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1. Introduction

Spintronics, which is a new emerging field of nanoelectronics, is based on the
utilization of electron spin in addition to its charge. By exploiting the properties of
electron spin, totally new features such as multifunctional devices can be added to
conventional electronics [1]. Additionally, spintronic devices will consume less energy
than devices based on electron charge since the energy needed to change the orientation

of spin is much smaller than the one typically required in charge transport [1].

In the mid 1930’s Mott postulated his famous two-current model [2] and this can be
considered the starting point of the development of spintronics. However, the actual
breakthrough happened in 1988 when independently Fert et. al. [3] and Griinberg et. al.
[4] discovered the Giant Magnetoresistance effect (GMR) in thin ferromagnetic metallic
superlattices. Both Griinberg and Fert got the 2007 Nobel Prize in Physics for their
findings. Their discovery launched a rapid development of spintronics which led to
commercial success. In less than 10 years the first read head for computer hard drives
based on the GMR effect was put on the market by IBM. The research, which made this
fast development possible, was mainly carried out by Parkin’s research group [5-7] at
IBM. Nowadays almost all computer read heads are based on the GMR effect. Also new
spintronic memory applications have been studied, such as the Magnetic Random

Access Memories (MRAM), which are based on magnetic tunnel junctions [8].

All the current commercial spintronic applications are based on magnetic metals but
semiconductor spintronics offers some advantages compared to magnetic metals [8].
Firstly, it is easier to integrate semiconductor spintronic devices with conventional
electronics. Secondly, since in many magnetic semiconductors the magnetism is carrier
mediated, the magnetism can be controlled by changing the bias voltage. In addition,
some magnetic phenomena are stronger in semiconductors than in metals, e.g, in
general the spin polarization is larger in semiconductors than in metals and signal

amplification is possible in semiconductor spintronics.
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Semiconductor spintronics was studied already in the 1960’s. Back then the research
was focused mainly on europium and chromium chalcogenide compounds (e.g. EuO,
EuSe, and CdCr,;S4) [9]. However, the ferromagnetic ordering temperature (=Curie
temperature) 7. of those compounds was typically below 100 K. In addition, it was
extremely difficult to fabricate those compounds. In the late 1980°s the breakthrough of
semiconductor spintronics occurred when it was discovered that adding a small amount
of magnetic impurities into III-V compound semiconductors makes the compounds
ferromagnetic. These compounds are called diluted magnetic semiconductors (DMS).
The first actual ferromagnetic DMS structure was fabricated by Munekata’s group [10].
They successfully fabricated ferromagnetic Mn doped InAs thin films on top of GaAs

substrate.

The main problem with DMS is to find a suitable material combination that is
compatible with conventional semiconductor technology and simultaneously has a
Curie-temperature above room temperature. The research has been focused on Mn
doped InAs, GaAs and GaN. All those compounds have great advantages but
unfortunately also some disadvantages. The physical properties of the compound
semiconductors are described in more detail in Chapters 2.1 and 2.2. Recently many
research groups have started to fabricate and study also actual spintronic devices.
Currently ferromagnetic pn-diodes, Spin Esaki-Zener tunnel-diodes, Schottky-diodes
and resonant-tunnelling diodes, have been fabricated (See Ref. [11] and the reference
therein). A more detailed description of spintronic devices can be found in Chapter 5 of

the present overview.

This overview and publications focus on the characterization of the magnetic diodes
fabricated of Mn doped GaAs and Mn doped GaN. At the beginning of this thesis the
special properties of DMS are briefly introduced. Then the theory of some spintronic
semiconductor devices is presented in Chapter 3. The fabrication processes of these
devices as well as the measurement techniques are described in Chapter 4. In Chapter 5
of this overview the most important experimental results are shown and explained. The

future prospects are discussed in chapter 6. Finally, a summary is given in Chapter 7.
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Publication I deals with the characterization of the magnetotrasport properties of
magnetic Spin Esaki-Zener tunnel-diodes. In this publication, the tunnelling anisotropic
magnetoresistance (TAMR) is observed for the first time in a tunnel diode. In
Publication II the properties of a room temperature Mn doped GaN ferromagnet are
presented. The method used for fabricating the Mn doped GaN was solid state diffusion.
The solid state diffusion method is quite a simple and cheap fabrication method. Mn
doped GaAs and GaN pn-diodes are studied in Publication III. In publication III one of
the first spintronic devices of Mn doped GaN was actually fabricated. In Publication IV
various ferromagnetic GaAs pn-diodes are studied. Especially, the effect of
ferromagnetism on /-V characteristics in pn-diodes are studied and explained in detail.
In addition to the experimental results, also the question of what are the conditions
when the I-V characteristics are magnetic field dependent is answered. Finally, the
resonant tunnel diodes (RTDs) with magnetic emitters are studied in Publication V. In
that article the effect of the doping level of emitter on the magnetic field dependence of
[-V characteristics is studied. The most important result was the observation of the

TAMR effect for the first time in RTDs.
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2. Diluted Magnetic Semiconductor (DMS)

In diluted magnetic semiconductors the magnetism is achieved by doping a small
amount of magnetic atoms into a non-magnetic semiconductor. In the ideal case, the
magnetic atoms randomly replace some of the lattice atoms of the non-magnetic host
material. The most common doping atom is Mn, but also Cr and Fe are widely used [9].
The reason for using Mn is the fact that it has five unpaired electrons in the d-shell, and
therefore its total spin has a large value $=5/2 [12]. Depending on the doping level and
the distance between the doping atoms, DMSs may exhibit para-, ferro- or
antiferromagnetic behavior. The electrical transport properties of DMSs also depend on
the doping level and therefore the properties vary between insulating and metallic

behavior.

The first ferromagnetic III-V compound semiconductor, Mn doped InAs was fabricated
by Munekata’s group [10] in 1989. In 1992 Ohno et. al. [13] discovered that the
ferromagnetism in p-type Mn doped InAs is hole-induced. The next major step in
semiconductor spintronics was made when two groups were able to fabricate
ferromagnetic p-type Mn doped GaAs [14-15]. After that Dietl presented the theory of
Mn doped GaAs and showed that the ferromagnetism in Mn doped GaAs is free carrier
induced [16]. His theory also suggests that by doping the GaAs more heavily the Curie-
temperature should increase. However, so far the increase of the Curie temperature of
Mn doped GaAs has been saturated at 173 K [17]. Nazmul et. al. [18] have proposed
that by a o doping of Mn combined with a p-type modulation of the sample the Curie-
temperature can be increased even to 240 K. However, the commercial applications
require higher Curie temperatures (7¢>300K) and therefore further research is still

needed.

When it became obvious that it would be difficult to obtain room temperature
ferromagnetism in Mn doped GaAs, other materials were studied. The theoretical
calculations by Dielt [19] predicted that, e.g, Mn doped GaN could be ferromagnetic

even at room temperature. Indeed, during the last few years many groups have reported
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room temperature ferromagnetism in Mn doped GaN [20-23]. However, the
ferromagnetism in those structures could not be explained by Dietl’s model and the real
reason for ferromagnetism in III-V wide-band DMS is still uncertain to some extent.
The problem is related to the fact that the Mn acceptor energy level in GaN is not close
to the valence band edge and therefore it is difficult to obtain a high carrier
concentration, which is needed for carrier induced ferromagnetism. In closer
examination of the Mn doped GaN samples it has been observed that the Mn atoms are
not distributed spatially homogeneously. The Mn in those samples is either in small

nanoclusters or it forms some compounds with N.

