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Abstract

Spin electronics, or spintronics, is a new branch of electronics whereby the

spin degree of freedom in electronic devices is employed. For understanding

the physics of spin injection in semiconductors, this thesis is aimed at con-

tributing to fabricate ferromagnetic metal-semiconductor hybrid structures,

typically Fe-GaAs hybrid structures, in which the spin-polarized transport

phenomena are studied. Our investigation which is introduced in this thesis

can be divided into two parts.

In order to understand the spin transport at the Fe/GaAs interface, the

spin-polarized tunneling is studied first. The Fe/GaAs/Fe/Co magnetic tun-

neling junctions are fabricated and the TMR effect as well as I-V character-

istics are measured at different temperatures. Interpretations of the exper-

imental data by the theoretical model allow us to characterize the junction

quality, which shows that apart from the conductivity mismatch problem,

the oxidation of the semiconductor surface and the interdiffusion between

Fe and GaAs are key issues in the fabrication of high quality ferromagnet-

semiconductor hybrid structures. Since the study of the epitaxial growth

of Fe on the sulphur-passivated GaAs substrate showed that the chemical

inertness of the passivated surface could prevent the oxidation and the in-

terdiffusion of semiconductor material, resulting in the growth of a pure Fe

film, the spin-polarized tunneling through a sulphur-passivated GaAs bar-

rier is studied to clarify the passivation effect. However, our experiments

show no positive influence of sulphur passivation.

The spin injection in the ferromagnetic metal-semiconductor hybrid struc-

tures is investigated in the second part of this work. The theoretical analysis

and calculation show that the difference in conductivities between a metal

and a semiconductor gives a basic obstacle to effective spin injection, which

can be overcome by introducing an interface resistance provided by a Schot-
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2 Abstract

tky barrier or a tunneling barrier inserted between the ferromagnetic metal

and the semiconductor. Before performing the spin injection experiments,

we try to measure the interface resistivity of Fe/GaAs Schottky barriers

with different doping densities at low temperatures. From the calculation

and experiments, we find increasing the doping density decreases the de-

pletion region width and changes the interface resistance. If we control the

transport length on the scale of nanometers, the interface resistance of such

a Fe/GaAs barrier with a high doping density can meet Fert’s condition for

efficient spin injection in semiconductors. Using the measured interface re-

sistance as a guide for experimental design, the magnetic p-n junction diodes

and Fe/GaAs/Fe structures are fabricated, and spin injection is investigated

in these devices. In the magnetic p-n junction diode, a negative GMR-like

effect is found under a large applied bias, when the relative magnetizations

of the two magnetic electrodes are changed from parallel to antiparallel.

The experimental finding agrees with the theoretical prediction very well.

For spin injection in Fe/GaAs/Fe structures, the experiments are carefully

performed by different surface treatments with different doping profiles of

the GaAs. The small but clear magnetoresistance could only be found in

the device with 50nm homogeneous heavily doped GaAs under a large bias,

indicating a surface spin polarization of 2.6% in the Fe/GaAs/Fe structure.



Chapter 1

Introduction

Electrons which are the elementary constituent components of electronic

devices not only carry electrical charge but also have a magnetic character

contained within their spin. Although the electron spin has been known for

most of the 20th century, today’s semiconductor devices are restricted to

the precise manipulation of the charge only. Spin electronics, or spintronics,

refers to the study to employ this spin properties instead of or in addition

to the charge degree of freedom [1, 2]. Taking additional advantage of the

electron spin might revolutionize traditional electronics.

Presently the research in the field of spin-dependent transport is driven

by two aspects: commercial application and fundamental research. The ap-

plied side is based on the very rapid commercial success of giant magnetore-

sistance (GMR) devices, which work as read head sensors in the hard-disks,

entering large-scale production within ten years in the magnetic data stor-

age industry. Moreover, magnetic random access memories (MRAM) as a

fast, non-volatile replacement for the current CMOS based random access

memory has also received a great deal of interest [3]. On the other side, the

physics of spin is interesting for the study of quantum computation. The

intrinsic binary property of the electron spin suggests it could be used as the

basic unit (qubit) for quantum information storage and processing. Com-

pared to Coulomb interactions, spin interactions with the environment and

with other spins are much weaker, one expects that spin coherence should

be preserved on much longer time scale. Therefore electron or nuclear spins

forming the qubits are proposed for the realizations of quantum comput-

ers [4, 5].

3



4 1.1. A brief introduction to spintronics

Using semiconductors for spintronic applications has a distinguished ad-

vantage: integration of spintronics with traditional semiconductor technol-

ogy. A generic semiconductor spintronics approach requires three steps:

injection of nonequilibrium spins into the semiconductor; spin storage, ma-

nipulation and transfer; and spin detection [6]. It is found that the injected

nonequilibrium spin can survive for a reasonably long time in the semicon-

ductor, typically in nanoseconds and diffuse over micron distances from the

point of injection, which is sufficient for microelectronics applications [7].

For the spin detection, optical observation of circular polarization of the re-

combination light or electrically detection of nonequilibrium spins in semi-

conductors such as magnetoresistance can be used [8]. However, the efficient

spin injection from a ferromagnetic source into a semiconductor is still more

difficult than that of charge [9], remaining a challenging task. This the-

sis is aimed at contributing to fabricate ferromagnetic metal-semiconductor

hybrid structures, typically Fe-GaAs hybrid structures, in which the spin-

polarized transport phenomena are studied to understand the physics of spin

injection in semiconductors.

1.1 A brief introduction to spintronics

Historically in electronics, the electron spin has mostly been neglected until

the first determination of the spin polarization of the conduction band in

a ferromagnetic material has been performed by Tedrow and Messervey et

al. in the early 70’s [10]. This was achieved by studying the magnetoresis-

tance of a ferromagnet/insulator/superconductor (F/I/S) junction. It was

found that the tunneling current remains spin polarized even outside of the

ferromagnetic region. The Zeeman split quasi particle density of states in a

superconductor was used as a detector in such a junction. Based on their ex-

periments, the spin polarization at the Fermi level in the ferromagnet could

be determined which is varying between 43% in permalloy of Ni80Fe20 and

11% in Ni.

Jullière extended the work to the ferromagnet/insulator/ferromagnet

(F/I/F) junctions, where the insulator was amorphous germanium. The tun-

neling magnetoresistance (TMR) of this magnetic tunnel junction (MTJ) de-

pends on the relative magnetization of the two ferromagnetic electrodes [11].

Assuming that spin and total energy is conserved during the tunneling pro-
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cess, the conductance will be proportional to the products of the densities of

states for each subband, therefore to the relative magnetization of the two

ferromagnetic layers. Thus, Jullière formulated a model for a change of con-

ductance between the parallel and antiparallel magnetic configurations in

the two ferromagnetic layers by adopting Tedrow’s analysis of the tunneling

conductance from F/I/S to the F/I/F junctions.

Although spin polarized tunneling between two ferromagnet films was

known from the experiments of Jullière, yet it has not been successfully

realized for twenty years. The major problems are related to the techno-

logical demanding of fabrication processes, which is necessary to fabricate

robust and reliable tunnel junctions [12]. In 1995, Miyazaki and Tezuka et

al. demonstrated the possibility to obtain large values of TMR in the tunnel

junction with Al2O3 insulating barriers [13], and Moodera et al. developed

a fabrication process which appeared to fulfill the requirements for smooth

and pinhole-free Al2O3 deposition [14]. In these days, MTJs that are based

on ferromagnetic films and Al2O3 barriers can be routinely fabricated with

reproducible characteristics and with TMR values up to 50% at room tem-

perature, making them suitable for applications in the industry [15].

The TMR effect is a spin dependent interface effect, and it does not

require nonequilibrium spin accumulation or transport in a non-magnetic

material. For the spintronic applications, the current flow and manipulation

of the nonequilibrium spins is essential. The first prototypical spintronic de-

vice, the spin field-effect transistor (spin-FET), was proposed by Datta and

Das [16]. The spin-FET consists of ferromagnetic source and drain contacts

that are connected by a two-dimensional electron gas (2DEG) formed at the

heterojunction between two narrow gap semiconductor materials. The pres-

ence of ferromagnetic injector and drain allows the observation of the spin of

electrons. In a simplified picture, the electron can enter the drain when its

spin points in the same direction as the spin orientation of the drain. Other-

wise it is scattered away. The function of the gate is to generate an effective

magnetic field, arising from the Rashba-type spin-orbit interaction. This

effective magnetic field causes the electron spins to precess. By modifying

the voltage, one can lead the precession to either parallel or antiparrelel to

electron spin at the drain, effectively controlling the current. The essential

requirements for a spin-FET device are: first, an efficient injection of the

spin polarized current from ferromagnet to semiconductor; second, a long



6 1.1. A brief introduction to spintronics

spin relaxation time in the semiconductor.

The first successful experiments to measure the spin relaxation time

(τsf ) in bulk n-GaAs were all optical experiments reported by Kikkawa

et al. [17], where circularly-polarized pumping and time-resolved Faraday

rotation spectroscopy have been employed. In these experiments, it was

found for a doping density Nd = 1 × 1016cm−3 of Si donors in GaAs at the

temperature of 5K, the observed τsf was 120ns at zero magnetic field. With

greater and smaller doping densities, spin relaxation times are significantly

reduced [18].

With respect to the issues of how to realize in practice spin injection

and detection, different approaches were taken. Considerable efforts have

been dedicated to observe the spin valve effect with semiconductors as the

intermediate layer, which is the first step towards the realization of the

spin-FET. Direct spin injection from a ferromagnet into a 2DEG showed

very small effects [19, 20], with arguments about the presence or absence of

spin injection [21,22].

Moreover, the spin injection from the ferromagnetic metal into a 2DEG

by ohmic contacts has so far resulted in low efficiencies, because the con-

ductance mismatch between the ferromagnetic metal and semiconductor is

believed to represent the intrinsic obstacle for spin injection [9]. In order

to overcome the conductance mismatch problem, a Schottky barrier or a

tunneling barrier insertion between the ferromagnetic metal and the semi-

conductor producing an interface resistance, or even the diluted magnetic

semiconductor (DMS) used as a spin injector are proposed by Rashba and

Schmidt et al. [23, 24]. The experimental focus hence shifted from spin in-

jection in 2DEGs to other approaches.

Clear spin injection was demonstrated by Zhu et al. in a spin-polarized

light emitting diode (Spin-LED) in 2001 [25]. They drove current from

ferromagnetic Fe across a Schottky barrier into a light emitting diode and

subsequently performed optical detection of spin injection by observation

of the polarization of the emitted light. In their experiments, the results

could be understood in terms of tunneling to overcome the conductance

mismatch obstacle for the spin injection from the ferromagnetic material

into the semiconductor. Recently, spin injection from Fe into an identical

GaAs based spin-LED using different tunnel barriers i.e. a reverse-biased

Fe/AlGaAs Schottky barrier and a Fe/Al2O3 barrier were done by Hanbicki
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and Jonker et al. They found the spin polarization could be achieved in

GaAs up to 30% typically [26, 27].

A similar experiment has already been performed by Ohno et al. in 1999,

where electrical spin injection occurs from a diluted magnetic semiconductor

into a non-magnetic semiconductor [28]. Under forward bias, spin polarized

holes from the p-type diluted magnetic semiconductor (DMS) GaMnAs and

unpolarized electrons from a n-type GaAs substrate are injected into an

embedded InGaAs quantum well (QW) separated from the ferromagnetic

region by a spacer layer. The hole spin polarization in the QW was measured

by analyzing the polarization of the emitted electroluminescence. A highly

efficient spin injection up to 80% in GaAs has been observed using GaMnAs

as a spin injector in a Zener diode structure [29]. However, the low Curie

temperature (Tc) of the material is the drawback of the usage of diluted

magnetic semiconductors as spin injectors.

The spin-LED experiments have proved successful spin injection in semi-

conductors. However, from a device point of view, a major breakthrough

still would be to have an all electronic device which can preferably operate at

room temperature. As the ferromagnetic metals have a high Curie tempera-

ture, well known magnetic properties and a significant spin polarization even

at room temperature, efforts have been dedicated to the study on ferromag-

net/semiconductor/ferromagnet (F/SC/F) hybrid structures, which is help-

ful to clarify the spin-dependent transport at ferromagnet-semiconductor

interfaces [30, 31]. However, the TMR effect achieved in the Fe/GaAs/Fe

tunneling junctions is only 0.21%, much less than the theoretical predicted

value. It suggests that apart from the conductance mismatch problem, the

fabrication of clean and robust interfaces between ferromagnetic metals and

semiconductors is another important issue for spin injection.

We conclude our brief introduction of the study of spin-dependent elec-

tronics here. The overview was not intended to be exhaustive. For example,

the observation of spin effects in scanning tunneling microscope (STM) ex-

periments is not included here [32]. However, from the present research

introduced above, it is evident that in order to achieve a significant spin

polarization of conduction electrons in the semiconductor, it is necessary to

control the interface quality and introduce an interface resistance between

ferromagnetic metals and semiconductors.
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1.2 This thesis

The question to be addressed in this thesis is whether we can improve the

interface quality between ferromagnetic metals and semiconductors, and

whether we can inject spin-polarized electrons into a semiconductor and

subsequently detect it all electrically. The detailed structure of this thesis

is shown below:

Chapter 2: The fundamental concepts necessary to understand the spin

polarized tunneling in F/SC/F junctions is introduced. Ferromagnetism and

Schottky barriers between metal and semiconductor are reviewed, followed

by an introduction to the theory of tunneling. Next, the magnetic tunneling

junction and spin polarized tunneling is emphasized as the onset for the

other chapters.

Chapter 3: The technology needed to fabricate our tunneling junctions

and spin injection devices, and the measurement setup of the transport prop-

erties are described. The wafer structure and critical fabrication processes

are also discussed in this chapter.

Chapter 4: In order to understand the low TMR effect in the Fe/GaAs/Fe

junctions, the temperature dependence of the spin polarized tunneling is

studied. A theoretical model including spin dependent tunneling and spin

independent tunneling to describe the temperature dependence of the TMR

effect is introduced in this chapter. It is found that measuring the TMR

effect at different temperatures in combination with interpretations of the

experimental data by the theoretical model allows us to characterize the

junction quality. The study shows that the oxidation of the semiconductor

surface and the interdiffusion between Fe and GaAs are key issues to in-

crease the TMR effect in such a junction.

Chapter 5: Since the epitaxial experiments of ferromagnetic metal layers

on the passivated GaAs substrate shows that sulphur-passivation on GaAs

surfaces can prevent the interdiffusion of As into the Fe overlayer effectively,

the study of the spin-polarized tunneling through the sulphur-passivated

GaAs barrier is introduced in this chapter. The tunneling junction with a
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GaAs barrier which is passivated in an aqueous ammonium sulphide (NH4)2S

solution is fabricated and the tunneling I-V characteristics and TMR effect

are measured at low temperatures. However, the study shows that the

TMR effect with sulphur-passivated GaAs barriers is reduced compared to

the barriers without passivation, which we attribute to the presence of spin-

flip scattering in the passivation layer.

Chapter 6: The fundamental concepts and drift-diffusion model to un-

derstand the spin transport in hybrid structures are introduced. The trans-

port property of a ferromagnet/normal metal (F/N) junction is discussed

first. The theoretical analysis shows that the conductance mismatch, which

is the intrinsic obstacle for the spin injection in semiconductors, can be

overcome by the interface resistance insert between the ferromagnet and the

semiconductor. The Fert’s condition for spin injection in a F/SC/F is intro-

duced next, followed by a simple introduction to the spin injection through

a depletion layer in a magnetic p-n junction. The theories introduced here

will be used as the guide to design the spin injection devices.

Chapter 7: Since a key element to realize the spin injection is the con-

trol of the interface resistance to overcome the conductance mismatch, the

I-V characteristics of Schottky barriers between Fe and GaAs with different

doping densities have been investigated. The current transport mechanisms

in the Schottky barrier have been reviewed and the depletion layer width

and the Fermi energy have been calculated. The I-V characteristics shows

that the field-emission is the dominant transport mechanism when the dop-

ing density of GaAs is sufficient high. The analysis of the semiconductor

resistivity at low temperatures and the interface resistance of the Fe/GaAs

barrier show that the Schottky barrier with proper doping density can fulfill

Fert’s condition for spin injection in semiconductors.

Chapter 8: In the last chapter, we will describe our experimental efforts

in realizing the electrical spin injection in semiconductors. Schottky barrier

of Fe/GaAs are used to produce the interface resistance to overcome the con-

ductance mismatch between ferromagnets and semiconductors. We studied

the magnetic p-n junction diode covered by a ferromagnetic metal layer.

The spin-polarized electrons are injected from Fe into the bulk n-GaAs via
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Schottky contacts and then drift across the depletion layer into p-GaMnAs

by a positive bias applied on the diode. When the relative magnetizations

of the two magnetic electrodes are changed from parallel to antiparallel, the

magnetic p-n junction diode displays a GMR-like effect. The spin injection

in F/SC/F junctions is also studied in this chapter. Small but clear magne-

toresistance has been observed in this structure, where the transport region

is homogeneously and heavily doped GaAs.



Chapter 2

Fundamental concepts of

spin polarized tunneling

In this chapter, some of the basic concepts of spin-polarized tunneling and

related phenomena will be covered, which act as the basic reference for the

study of F/SC/F tunneling junctions. In section 2.1, we first introduce the

magnetic materials. The ferromagnetic metal/semiconductor Schottky bar-

rier is then discussed in section 2.2. Finally, section 2.3 and section 2.4

tackles the subject of a simple model of electron tunneling through an ideal

rectangular barrier and spin-polarized tunneling in magnetic tunneling junc-

tions.

2.1 Ferromagnetism

For the transition metals Fe, Ni and Co, they have two partially filled bands,

which are the 3d and 4s bands. Because of the Heisenberg exchange inter-

action, there is an unbalance between the density of spin-up and spin-down

electrons populating the 3d band, which gives rise to a net magnetic mo-

ment per atom [33–35]. The majority (minority) electrons are referred to

the electrons in the spin band with the highest (lowest) number of occupied

stated. In the 4s band, a weaker exchange interaction causes an approxi-

mately equal distribution of spin-up and spin-down electrons. Thus, the 3d

band is responsible for the magnetism of the transition metals [36]. The

spin polarization P of a ferromagnet is defined as the spin asymmetry in the

11
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density of states (DOS) at the Fermi level:

P =
N↑(EF ) −N↓(EF )

N↑(EF ) +N↓(EF )
, (2.1)

where N↑(↓) represents the majority (minority) DOS, respectively. In the

bulk magnetic transition metals, the DOS at the Fermi level is dominated

by the spin-split d band and a high P is expected assuming simple parabolic

bands. Since the electrons responsible for conduction processes are those

close to the Fermi level, this means that a current flowing through a ferro-

magnet is spin polarized with a polarization approximately described by P .

The majority (minority) carriers are the electrons with the highest (lowest)

DOS at the Fermi level for a particular spin [37].

Figure 2.1: A simplified band picture for the magnetic transition metals.

The 3d band is split into a spin-up and spin-down part and causes a net

magnetic moment per atom and a spin dependent density of states, N(E).

The Fermi level EF is indicated by the dashed line.

