown free standing NWs (sample B) deposited
on Si(111) substrate. The sample is fixed on additional Si holding substrate. All
diamagnetic signals are carefully subtracted.
The summary of the magnetic studies of sample B is presented in Figure 3.24. Panel
a) shows the LT part of magnetic moment registered during field cooling at H = 1
kOe, TRM after switching off the field at 2 K and 0FC at H = 0 Oe. A highly nonlinear
and hysteretic M(H) below Tch  20 K is presented in panel b). Results presented in
both panels may suggest the FM coupling in the NWs at LT. The magnetic hysteresis
are of a low squarness at LT, and the M(H) does not show a tendency to saturate.
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0.5
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Figure 3.24. Results of magnetic studies of sample B – as-grown core-shell NWs on
the Si(111) mounted on Si support. Full, open symbols - magnetic field applied along,
perpendicular to NWs respectively. LT part of (a) field cooled moment at 1 kOe (1kFC,
diamond symbols), warming at remanence (TRM, squares), and field cooled moment at
0 Oe (0FC, bullets). Tch marks the temperature at which the TRM moment vanishes. (b)
Low field part of the magnetic hysteresis at selected temperatures.

Already from the panel b of Figure 3.24, it is apparent that, similar behaviour, as
that observed before in sample A, i.e. rapidly decreasing coercive field with
increasing temperature is detected for sample B. This suggests the magnetically
nano-composite constitution of this sample. Further evidence confirming the
magnetically granular structure of the NWs comes from the lack of any moment
detected from the sample at LT when it is cooled from above Tch at H = 0 Oe. In both
experimental configurations, at 2 K, the sample ends up in almost completely
demagnetized state. All curves are lifted from zero value on ordinate axis due
unknown magnetic contribution.
Almost no magnetic anisotropy is detected for both orientations. Such behaviour is
most probably due to low density of NWs. In addition, some of them lost their primary
orientation due to manipulations of sample like cleaving, mounting on SEM and SQUID
magnetometer holders.
Tch is the temperature required for almost all sizes of supermoments to lose magnetic
moment orientation. The whole ensemble of these FM coupled volumes shows
magnetic characteristics typical for blocked superparamagnets.
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3.2.2.4 Transport
Two different approaches were used to prepare microstructures:
1. FIB-GIS method.
2. e-beam lithography (e-BL), wet-chemistry, lift-off method.
First, we have applied FIG-GIS method for preparation of microstructures. However
soon after manufacture and measurement of several (7) specimen we have found,
that contacts are highly resistive. Moreover, this procedure has the following
drawbacks. Metals (Pt, W) are transferred by high-energy particles of Ga or
electrons, which damage the crystalline structure of NW. The thickness of the
damaged layer for Si NWs is typically 20 nm. The crystalline structure of this layer is
highly disordered. The concentration of Ga is about 2% (EDS investigation). The asprepared Pt electrode consists of Pt particles embedded in amorphous Ga+-doped
carbon (originating from precursor) layers. The conductivity of as prepared Pt
terminals is poor. By annealing treatment, the conductivity can be improved. A high
annealing temperature is required to get rid of carbon (500 °C -600 °C), however it
is impossible for NWs used, as (Ga,Mn)As shell would decompose into MnAs nanoclusters.
As platinum contacts prepared by FIB – GIS technique are rather highly resistive, we
attempted to prepare electrical contacts by electron beam lithography and wet
chemistry method. During my secondment visit in Thales/CNRS in Paris, I practically
studied lithographic techniques, which were implemented at IP PAS later. One of the
typical devices successfully prepared in such technological process is shown in Figure
3.25.

2 µm

Figure 3.25. SEM image of isolated GaAs-(Ga,Mn)As core-shell NW on Si/SiO2
substrate contacted to four terminals by e-lithographic methods.
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19 such microstructures were produced in total. The most complicated task is the
assembling of device as in most cases we lost the NW through discharge of
electrostatic charges being collected from experimentators body and clothes.
A characteristic picture after NW explosion is shown in Figure 3.26 a. In this part only
one, partially most successful preparation of chip from NW of sample B will be
analysed. From now, it will be called chip B. This is a very convenient material since
NWs from this technological process are long. After first attempt to measure chip B,
it was partially burned as shown in Figure 3.26 b.
a

b

2 µm

1 µm

Figure 3.26. (a) debris left after nano explosion of NW. (b) partially burned NW in
chip B. Two outer sections exploded. The middle one is still alive.

I-V characteristics
Later on, transport measurements of undamaged part were successfully performed.
First, we have investigated the current – voltage (I-V) behaviour of NW by two
terminals at different temperatures as exemplified in Figure 3.27. We have found,
that the resistance increases with decreasing temperature. Moreover, the I-V curves
demonstrate nonlinear behaviour, which is not very symmetric. We have found the
NW resistance from small linear I-V segment at room temperature giving R equal to
48.5 MΩ. Some attempts to fit the I-V characteristics were performed. However, the
measured segment from -1 V to 1 V was too short to fit to any known model. The
reason, why we have not measured in wider range of voltages, is the high risk to
increase the resistance and put too huge heat load, which could explode the NW.
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Figure 3.27. Nonlinear I-V characteristics for selected temperatures of chip B.

Magneto-transport
The magneto-transport measurements were performed at selected temperatures in
a range of 2.2 K– 33 K and swept at the magnetic field as high as 4.5 kOe. First,
negative magnetoresistance difference of the order of 20 % was found for LT sweeps.
The separation between the magntoresistance maxima decreases rapidly with
increasing temperature. Similar behaviour has been observed in the hysteresis
measured

by

SQUID

magnetometer.

The

temperature

dependence

of

magnetoresistance suggests that it is originating from the magnetic shell and is not
due to the magnetoresistance of the contacts.
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Figure 3.28. Field sweep with magnetic field oriented perpendicular to the NW axis
shows the characteristics of a magnetic hard axis. The continuous resistance change
reflects the coherent rotation of the magnetisation. At the local resistance maxima,
the magnetisation is fully aligned with the external magnetic field (M changes from
anti-parallel to parallel to H).

Resistance singularity
The last experiment was devoted to compare transition temperature from
paramagnetic to ferromagnetic phase, found from SQUID magnetometer studies of
large set of NWs and from single NW device resistance dependence of temperature.
The temperature characterisation of chip B is plotted in Figure 3.29. The cooling
curve of a single NW shows an increase of resistance in a whole temperature range,
except a small temperature region between 25 K – 50 K most probably due to the
negative magnetoresistance effect, when magnetic ordering emerges. The actual
Curie temperature can be found slightly shifted to lower temperature from the local
maxima, at a singularity of the first derivative [Novak 2008]. Here we get TC equal
to about 43 K, which is in good agreement with the SQUID measurements for cooling
curve in a field of 1 kOe.
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Figure 3.29. (a) Measured resistance of single NW (chip B) at 0.4 nA at zero field.
In the inset, the temperature derivative of the measured resistivity at 0 Oe is shown.
(b) temperature dependent SQUID magnetisation of as-grown ensemble of NWs on Si
measured at 1 kOe (FC) field. The peak dR/dt coincides with the SQUID TC = 43 K (for
1 kOe).

After application of gate voltage as high as 40 V we have not observed any changes
in the I-V characteristics. Afterwards, we have applied of 170 V and the NW
exploded as shown in Figure 3.30.

20 µm

Figure 3.30. Debris left after nano explosion of NW in chip B.
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3.2.3

Sample B - summary

GaAs-(Ga,Mn)As core-single shell NWs of ZB crystalline structure grown by MBE were
investigated. The NWs have been obtained in two steps, first Ga-induced GaAs NW
cores have been grown at 550 °C on Si(111) substrate; then 15 nm thick Ga0.95Mn0.05As
shells were deposited at low temperature (close to 220 °C). Shell growth rate is
about 20 nm/h. The NWs have typical diameters in the range of (100 – 200) nm, and
lengths up to 8 µm. TEM microscopy investigations confirm that the (Ga,Mn)As shells
are of ZB crystalline structure, exhibit sharp interface with GaAs cores and smooth
outer surfaces. However, NWs possess high amount of stacking faults. Investigations
of the magnetic properties of as-grown NWs (not separated from the growth
substrate), indicate that magnetically (Ga,Mn)As NW shells consist from nano-regions
with low transition temperature (20 K) and almost no magnetic anisotropy (very weak
easy magnetization axis following the NW axes can be identified). Magneto-transport
studies show 20 % of negative magneto resistance over 4 kOe field. However overall
resistivity of shell is high.
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3.3

(In,Ga)As-(Ga,Mn)As core-single shell NWs on GaAs

This chapter is devoted to presenting the results obtained for all-wurtzite (In,Ga)As(Ga,Mn)As core-single shell NWs manufactured by the VLS growth mechanism
involving Au metal nanoparticles predeposited on GaAs substrates.

3.3.1

(In,Ga)As NWs on GaAs

Substrate preparation
Prior to the growth of the NWs a small amount of gold (equivalent of a 2 Å thick
continuous layer) was deposited on epi-ready GaAs(111)B substrate at LT (100 °C) in
the MBE system dedicated for metals. Then the substrate was transferred (in the air)
to the III-V semiconductor MBE system and annealed at 590 °C to desorb the native
oxide from GaAs substrate and to create small nanometre-scale Au-Ga eutectic nanodroplets on it.
Growth conditions
Core-shell NWs were grown in two steps. In the first step, (In,Ga)As primary cores
were grown at HT (Tg about 500 °C). The growth of NWs starts by a short (5-10) min
deposition of pure GaAs at the substrate temperature of about 540 °C, then the
temperature is decreased to about 500 °C (with the sample surface exposed to As
flux) and the In0.13Ga0.87As growth commenced. The In content in the core was chosen
to be around 13 %. The composition of (In,Ga)As ternary alloy is calibrated in-situ
just before the NW growth via a standard method of comparison of GaAs and
(In,Ga)As growth rates measured by specular RHEED beam intensity oscillations
recorded for the layers grown on a test GaAs(100) substrate without gold catalyst.
However, the actual concentration of In in the (In,Ga)As NWs is lower, i.e. equals
about 10 % due to the different growth mechanism involved in the MBE growth of
planar (In,Ga)As layers as compared to the Au-induced vertical growth of (In,Ga)As
NWs at identical conditions. It is in agreement with previous reports (e.g. about 20%
lower incorporation of In into wurtzite (In,Ga)As NWs compared to the In content in
the (In,Ga)As(100) planar layer has been reported by Jabeen et. al. [Jabeen 2008]).
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The growth rate of the core NWs has been observed to be almost 5 times faster than
that of the layers grown with the same III and V element fluxes, and is equal to about
1 µm/h.
Growth mechanism
As can be seen from high contrast side view images of GaAs (sample A) and (In,Ga)As
NWs, the thickness of (In,Ga)As layer in-between the NWs is two times higher than
for GaAs case. This suggests that In alternates the growth and enhances the planar
growth. Furthermore, we have found the core-shell structure in (In,Ga)As NWs crosssections (Figure 3.31 a). One possible explanation is, that it could originate from the
neck of pencil-like NW as sketched in Figure 3.31 b.
a

b
(In,Ga)As
MULTICORE

Pencil shape NW
Multicore (In,Ga)As NW
growth model

Figure 3.31. TEM images of (a) two interfaces in the cross-section of (In,Ga)As core;
(b) the neck of pencil-like NW (hypothesis of interface origin).