The coupling between the electrical and magnetic properties in DMSs occurs because
there is an exchange interaction between the total spin of a magnetic atom S at the site i
and the charge carrier spin s. This interaction can be described by a Heisenberg

exchange coupling model
H,=J,> 55, (1)

where J,, 1s the exchange coupling parameter. The interaction (1) causes a spin splitting
of the energy levels of the charge carriers ,i.e., spin up and spin down bands are formed.
The energy difference between the spinpolarized subbands, the so-called band splitting
parameter, is given by

A=xJ, (5% )
where x is the mole fraction of Mn ions and <S§>> is the average spin polarization of
magnetic ions. The band splitting parameter A is one of the most important model
parameters in the modeling of the new spintronic devices [24]. The interaction (1) also
causes additional scattering of the charge carriers due to the large spin fluctuations in
the magnetic subsystems, especially at 7=7¢ . The spin disorder scattering is manifested

as a resistivity peak at 7=T¢[24] .



21

2.1. Mn Doped GaAs
Mn doped GaAs is the most studied III-V DMS material so far [25]. The origin of

ferromagnetism in Mn doped GaAs is quite well understood and it can be explained
qualitatively and in many cases also quantitatively by the p-d Zener model described by
Dielt[19]. The theory is based on a model proposed by Zener for magnetic metals [26].
However, the model was later abandoned due to the development of more accurate
models for metals, i.e. the RKKY model. The main finding in Dietl’s model is that

ferromagnetism in Mn doped GaAs is mediated by holes.

In the ideal case every Mn atom will replace a Ga atom in the GaAs lattice, which
increases the hole concentration of the sample. However, it has been observed that the
hole concentration is smaller than the amount of the Mn atoms doped in the GaAs. This
is due to two factors. Firstly, in the growth process some As atoms will replace Ga
atoms, which will then decrease the hole concentration since As belongs to atoms of
group V. Secondly, some of the Mn atoms will be in interstitial sites on the lattice. In
addition, the electronic configuration of the Mn atoms in GaAs has been proven to be
d>+h [27], and the acceptor level of the Mn-atoms is about 110 meV above the edge of
the valence band [28].

Also the spin orientation related phenomena have been studied. A spin polarization of
80% in Mn doped GaAs has been measured using Andreev reflection [29], which is
sufficient for practical applications. Also giant magnetoresistance (GMR) [30],
tunnelling magnetoresistance (TMR) [31] and tunnelling anisotropic magnetoresistance

(TAMR) [32] have been observed in Mn doped GaAs layers.

2.2. Mn Doped GaN

GaN is a commonly used material in optoelectronics, and therefore its properties are
quite well known. GaN, as well as GaAs, is a direct band gap material, but the forbidden
energy gap of GaN is much larger than that of GaAs. The interest in Mn doped GaN
increased rapidly, when Dietl predicted that Mn doped GaN should be ferromagnetic

even at room temperature, based on his p-d Zener model [19].
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The origin of ferromagnetism in Mn doped GaN is still unclear. Many models have
been proposed [33-36], but none of the models have been fully verified by
measurements. Dietl’s model as such cannot be applied to Mn doped GaN since the Mn
energy level in the GaN bandgap is 1.8 eV [37] above the valence band and therefore
the hole concentration cannot be very high in the case of Mn doping [33]. An additional
interesting fact is that n-type Mn doped GaN with high 7¢ has been found e.g.
[Publication II] [38]. The suggested reason for this is that the growth conditions of the
sample may cause the sample to change from p-type to n-type [39]. A more detailed

description of different models can be found in a review article [40].

Despite the theoretical difficulties, many groups have experimentally observed
ferromagnetism even at room temperature in Mn doped GaN [20-23]. The contradictory
experimental results are mainly due to Ga,Mn and N forming additional different
compounds in Mn doped GaN [41]. There is still no clear evidence that the structure of
Mn doped GaN would be same as Mn doped GaAs, i.e. the spatially distributed DMS
structure. On the contrary, it seems that samples that exhibit room temperature
ferromagnetism are either formed of nanoclusters or the Mn has formed some other
compound with N and Ga than (Ga,Mn)N [41-42]. The exact identification of small
nanoclusters is not easy, and it causes difficulties in the interpretation of the results. The
different experimental results indicate that there might be several different mechanisms
behind the ferromagnetism in Mn doped GaN, and therefore it is important to continue

the material studies.

2.3. Metal-Insulator- Transition in DMS

The electrical transport properties of the ferromagnetic DMSs can vary between
metallic and insulating behavior. The metal-insulator-transition (MIT) depends on the
carrier concentration of the sample. In doped non-magnetic semiconductor the MIT
occurs when the ratio of the average distance between the carriers . is about 2.4 times

the effective Bohr radius [43].
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Fig. 1. Schematic figure of the band structure in the Mn doped GaAs: a) insulating material b) metallic
material. The shaded areas are occupied states (holes). E,, is the mobility edge, which separates the
extended and localized electronic states.

When the ferromagnetic DMS is on the metallic side of the transition, the Fermi-level of
the DMS is in the extended band states above the mobility edge E,, and in the insulator
region the Fermi-level is in the localized region (Fig.1.). The conduction mechanisms
are not the same on the different sides of the transition. The conduction of the insulator
(or the semiconductor) is due to carrier hopping between the localized states, and
therefore the conduction decreases as a function of temperature at low temperatures. On
the metallic side of the MIT the conduction is metallic and it approaches a finite value

even at absolute zero temperature [44].

2.4. Magnetoresistance in DMS

The normal magnetoresistance (MR) for free carriers in valence and conduction bands
in non-magnetic semiconductors typically depends on the absolute value of the square
of the magnetic field [45] and the MR is positive. In DMS the situation is different due
to spin disorder scattering, which increases the resistivity at 7=7¢. On the other hand the
external magnetic field decreases the spin fluctuations, and consequently the resistivity.

Therefore in ferromagnetic DMS the magnetoresistance is negative.

A structure of a very thin non-magnetic layer between two thin ferromagnetic metal thin
films can have a large magnetoresistance. This phenomenon is called the giant
magnetoresistance effect (GMR). Almost all commercial spintronic devices are based

on that phenomenon ,e.g., read heads for computer hard drives. However, if the non-
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magnetic layer between the two ferromagnetic layers is replaced with a very thin
insulating layer, we have a magnetic tunnelling junction instead of GMR structure. The
tunnelling through the thin insulator also layer depends on the spin orientation. The
tunnelling magnetoresistance is defined as

TMR = Rp =Ry , 3)

AP

where R,p is the resistance, when the spins of the ferromagnetic layers have antiparallel
orientations and Rp is the resistance when the spins are parallel. The TMR has even
larger magnetoresitance than GMR [46]. If it is assumed that spin is conserved in the

tunnelling process, it leads to the well known Julliere formula [47]

TMR' = 2P B
1+PP,’

“4)
where P; and Py are the polarizations of the left and right sides of the sample,
respectively. However, the Julliere formula cannot explain the tunnelling
magnetoresistance in Mn doped GaAs structures [48], where the TMR depends also on
the angle between the magnetization and the current. This phenomenon is called the

tunnelling anisotropic magnetoresistance (TAMR). It cannot be observed in magnetic

metals due to the small spin-orbit coupling in metals.