2.2 Schottky Barrier

The ferromagnetic metal/semiconductor Schottky barriers play an impor-

tant role in our experiments. Many of the properties of the MTJ or spin

injection device are determined by the interface characteristics of Fe/GaAs

in this work, so the basic concepts of such a Schottky barrier will be dis-

cussed here, except for the details of the I-V characteristics and interface

resistance discussed in chapter 7.
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2.2.1 Ideal metal-semiconductor contact

Figure 2.2: Electron energy diagram of a metal contact to an n-type semicon-

ductor [38]. (a) The two materials separated from each other (b) Thermal

equilibrium situation after the contact has been made

Schottky barriers are intrinsic energy barriers which are formed at the in-

terfaces of most metal/semiconductor junctions. It comes from the fact that

difference in electron densities in the given metal and a given semiconductor

leads to a difference in the Fermi energies of the two materials. The earli-

est model to explain this phenomena is that of Schottky and Mott [38, 39].

According to this model the barrier results from the difference in the work

functions of the two materials. The energy band diagram in Fig. 2.2 illus-

trates the process of a Schottky barrier formation. Fig. 2.2(a) shows the

electron energy band diagram of a metal of working function Wm and an

n-type semiconductor of work function Ws. For the semiconductor, Ws is

a variable quantity because the Fermi level varies with the doping density.

The other important surface parameter of the semiconductor is the electron

affinity χs. Fig. 2.2(b) shows the energy band diagram after the contact

is made and equilibrium has been reached. When the two substances are

brought into intimate contact, electrons from the conduction band of the

semiconductor which have higher energy flow into the metal until the Fermi

level on the two sides is identical. The barrier height from the metal towards

the semiconductor is given by:

ϕ = qVi + ϕn, (2.2)
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where ϕn = EC−EF and qVi = Wm−Ws. The electron from the conduction

band which moves into the metal leave a positive charge of the ionized

donor behind, so the semiconductor region near the metal becomes depleted

of mobile electrons. According to the Poisson equation, the width of the

depletion layer can be described as:

W =

√

2ǫs
qNd

(ϕ− V ), (2.3)

where ǫs is the semiconductor permittivity, Nd is the doping density, V is

applied voltage [38].

2.2.2 Image force and surface states

In general, the barrier height of metal/semiconductor junctions are deter-

mined by both the metal and semiconductor work functions. However, the

real barrier height is usually different from the value predicted by equa-

tion (2.2), because of the image force and specific interface conditions [40].

Assuming that an electron is at a distance x from the metal surface, a pos-

itive charge will be induced in the metal. Thus, the image force is defined

as the attractive force between the electron and an equal positive charge

located at −x. When an electric field is applied, it will lower the Schottky

barrier. On the other hand, the semiconductor at the surface does not have

the same band structure as in the bulk. At the boundary between the semi-

conductor and an oxide layer, which is almost always present at the surface,

there are surface states. The surface states that change the barrier height

have continuous distribution in energy within the energy gap. Considering

the image force and surface states, the experimental data can be explained

better than the simplistic model introduced above. However, it still cannot

explain many properties of the Schottky barrier diodes. Usually the effective

barrier height is still determined from experimental data.

2.3 Tunneling

In classical physics, it is impossible to explain the transmission of electrons

through a barrier when the barrier potential energy is greater than the

electron kinetic energy. However, quantum mechanics can explain such an

observed transmission successfully [41]. In this section, a simple model of
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electron tunneling through an ideal rectangular barrier is presented first;

it is then extended to derive expressions for the current density. Next,

An extremely important theory of Simmons’ tunneling model in metallic

junctions related to our experiments is presented. In the following, the

temperature dependence of the tunneling within this model is described.

The method to determine the barrier height in the tunneling effect is also

discussed in this section.

2.3.1 One dimensional rectangular barrier

Figure 2.3: The rectangular tunnel barrier

In this section, a simple representation of quantum mechanical tunnel-

ing applies to electron transport through a barrier consisting of two metals

separated by an insulator. In order to simplify the problem, we assume

that the metals are identical, the interface is perfect, image potentials are

negligible and interactions are elastic. Fig. 2.3 represents the rectangular

barrier which describes this situation. Additionally, free electrons in metals

can be considered to have a potential energy U(x) = 0, and the barrier has

a potential U(x) = U0 (U0 > 0) acting over the region 0 ≤ x ≤ d. When the

particle energy E is smaller than U0, the wave function ψ(x) can be obtained

by solving the time independent, one dimensional Schrödinger equation:

(

− ~
2

2m
∇2 + U0

)

ψ(x) = Eψ(x), (2.4)

where ~ = h/2π, h is Planck’s constant and m the mass of the particle. The
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general solution to the Schrödinger equation are:

ψ(x) =











A exp(iκ1x) +B exp(−iκ1x) x < 0

C exp(iβx) +D exp(−iβx) 0 ≤ x ≤ d

E exp(iκ1x) d < x

(2.5)

with wave number κ1 and β:

κ1 =

√

2mE

~2
, β =

√

2m(U0 − E)

~2
. (2.6)

At the boundaries of the potential barrier, both the wave functions and

their differentials must be continuous. Solving equation (2.5), the constants

B,C,D and F are found in terms of A. The probability of transmission Tp

is given by the squared amplitude ratio |E|2 / |A|2 between the incident and

the transmitted wave function and can be approximated by

Tp ≈ 16β2κ2
1

(κ2
1 + β2)2

e−2βd. (2.7)

Thus, the transmission decays exponentially with the barrier thickness d.

Suppose that the left and the right electrodes are not identical, then equa-

tion (2.7) should be written as:

Tp ≈ 16β2κ1κ2

(κ2
1 + β2)(κ2

2 + β2)
e−2βd (2.8)

where κ1 and κ2 represent the wave numbers corresponding to the two elec-

trodes.

2.3.2 WKB approximation

Now we consider the case when the metal electrodes are not identical, re-

sulting in an asymmetric barrier as depicted in Fig. 2.4. The time inde-

pendent, one-dimensional Schrödinger equation (2.4) is used with the same

assumptions as above. However, the potential energy U(x, V ), is now a

function of both distance x, and the applied potential V . The Wentzel-

Kramers-Brillouin (WKB) approximation describes the effect of a varying

potential within the barrier region [42]. This approximation involves solv-

ing the Schrödinger equation for the tunneling barrier, noting that it breaks



Chapter 2. Fundamental concepts of spin polarized tunneling 17

down at the classical turning points of the particles, and then interpolating

solutions on either side of each turning point to produce a smooth wave

function [41]. This allows the derivation of the transmission coefficient, as

shown by equation (2.9)

Tp = exp

(−2

~

∫ d

0

√

2m(U(x) − E)dx

)

. (2.9)

2.3.3 Current density calculation

The current density which is obtained by the stationary state model is intro-

duced here. This model is simple and self-contained. Following convention,

if a positive bias V is applied over the junction, it will lower the Fermi level

of the right hand electrode, see Fig. 2.4. Current may pass in either direc-

tion and J = J12 − J21, where J is the total current density, J12 and J21

are the current densities from one to two and vice versa. J12 describes the

integral of the electron charge multiplied by the group velocity, transmission

coefficient Tp and Fermi-Dirac distribution functions that specify the trans-

port occurring between a full and an empty state over all available states in

k-space:

J12 =
2

(2π)3

∫∫∫

e

(

~
−1 ∂E

∂kx

)

Tp(F (E)[1 − F (E + eV )])dkxdkydkz (2.10)

where the factor 2 represents the spin degeneracy and 1/(2π)3 normalizes

to the number of states per unit volume in k-space. J21 can be derived

similarly. Then, the total current density can be calculated by changing the

integration variable:

J =
2e

(2π)3~

∫ ∞

0
dEx[F (E) − F (E + eV )]

∫∫

Tpdkydkz. (2.11)

2.3.4 Simmons Model

Simmons derived a simple theory for the current flow through a generalized

barrier which is very similar to that introduced above [43–45]. The theory

is applied to the situation of the rectangular barrier, where he assumed the

mean barrier height as a constant ϕ̄ (Fig. 2.4). His theory used the WKB

approximation as the starting point. The barrier is assumed to be in the x



18 2.3. Tunneling

Figure 2.4: General barrier of an insulating film between two metal elec-

trodes. V is the applied positive voltage, ∆s is the barrier thickness and Wm

is the work function of the metal electrode [43].

direction and the tunneling current density J is given by:

J =
4πme

h2

∫ Em

0
D(Ex)dEx

∫ ∞

0
[F (E) − F (E + eV )]dEr, (2.12)

where Er = Ey + Ez, Em is the maximum height of the barrier and D(Ex)

is the probability that an electron of an energy level Ex can penetrate the

potential barrier between the electrodes.

Temperature independent J-V

If we only consider the low temperatures, the thermal current can be ne-

glected and the tunneling current equation (2.12) becomes

J = J0

{

ϕ̄ exp(−Aϕ̄ 1

2 ) − (ϕ̄+ eV ) exp[−A(ϕ̄+ eV )
1

2 ]
}

, (2.13)

where

J0 = e/2πh(β∆s)2, A = ((4πβ∆s)/h)(2m)
1

2 . (2.14)

In equation (2.14), ∆s is the barrier thickness and β is a function of the

barrier shape which can be usually set equal to unity. Equation (2.13)

can be interpreted as a current density J0ϕ̄exp(−Aϕ̄
1

2 ) flowing from the left

electrode to the right electrode and a current density J0(ϕ̄+eV )exp[−A(ϕ̄+

eV )
1

2 ] flowing from the right electrode to the left, resulting in a net current

density J .
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For very low voltage, a more convenient form can be deduced from equa-

tion (2.13) and written as:

J = JLV ϕ̄
1

2V exp(−Aϕ̄ 1

2 ), (2.15)

JLV = [(2m)
1

2 /∆s](e/h)2. (2.16)

Since eV is very small, ϕ̄ is considered to be the zero voltage mean barrier

height. Thus, in this case, equation (2.15) expresses J as a linear function

of V .

Temperature dependent J-V

In order to consider the thermal behavior of the junction J-V characteristics,

equation (2.12) becomes

J(V, T ) =
4πmekt

h3

∫ Em

0
ln

{

1 + exp[(EF − Ex)/kt]

1 + exp[(EF − Ex − eV )/kt]

}

· exp(−A 〈ϕ(Ex)〉
1

2

av)dEx, (2.17)

where 〈ϕ(Ex)〉av is the mean barrier height above Ex. From the integration

of equation (2.17), we obtain

J(V, T ) = (4πme/h3B2)[πBkt/ sin(πBkt)]

· exp(−Aϕ̄ 1

2 )[1 − exp(−BeV )], (2.18)

J(V, T )/J(V, 0) = πBkt/ sin(πBkt) = CT/ sin(CT ) (2.19)

≈ 1 +
1

6
(πBkt)2 · · · (2.20)

where B = A/2ϕ̄
1

2 and C = πBk. From equation(2.19), we can determine

the temperature dependence at a given voltage [46].

2.3.5 Determining the Schottky barrier height

In the tunneling experiments of F/SC/F structures, the barrier thickness (d)

and the barrier height (ϕ) are important intrinsic parameters for tunneling

characteristics. One of the methods to get these parameters is to use fits

of the current-voltage (I-V ) curve to Simmons formulas. Especially at low

voltages, J can be expressed as a linear function of V as described in equa-

tion (2.15). However, it appears that in these fits the extracted parameters,



20 2.3. Tunneling

Figure 2.5: Intuitive understanding of the g(V ) curve: (a) For an external

voltage below the barrier height, only the average barrier height decreases

for a small voltage increase. (b) If the external voltage is just higher than

the barrier height, a small increase of the voltage also makes the tunneling

length to decrease [47].

i.e. the barrier thickness and barrier height, are always correlated and the

independent evaluation of one of these parameters is impossible.

The other way to determine the barrier height directly and indepen-

dently is introduced by Rottländer et al. [47, 48]. The method is to plot

the logarithmic derivative of the conductivity g against the applied voltage.

The logarithmic derivative of the conductivity is defined as:

g(V ) = d[ln I(V )/V ]/dV. (2.21)

The plot produces a cusp at a voltage of about 1.2 times the barrier height

of the positively biased electrode, where the constant 1.2 is obtained from

the numerical evaluation. Intuitively, this can be understood if one keeps in

mind the following fact. For a sharp metal insulator interface, see Fig.2.5,

if an external voltage at the positively biased electrode is below the barrier

height, a small increment dV of the voltage only decreases the average bar-

rier height. If an external voltage is just higher than the barrier height, then

even a small voltage increment will decrease not only the barrier height but

also the effective barrier width. Since the barrier width is more effective

since the tunnel probability is roughly proportional to exp(−d√mϕ), the

logarithmic derivative therefore increases. With a further increase of the ex-

ternal voltage, the effect of the reduction of the effective barrier width is less

strong, and the derivative decreases again. Fig. 2.6 shows the simulations of
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Figure 2.6: Simulation of the logarithmic derivative g(V ) with a graded right

interface, as shown in the inset. The position of the cusp clearly reflects the

barrier height at the interface [47].

the logarithmic derivative of conductivity based on a numerical evaluation

of the tunnel equation with WKB approximation. When the central part of

the junction remains at a height of 0.5eV, the height at the right interface

is decreased to 0.4eV and 0.3eV. The cusps which can be found in the plot

always appear at about 1.2 times the barrier height of the positively biased

electrode. Consequently, the curves for negative bias voltage still remain

essentially the same and for positive bias, the maximum is shifted to lower

voltages. It should be noted that the barrier heights at the interface are

probed, instead of the average height over the junction. Since this method

reflects the barrier height directly, we have adopted this simple, physical

approach to characterizing our barrier heights in this thesis.

2.4 Spin-polarized tunneling

The tunneling introduced above occurs in the non-magnetic metal /insula-

tor /non-magnetic metal junctions. In 1970, Meservey and Tedrow et al.

carried out an experiment to measure the spin polarization P of conduc-

tion electrons in magnetic metals [10]. Al2O3 was used as a tunnel barrier
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and the polarization of the ferromagnetic electrons was detected using the

Zeeman split quasi particle density of states in an Al superconductor. The

experiment confirmed that the conduction electrons in magnetic metals were

spin polarized and that the spin was conserved during the tunneling process.

In 1975, Jullière introduced the idea to use a second magnetic metal as a

spin detector [11]. The system was a Fe/α-Ge/Co magnetic tunnel junction

and the tunnel conductance was lower when the magnetic moments of the

ferromagnets were aligned in parallel compared to the antiparallel configu-

ration. He also proposed a model for this effect based on spin polarization

arguments.

2.4.1 Magnetic tunneling Junction

A MTJ is a junction consists of two ferromagnetic metal layers separated by

a thin insulating barrier. The insulating layer is very thin that electrons can

tunnel through the barrier if a bias voltage is applied between the two metal

electrodes, as discussed in section 2.3. The most important property of a

MTJ is that the tunneling transport is dependent on the relative orientation

of the magnetization of the two ferromagnetic layers, which can be changed

by an external magnetic field.

Figure 2.7: (a) Magnetoresistance as a function of the magnetic field for

Fe/Al2O3/Fe junction and (b) corresponding hysteresis loop [13].

A typical hysteresis loop and magnetoresistance curve as a function of
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the applied magnetic field for a MTJ is shown in Fig. 2.7. The plateaus

in the hysteresis loop suggest that the ferromagnetic layers are able to be

switched independently. The main change of the resistance corresponds to

the plateaus in the hysteresis loop. Resistance is maximum when the mag-

netization of the two ferromagnetic layers is antiparallel, and is minimum

for parallel alignment [13].

The phenomenon of large magnetoresistance in magnetic tunnel junc-

tions introduced above is termed as tunneling magnetoresistance (TMR). It

is defined as:

TMR =
Rmax −Rmin

Rmin
=
RAP −RP

RP
, (2.22)

where Rmax is the maximum resistance and Rmin the minimum resistance

recorded during a magnetic field sweep.

2.4.2 Jullière model

Jullière tried to propose a simple model to explain the observed changes in

resistance with applied magnetic field [11]. Suppose we apply an external

magnetic filed on a tunneling magnetic junction and the field is sufficiently

high to saturate the ferromagnet. When the external filed is applied in one

direction and subsequently reversed to the same magnitude in the opposite

direction, the spin splitting of the DOS is reversed accordingly. This means

that the application of an external field can also switch between majority and

minority spin carriers. Based on this argument, Jullière proposed his model

with two assumptions. The first was that the electron spin is conserved

in the tunneling process. The second one was that the tunnel current can

be divided into two separate spin channels. Spin-up electrons tunneling

from one electrode are transmitted only to the spin-up band of the counter

electrode and the same transport mechanism is for spin-down electrons. A

simple band picture of this situation is depicted in Fig. 2.8.

From Jullière’s assumptions, the current for parallel (P) and antiparallel

(AP) magnetic configuration can be described as the sum of the currents in

each spin channel in a similar way as for a parallel connected electric circuit:

jP = j↑P + j↓P , (2.23)

jAP = j↑AP + j↓AP . (2.24)
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Figure 2.8: Schematic illustration of electron tunneling in a F/I/F tunnel

junction. (a) Parallel magnetic configuration: Spin-up carriers tunneling

from the left electrode encounter a large number of unoccupied states in the

spin-up band of the right electrode. The resistance is lower. (b) Antiparallel

magnetic configuration: Spin-up carriers coming from left encounter a re-

duced number of unoccupied states in the right spin-up band resulting in a

higher degree of scattering. The resistance becomes higher.

A relative tunnel resistance can then be expressed as

RAP −RP

RP
=
jP − jAP

jAP
, (2.25)

where the relation R = dV/dI has been used. Using the proportionality

between the tunneling current and transmission coefficient Tp expressed in

equation (2.8), the spin dependent tunnel currents in equation (2.23) can be

written as

jP ∝ 16β2e−2βd

(

κ↑1κ
↑
2

(β2 + κ↑1)
2(β2 + κ↑2)

2
+

κ↓1κ
↓
2

(β2 + κ↓1)
2(β2 + κ↓2)

2

)

jAP ∝ 16β2e−2βd

(

κ↑1κ
↓
2

(β2 + κ↑1)
2(β2 + κ↓2)

2
+

κ↓1κ
↑
2

(β2 + κ↓1)
2(β2 + κ↑2)

2

)

In the limit of a high barrier β >> κ(U0 >> E), the relative tunnel current
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can be reduced to

jP − jAP

jAP
=

2(κ↑1 − κ↓1)(κ
↑
2 − κ↓2)

(κ↑1 + κ↓1)(κ
↑
2 + κ↓2) − (κ↑1 − κ↓1)(κ

↑
2 − κ↓2)

. (2.26)

Substituting κ↑1,2 by N↑
1,2(EF ) and κ↓1,2 by N↓

1,2(EF ), which is valid for free

electrons in parabolic bands, equation (2.26) becomes

jP − jAP

jAP
=

2(N↑
1 −N↓

1 )(N↑
2 −N↓

2 )

(N↑
1 +N↓

1 )(N↑
2 +N↓

2 ) − (N↑
1 −N↓

1 )(N↑
2 −N↓

2 )

=
2P1P2

1 − P1P2
. (2.27)

The polarization P has been identified from equation (2.1). Thus the rel-

ative tunnel resistance is directly related to the polarization P1 and P2 of

the magnetic electrodes, respectively [37]. More conventionally, the tunnel

magnetoresistance ratio which is defined in equation (2.22) can be expressed

as:

TMR =
RAP −RP

RP
=

2P1P2

1 − P1P2
. (2.28)

Since it is the interface polarization that is transmitted in the tunneling

process, this expression might be used as a way to measure the interface

polarization. Nevertheless, this should be done with caution because equa-

tion (2.28) only represents a simplified situation. In an ideal situation for

the F/N/F magnetic tunneling junction with two iron electrodes, if we sub-

stitute the polarization P = 40% in the equation above, the TMR ratio of

∼ 38% can be achieved.