Moreover, (In,Ga)As NWs in some particular growth conditions (maybe not optimal)
grow up to certain length or grow very slowly being embedded in parasitic (In,Ga)As
planar layer even up to 1/3 of their lengths as shown in Figure 3.32 a of NW 93 growth
process. NWs have relatively low surface density (4×108 NWs/cm2) in this sample.
The thickness of a reference (In,Ga)As layer grown on GaAs substrate (without gold)
during the same technological process is about 40 nm higher. This difference is due
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to the fact that important amount of In and Ga delivered to the sample surface is
incorporated into the NWs in the case of Au-covered GaAs(111)B substrate. The
proposed growth mode of (In,Ga)As NWs is first governed by (In,Ga)As core growth,
later the axial growth is terminated or is very slow and all material is deposited on
the sidewalls in form of shell, and simultaneously parasitic layer keeps growing inbetween the NWs.

d

b

a

Density 4108 NWs/cm2

500 nm

c
(In,Ga)As
nd

250 nm

250 nm

2 layer - (In,Ga)As
First layer- (In,Ga)As

GaAs(111)B
GaAs

In-Ga alloy glue layer

Figure 3.32. SEM micrographs of (a) side and (b) bird-view of (In,Ga)As NWs, and
(c) side view of (In,Ga)As reference layer grown on GaAs substrate. 1/3 of NWs length
is embedded into the parasitic layer. (d) Growth model of (In,Ga)As NWs: first
(In,Ga)As core grows, later material is deposited on the sidewalls in a form of shell,
simultaneously the parasitic layer continues to grow in-between NWs.

3.3.2

Core-magnetic shell NWs

After the (In,Ga)As NW cores growth, the substrate temperature was reduced to
around 220 °C and the LT (Ga,Mn)As shells were deposited. The quality of the shells
is strongly dependent on the growth temperature and Mn content. Smooth shells can
only be obtained in a narrow growth temperature window (220 °C – 240 °C). The
growth conditions of the shells correspond to intended Mn content of 5 st. %. The
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shells’ growth rate is about 20 nm/h. We have chosen to analyse NW 52 specimen
and from it is called sample C.

3.3.2.1 Morphology of the shells (SEM investigations)
Since parts of the substrate not covered by NWs are exposed to the fluxes during the
MBE growth of the shells, the parasitic (Ga,Mn)As layer is also deposited in between
the NWs. It should also be noted that during the prevailing growth of (In,Ga)As NWs,
a 300 nm - 400 nm thick layer of (In,Ga)As in between the NWs grows too. Analysis
of the high-contrast SEM images shows that the thickness of the (Ga,Mn)As layer
deposited in-between the NWs can be up to 70 nm depending on the alternating level
of shadowing effect, due to the inhomogeneous distribution of NWs (the thickness of
the planar (Ga,Mn)As layer grown on a GaAs(111)B substrate without catalytic gold
nanoparticles would be 100 nm). From theoretical shadowing analysis (not described
in thesis) it follows, that if the distribution of NWs length is homogeneous and NWs
density is equal to that observed in this sample, half of (Ga,Mn)As is deposited on
the cores, half in-between the NWs. This has important consequences for the
measurements of magnetic properties of such samples as explained further in the
text. Density of NWs is high (about 2×109 NWs/cm2) as indicated in the SEM images
displayed in Figure 3.33. The NWs are oriented vertically with respect to the
substrate surface; they are up to 1.6 µm long and their diameters vary between 70
nm - 100 nm.

b

a

(Ga,Mn)As d=[10-70] nm
(In,Ga)As d=[300-400] nm

400 nm

GaAs(111)B substrate

400 nm

Figure 3.33. SEM images of Au-induced (In,Ga)As-(Ga,Mn)As NWs grown on
GaAs(111)B substrate. a) side-view image, where (In,Ga)As and (Ga,Mn)As layers
deposited in-between the NWs can be identified in the vicinity of the substrate surface.
b) birds-eye view of NWs (from the central part of the sample).
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3.3.2.2 Crystal structure (TEM investigations)
3.3.2.2.1

NWs on the grid

The structural and chemical characterization of the samples has been performed
with use of TEM methods. The first sample for TEM studies was prepared in the
following way: NWs were chopped from the substrate and suspended on a carbon
grid. Figure 3.34 shows the TEM image of a short section of single (In,Ga)As(Ga,Mn)As core-shell NW with <0001> orientation of its axis. It is easy to distinguish
between the (In,Ga)As core and 12 nm-thick (Ga,Mn)As shell. The crystalline
structure of the shell is perfect. There are no misfit dislocations and the shell is in
epitaxial relation to the core with sharp and coherent interface between the core
and the shell. In contrast, the shell covering gold nanodroplet is polycrystalline and
of irregular shape (not shown). About 3 nm thick native oxide layer on the outer
surface of the shell is observed after 10 s of Ar-O ions pre-cleaning, before loading
the specimen into the TEM chamber.
VACUUM

Oxide
(In,Ga)As

[𝟎𝟎𝟎𝟏]

(Ga,Mn)As

̅𝟎]
[𝟏𝟏𝟐

Figure 3.34. HR TEM image of (In,Ga)As-(Ga,Mn)As core-shell NW interface. The
(Ga,Mn)As is epitaxial with respect to the (In,Ga)As core without any dislocations at
the interface.
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The chemical composition of individual NWs was investigated by HAADF-STEM method
combined with the energy-dispersive X-ray spectroscopy (EDS). The STEM images of
almost whole NW and its top part are shown in Figure 3.35 (a) and (b), respectively.
All components of the NW: the shell, the core (both of the wurtzite crystalline
structure) and the polycrystalline gold droplet with irregular shell at the top of NW
can be identified. The gold nanodroplet is visible as the bright area at the top of the
NW core. The shell material deposited on the gold catalyst is polycrystalline, thus it
has the irregular shape. For several NWs, basal stacking faults were found in their
top parts. The EDS analysis of the (In,Ga)As-(Ga,Mn)As core-shell NW confirmed the
presence of Mn in the shell and Mn content of 5 st. % ( 0.5 %). No local precipitations
of the Mn were found, within the EDS detection limit of 0.5 %.
a

b

c

Au droplet

d

(In,Ga)As
(Ga,Mn)As

Figure 3.35. (a) STEM image of (In,Ga)As-(Ga,Mn)As NW. The (In,Ga)As core can be
distinguished as slightly brighter than the (Ga,Mn)As shell; (b) HR-STEM image of the
top part of NW; (c) atomic positions in the small section of NW marked by the rectangle
in panel (b), the right part shows the theoretical atomic positions of the wurtzite
̅𝟎] zone axis
structure; (d) indexed Bragg reflections of the SAED image in the [𝟏𝟏𝟐
taken from area marked by the circle in panel (b).
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High resolution STEM HAADF image, clearly shows the atomic order characteristic for
wurzite crystal, projected in [112̅0] direction (see zoomed part in Figure 3.35 c).
Moreover, SAED pattern obtained for larger part of the NW, which is shown by the
circle in Figure 3.35 b (the diameter of used slit is 100 nm) fits well to the theoretical
kinematical pattern for [112̅0] zone axis. This confirms the presence of a single
wurtzite structure phase for both the (In,Ga)As core and the (Ga,Mn)As shell.
(In,Ga)As-(Ga,Mn)As NWs have also been investigated by TEM in the cross-sectional
geometry, following the preparation method described below.
3.3.2.2.2

Cross-sections of NWs (regular FIB-GIS method)

First, NWs were transferred onto the Si(100) substrate covered with native SiO2 layer.
After selection of suitable NWs and marking their position, substrate and NWs were
capped with 1.2 μm thick platinum layer. A TEM specimen was cut out using FIB
technique. An example of successful cut containing three NWs is shown in the STEM
image in Figure 3.36 a.
Cross-sectional TEM analysis
The NW located in the middle is perfectly aligned to [0001] zone axis as depicted in
Figure 3.36 a. Part of this NW appearing as darker is amorphous, as confirmed by
high magnification HRTEM images (not shown). This partial amorphization of the tops
of NWs from one side is due to high electron beam intensity applied during the
platinum deposition process. This kind of amorphization did not occurre for the NW
shown in Figure 3.36 d due to the lower e-beam intensity used for platinum
deposition in this case.
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a
(a)

(b)
b

(c)
c

(Ga,Mn)As

d
(d)

(In,Ga)As

Figure 3.36. (a) STEM image of a thin FIB lamella containing three NWs embedded
in the platinum. (b) HR STEM image of the frame in panel (a) showing interface
between (In,Ga)As core and epitaxial (Ga,Mn)As shell. (c) SAED patterns containing
contribution from different parts of the TEM specimen: upper spotty diffraction
pattern - NW; lower one - Si substrate; rings - polycrystalline Pt cover. (d) cross-section
from the upper part of the single NW with the shell of non-homogenous thickness.

Investigated NWs have either hexagonal or round cross-sections depending on the
shell thickness and on spatial arrangement of NWs causing inhomogeneous
shadowing. The HT grown (In,Ga)As NW cores have perfect hexagonal cross-sections.
Due to the enhanced shadowing of the bottom parts of NWs during the shell
deposition, the (Ga,Mn)As shells thickness is increasing slightly along the NW lengths
(smaller - closer-to-the substrate, larger at the top part). By this, it is possible to
determine if given cross-section originates from the top, middle or bottom part of
NW. The NW shown in Figure 3.36 d has small shell thickness reaching 7 nm in the
thickest place. Figure 3.36 b shows a zoomed image of a small part of the NW crosssection (selected in the rectangular frame displayed in Figure 3.36 a). The interface
between (Ga,Mn)As shell and (In,Ga)As core is sharp, and contains no structural
defects. SAED patterns have been collected from one of the NW cross-sections. The
ring patterns of diffracted electrons originate from platinum; spotty patterns from
NW and Si substrate (see Figure 3.36 c).
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3.3.2.3 Magnetic properties
Magnetic investigations of nanoobjects is challenging due to their weak signal, which
has to be properly separated from a stronger magnetic response of substrate and
from various contaminants collected before magnetic studies. Thus, dedicated
methods and strict experimental protocol have been applied in accordance with
[Sawicki 2011].
Sample preparation – NWs separation from substrate
To realise thorough magnetic studies concerning aforementioned ideas, three
samples were prepared from specimen C following the procedures presented in part
2.4. First and main sample (called CS) was prepared by a method allowing preserving
the spatial orientation of NWs (approach II). NWs were stabilised in the resin and
separated from the substrate. Such NWs containing resin flake is then fixed onto a
piece of Si. Diamagnetic responses of both Si and resin were established earlier and
subtracted accordingly. The possibility of tearing off a part of parasitic magnetic
layer and its maximal contribution to the measured magnetic moment was evaluated
as described later. Sample CU was prepared by removing NWs from the substrate in
ultrasonic IPA bath (approach I). Then a droplet of solution is transferred onto a
similar piece of Si as used to support sample CS. From the analysis of the relevant
SEM images, it follows that, the original surface density of the NWs (about 2×109
NWs/cm2, preserved in sample CS) is reduced by a factor of ~200 in sample CU,
setting the expected magnetic response at the threshold of SQUID detection
capability. Moreover, the spatial orientation of these NWs is completely randomized.
After removal of NWs, the remaining GaAs-(In,Ga)As-(Ga,Mn)As substrate-layer-layer
material containing mostly the unwanted parasitic (Ga,Mn)As film, was also
investigated and is called sample CL. This allows evaluating the film’s magnitude of
magnetic response and estimation of its maximal contribution to the magnetic
moment measured for sample CS.
The samples’ moment M dependence on the magnetic field H, M(H), is measured up
to H = 20 kOe and as a function of temperature, M(T), down to 2 K. All the data
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presented here have their relevant diamagnetic contributions evaluated at room
temperature and subtracted accordingly.
Magnetic characterization of sample CS
The main results of the magnetic studies of sample CS are presented in Figure 3.37.
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Figure 3.37. Results of magnetic studies of sample CS –embedded NWs in resin.
Half-opened symbols: magnetic field applied along the NWs, full symbols:
perpendicular to NWs. LT part of (a) field cooled moment at 1 kOe (1kFC, diamond
symbols), warming at remanence (TRM, squares symbols), and field cooled moment at
0 Oe (0FC, bullet symbols). TRM moment vanishes at Tch. (b) Low field part of the
magnetic hysteresis at selected temperatures. (c) Temperature dependence of ZFC
and FC moment at 30 Oe (down, up triangles respectively) and 0FC (bullets). TB marks
the mean blocking temperature. (d) Thermal cycles of TRM consisting of a set of reheating - re-cooling at several temperatures (interrupted TRM). This is superimposed
on the TRM dependence on T.