TAMR is due to the strong spin-orbit coupling, the highly anisotropic Fermi-level
surface in (Ga,Mn)As [49] and large exchange coupling between delocalized holes and
localized magnetic Mn impurities [5S0]. All of these cause additional unaxial anisotropic
changes to the densities of states (DOS) in the valence band of the Mn doped GaAs. On
the other hand, the tunnelling current is proportional to the DOS, and therefore also the
magnetoresistance depends on the angle between the magnetization and the tunnelling

current.

The TAMR effect has many interesting properties that can be used in new spintronic
devices. One of the greatest advantages of TAMR over TMR is that the TAMR effect
does not require multilayer structures [51-52]. Another great benefit of TAMR is that it

is almost independent of the spin flip processes during the tunnelling process.



25

Furthermore, depending on bias conditions TAMR can be either negative or positive
[32]. TAMR can be used to design a low power spintronic device, since the TAMR
effect can be observed at really small bias voltages. In addition, in ferromagnetic thin
films the orientation of the magnetization of the sample can be changed continuously
and reversibly if the direction of the applied magnetic field and the easy axis of the

magnetization of the sample are correctly chosen.
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3. Modeling of Magnetic Diodes

After the discovery of ferromagnetism in III-V DMS thin films, it was obvious that also
various device structures based on those materials should be tested, both by modeling
and by fabricating. Many groups have proposed different kind of spintronic transistors
and diodes. Many of those devices have been fabricated and studied, such as magnetic
pn-diodes, Schottky diodes, and RTD diodes [11]. However, many of the proposed
devices, in particular transistors such as the Datta-Das spin field-effect transistor based
on the Rashba effect (spin-orbit interaction) [53] have not yet been successfully

fabricated.

3.1. Modeling of the Magnetic Pn-diodes

The exchange interaction (1) causes band splitting and spin-disorder scattering, which
have an effect on the /-J characteristics of the magnetic pn-diodes [54]. The total
current of a magnetic pn-diode is given by

1, =1 +1,, (5)

tot diff + Irez‘ + I

where gy 1s the diffusion current, and /.. is associated with the recombination
processes in the depletion region. [, describes the direct band-to-band tunnelling

contribution, and Iy is the excess tunnelling current through defect states in the band

gap.

The diffusion current of a magnetic pn-diode is given by

D erhr . D, (eq(V—RSIM)/kBT _1) (6)
X 9
2L ,N, 2L N, L,N,

IM. = Agn

1}

where 4 is the area of the diode, n; is the intrinsic carrier concentration, D, (D)) is the
carrier diffusion coefficient for the electrons (holes), L, (L,) is the diffusion length of
the electrons (holes), and N4(Np) is the acceptor (donor) concentration. Ry is the series

resistance of the diode.

The series resistance Rg in (6) depends on the magnetic ordering, if the spin disorder

scattering dominates the charge transport in the magnetic layer. The model (6) predicts
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large magnetoresistance, if the following conditions are fulfilled: the thermal energy
must be smaller than the band splitting parameter, the diffusion current should
dominate, and the acceptor doping should be larger than the donor doping, and

ferromagnetism exists also in the depletion layer.

Also the tunnelling current in a pn-diode depends on the magnetic field, and the current
is given by
E‘.(p)
Ly =ACY, | T,(E)[f(E)~ £ (E)]Dc (E) D (E)dE (7)
o E.(n)
where C is a constant, and E.(n) and E,(p) are the band edges of the conduction band on
the n-side and the valence band on the p-side, respectively. To(E) is the spin-dependent
tunnelling probability, fc(E) and f; (E)are the Fermi-Dirac distribution functions, and

D.(E) and D,(E)are the densities of state for the conduction and valence bands,

respectively:
MC 352\/5 Py
D (E)==24 5 (E-E,) @®)
. 1 m3/2\/§ A P
Dy (E):E :zhz [Ev_E_E(é‘aT_é‘al)} > (9)

where A is given by (2). The maximum relative current change AZ,,/I;, can be
estimated from (7) to (9) and it is about -5 % at B < 1T with the typical material
parameters for Mn-doped GaAs [Publication IV]. The third component of the total
current that may depend on the magnetic field is the temperature independent excess

current. It is defined as
4 B 1/2
Iy = Al explg[m];]_?] (V_Rslmt_VV):l’ (10)

where 7, is the current at a valley voltage ¥, , and N"=N,N,/(N,+N,). The magnetic
field dependence is a result of the MR of Rg In Fig. 2 the /-V characteristics of a spin
Esaki-Zener tunnel diode is presented with different band splitting parameters and

different p- values (related to Egs. (8) and (9)). It can be seen that in the case of a
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parabolic band (p=1/2) the magnitude of the current depends strongly on the band
splitting parameter. The shape of the valence band is also important, since in the case of
p=3/2 the magnetic field dependent current is typically larger than the non-magnetic

current (A=0) and in the case of p=1/2 it is typically vice versa.
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Fig.2. Calculated I-V characteristics in a ferromagnetic spin Esaki-Zener tunnel diode in the case (a)
p,=1/2, and (b) p,=3/2. The solid curves show the tunnelling currents when there is no band

splitting, A, =0, and the dashed and dotted curves show the results in the cases A=0.leV and
A =0.2eV, respectively. Data taken from Publication I.

3.2 Modeling of the Resonant Tunnelling Diode (RTD) with a Ferromagnetic
Emitter

The resonant tunnelling diode was the first actual DMS spintronic device where band
splitting was observed [55]. In the emitter of a RTD the valence band will split into two
spin polarized subbands due to the giant Zeeman effect (see Eq. (1) and Fig 3.), when

the magnetic field is applied, and it will change the tunnelling current.
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Fig 3. Band diagram for a RTD with a ferromagnetic emitter, and (b) with a ferromagnetic collector,
both in the case of a non-zero band splitting, A>0.
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The ordinary resonant tunnelling diode was invented by Tsu and Esaki [56] and they
derived the well-known Tsu-Esaki formula for the current. When the band splitting is
taken into account, the tunnelling current of a RTD with a ferromagnetic emitter is

given by the modified Tsu-Esaki formula [57]
Jy =T} 0} = [T E)S, (E)E+ [T, (E)S, (E)dE (11)
0 A

where 7 (E) is the quantum mechanical transmission coefficient through the double

barrier structure given by the following Lorenzian:

T, ()= ik (12)

(/2 +(E-E=)

Here r=r,+I, is the spin-independent full width of the half-maximum of the
resonance. The partial widths ', and T, for the left and right barriers, respectively, can

be calculated in a straightforward manner in the case of the rectangular barriers [58]. In
Eq.(11) we have taken the bottom of the spin-up subband as a zero level for the energy