2.4.3 Spin polarization measurement

The degree of spin polarization (P ) is very important for many applications

such as determining the magnitude of tunneling magnetoresistance in MTJs.

However, in an actual tunneling junction, the measured polarization is not an

intrinsic property, since it depends on the interface quality and the choice of

the insulator material. The F/I/S junctions which were reviewed by Tedrow

and Meservey et al. in 1994, established a sensitive technique for measuring

spin polarization (P ) of magnetic metal layers [49]. In such a junction, the

Zeeman split quasi particle density of states in a superconductor was used

as a detector.
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Figure 2.9: Schematic illustration of electron tunneling in F/I/S junctions

with applied magnetic field [6]. (a) Zeeman splitting of the BCS density of

states as a function of applied bias. (b) Normalized spin-resolved conduc-

tance (dashed lines) and the total conductance (solid line) at finite temper-

ature [6].

Material Polarization by tunneling at 0.4K (%)

Fe 40 [49], 37 [50]

Co 35 [49], 35 [51]

Ni 23 [49], 8.5 [50]

Co50Fe50 47 [51]

Ni50Fe50 45 [50]

Table 2.1: Polarization of the ferromagnets

F/I/S tunneling conductance is shown in Fig. 2.9. For simplicity, we

assume that the spin-orbit and spin-flip scattering can be neglected. Usually

in such a junction, the common choice for I/S is Al2O3/Al. For each spin,

the normalized BCS density of states is N(E) = Re(|E|/2
√
E2 − ∆2), where

∆ is the superconducting gap [6]. Because the quasiparticle energy is shifted

as E → E ± µBH for spin parallel or antiparallel to the applied magnetic

field H, where µB is the Bohr magneton, the BCS density of states is split

as shown in Fig. 2.9(a). We assume the tunneling probability is different for

each spin state and these values are constant within the region of interest,

about 10−3eV of the Fermi energy. Then, the normalized conductance is a

sum of the conductance in the independent spin channels, see Fig. 2.9(b).

The conductance peaks of σ1, σ2, σ3 and σ4 are defined on the diagram and
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can be used to determine the polarization of the ferromagnet after equation

P =
(σ4 − σ2) − (σ1 − σ3)

(σ4 − σ2) + (σ1 − σ3)
. (2.29)

Based on this technique, the spin polarization at the Fermi level in the

ferromagnet could be determined. In the theoretical analysis, we assume

that the spin-orbit and spin-flip scattering can be neglected. However, the

actual measurement is sensitive to the fabrication processes. In particular,

scattering sites in the barrier or interface can cause spin-flips and reduce

the measured polarization. Table 2.1 shows the polarization values from

literatures, a range of values have been observed for each ferromagnetic

material.
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Chapter 3

Device fabrication and test

technology

In order to realize transport experiments through an epitaxial GaAs layer,

ferromagnetic metal-semiconductor hybrid structures were prepared. The

epitaxial growth of metals on semiconductors, for example Fe on GaAs, is

well established [52]. However it is still a big challenge to grow semicon-

ductors on metal substrates. In this work, we adopt the technology which

was developed by Stephan Kreuzer [53] to sandwich the GaAs semiconduc-

tor layer between two ferromagnetic layers by chemical etching and epoxy

bonding.

The fabrication technology which is called EBASE (epoxy bond and stop-

etch) technique [54] and measurement methods employed during the course

of this work are introduced in this chapter. Since the fabrication of a spin

injection device is very similar to the magnetic tunneling junction, here we

only discuss the growth steps of Fe/GaAs/Fe MTJs. The sample structure

is introduced in section 3.1. Process flow is shown in section 3.2. The

critical procedures for the device fabrication are then considered, followed

by lithography, wet chemical etching, deposition of metal films, lift-off and

epoxy bonding. Finally, the device measurement methods are introduced in

section 3.4.

29
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3.1 Semiconductor wafer

The semiconductor wafers in our experiments are grown by molecular beam

epitaxy (MBE). MBE is a refined form of vacuum evaporation [55]. The

molecular beams are produced by evaporation or sublimation from heated

liquids or solids which are contained in crucibles. At the pressures used in

MBE equipment, beams from various sources collide and interact chemically

on the substrate to form an epitaxial film. Controlling the shutters attached

to the vapor containing crucibles allows to start and stop a molecular beam

in less than the time taken to grow a monolayer, which leads to the ability

to produce complex multilayer structures with atomic precision.

Figure 3.1: Epitaxial structure of the wafers for the magnetic tunneling junc-

tions. The tunneling barrier of GaAs is sandwiched between two double

layers of 50nm AlGaAs and 100nm GaAs. The 300nm thick AlAs/GaAs

superlattice acts as an etch stop layer.

The wafers with epitaxial heterostructures for the device fabrication are

grown on semi-insulating (SI) GaAs(001) substrates at a growth tempera-

ture of 630◦C. The epitaxial structure of the wafer is shown in Fig. 3.1. A

300nm GaAs buffer layer is deposited first, followed by a digital superlattice

consisting of 106 double layers of 0.57nm GaAs and 2.26nm AlAs, acting

as an 300nm thick sacrificial AlxGa1−xAs etch stop layer with an Al con-

tent of 0.8. Finally the thin GaAs barrier is sandwiched between two 50nm

Al0.72Ga0.28As films and 100nm GaAs. The 50nm AlGaAs layer is used as a

second etch stop layer, and the 100nm GaAs layer grown on top is to provide

further stabilization and to prevent the thin GaAs barrier from oxidation.

The function of the etch stop layers are discussed in section 3.3.2.
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3.2 Process flow

The process flow of the fabrication of MTJs is introduced in this section.

Fig. 3.2 shows the major processing steps schematically. The fabrication

starts with the wafer which has been chemical-mechanically polished down

to 150 µm. A lithography and selective etching step is followed by metal

deposition and a lift-off procedure as shown in step (b) and (c) of Fig. 3.2. In

these two steps, the first ferromagnetic metallic contact layer is deposited on

the GaAs barrier surface. Then, the sample is epoxy bonded upside down

onto a new SI GaAs(001) host substrate in step (d). The second metal

contact is deposited after selectively etching the window into the insulating

100nm GaAs and 50nm AlGaAs, see step (e) and (f). Finally the mesa

etching provides access to the first contact in step (g). The structure of

the whole tunneling magnetic junction is shown in the last drawing (h).

The detailed procedure and process parameters are discussed below and

summarized in details in appendix A.

3.3 Critical processes in fabrication

In this section, the critical processes which affect the major quality of the

tunneling junction are described. These start with a description of the

lithography, chemical etching and carry through to the techniques of metal

deposition and epoxy bonding. The selective etching which is the key process

of EBASE technology is also emphasized here.

3.3.1 Photolithography

Photolithography is a technology to pattern the wafer surface for selective

removal of a thin film or to define the exact dimensions of circuits. Although

e-beam lithography provides the possibility to produce finer structures, this

work involved only conventional photolithography using an ultra violet (UV)

light source. In the course of this work, we use positive photoresist of Shipley

1805 for photolithography, which contains large amounts of sensitizers that

dramatically slows down the dissolution rate of the resist in an alkaline

developer. Since this sensitizer breaks down when exposed to UV-light, the

exposed resist can then be removed using a developer solution.
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Figure 3.2: Graphical summary of the major processing steps in the forma-

tion of a MTJ
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Purpose Photomask Exposure (sec) Develop (sec)

Etching Glass 11 40

Plastic film 45 40

Liftoff Glass 20 75

Plastic film 120 75

Table 3.1: List of lithography parameters

In the first step, the samples are cleaned using acetone and propanol to

remove any dirt and organic traces. The top surface of the wafer is then

coated using a spinner with photoresist. The wafer is spun at the high speed

of 4500rpm for 30 seconds to produce a thin uniform coating. In this case,

the thickness of the photoresist is approximately 370nm. After spin coating,

a short ‘soft bake’ at a temperature of 90◦C for 2 minutes is performed to

drive solvents out of the resist and to improve surface adhesion. The next

step is to expose the resist through a mask using UV-light. The mask here

is a glass plate coated with Cr, which is containing a copy of the pattern

that blocks the UV-light. The last step is development, where the pattern

exposed to UV-light is dissolved by Microposit 351 developer solution. Now,

the remaining pattern on the wafer can be used for etching or deposition of

a metallic layer.

The exposure and developing times of the photoresist are critical points

for lithography, which depend on the photoresist material, photomask and

purpose of the lithography. For the quick run samples, silver-halide plastic

films which were exposed by laser beams are used as the photomask. The

resolution of this kind photomask is typically 10µm. Since the film absorbs

more UV energy, the exposure time should be much longer than that using

a glass mask. Details of the lithography parameters are listed in Tab. 3.1.

3.3.2 Wet chemical etching

Wet chemical etching processes are an important part of semiconductor de-

vices fabrication. In its simplest mode, chemical etching involves the dis-

solution of the material and the dissolved species have no changes in the

chemical nature. Factors affecting etch rates of semiconductors include crys-

tal orientations, temperature, humidity, strength of the etching solution as

well as the morphology and the cleanness of the surface being etched. In
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Material Etching Solution Etch Rate Selectivity

GaAs 10 Citric Acid : 1 H2O2 210nm/min yes

1 NH4OH : 3 H2O2 7.4 µm/min no

5 NH4OH : 95 H2O2 8-9 µm/min partially

Al0.72Ga0.28As HF Acid (1%) >150nm/min yes

AlAs/GaAs

supperlattice

HF Acid (10%) >300nm/min yes

Table 3.2: List of chemical solutions and their approximate etch rates for

wet chemical etching.

this work, the epitaxial semiconductor layers on SI GaAs substrate have to

be defined by window etching in order to deposit ferromagnetic metal on

the thin GaAs barrier. In addition, the mesa etching of the stacked layers

provides access to the bottom contact for the EBASE technique and leads

to electrical isolation. Table 3.2 lists a host of chemical solutions which are

used in the course of this work for various semiconductor etching.

Schematically shown in Fig. 3.2(b) is the process to reach the thin GaAs

barrier by wet chemical etching. In the last step of lithography, the pho-

toresist exposed to UV-light is dissolved in the developer solution leaving a

‘window’ for etching. The sample is first dipped in HCl (37%):H2O=1:1 for

30 seconds to remove the native oxide. The 100nm GaAs layer is etched away

by citric acid:H2O2 (∼35%)=10:1 solution, the etching stops automatically

on the surface of the underlying AlGaAs layer because of the selectivity of

the etchant. The 50nm AlGaAs layer is then removed by 1% HF acid. The

acid does not attack the GaAs barrier, leaving it for metallic evaporation

and sputtering.

After the epoxy bonding of the sample with upside facing down to a new

host GaAs substrate, the etching for the second contact is more complicated,

see Fig. 3.2(d) and Fig. 3.2(c). Because the etch rates of highly selective etch

solution is very low, we use a multistep etch process to remove the original

GaAs substrate. A fast etch which provides fairly smooth surfaces is done in

NH4OH:H2O2 (∼35%)=1:3 solution with an etch rate of 7.4µm/min. The

mixture should be cooled in a water bath to prevent a violent exothermic

reaction and stirred slowly to avoid gas bubbles sticking onto the sample

surface. The etch process is stopped by etching time control at a distance of
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about 30µm from the first sacrificial layer, the AlAl/GaAs superlattice. To

reach the AlAs/GaAs superlattice layer a solution of NH4OH:H2O2=5:95 is

used. It has a high etch rate of about 8–9 µm/min and is selective to GaAs,

but the selectivity is not sufficient to etch the GaAs completely without

damaging the etch stop layer. The sample has to be removed from the

etch solution immediately after reaching the sacrificial layer at some point

(the color of the sample surface changes), which can be controlled easily by

eye. The remaining parts of the GaAs substrate and GaAs buffer layer are

then etched away by the high selective etchant of citric acid and hydrogen

peroxide mixture solution, which takes on the order of 1-2 hours. Etching

stops on the AlAs/GaAs superlattice, which can be removed by 10% HF

acid [56].

Figure 3.3: Two-step etching of GaAs and AlGaAs before second contact

deposition

The etching process of the last 100nm GaAs and 50nm AlGaAs layers are

described below. In order to protect the ferromagnetic layer of Fe from the

attack of the chemical solution in the remaining processes, two-step etching

is used here, see Fig. 3.3. After development of the photoresist, a small

circle window (φ = 100µm) is opened. The 100nm GaAs is etched away by

a mixture solution of citric acid and hydrogen peroxide, just like the etching

for the first metallic contact. Then the second exposure and development

step is made again to open a large window, as can be seen in the top view

of the sample in Fig. 3.3. The 50nm AlGaAs is then removed by dilute HF

acid leaving the barrier for the metal deposition. The large opening in this

process ensures that the edge of the ferromagnetic metal layer on the GaAs
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barrier is covered by the later deposited Au film for electrical contact. The

Au layer protects the ferromagnetic metal from attack by other chemicals

in subsequent processes.

Selective etching

In the EBASE technology of this work, one of the key points is to etch away

the 100nm GaAs and 50nm AlGaAs protective layers leaving the thin barrier

not attacked to be sandwiched between two ferromagnetic metal layers. This

achieved by the selective etching processes.

Figure 3.4: Selectivity vs. volume ratio of citric acid to hydrogen perox-

ide [57].

Selective etching refers to the different etch rates of the chemical solution

between different materials to be etched. The selective etching of GaAs leav-

ing AlGaAs not attacked is achieved by the citric acid and hydrogen peroxide

mixture, where AlGaAs works as the etching stop layer. Fig. 3.4 shows the

etching rates and selectivity for various ratios of citric acid/hydrogen per-

oxide. In this figure, the selectivity of the solution is defined as the ratio

of the etching rates of GaAs to AlGaAs. When the citric acid-hydrogen

peroxide mixture with a ratio of 10:1 is used, the etching rate is 210nm/min

for GaAs and approximately 2.2nm/min for Al0.3Ga0.7As, hence the selec-

tivity achieved is around 100 [57]. On the other hand, selective etching of

AlGaAs leaving GaAs not attacked is done by HF acid. The etch rate of

AlxGa1−xAs layer with an Al content of 0.4 in concentrated HF acid (48%)
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is very slow, which is only around 1.5Å/hour at room temperature. And

the etch rate for the pure GaAs layer is yet even slower. By contrast, an

increase in aluminium concentration increases the etch rate by many orders

of magnitude, hence the etching selectivity of HF acid could be ≫ 107 [58].

3.3.3 Metal deposition

After completion of the mask, two different methods are used to deposit

metals on the semiconductor GaAs barrier: thermal evaporation and DC

sputtering.

Evaporation

Thermal evaporation is one of the most commonly used metal deposition

techniques. It consists of vaporizing a solid material which is pure metal,

eutectic or compound by heating it to sufficiently high temperatures and

then re-condensing it onto a cooler substrate forming a thin film [59]. As the

name implies, the heating is carried out by passing a large current through a

filament container which has a finite electrical resistance. The shape of the

container is usually a basket, boat or crucible and the choice of this filament

material is dictated by the evaporation temperature and its inertness to

alloying-chemical reaction with the evaporate material. This technique is

also known as ‘indirect’ evaporation because a supporting material is used

to hold the thermal evaporate species.

Once the metal is evaporated, its vapor collides with the surrounding

gas molecules inside the evaporation chamber. As a result a fraction is

scattered within a given distance during their transfer through the gas in

the chamber. At 25◦C, the mean free path for air is approximately 45 or

4500cm at a pressure of 10−4 or 10−6 torr, respectively. Therefore, pressure

lower than 10−5 torr is necessary to ensure a straight line path for most

of the evaporated species. For the distance from substrate to source, it is

usually approximately 10 to 50cm in a vacuum chamber. Good vacuum is

also a requirement for producing high quality deposits without any other

contaminations.

An UNIVEX 550 evaporation system was used for the deposition of the

metals referred to in this work. The sample is placed on a sample holder

which is positioned upside down in a vacuum chamber. On the bottom of



38 3.3. Critical processes in fabrication

the chamber there are source boats where different metals: iron (Fe), gold

(Au) and chromium (Cr) can be put inside. The materials of the boat are

tantalum (Ta) or tungsten (W) due to their high melting point. As high

electrical current is passed through the boat, the material is evaporated to

get deposited on the sample. The deposition of the ferromagnetic metal

Fe in this work is carried out in a vacuum circumstance below 5 × 10−6

mbar with a deposition rate of 0.1–0.3Å/s. The film thickness is in-situ

controlled by a quartz crystal microbalance. During metal deposition, the

junction properties strongly depend on the velocity of evaporated particles.

It is found that electron gun evaporation which produces particles with high

kinetic energy will damage the thin GaAs barrier.

Sputtering

The interface quality in thermal evaporation is questionable, because the

vacuum is not high enough to prevent the oxidation of the GaAs surface

and the interface cannot be pretreated before deposition as well. Sputtering

is now introduced to deposit ferromagnetic metal layers on GaAs barriers

achieving high quality interfaces.

Figure 3.5: Schematic of the DC sputtering system

The basic principles of sputtering involves knocking an atom or molecule

out of a target material using accelerated ions from an excited plasma, these

knocked-out atoms or molecules subsequently condense on the substrate

either in its original or in a modified form [59]. In a sputtering chamber, the
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electric field accelerates electrons to collide with Ar atoms which produce

Ar+ ions and more electrons and a characteristic purple or blue plasma.

These charge particles are then accelerated by the electric field where the

electrons move towards the anode and the Ar+ ions towards the cathode (for

example Fe in our work). When ions knock the target, one of the effects of

this impact is to eject atoms of the target, known as sputtering. Under the

proper condition, the sputtered atoms will travel through space until they

arrive and condense on the sample surface. Fig. 3.5 shows such a sputtering

system.

The materials to be sputtered in this work are made into targets and

placed at the bottom of the high vacuum chamber, while the sample is in-

verted and placed onto the substrate table, which is controlled by stepping

motors. During deposition, the table is shifted and rotated to make the sam-

ple facing the target directly. There is a shutter which separates the target

and the sample providing means of controlling the deposition thickness.

The sputtering procedure is initialized by evacuating the chamber to a

pressure lower than 5 × 10−8 mbar. Ar, being a noble gas which does not

react with either the target or the semiconductor sample, is then introduced

into the chamber at a flux of 7sccm and a chamber pressure around 1.4 ×
10−4 mbar is maintained. It was found that the higher power levels the

higher kinetic energy of the deposited atoms, destroy the thin GaAs barrier.

Therefore, the power for the ferromagnetic metal sputtering in this work was

kept as low as 5W. In sputtering, the metal deposition is isotropic, which

can cause problems in the lift-off procedure. With Shipley photoresist and

careful control of the deposition thickness of the metal layer, a sharp edge

of the pattern on the sample can be achieved.

Before the growth of the ferromagnetic metal contact, the surface of the

substrate can be treated with hydrogen plasma in our sputtering system.

The plasma is used as an efficient means to produce active hydrogen atoms.

If the hydrogen atoms react with the substrate forming volatile hydride

compounds, the surface of the substrate will be etched [60,61]. In this way,

the native oxide layer on the GaAs barrier in our work can be etched away in

the hydrogen plasma, leaving a clean surface prior to the deposition of the

ferromagnetic metals. The etching process before sputtering in this work

is usually carried out in the vacuum chamber for 30 minutes. For optimal

etching, H2 gas flows into the chamber at a rate of 4sccm and a pressure
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as low as ∼ 6.6 × 10−6mbar. The discharge current for hydrogen plasma

etching is 20mA for anode biases of 0.4KV (inner) and 0.6KV (external).

