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Abstract

GdN thin film device structures, including magnetic tunnel junctions (MTJs),
were grown by physical vapour deposition and their electrical proper-
ties were investigated. Growth compatibility between GdN and various
contact metals (Al, Au, Gd and Nb) was assured using X-ray diffraction
(XRD) and scanning electron microscopy (SEM) techniques. I developed
a photomask and lithographic process to isolate electrical behaviour per-
pendicular to the plane of the films. Al and Au were confirmed to make
ohmic contact to GdN, while Gd and Nb both formed Schottky-like barri-
ers at the interface with GdN. In MTJ structures, device electrical charac-
teristics were dominated by tunnelling behaviour through the GaN bar-
rier layer. The Simmons model was successfully applied to tunnelling
measurements of Al/GdN/GaN/GdN/Gd structured MTJs to determine
the barrier properties. MTJs grown with Al bottom contacts were grown
with 1.5eV potential barrier height and 2.5 nm width. Finally, MTJs con-
tacted with Nb exhibited a large magnetoresistance (> 500%), greater than
GdN-based MTJs recorded in the literature [Warring et al. ”Magnetic Tun-
nel Junctions Incorporating a Near-Zero-Moment Ferromagnetic Semicon-
ductor”, Phys. Rev. Appl., vol.6, p.044002, 2016].
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Chapter 1

Introduction

1.1 Spintronics

Following the invention of the transistor, the latter half of the 20th century
saw a revolution associated with the development of semiconductor ma-
terials, in particular, silicon. The relentless development of silicon micro-
electronics over this period is often summarised by reference to ‘Moore’s
Law’, the prediction that the number of transistors on a single computer
chip (a strong indicator of the processing power of the electronics) would
double every eighteen months1. While the predictive power of Moore’s
Law has stood up to scrutiny for decades, nanofabrication techniques are
encroaching on fundamental size limits and constraints imposed by the
uncertainty principle[2]. As early as the 1990s, technologies based on dif-
ferent physical principles were roadmapped as an alternative to silicon.
One such alternative was ‘spintronics’2.

1Moore’s original 1965 paper actually described an annual doubling of the number
of components per integrated circuit, revised in 1975 to a biannual doubling. The pre-
diction of doubling of processing power every eighteen months can more accurately be
attributed to Intel executive David House (this estimate is based not only on the number
of transistors per integrated circuit but also increased clock speeds.).[1]

2A portmanteau of SPIN TRansport electrONICS first used (in 1993) to designate
a research program initiated by the US Defense Advanced Research Projects Agency

1
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Silicon electronics, one of the world’s major industries, leverages the
existence and absence of electric charge into a binary system of informa-
tion controlled by the manipulation and transport of electrons. Spintronics
takes advantage, not only of the charge of the electrons, but also the prop-
erty of electron spin3. In contrast to the widespread commercial appli-
cation of charge-based electronics, exploitation of the spin of the electron
did not become commonplace in a technological context until the 2000s[3].
This paradigm shift within electronics research towards applications of
magnetic materials (which harness the spin of the electron) has since lead
to undisputed technological impact (in digital memory and magnetic sen-
sors) and fundamental research[6].

1.2 Applications

The applications of spintronics research are already seen in commercially
available devices, such as read heads of hard disk drives and magnetic
field sensors. Most of these commercial technologies stem from the gi-
ant magnetoresistance (GMR) effect discovered in multilayered thin films
in 1988[7]4. These films comprised of alternating layers of ferromagnetic
(iron) and non-magnetic (chromium) metals, where the thickness of the
non-magnetic Cr layers was used to control the exchange interaction be-
tween the ferromagnetic layers. This resulted in spin-dependent scatter-
ing of electrons, causing a large magnetoresistance ratio (called “giant” to
distinguish the effect from anisotropic magnetoresistance). The magne-

(DARPA). [3]
3The spin of an electron describes its intrinsic angular momentum (that not resulting

from its orbital movement) and is widely held to be a purely quantum phenomenon (see
[4] and [5] for discussion).

