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Title and subtitle
Magnetotransport studies of Mn ion-implanted nanowires

Abstract
This thesis focuses on the magnetotransport properties of highly Mn-doped crystalline GaAs nanowires. The GaAs nanowires were first

grown by metal-organic vapor phase epitaxy from gold seed particles, and subsequently implanted with Mn ions under varying conditions, e.g.,
ion fluence and acceleration voltage. The implantation process was carefully analyzed and optimized within the research project. The resulting
Mn-concentration in the nanowires ranges from 0.0001% to 5%. The implantation was carried out at elevated temperatures to facilitate
dynamic annealing conditions at which most of the implantation-related defects are removed. After implantation, the nanowires were
mechanically removed from the substrate to specially designed insulating SiO,/Si substrates optimized for magnetotransport measurements.

The single nanowires were supplied with four contacts, defined by electron-beam lithography, for accurate transport measurements.

The resistance of GaAs and GaAs: Zn nanowires was meticulously measured and analyzed in the temperature range from 300K to 1.6K, and
with magnetic fields ranging from OT to 8T. The magnetic field was applied both parallel and perpendicular to the nanowires. In addition, the

magnetic properties of nanowires were probed using a superconductivity quantum interference device (SQUID) setup.

The typical resistance for a highly Mn-doped (5%) nanowire increases from a few MOhm at 300K to several GOhm at 1.6K. More specifically,
the temperature-dependence of the resistance shows transport regimes described by different models. The current-voltage characteristics
become strongly non-linear as the temperature decreases and shows apparent power-law behavior at low temperatures. The transport data,
from 50K to 180K, are interpreted in terms of the variable range hopping (VRH) mechanism and from 180K to 300K in terms of a nearest
neighbor hopping (NNH) mechanism; both occur due to the disorder in the nanowires resulting from the implantation of Mn. Below 50K, the
magnetotransport data exhibit a large 40% negative magnetoresistance with the magnetic field applied either in parallel or perpendicular to the
nanowire. Complementary SQUID measurements under zero-field-cooled and field-cooled conditions, recorded at low magnetic fields, exhibit
clear signs of the onset of a spin-glass phase with a spin-freezing temperature of about 16K. The high magnetoresistance is explained in terms
of spin-dependent hopping in a complex magnetic nanowire landscape of magnetic polarons, separated by intermediate regions of Mn-impurity
spins, forming a paramagnetic/spin-glass phase. Finally, magnetotransport experiments were carried out in a series of in-situ Zn-doped (p-type)
GaAs nanowires implanted with different Mn-concentrations. The nanowires with the lowest Mn-concentration exhibit a low resistance of a
few kOhms at 300K and a 4% positive magnetoresistance at 1.6K, which is well described by invoking a spin-split sub-band model, unlike
nanowires with the highest Mn-concentration which show a high resistance of several MOhms at 300K and a large negative magnetoresistance
of 85% at 1.6K. Sweeping the magnetic field back and forth for the samples with highest Mn-concentration reveals a small hysteresis, which
signals the presence of a weak ferromagnetic state. Thus, co-doping with Zn appears promising for the goal of realizing ferromagnetic GaMnAs
nanowires for future nanospintronics. In summary, this thesis shows that Mn-implanted GaAs nanowires indeed represent an interesting novel

type of nanometer-scale building block for miniaturized spintronic devices compatible with mainstream silicon technology.
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“The beauty and clearness of the dynamical theory, which
asserts heat and light to be modes of motion, is at
present obscured by two clouds.”

Lord Kelvin - 1900
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Preface

The aim of this doctoral thesis is to summarize the magnetotransport
studies on nanowires doped with manganese ions by ion-implantation, carried
out for my Ph.D. project during 2008-2013 at the Division of Solid State
Physics/The Nanometer Structure Consortium at Lund University, Lund,
Sweden. The research work has been done in close collaboration with
Halmstad University, Halmstad, Sweden, Linneaus University, Kalmar,

Sweden, and Friedrich-Schiller University, Jena, Germany.
This thesis consists of seven chapters.

Chapter 1 gives a retrospect of the subject at hand, as well as the
motivation and reasons for performing the research. This chapter also contains
a brief introduction about the basic concepts of semiconductors, semiconductor
nanowires, doping of semiconductors, disordered semiconductors and defects,

and diluted magnetic semiconductors.

Chapter 2 provides a brief overview about properties of GaAs and

GaMnAs semiconductor materials.