Again high plasma powers can cause damage to the GaAs barriers.

3.3.4 Lift-off process

In the lift-off process, the photoresist is first deposited and patterned on

the sample surface. The metal is then deposited on top using evaporation

or sputtering. As a last step, the sample is put in a strong solvent that

removes the resist. Material deposited on top of the resist is hence removed,

leaving behind only the material deposited directly on the sample surface.

The whole process is shown in Fig. 3.6(a). In this work, acetone is used as

a solvent to remove the photoresist.

Figure 3.6: (a)Schematic procedure of the lift-off process (b)Undercuts of the

photoresist after chlorobenzene soaked and hard-baking

The drawback of the standard process introduced above is that the pho-

toresist may be hard to remove, if a thick or adhesive metallic layer, such

as Cr was deposited. In order to improve the removal and get sharp edges

of the patterns, the exposed photoresist is soaked in a chemical solution

of chlorobenzene. Immediately following this treatment a ‘hard bake’, i.e.

heating the sample for 3 min at 90◦C to further increase adhesion to the

sample surface and improve the resistance to the subsequent developing is

performed. Such a treatment can slow the dissolution rate of the top surface

of the resist resulting in undercuts after developing, which causes poor cov-

erage of the metal on the sidewall of the photoresist and makes it easier to

be immersed and swelled by acetone, see Fig. 3.6(b). For especially adhesive

metallic layers on photoresist, ultrasonic agitation in warm acetone can be
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used to remove resist ‘ears’ at the edge of a structure. However, long time

ultrasonic agitations may also damage the metal layer which was deposited

on the sample surface.

3.3.5 Epoxy bonding

Since the ferromagnetic metal layers are deposited on both sides of the GaAs

thin barrier, the epoxy bonding process, shown in Fig. 3.2(d), is essential in

EBASE technology applied in this work. After the front side processing is

complete, the sample is ready to be adhered to the new host substrate by

epoxy. It is important to use a new host substrate whose lateral dimensions

are smaller than those of the original sample. If the new host substrate

is smaller enough, the epoxy for adhesion can be squeezed out from the

edges and will not interfere with subsequent backside lithographic process.

In our work, the size of the host substrate is 4mm×4mm while the sample

is 5mm×5mm. Mbond 600 epoxy is used as the bonding material. A small

drop of epoxy is placed on the front side of the active wafer, and the host

substrate is placed smooth side down on the epoxy. In epoxy bonding, gentle

pressure is applied downward to the host substrate and push it back and

forward forcing the layer of epoxy to become relatively thin. The sample is

then baked in an oven.

It is found that the temperature for the baking should be carefully con-

trolled. At high temperature, the iron may easily diffuse into the GaAs

barrier decreasing the spin-polarized tunneling effect. Therefore, baking at

a low temperature of 80◦C for 4 hours is applied through the whole course

of this work.

3.4 Measurement set-up

A wide range of testing techniques is used to obtain data for our spin-

polarized tunneling and spin injection devices. This section outlines these

methods.

Electronic measurement

Prior to the measurements, the sample is mounted on a chip carrier with

PMMA and the device contact pads are wire-bonded to the chip carrier con-
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tacts using gold wire. Measurements are made using a standard four-point

technique. The I-V characterization set-up consists of a probe station and

a Hewlett-Packard HP4155A Semiconductor Parameter Analyzer. The an-

alyzer has programmable voltage source/monitor units (SMU) and voltage

monitor units (VMU). Each SMU can be programmed to operate in three

modes: voltage source or current monitor (V ), current source or voltage

monitor (I) and common ground (COM). Programming of the SMUs in-

volving sweeping the voltage/current or holding these ports at a constant

value allows to perform a wide range of operations on the device under test.

For the HP analyzer, the maximum current which can be sourced is 100mA

while the minimum measurable current is 5×10−13A.

Figure 3.7: Schematic diagram of the tunneling magnetic junction with four

contacts

A schematic diagram of the Fe/GaAs/Fe tunneling magnetic junction

with four-point probes for I-V characterization is shown in Fig. 3.7. A

voltage (V 2) is applied on the top and bottom contacts, the current (I2)

is passed through the GaAs barrier; the second set of probes are then used

to measure the voltage (V 3) drop on the junction, enabling the tunneling

resistance of the magnetic junction to be obtained.
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Magnetic characterization of thin films

The ferromagnetic response of the material used in this work is measured by

the Superconducting Quantum Interference Device (SQUID) magnetometer.

The SQUID uses the properties of electron-pair wave coherence and Joseph-

son junctions to detect very small magnetic fields, with a resolutions down

to 10−11G or below [62].

Low temperature and high magnetic field measurements

The low temperature measurements are conducted in an Oxford instrument

sorption pumped 4He cryostat with a temperature range from 1.5K to 200K.

In the cryostat the applied fieldB is generated by a superconducting solenoid

with a range from -10T to +10T. For the measurements, the chip carrier is

mounted on the variable temperature insert (VTI) and put into the cryo-

stat. Temperature and magnetic field in the film plane are changed by a

programmable controller. The I-V characterization and the magnetoresis-

tance at low temperatures are measured by the HP analyzer.
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Chapter 4

Temperature dependence of

the TMR effect

The magnitude of the TMR effec in our early experiments in the Fe/GaAs/Fe

junctions was very low. In order to understand this phenomenon, the tem-

perature dependence of the spin-polarized tunneling is studied and intro-

duced in this chapter. First we give the experimental results providing some

hints to explain the low TMR effect. Next the fabrication of Fe/GaAs/Fe/Co

junctions is explained and the TMR effect as well as I-V characteristics are

measured at different temperatures. A theoretical model including spin

dependent tunneling and spin independent tunneling to describe the tem-

perature dependence, which was proposed by Shang et al., is introduced.

Finally, we try to interpret the experimental data by this theoretical model

which allows us to characterize the junction quality.

4.1 Hints for low TMR effect

The early experiments showed a TMR effect of 0.21% in the Fe/GaAs/Fe

junctions [30,53]. By optimization of the fabrication parameters and careful

control of the curing temperature during epoxy bonding, the TMR ratios for

barriers of varying thicknesses are measured systematically. Fig. 4.1 shows

our recent measurements of the TMR effect for different barrier thicknesses.

From the curve in Fig. 4.1, we find there is no obvious dependence between

the TMR effect and the thickness. For the barrier thickness of 8nm, the

45
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maximum TMR effect of 1.41% is observed under a bias of 10mV. However,

this ratio is still much smaller than the value predicted by the Jullière’s

model as outlined in section 2.4.2.
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Figure 4.1: TMR ratio at 4.2K as a function of GaAs barrier thickness for

Fe/GaAs/Fe junctions. The measurements are carried out under a bias of

100mV and 10mV, respectively. Curves are only a guide to the eye.

In order to improve the TMR effect, the ferromagnetic film in the junc-

tions was also grown by metal-MBE. As mentioned in the last chapter, the

sacrificial and stop-etching layers on the GaAs barrier are removed by wet

chemical etching before the growth. Argon plasma etching and high tem-

perature annealing was used as the pre-treatment to obtain a clean and flat

surface for the MBE growth. However, no TMR effect could be detected in

these experiments. This was probably due to destruction of the thin barrier

by the pre-treatment. Based on this, a step backwards was taken. Fig. 4.2(a)

shows the TMR effect of tunneling magnetic junctions, whose ferromagnetic

metal layers are deposited by MBE on the GaAs barrier without any pre-

treatment. For comparison, the TMR effect of the junction with thermal

evaporation is also shown in this figure. The TMR effect increases from

0.28% to 0.74% (still less than 1%) for the barrier thickness of 6nm under

a bias of 100mV at the measurement temperature of 4.2K. This experimen-

tal finding indicates that even growth of the ferromagnetic layer in a high

vacuum system, the TMR ratio can not be improved significantly.
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Figure 4.2: (a) Magnetoresistance versus magnetic field for MTJs in which

ferromagnetic metal layers are grown by MBE and thermal evaporation, re-

spectively. (b) Magnetoresistance decreases after annealing [31].

Annealing experiments in Fe/GaAs/Fe junctions have been discussed by

Zenger et al. [31], see Fig. 4.2(b). The initial value of the TMR effect was

around 1.4%, and it decreased to 1.0% after the annealing at 120◦C for 2h. A

second annealing step at 160◦C for 2h led to a further decrease of the TMR

ratio to 0.4%. After a last annealing step carried out at 200◦C for 2h, the

TMR effect vanished completely. In addition, a significant reduction of the
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resistance of the tunnel junction after annealing was also observed where the

resistance was only 10% of its initial value after the three steps of annealing.

The sensitivity of the TMR effect in the annealing experiments indicates

that the layer intermixing or impurity interdiffusion plays an important role

in such tunnel junctions.

In order to understand the low TMR effect in such structures, and the

relevant transport mechanisms across ferromagnet-semiconductor interfaces,

the temperature dependence of TMR effect is studied and discussed in this

chapter. A theoretical model including two current contributions has to

be taken into account [63]. The experimental data allow us to separate

transport mechanisms between direct elastic tunneling and spin-independent

conductance and to characterize the Fe-GaAs interface quality.

4.2 Sample preparation and test results

In the previous experiments on Fe/GaAs/Fe magnetic tunnel junctions, the

same ferromagnetic layers (Fe) with different thickness were used [30]. When

the temperature was increased, the difference of coercive fields vanished

because domain walls are released from their local energy minima by thermal

excitations. Thus, temperature dependent phenomena could not be studied.

In this work, we try to use an additional Co layer to magnetically bias

one of the Fe films [64] and measure the temperature dependence of the

magnetoresistance in Fe/GaAs/Fe/Co tunneling junctions.

In order to fabricate the Fe/GaAs/Fe/Co magnetic tunneling junction,

we use the EBASE technique. Since the basic fabrication processes were

introduced in the chapter 3, we only emphasize some special steps below.

After the 100nm GaAs and 50nm AlGaAs layers are selectively removed by

the citric acid and 1% HF respectively, a 12nm Fe layer was sputtered on the

GaAs barrier as a soft-magnetic electrode at a pressure of < 5× 10−8mbar.

The deposition rate was 2.6Å/min. For the second contact, a 12nm Fe layer

was sputtered on the other side of the GaAs barrier. After the deposition

of Fe, a 50nm Co layer was sputtered to pin the Fe layer so that different

coercivities of the two magnetic electrodes could be obtained. Due to the

extreme selectivity of HF (≥ 107), the tunneling barrier thickness of the

junction is precisely defined by MBE growth only [58]. After the sample

fabrication, the electric and magnetotransport properties of the junction
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Figure 4.3: I-V characteristics of a Fe/GaAs/Fe/Co magnetic tunnel junc-

tion with a barrier thickness of 8nm. Measurements are taken at 300K

(black), 200K (gray) and 4.2K (light gray), respectively.

have been studied at various temperatures.

Fig. 4.3 shows the I-V measurement results of the Fe/GaAs/Fe/Co tun-

neling junction with a 8nm GaAs barrier. The I-V characteristics show

a pronounced nonlinear behavior, which can be attributed to tunneling.

Fig. 4.4a shows the magnetic hysteresis loops at 4.2K and 100K for the

Fe/GaAs/Fe tunnel junction using a Co layer to magnetically bias one of

the Fe films. The magnetization of the two Fe layers reverse direction sep-

arately, with coercive fields ∼25Oe for the Fe itself and ∼300Oe for the

Fe with Co pinning. In the magnetic field range between these coercivi-

ties, the ferromagnets’ magnetizations can be switched to anti-parallel. In

Fig. 4.4(b), a series of magnetoresistance curves of these MTJs versus the

applied magnetic fields under 20mV applied voltage at different tempera-

tures are shown. As the applied magnetic field increases from the negative

saturation field to the positive saturation field, one can notice an increase

(or decrease) of the resistance at the magnetic filed of 25Oe (or 300Oe). It

coincides reasonably well with the magnetization reversal of the soft layer

from the parallel (P) to the antiparallel (AP) configuration with respect
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to the magnetization of the hard magnetic layer, showed as the plateaus

of the magnetic hysteresis loops in Fig. 4.4(a). As showed in Fig. 4.4(b),

with increasing temperature, the TMR ratio decreased from 1.41% at 4.2K

to 1.00% at 100K. The resistance of the tunneling junction is found to de-

crease when the temperature is changed, from 1712Ω at 4.2K to 1437Ω at

100K.

4.3 Temperature dependence model of the TMR

effect

Different mechanisms have been proposed to describe the temperature de-

pendence of the TMR effect in recent years [14,65,66]. The model proposed

by Shang et al. includes several important factors which is used to interpret

the temperature dependence of the spin-polarized tunneling [63]. According

to Shang’s work, the Jullière model has to be modified by assuming that in

addition to the conductance due to direct elastic tunneling, a second spin

independent conductance GSI is present. The total conductance is then:

G(θ) = GT [1 + P1(T )P2(T ) cos(θ)] +GSI , (4.1)

where θ is the angle between the direction of magnetizations in the two

electrodes, e. g., θ = 0 ◦ for parallel and θ = 180 ◦ for anti-parallel magnetic

configuration, respectively. GT is the pre-factor for direct elastic tunneling,

while P1 and P2 denote the effective electron spin polarizations of the two

ferromagnets. With regard to temperature dependence in equation (4.1),

there are three candidates: GT , P (T ) and GSI .

First, the temperature dependence of GT is considered. As discussed in

section 2.3.4, the elastic direct tunneling varies with T due to broadening

of the Fermi distributions in the electrodes. From equation (2.19), one can

obtain

GT = G0CT/ sin(CT ), (4.2)

where G0 is a constant and C is expressed as

C = 1.387 × 10−4d/
√

φ. (4.3)

In equation (4.3), the barrier width(d) is given in Å and the barrier height(φ)

is given in eV [45,46]. Second, the variation of electrode polarization is con-

sidered. Magnetization versus temperature has been extensively studied,
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Figure 4.4: (a) SQUID magnetization measurements of the Fe/GaAs/Fe/Co

magnetic tunnel junction at 4.2K and 100K. With the pinning of the Co

layer, the coercivity of the Fe layer changed from 25Oe to 300Oe at 4.2K.

The coercivity of the Fe layer was decreased to 250Oe when the temperature

increased to 100K. (b) Magnetoresistance of the junction plotted as a func-

tion of the magnetic field in the film plane with an applied voltage of 20mV

at different temperatures.

and is described fairly well by Bloch’s law for temperature far below the

Curie temperature. This produces a term proportional to T 3/2 in the mag-

netization, which has been experimentally confirmed for bulk samples, ultra-

thin films, and surface magnetization as well [67–69]. Thus, the polarization
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can be expressed as

P (T ) = P0(1 − αT 3/2), (4.4)

where P0 is the spin polarization of the electrodes at T = 0K. The material-

dependent spin wave parameter α is different for bulk samples or surfaces,

and is generally larger for the latter due to surface exchange softening. It

has also been observed that both P0 and α are very sensitive to surface con-

taminations [49]. Third, the spin-independent conductance GSI is assumed

by Shang et al. to be a function of T , of the form:

GSI = ST γ′

. (4.5)

It depends on S and γ′ constants, which are related to hopping processes

and the number of defects in the barrier.

4.4 Experimental data analysis

In order to interpret the temperature dependence of the magnetoresistance

and to analyze the interface quality between ferromagnetic metals and semi-

conductors, the resistances of the tunneling junction with parallel and an-

tiparallel configuration measured at different temperatures are used.

With equation (4.1), the TMR can be described as

TMR =
Gmax −Gmin

Gmin
=

2P 2(T )

1 − P 2(T ) +Geff
, (4.6)

where P1(T ) = P2(T ) = P (T ) is assumed since the same Fe electrodes are

used in our tunneling junctions. Gmax and Gmin are the conductances at

parallel and anti-parallel configurations, respectively. And Geff is defined

as

Geff = GSI/GT . (4.7)

Thus, for the non-vanishing GSI , the TMR ratio is always smaller than the

value predicted by Jullière. In order to analyze the temperature dependent

of magnetoresistance, all the parameters of Geff and P (T ) in equation (4.6)

should be determined.
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Figure 4.5: J(V ) curves and Simmons fitting results of the tunneling junc-

tions with 5nm and 6nm GaAs barriers. The J(V ) curves are measured at

low voltage bias at room temperature.

4.4.1 Determination of the Fe/GaAs Schottky barrier height

The conductance of elastic tunneling depends on the constant C, which is

a function of the barrier width (d) and the barrier height (φ) described in

equation (4.2). The experimental investigations of J-V characteristics on

magnetic tunnel junctions can be resorted to the description WKB model,

such as those of Simmons [43] and Brinkman [70] to extract barrier height.

Another technique is proposed by Rottländer et al. [47,48], which is to plot

the logarithmic derivative of the conductivity plotting g against the applied

voltage, as explained in section 2.3.5.

Simmons model fitting

The barrier height can be derived by fitting of the current density-voltage

(J-V ) curve to the Simmons formulas. Especially for low voltages, J can

be expressed as a linear function of V , as described in equation (2.15) in

section 2.3.41.

1In equation (2.15), the barrier width (d) is labeled as the barrier thickness of ∆s
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Barrier thickness af-

ter MBE(Å)

Barrier thickness

from fitting(Å)

Barrier height from

fitting(eV)

50 50.9 0.63

55 56.8 0.60

60 59.8 0.63

80 78.0 0.58

Table 4.1: Schottky barrier height and thickness extracted from Simmons

fitting

The J-V curves of the magnetic tunnel junctions with various GaAs

barrier thickness are shown in Fig. 4.5. We performed a fit of the J(V )

response measured at room temperature according to the Simmons model.

Two adjustable parameters are used in the fit: the barrier height (φ) and

the effective barrier width (d). The fitting results are also shown in Fig. 4.5

as the dashed and solid lines. The detailed parameters of the other magnetic

tunnel junctions are listed in table 4.1. The effective barrier thicknesses are

very similar to the nominal GaAs thicknesses grown by MBE, due to the

high selectivity of the chemical etchant mentioned in last chapter. The bar-

rier height varies from 0.58eV to 0.63eV, which may be caused by different

surface conditions.

Logarithmic plotting

The barrier height and barrier thickness extracted from the Simmons model

are always correlated and the independent evaluation of one of these parame-

ters is impossible. As introduced in section 2.3.5, the logarithmic derivative

of the I-V curves provides an alternative access to extract the height of

tunnel barriers in magnetic tunneling junctions.

The I-V curve of the magnetic tunnel junction with a 8nm GaAs barrier

measured at room temperature is shown in Fig. 4.6. In order to get the

barrier height, we also plot the logarithmic derivative of the conductivity g

against the applied voltage in the figure, where g(V ) = d ln[I(V )/V ]/dV . It

was shown that the g(V ) curve produces a cusp at a voltage of about 1.2

times the barrier height of the positively biased electrode [47]. In Fig. 4.6,

a cusp can be seen at a voltage around 0.73V (φ = 0.61eV), when Fe-GaAs

is positively biased. The barrier height derived here is almost the same as
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Figure 4.6: I-V curve (solid line) measured at T = 300K on the

Fe/GaAs/Fe/Co tunnel junction. The barrier height is determined by means

of the g(V ) = d ln[I(V )/V ]/dV curve (dashed line). Since the position of

the cusp of g(V ) curve corresponds to the barrier height at the Fe-GaAs

interface, one finds a barrier height for this sample of 0.61eV.

the value extracted from Simmons fitting. If we substitute d = 8nm and

φ = 0.61eV in equation (4.3), the constant C = 1.41 × 10−2K−1 for the

tunneling magnetic junction is obtained.