E. Then the energy of the resonant level £’ in Eq.(12) is given by

res qV A
E® =, - ZQW +5(5ﬁ—5g¢) (13)

Here E, is the energy of the single quantized level in the quantum well, when there is
no band splitting, i.e., whenA =0. The voltage ¥, over the double barrier structure is
assumed to be divided equally between the two barriers. The supply function S, (£) in

Eq. (11) is given by

" (Efo—E)/ kT
SU(E):(qm kBlen[1+e ] (14)

47 14 ol EfaE) T

where E;” is the Fermi energy of the spin-polarized subband on the left (right) side,

when the bottom of the spin-up band is chosen as the zero level for the charge carrier

energy:
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ELR — gL +§(50T 5. (15)

and Ej, =1 (37 p)y3 /2m* is the quasi-Fermi level of the holes before the band splitting,
E;, = E;, —qV,, , and p is the hole concentration. The expression (Eq.(11)) reduces to the

well-known Tsu-Esaki formula in the case of no band splitting, i.e., whenA=0. The
graphs in Fig. 4 have been calculated from Equation (11). It can be seen that the
resonant peaks will split into two when the magnetic field is applied. This behaviour has

been experimentally seen by Ohno [55].
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Fig.4.(a) Calculated I-V characteristics for a magnetic RTD with an emitter made of Mn-doped GaAs,
when there is no external magnetic field. (D) Calculated effect of the external magnetic field on the I-V
characteristics of a magnetic RTD at 113 K, when T¢ = 110 K. Data taken from Publication V.
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4. Experimental Techniques and Fabrication of the Magnetic Thin

Films and Diodes

The biggest problem in the fabrication of the DMS thin films is the segregation of
magnetic atoms during the growth process. The problem was solved when Munekata et.
al. [10] realized that by decreasing the growth temperature inside the MBE chamber the
segregation problem could be avoided. The temperature region is very limited in the
growth process. In Fig. 5 the relation between the growth temperatures, Mn doping and

the properties of the thin film are shown.
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Fig. 5. Substrate temperature and Mn composition. Data taken from [14].

4.1 Molecular Beam Epitaxy

The Molecular Beam Epitaxy (MBE) technique was developed by J.R Arthur [59] and
A.Y. Cho [60] in the late 1960’s and the early 1970’s. The MBE growth technique is
based on thermal molecular beams, which can be controlled very accurately. The
growth process takes place under ultrahigh vacuum (UHV) conditions. The MBE
method has many advantages and therefore it is the most popular growth method for
DMS thin films and DMS devices. Firstly, due to slow growth rate and epitaxial growth
the interface between different materials can be of high quality and sharp. Secondly,
also the doping profiles can be very sharp. Thirdly, the variety of semiconductors that
can be grown and dopants used in MBE are very large. Also the problems related to

contamination are reduced due to the fact that the growth is done in UHV.
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A disadvantage of the MBE method is that the growth rate is very slow (typically
lum/hour) [61].

In the MBE growth the materials are in separate effusion ovens. Every oven has a
shutter of its own and a temperature control. The temperature control determines the
intensity of the thermal molecular beam and the shutter controls the time interval during
which the thermal molecular beam hits the sample. Additionally, the pressure of the
oven has an effect on the growth process. The substrate is also heated, but the
temperature is much lower compared to the ovens. The temperature of the substrate
defines the growth mode, composition of the thin film and the growth rate. The
substrate holder is continuously rotating in order to gain a uniform layer [61]. Other
factors affecting the growth are the surface reactions, substrate film reactions,
evaporating sources and geometry [61]. The schematic figure of the VG100H MBE
system used in the Electron Physics Group in the Micro and Nanosciences Laboratory is

illustrated in Fig. 6.

Fig.6. Schematic picture of a MBE system [61]
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4.2 Fabrication of Mn Doped GaAs Thin Films and Diodes

4.2.1 Mn doped GaAs Thin Films
The Mn doped GaAs thin films were fabricated in our VG100H MBE system. All our

thin films were grown on semi-insulating GaAs (100) substrates. First, the surface was
cleaned and possible oxide removed. After that a buffer zone of 50 nm undoped GaAs
was grown at 580 °C. Then the growth temperature was decreased to 230 °C and a 1 um
thick Mn doped GaAs layer was grown. The Mn content was changed between 1% and
9 %, but only the samples in which the concentration was 3%-5% exhibited
ferromagnetism. During the growth process the crystal quality was examined by
Reflection High Energy Diffraction. Finally the ohmic Pt/Ni/Pt/Au contacts to the p'-
layer were made using an e-beam vacuum evaporation technique. A more detailed

description can be found in Publication III.

4.2.2 Mn Doped GaAs Pn-diodes

After the fabrication process of Mn doped GaAs thin films were under control, we
started to fabricate pn-diodes. The structure of the diode is shown in Fig. 7. The doping
concentration of the n-type GaAs substrate was 10'” cm™. On top of the substrate a
250nm thick n+ doped GaAs thin film was grown. The doping concentration of the n+
layer was either 10" ¢cm™ (normal pn-diodes) or 10"”cm™ (spin Esaki-Zener tunnel
diodes). Above the n'-layer there is a 0.5 um thick Mn-doped p'-layer. The growth
procedure of that layer was the same as that described in Chapter 4.2.1. Pt/Ni/Pt/Au and

Au/Ge/Ni/Au contacts were evaporated on the front side and back sides, respectively.
[’1.-";.'1.-"!’1.-".-\11

p Mn doped GaAs

n-GaAs

n- GaAs

Aw/Ge/Ni/Au

Fig.7. Schematic structure of the magnetic p-(Ga,Mn)As/n-GaAs-diode.
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4.2.3 Magnetic RTD with Magnetic Emitter

The magnetic RTDs were grown using both molecular beam epitaxy (MBE) and metal-
organic vapor phase epitaxy (MOVPE) growth techniques. The substrate was heavily p-
doped and the carrier concentration was p=1.3-10"cm™®. After that a 100 nm p-type
GaAs buffer layer (p=3-10“cm™) was grown using MOVPE. Next the quantum well
structure was grown by MOVPE. The structure consisted of several 5nm or 7nm
undoped GaAs and AlAs barriers (Fig. 8). Finally, a 500 nm thick Mn-doped magnetic
GaAs layer was grown using MBE at a low temperatures (T=230 °C). The front side
contact was made using a lift off process and the metallization consisting of 5/10/100
nm thick Au/Ti/Au was evaporated. After that the final structure was obtained by mesa
etching. The backside contact of 5/10/100 nm thick Au/Ti/Au was evaporated. Then a
50 um thick copper layer was electroplated on top of the Au/Ti/Au contacts. Finally,
using indium the RTD was soldered to a polyimide sample holder, and Al wires with a
diameter of 100 um were bonded to the contact pads. A more detailed description can

be found in Publication V.
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Fig.8. Schematic structure of the fabricated magnetic RTD.