Chapter 3 reports on Mn ion-implanted GaAs nanowires of high
crystalline quality doped by ion-beam implantation at high temperatures

making use of in-situ dynamic annealing.

Chapter 4 describes, in detail, the nanofabrication techniques of

nanodevices based on single nanowires.



Chapter 5 provides a brief description about the electrical and magnetic

measurement setup.

Chapter 6 focuses on the temperature-dependent carrier transport
mechanisms in Mn ion-implanted GaAs and Mn ion-implanted GaAs: Zn
nanowires, specifically on two hopping mechanisms for carrier transport,

namely, the nearest neighbor hopping and the variable range hopping.

Chapter 7 presents the magnetotransport studies on Mn ion-implanted GaAs

and GaAs: Zn nanowires.

Xii
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Abstract

This thesis focuses on the magnetotransport properties of highly Mn-doped
crystalline GaAs nanowires. The GaAs nanowires were first grown by metal-
organic vapor phase epitaxy from gold seed particles, and subsequently
implanted with Mn ions under varying conditions, e.g., ion fluence and
acceleration voltage. The implantation process was carefully analyzed and
optimized within the research project. The resulting Mn-concentration in the
nanowires ranges from 0.0001% to 5%. The implantation was carried out at
elevated temperatures to facilitate dynamic annealing conditions at which most
of the implantation-related defects are removed. After implantation, the
nanowires were mechanically removed from the substrate to specially designed
insulating SiO,/Si substrates optimized for magnetotransport measurements.
The single nanowires were supplied with four contacts, defined by electron-
beam lithography, for accurate transport measurements. The resistance of GaAs
and GaAs: Zn nanowires was meticulously measured and analyzed in the
temperature range from 300K to 1.6K, and with magnetic fields ranging from
0T to 8T. The magnetic field was applied both parallel and perpendicular to the
nanowires. In addition, the magnetic properties of nanowires were probed using
a superconductivity quantum interference device (SQUID) setup. The typical
resistance for a highly Mn-doped (5%) nanowire increases from a few MOhm
at 300K to several GOhm at 1.6K. More specifically, the temperature-
dependence of the resistance shows transport regimes described by different
models. The current-voltage characteristics become strongly non-linear as the

temperature decreases and shows apparent power-law behavior at low



temperatures. The transport data, from 50K to 180K, are interpreted in terms of
the variable range hopping (VRH) mechanism and from 180K to 300K in terms
of a nearest neighbor hopping (NNH) mechanism; both occur due to the
disorder in the nanowires resulting from the implantation of Mn. Below 50K,
the magnetotransport data exhibit a large 40% negative magnetoresistance with
the magnetic field applied either in parallel or perpendicular to the nanowire.
Complementary SQUID measurements under zero-field-cooled and field-
cooled conditions, recorded at low magnetic fields, exhibit clear signs of the
onset of a spin-glass phase with a spin-freezing temperature of about 16K. The
high magnetoresistance is explained in terms of spin-dependent hopping in a
complex magnetic nanowire landscape of magnetic polarons, separated by
intermediate regions of Mn-impurity spins, forming a paramagnetic/spin-glass
phase. Finally, magnetotransport experiments were carried out in a series of in-
situ Zn-doped (p-type) GaAs nanowires implanted with different Mn-
concentrations. The nanowires with the lowest Mn-concentration exhibit a low
resistance of a few kOhms at 300K and a 4% positive magnetoresistance at
1.6K, which is well described by invoking a spin-split sub-band model, unlike
nanowires with the highest Mn-concentration which show a high resistance of
several MOhms at 300K and a large negative magnetoresistance of 85% at
1.6K. Sweeping the magnetic field back and forth for the samples with highest
Mn-concentration reveals a small hysteresis, which signals the presence of a
weak ferromagnetic state. Thus, co-doping with Zn appears promising for the
goal of realizing ferromagnetic GaMnAs nanowires for future nanospintronics.
In summary, this thesis shows that Mn-implanted GaAs nanowires indeed
represent an interesting novel type of nanometer-scale building block for
miniaturized spintronic devices compatible with mainstream silicon
technology.
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Popularvetenskaplig sammanfattning