4.4.2 Determination of P (T ) and Geff

In order to analyze the temperature dependence of magnetoresistance using

the theoretical model, we try to determine the parameters G0 and P0 first.

From equation (4.1), we find for T = 0K that G is only proportional to the

two ground-state parameters G0 and P0, where

Gmax(0) = G0(1 + P 2
0 ), (4.8a)

Gmin(0) = G0(1 − P 2
0 ). (4.8b)

The Maximum and minimum conductance values versus temperature are

plotted in Fig. 4.7. The low temperature measurements allow us to extrap-
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Figure 4.7: Maximum and minimum conductance of a MTJ versus tem-

perature. Dashed lines are fitted to the experimental data to extract the

parameters G0 and P0.

olate both the minimum and maximum conductance to T = 0K and we

obtain G0 = 5.79 × 10−4 ± 9.41 × 10−8Ω−1. The spin polarization (P0) of

the Fe film is 8.44 ± 0.01%.

Next we consider the parameter α and the spin-independent conductance

GSI . We notice that ∆G = Gmax −Gmin does not contain GSI and Gav =

(Gmax+Gmin)/2 does not contain P (T ) as well. For our barrier parameters,

according to equation (4.2), GT at T = 100K is only a few percent higher

than at T = 0K. To a good approximation, GT can be assumed as a constant

G0. Consequently, ∆G and Gav can be written as:

∆G(T ) = 2G0[P0(1 − αT 3/2)]2, (4.9a)

Gav = G0 + ST γ′

. (4.9b)

Examination of equation (4.9a) reveals that a plot of (1−
√

∆G/2G0/P0)

vs. T 3/2 should be a straight line of slope α. Such a plot for the junction

under study is shown in Fig. 4.8a and leads to the spin wave parameter α of

8.0±0.2×10−5K−3/2. Similar analysis is applied for equation (4.9b). A plot
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Figure 4.8: (a) The (1−
√

∆G/2G0/P0) vs. T 3/2 plot for a Fe/GaAs/Fe /Co

MTJ. (b) The logarithm of (Gav −G0) as a function of ln(T ) for the same

junction. The dashed lines represent linear fittings to obtain the spin wave

parameter α and the parameters S and γ′.

of the logarithm of (Gav −G0) as a function of ln(T ) is shown in Fig. 4.8b.

The experimental data were fitted with a linear function, as indicated by the

dashed line, yielding S = 3.86± 0.56× 10−8Ω−1K−γ′

and γ′ = 1.71± 0.04.

The temperature dependence of TMR is shown in Fig. 4.9. The theo-

retical curve (solid line) with the parameters obtained as described above is

also plotted in this figure. It is clear that the theoretical model allows us to

describe the experimental data quite well.

4.5 Discussion

The parameters to characterize the temperature dependence of spin-polarized

tunneling and junction quality are summarized in table 4.2. For comparison,

the values for a Co/Al2O3/Co junction from reference [71] are also listed in

the same table. The value of 8.44 ± 0.01% for the spin polarization of Fe

at T = 0K is much less than the value of ∼ 40% expected from the band

structure of Fe [36]. However, for the Co/Al2O3/Co junction, the polariza-

tion which is obtained from the experimental data is almost the same as

the ideal value for a Co layer. Moreover, we find that the spin wave related
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Figure 4.9: Temperature dependence of the TMR effect of a Fe/GaAs/Fe/Co

junction (squares). The solid line represents the theoretical fitting with pa-

rameters obtained.

reduction α is almost one order of magnitude larger for bulk Fe [69]. The

parameter α is responsible for the temperature dependence of the electron

spin polarization at the ferromagnet’s surface. It depends largely on the

junction interface quality, and can be more than two times as large as the

corresponding bulk value. The low spin polarization P and high value of

α in our junction means a high degree of disorder at the interface resulting

in a considerable decrease of P with increasing temperature. It can be ex-

plained by the oxidation of the surface of the GaAs barrier, which occurs

when the sample is etched and exposed to the air before it is transferred to

the sputtering chamber. Additionally, interdiffusion between Fe and GaAs

occurs. When As diffuses into the Fe layer, it forms antiferromagnetic Fe2As

clusters at the interface and decreases the spin polarization of Fe [72,73].

Next, for the spin independent part GSI , we found a parameter γ′ of

1.71 for the junction under study. According to the Glazman and Matveev

model [74], the hopping through chains of N localized states has a power

law dependence on T , as shown in equation. (4.5) with an exponent γ′(N) =
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Parameters Fe/GaAs/Fe Co/Al2O3/Co [71]

P (T )
P0 8.44 ± 0.01% 32 ± 1%

α(K−3/2) 8.0 ± 0.2 × 10−5 1.0 ± 0.08 × 10−5

GSI
S(Ω−1K−γ′

) 3.86 ± 0.56 × 10−8 2.0 ± 0.5 × 10−6

γ′ 1.71 ± 0.04 4/3

Table 4.2: List of parameters to characterize the temperature dependence of

spin-polarized tunneling and junction quality. For comparison, the values

for a Co/Al2O3/Co junction from reference [71] are also listed here.

N − [2/(N + 1)]. The value for γ′ was determined to 4/3 for junctions with

Al2O3 barriers, which means that the spin independent transport is indeed

dominated by a hopping process over only one intermediate trapped state.

On the contrary, the value for γ′ in our junction of 1.71, which leads to

N > 2, can be attributed to the participation of more than two localized

states during tunneling through the GaAs barrier [75]. These additional

localized states can be caused by the diffusion of Fe into the GaAs barrier.

As a consequence, the spin independent contribution to the tunneling con-

ductance increases at higher temperatures and decreases the whole TMR

effect.

Our study of the temperature dependence of the magnetoresistance in

magnetic Fe/GaAs/Fe/Co junctions shows that the experimental data can

be described by a model which contains direct elastic tunneling and hopping

conductance via trapped states. Simulation of the experimental data em-

ploying a theoretical model allows us to characterize the junction quality and

the spin polarization P , the spin wave parameter α and the spin-independent

conductance GSI can be extracted. The analysis suggests that apart from

the conductivity mismatch problem, it is important to find an effective way

to prevent oxidation of the barrier surface and interdiffusion between the

ferromagnetic electrode and the semiconductor for the fabrication of high

quality ferromagnet-semiconductor hybrid structure.
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Chapter 5

Surface pretreatment in

Fe/GaAs/Fe junctions

In this chapter we try to discuss the possibility of using surface pretreatment

to improve the interface quality as well as to enhance the TMR effect in

Fe/GaAs/Fe magnetic tunnel junctions. As noted in the last chapter, the

temperature dependence of the TMR effect shows that the low TMR effect

in our junctions can be attributed to the oxidation of the barrier surface and

the interdiffusion between the ferromagnetic contact and the semiconductor

barrier. In order to improve the interface quality, the surface pretreatment

is applied in our experiments. The study of the epitaxial growth of Fe on

the sulphur-passivated GaAs substrate is introduced here. Next we discuss

the results of spin-polarized tunneling through a sulphur-passivated GaAs

barrier. Using hydrogen plasma etching to improve the TMR effect is also

briefly introduced in this chapter.

5.1 Introduction

III-V compounds, especially GaAs, are widely used in today’s micro elec-

tronics. However, one of the principal problems compared to Si technology

is the poor surface electronic properties due to native oxidation. Studies of

Fe growth on GaAs substrates indicated also that the average film magne-

tization decreased dramatically at the interface. This can be explained by

interdiffusion between Fe and GaAs and formation of Fe2As clusters at the
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Figure 5.1: (a) The change of the S, Ga, As and Fe concentration during

Fe deposition [78]. (b) The effective magnetization as a function of the

film thickness of Fe coverlayers grown on S-passivated GaAs and a clean

surface [79].

interface [73,76].

In order to improve the magnetic properties at the interface, it is neces-

sary to find a way to prevent As diffusion into the Fe overlayer or to inhibit

the formation of Fe-As. Among various techniques for surface modification,

the sulphur passivation is one of the most promising methods [77]. The ex

situ S-passivation of GaAs surface results in the formation of a stable sulfide

overlayer which gives the system remarkable stability against oxidation by

air. Thus, quite a number of works have been performed on the epitaxial

growth of Fe films on S-passivated GaAs substrates, with the goal to prevent

interdiffusion and maintain the high quality of the interface [78,79].

Fig. 5.1 shows the experiments attempting to grow Fe overlayers on a pas-

sivated surface. The change of the element composition in the Fe overlayer

which was deposited on S-passivated GaAs suface is shown in Fig. 5.1(a).

The data are measured by Auger electron spectroscopy (AES). The Fe signal

increases steadily with deposition and saturates at a point of approximately

7ML. The Ga and As signals decrease exponentially, which becomes unde-

tectable for Fe coverage larger than 15ML. This experiment suggests that

neither As nor Ga will diffuse through the Fe overlayer if the GaAs sub-

strate is S-passivated [78]. Fig. 5.1(b) shows the effective magnetization as

a function of Fe coverage on S-passivated GaAs and a surface without passi-
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vation. With increasing thickness, the effective magnetization also increases.

For corresponding film thickness, the magnetization of the Fe layer on the

GaAs without pre-treatment is much lower than that grown on S-passivated

GaAs. This further verifies that S-passivation on GaAs surface can prevent

the interdiffusion and increase the magnetization of the Fe overlayers [79].

Although these investigations showed that the S-passivated has the ad-

vantages to prevent the interdiffusion between the semiconductor and Fe

during the epitaxial process, there is still no direct experiment has been

performed to study the passivation effect in spin tunneling or spin injection.

5.2 Sample preparation

In our experiment, we use a chemical solution of (NH4)2S to treat the semi-

conductor surface resulting in a S-passivated GaAs barrier. The common

fabrication steps of the sample preparation are illustrated in chapter 3, only

the special steps are described here.

The sulfide treatment is carried out before the evaporation of the first

magnetic metal layer. After the AlGaAs protection layer has been removed,

the sample is treated for 20 min at 65◦C in an aqueous ammonium sulphide

(NH4)2S solution. The residual solution is removed from the sample by

rinsing with de-ionized water and dry blowing with N2 gas. Since the epoxy

used in the experiments chemically reacts with a sulfide solution, only one

side of the GaAs barrier is S-passivated.

5.3 Tunneling through sulphur-passivated GaAs bar-

riers

5.3.1 Barrier height

The sample structure under studied is depicted in the inset of Fig. 5.2(b).

The temperature dependence of the I-V curves are shown in Fig. 5.2(a).

The tunneling current through the barrier decreases, when the temper-

ature increases. In order to derive the barrier height of Fe/GaAs with

or without GaAs pre-treatment, we also plot the logarithmic derivative

of the conductivity g against the applied voltage in Fig. 5.2(b), where

g(V ) = d ln[I(V )/V )]/dV . As we introduced in section 2.3.5, from I-V
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Figure 5.2: (a) The temperature dependence of I-V characteristics on mag-

netic tunneling junction with 6nm S-passivated GaAs barrier. (b) I-V and

g(V ) curves on the same junction at room temperature. The junction struc-

ture is shown in the inset. Determining the barrier height by means of the

g(V ) = d ln[I(V )/V )]/dV curve, one finds the barrier height of 0.62eV for

Fe/GaAs and 0.67eV for the barrier with S-passivated GaAs, respectively.

curve taken at 300K, it is possible to calculate the g(V ) curve. In this curve,

a cusp can be seen at voltage of around 0.74V (0.62eV), when the Fe/GaAs

junction without pretreatment is positively biased. It is almost the same as

we find using Simmons fitting, see section 4.4.1. As the other side of GaAs
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barrier was treated using the (NH4)2S solution, a thin sulphide composite

layer forms on the semiconductor surface, which can stabilize the surface

states and prevent the oxidation, thus, reducing the Fermi level pinning ef-

fect [80]. Accordingly, we find the cusp shifted to a higher voltage of 0.80V

when the Fe/GaAs junction with pre-treatment is positively biased. This

measurement convinces the passivation of GaAs has increased the Schottky

barrier height from 0.62eV to 0.67eV at the Fe/GaAs interface.

5.3.2 The TMR effect

The tunneling magnetoresistance loop of a MTJ with a passivated barrier,

measured at 4.2K for an applied voltage of 100mV, is displayed in Fig. 5.3(b).

For comparison, the TMR curve without passivation is also shown in the

same figure. The coercive field of iron films of two different thicknesses is

strikingly different. Fig. 5.3(a) shows the SQUID magnetometer result of

4nm and 20nm iron films. At low temperature, the thinner iron film can

pin the domain wall more effectively and display thereform a larger coercive

field. In the TMR curve in Fig. 5.3(b) the maxima coincide reasonably well

with the plateaus of the magnetization curve shown in Fig. 5.3(a). Compared

with the junction without passivation, the TMR ratio with sulfide passivated

barrier dropped from 0.20% to 0.11%, using the definition that TMR =

(RAP −RP )/RP , where RP (RAP ) is the resistance for parallel (antiparallel)

magnetization orientation in the contacts. The dc bias dependencies of the

TMR effect at 4.2K for the above junction with and without passivation

are shown in Fig. 5.4. The TMR effect decreases noticeably as the dc bias

increases and the TMR values are consistently lower at all applied voltages

for the passivated junction.

5.3.3 Discussion

Although the experiments of epitaxial growth of Fe layers on the S-passivated

substrate show that the chemical inertness of the passivated surface could

prevent the interdiffusion between ferromagnetic metal and semiconductor,

resulting in the growth of a Fe film with higher magnetization. In pas-

sivated magnetic tunnel junctions, we find a decrease of TMR ratio. We

suggest that there is a competing mechanism which is responsible for the

decrease of TMR ratio in such a MTJ: the S overlayer increases the spin-
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Figure 5.3: (a) SQUID measurements of hysteresis loops of Fe films with

different thicknesses. The coercivity of a 4nm film is larger than that of a

20nm Fe layer. (b) Magnetoresistance measurements for the junction with

or without S-passivation at 4.2K under 100mV bias. The GaAs barrier is

6nm thick. After sulfide passivation, the TMR ratio decreases from 0.20%

to 0.11%.

flipping scattering at the Fe/GaAs interface. In the presence of spin-flip

scattering of the passivation layer, the improvement of the magnetization of

iron is more than compensated. Thus, the TMR ratio of tunnel junctions
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Figure 5.4: Comparison of the voltage dependence of TMR traces with and

without S-passivated GaAs barrier. The measurements were carried out at

a temperature of 4.2K. The lines in the figure are a guide to the eye.

with passivated GaAs barriers drops.

Hydrogen plasma etching

Another surface pretreatment experiment was performed by Juergen Moser

in our group. The hydrogen plasma etching process was used before the

growth of the ferromagnetic metal contact in the sputtering system. The

details of the sputtering process with hydrogen plasma etching has been

introduced in section 3.3.3. In principle, the plasma is used as an efficient

means to produce active hydrogen atoms. Since the hydrogen atoms will

chemically react with the material to form volatile hydride compounds, the

material placed in the hydrogen plasma will be etched away [60,61]. In this

way, the native oxide layer, which is responsible for spin-flip processes, can

be etched away leaving a clean surface for the deposition of the ferromagnetic

metals.

Compared to the spin-polarized tunneling in a reference sample with-

out surface pre-treatment, the experiments show that the TMR ratio of
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the Fe/GaAs/Fe junctions increases from 1.3% (P = 8.0%) to 5.6% (P =

16.5%), when H2 plasma etching is applied on both sides of the GaAs bar-

rier. Since H2 plasma etching can effectively increase the spin polarization

in the ferromanets, this kind of surface pre-treatment was adopted in the

fabrication of the spin injection devices.
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Theories of spin injection

As the ferromagnetic metals have a high Curie temperature and significant

spin polarization even at room temperature, they are ideally suitable as

spin injectors in semiconductor spintronic devices. However, efforts to in-

ject spin polarized electrons from ferromagnets into semiconductors have so

far resulted in low efficiencies indicating that the spin transport across the

interface is not straightforward. In this chapter, the theoretical work on

the spin injection will be discussed. The fundamental difficulties involved in

the spin injection across the ferromagnetic metal-semiconductor interface,

which can be overcome by introducing an interface resistance are analyzed.

Spin injection through the space-charge region in magnetic p-n junctions is

also discussed in this chapter.

6.1 Introduction to the spin injection model

The theories of spin injection across a ferromagnet/normal metal (F/N) in-

terface, which also can be applied to a ferromagnet/semiconductor (F/SC)

interface, have been studied by Johnson and Silsbee [81], van Son [82],

Schmidt [9], Rashba [23], Valet and Fert [83], and others.

The theory to describe the spin injection is based on the assumption

that spin-scattering occurs on a much slower timescale than other electron

scattering events. With this assumption, two electrochemical potentials µ↑
and µ↓ which may not be equal can be defined for both spin orientations at

any point in the device. If the current flow is one dimensional, e.g. in the
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x direction, the electrochemical potentials are connected to the current via

the conductivity σ, the diffusion constant D and the spin-flip time constant

τsf by the following drift-diffusion equations:

∂µ↑,↓
∂x

= −ej↑,↓
σ↑,↓

(6.1)

µ↑ − µ↓
τsf

=
D∂2(µ↑ − µ↓)

∂x2
(6.2)

where D is a weighted average of the different diffusion constants for both

spin orientations defined as D = (σ↓D↑ + σ↑D↓)/σ.

Starting from these equations, straightforward algebra results in a split-

ting of the electrochemical potentials at the boundary of the two materials,

which is proportional to the total current density at the interface. The differ-

ence between the electrochemical potentials (µ↑ − µ↓) decays exponentially

inside the materials which approaches zero at ±∞

µ↑(±∞) − µ↓(±∞) = 0. (6.3)

Spin-flip length (Lsf =
√

Dτsf ) describes a typical length scale of the decay

of the electrochemical potential difference in the material. For semiconduc-

tors, the spin-flip length LSC
sf can exceed that of the ferromagnetic LF

sf by

several orders of magnitude, pointed out in reference [17]. In the limit of

infinite LSC
sf , this leads to a splitting of the electrochemical potentials at

the interface which stays constant throughout the semiconductor. If the

semiconductor extends to infinity, equation (6.1) in combination with equa-

tion (6.3) imply a linear and parallel slope of the electrochemical potentials

for spin-up and spin-down in the semiconductor. This forbids the injection

of a spin-polarized current if the conductivities of both spin channels in the

semiconductor are equal. At the same time, over a length scale of the or-

der of the spin-flip length in the semiconductor, the ferromagnetic contact

influences the electron system of the semiconductor. Thus, if a second fer-

romagnetic contact applied at a distance smaller than the spin-flip length,

it may lead to a considerably different behavior which is depending on its

spin-polarization.
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6.2 The F/N junction

Here we follow the approach from Smith et al. [84] to describe the spin

injection across a ferromagnet/normal metal (F/N) interface. We consider

the flow of electrons along the x direction in the junction, which consists

of a metallic ferromagnet (region x < 0) and a paramagnetic metal or a

degenerate semiconductor (region x > 0). The two regions, F and N, form

a contact at x = 0, as depicted in Fig. 6.1. As we assume no strong spin-

flip scattering at the interface, the individual current components for the

two spin types are continuous at the interface. On the other hand, we also

assume that an interface conductance is existing and the current flow at the

interface can be described as

j0↑,↓ = G↑,↓(∆µ↑,↓/e) (6.4)

where j0↑,↓ is the current density at the interface, G↑,↓ is the interface con-

ductance (1/G↑,↓ is the interface resistance), and ∆µ↑,↓ is an interfacial

discontinuity in electrochemical potential for electrons of two spin types.