4.3 Mn Doped GaN Thin Films and Pn-diode

4.3.1 Mn Doped GaN Thin Films

On top of the sapphire (0001) substrate a 2 um thick undoped GaN layer was grown by
MOVPE. After that the fabrication process continued with a deposition of a 50nm thick
Mn layer on top of the sample using the MBE system. Then the Mn diffusion was
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activated by annealing the samples under UHV conditions for 14 hours at 600°C. The
excess Mn layer was removed from the GaN surface by dipping the samples in HCI for
a couple of seconds. The ohmic contacts to the samples were made using copper

(98%)/beryllium (2%) wires. The sample sizes were 64 mm?.

The fabrication process is very difficult and therefore not very repeatable. Often the
samples were inhomogeneous, causing problems for electrical measurements. Some of

the samples were also destroyed in the HCI dipping phase.

4.3.2 Mn Doped GaN Pn-Diode

The fabrication of the (Ga,Mn)N pn-diodes was started by growing a p-type layer of
GaN on top of the sapphire substrate. The growth was made by MOVPE. In order to
fabricate a pn-junction some part of the p-type GaN was changed to n-type by Mn
doping. The fabrication process of the n-side is similar to the one in Mn doped GaN thin
films, i.e., solid state diffusion is utilized. The metallization of the diode was made

using an e-beam evaporator.
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5. Results

5.1 Magnetic Mn Doped GaAs Thin Films

The Mn doped GaAs thin films were first characterized by measuring the resistivity as a
function of temperature (Fig. 9 (a)) [Publication IV]. The behavior of the resistivity
curves changed from insulating to metallic, when the hole concentration of the thin film
increased. In Fig. 9 (a) the solid lines have been calculated using the the Dubson-
Holcomb (DH) model [62]. Together with the model for spin disorder scattering, the
resistivity in the DH-model is given by

300K E -E,
Pou (T) = Psook (Tj/lnli“‘exf{ mk T J:| > (20)

B

where E,, is the mobility edge in a disordered semiconductor The model parameters can
be found in Table 1. The only truly varying parameter is the E,-Er , which varies from
-0.2 meV (uppermost curve of Fig. 9 (a)) to 6.5 meV (the lowest curve in Fig. 9 (a))
[Publication IV].
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Fig.9. (a) Resistivity vs. temperature in Ga; .MnAs layers with the room temperature hole
concentrations 5.6-10°cm™, 7.0-10°cm™, and 1.7-10°°cm™ (from top to the bottom). The solid curves
have been calculated by combining the spin disorder scattering model with a Dubson-Holcomb-model
[62] for disordered semiconductors near the metal-semiconductor transition. The inset shows the lowest

curve in more detail. (b) Magnetoresistance [ p(B)— p(O)]/ p(O) vs. magnetic field at various
temperatures in Ga,..Mn.As with x=0.04 (7.0-10" cm™ ). Data taken from Publication IV.
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In order to study the ferromagnetic properties of Mn doped GaAs thin films, the
magnetoresistance as a function of magnetic field at various temperatures was also
measured (Fig. 9(b)). The negative magnetoresistance of the samples is a clear
indication of spin-disorder scattering. The Curie temperature can be estimated to be

about 45 Kelvin, since the magnetoresistance has its maximum at that temperature.

Table 1. Parameters of Mn doped GaAs used in the graph in Fig 9. (a)[Publication V]

Exchange coupling parameter Jexch 2.4 eV
Lattice constant ao 5.65 A
Effective mass m* 0.5m0
Curie temperature Tc 30K

In addition, the Hall resistivity measurement results proved that the samples were
ferromagnetic, since the relation between the Hall resistivity and magnetic field was not
linear below 50 K [Publication IV]. Finally, the ferromagnetism of the samples was
verified by a direct magnetization measurements (Fig.10). The measurements confirmed

that the Curie-temperatures of the samples were between 30-60 K.
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5.2 Magnetic Mn Doped GaAs Pn-diodes

After the discovery of ferromagnetism in Mn doped InAs and GaAs many groups have
developed theories of DMS pn-diodes [63-64] and [54]. In most of the fabricated

magnetic pn-diodes both sides are heavily doped, so the diodes operate in the tunnelling
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region. Those diodes are called tunnel-diodes or Zener-diode or Esaki-diode or spin

Esaki-Zener tunnel diode.

The tunnel-diodes have also been used to study the spin polarization and spin tunnelling
properties in DMS. Kohda et. al. [65] and E. Johnston-Halperin et. al. [66] fabricated a
tunnel diode and an LED structure and demonstrated the spin injection of the electrons
between the ferromagnetic and the nonmagnetic layer. Dorpe et. al. [67] improved the
same structure by fabricating an AlGaAs layer in addition to a GaAs layer. Their LED

structure showed 60% spin polarization.

The spin Esaki-Zener tunnel-diodes operate in a tunnelling mode and therefore they can
be used to study the spin-dependent tunnelling. The new observed phenomena related to
Mn doped GaAs is the TAMR effect in tunnel diode structure. The TAMR effect in a
p+—(Ga1_X,Mnx)As/n+—GaAs Spin Esaki-Zener tunnel was observed for the first time
independently by both Holmberg et. al. [Publication I] and Giraud et. al. [50]. The

same effect was also later observed by Ciorga et. al. [68].

An excellent theoretical paper of TAMR in p'-(Ga,Mn)As/n"-GaAs spin Esaki-Zener
tunnel diode was given by Sankiwski et. al. [49] ,e.g., they calculated that TAMR
should decrease if the hole concentration increases on the magnetic side and increase if
the nonmagnetic n-type layer is more heavily doped. In the same article also TMR of
trilayers p-(Ga;x,Mny)As/GaAs/ p-(Ga;x,Mny)As is shown to be dependent on the band
offset. The TMR ratio increases, when the nonmagnetic layer is replaced by AlAs, since
the band offset is larger. Also the TMR is larger, if the tunnel barrier is thinner and
higher.

In our studies two different magnetic (Ga,Mn)As/GaAs pn-diodes were fabricated
having either lightly (normal pn-diodes) or a heavily doped (spin Esaki-Zener tunnel
diodes) non-magnetic n-type layer. When the non-magnetic n-side was lightly doped, no
magnetic field dependence of the /-V curve was observed. There are several possible

reasons for that [Publication V]
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If the magnetic p-side is more heavily doped than the non-magnetic n-side,
then the current in the non-magnetic side of the diode may dominate and
therefore the current does not depend on the band splitting parameter A (Fig.
11 (a)).

The band splitting parameter A may be much smaller than the thermal energy
even at low temperatures

The band discontinuity between the n-GaAs and p-(Ga,Mn)As may cause the
current to flow via a thermionic emission over the barrier (Fig. 11 (b)).

The absence of free carriers in the depletion layer causes no ferromagnetism
ordering to occur, since the ferromagnetism in Mn doped GaAs is hole
mediated (Fig. 11. c)

The excess current (10), which does not depend on the magnetic field

dominates at low temperatures (lower than Tc)

(a) Fig.11. Schematic energy band

diagrams vs. position for a magnetic
pn-diode, where the p-side is
ferromagnetic and the n-side non-
magnetic. The dashed curves show the
spin-polarized  sub-bands. (€]
Magnetic ordering extends to the
depletion region on the p-side

(=x, £x<0). (b) Band discontinuities

AE, and AE, are included at X=0.