4For the discovery of the GMR effect, Albert Fert and Peter Grünberg were presented
the 2007 Nobel prize in physics[8].
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toresistance ratio is defined as

MR =
RAP −RP

RP

=
∆R

RP

(1.1)

where RP is the electric resistance of the multilayer when the magnetisa-
tion directions of the ferromagnets are aligned parallel with one another
(usually in the presence of an externally applied magnetic field). Typically
RAP is the electric resistance of the multilayer when the magnetisation
directions of the ferromagnets are aligned antiparallel, in polycrystalline
films (such as the ones in this study) the random orientation of magnetic
domains is taken to provide the high resistance state equivalent to anti-
parallel alignment.

The GMR effect is observed in magnetic multilayered systems whether
the current is applied in the plane of the film (CIP) or perpendicular to the
plane (CPP)5. Because the GMR effect is stronger in the CPP geometry[6]
most applications favour this orientation.

1.2.1 Magnetic Tunnel Junctions (MTJs)

The commercial success of GMR-based devices (such as the spin valves
used in read heads) has motivated the development of new devices that
leverage the spin of the electron, such as magnetic tunnel junctions (MTJs).
While the magnetoresistance ratios of spin valves are large relative to anisotropic
magnetoresistance effects, much larger ratios are possible if one exploits
phenomena such as electron tunnelling. One example of this is provided
by the MTJ, a trilayer structure consisting of two ferromagnetic layers
(electrodes 1 and 2) seperated by a thin (< 5 nm) insulating layer (see
Figure 1.1). This insulating layer inhibits conduction through the device,
but allows the passage of a tunnelling current. The use of strongly spin-
polarised ferromagnets in the MTJ causes the tunnelling current to depend

5Theoretical description of the GMR effect in CIP and CPP geometries is provided in
references [9] and [10] respectively.
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on the magnetisation of the electrodes (explained below), and this leads to
magnetoresistance ratios larger than those seen in commercially available
spin valves.

Figure 1.1: A schematic of the MTJ structure.

The high magnetoresistance in these devices is a direct consequence
of ferromagnetic exchange splitting in the electrodes, an effect produced
by manipulating an externally-applied magnetic field to produce a high
or low tunnelling current, as desired. Many models describe the general
problem of electron tunnelling (that of Simmons is implemented in later
chapters[11, 12]). In general, these models describe an electron vacating
a state in electrode 1 and moving to occupy a state of the same spin in
electrode 2 (see Figure 1.2). In the case of an MTJ the exchange splitting
moves the bands up or down in energy depending on the direction of
the electron spin. If the electrodes are magnetised along the same axis
(parallel), this effect does not significantly change the magnitude of the
tunnelling current. However, if the magnetisations are forced into an anti-
parallel configuration, the “up” spin direction is no longer the same for
both electrodes. Electrode 2 has few vacant states available to tunnel into
(as occupied states are prohibited by Pauli exclusion). This frustrates the
tunnelling current, returning a high resistance. The change in the resis-
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tance as a function of the magnetisation alignment in the device electrodes
provides a large magnetoresistive effect.

Figure 1.2: Schematic diagram of the MTJ electrode conduction bands in parallel and
antiparallel configurations. These configurations correspond to the low and high resis-
tance states respectively. The conduction band of Electrode 1 is displaced to higher en-
ergy by eVapp when the device is operating, where Vapp is the applied voltage and e is the
electronic charge.

The earliest theoretical description of MTJs was made by Julliére[13],
who suggested a model relating the magnetoresistance ratio, MR, to the
spin-polarisation of the device electrodes:

MR =
2P1P2

1− P1P2

(1.2)

P1 and P2 refer to the spin-polarisation in electrode 1 and 2 respec-
tively6. The Julliére model fails to explain much of the experimental data
within the field, largely due to its simplicity (see [14] for review). Nonethe-
less, Julliére did identify the major role played by electrode spin-polarisations

6The equation as presented does not appear in the Julliére paper[13], but is an equiv-
alent formulation in terms of the resistance rather than conductance (see [6])
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in determining the magnetoresistance of the device. The strong depen-
dence described by the model implies the possibility of extremely high
magnetoresistance in devices with semiconducting ferromagnetic electrodes,
as ferromagnetic semiconductors may be engineered to have near 100%
spin polarisation.

1.2.2 Next Generation Devices: A Materials Science Prob-

lem!