As in previous cases, panel a) shows the magnetic moment registered during the field
cooling at H = 1 kOe (1kFC), the warming at H = 0 Oe (TRM) and cooling at H = 0 Oe
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(0FC). Panel b) shows highly nonlinear and hysteretic M(H) below Tch  33 K. It points
out of the FM coupling in the NWs at LT.
The magnetic hysteresis curves are of a good squarness at LT, however the M(H) does
not saturate even at 20 kOe. In fact, at 2 K M(0) / M(20 kOe) < 0.3 (not shown),
indicating that no more than ¼ of Mn moments is FM coupled.
Again, c) panel of Figure 3.37 demonstrates similar features as already observed in
other types of NWs with (Ga,Mn)As shells. The maximum in the ZFC M(T) indicates,
that the blocking mechanism of SP material determines the magnetic response in
weak magnetic fields and LT. This strongly indicates a magnetically granular
composition of the sample. The SP characteristics and the very slow saturation at LT
means, that the FM coupling is valid in small separated volumes. These magnetically
ordered supermoments are dispersed in the paramagnetic host.
0FC M(T) further confirms the magnetically granular structure of the shells by the
lack of any moment detected, when sample is cooled from above Tch at H = 0.
Moreover, below TB the blocking mechanism slows the dynamics of the supermoments
what accounts for such a huge increase of the coercivity, as observed in panel (b).
The final evidence that the FM-like appearance is only due to the slowed dynamics
of the blocked supermoments is presented in panel Figure 3.37 d. Here, following
the recipe presented in Ref. [Sawicki 2010], the sample in remanence at T0 = 2 K is
warmed up in steps, through midway temperatures (Ti), at which the sample is
cooled back down to T0. The sample moment is reduced only during increase of the
temperature (from Ti to Ti+1), following the original TRM. This proves the role of the
thermal excitement over the individual energy barriers of the supermoments on the
total magnetisation of the sample.
Therefore, Tch is the temperature, at which almost all the supermoments in the
distribution are thermally disoriented. This means that, the magnitude of the
coupling temperature in the nanoclusters, cannot be smaller than Tch. However, all
these FM coupled volumes display magnetic characteristics, typical for blocked
superparamagnets.
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Magnetic anisotropy in sample CS
The magnetocrystalline anisotropy in (Ga,Mn)As depends on the Mn content,
concentration of valence band holes, but predominantly is governed by the epitaxial
strain.[Dietl 2001]. At typical magnetic dilution, the shape anisotropy is not
important in DFS. However, for sub-µm objects, the strain relaxation effects
dominate even over magnetocrystalline anisotropy [Hümpfner 2007]. The (In,Ga)As
hexagonal core defines at least 4 major crystallographic directions in (Ga,Mn)As shell
subjected to tensile strain: three perpendicular to the shell sidewalls and the fourth
one along the NW. For the uniformly magnetized NWs, the orientation of the spins
should be either tangential, or along the NW axis. In the case investigated here,
tensile strained (Ga,Mn)As shell, should induce perpendicular magnetic anisotropy,
and so a “cactus-like” arrangement of Mn spins could be expected. Panel a) and b)
Figure 3.37 shows pronounced uniaxial magnetic anisotropy with respect to the NWs
axis. The NWs magnetize easier when the field is aligned perpendicularly to the NWs.
However, neither for this orientation, the typical easy axis behaviour is seen, nor
with the field aligned along the NWs, the shells exhibit proper hard axis
characteristics. Moreover, the magnetic anisotropy gets weaker on lowering
temperature. The absolute values of the magnetic anisotropy observed here should
also depend on the complex strain distribution due to anisotropic lattice mismatch
in the W core-shell structure and effects of faceting [Spirkoska 2009].
The experimental findings described above indicate the presence of the non-uniform
FM in the (Ga,Mn)As shells. Hence, the observed anisotropic behaviour reveals the
dominant easy axis orientation of the supermoments. This is in accordance with the
picture of granular magnetic materials with high-hole-density mesoscopic pools,
distributed in a non-conducting (Ga,Mn)As body. In this view, the weakening of the
magnetic anisotropy at LT can be associated with the existence of big energy
barriers, which, without sufficient thermal stimulation, resist the rotation of the
supermoments.
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Magnetic characterization of sample CL
The magnitude of the false signal of the (Ga,Mn)As film (sample CL) constitutes no
more than 10% of the total signal of sample CS, assuring that the dominant part of
the established magnetic response comes from the investigated shells of NWs.
Magnetic characterization of sample CU
Results of magnetic measurements of the reference sample CU consisting of NWs
separated from the substrate by ultrasonification and placed onto a Si support are
similar to those observed for sample CS (NWs embedded in the resin and separated
from the substrate), presented above, (see Figure 3.37 b, c and Figure 3.38). The
slight differences can be attributed to the averaging effect over the random
orientation of the NWs in sample CU. The magnitude of tiny magnetic signal agrees
within 25 % with the moment evaluation obtained for the average area NWs density
in this sample (107 cm-2). The mean blocking temperature, TB, is the same as in
sample CS providing the dimensions of scattered FM-coupled mesoscopic regions in
the range of 6 nm – 14 nm.
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Figure 3.38. Results of magnetic studies of sample CU consisting of NWs transferred
onto a Si support. (a) ZFC and FC measurements at H = 30 Oe, TRM. (b) Magnetic
hysteresis loop measured at 5 K.
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3.3.3

Sample C - summary and further actions

(In,Ga)As-(Ga,Mn)As core-single shell NWs of all-wurtzite crystalline structure grown
by MBE were investigated. The NWs have been obtained in two steps, first Au-induced
(In,Ga)As NW cores have been grown at 500 °C on GaAs(111)B substrate; then the
Ga0.95Mn0.05As shells were deposited at LT (close to 220 °C). The NWs are up to 1.6
µm in the length and 70 nm – 100 nm in diameter. TEM microscopy investigations
confirm that the (Ga,Mn)As shells are of perfect, wurtzite crystalline structure,
exhibit sharp interface with (In,Ga)As cores and smooth outer surfaces. Thorough
investigations of the magnetic properties of NWs, separated from the growth
substrate, indicate that magnetically (Ga,Mn)As NW shells are composed of scattered
FM-coupled mesoscopic regions of dimensions in the range of 6 nm – 14 nm. This gives
rise to SP properties above the blocking temperature close to 17 K and easy
magnetization axis perpendicular to the NW axes. These results point at the necessity
of comprehensive measurements of the magnetic properties of NWs, preferably
separated from the growth substrate. The uniform, FM (Ga,Mn)As NWs shells can
potentially be obtained, if higher shell thicknesses and/or higher concentrations of
substitutional Mn end up in sufficiently uniform hole concentration, to promote the
magnetic coupling throughout the whole body of the material.
The investigations of magnetic properties of (In,Ga)As-(Ga,Mn(As) core-shell NWs
described above, point on the relatively low concentration of holes in the (Ga,Mn)As
shells. It is worth to explain why, for such a large Mn content (5 st. %), the
concentration of p is much lower than expected. One of the reasons for that can be
an enhanced incorporation of compensating defects, observed also in planar
(Ga,Mn)As(110) layers [Wurstbauer 2008], [Wurstbauer 2007]. The other one can be
due to the specific MBE growth conditions of NW shells (much narrower growth
window than the one relevant for the planar growth). The similarity of our magnetic
data obtained for WZ NWs with (Ga,Mn)As shells to other, reported so far for ZB NWs
with (Ga,Mn)As shells (similar low Tc in the range of 20 K – 30 K) [Rudolph 2009], [Yu
2013] point out that this is the price, which has to be paid for high crystallinity of

the (Ga,Mn)As NWs. The other effects, specific to NW geometry, which may
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contribute to the reduction of p can be associated with a low shell thickness and the
occurrence of depletion layers both close to the surface and at the (In,Ga)As(Ga,Mn)As interface region [Proselkov 2012], [Storm 2012]. These depletion layers
will be much more important for NWs with (Ga,Mn)As shells in comparison to the
case of planar (Ga,Mn)As layers with the same thicknesses, because of the much
higher (Ga,Mn)As surface to volume ratio in the former case.
In order to investigate this hypothesis several new radial multi-shell quantum well
heterostructures were manufactured and are analysed in the next chapter.
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3.4

(In,Ga)As-(Ga,Mn)As radial heterostructures on GaAs

In this chapter radial quantum well heterostructures of various combinations of
materials in order to confine charge carriers in (Ga,Mn)As, magnetically active shell
are investigated. The main task is to improve magnetic properties of (Ga,Mn)As shells
grown on (In,Ga)As NWs template.
Such NWs radial heterostructures analysed:
 (In,Ga)As-barrier-(Ga,Mn)As:


Sample D:
In0.2Ga0.8As-HT Al0.3Ga0.7As (10 nm)-Ga0.95Mn0.05As (30 nm)

 (In,Ga)As-barrier-(Ga,Mn)As-barrier:


Sample E:
In0.2Ga0.8As-HT Al0.3Ga0.7As (25nm)-Ga0.95Mn0.05As (30 nm)-LT-GaAs (5 nm)



Sample EA (sample E annealed at 450 °C).



Sample EAR (substrate left after separating NWs from Sample EA).