Without loss of generality, if we assume a perfect interface without interface

resistance which means the interface conductance is infinite, the electro-

chemical potentials µ↑,↓ and j↑,↓ are continuous. On the contrary, for finite

values of G↑,↓, there is a discontinuity of µ↑,↓ at the interface. We define:

j↑ = ηj j↓ = (1 − η)j (6.5)

σ↑ = α′σ σ↓ = (1 − α′)σ (6.6)

were j is the total electron current density (j = j↑ + j↓) and σ is the total

conductivity. Because the steady state current is constant, η is continuous

at the interface whereas α′ is not continuous.

Solving equation (6.2) with the boundary conditions of equation (6.3)

gives

(µ↑ − µ↓) = A exp (x/LF
sf ), if x < 0 (6.7a)

(µ↑ − µ↓) = B exp (x/LN
sf ). if x > 0 (6.7b)

Equation (6.4) for the interfacial discontinuity in the electrochemical poten-

tial gives a relation between the coefficients A and B,

B −A = ej

[

η

(

1

G↑

+
1

G↓

)

− 1

G↓

]

(6.8)
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Figure 6.1: Spatial variation of the electrochemical potential in a F/N junc-

tion with a spin-selective resistive interface. Due to current conversion, the

average electrochemical potential (dashed line) will have a discontinuity at

the interface [83].

where η is evaluated at the interface. Equation (6.1), evaluated at the two

sides of the interface gives

ej

σF

[

η − α′
F

α′
F (1 − α′

F )

]

=
A

LF
sf

, (6.9a)

ej

σN

[

η − α′
N

α′
N (1 − α′

N )

]

=
B

LN
sf

. (6.9b)

Equation (6.8) and (6.9) can be solved and result in the injected current

spin polarization

j↑ − j↓
j

= 2η − 1

=
(2α′

F − 1)RF + (2α′
N − 1)RN + (1/G↓) − (1/G↑)

RF +RN + (1/G↓) + (1/G↑)
(6.10)

with

RF, (N) =
L

F, (N)
sf

σF, (N)α
′
F, (N)(1 − α′

F, (N))
(6.11)

for the ferromagnet and normal metal, respectively. The preceding equations

can be simplified if we define

ρ↑,↓ = 2[1 − (+)β]ρ∗F , for the F region (6.12a)

ρ↑,↓ = 2ρ∗N , for the N region (6.12b)
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where ρ↑,↓ is the resistivity of the spin-up (down) channel in the ferromag-

netic (F) and non-magnetic metal (N) regions [83]. For the F region, the

resistivity ρ of bulk metal is expressed as

ρ = (1 − β2)ρ∗F . (6.13)

The interface resistances of the two spin types are

r↑,↓ = 2r∗b [1 − (+)γ], (6.14)

where r∗b is the interface resistance and γ is the spin selectivity. The impor-

tant parameters in the spin injection are

rF = ρ∗F × LF
sf , (6.15)

rN = ρ∗N × LN
sf . (6.16)

Thus, equation (6.10) is given by the simple expression1

(SP )I =
j↑ − j↓
j

=
βrF + γr∗b
rF + rN + r∗b

. (6.17)

By examining equation (6.17), we can both recognize some possible lim-

itations and deduce several experimental strategies for effective spin injec-

tion from ferromagnets into semiconductors. For a perfect ohmic contact

(r∗b = 0), the resistance of the F region is far smaller than that of the N

region (rF ≪ rN ), which implies inefficient spin injection with (SP )I ≈
βrF /rN ≪ 1. This problem is called the conductivity mismatch pointed

out by Schmidt et al. in 2000 [9]. As can be seen in equation (6.17), if a

spin-selective resistive contact such as a tunnel or Schottky contact exists

and r∗b ≫ rF , rN , it would contribute to an effective spin injection with

(SP )I ≈ γ, dominated by the magnitude of γ and not by the ratio rF /rN .

6.3 The F/N/F junction

The above analysis of the F/N junction can be extended to a F/N/F junc-

tion in which two infinite F regions (labeled by F1 and F2) are separated by

1The substitutions are (1/G↑ + 1/G↓) → 4r∗b ; (1/G↓ − 1/G↑) → 4γr∗b ; (2α′
F − 1) →

β; RF → 4rF ; RN → 4rN ; (2α′
N − 1) → 0, respectively.



74 6.3. The F/N/F junction

a N region of thickness tN . If we only consider the situation tN ≪ LN
sf , the

resistance difference ∆R between the parallel and the antiparallel configu-

ration of the magnetic moments of the two ferromagnets can be expressed

as

∆R =
2(βrF + γr∗b )

2

(r∗b + rF ) + 1
2rN [1 + (r∗b/rN )2]tN/LN

sf

. (6.18)

The resistance R(P ) for the parallel magnetic configuration is

R(p) = 2(1 − β2)rF + rN
tN

LN
sf

+ 2(1 − γ2)r∗b

+ 2
(β − γ)2rF r

∗
b + rN (β2rF + γ2r∗b ) tanh (tN/2L

N
sf )

(rF + r∗b ) + rN tanh (tN/2LN
sf )

. (6.19)

Figure 6.2: Magnetoresistance versus interface resistance r∗b of F/N/F struc-

tures. The geometry of the structure is shown in the inset [83].

If we do not consider interface resistance and N is a semiconductor, we

are in the limit rN ≫ rF . From equations (6.18) and (6.19), the magnetore-

sistance can be written as

∆R

R(P )
= 8β2

(

rF
rN

LN
sf

tN

)2

, (6.20)
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which means a strong reduction of ∆R/R(P ) as was emphasized by Schmidt

et al. [9]. If we consider the case of a F/SC/F structure with an interface

resistance, the magnetoresistance as a function of r∗b is shown in Fig. 6.2.

From the figure, we find that achieving a large magnetoresistance requires

correlated values of the interface resistance r∗b and thickness tN . To obtain

a large magnetoresistance, r∗b should be chosen only in a narrow range of

rN
tN

LN
sf

< r∗b < rN
LN

sf

tN
. (6.21)

The highest magnetoresistance within this range is expressed by the follow-

ing equations:

∆R ≃ 2γ2r∗b , (6.22)

∆R

R(P )
≃ γ2

1 − γ2
. (6.23)

6.4 The magnetic p-n junction

6.4.1 Magnetic semiconductors

By examining equation (6.17), we find that even in the absence of the inter-

face resistance, effective spin injection into a semiconductor can be achieved

if the resistance mismatch is reduced, e.g. by using a magnetic semiconduc-

tor as a spin injector. Magnetic semiconductors are semiconductors doped

with magnetic ions carrying a net spin. The interaction among these spins

leads to a ferromagnetic state below the Curie temperature. This type of

materials has a lattice structure similar to that of the undoped semiconduc-

tor, which allows the preparation of all semiconductor spin injection devices.

As a result of that, the field of diluted magnetic III-V semiconductors, es-

pecially GaMnAs, has received considerable interest.

The ferromagnetic semiconductor Ga1−xMnxAs was introduced by Ohno

et al. in 1996 [85, 86]. In order to introduce high concentrations of Mn be-

yond the solubility limit into GaAs, which is necessary to induce magnetic

cooperative phenomena, low temperature (< 300◦C) molecular beam epi-

taxy was employed. In GaMnAs, Mn ions produce magnetic moments as

well as holes. Mn represents a shallow acceptor state and leads therefore to

a high concentration of holes [87]. Although a detailed theory of ferromag-

netism in GaMnAs has not been established yet, the Curie temperature may
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be derived by use of a mean field theory of ferromagnetism in zinc blende

magnetic semiconductor [88]. In a model based on this mean field theory,

the Curie temperature of GaMnAs increases with the increase of both the

Mn ions and the free hole concentration. It also has been found that the

Curie temperature of as-grown GaMnAs epilayers can be further improved

by low temperature annealing. The Curie temperature of GaMnAs in recent

experiments is not yet sufficient high for applications at room temperature,

but progress in this area is rapid and room temperature ferromagnetism

seems to be reasonable.

The epitaxial growth of ferromagnetic semiconductors allows the inte-

gration of ferromagnetism with nonmagnetic semiconductors. For example,

spin-polarized tunneling has been studied and a high TMR ratio of 290%

has been found in a GaMnAs/GaAs/GaMnAs trilayers [89, 90]. GaMnAs

was also used as the spin injector in spin LED experiments. Since GaM-

nAs is p-type, a hole spin injection was first demonstrated by Y. Ohno et

al. in 1999 [28]. Eletron injection is also possible by the use of interband

spin tunneling from a p-type ferromagnetic semiconductor [29]. Further-

more, magnetic p-n junction diodes have been proposed and theoretically

analyzed, whose electronic properties depend on the spin polarization of the

carriers [91–94]. The details of the spin injection through the space-charge

region in such magnetic p-n junction diodes are introduced in the next sec-

tion.

6.4.2 Spin injection through the depletion layer

In a magnetic p-n junction, the depletion layer is formed at the interface.

The spin injection through the space-charge region in magnetic p-n junctions

was discussed in details by Fabian and Žutić et al. [91–94]. The p-n junction

is depicted in Fig. 6.3. The p region is magnetic and it has a spin-split

conduction band with the Zeeman splitting 2qζ = qgµBB (µB is the Bohr

magneton). The n region is non-magnetic, but electrons in this region can

be spin polarized by an external spin source, such as circularly polarized

light or a magnetic electrode. The I-V characteristic of the junctions is

determined by the interplay between the equilibrium spin polarization pn0 =

tanh(qζ/kBT ) in the p region and the non-equilibrium spin polarization δPn

in the n region.
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Figure 6.3: Spin injection through the space-charge region of a magnetic p-

n junction. (a) Nonequilibrium spins in the n region can be injected into

the magnetic p region (note the split band) only at high bias. Solid cir-

cles are spin-polarized electrons and open circles are unpolarized holes. (b)

Calculated spin polarization profiles for different forward bias. The largest

injection in the graph is for a bias V of 1.5V, assuming spin relaxation time

of 100τsf [93].

The dependence of the electric current j on qζ and δPn is shown in

Fig. 6.3(b), which is obtained by a numerical calculation [93] solving the

drift-diffusion, continuity, carrier recombination and spin-relaxation equa-

tion. It is found that at small bias, there is no spin injection. This is the

normal limit of diode operation, in which the injected carrier density through

the depletion region is still small compared to the equilibrium carrier den-

sity. Only with increasing bias (typically above 1V), spins are efficiently

injected.
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Magnetic p-n junctions can display a GMR-like effect. The current

jn ∼ n0(ζ)[exp(qv/kBT )(1 + δPnPn0) − 1] (6.24)

depends strongly on the relative orientation of the nonequilibrium spins and

the equilibrium magnetization [6]. When δPn 6= 0, the current will depend

on the sign of δPnPn0. Thus, for parallel and antiparallel relative orien-

tations, the electrons across the depletion layer may experience a different

barrier resulting in a change of current. The basic concepts of this effect

are applied to design our spin injection experiments for detecting nonequi-

librium spins in the non-magnetic semiconductors.
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Interface resistivity of the

Fe/GaAs Schottky barrier

As we discussed in the last chapter, the conductivity mismatch is the intrin-

sic obstacle for effective spin injection into semiconductors [9]. In order to

overcome the conductance mismatch problem, Schottky barriers or tunneling

barriers inserted between the ferromagnetic metal and semiconductor pro-

ducing an interface resistance have been proposed by Rashba and Schmidt

et al. [23, 24].

In this chapter, the measurement results of the interface resistivity in

Fe/GaAs Schottky barriers will be presented. First, the current transport

mechanisms through the Schottky barrier are introduced, followed by the

calculation of the depletion layer width and the Fermi level of the barrier

for different GaAs doping densities. Next, the sample preparation of the

Fe/GaAs Schottky barrier is explained. Finally, we give a discussion of the

I-V characteristics as well as of the interface resistivity using heavily doped

barriers density. This chapter serves as the base for the device design for

spin injection experiments.

7.1 Current transport mechanisms in the Schot-

tky barrier

Schottky barriers have been studied for many years and several theories

are proposed to describe the mechanisms of current flow. In 1938, both
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Schottky and Mott independently suggested a model to explain this phe-

nomena [38, 39]. After that, Crowell and Sze employed Schottky’s diffu-

sion model and Bethe’s thermionic emission theory to describe the Schottky

barrier [38]. Padovani and Stratton analyzed tunneling currents in Schot-

tky barriers using field and thermionic-field emission with a one-dimensional

WKB approximation [95]. Recently, Sassen et al. tried to analyze a Schottky

diode using the transfer matrix method in GaAs, which required numerical

analysis [96].

7.1.1 Thermionic emission model

The thermionic model of electron transport in Schottky barriers is valid

when the interface barrier presents a substantial important impediment to

the current flow [38,39]. It assumes that electrons have sufficient energy to

go over the barrier, see Fig. 7.1. The current can be expressed as

J = Jst

[

exp
qV

nkBT
− 1

]

, (7.1)

where Jst is the saturation current density, given by

Jst = A∗T 2 exp
−qϕ
kBT

. (7.2)

Here, ϕ is the Schottky barrier height and A∗ is the Richardson constant. In

equation (7.1), n is the ideality factor, which gives a measure of the quality

of the junction. For an ideal Schottky barrier, n = 1, however, larger values

are obtained due to the presence of non-ideal effects or components to the

current through the junction.

7.1.2 Thermionic-field emission and field emission

For a moderately to heavily doped semiconductor or for operation at low

temperatures, the current due to quantum mechanical tunneling of carriers

through the barrier will become the dominant transport process [95].

Thermionic-field emission

In Schottky barriers on highly doped semiconductors the depletion region

becomes so narrow that electrons can tunnel through the barrier near the
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Figure 7.1: Schematic band energy diagram of a metal/n-semiconductor

contact with forward bias showing the three major current transport mech-

anisms: thermionic emission (TE), thermionic-field emission (TFE) and

field-emission (FE).

top, see Fig. 7.1. This process is called thermionic-field emission. The

current-voltage characteristics of a Schottky diode in the case of thermionic-

field emission can be calculated by evaluating the product of the tunneling

transmission coefficient and the number of electrons as a function of energy.

Integration over the states in the conduction band yields

J = Jstf exp
qV

E0
, (7.3)

where Jstf is tunneling saturation current density for thermionic-field emis-

sion and E0 is a tunneling constant which can be described as

E0 = E00 coth
E00

kBT
. (7.4)

The tunneling saturation current density is a complicated function of tem-

perature, barrier height and semiconductor parameters. In the notation of

Padovani and Stratton [95], E00 is a tunneling parameter inherently related

to material properties of the semiconductor and is given by

E00 =
qh

4π

(

Nd

m∗ǫs

)1/2

(7.5)

= 1.85 × 1011

[

Nd(cm
−3)

(mn/me)(ǫs/ǫ0)

]1/2

(eV ),

where h is Planck’s constant and Nd is impurity doping concentration.



82 7.2. Depletion layer and Fermi level of Fe/GaAs Schottky barrier

Field emission

In degenerate semiconductors, especially in semiconductors with a small

electron effective mass, such as GaAs, electrons can tunnel through the

barrier near the Fermi level. Such a mechanism is called as field emission.

This happens when E00 becomes much greater than kBT . The current-

voltage characteristics in this regime are given by

J = Jsf exp
qV

E00
, (7.6)

where Jsf is tunneling saturation current density for field emission. The

effective resistance of the Schottky barrier in the field-emission regime is

quite low.

Reverse I-V characteristic

When a reverse bias is applied over the barrier, the probability for an elec-

tron to tunnel from the metal into the semiconductor is increased. If field

emission and thermal-field emission are the dominant forward conduction

mechanisms, they will also be the dominant mechanisms for the reverse

characteristics. The I-V relationship can thus be expressed as:

J = Js exp(−qV/ε′), (7.7)

where Js is the saturation current with a reverse bias and

ε′ = E00[E00/kBT − tanh(E00/kBt)]
−1. (7.8)

From the equations above, the current under a reverse bias has an exponen-

tial dependence on the applied voltages.

7.2 Depletion layer and Fermi level of Fe/GaAs

Schottky barrier

7.2.1 Depletion layer width

As introduced in section 2.2, the conduction band electrons which cross

over into the metal leave a positive charge of ionized donors behind, so

the semiconductor region near the metal gets depleted of mobile electrons.
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According to the Poisson equation, the width of the depletion layer can be

written as W = [2ǫs/qNd × (ϕ− V )]1/2, where ϕ is the barrier height, ǫs is

the dielectric permittivity of the semiconductor and Nd is impurity doping

concentration. For a Fe/GaAs Schottky barrier without applied voltage

V and ǫs = ǫrǫ0, where ǫ0 is the permittivity of vacuum and for GaAs

ǫr = 13.18, the depletion layer width can be calculated by

W = 3.816 × 1010

√

ϕ(V )

Nd(cm−3)
(nm), (7.9)

which only depends on the barrier height and donor concentration [38].

7.2.2 Position of the Fermi level

If the donor concentration Nd is increased in a semiconductor, the Fermi

energy EF in the energy gap is shifted towards the conduction band. When

the impurity concentration becomes high enough, the top of the impurity

band merges into the conduction band. The detailed calculation of the Fermi

level position for the doped n-GaAs is discussed in this section.

For a degenerately doped semiconductor, the electron density n0 in the

conduction band is given by

n0 = Nc × F1/2

(

EF − EC

kBT

)

, (7.10)

where Nc is the effective density of states for the conduction band and

F1/2(η) is the Fermi integral expressed as

Nc = 2

(

mnkBT

2π~2

)3/2

, (7.11)

F1/2(η) =
2√
π

∫ ∞

0

x1/2

1 + exp (x− η)
dx. (7.12)

When a semiconductor contains dopants at a concentration Nd, we find the

ionized donor density N+
d as

N+
d =

Nd

1 + gd exp [(EF − Ed)/kBT )]
, (7.13)

where gd is the donor degeneracy factor and Ed is the donor level energy.

In the simplest case gd = 2 because of two possible values for the electron



84 7.3. Sample preparation

Nd(cm
−3) 1 × 1016 1 × 1017 3 × 1018

EF − EC(eV) -0.099 -0.046 0.009

Depletion layer width(nm) 296 93 17

Table 7.1: List of Fermi level and depletion layer width of Fe/GaAs Schottky

barrier with different doping densities. Si is used as the dopant for n-type

GaAs.

spin. The charge neutrality condition gives the relationship between the free

electron density and the ionized impurity density:

n0 = N+
d . (7.14)

Substitution with equation (7.10) and equation (7.13) leads to

Nd = Nc

[

1 + 2 exp

(

EF − EC

kBT

)

exp

(

EC − Ed

kBT

)]

F1/2

(

EF − EC

kBT

)

,

(7.15)

which can be solved numerically for non-degenerated and degenerated semi-

conductors [38].

7.2.3 Numerical evaluation

The calculated band diagrams for Fe/GaAs Schottky barriers with dop-

ing densities Nd = 1 × 1016cm−3 (top graph), Nd = 1 × 1017cm−3 (mid-

dle graph) and Nd = 3 × 1018cm−3 (bottom graph) are depicted in the

Fig. 7.2. The detailed depletion layer width and the position of Fermi level

of Fe/GaAs Schottky barrier with different doping concentrations are listed

in the Tab. 7.1. For the heavily doped GaAs (Nd = 3×1018cm−3), the Fermi

level is shifted above the conduction band edge and the depletion layer width

is as narrow as 17nm. For this highly doped degenerate semiconductor, elec-

trons near the Fermi level can tunnel through the barrier easily, hence the

field-emission becomes the dominant transport mechanism.