It is here that one finds a gaping hole in the spintronics portfolio: the
dearth of materials with both magnetic and semiconducting properties
has greatly impeded progress towards semiconductor-based spintronics.
Existing commercial technologies rely on metallic ferromagnets as sources
of spin injection and detection, while transport, manipulation and storage
occur in non-magnetic layers. The impedance mismatch between metal-
lic ferromagnets and non-magnetic semiconductors inhibits efficient in-
jection and detection of spin, limiting the development of spintronics de-
vice technologies. The combination of ferromagnetic and semiconducting
characteristics in a single material would combat this roadblock to robust
semiconductor spintronics.

The scarcity of intrinsic ferromagnetic semiconductors has led to at-
tempts to magnetically dope existing non-magnetic semiconductor sys-
tems, such as GaAs and GaN[15, 16]. These doped materials are classed
as dilute magnetic semiconductors (DMS) and were initially expected to
allow the operation of spintronic devices at room temperature[17]. Al-
though a lot of progress has been made in DMS research over the last
ten years, the ferromagnetic exchange interaction in these materials is still
not completely understood. The segregation of secondary phases, and the
generation of defects when increasing the concentration of dopant atoms,
remain a problem for the growth of these materials. Furthermore, both the
electrical conduction and magnetic behaviour of such systems are affected
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by the introduction of the dopant atoms. The lack of independent control
of these properties constitutes a distinct disadvantage from the perspec-
tive of device functionality[18, 19].

A solution to the poverty of ferromagnetic semiconductors is found in
the rare-earth nitride (REN) series of compounds. Aerts et al. [20] pre-
dicted in the early 2000s that the REN series was likely to contain half-
metallic compounds, generating significant research interest. This was
compounded by the claim that some of the RENs would have highly spin-
polarised mobile electrons. Experiments in the following decade contra-
dicted these predictions, many members of the REN series being intrin-
sic ferromagnetic semiconductors[21]. The coexistence of ferromagnetism
and semiconductivity makes the RENs very attractive for spintronics ap-
plications.

1.3 Rare-Earth Nitrides (RENs)

The rare-earth nitrides (compounds of the form LN with L a Lanthanide)
were first studied well in advance of the Aerts prediction, with research
being undertaken on bulk samples in the 1960s and 70s[22, 23]. How-
ever, poor stoichiometry and rapid oxidation of the samples in air led to
the discontinuation of this research. Advances in fabrication technology
have since allowed the resumption of experimental research, with fabri-
cation of the RENs most commonly achieved under ultra-high vacuum
(UHV) using Molecular Beam Epitaxy (MBE)[24] or Pulsed Laser Deposi-
tion (PLD)[25]7.

The RENs crystallise in the rocksalt structure (two interleaved FCC
lattices, or equivalently, an FCC lattice with a two-atom basis. See Fig-
ure 1.3) with lattice parameters ranging from 5.305Å for LuN, down to
4.76Å for LaN. Vacancies at the nitrogen lattice sites provide an intrinsic

7More recently, growth has been achieved using Chemical Vapour Deposition
(CVD)[26]
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Figure 1.3: Image of the rocksalt structure of the RENs, showing the Gd3+ ions in
purple and the N3− ions in blue.

n-type doping[21] to many members of the series. Each empty nitrogen
site contributes three electrons to the lattice, of which at least one is un-
bound. The electrical conduction of the RENs results from a 5d conduction
band, while the strong magnetic character of the materials comes from the
partially-filled 4f shell. The strongly-bound 4f electrons contribute little
to the electrical conduction, and this allows control of the materials’ elec-
trical properties independent of their magnetic character (this has been
achieved most successfully by magnesium doping in GdN[27]). The in-
dependent control of electrical and magnetic properties seen in the RENs
cannot currently be achieved in dilute magnetic semiconductors and this
point of difference gives the RENs huge scope for applications in the world
of spintronics.

Because the occupation of the 4f electron states of the rare-earth ions is
the driver of magnetism in the RENs, there is significant variation in mag-
netic behaviour across the series. Gadolinium nitride (GdN) is the member
of the series for which the 4f shell is half-filled, its ground-state orbital an-
gular momentum is completely balanced by the occupation of all the 4f
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suborbitals and contributes nothing to the total angular momentum. The
magnetic moment is thus completely dominated by the spin-moment of
the 4f electrons. Below 50K GdN is ferromagnetically ordered with mag-
netic polarons providing an increase in the Curie temperature (up to 70K)
in heavily n-doped samples[28]. The magnetisation saturates at 7 Bohr
magnetons per gadolinium ion and the coercive field is ∼ 0.02 T[25, 29].