The inner (Al,Ga)As and outer LT-GaAs shells (both of WZ structure) surrounding WZ
(Ga,Mn)As have been deposited in order to enhance the confinement of holes in
(Ga,Mn)As shell. Both materials are acting as barriers for holes. (Al,Ga)As is a well
know barrier material used in GaAs-based heterostructures, known from late 60’s early 70’s [Alferov 2001]. In LT-GaAs the Fermi level lies deep in the band-gap and
is pinned from 0.5 eV to 0.7 eV below the conduction band edge (for non-annealed,
and HT annealed material, respectively) [Shen 1992] where as in GaMnAs it is located
close to the valence band maximum [Jungwirth 2007]. Hence in (Ga,Mn)As-LT-GaAs
heterojunction LT-GaAs acts as a barrier for holes (see also [Adell 2006], [Diaz
Álvarez 2015].
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3.4.1

Substrate preparation and growth conditions

Typical conditions as for other earlier described NWs grown on GaAs(111)B are used
including substrate preheating in order to form Au nanoparticles playing the main
role in inducing wurtzite (In,Ga)As NWs growth.
The first stage of NW core growth is performed at HT at the same conditions as
described in previous chapter about (In,Ga)As NWs.
The next stages of multi-shells growth are performed at LT, which is too low to
activate axial VLS growth. After completing the growth of (In,Ga)As NW cores, the
growth temperature is reduced to about 400 °C and about 20 nm thick (Al,Ga)As
shells (with 30 % Al) are deposited on the side-walls of (In,Ga)As cores. Afterwards
the substrate temperature is further reduced to about 230 °C to grow 30 nm thick
Ga0.95Mn0.05As shells at almost stoichiometric ratio of As/(Ga+Mn) impinging fluxes
(as calibrated earlier). Finally, the outermost, thin (5 nm) shells from LT-GaAs are
deposited. For the radial bi-shell, NW growth composition calibrations based on the
planar growth of the test samples are much more reliable, than the ones used for
axial NW growth, since this growth mode resembles the standard MBE deposition
method on planar substrates. The only difference is the angle of impinging fluxes,
which is close to 70° for a typical planar growth but close to 20° for the shell growth
in the SVTA III-V MBE system.

3.4.2

Morphology of multi-shell NWs (SEM investigations)

Sample D
Density of NWs is high (about 109 NWs/cm2) as indicated in the SEM images displayed
in Figure 3.39. The NWs are oriented vertically with respect to the substrate surface;
they are up to 5.3 micrometre long and have diameters of 100 nm - 200 nm. The
thickest part is ¼ lower from the Au nanoparticle (top). In general, the NWs are
inverse tapered due to the inhomogeneous shells thickness caused by the shadowing
effects. The side-surfaces are smooth along the whole NW lengths.
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a

b

1 µm

1 µm

Figure 3.39. SEM images of Au induced In0.20Ga0.80As-Al0.30Ga0.7As-Ga0.95Mn0.05As NWs
grown on GaAs(111)B substrate by MBE (sample D). (a) side view of NWs at freshly
cleaved edge. Parasitic (In,Ga)As, LT-GaAs, and (Ga,Mn)As layers deposited inbetween the NWs can be identified in the vicinity of the substrate surface of about 650
nm; (b) birds-eye view of NWs (from the central part of sample).

Sample E
Density of NWs is high (about 109 NWs/cm2) as indicated in the SEM images displayed
in Figure 3.40. The NWs are oriented vertically with respect to the substrate surface;
they are up to 3.8 micrometre long and diameters are in the range of 100 nm - 200
nm. NWs core diameter at the foot is about 40 nm.
a

b

c

400 nm

200 nm

200 nm
1 µm

Figure 3.40. SEM images of Au induced In0.20Ga0.80As-Al0.30Ga0.70As-Ga0.95Mn0.05AsGaAs NWs on GaAs(111)B substrate (sample E). (a) side view of NWs at freshly cleaved
edge; (b) birds-eye view of the NWs (from the central part of sample); (c) foot of NWs
at high magnification. Thickness of every shell is visible. Parasitic (In,Ga)As, (Al,Ga)As,
and (Ga,Mn)As, LT-GaAs layers deposited in-between the NWs can be identified in the
vicinity of the substrate surface of about 400 nm.
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The thickest NW part is at about ¾ of the NW length. The upper parts, just below
the Au nanoparticle have diameters in the range 120 nm - 150 nm due to primary
core of pencil shape. The side-surfaces of upper parts of NWs are much more rough
than those of the bottom parts. The NWs are inversely tapered. In addition, clear
steps in thickness and height from the foot of NW are visible. It is the effect of
shadowing, due to the increase of height and shells thickness of NWs after each shell
deposition. It also clearly indicates that the material deposits as snow (sticks where
it has fallen) without significant diffusion on NWs surface.
Sample EA and EAR
Sample E was intentionally annealed in the MBE growth chamber at 450 °C for 0.5
hour. SEM image of this sample (EA) is shown in Figure 3.41 a. This heat treatment
has not induced any observable changes in the NWs surface.
Sample EAR is a substrate with parasitic layers left after removal of NWs from
Sample EA by embedding NWs into resin and separating of the flake technique
described in chapter 2.4 (approach II). The surface after such a treatment is shown
in Figure 3.41 b. Short sections of core NWs with hexagonal cross-section are trapped
between the parasitic layers.
a

b

400 nm

400 nm

Figure 3.41. (a) birds-eye view of (In,Ga)As-(Al,Ga)As-(Ga,Mn)As-GaAs NWs
annealed at 450 °C for 30 min in MBE. There are no visual changes in the surface of
annealed NWs compared to the non-annealed ones; (b) top-view of the surface of
sample EAR after removal of NWs by embedding into resin technique. The parasitic
layers remain on the substrate. NWs with hexagonal cross-section are trapped in it.
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3.4.3

Crystal structure analysis by TEM

3.4.3.1 NWs on the grid
The structural and chemical characterization of the samples was carried out by TEM
methods. The first kind of specimens for TEM studies was prepared by directly
transferring the NWs onto holey carbon film supported by standard copper grid,
without using any solvent.
Sample D
Figure 3.42 shows the TEM image of a short sections from the top part of single
(In,Ga)As-(Al,Ga)As-(Ga,Mn)As core-multi-shell NW with [0001] orientation of its
axis. It is easy to distinguish the inner shell between the (In,Ga)As core and almost
20 nm thick (Ga,Mn)As shell (alternating along the NW length).
a

b

d

c

(Ga,Mn)As
+ LT-GaAs

(Al,Ga)As

(In,Ga)As

100 nm

50 nm

1 nm

Figure 3.42. TEM images of (In,Ga)As-(Al,Ga)As-(Ga,Mn)As NW (sample D). (a), (b)
top and middle part of a NW at different magnifications. Inner (Al,Ga)As shell is clearly
visible; (c) HR TEM image displaying atomic positions characteristic for W structure; d)
section of NW containing SFs extending from the core and inherited by bi-shells.

The crystalline structure of the shell is perfect. There are no misfit dislocations and
the shell is in epitaxial relation to the core with sharp and coherent interface
between the core and the shell. In contrast, the shell covering gold nanodroplet is
polycrystalline and of irregular shape. About 3 nm thick native oxide layer on the
outer surface of the shell is observed after 10 s of Ar-O ions pre-cleaning before
loading the specimen into the TEM chamber. Only a small number of stacking faults
can be identified. Their concentration fluctuates from NW to NW; some of the NWs
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are almost SF free. The arrangements of atoms deduced from HRTEM images taken
for a small NW section correspond to the hexagonal (W) structure.
In all NWs investigated by TEM, (In,Ga)As cores have WZ structure, which is inherited
by inner (Al,Ga)As and outer (Ga,Mn)As shells. All are in perfect epitaxial relation to
each other confirmed by SF extending from core to the multi-shells.
Sample E
An overview of a typical (In,Ga)As-(Al,Ga)As-(Ga,Mn)As-LT-GaAs core-multi-shell NW
is exemplified in Figure 3.43. Z contrast STEM-HAADF images with increased chemical
contrast originating from different averaging nuclear numbers Z of Al, In, and Ga
elements allows distinguishing the structure of NWs, because lighter (Al,Ga)As
appear darker.
a

b

[𝟎𝟎𝟎𝟏]

̅𝟏𝟎𝟎]
[𝟏

̅𝟎]
[𝟏𝟏𝟐
(Al,Ga)As

(Ga,Mn)As/
LT-GaAs
(Al,Ga)As
(In,Ga)As

100 nm

50 nm

Figure 3.43. STEM-HAADF images of (In,Ga)As-(Al,Ga)As-(Ga,Mn)As-LT-GaAs NW
̅𝟎] zone axis; (b) zoomed part in
taken from sample E. (a) top half part of NW in [𝟏𝟏𝟐
the frame (a); (Al,Ga)As inner shell is clearly visible. The tip of the NW has pencil-like
shape. Irregular shape of polycrystalline shell on the bright Au nanoparticle is shown.
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STEM images taken along the [112̅0] zone axis permit to determine the interfaces
between different shells along the NW length, clearly following the (In,Ga)As core.
However, the thicknesses of the shells vary along the NW. For example (Al,Ga)As
shell thickness has a tendency to increase from about 10 nm at foot of NWs to 20 nm
- 25 nm in the thickest part of NW. In contrast to (Al,Ga)As, there is no contrast
between LT-GaAs and (Ga,Mn)As and the total thickness of these shells increases
from 5 nm in bottom part up to 45 nm - 50 nm in the thickest part.
Wurtzite crystalline structure of core-multi-shell NW is confirmed in HR-STEM image
of a small section of NW (Figure 3.44) obtained by the probe corrected FEI Themis
microscope operating at 200 kV. Propagation of a SF from the core to the shell proves
the epitaxial growth mechanism of the shells. EDS mapping with almost atomic
resolution performed with Super X detector and FEI ChemiSTEM technology at the
interface region of (In,Ga)As core and (Al,Ga)As shell proves that the core-shell
interfaces are abrupt at the atomic scale.
HAADF
SF
(In,Ga)As

Al K
(Al,Ga)As

(Ga,Mn)As

̅𝟏𝟎𝟎]
[𝟏

[𝟎𝟎𝟎𝟏]
̅𝟎]
[𝟏𝟏𝟐

In L

Figure 3.44. Probe corrected STEM-HAADF Image of the edge of NW and almost
atomic resolution EDS mapping of (In,Ga)As-(Al,Ga)As core-shell region. The STEMHAADF images obtained during elemental mapping has lower resolution due to drift.
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EDS quantification of the elements concentration in different regions of NW was
performed with 20 mm2 Si EDAX detector and FEI TIA software quantification routine.
The In concentration in comparison to Ga is estimated to be at about [8-10] st. % in
the (In,Ga)As core. It is less than expected from MBE calibration for 2D layers.
Concentration of Al in (Al,Ga)As shell is in range of [35-40] st. %. The Mn
concentration is estimated to be 5 st. % and is homogenous for the detection limit in
(Ga,Mn)As shell.
Several NWs have been studied by TEM and in all of them hexagonal (In,Ga)As cores
enforced the same WZ structure in the following (Al,Ga)As, (Ga,Mn)As shells and the
LT-GaAs cap. All shells are in a perfect epitaxial relation to the preceding ones.