7.3 Sample preparation

In the experiments, we use GaAs epitaxial layers with different doping den-

sity on semi-insulating substrates. The homogeneous doping density and
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Figure 7.2: Band diagram of Schottky barriers for Fe/GaAs junctions of

different doping densities. As the doping density increases, the depletion

layer width becomes thinner and the Fermi level merges with the conduction

band.

the related bulk resistivity of the GaAs at low temperature of 4.2K are mea-

sured with van der Pauw technique, which is a combination of a resistivity

measurement and a Hall measurement.

The ferromagnetic layer of Fe is deposited on the GaAs to form the

Fe/GaAs Schottky barrier. In order to reduce the effect of series resistances

(Rs), Ni/AuGe is deposited on the wafer using the same geometry as for the

Fe/GaAs barrier. A schematic diagram of doped n-GaAs with a Fe/GaAs

Schottky barrier prepared for interface resistivity measurements is shown in

Fig. 7.3.

The ohmic contact on the n-type GaAs layer is fabricated by using a

Ni/AuGe system [97]. Because the annealing procedure at high tempera-

tures for the ohmic contact preparation may destroy the Fe/GaAs Schottky

barrier, the Ni/AuGe contact is prepared first. The wafer is cleaned with
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Figure 7.3: Schematic diagram of the interface resistivity measurements of

Fe/GaAs Schottky barrier. RSch and Rs stand for the resistance of Schottky

barrier and series resistance.

acetone and propanol in the standard cascade rinse procedure. After lithog-

raphy, the oxidation layer on the GaAs layer is etched away in the diluted

HCl acid. A 150nm AuGe alloy is deposited and followed by 40nm Ni. Us-

ing a lift-off process, the metal on the photoresist is removed and the wafer

is annealed at the temperature of 350◦C for 120sec and at 400◦C for 20sec

to form the ohmic contact. In the next step, employing lithography and

another lift-off process, a 20nm ferromagnetic layer of Fe is deposited on

the GaAs surface to form the Fe/GaAs Schottky barrier. A 150nm gold

film is deposited as an electrical contact layer, which is also used to pre-

vent the Fe layer from oxidation. The contact area in the experiments is

3.675 × 10−4cm2.

7.4 Measurement results and discussion

Fig. 7.4 shows the logarithmic I-V plot of the manufactured Fe/GaAs con-

tact at room temperature. As shown schematically in Fig. 7.3, the total

resistance (R) across the Schottky barrier is RSch + Rs, where RSch is the

resistance of the Schottky barrier only and Rs is the series resistance. The

series resistance Rs is measured between the two ohmic contacts, which can

be subtracted in order to obtain the experimental data of Fig. 7.4. As the

figure shows, the measured I-V curves vary with the doping density of GaAs.

At a highly doped metal-semiconductor barrier, the field emission becomes

the dominant transport mechanism.

The temperature dependence of the I-V characteristics is studied for

moderately and heavily doped Fe/n-type GaAs Schottky barriers. A set
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Figure 7.4: I-V characteristics of the Fe/GaAs Schottky barriers with dif-

ferent doping densities.

of experimental I-V characteristics of the Fe/GaAs Schottky barrier with

the doping density of 2 × 1017cm−3 is shown in the Fig. 7.5(a). The linear

dependence of the logarithm of the current on the applied bias is observed

at all temperatures. Using equation (7.3), E0 for each temperature can

be determined by measuring the slope of the characteristic. Fig. 7.5(b) is a

plot of E0 as a function of the temperature together with the predicted curve

given by the equations (7.4) and (7.5). In the calculation, m∗ = 0.068 as

the effective mass of GaAs [98] and a carrier concentration of 2× 1017cm−3,

assuming that all the dopants are ionized, were used. From the experimental

data and the fitting curve, we can find that in this region of doping density

thermionic-field emission is the dominant transport mechanism.

Fig. 7.6 shows the temperature dependence of the I-V characteristic of

the heavily doped Fe/GaAs Schottky barrier with a doping density of 3 ×
1018cm−3. As expressed by equation (7.6), for field-emission as the dominant

transport mechanism, E00 follows from the slope of the logarithmic plot of

the I-V characteristic. Since E00 is only determined by the doping density,
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Figure 7.5: (a) Temperature dependence of the forward I-V characteristics

of the Fe/GaAs Schottky barrier with a doping density of 2× 1017cm−3. (b)

Experimental values of E0 as a function of temperature extracted from the

data in the above figure. The solid line represents the theoretical temperature

dependence.

the slope will not vary with the temperature. We indeed find the same

slope in the forward I-V curves in this figure and conclude that the current

transport through this Schottky barrier is mostly due to field-emission.

The measurement of the resistivity of bulk GaAs with different doping

densities at 4.2K is shown as squares in Fig. 7.7. The resistivity (ρ∗N ) of
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Figure 7.6: Temperature dependence of I-V characteristics of a heavily doped

Fe/GaAs Schottky barrier with a doping density of 3×1018cm−3. The same

slope of all forward I-V curves indicates that the current transport is due to

field-emission.

the bulk GaAs is determined by the van der Pauw technique. The dashed

line represents the linear fitting results of the resistivity at low temperature.

In the experiments, we find the resistivity ρ∗N = 0.4Ω·cm in GaAs with

a doping density of 1016cm−3. The correlated rN , which is the product

of the resistivity and the spin diffusion length defined as rN = ρ∗N · LN
sf

see equation (6.16), is also shown in the figure (right axis). Here we use

LN
sf = 2µm for the GaAs sample [99].

The interface resistance as a function of applied bias of the Fe/GaAs

barrier with a high doping density of 3 × 1018cm−3 was extracted from the

I-V curves introduced above and was shown as the solid line in the same

figure (top and right axis).

As we discussed in section 6.3, for the spin injection in a F/N/F junction,

in order to obtain a large magnetoresistance ratio, r∗b should be chosen only
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Figure 7.7: Schematic Fert’s conditions for spin injection in a F/N/F junc-

tion with Fe/GaAs Schottky barriers. Squares are the test data of the re-

sistivity (ρ∗N) of the bulk GaAs of different doping densities. Dashed line

represents the linear fitting. The correlated rN of the bulk GaAs is shown

according to the right y-axis. Solid line shows the interface resistivity of

the Fe/GaAs Schottky barrier with a doping density of 3 × 1018cm−3. The

shadow region shows the range of Fer’s conditions to obtain large magne-

toresistance, where tN = 20nm and LN
sf = 2µm.

in a narrow range of

rN
tN

LN
sf

< r∗b < rN
LN

sf

tN
.

The shadow region in the figure shows the range of this condition, assuming

a transport length tN = 20nm. Furthermore, since electrons have longest

spin life times in GaAs at a doping density near 1016cm−3 [18], we use

rN = 8 × 10−4Ω·cm2. The solid line which represents the test data of

interface resistance reaches the shadow area when a proper bias is applied
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on the Fe/GaAs Schottky barrier.

From the calculation and experiments presented, we find that increasing

the bulk doping density decreases the depletion region width and changes

the interface resistance. Fig. 7.7 shows that if we control the transport

length on the scale of nanometers, the interface resistance of the Fe/GaAs

barrier with a high doping density can meet Fert’s condition for efficient spin

injection into semiconductors. Although the detailed theoretical mechanism

of spin injection through the Schottky barrier has not been clarified yet, the

interface resistance measurements in our experiments can serve as a guide

for designing spin injection experiments.
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Chapter 8

Spin injection experiments

In this chapter, we demonstrate the fabrication of a novel magnetic p-n

junction diode, in which the spin injection between ferromagnetic metals

and semiconductors is measured all-electrically. First, we discuss the sample

design and introduce the sample structure and fabrication procedure. Next,

the I-V characteristic and the spin injection phenomena of the magnetic p-n

junction diode are discussed. The experimental results of spin injection in

a Fe/GaAs/Fe structure are also introduced in this chapter.

8.1 Spin injection in a magnetic p-n junction diode

8.1.1 Device design

The design of the magnetic p-n junction diode is based on the analysis and

proposal from Žutić and Fabian et al. [91, 93] introduced in section 6.4. In

the magnetic p-n junction structure, the depletion layer is formed at the

interface. The spin polarized carriers can be injected through the space-

charge region when the bias over the magnetic p-n junction is increased

above the high injection limit. A schematic drawing of the band diagram

for such a magnetic/nonmagnetic semiconductor p-n junction in contact

with a ferromagnetic metal is presented in Fig. 8.1.

The device performs as follows: a positive bias is applied between the

p-GaMnAs and the ferromagnetic Fe layers. This places the magnetic p-n

junction in forward direction and the Fe/GaAs Schottky barrier in reverse di-

rection. Consequently the spin-polarized electrons are injected from Fe into

93
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Figure 8.1: Band diagram of a magnetic p-n junction diode with a Fe/GaAs

Schottky barrier. The p region (left) is a magnetic GaMnAs layer, indicated

by the spin splitting of the conduction band. Under applied forward bias,

the spin-polarized electrons are injected from Fe (right) to n-GaAs region

(middle) and then drift to the p region. Up and down arrows indicate the

magnetizations of the two electrodes.

the bulk n-GaAs via the Schottky contact, thereby overcoming the conduc-

tance mismatch between ferromagnetic metals and semiconductors [9,23,83].

The spin-polarized electrons in n-GaAs drift then across the depletion layer

into p-GaMnAs under the applied voltage. If the relative magnetizations of

the two magnetic electrodes are changed from parallel to antiparallel, the

magnetic p-n junction diode should display a GMR-like effect.

8.1.2 Layer sequence of the semiconductor wafer

The preparation of the hybrid structure is started from the semiconductor

heterostructure, which was grown on a semi-insulating(s.i.) GaAs substrate

by molecular beam epitaxy at a growth temperature of 630 ◦C. It has the

following layer sequence: GaAs(001) substrate(s.i.)/ 300nm GaAs buffer

layer/ 300nm AlAs-GaAs superlattice/ 100nm GaAs/ 50nm Al0.72Ga0.18As/

15nm n+-GaAs(3 × 1018cm−3)/ 50nm n-GaAs(1 × 1016cm−3)/ 10nm n+-

GaAs(3 × 1018cm−3)/ 60nm p-Ga0.94Mn0.06As, as shown in Fig. 8.2.

In the sample structure, the 50nm n-GaAs is used as transport region for

spin-polarized electrons. The 10nm n+-GaAs layer with a Si doping density

of 3×1018cm−3 leads to a small depletion region between p-GaMnAs and the

bulk n-GaAs layer. The other 15nm n+-GaAs is used to control the Schottky

barrier interface resistivity between Fe and GaAs, as discussed in the last

chapter. The 60nm layer of p-GaMnAs was grown at low temperature, as
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Figure 8.2: Epitaxial structure of the wafer for the magnetic p-n junction

diode. The 300nm thick AlAs/GaAs superlattice acts as an etch stop layer.

required for high-quality GaMnAs growth.

8.1.3 Sample fabrication

In order to realize the device, we use the epoxy bonding and stop-etching

technique (EBASE) [30, 31], which relies on the highly selective etching of

GaAs and AlxGa1−xAs by suitable wet chemical etchants. The fabrication

steps of the sample involve conventional optical lithography and lift-off pro-

cedures as introduced in chapter 3 and the detailed steps can be found in

the appendix. Here we only emphasize some special procedures.

In the magnetic p-n junction diode, a 100nm Au film deposited on the

GaMnAs layer is used as the metallic contact for the soft magnetic electrode.

Before deposition of the second contact, the GaAs semiconductor surface is

treated with H2 plasma to remove the oxidation layer. After mesa etching,

a thick SiO2 film was deposited for electrical isolation. The sample struc-

ture of the whole device with four-point measurement is shown in Fig. 8.3

schematically.

8.1.4 Magnetic properties of GaMnAs

The hysteresis loop and Curie temperature of the p-Ga0.94Mn0.06As layer

used in our work were measured by means of superconducting quantum

interference device (SQUID). The GaMnAs layer was grown at a low tem-
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Figure 8.3: Magnetic p-n junction diode geometry for four-point measure-

ments. The transport region of GaAs is sandwiched between GaMnAs and

Fe/Co layers, which are used as soft and hard magnetic electrodes, respec-

tively.

perature around 250◦C and the thickness of the layer is 60nm. Fig. 8.4(a)

shows the magnetization curve versus magnetic field at 10K. The Magnetic

field is applied in the plane and along the [110] direction. The sharp, square

hysteresis loop, indicates a well-ordered ferromagnetic structure and a coer-

civity of around 3mT. The temperature dependence of the magnetization is

depicted in Fig. 8.4(b). Since the GaMnAs layer has not been annealed, it

has a relatively low Curie temperature of around 65K.

8.1.5 Spin injection results and discussion

The electric and magneto-transport properties of the ferromagnet based

magnetic p-n junction were studied at a temperature of 4.2K. The sam-

ple was mounted in an insert of a 4He cryostat with a superconducting coil

and the magnetic field was aligned in the plane of the hybrid structure.

The I-V curves of the magnetic p-n junction diode measured at room

temperature and 4.2K are shown in the inset of Fig. 8.5. If we look closer

at the logarithmic plot of the current vs. applied voltage, different slopes of

the curve can be found. The device studied here can be treated as a stack

of a p-n junction and a Schottky diode. For the p-n junction, the current

can be expressed as:

J = Js1[exp(qV1/k0T ) − 1], (8.1)
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Figure 8.4: (a) Hysteresis loop of GaMnAs determined by SQUID. The easy

axis is in the plane and the coercivity of the GaMnAs layer is 3mT. (b) Tem-

perature dependent magnetization of the GaMnAs layer (Curie temperature

≈65K).



98 8.1. Spin injection in a magnetic p-n junction diode

Figure 8.5: Logarithmic plot of the forward I-V characteristic of the mag-

netic p-n junction diode at room temperature. The dotted lines represent the

theoretical slopes of the curve, for an I-V characteristic dominated by the

p-n junction or Schottky diode, respectively. The inset shows the I-V curves

of the device at 4.2K (dashed line) and room temperature (solid line).

and for the Schottky diode:

J = Js2 exp(qV2/ε
′), (8.2)

where Js1, V1 and Js2, V2 are the saturation current densities and biases

for the p-n junction and the Schottky diode, respectively. Here we consider

thermionical-field emission as the major contribution to the I-V charac-

teristic of the Schottky diode under reverse bias, because heavily doped

n+-GaAs with a doping density of Nd = 3 × 1018cm−3 was used in the

device [95]. From the definitions: ε′ = E00[E00/kBT − tanh(E00/kBt)]
−1,

E00 = (qh/4π)[Nd/m
∗ǫrǫ0], we obtain ε′ = 78.5meV, which is three times

as large as kBT at room temperature.
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At low voltage, the resistance of the Schottky barrier is much lower than

that of the p-n junction. Consequently, the I-V characteristic is dominated

by the p-n junction with a slope equal to q/kBT as shown in Fig. 8.5.

When the voltage is increased, the resistance of the Schottky barrier becomes

comparable to the p-n junction and cannot be neglected, and at high voltage,

the slope equals to q/ε′ when the Schottky diode dominates the I-V curve.

Fig. 8.6(a) shows the magnetic hysteresis loops at 10K for the GaM-

nAs(60nm) and Fe(12nm)/Co(50nm) layers. Using a Co layer to magnet-

ically bias the Fe film, the coercivity of the 12nm Fe layer is 30mT, while

the GaMnAs layer has the coercivity of 3mT. In the magnetic field range

between these coercivities, the ferromangets’ magnetization can be switched

to anti-parallel orientation. Shown in Fig. 8.6(b) is the magnetoresistance

curve of the device versus applied magnetic field at 4.2K. The negative

magnetoresistance curve coincides reasonably well with the distinct coercive

fields of the magnetization curve. With forward applied bias of 1450mV, a

negative magnetoresistance of 1.02% is found.

Temperature dependence of magnetoresistance is shown in Fig 8.7. The

measurements were taken at various temperatures with an applied bias of

1400mV. As the Curie temperature of the GaMnAs layer in the p-n junc-

tion diode is as low as 65K, the magnetoresistance drops with increasing

temperature. For temperatures above 35K, the noise is so large that the re-

sistance change between the parallel and antiparallel configurations cannot

be separated.

The bias voltage dependence of the magnetoresistance was also studied

and the results are shown in Fig. 8.8. Magnetoresistance can only be found

with high forward bias on the device. This is an agreement with the theo-

retical analysis on the magnetic p-n junction which shows that there should

be no spin injection at small biases, because the injected polarized carrier

density is then much smaller than the equilibrium carrier density. It was

found that typically for a bias above 1V, the spin-polarized carriers can be

injected across the depletion layer [91]. Furthermore, we also find there is

a peak of the negative magnetoresistance of 1.2% at 1400mV bias. This

effect is due to the interface resistance which was analyzed by Fert [83], see

section 6.3. In his theoretical calculation, the highest magnetoresistance is

obtained in the limit rN (tN/l
N
sf ) ≪ r∗b ≪ rN (lNsf/tN ), where rN is the prod-

uct of the semiconductor resistivity and the spin diffusion length(lNsf ), tN is
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Figure 8.6: (a) SQUID measurements of the GaMnAs and Fe/Co films at

10K. With the pinning of the Co layer, the coercivity of the Fe layer is

30mT, while the coercivity of the GaMnAs layer is 3mT. The magnetic field

is applied in the plane. (b) Magnetoresistance of the device plotted as a

function of the magnetic field in the plane. The magnetic alignments of

the electrodes are indicated by arrows. The solid line represents a magnetic

field sweep from negative towards positive saturation. With applied voltage

of 1450mV, the negative magnetoresistance of 1.02% is found at 4.2K.

the semiconductor transport length and r∗b is the interface resistance. Since

the resistivity of GaMnAs and GaAs are almost the same, the interface re-
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Figure 8.7: Magnetoresistance ratio versus temperature. The applied voltage

is 1400mV.
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sistivity is dominated by the Schottky barrier between Fe and GaAs. When

the voltage applied on the Fe/GaAs Schottky barrier is varied, the interface

resistivity increases or decreases accordingly, hence the magnetoreistance

reaches the maximum value.

8.2 Spin injection in a F/SC/F structure

So far spin injection phenomena were studied in the magnetic p-n junction

diode, where the magnetic semiconductor GaMnAs is used as the detector

for the injected spin-polarized electrons. Devices with two ferromagnetic

metal contacts which serve as spin injector and detector are more challeng-

ing. In this section we report our experimental findings of spin-polarized

transport in a ferromagnet/semiconductor/ferromagnet (F/SC/F) device

with controlled Schottky barriers between the ferromagnetic metals and the

semiconductors.

8.2.1 Sample design and structure

Figure 8.9: (a) The geometry of the spin injection device of a Fe/GaAs/Fe

structure. (b) Band-energy schemes for the spin injection device. When a

bias is applied on the device, the spin-polarized electrons are injected from

the ferromagnetic metal into the GaAs semiconductor and detected by the

other ferromagnet.