(c) The whole depletion region,
including the p-side, is non-magnetic in
the case of carrier-induced
ferromagnetism. A, = xJ: <SZ> and

exch
A, =xJ%%, (S*) are the band splitting

exch

parameters for the conduction and
valence bands, respectively.

Position
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Explanation (A) can be ruled out, since even in the case when the doping concentrations
were about same, no magnetic field dependence was observed at higher biases, where
the diffusion current dominates in ordinary pn-diodes. The alternatives (B) and (C)
cannot explain the phenomenon, since the band splitting parameter A is much larger in
Mn doped GaAs (about 0.2 eV) than the thermal energy at low temperatures and AEc is
also quite small [Publication IV]. In the depletion layer there are really few free holes
and therefore there might not be enough free holes to mediate the ferromagnetism. The
measured /-V curve [Publication V] also has a very weak temperature dependence and
the excess current is the only component of the current which has a very low
temperature dependence. As mentioned earlier, the excess current does not depend on
the magnetic field. We can conclude that explanations (D) and (E) are the possible
reasons for the absence of magnetoresistance in the Mn- doped GaAs pn-diodes but

based on the obtained data we cannot determine which one dominates.
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Fig.12. Measured I-V characteristics at various temperatures in a ferromagnetic (Ga,Mn)As/GaAs tunnel
diode (B=0T). Data taken from Publication III.

When also the non-magnetic side was heavily doped, we got a magnetic
(Ga,Mn)As/GaAs-p ' n"~ spin Esaki-Zener tunnel diode. The magnetization of the
sample was verified by a direct magnetization measurement. In Fig. 12. the I-V
characteristics of a magnetic tunnel diode as function of temperature is presented. The
temperature dependence of the /-J curve becomes weaker when the temperature

decreases. This is due to the fact that at low temperature the 7-independent tunnelling



current (7) and excess current (10) are larger than

current and diffusion current (6).
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Fig.13. (a) Measured I-V characteristics in a (Ga,Mn)As/GaAs tunnel diode at T= 10 K with and without
magnetic field (D) Measured I-V characteristics in the voltage region where the tunnelling current
dominates in various magnetic fields. Data taken from Publication IV.
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Fig. 15. Magnetoresistance of (Ga,Mn)As/GaAs
tunnel diode as a function of bias voltage. Figure
taken from Ref. [50]
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As seen in Fig. 13. the I-V characteristics of a tunnel diode has a magnetic field
dependence at low temperatures. A large positive magnetoresistance was observed both
at low reverse and positive bias voltages (Fig. 14). At higher positive bias voltages the
magnetoresistance was positive and at smaller positive and negative bias voltages the
magnetoresistance was negative. The observed behavior can be explained well by the
tunnelling anisotropic magnetoresistance (TAMR) effect. In our study a very large
magnetoresistance at low bias voltages about 20% at 10 K was observed. Our result is in
good agreement with Giraud et. al. [50], since they observed 40 % magnetoresistance at
4.2 K (Fig. 15). In addition, the magnetoresistance saturates under high magnetic fields

(Fig. 16). The theoretical explanation to the TAMR effect is given in Chapter 2.4.

This effect could be used in ultra-low power spintronic devices, since the
magnetoresistance changes rapidly by a small increase of the bias voltage. TAMR can
also be used in the spectroscopy and the valence band structure studies in Mn doped
GaAs [Publication I]. An excellent example of the capability of the spectroscopy can be

seen in Fig. 15 [50], where even the 3" and 4™ subbands can be seen.

Fig.16. Relative change of the tunnelling
current (I1(B)—1(0))/1(0) vs. magnetic field at
various temperatures in a (Ga,Mn)As/GaAs

tunnel diode at V=300 mV. Data taken from
Publication 1V.
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5.3 Magnetic RTD with Magnetic Emitter

The research of RTD has been intensive for many decades. The effect of a magnetic
field on the /-V characteristics of nonmagnetic GaAs/AlAs RTD was for the first time
studied by Mendez [69] and Hayden [70]. It was observed that high parallel [69] and
perpendicular [70] magnetic fields (B>2T) change the /- characteristics of RTD. After
the discovery of the DMS materials, the magnetic field dependence of the paramagnetic
ErAs quantum well in the GaAs based AlAs/ErAs/AlAs structure was studied by
Bremer et. al. [71]. A large spin splitting of the electronic states in the quantum well
under high magnetic fields was observed. The first actual ferromagnetic quantum well
in a RTD structure was fabricated by Haury et. al. [72]. Their group used CdMnTe

technology, but the Curie-temperature was very low, about 2K.

The next major development step was achieved when Ohno et. al. [55] and [73] were
able to fabricate a RTD structure with a ferromagnetic Mn doped GaAs emitter. A large
spontaneous spin-splitting of the valence band in the ferromagnetic emitter was
observed in the I-V characteristics. The band splitting was observed without applied
magnetic field in two peaks LH1 and HH2 when the temperature was below 80 K (7¢
was about 70 K). They also noticed that the Mn doped GaAs emitter causes the shift of
peaks as a function of the magnetic field [73]. Also Ohya et. al. [74] studied the same
structures as Ohno, except that the quantum well was also ferromagnetic. The results
were slightly different than those observed by Ohno et. al. [55], since no resonance
peaks at positive bias were observed. They suggested that it might be due to the Fermi
energy difference between the magnetic emitter and the non-magnetic collector. The

measured tunnelling magnetoresistance was over 10 % at 2.6 K.

In our studies the /-V characteristics of non-magnetic GaAs RTDs were measured first
to check how large the magnetic resistance is in a non-magnetic RTD (Fig. 17). In the
non-magnetic RTD three resonant peaks both at negative and positive bias were
observed. The magnetic field dependence of the current was relative small (<0.3 %) as

seen in the inset of Fig. 17.
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Next the fabricated structures of RTDs were the same except that the emitter was doped
with Mn. The RTDs with a magnetic emitter can be divided into two categories
depending on the doping level. When the Mn doping level of the emitter is below 4 %,

the emitter is semiconducting and if it is above 4 %, the emitter is metallic.
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Fig.18. (&) I-V characteristics of a magnetic RTD with a metallic (Ga,Mn)As emitter at various
temperatures.(b) Conductance dI/dV vs. negative bias voltage at various temperatures. In both figures the
external magnetic field was zero. Data taken from Publication V.