3.4.3.2 Cross-sections of NWs (FIB-GIS SEM system)
Cross-sections of individual NWs were prepared with FEI Helios 600 Nanolab SEM
equipped with dual beam FIB. Platinum from metal organic source was deposited on
NWs carrying substrate with the use of both electrons (15 kV) and Ga ions (30 kV).
The final thinning of lamella was performed at the energy of 2 kV of Ga ions.
3.4.3.2.1

Cross-sectional TEM analysis

Sample D

Figure 3.45. Cross sectional image of NW from sample D with well visible inner
(Al,Ga)As shell (darker) and perfectly hexagonal cross-section of the core.
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Investigated NWs have either hexagonal or round cross-sections depending on the
shell thickness and on spatial arrangement of NWs causing inhomogeneous
shadowing. The HT grown (In,Ga)As NW cores have perfect hexagonal cross-sections.
The NW shown in Figure 3.45 has about 12 nm thick shell. The interface between
(Ga,Mn)As shell and (In,Ga)As core is sharp, and contains no structural defects.
Sample E
The cross-sections of bottom parts of NWs shown in Figure 3.46 depict the continuous
character of the outer shells even in the thinnest sites.

a

2

0

n

m

12.2 nm

b
2

11.3 nm

Pt

̅𝟏𝟎𝟎]
[𝟏

0

n

m

9.6 nm
8.2 nm

[𝟎𝟎𝟎𝟏]

(In,Ga)As

̅𝟎]
[𝟏𝟏𝟐
4.3 nm

(Al,Ga)As
(Ga,Mn)As+LT-GaAs

4.6 nm

Pt

4.3 nm
3.9 nm

Figure 3.46. (a), (b) STEM-HAADF images of cross-sections taken from the bottom
part of two different NWs from sample E. (Al,Ga)As inner shell is darker in comparison
the (In,Ga)As core and (Ga,Mn)As shell. The thin outer LT-GaAs shell is not visible.

The outer surface of thin LT-GaAs shell is rough, which is most probably inherited
from (Ga,Mn)As shell. Due to this and to the presence of amorphous platinum grains,
the thickness of the last LT-GaAs shell cannot be determined precisely from cross
sections. Total (Ga,Mn)As and LT-GaAs thickness can be much larger than (Al,Ga)As
depending on the facets. This is related to random positions of NWs, and
nonhomogeneous shadowing effects of neighbouring NWs.
Epitaxially induced magnetic anisotropy
In content (about 10 st. %) in the (In,Ga)As cores has been intentionally chosen for
all NW samples to set their core NW lattice parameter to be substantially higher than
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that of (Al,Ga)As or LT-GaAs and (Ga,Mn)As shells. As shown earlier in TEM images,
the interfaces between the core, the inner shell and the outer shell are dislocation
free, which means that both shells are fully strained. In the core-shell NWs
comprising two materials with different lattice parameters both cores and shells are
subjected to strain (in contrast to epilayers grown on thick, lattice mismatched
substrates). In the NWs studied here the (In,Ga)As cores are under compressive
strain, whereas both (Al,Ga)As or LT-GaAs and (Ga,Mn)As shells are under tensile
strain. This kind of strain in (Ga,Mn)As has important consequences for the magnetic
anisotropy of this FMS material, as discussed in the following part.

3.4.4

XRD: search of wurtzite phase in ensembles of NWs

Averaged quantitative information provided by X-ray diffraction studies of
freestanding ensembles of NWs complement qualitative TEM studies (usually
performed on small volume of sample) of structure, strain, defects, facets, spatial
orientation.
In this part the main task is to confirm that in the macroscopic sample containing
large amount of (In,Ga)As NWs, the dominating crystalline phase of NWs is wurtzite.
This has been proved by TEM, but for a dozen of NWs only.
Two samples were analysed for this reason: sample E and sample EAR [NW 122a
without NWs (removed by separation of embedded NWs)]. Images of sample E (NW
122 (In,Ga)As-(Al,Ga)As-LT-(Ga,Mn)As-LT-GaAs NWs on GaAs(111)B) and sample EAR
are shown in Figure 3.40 and Figure 3.41 b.
XRD setup, experiment introduction
Reciprocal space mapping (RSM) was performed using 12778 eV (12.8 keV)
synchrotron radiation in the grazing incidence geometry at the I811 beamline at
MAXII synchrotron ring in MaxLab in Lund, Sweden. The reason to employ synchrotron
is much higher intensity of the X-ray beam, in comparison to that of the laboratory
sources (commercial XRD diffractometers). This is advantageous for NWs
investigations, because of the small amount of material of NWs. A five-circle

115

Chapter 3 STRUCTURAL AND MAGNETIC PROPERTIES OF NANOWIRES

diffractometer was employed to execute rocking scans of the Bragg peaks by
measuring the scattered intensity with a 2D position sensitive detector. In-plane and
out of plane reciprocal space maps were produced showing Bragg peaks of the
(In,Ga)As cores and (Al,Ga)As-LT-(Ga,Mn)As-LT-GaAs multishells.
XRD measurements
XRD measurements complement TEM characterisation by providing information on
the average structural properties of NWs on around 0.53 mm2 area defined by the
X-ray beam footprint. The amount of NWs characterised is approximately 106. For
the virgin sample, the NWs are freely standing perpendicularly to the substrate,
which allows the evaluation of the state of strain without concern for externally
imposed mechanical stress. For all core and multi-shells radial and axial strain can
be found from the in plane and out of plane RSMs.
Additional information on the NW morphology can be acquired from the in plane
RSMs, since the shape of the Bragg peaks represents a Fourier transform of the shape
of the object under investigation. (1̅011) reflections are shown in Figure 3.47 b, g
panels for both samples with and without NWs respectively. They consist of no
distinct crystal truncation rods (CTR). This indicates, that NWs are round or more
probably this is due to the averaging effect of bending of NWs. Faceting of NWs
usually causes emergence of streaks from central peak. NWs of hexagonal crosssection with 6 facets would result in emergence of 6 streaks.
Determination of radial strain is not straightforward, due to the overlapping of Bragg
peaks. Usually, in the case when the shell is fully strained around the core, the
scattered intensity is distributed among several peaks along the CTRs, which makes
them highly asymmetric. In contrast, appearance of the shell peak as a localised
shoulder on one side of the core peak means that the shell is relaxed in the radial
direction [Stankevič 2015].
Strain along the c-axis and polytypism can be investigated from the out of plane RSMs
shown in Figure 3.47 d, e panels. The (1̅01𝑙) rods are containing the Bragg peaks of
the main structures present in the samples: ZB, twinned ZB (TW), and W. The units
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on the axes are normalised to the reciprocal lattice of the GaAs substrate ZB system.
The central vertical feature is the CTR originating from stacking faults in both the
NWs and parasitic planar growth on the substrate between NWs. Three main
(In,Ga)As peaks can be seen along each of the rods corresponding to ZB, TW, and W
structural polytypes.
Sample EAR

Sample E
Out of plane RSM
along (1̅01𝑙)

a

Out of plane RSM
along (1̅01𝑙)

In-plane RSM

In-plane RSM

e
b

GaAs substrate
ZB
layer

f

̅𝟎𝟏𝟏)
W (𝟏

g

c

NWs

h

d

layer
TW

̅𝟎𝟏𝒍) rods are measured for as-grown (sample
Figure 3.47. Out of plane RSM of the (𝟏
E) and without NWs (sample EAR) samples (a, e). The central vertical feature is the
CTR originating from stacking faults present in both NWs and parasitic growth between
NWs. Three main structures present in the core are clearly visible: ZB, W, TW. The
main difference between CTR of both samples is strong diagonally extended wurtzite
peak due to mosaicity caused by random tilting of NWs (a) and lack of it in the case of
parasitic layer without NWs (e). In contrast, for the sample with no NWs, reflections
̅𝟎𝟏𝟏) W peak of as-grown
from ZB and TW peaks are stronger. In-plane RSM of the (𝟏
NWs and without NWs samples - (c, g). Spreading is caused due averaged bending effect
̅𝟎) plane (facet), and [𝟎𝟎𝟏] is perpendicular
of NWs. [𝟏𝟎𝟎] is perpendicular to the (𝟏𝟎𝟏
to the (𝟎𝟎𝟎𝟏) plane; values are normalised to the reciprocal unit cell of ZB GaAs.
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The main difference between RSMs for both samples is strong diagonally extended
wurtzite peak due to mosaicity caused by the random tilting of NWs and lack of it in
for the sample without NWs. In contrast, for the latter one, reflections from ZB and
TW peaks are stronger, most probably due to better exposure to the beam, while in
the case of dense NWs, the beam penetrates the substrate less.
GaAs, (In,Ga)As peaks for ZB, TW cases
Offset towards the origin from the main GaAs peaks are (In,Ga)As peak showing the
presence of a plastically relaxed (In,Ga)As crystal in the ZB. RSMs comparison of both
samples for the cases of reflections from ZB and TW structures results in several main
aspects. The GaAs peak is identified for both samples, the (In,Ga)As-GaAs ZB and TW
peaks are larger for the sample without NWs. This suggests that these peaks are
originating predominantly from parasitic layer deposited in-between NWs.
Furthermore, (In,Ga)As TW peak is larger for NWs case.
GaAs, (In,Ga)As peaks for W case
Moreover, no signatures of multishells are visible as an extension of WZ peaks toward
the larger or smaller values of momentum transfer. This means, that there is no
radial relaxation. From Figure 3.47 a, it is clear that (Al,Ga)As-LT-(Ga,Mn)As-LT-GaAs
region does not follow the dashed relaxation line. This means, that there is no axial
relaxation.
RSMs of the (202̅1) Bragg peaks for both samples are shown in Figure 3.48. In the RSM
of standing NWs, central (In,Ga)As W peak is visible with a diagonal streak, which is
due to the mosaic spread caused by random tilting of the NWs. This can be caused
by the strain in NWs and results in NW bending. No extra signal is visible from the
shells due to insufficient beam intensity and large spread of the signal due to bending
of NWs. For the sample without NWs, no W peak is detected.
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Sample E

Sample EAR

Out of plane RSM along (202̅1)

Out of plane RSM along (202̅1)

a

b

̅𝟏) Bragg peaks for both samples with (a)
Figure 3.48. Out of plane RSMs of the (𝟐𝟎𝟐
and without (b) NWs. The main (In,Ga)As peak is extended diagonally due to the
mosaicity caused by random tilting of the NWs. No extensions at higher or larger
momentum transfer compared to the main peak means no signatures of multi-shells.
̅𝟎)
No W peak is registered for the case of no NWs. [𝟏𝟎𝟎] is perpendicular to the (𝟏𝟎𝟏
plane (facet), and [𝟎𝟎𝟏] is perpendicular to the (𝟎𝟎𝟎𝟏) plane; values are normalised
to the reciprocal unit cell of ZB GaAs.