Den pagaende trenden att alltmer digital information skapas och lagras av ett
standigt dkande antal manniskor éver hela vérlden driver pa den formidabla
utveckling vi idag ser av elektroniska apparater som t.ex. lasplattor, barbara
datorer och smartphones. For att mojliggora en fortsatt utveckling i samma
takt, kravs tillgdng till nya typer av halvledarkomponenter och kretsar.
Spinntronik ar ett hogaktuellt exempel som under senare ar utvecklats till ett
mycket intensivt forskningsomrade. Det &vergripande malet med denna
forskning ar att skapa nya typer av funktionella komponenter och kretsar som
inte bara utnyttjar elektronernas laddning, utan ocksa en annan fundamental
egenskap hos elektroner som kallas spinn. | en enkel bild kan spinnet ténkas
som en rotation av elektronen kring sin egen axel. Elektronen kan rotera med-
eller moturs, vilket da brukar sagas svara mot spinn upp eller ned. Det finns ett
naturligt samband mellan spinn och magnetism. En annan trend i modern
elektronikutveckling &r den fantastiska nedskalningen av komponenters storlek

till en nanoskala.

Denna avhandling beror tillverkning, dopning och karakterisering av
elektriska och magnetiska egenskaper hos ett av dom mest intressanta
nanomaterialen for just framtidens elektronik - magnetiska nanotradar. De
nanotradar som studeras ar tillverkade av galliumarsenid i en “bottom-up”
process fran sma guldpartiklar som katalyserat véxten av nanotradarna. For att
gbra magnetiska halvledare i bulkform eller i tunna skikt, dopar/legerar man
typiskt galliumarsenid med grunddmnet mangan. Mangan tillfor pA samma
gang bade magnetiska moment (spinn) och laddningsbarare som formedlar en



magnetisk koppling mellan spinnen. Tyvarr later inte denna legeringsprocess
sig goras pa ett enkelt satt i nanotradar eftersom manganatomerna klumpar ihop
sig pa ett oonskat satt. FOr att dopa/legera nanotradarna med mangan har vi
darfor utvecklat en ny metod dar manganjoner skjuts in i nanotradarna (sa
kallad jon-implantering). Efter kristallvéaxten éverfors nanotradarna mekaniskt
till ett elektronmikroskop for struktur- och sammansattningsanalys, alternativt
till ett isolerat kiselsubstrat dar de forses med avancerade kontakter for
elektrisk och magnetisk karakterisering. Nanotradar av hog kristallin kvalitet
med upp till 5% mangan har for forsta gangen tillverkats med denna metod.
Omfattande studier har gjorts av de mekanismer som styr strémtransporten i
dessa implanterade nanotradar. Vi har demonstrerat att den dominerande
transportmekanismen &r olika typer av s.k. “hopping”-processer dar
laddningsbérare fysiskt hoppar mellan olika diskreta lokaliserade defekter i
tradarna. Denna typ av transportmekanismer ar typisk for oordnade material.
For nanotradarna uppkommer denna oordning framfor allt i samband med
implanteringen av manganjonerna. Vi har utvecklat en modell dér resistansens
beroende pa temperatur och magnetfalt kan forstds i termer av magnetisk
vaxelverkan mellan det palagda magnetféltet och manganatomernas spinn,
saval som vaxelverkan mellan dessa spinn och spinnet hos laddningsbérarna.
Den sistndmnda véxelverkan resulterar i intressanta magnetiska ’bubblor” som
kallas polaroner. Under inverkan av ett magnetfalt uppvisar nanotradarna
typiskt en negativ magnetoresistans, d.v.s. resistansen sjunker med okande
faltstyrka. Detta fenomen har sitt ursprung i att sannolikheten for “hopping”-
processer beror pa den relativa orienteringen mellan spinnet hos
laddningsbérarna och manganatomernas spinn. Med &kat magnetfalt linjeras
dessa spinn upp, vilket okar den effektiva rorligheten hos laddningsbérarna

vilket i sin tur resulterar i en Il&gre resistans. En maximal negativ

XXV



magnetoresistans pa cirka 85% har uppmitts vid laga temperaturer och hoga
magnetfalt. De magnetiska trddar som studerats har har inte tillrackligt hog
koncentration av laddningsbarare for att uppvisa ferromagnetism (d.v.s. att hela
traden beter sig som en magnet), framfor allt beroende pa defekter som skapas
vid implanteringen. | den sista artikeln visar vi att implantering av mangan i
nanotradar dar mangden laddningsbarare 6kats genom att tillféra grundamnet
zink vid véxten resulterar i en svag ferromagnetism. Denna strategi lovar gott
for den Gvergripande malséattningen med projektet att tillverka ferromagnetiska
nanotradar dar en kontakt runt en nanotrad kontrollerar koncentrationen av
laddningsbérare, och darmed mojliggor tillverkning av elektriskt styrda
magnetiska halvledarbaserade nanostrukturer kompatibla med kiselteknologi.
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Chapter 1