The [-V characteristics and conductance dV/dI at various temperatures in the case of a
metallic emitter RTD are shown in Fig. 18. At negative bias voltage the three resonant
peaks HH1, LHI1 and HH2 were seen. However, no resonant peaks were seen at positive

bias voltages and this is probably due to the large Fermi-energy in the heavily doped
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emitter. The magnetic field dependence was largest in the HH2 peek and its I-V
characteristic is shown in Fig. 19. (a). As shown in Fig 19. (b) the magnetoresistance
will saturate as the applied magnetic field increases. The behavior can be explained by
the TAMR effect and to the best of our knowledge; this is first time TAMR has been
observed in a RTD structure [Publication V1.
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Fig.19. (a) I-V characteristics of the magnetic RTD with a metallic emitter in various magnetic fields at T
= 8 K for negative bias voltages around the resonance peak HH2. (b) Magnetic field dependence of the
tunnelling current at the peak HH? for two bias voltage values at T=8K. Data taken from Publication V.
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Fig. 20. Conductance dI/dV vs. bias voltage at various temperatures in the magnetic RTD with a
semiconducting emitter (B=0T). Data taken from Publication V.
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We also fabricated magnetic RTDs with a semiconducting emitter. The temperature
dependence of the conductance is shown in Fig. 20. For the negative bias voltages the
same three resonant peaks are observed as in a RTD with a metallic emitter, but in the
positive region also one resonant peak was observed. It is due to smaller Fermi-energy
for the holes in the case of the semiconducting emitter compared to the metallic emitter.

Also the peaks are shown more clearly in the case of the semiconducting emitter.
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Fig. 21. I-V characteristics of a FRTD with a semiconducting (Ga,Mn)As emitter at various temperatures
for the first two peaks ((a) and (b)). Conductance dl/dV vs. negative bias voltage at various temperatures
for the first two peaks ((c) and (d))(B= 0T in all cases)

When the peaks were studied more carefully, it was found that the form of the peaks
changed even without a magnetic field when the temperature was changed. The same
double peak structures seen in Fig. 21. (b) have also been reported by Ohno et. al. [55]
1998]. Ohno’s group stated that the double peak structure is caused by a valence band
splitting due to the spontaneous magnetic ordering. However, we also observed the
double peak structure in our magnetic RTDs, but we do not believe that it was caused
by band splitting. Firstly, if the effect would be caused by the valence band splitting, the
peak splitting should occur at the same temperature for both peaks, which is not the case
as seen in Figs. 21 (c) and 21 (d). Secondly, the observed voltage difference between the
double peaks does not depend on temperature or the magnetic field as it should be
according to the model presented in ref. [75]. Finally, the kink seen in the I-V curve
(Fig. 21(a)) has also been observed in non-magnetic RTDs [76]. It is due to the
instability of a bias circuit caused by the negative differential resistance [76].
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Next the magnetic field was applied and it was observed that the current is magnetic
field dependent. However, the magnetic field dependence can be seen more clearly in
the conductance curves (In Fig. 22). In the case of the semiconducting Mn-doped
emitter the observed magnetoresistance could be explained by the negative

magnetoresistance of the emitter layer, i.e., it is the series resistance effect.
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5.4 Results of Mn doped GaN Layers and Pn-diodes

The driving force in the research of the Mn doped GaN is the prediction made by Dietl
[19] that Mn doped GaN exhibits ferromagnetism even at room temperature. In fact,
many groups have observed this behavior (Table 2). However, there is a debate on what
is causing the ferromagnetism. The problem is that the growth process of Mn doped
GaN is very difficult and many other ferromagnetic compounds than (Ga,Mn)N can also
appear as shown in Table 3. Additionally, it is difficult to heavily dope GaN in such a
way that the diode would operate in the tunnelling mode. However, the advantage of
Mn doped GaN is its high Curie temperature and that a lot of effort has been put into
improving the GaN fabrication technology, since GaN is an important material for
optoelectronics. Also the spin lifetime is about 20ns (5 K) even when the densities of

charged dislocation are about 5%10'® cm™ [87]. If the dislocation densities can be
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reduced the spin lifetimes could be long also at room temperature. All of these good
qualities of Mn doped GaN will make it possible to fabricate semiconductor spintronic

devices, which operate at room temperature.

Table 2. Curie-temperatures of fabricated (Ga,Mn)N thin films

Reference Tc Mn% Fabrication method
[77] 250 K 3 Nebulized spray pyrolysis
[78] 270 K 7,4 Implantation+MOVPE
[79] 550 K-700 K 0,06-0,5 Plasma-enhanced MBE
[80] 310-400 K 1 MOVPE
[81] 10 K-25 K 7 MBE
[20] 228 K-370 K ? solid state diffusion
[22] 940 K 6 and 9 MBE
[82] 320 K (3 %) 3-12% MBE
[83] 550-700 K 0,0006-0,005 plasma-enhanced MBE
[84] 350 K 0,2-0,6 plasma-enhanced MBE

Table 3. Different Mn compounds with their Curie-temperatures.

Compound Tc
Mn,Ga [85] 690 K
MnsGa [85] 743 K
MnsGag [85] 210K
MnGa [85] >300 K

MnyN [86] 738 K
MnsGaN [85] 200 K

MnN* [86] 650 K
Mn3zN,* [86] 925 K
*Neels temperature

They are only a few spintronic devices [88-90] fabricated from Mn doped GaN, since
there are still problems in making good quality Mn doped GaN thin films. Buayanova
et. al. [88] were able to fabricate a GaMnN/InGaN LED. They observed spin-
polarization in this structure, but the problem was that they were not able to measure the
photoluminescence spectrum at room temperature. The next major progress was made
by Ham et. al. [89]. They fabricated ferromagnetic (Ga,Mn)N light-emitting diodes with
an InGaN/GaN magnetic quantum well by MOVPE and plasma enhanced MBE. They
manage to fabricate a Mn doped GaN layer with good quality and the electrical
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properties of the diodes were really good e.g. the leakage current was 10 nA. They were
able to observe the spin-polarization in the electromagnetic spectrum even at room
temperature under a magnetic field. The observation was possible due to the better
crystal quality and lighter doping of (In,Ga)N than in the previous studies [88], which

led to a lifetime of spin high enough to be observed experimentally.

Reed at. al. [90] fabricated a Mn doped GaN p-i-n diode. The ferromagnetism was
confirmed by direct magnetization measurement. However, in that article the magnetic
field dependence on /-V characteristics was not measured. There have been also
interesting proposals for new GaMnN based devices. One of the most interesting
proposals was made by Li et. al. [91]. They proposed a magnetic GaMnN based
resonance tunnelling diode, where the spin polarization could be controlled by an

applied voltage without the external magnetic field.

In our studies [Publication II] we carried out the material characterization of the Mn
doped GaN thin films in order to ensure that our growth method was functioning
correctly. We used the solid state diffusion method to fabricate the Mn doped GaN and
therefore it was important that the thickness of the actual magnetic layer was measured.
The thickness of the Mn doped GaN layer was defined by Secondary Ion Mass
Spectrometry (SIMS). The thickness of the Mn doped GaN was approximately 200-
300nm. The samples were always n-type. The electron concentration was estimated to
be about 10%° cm™ and it was obtained using Hall and SIMS measurements. The value
could not be defined more accurately since the maximum applied magnetic field of our
magnet is only 1.3 T and in the SIMS measurement there was no Mn reference. In
addition, the crystallographic structure was measured using the X-ray Diffraction
(XRD) method. XRD and SIMS results indicated that some segregation of Ga,Mny in

(Ga,Mn)N is present in our samples.