By combining the knowledge gathered from the in-plane and out of plane RSMs, we
can state that the axial stress, caused by the lattice mismatch and inhomogeneous
shell thickness along NW length, is the dominating source of bending strain in the
core and multi-shells.
Summary of XRD studies
Investigated as-grown NWs are predominantly of W crystalline structure. Moreover,
NWS are randomly tilted. No axial relaxation was identified, while radially no
additional peaks were observed, most probably, the bending of NWs (curved NWs)
prevented obtaining better results. The whole ensemble of aforementioned main
results constitutes a solid argument for a need of better-prepared structures for highresolution XRD experiment: thick, short nanorods suit the best; thin NWs should be
firmly embedded in a kind of support layer, the best is to overgrow them with a
(parasitic) MBE layer or single NW should be investigated [Stankevič 2015].
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3.4.5

Band alignment analysis of NW heterostructure

Theoretical evaluation of band offsets in one electron model is performed by the 3D
digital nanoscale simulation nextnano3 software package [www1], [Trellakis 2006] in
order to investigate confinement effects in (Ga,Mn)As shell located between
(Al,Ga)As and LT-GaAs shells qualitatively.
(In,Ga)As-(Al,Ga)As-(Ga,Mn)As-LT-GaAs NWs heterostructure case
Modelled structure is depicted in Figure 3.49. It consists of In0.15Ga0.85As (30 nm), 10
nm insulating barrier of Al0.4Ga0.6As, quantum well of (Ga,Mn)As (15 nm) and outer
10 nm insulating barrier of GaAs with last outer 5 nm of surface depleted layer. The
model structure is oriented along [001] direction.

(In,Ga)As
30 nm

(Al,Ga)As
10 nm

(Ga,Mn)As
15 nm

LT-GaAs
10 nm
last 5 nm
depleted

Figure 3.49. (In,Ga)As-(Al,Ga)As-(Ga,Mn)As-LT-GaAs NWs heterostructure.

First, compensating donor concentration from As antisites was kept at 1019 cm-3 in
both (Ga,Mn)As and LT-GaAs with As antisite donor level located at 0.75 eV (with
respect to the valence band maximum). Surface depletion layer was set for the 5 nm
closest to the surface at 1020 cm-3 concentration at 0.95 eV in the band gap.
Calculations were performed for hole concentrations (p) varying from 1018 cm-3 to
1.6×1021 cm-3 at 10 K. Total p can be found by subtracting doping and compensating
donors values.
For the lowest concentration range (1  10) ×1018 cm-3, Fermi level is in the middle
of the band gap (not shown). For the maximum Mn doping (nextnano3 input
p=1.6×1021 cm-3), the Fermi level is 0.347 eV below the top of the (Ga,Mn)As valence
band (see Figure 3.50). For this case, EF is at the level of top of (Al,Ga)As valence
band. For the parabolic energy dispersion and density of states effective mass
(meff=0.99m0) [Dietl 2001] for bulk case, it is obtained that the barrier height of 0.1
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eV is enough to confine carriers in the amount of 1.4×1020 cm-3. The offset value
between the top of (Ga,Mn)As and the top of (Al,Ga)As valence bands is 0.3 eV for
the p=3×1020 cm-3 doping and is enough to confine carriers in the amount of 7.4×1020
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Figure 3.50. Theoretical evaluation of band offsets in one electron model. NW
heterostructures analysed for p from 1018 cm-3 to 1.6×1021 cm-3 in (Ga,Mn)As at 10 K.
(a) band alignment for selected p concentrations: 1.6×1021 cm-3, 3×1020 cm-3, 5×1019
cm-3. (b) band alignment and hole concentration profile along the heterostructure for
p=3×1020 cm-3 case.

It should be noted that nextnano does not allow for modelling variation of the local
density of states (LDOS) what is witnessed in experimental observations explained in
details in the next paragraph.
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3.4.6

Magnetic properties

Samples preparation
Magnetic properties of the NWs are investigated by Quantum Design MPMS XL SQUID
magnetometer equipped with a low field option. In order to eliminate fake magnetic
contribution, originating from parasitic layer present on the GaAs(111)B surface in
between the NWs, all investigated NWs described in this part are embedded in the
resin and the whole ensemble is removed from the growth sample (approach II). Then
the resin fragment containing NWs is glued to a piece of Si of known diamagnetic
response (as described earlier). The main feature of this method is the preservation
of the as-grown arrangement of the NWs, what enables orientation dependent
studies.
The samples’ moment M dependence on the magnetic field H, M(H), is measured up
to H = 20 kOe and as a function of temperature, M(T), down to 2 K. Diamagnetic
contributions were evaluated at room temperature and subtracted accordingly.
Results of magnetic studies
Summary of some main results of magnetic characterization of samples D and E are
depicted in Figure 3.51.
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Figure 3.51. LT results of magnetic studies of samples D, E (a, b respectively) –
NWs embedded in PMMA. TRM - magnetisation remanence during warming (squares).
TRM moment vanishes at Tch. Temperature dependence of ZFC and FC moment at 30
Oe (triangles) together with the magnetic moment gathered during cooling at H = 0 Oe
(bullets). TB marks the mean blocking temperature of the NWs.

122

Chapter 3 STRUCTURAL AND MAGNETIC PROPERTIES OF NANOWIRES

M(T) curves representing temperature dependences of magnetic moment are shown.
They have been obtained realizing different measurement protocols, as specified
below. First, after field cooling at 1 kOe (not shown) the magnetization remanence
(in the field of 0 Oe) during warming (TRM) was measured. Subsequently field cooled
(FC) and zero field cooled (ZFC) (both realized in 30 Oe field) measurements were
performed. Finally, magnetic moment was measured during cooling in 0 Oe field
(0FC). The missing curve of cooling in 1 kOe field is shown later. The peak in ZFC
measurement represents mean blocking temperature (TB). Tch marks disappearance
of magnetization of TRM.
Comparison of D and E samples
The comparative summary of the magnetic studies for the NWs representing samples
D, E is presented in Figure 3.51 (a, b panels respectively). These samples differ in
the presence of LT-GaAs capping shell deposited on (Ga,Mn)As in the case of sample
E; where for sample D (Ga,Mn)As is the last (uncapped) shell. The main difference
in magnetic properties of NWs in sample E is the direct observation of a non-zero
magnetic moment spontaneously appearing during the cooling at H = 0 Oe (blue
bullets in Figure 3.51 b). These results are in striking contrast to those obtained for
the NWs from sample D, and (In,Ga)As-(Ga,Mn)As core shell NWs (NW 38, NW 47, NW
52) described earlier where no spontaneous moment, Msp was detected at 0FC.
However, such behaviour of sample E is similar to that observed for planar, cubic,
(Ga,Mn)As with low concentration of holes, but still high enough to provide the FM
phase transition [Sawicki 2010]. Hence, the above mentioned observations are the
first direct indication of the existence of a real long range magnetic order in a
Wurtzite (Ga,Mn)As grown in a 1D form of a tube. However, the tiny magnitude of
Msp points on the material, which magnetically can be considered as a mesh of FM
bound mesoscopic volumes, as expected for a (Ga,Mn)As of (relatively) low hole
concentration. The main difference to the SP-like NWs, where all these volumes
remained uncoupled [pure (blocked) SP-like response], is that some of these volumes
become connected into macroscopically large percolating features. Moreover, these
parts of the material show the typical non-zero spontaneous magnetization behaviour
seen for canonical (Ga,Mn)As layers. The relative strength of these two contributions
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is determined by the ratio of percolating to isolating volumes. This depends on the
hole concentration (p) – the further away from the insulator-to-metal transition, to
metal-like behaviour, the more long-range response appears on the cost of the SP
one. Here, by comparing the results of all SP like NWs (Sample A Figure 3.13, Sample
B Figure 3.24, Sample CS Figure 3.37, Sample D Figure 3.51 a) with NW from sample
E (Figure 3.51 b), the birth of the long-range FM order is observed, which is just
emerging from the still dominating SP component.
LT annealing
Essentially, the spontaneous FM can be enhanced further by a procedure, which is
known to increase p in (Ga,Mn)As layers [Edmonds, PRL 2004] as shown in Figure 3.52
and Figure 3.53. Remarkably, while the magnitude of the FC and TRM moments
increases only slightly, the magnitude of spontaneous magnetization during cooling
at zero field increases by about 2/3 after subjecting the NWs to 4 hours of LT
annealing at 180°C.
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Figure 3.52. Results of magnetic studies of sample E (NWs stabilised in the resin
film and fixed on a Si support) for the as-grown case and after low temperature
annealing at 180°C for 4 hours in open air. (a) temperature dependence of ZFC and FC
moment at 30 Oe and 0FC; TB marks the mean blocking temperature; (b) Low field part
of the magnetic hysteresis at selected temperatures.

All the other magnetic results confirm the scenario sketched above. Of particular
importance is the result of the thermal cycling of TRM, see Figure 3.53 (a). Here,
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similarly to sample CS case, the NWs brought again to remanence at T0 = 2 K are
warmed up in stages through some intermediate temperatures (Ti), at which they
are cooled back down to the base temperature. The NWs moment is visibly reduced
only during the incremental increase of temperature (from Ti to Ti+1), following the
original TRM. This time TRM is never reduced below magnitude of spontaneous
moment, indicating an independent coexistence of both long range and detached SP
moments.
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Figure 3.53. Continuation of results of magnetic studies of sample E (NWs stabilised
in the resin film and fixed on a Si support) for the as-grown case and after low
temperature annealing at 180°C for 4 hours in open air. (a) thermal cycles of TRM
consisting of a set of re-heating - re-cooling at several temperatures (interrupted TRM).
This is superimposed on the TRM dependence on T (b) Low temperature part of the
field cooled moment at 1 kOe (FC), the thermoremanence (TRM) and the re-cooling
curve at H = 0 Oe (0FC).