Introduction

Nowadays, due to the popularization of personal electronic devices, e.g.,
tablets, notebooks, netbooks, ultrabooks, smartphones, etc., there is a rapid,
sharp increase in the digital information being created, accessed, collected, and
stored by many people worldwide. This fast and vast increase does not exhibit
any sign of slowing down. If the processing power that leads this data creation
obeys the exponential increase per year and if the storage density that drives
data storage also follows the exponential increase per year [1], then the abrupt
increase of the popularization of digital information can be a function of these
two exponential tendencies. This popularization of ever-growing streams of
digital information generates the constant quest to fabricate the smallest and

most novel semiconductor materials that can keep up with such a demand.

This doctoral thesis deals with a very interesting new class of nanoscale
materials that has been proposed for novel electronic devices and circuits —
dilute magnetic semiconductor nanowires (NWSs), and in particular, GaAs NWs
doped with magnetic Mn ions by ion-implantation. More specifically, there are
three main motivations behind the choice of this thesis project [2 - 6]. The first
is, when semiconductor structures decrease in dimension from a micrometer
scale, so-called bulk, to a few nanometers, so-called nanostructures such as
NWs, their properties may drastically change [7 - 9] and new physical effects
may occur in them [10, 11]. At the same time, these different properties and

new physical effects permit the fabrication of novel nanoscale devices [12] and



new technology applications [13]. For example, if one million NWs were
compacted together, their thickness would be something like a hair. Currently,
semiconductor NWs are of great interest as versatile building blocks of high
functionality for various devices [14], and their small footprint facilitates their

direct growth on silicon substrates.

The second motivation is that, in bulk (3D) or as thin-films (2D), Mn-
doped GaAs semiconductor materials typically exhibit ferromagnetic ordering
when they are grown by non-equilibrium growth techniques such as low-
temperature molecular beam epitaxy (MBE) [15]. These materials have
generated immense interest in nanotechnology research, e.g., for the fabrication
of novel spin-sensitive devices (spintronics), regarding the possibility of
interplay between two fundamental physical quantities: the elementary
magnetic moment, the so-called spin, as well as the charge of the carriers. Mn
ions being substitutionally incorporated on Ga sites in the GaAs semiconductor
crystal are responsible for uncompensated spins and also act as acceptors
providing holes that mediate a ferromagnetic coupling between the spins; this
is the basic concept of dilute magnetic semiconductors DMSs [16, 17].

Realizing magnetic NWs is fundamentally interesting due to the
expected new physical effects connected to their quasi-1D character.
Unfortunately, it turns out that it is extremely difficult to grow high-quality
DMS GaMnAs NWs with standard gas phase or MBE techniques, even by non-
equilibrium growth using low-temperature MBE, due to the low solubility
limits of 3d-transition metals in 111-V semiconductors. This is because the
growth of semiconductor NWs necessitates significantly higher temperatures

than the low-temperature MBE of thin-films.

In the literature, there are several attempts and different approaches to
create high-quality DMS GaMnAs NWs [18 - 29], but MnAs phase segregation
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during growth was the main problem with most of the reported approaches.
This phase segregation (low solubility limit) can be understood from the phase
diagram discussed by Ohno, for a Ga,-sMnyAs thin-film grown by MBE, where
MnAs is formed at growth temperatures already above 300°C, for x between
0.5% — 6% [30]. Thus, the question of how to incorporate Mn ions into GaAs
NWs during growth, or in a post-growth diffusion process, is still open in the

semiconductor industry.

One possibility of attaining DMS GaMnAs NWs would be an ion-beam
implantation method. Such an approach is frequently utilized at lower
processing temperatures, and it can be carried out to add any ion into any
semiconductor material with virtually any solubility limit [1]; however, due to
the high ion-implantation energies, defects are created in the semiconductor
materials, and then annealing processes are frequently necessary post-
implantation [31 - 33] or during implantation [2, 6]. Annealing processes have
also exhibited good results in the introduction of Mn ions in GaAs (bulk and
thin-film) for the fabrication of DMSs [34]. The annealing processes of bulk
materials and thin-films cannot be completely applied in most cases of
nanowire semiconductors, due to the small volume of semiconductor nanowires
which tend to reduce the melting points to values lower than those of bulk or
thin-film semiconductors. Recently, our research team has reported great
results of the incorporation of Mn ions in GaAs NWs after growth by an ion-
beam implantation method invoked at elevated temperatures to facilitate in-situ

dynamic annealing processes [2 - 6, 35, 36].