Also the Hall resistance (Fig. 23.) and magnetoresistance (Fig. 24.) as function of
magnetic field were measured in order to study the magnetotrasport properties of Mn

doped GaN thin films and prove that our samples are ferromagnetic above room
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temperature. The Curie temperature of the Mn doped GaN thin films can be estimated to
be about 330 K according to the Hall resistance measurement results. In addition, the
largest measured magnetoresistance 1.3 % was observed at 330 K, which confirms that
the Curie-temperature is about 330 K. Finally, the Curie temperature was verified by a

direct magnetization measurement (Fig. 25).
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The measured sheet resistance as a function temperature is shown in Fig. 26. The
behavior can be explained by spin-disorder scattering (1) via metals [92], which can be

described by the following formula for resistivity

p.(T.B) = p, [s(s“)_(& (T,B)>2} . (20)
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At temperatures higher than the Curie temperature the resistivity is constant, since <§>

=0. Below the Curie temperature the resistivity starts to decrease, since below 7¢ <§>

starts to increase. As seen in Fig. 26 the constant behavior starts at about 330 K and as

mentioned earlier that is the Curie temperature of our sample.

400 Fig. 27. Current in GaN:Mn/GaN pn-diode as a
Sfunction of bias voltage at various temperatures.
Data taken from Publication II1.
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Mn doped pn-diodes were also fabricated. The non-magnetic p-side was lightly doped
and the magnetic n-side was heavily doped by Mn. The /-V characteristics of the
magnetic pn-diodes are shown in Fig. 27. We used the solid state diffusion method to
fabricate the Mn doped GaN layer and therefore the crystal quality of the Mn doped
GaN was not as good as that of Ham et. al. [89]. The inferior quality of the pn-diode is
shown also in the I-V characteristics. In our pn-diodes the rectification ratio was not as
good as that of Ham et. al. [89]. No magnetic field dependence of the /-V characteristics
were observed in our pn-diodes. The possible reasons for that may be the same as that
discussed in the case of Mn doped GaAs pn-diodes (Chapter 5.2), where the non-
magnetic side is lightly doped. The discontinuity between the layers cannot explain the
results either. The reason for ferromagnetism in Mn doped GaN is still unclear, but it is

quite obvious that it is not carrier mediated as in Mn doped GaAs and therefore the
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absence of ferromagnetism in the depletion region is probably not the cause of the
magnetoresistance not been observed. The most probable reason for the absence of MR
in Mn doped GaN is that the diffusion current of the lightly doped non-magnetic side

dominates the total current.
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6 Future Prospects

We have the following preliminary ideas for further studies in semiconductor

spintronics

(i)

(i)

(iii)

(iv)

To fabricate and study room temperature spintronic devices based on
Mn doped GaAs. This can be accomplished, e.g., by growing high Tc
magnetic quantum dots and by utilizing the semiconductor layers including
these dots as spin emitters. This is an important issue considering the
possible spintronic applications.

To fabricate and study Mn doped GaAs resonant tunnelling diodes with
ZnSe tunnelling barriers. We will fabricate the ferromagnetic resonant
tunnelling diodes with quantum wells based on Mn-doped GaAs using thin
insulating ZnSe layers as tunnelling barriers. This is a new structure that has
not been realized before in GaAs technology.

To fabricate and study Mn doped Spin Esaki-Zener tunnel diodes: One
of the future aims is to study the TAMR effect in Spin Esaki-Zener tunnel
diodes in more detail. The study of the tunnelling current gives us
information, e.g., about the anisotropy of the electronic structure and density
of states near the band edges involved in the spin-dependent tunnelling
processes. The high temperature operation is obtained using ferromagnetic
quantum dots in the emitter layer.

To fabricate and study ferromagnetic MOS capacitors. By fabricating an
insulator layer and metallization on top of a Hall configuration in a
ferromagnetic semiconductor, it is possible to accumulate charge carriers in
the insulator/semiconductor interface. Since the ferromagnetism in all the
new ferromagnetic semiconductors is carrier-induced, the ferromagnetic
MOS capacitor allows us to change the magnetic properties of the
semiconductor simply by applying the proper gate voltage. This effect has
not been studied in Mn-doped GaAs.
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The fabrication of ferromagnetic single electron transistors (SET) using
the new FIB technique. This allows us to study, e.g., the spin-dependent
Coulomb blockade effect in SETs [93], whereby we can test some ideas

relevant in quantum computing.
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7 Summary

Semiconductor spintronics offers several advantages over the present metallic
ferromagnetic thin films, such as easier integration with micro- and nanoelectronics,
larger magnetoresistive effects, and a possibility to fabricate devices showing current
rectification and amplification. However, this requires that the ferromagnetic ordering
temperatures can be increased above room temperature. In the present work the most
significant result in Mn doped GaN thin film studies was that room temperature
ferromagnetism can be achieved using a solid-state diffusion of Mn into GaN. Our
studies revealed that despite the fact that the solid state diffusion is quite a simple
method, the whole fabrication process is so difficult that it is very hard to produce a
large amount of Mn doped GaN samples with exactly the same properties. We have
shown that also pn-diodes with n-type Mn-doped layers could be fabricated. This was
one of the first Mn doped GaN devices ever. However, due to the fabrication difficulties
the quality of Mn doped GaN diodes were not good. Since it was much more
straightforward to fabricate various spintronic devices of Mn-doped GaAs, most of the
effort in the present work was put into magnetotransport studies in various magnetic
diodes made of Mn-doped GaAs, although the highest Curie temperatures in (Ga,Mn)As
are below room temperature. The (Ga,Mn)As-based devices studied in the present work

included spin Esaki-Zener tunnel diodes and ferromagnetic resonant tunnelling diodes.

The magnetic diode structures were made using low-temperature molecular beam
epitaxy and metal-organic vapour phase epitaxy techniques. Ferromagnetism in the
grown layers was confirmed by resistivity, Hall-effect and direct magnetization
measurements. The magnetotransport measurements revealed - for the first time- a large
spin-dependent tunnelling magnetoresistance at low temperatures both in spin Esaki-
Zener tunnel diodes and in ferromagnetic resonant tunnelling diodes. More precisely, a
tunnelling anisotropy magnetoresistance (TAMR) was observed, which is related to the
exchange interaction between the charge carriers and the magnetic atoms and to the
dependence of the density of states on the orientation of the magnetization, which can

be altered by the external magnetic field. One of the most important findings in this
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study was that since the TAMR effect is large at very low bias voltages a low power
Spin-Esaki Zener diode could be fabricated from Mn doped GaAs, if the Curie
temperature would be high enough. This finding gives hope that some day it is possible
to replace some of metallic spintronics devices with semiconductor spintronics devices.
Also this study revealed that the magnetic RTD structures can be used to study the

valence band structure in Mn doped GaAs.

This study also explains why in some cases the /- characteristics of pn-diodes are not
magnetic field dependent even when some part of the device is ferromagnetic. These
findings are important in order to fabricate actual magnetic field dependent
semiconductor devices. To conclude, this thesis has improved the scientific
community’s knowledge of magnetotransport properties of semiconductor spintronic
devices and shown that it is possible to fabricate devices from diluted magnetic

semiconductors that show a large magnetic field dependence.
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