125

Chapter 3 STRUCTURAL AND MAGNETIC PROPERTIES OF NANOWIRES

3.4.7

Sample E - summary

(In,Ga)As-HT (Al,Ga)As-(Ga,Mn)As-LT-GaAs core-multi-shell NWs of all-wurtzite
crystalline structure grown by MBE were investigated. The NWs have been obtained
in several steps, first Au-induced (In,Ga)As NW cores have been grown at 500oC on
GaAs(111)B substrate; then HT (Al,Ga)As inner shells were deposited at 400 °C.
Afterwards the Ga0.95Mn0.05As shells were deposited at LT (close to 220 °C) followed
by GaAs capping shell deposited at 220 °C. The NWs are up to 4 µm in the length and
100 nm – 200 nm in diameter. TEM microscopy investigations confirm that the
(Al,Ga)As, (Ga,Mn)As LT-GaAs multi-shells are of perfect, wurtzite crystalline
structure, exhibit sharp interfaces with (In,Ga)As cores and preceding shells. The
outer shell surfaces are smooth. Thorough investigations of the magnetic properties
of NWs, separated from the growth substrate, indicate the birth of the long-range
FM order, which is just emerging from the still dominating SP component in
(Ga,Mn)As NW shells. The easy magnetization axis is perpendicular to the NW axes.
Probably slightly higher hole concentration acquired by confinement in the form of
shell-barriers on both sides of magnetically active (Ga,Mn)As shell, promotes partial
percolation between otherwise separated FM coupled mesoscopic volumes.
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Chapter 4 CONCLUSIONS
Throughout realisation of this dissertation I have learned how to grow and manipulate
III-V semiconductor (aresnides) nanowires overgrown by thin shells of (Ga,Mn)As
diluted ferromagnetic semiconductor as well as how to characterise their structutral
magnetic, and magneto-transport properties. In order to realize these goals, I had
to develop/initiate the methods, which have not been used at IP PAS so far, e.g.
fabricate ohmic contacts to individual NWs, remove the NWs from the growth
substrate preserving their orientation, characterise the structure of NWs by X-ray
diffraction using reciprocal space mapping.
Use of wurtzite (In,Ga)As core NWs as templates for (Ga,Mn)As shell deposition
resulted in fabrication of a new dilute ferromagnetic semiconductor, namely
wurtzite (Ga,Mn)As, wich has not been investigated until recently (first report is the
Nano Letters paper, which constitutes a part of this dissertation).
Thorough investigations of the magnetic properties of NWs by SQUID magnetometry
have shown that all the simple heterostructures with single (Ga,Mn)As shells exhibit
super-paramagnetic like behaviour. This is most probably due to the high amount of
internal compensating defects in the cost of high crystalline structure of the shells,
low concentration of holes caused by their possible diffusion towards NW cores and
the presence of surface depletion layer. The relatively low hole concentration was
partially confirmed by magneto transport experiments.
Finally, it was found that only complicated In0.20Ga0.80As-Al0.30Ga0.70As-Ga0.95Mn0.05AsLT-GaAs radial quantum well heterostructures demonstrated substantial spontaneous
FM signal surfacing out from dominating SP-like behaviour.
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The FM phase transition temperature in WZ (Ga,Mn)As of magnetic quasi 1D tubes is
substantially lower than that of this DFS in its native zinc-blende phase. So far, it is
not clear if the low Tc is an intrinsic property of wurtzite (Ga,Mn)As, since neither
experimental (in exception of the paper constituting a part of this thesis), nor
theoretical results devoted to that have been reported. It should be noted that the
growth of uniform, monocrystalline, smooth (Ga,Mn)As NW shells is extremely
difficult (similar structures in ZB phase have been reported by the two other groups
only [Rudolph 2009], [Yu 2013].
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Appendix A. EXPERIMENTAL TECHNIQUES
A.1

MBE

Some more detailed features of the MBE setup are described below.

A.1.1

Basics

MBE methods can be categorized by how the ad-atoms are delivered to the growth
surface: solid source MBE (SSMBE), metalorganic source MBE (MOMBE) and gas source
MBE (GSMBE).
Components of standard SSMBE:
 Interconnected ultra-high vacuum (UHV) deposition and UHV buffer chambers.
 Vacuum pump system to provide UHV conditions.
 Temperature controlled effusion cells to ensure stable fluxes of high purity
growth elements.
 Heated substrate holder and manipulator with rotation possibility.
 Substrate transfer mechanism, loading, unloading.
 In-situ monitoring tools, such as reflection high-energy electron diffraction
(RHEED), pyrometer, flux-meter.
In addition, some extra characterisation tools can be added like scanning tunnelling
microscope or optical characterisation tools allowing sample characterisation
without breaking vacuum.
Shortly, MBE method exploits molecular beams of growth constituents generated by
effusion cells, and transported to the substrate surface. The source materials react,
diffuse on the heated substrate surface and form ordered crystalline layers. High
quality of the crystalline material is ensured by low growth rate (usually from less
than one up to several monolayer/s), UHV grow environment, elevated growth
temperature at substrate (~200 °C – 1000 °C, depending on material).
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The MBE setup used for fabrication of samples described in this dissertation is located
at MaxLab synchrotron radiation facility in Lund, Sweden and connected to the ARPES
(angle resolved electron spectroscopy) beamline. The advantage of this configuration
is the possibility to transfer samples to spin resolved ARPES beamline without
interrupting UHV. The MBE is dedicated to III-V materials group and currently
available elements in the chamber are: Ga, Al, In, Mn, Bi, As, Sb.

A.1.2

Ultra High Vacuum System

In high quality MBE growth, UHV is obligatory. A typical background pressure
monitored by the ionisation gauges is in the range from 10-9 Pa (10-11 mbar) to 10-7
Pa (10-9 mbar). Such UHV condition guarantees the mean free paths of the source
molecules being much larger than the distance between the effusion cells and the
substrate. The amount of molecules arriving collision-free to the substrate in a given
time interval can be directly controlled by the flux coming out of the effusion cells
by varying heating temperature or switching-off (on) the shutter. UHV conditions
minimise concentration of unwanted gas molecules in the growth chamber and
enable manufacturing structures combining elements of choice in the controlled and
reproducible way.
UHV condition is supported by multiple pumps and liquid nitrogen cooled shroud (LN2)
around inner growth chamber walls.

A.1.3

Effusion Cells

The solid source effusion cells provide the vapour flux of source elements for the
SSMBE growth. The main parts of Knudsen effusion cell unit: crucible, heating wire,
heat shielding, thermocouple and power connectors. Conical or cylindrical shape
crucible is usually made of pyrolitic boron nitride (PBN) and filled with a source
material. PBN has specific properties, such as low coefficient of thermal expansion,
good thermal conductivity, high electrical resistivity, and is non-porous, non-toxic
HT ceramic that helps to eliminate any chemical contamination of extremely purity
source material. Precisely heated (solid or molten) source material creates a vapour
pressure gradient between orifice of the effusion cell and the growth chamber
resulting in the atomic flux towards the growth stage. A dual heating is commonly
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used for Ga, In, Al sources to create a temperature difference along the crucible. Ga
condensing near the top of the crucible is avoided by heating top part more and such
an operation mode is called “hot lip”. In contrast, prevention of Al creeping up the
sidewalls of the crucible is maintained by keeping top part of crucible at lower
temperature and this mode is called “cold lip”.
Molecular beams of groups III, V species can be provided by solid source effusion
cells. A major disadvantage with As source is that high vapour pressure causes rapid
consumption, hence the cell is usually large, what makes the temperature control
and deposition rate control more difficult. In addition, As solid source produce As4
tetramer beam, which have low sticking coefficient demanding higher pumping
capacities. In the MBE system used for the growth of samples described in this thesis
the As valved cracker effusion cell has been used, arsenic flux consisted mainly from
As dimers.

A.1.4

Determination of sample temperature

Sample temperature is determined by two pyrometers and a band gap absorption
spectrometer in our MBE system. One pyrometer and a band gap absorption
spectrometer are devoted for lower temperature measurements – up to 500 °C, while
other pyrometer is for higher temperatures. Pyrometer is determining temperature
from measured intensity of the black body radiation in a specified wavelength range
including correction factor due to non-ideal block body and material properties i.e.
surface roughness of substrate.
The band gap absorption spectrometer uses laser radiation focused on substrate and
a spectrometer to detect reflected light. The band gap of GaAs depends on
temperature and the substrate temperature is determined by comparing the
reflected wavelength spectrum with the wavelength spectrum of the calibration file.
This method of temperature determination is not influenced by other heat sources
like open effusion cells or sample holder, hence is trustworthy and precise.

138

EXPERIMENTAL TECHNIQUES

A.2

Scanning Electron Microscopy

SEM is a very important tool for NWs investigation especially for initial stage of NWs
growth studies as it provides the feedback allowing finding optimal growth
conditions. As-grown sample of vertical NWs is characterised in SEM from several
perspectives as shown in Figure A.1. Sample pieces are mounted on aluminium holder
using conductive media: carbon tape or silver paste. Usually NWs are grown on
conductive substrates preventing from charge trapping, which could lead to
vibrations, drift and other unwanted interferences in imaging. Density of NWs,
droplet size, clustering are characterised from the top view image of the sample.
NWs length, diameter, tapering, shell smoothness, a layer between NWs are
investigated in side view images. Tapering of NWs is estimated from diameter
difference between the top and the bottom parts of NWs. The size of nanoparticle
is characterised by a contact angle between the nanoparticle and nanoparticle-NW
boundary. A birds-eye image provides a combination of aforementioned properties
of NWs.
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Figure A.1. Schematic representation of SEM sample mounting geometry.
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NWs were studied by two SEMs: Zeiss-Auriga CrossBeam SEM-FIB with gas injection
system (GIS), nano-manipulators, electron/ion beam lithography, piezoelectric
stage, EDX and Hitachi Su-70 with EDX, cathode luminescence options.
Primary beam of highly energetic electrons (1 keV - 30 keV) in SEM is emitted from
the field emission source (in both microscopes) and accelerated towards the anode.
The electron beam is condensed, focused by the electric field, and by magnetic and
electrostatic lenses. Furthermore, it is cut by apertures to a spot size of several nm
and deflected by scanning coils in order to scan the sample surface.
Electrons interaction with a thick sample generates a bunch of signals as shown in
Figure A.2. For imaging, either secondary electrons (SE) or backscattered electrons
(BSE) are detected. SE excited from the sample by inelastic scattering have low
kinetic energy ([0-50] eV) and small escape depth of ~10 nm. Therefore, SE are
generated within first few nanometres from the sample surface and originate from
the narrow part of interaction pair resulting in the lowest lateral size and highest
image resolution. In addition, escape of electrons is enhanced by the edge effect,
when e.g. escape for SE is easier, if interaction pair is created in a hill, as shown in
Figure A.2. This enhances contrast of the sample surface morphology and topology.
BSE scattering is Z sensitive, thus images contain also compositional information –
brighter parts indicate areas of heavier elements and mapping of elements
distribution is available. BSE impinging on a detector is of higher energy than SEs and
are produced by multiple scattering events in depth up to 1 µm from the surface.
Therefore, in the BSE images the sensitivity to the surface topology is lower.
In order to register a qualitative image, SEM user can adjust electron beam current,
energy and working distance. A beam current is decreased by inserting smaller
aperture, resulting in lower intensity and lower Coulomb repulsion, which decreases
broadening of the electron beam making the beam spot smaller and improving the
resolution. Increase in the electron energy by increasing the accelerating voltage
reduces scattering events and the beam spot size. However, the penetration depth
of the electrons increases, hence scattering events take part deeper or even an
absorption is possible resulting in the reduced intensity for detection. This is
advantageous for e-beam lithography. A stage movement in z direction changes the
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working distance between the last lenses and the sample. Small working distance
decreases the space for beam widening due to the Coulomb repulsion and the focus
depth. In contrast, high working distance increases the depth of focus making easier
to catch sharp images, however the beam broadening effects are enhanced.
For a basic routine of NWs visualisation, an aperture diameter of 30 micrometres and
operating voltage of 5 kV at a working distance of [3-5] mm is set. The resolution at
this operating energy is 2.5 nm, which is enough to estimate the geometry of NWs
and surface topology using the in-lens annular SE detector.
Both SEMs have other analytical capabilities like cathode-luminescence and EDS
analysers. The latter phenomenon is described in the next part.
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Figure A.2. A sketch of interacting volume in a shape of pear in the material and
the depth and lateral size of signals.