Finally, the third motivation behind this thesis is that NWs can be
monolithically integrated with silicon substrates due to their small footprint.

GaAs NWs implanted with Mn ions therefore represent an eminent and



interesting novel type of nanometer-scale building block for miniaturized

spintronic devices compatible with mainstream silicon technology.

This thesis describes a detailed study of the temperature-dependence and
the magnetic field-dependence of different carrier transport mechanisms in
single Mn ion-implanted GaAs NWs.

This first introduction chapter describes some basic concepts of
semiconductors and semiconductor nanowires, doping of semiconductors,

disordered semiconductors, and diluted magnetic semiconductors.

1.1 Basic concepts of semiconductors

In general, solid materials can exist in disordered (e.g. amorphous) or
ordered (crystalline) forms. Amorphous materials have only short-range order
within a length scale of a few atoms or molecules, while crystalline materials
(crystals), ideally, have a regular geometric periodicity of the atoms or
molecules throughout their entire volume. The atomic or molecular order
within a solid material determines many of the physical properties, such as,
optical, thermal, electrical and magnetic properties. An advantage of crystals is
that, usually, their electrical properties are superior to those of non-crystalline
materials. Solid materials can be grouped into three classes depending on their
electrical conductivity: insulators, semiconductors, and conductors. The
insulators are materials with low electrical conductivity. Semiconductors are a
class of materials exhibiting an electrical conductivity in-between the insulators
and highly-conductive conductors. At sufficiently low temperatures, pure
semiconductors act as insulators. The electrical conductivity of a
semiconductor is usually sensitive to temperature, magnetic field, and impurity

concentration (doping). The possibility to tailor the electrical conductivity by



doping is the key property that makes semiconductors the most relevant

materials for electronics.
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Figure 1.1: Schematics of the band structure of a pure semiconductor. E is the Fermi level.

In a semiconductor, the periodicity and the interaction of the atoms
generate closely separated energy states, structured in energy bands. Between
the energy bands, there is an energy interval in which electronic states are not
allowed, the so-called bandgap. The states below the bandgap form the valence
band and they are completely occupied by electrons at low temperatures, while
the states above the bandgap are empty and form the conduction band (Figure
1.1). In semiconductors, where the bandgap is small enough, the electrons can
gain sufficient energy to move up into the conduction band where they are free
to move. This process, in which a free hole is left behind in the valence band,
physically means that a crystal bond is broken in the crystal. Therefore, in
semiconductors, electrical current is provided by free electrons in the
conduction band and free holes in the valence band driven by an external
electric field [37].

Semiconductor materials can usually be classified as elemental
semiconductor materials or compound semiconductor materials. The elemental
materials are composed of single atoms from group 1V of the Periodic Table,
such as Si and Ge. Si is by far the most used material for semiconductor
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devices. The binary compounds are often formed of elements from groups Il
and V of the Periodic Table, the so-called I1l-V semiconductors, for example,
GaAs and InP. GaAs is extensively studied in this doctoral thesis. For
spintronic applications, the ternary compound semiconductor Ga;Mn,As is
most widely used, where x is the fraction of Mn atoms occupying group il
(Ga) sites. [38].

1.2 Semiconductor nanowires

Semiconductor NWs are thin semiconductor fibers with a typical length
of a few micrometers and with diameters in a range from a few nanometers to
hundreds of nanometers. Thin NWs, with a diameter comparable to the Fermi
wavelength of electrons, behave as one-dimensional (1D) structures exhibiting
strong quantum confinement effects. The semiconductor NWs studied in this
thesis are made by a highly-controllable bottom-up technique by self-organized
growth atom by atom. The resulting excellent crystalline structure quality leads
to semiconductor NWs being used as nanodevices [39 - 44] and has generated

great interest in the nanotechnology industry.

As previously mentioned, only Mn-doped GaAs NWs are studied in
detail in this thesis. The GaAs NWs were grown by so-called metal-organic
vapor ph