The geometry of the spin injection device is shown in Fig. 8.9(a). We use

ferromagnetic metal layers of Fe as the injector and detector. In order to con-
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GaAs

transport

width(nm)

Doping profile With H2

plasma

etching

Magneto-

resistance

ratio

30 n+ yes no

50 n+ no no

n+ yes 0.07%

80(30/20/30) n+/1016cm−3/n+ yes no

Table 8.1: List of spin injection measurements on Fe/GaAs/Fe structures.

n+ means that the doping density is around 3 × 1018cm−3.

trol the magnetization configuration between these two ferromagnetic layers,

a Co layer was deposited for magnetic pinning. Employing the EBASE tech-

nology which was introduced in chapter 3, the transport region of GaAs is

sandwiched between the two ferromagnetic metal layers. In our structure,

the current is transported perpendicular through the ferromagnetic metal

and semiconductor. According to the calculation and analysis of Fert et

al. [83], if the semiconductor thickness (tN ) is small enough, there is fairly

broad range for the magnetoresistance to approach its highest value. Our

perpendicular structure (different from ‘lateral device’) provides the possi-

bility to control the transport region of the semiconductor on the scale of

nanometers.

Again, the Schottky barriers between Fe and GaAs are used to overcome

the conductance mismatch problem. As we discussed in chapter 7, since the

interface resistivity of the Schottky barrier between highly doped GaAs and

Fe can meets the requirements for efficient spin injection, the doping density

of the semiconductor in our device has to be carefully controlled. The band

diagram of the device is shown in Fig. 8.9(b). The Fermi energy is below

the conduction band in the semiconductor because of the heavily doping.

8.2.2 Spin injection results and discussion

The experimental results performed using different surface treatment and

different doping profiles are summarized in Tab. 8.1. From the analysis in

chapter 7, the doping density of the GaAs was chosen as 3×1018cm−3. Since

the depletion layer width between Fe and GaAs is around 17nm, the trans-
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Figure 8.10: Magnetoresistance as a function of the external magnetic field

in the plane of the Fe/GaAs/Fe structure. The measurements are taken at

4.2K with an applied bias of 1.8V.

port region of GaAs should be larger than that value. A spin injection signal

could only be found in the device with 50nm homogeneous heavily doped

GaAs. Fig. 8.10 shows the variation of the injector-detector resistance of

the spin injection device at 4.2K under a large bias of 1800mV. By sweeping

the applied magnetic field, the magnetization configuration of the Fe and

Fe/Co layers are changed due to the different coercivity of the contacts.

When the magnetic field is swept from negative to positive, between 3mT

and 30mT, the magnetization of the ferromagnetic contacts are expected to

be antiparallel. Otherwise, they are parallel. For the antiparallel case, a

small but clear magnetoresistance rise of 0.07% could be recorded.

From the theoretical calculation [83], the magnetoresistance in a F/SC/F

junction can be expressed as (see equation (6.23)):

∆R

R(P )
≃ γ2

1 − γ2
,

where γ is the spin polarization of the interface resistance, which is P in

the usual notation of spin dependent tunneling. From the magnetoresis-
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tance ratio of 0.07%, we obtain a spin polarization of 2.6% at the interface

of Fe/GaAs/Fe structure. The magnetoresistance can only be found when

a large bias, around 1.8V, is applied on the junction. This is in agreement

with the observation of spin filtering across a NiFe/GaAs interface according

to the configuration of the photon helicity with respect to the magnetization

in the NiFe, when the barrier is under reverse bias up to 2V [100,101]. Fur-

thermore, as we discussed in the last chapter, the large bias on the Fe/GaAs

Schottky barrier can decrease the interface resistance and fulfill the Fert

conditions for spin injection in F/SC/F structures.

The comparison of spin injection in the samples with 50nm barriers with

or without hydrogen plasma etching before the sputtering of the ferromag-

netic contact layers shows the importance of surface pre-treatments. On the

other hand, the missing of the spin injection signal in the inhomogeneous

doped sample indicates that the doping profile is also one of the key aspects

to improve the spin injection efficiency in F/SC/F structures. Although

the calculations about spin injection at a Schottky contact from Albrecht

and Smith et al. find that a depletion region is highly undesirable for spin

injection [102], the detailed mechanism of spin injection through Schottky

barriers, for example the effect of recombination in the space charge re-

gion, is still not clear. There are still many issues waiting for clarify of the

straightforward spin injection in such a F/SC/F structure.
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Summary

The goal when the research was started was the realization of the spin in-

jection in F/SC/F junctions, where GaAs is chosen as the transport region

and the Fe layers are chosen as the metallic ferromagnetic injector and de-

tector for the actual device. In order to understand the spin transport

at the Fe/GaAs interface, the spin-polarized tunneling was studied first in

Fe/GaAs/Fe magnetic tunneling junctions. Next the interface resistance of

the Fe/GaAs Schottky barrier, which was suggested to overcome the con-

ductance mismatch problem, was measured as a guide for the design of a

spin injection device. Finally, the magnetic p-n junction diode and F/SC/F

junctions were fabricated, and the spin injection was studied in these devices.

This thesis starts with the first chapter dedicated to the introduction

of the fundamental concepts required to understand the physics of spin-

polarized tunneling in magnetic tunneling junctions, especially in Fe/GaAs/Fe

junctions. The ferromagnetism, Schottky barrier at the interface of metal

and semiconductor are introduced. The mechanisms for tunneling and the

basics of magnetic tunneling junctions including the Jullière model are also

presented.

With regards to the spin transport at the interface of a ferromagnetic

metal and a semiconductor, the spin-polarized tunneling in Fe/GaAs/Fe

magnetic tunneling junctions was investigated. Our early experiments showed

the TMR effect is much lower than the value predicted by Jullière’s model.

In order to understand this phenomenon, the temperature dependence of the

spin-polarized tunneling was studied. The TMR effect of Fe/GaAs/Fe/Co

junctions as well as the I-V characteristics were measured at different tem-

peratures. A theoretical model including spin dependent tunneling and spin

independent tunneling to describe the temperature dependence of the TMR

effect, which is proposed by Shang et al., was adopted for the analysis. In-
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terpretation of the experimental data by the theoretical model allows us to

characterize the junction quality and to explain the parameters spin polar-

ization P , spin wave parameter α and spin-independent conductance GSI .

The study shows that the oxidation of the semiconductor surface and the in-

terdiffusion between Fe and GaAs are key issues to increase the TMR effect

in such a junction.

In order to improve the interface quality in the ferromagnet-semiconductor

hybrid structures, it is important to find an effective way to prevent the ox-

idation of the barrier surface and interdiffusion between the ferromagnetic

electrode and the semiconductor. Since the study of the epitaxial growth

of Fe on sulphur-passivated GaAs shown that the chemical inertness of the

passivated surface could prevent the oxidation and the interdiffusion of semi-

conductor material, the spin-polarized tunneling through such a sulphur-

passivated GaAs barrier was studied to clarify the passivation effect. Our

experiments show that the sulfide passivation increases the barrier height

of 0.62eV to 0.67eV. However, the TMR effect decreases at all applied volt-

ages. On the other hand, the experiments using hydrogen plasma etching

to remove the native oxide layer on the GaAs barrier surface showed that

it can effectively increase the spin polarization at the ferromagnet interface.

Hence, this kind of surface pre-treatment was adopted in the fabrication of

spin injection devices.

The fundamental concepts and theoretical model required to understand

the physics of spin transport in hybrid ferromagnet and non-magnetic mate-

rial system, and in semiconductor heterostructure in particular are reviewed.

The difference in conductivities between a metal and a semiconductor rep-

resents the basic obstacle to effective spin injection, which can be overcome

by introducing an interface resistance. Spin injection in a F/SC/F struc-

ture requires to fulfill the Fert’s conditions. Effective spin injection into a

semiconductor can also be achieved if the resistance mismatch is reduced by

using a magnetic semiconductor as a spin injector. The theoretical analysis

and numerical calculation of the spin injection through the space-charge re-

gion in magnetic p-n junctions shows that the spin-polarized electrons can

only be injected when the bias applied over the junction is increased to the

high injection limit (typically above 1V).

Before performing the spin injection experiments, we measured the inter-

face resistivity of Fe/GaAs Schottky barrier. The current transport mecha-
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nisms through the Schottky barrier, which are thermionic emission, thermionic-

field emission and field emission, were introduced, followed by the calcula-

tion of the depletion layer width and the Fermi level of the Schottky barrier

with different doping densities in GaAs. Fe/GaAs Schottky barriers were

fabricated and the I-V characteristics as well as the interface resistivities

were measured. From the calculation and the experiments, we find that

increasing the bulk doping density decreases the depletion region width and

changes the interface resistance. If we can control the transport length on

the scale of nanometers, the interface resistance of a Fe/GaAs barrier with

high doping density can meet Fert’s condition for efficient spin injection into

semiconductors. The measured interface resistance serves as a guide for de-

signing spin injection experiments with respect to the interface properties

and device structure.

Experimentally, we studied spin injection in a magnetic p-n junction

diode and a Fe/GaAs/Fe structure. The interface resistance of Fe/GaAs

was used to overcome the conductance mismatch in these devices and the

surface pretreatment by hydrogen plasma etching was used to increase the

spin polarization of the ferromagnetic contact layer. A negative GMR-like

effect was found in the magnetic p-n junction diode with large bias, when

the relative magnetizations of the two magnetic electrodes are changed from

parallel to antiparallel. In the F/SC/F structures, Fe serves as the spin in-

jector and detector while GaAs is transport channel. A spin injection signal

could only be found in the device with a 50nm homogeneous heavily doped

GaAs channel under a large bias of 1800mV. A small but clear magnetore-

sistance ratio of 0.07% was found, indicating a surface spin polarization of

2.6% in the Fe/GaAs/Fe structure.
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Appendix: processing steps

for device fabrication

Ideal sample size for processing: 5mm×5mm

Host substrate size: 4mm×4mm

Basic process

Chemical-mechanical polishing(CMP)

• Measure the thickness of the wafer

• Stick the wafer on the glass holder with wax at a temperature of 150◦C,

the epitaxial side facing to the glass

• Clean all the wax out of the edge of the wafer with acetone, heat the

glass with wafer to 150◦C again to flatten the wax underneath

• Prepare the polishing solution: 10% Br in methanol and set up the

polishing pad

• Polish, adding the polishing solution every 30 seconds. The etch rate

is around 50µm/min

• Stop etching when the wafer thickness is around 150µm

• Heat the holder to 150◦C and take the wafer off. Clean the wafer with

acetone and propanol.

• Cover the wafer with photoresist using spin coating, the parameter for

spin coating is 2000rpm, 30sec, ‘soft bake’ at 90◦C for 2 min
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• Cut the wafer into 5mm×5mm pieces

Standard cascade rinse

• 1 min in acetone, which is heated to 90◦C

• Rinse with acetone and leave in acetone for another 30sec, room tem-

perature

• Repeat last step

• Rinse with acetone and leave in propanol waiting for next step

Spin coating of photoresist

• Set spin coating parameter

• Put the sample from propanol on the holder of spinner

• Dry the sample with N2 gas

• Put a drop of liquid photoresist onto the sample

• Spin the sample and make coating

• Soft-baking

Lithography for etching

• Start the exposure machine and set exposure time

• Put photomask on the mask holder, adjust the focus of the microscope

• Put the sample on the sample holder, align the sample to the pattern

on the mask

• Exposure with exact time

• Make up the developing solution

• Develop with exact time and rinse the sample to stop the developing

• Dry the sample with N2 gas
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Lithography for lift-off

• Start the exposure machine and set exposure time

• Put photomask on the mask holder, adjust the focus of the microscope

• Put sample on the sample holder, align the sample to the pattern on

the mask

• Exposure with exact time

• Soak the sample in chlorobenzene

• Hard-baking

• Make up the developing solution

• Develop with exact time and rinse the sample to stop the developing

• Dry the sample with N2 gas

Etching of GaAs and AlGaAs layers

• Etch the sample in HCl(37%):H2O=1:1 for 30sec to remove the native

oxide layer on GaAs

• Etch the sample in citric acid:H2O2(∼35%)=10:1 for 2.5min to remove

100nm of GaAs

• Etch the sample in 1% HF acid for 30sec to remove 50nm of AlGaAs

Two-step etching of GaAs and AlGaAs layers

• Etch the sample in HCl(37%):H2O=1:1 for 30sec to remove the native

oxide layer on GaAs

• Etch the sample in citric acid:H2O2(∼35%)=10:1 for 2.5min to remove

100nm of GaAs

• Do ‘lithography for etching’ again, open large window of photoresist

• Etch the sample in 1% HF acid for 30sec to remove 50nm of AlGaAs
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Etching of GaAs substrate and GaAs/AlAs superlattice

• Fix sample on the glass with wax to protect the metallic side, the new

host substrate facing to the glass

• Etch the sample in HCl(37%):H2O=1:1 for 30sec to remove the native

oxide layer on GaAs

• Etch the sample in NH4OH :H2O2(∼35%)=1:3, the etching time is

determined by: Time(min)=[Thickness(µm)−30]/7.4

• Etch the sample in NH4OH:H2O2=5:95, etching time guided by color

change of the surface

• Etch the sample in citric acid:H2O2(∼35%)=10:1, 1-2 hours

• Etch the sample in 10% HF acid for 1min to remove 300nm GaAs/AlAs

superlattice layer

• Take off the sample from the glass and do standard cascade rinse

Evaporation

• Start the evaporation machine: UNIVEX 550

• Fix the sample on the holder

• Vacuum the chamber below 5×10−6 mbar

• Evaporate the metal and control the film thickness, deposition rate:

Fe 0.1-0.3Å/s, Au 1.5Å/s, Cr 0.5Å/s

Sputtering with H2 plasma etching

• Fix the sample on the holder, put the holder into exchange chamber

• Vacuum the exchange chamber for 30 min

• Insert the holder into the main chamber and rotate the sample to face

the target metal using stepping-motor

• H2 plasma etching: H2 4sccm, power 20mA, Anode 0.4KV(inner)/0.6KV(ext),

time 30min
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• Control the flow of Ar to 7sccm

• Sputtering the metal and control the film thickness, power for sput-

tering: Fe 5W, Co 10W, Au 50W

Lift-off

• Put the sample into acetone

• Heat at 90◦C for several minutes

• Scratch the photoresist along the sample edge and peel off the film by

acetone rinse

• Ultrasonic agitation of the acetone for several seconds, if the resist

‘ears’ at the edge of a structure can not be removed

Epoxy bonding onto a new host substrate

• Standard cascade rinse

• Mount the sample on the small glass with wax, the metallic side facing

upside

• Glue the sample and the new host substrate face to face with MBond

600

• Bake the sample with applied pressure at 80◦C for 4 hours

• Take off the sample from the glass

• Put the sample into acetone heated at 90◦C for 2 minutes

• Standard cascade rinse

PECVD of SiO2

• Start PECVD machine

• Load recipe ‘Aufheizen auf 95◦C’ to pre-heat the sample holder table

• Put sample on the table, open the valves of N2O and SiH4 gas suppliers
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• Choose recipe of ‘dom 08481 SiO2-Oxford’, set parameters as: tem-

perature 100◦C, pressure 1000mbar, step time 2.5min (deposition rate:

40nm/min)

• Start the deposition

• Take out the sample after the deposition is finished

A. Processing steps for tunneling magnetic junc-

tions

1. Sputtering of the first contact

• Thin down the wafer to 150µm using chemical-mechanical polishing

• Measure the thickness of the sample

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating: 4500rpm, 30sec;

soft baking: 90◦C, 2min

• Lithography for etching: exposure: 11sec; developing solution: 1 Mi-

croposit: 4 H2O; developing time: 40sec

• Etching of GaAs and AlGaAs layers

• Sputtering with H2 plasma etching: Fe 12nm, Au 150nm

• Lift-off

2. Epoxy bonding and etching

• Standard cascade rinse

• Epoxy bonding onto a new host substrate

• Etching of GaAs substrate and GaAs/AlAs superlattice
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3. Sputtering of the second contact

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating: 4500rpm, 30sec;

soft baking: 90◦C, 2min

• Lithography for etching: exposure: 11sec; develop solution: 1 Microp-

osit: 4 H2O; developing time: 40sec

• Two-step etching of GaAs and AlGaAs layers

• Sputtering with H2 plasma etching: Fe 12nm, Co 50nm, Au 120nm

• Lift-off

4. Mesa etching and evaporation of Cr/Au

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating: 4500rpm, 30sec;

soft baking: 90◦C, 2min

• Lithography for etching: exposure: 11sec; developing solution: 1 Mi-

croposit: 4 H2O; developing time: 40sec

• Etching of 100nm GaAs, etching time: 40sec

• Etching of 50nm AlGaAs, etching time: 25sec

• Etching of GaAs thin barrier, etching time: 10sec

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating: 4500rpm, 30sec;

soft baking: 90◦C, 2min

• Lithography for lift-off: exposure: 20sec; developing time: 75sec

• Evaporation: Cr 10nm, Au 200nm

• Lift-off
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5. Gold wire bonding for testing

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating: 4500rpm, 30sec;

soft baking: 90◦C, 2min

• Cut the sample into small pieces, each with four test patterns

• Standard cascade rinse

• Fix the small piece on the chip carrier with PMMA, baked at 90◦C for

1min

• Au wire electrical bonding, connect the pattern to the chip carrier

B. Processing steps for magnetic p-n junction diodes

1. Evaporation of the first contact

• Thin down the wafter to 150µm using chemical-mechanical polishing

• Measure the thickness of the sample

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating 4500rpm, 30sec; soft

baking 90◦C, 2min

• Lithography for lift-off: exposure 45sec; developing solution 1 Microposit:4 H2O;

developing time 40sec

• Evaporation of Au: Au 150nm, using ‘plasma pre-sputtering’ for 1min

in order to roughen the GaMnAs surface

• Lift-off

2. Epoxy bonding and etching

• Standard cascade rinse

• Epoxy bonding onto a new host substrate

• Etching of GaAs substrate and GaAs/AlAs superlattice
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3. Sputtering of the second contact

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating 4500r/min, 30sec;

soft baking 90◦C, 2min

• Lithography for etching: exposure 55sec; develop solution 1 Microposit:4 H2O;

developing time 80sec

• Two-step etching of GaAs and AlGaAs layers

• Sputtering with H2 plasma etching: Fe 12nm, Co 50nm, Au 120nm

• Lift-off

4. Mesa etching and evaporation of Cr/Au

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating 4500rpm, 30sec; soft

baking 90◦C, 2min

• Lithography for etching: exposure 55sec; developing solution 1 Microposit:4 H2O;

developing time 80sec

• Etching of 100nm GaAs, etching time 40sec

• Etching of 50nm AlGaAs, etching time 25sec

• Etching of 75nmGaAs, etching time 40sec

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating 4500rpm, 30sec; soft

baking 90◦C, 2min

• Lithography for lift-off: exposure 2min; developing time 80sec; chloroben-

zene 1.5 min; hard-baking 3 min

• PECVD of SiO2: 160nm

• Lift-off: by ultrasonic agitation
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• Spin coating of photoresist: MAP 1215, coating 6000rpm, 5sec(acceleration),

30sec; soft baking 90◦C, 9min

• Lithography for lift-off: exposure 5.5min; developer AR300-47; devel-

oping time 25sec; without chlorobenzene soaking and hard-baking

• Evaporation: Cr 10nm, Au 200nm

• Lift-off

5. Gold wire bonding for testing

• Standard cascade rinse

• Spin coating of photoresist: Shipley 1805, coating 4500rpm, 30sec; soft

baking 90◦C, 2min

• Cut the sample into small pieces, each with four test patterns

• Standard cascade rinse

• Fix the small piece on the chip carrier with PMMA, baked at 90◦C for

1min

• Au wire electrical bonding, connect the pattern to the chip carrier
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