A.3

Transmission Electron Microscopy

A.3.1

Basics

TEM is one of the most powerful tools available for structural and chemical
characterisation at the nanoscale. This tool enables imaging and collection of
electron diffraction patterns. Its analytical capabilities like energy dispersive
spectroscopy (EDS) and electron energy loss spectroscopy (EELS) allow for chemical
composition identification from small areas around the beam spot. However, the
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main issue associated with the extraction of useful information from TEM is the
necessity to use very thin samples (less than 100 nm) in order to make them
transparent for electrons. Therefore, investigations of layered structures involve
time-consuming lamella preparation. This is not the case for investigations of NWs in
lateral geometry. For this experimental configuration, the as-grown NWs are
mechanically transferred onto a holey carbon grid. However, the analysis of NW
cross-section involves lamella preparation. In addition to a regular FIB-GIS
procedure, we have tried a faster method, in which – slices of NWs cross-sections
were cut out by ultra-microtome.
In this study, the realisation of structural and compositional analysis was performed
by modern FEI Titan CUBED 80-300, FEG, equipped with energy monochromator and
an objective spherical aberration (Cs) corrector. This high Resolution TEM setup is
placed in a vibration and magnetic field free bunker at IP PAS. The operators and
sample preparation rooms are separated. This microscope also features scanning TEM
(STEM) capabilities, an annular dark field detector, an X-ray EDS, EELS. A sample
holder with double tilt option was used. It is exploited to align electron beam parallel
to the zone axis (ZA) of different NWs in order to take a snap of high-resolution (HR)
images and diffraction patterns.
Aberrations are inevitable neither in optical lenses, nor in electromagnetic ones. The
main ones determining the resolution of electron microscope are spherical,
chromatic and astigmatism.
TEM consists of basic components: illumination, imagining systems, sample holder
assembly and vacuum system. The pressure at electron gun chamber is at UHV range
and is slightly lower in the main column. Such low-pressure environment ensures high
voltage difference and reduces noise occurring from electron gas molecules
collisions. Sample holder construction ensures XYZ motor driven movements in nm
range. Illumination system allows for choosing two operational modes. Electron beam
emitted from FEG is shaped by condenser lens and can reach sample plane in parallel
or focused manner. The former is used in conventional TEM and high-resolution TEM
(HRTEM) and latter in STEM as schematically shown in Figure A.3. The imaging system
is operated in two modes: imagining and diffraction. The later can be chosen from
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the area of interest by field limiting aperture. In this microscope, the smallest one
is 100 micrometres in diameter.
a

STEM

TEM

(broad parallel beam)
(focused beam)
Electron gun

b

Condensor lens
Object
Objective lens
Objective lens
aperture
Image
detector

Annular detector(s)

Figure A.3. TEM working modes: (a) parallel beam, (b) converging beam.

In next paragraphs, the techniques of TEM used for this dissertation are described
briefly.

A.3.2

Selected Area Diffraction

Theoretically, electron diffraction is assumed to be dominated by single scattering
(kinematical) or by multiple scattering events (dynamical) as the electron pass
through the sample. The former diffraction mode is possible only in the very thin
samples. In the latter case intensity of passed electrons alternates as several
inelastic scattering can strongly deflect from main beam direction. This is observed
in intensity variation of diffraction spots with sample thickness and atomic number
(Z). Moreover, diffracted electron distribution in reciprocal space provides
information about crystal phase (amorphous, polycrystalline, monocrystalline),
symmetry and lattice spacing’s for crystalline samples and the crystal orientation
can be identified by indexing the diffraction patterns. This enables analysing the NW
growth direction and side-facet orientations.
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A.3.3

TEM Bright and Dark field

In TEM illumination mode image can be created in two ways. By placing an aperture
in different positions, enabling passing direct beam, or only strongly scattered bright
field (BF) or dark field (DF). The direct beam is weakened by interaction with
specimen and is sensitive to thickness and atomic mass. Thus, thicker parts of sample
and/or rich of heavy elements are darker in BF image. Electrons forming DF images
have strongly interacted with the sample and carry information about dislocations,
stacking faults, crystallites sizes, etc.

A.3.4

HRTEM

HRTEM is limited to imperfections of lenses, FEG stability. Practical realisation of Cs
corrector [Haider 1998], enhanced electron gun stability in combination with a
monochromator reducing energy spread enabling atom column dumbbell correct
imaging. Negative Cs and over focus makes possible imaging of single atomic columns
with different atomic numbers (light (weak scattering) and heavy (strong scattering)
atoms) in HRTEM and STEM modes [Urban 2008]. Furthermore, chromatic aberration
(Cc) corrector pushed the spatial resolution down towards to 0.5 Å [Kisielowski 2008].

A.3.5

STEM Bright and Dark field

In this mode, small diameter converging electron beam is scanning sample area of
interest. A detector of choice registers signals generated at every point. In principle,
three types of detectors are used to produce STEM images: BF, annular dark field
(ADF), high angle ADF (HAADF). The former collects the direct beam. The second
detectors has a disk with a hole in the centre and collects beam diffracted at
moderate angles ([10-50] mrads). Both electrons diffracted from crystalline areas
and scattered by incoherent Rutherford processes are detected in ADF. HAADF
detector is of the same shape as ADF, but angle of incoherently Rutherford scattered
electrons is higher (>50 mrads). Importantly, the intensity in a HAADF image is
strongly dependent on the atomic number of the chemical species in the atomic
columns as elements have different scattering cross-section, thus scatter electrons
at different angles.
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A.3.6

EDS

Analytical TEM techniques were used to determine elemental composition of the
samples. EDS technique takes advantage of the generation of characteristic x-rays
(radiative transitions between inner atom shells) when the incident electron beam
knock out core level electrons and ionize the sample. EDS is a fast method to analyse
the samples’ chemical composition. We have used it for core, barriers, and shell
compositional analysis and evaluation of concentration of constituent elements.
However, quantitative analysis requires calibration of EDS as TEM specific CliffLorimer factors are not known. One solution is to compare ratios of e.g. Mn/As
between different regions within the sample. Compositional maps or line-scans
across areas of interest in the NW are generated to map the distribution of specific
elements.

A.4

SQUID magnetometry

Magnetic properties of nanostructures are usually measured by magnetometer based
on Superconducting Quantum Interference Device (SQUID) [Clarke 2004]. The
advantage of this technique is a sensitivity to weak magnetic moments (10-8 emu), a
possibility to apply external magnetic field up to 8 T in a temperature range of [2800] K. SQUID magnetometer consists of such main components: superconducting
magnet, gradiometer – sample system coupled inductively, SQUID sensor with a shield
suspending external magnetic field influence, cryostat. SQUID sensor, made from
superconducting material, has a ring shape and is broken by one (RF-based) or two
(DC based) Josephson junctions. It detects the current induced in pick-up coils by
movement of a magnetic object along the gradiometer (Figure A.4).
Magnetic detection in a magnetometer based on SQUID sensor is performed by
mechanical movement of a sample along detecting coils. They are wound in a special
manner, to fulfil a second order gradiometer requirements (Figure A.4). Coils of a
gradiometer are connected to the SQUID sensor, which is shielded from ambient
magnetic flux and submerged in liquid helium to ensure minimisation of disturbances
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for its operation. This configuration effectively transforms the flux from the sample
area to SQUID sensor area in a form of current induced by magnetic flux of a sample.
Magnetic field is applied along the gradiometers axis. The magnetic moment
measured in this magnetometer is a samples’ magnetic moment projection along
gradiometer axis. Importantly, the applied magnetic field does not disturb the
measurement, since measured signal is inductively induced in the pick-up coils.
SQUID characteristic signal resembles sine function when a sample is moved along
the gradiometer axis. The amplitude of this function is proportional to the samples’
magnetic moment projection.
sygnal, a.u.
1.5

1.0

0.5

0.0

0.5

a

b
2
1
0

position , cm

1
2

Figure A.4. An example of superconducting flux transformer: (a) second-derivative
axial gradiometer. The rectangular box indicates a superconducting shield enclosing
the SQUID sensor, which is in a flux-locked loop [Clarke 2004]; (b) typical signal of the
gradiometer.

Two types of SQUIDs have been employed for magnetic characterisation of NWs and
layers investigated here. Routine characterisation has been performed with a
homemade system belonging to our group (Semiconductors Physics department IP
PAS). Occasionally for the most interesting samples, commercial Quantum Design
MPMS XL 5 or Quantum Design MPMS XL 7 magnetometers located in the Laboratory
of Cryogenic and Spintronics Research belonging to the group of Magnetism of
spintronics Materials have been used.
In order to analyse weak magnetic signals in these magnetometers, special care has
been taken. The finite geometrical sample size and its position in pick up coils
influences the measured signal. A routine to get rid of this and similar pitfalls is
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analysed in detail in [Sawicki 2011]. Furthermore, peculiarities of superconductive
coils generating magnetic field should be taken into account. Some magnetic fluxes
can remain pinned on defects after setting the field from the level high enough for
the coil material to enter into the mixed state for II type of superconductors to H=0
Oe. The real remnant field in the sample space can be as high as - 20 Oe at a set
value of H=0 Oe after a trip to 7 T. This can influence the measurement of samples’
diamagnetic response, which scales linearly with the magnetic field and FM response,
which changes fast in the weak field and slowly in the strong one.

A.5

Sample annealing

To achieve high TC of (Ga,Mn)As, removal of compensating defects (Mn interstitials
here) is of special importance. Their concentrations can be reduced by a post growth
annealing procedure inside MBE using amorphous As capping as the agent trapping
surface diffused MnI just after the end of the growth, or in air atmosphere in
annealing oven. Mn interstitial activation energy is lower than Mn substitutional, thus
sample is usually heated at temperatures slightly lower (10 °C – 30 °C) than the
growth temperature in order to make only Mn interstitials mobile. Too high annealing
temperature would result in Mn rich areas or spinoidal decomposition into MnAs
clusters. It is proved that during annealing Mn interstitials are diffusing towards
surface where they react with oxygen or arsenic and form MnO or MnAs compounds.
These compounds have no negative influence on samples magnetic properties (since
they contain much less Mn than the (Ga,Mn)As layer beneath). A phenomenological
roule was found that the minimum annealing time (in minutes) should not be shorter
than the square of the film thickness (in nm), e.g. 10 nm thick layer should be
annealed for not less than 100 min [private discussion with Ch. Could in 2014].
However, too thick oxide layer could prevent from successful neutralisation of Mn
interstitials. Therefore, combination of etching and annealing is performed for
optimisation the structures for highest TC.

147

EXPERIMENTAL TECHNIQUES

We have used an oven to perform annealing of ensemble of as-grown NWs. It ensures
the constant temperature of the whole sample. However monitoring of NWs
resistivity change during annealing (routinely practised for the layers) is impossible.
In order to anneal in a controllable way, single NW microstructures were prepared
by lithographical, wet-chemistry methods. During annealing, the resistance was
monitored by a four terminal mode.
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