The coincidence of ferromagnetic behaviour with the capacity for tun-
ing the electrical conductance in one material ensures that the RENs are
expediently placed to offer utility in spintronics applications. GdN has
already found use in such practical devices as spin filters[30], field-effect
transistors[31], and as barriers in tunnelling structures[32]. Proof-of-concept
MTJs using GdN and SmN electrodes with non-magnetic barriers have
been realised[33], and the VUW spintronics group has provisional patents
related to the development of this technology[34, 35]. This thesis explores
the integration of GdN-based MTJs with niobium (Nb) and other metals.

1.4 Motivation and Context of This Work

Increasing demand for centralised computation facilities, driven by cloud
computing, support of mobile devices and computation-intensive appli-
cations has triggered a move towards large-scale supercomputer main-
frames and data centres in recent times[36]. But our requirement for ever
greater computational power and storage has risen to insatiable levels and
centralised facilities are now estimated to account for 7% of the world’s to-
tal energy budget with projections to 13% by 2030[37, 38]. During the era
of microelectronics, growing demand for computational power was off-
set by the exponential growth in processing power described by Moore’s
Law, yet the fundamental constraints on conventional semiconductor elec-
tronics mean that Complementary Metal-Oxide Semiconductor (CMOS)
technology (upon which much of today’s high performance computing is
based) may not be able to increase efficiency rapidly enough to forestall
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this issue[2, 36].

Highly efficient computation already exists in the form of supercon-
ducting computing (using what is called Rapid Single Flux Quantum (RSFQ)
technology)[36]. RSFQ circuits are based on Josephson junctions, super-
conducting devices that switch quickly (∼ 1 ps) and with little energy dis-
sipation (< 10−19 J). The use of superconducting elements as the basis of
this technology places strong requirements on the cooling system (all oper-
ation at ∼ 5 K for circuits using Nb, a typical superconductor used for this
purpose). However, even including cooling requirements RSFQ circuits
require no more power than conventional supercomputing technology, so
refrigeration is no barrier to higher energy efficiency[36].

Hypres Inc. is one company producing commercially available super-
conducting computation products[39]. What is missing in attempts by
companies such as Hypres Inc. to develop competitive superconducting
computing are memory elements compatible with RSFQ technology[36].
Present interest is centred around MTJs and their potential as a non-volatile
magnetic random access memory (MRAM) element[40]. The properties
of the RENs make them an attractive option in the development of these
memory elements and for this reason the spintronics group at VUW have
entered into a collaboration with Hypres Inc. The integration of REN-
based MTJs with Nb is the primary goal of this project. To this end, Hypres
provided substrates templated with Nb to establish growth compatibility
with the RENs. Nb was grown in house for the subsequent electrical mea-
surements as lithographic patterning was required.

1.5 Outline

The remainder of this thesis is structured thus:

• Chapter 2 details the fabrication and characterisation of the device
structures grown for this project. It documents the development of
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lithographic techniques and models used to interpret electrical mea-
surements.

• Chapter 3 looks at results taken from structures with metal contacts.
This includes information that can be drawn from the data about
contacting GdN and successful modelling of the electrical behaviour
of GdN-based MTJs.

• Chapter 4 presents the integration of GdN with Nb (from an elec-
trical perspective) and the presentation of strong tunnelling magne-
toresistance in GdN-based MTJs grown on Nb.
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Chapter 2

Film Growth and Characterisation

This thesis is primarily focussed on the electrical characterisation of rare-
earth nitride-based thin film devices. Physical methods were also used to
assess thin film quality and thickness.

2.1 Film Fabrication

The films and devices used in this study were grown by physical vapour
deposition, using an electron beam to evaporate bulk materials under ultra-
high vacuum (UHV). The UHV system consists of a main growth chamber
pumped using a high throughput turbomolecular pump and a load-lock
chamber pumped out using a smaller turbopump. Substrates are loaded
into the growth chamber via the load-lock chamber using a magnetically
coupled transfer arm. A system of clips on the arm and the growth cham-
ber manipulator interface with grooves on the substrate holder to hold the
sample. Rotation of the system manipulator moves the sample between
the transfer arm and the manipulator itself. By venting only the load-
lock chamber when transferring substrates in and out of the system, and
waiting for the load-lock to approach the vacuum pressure of the growth
chamber before moving samples between chambers, the base pressure of
the main chamber is kept below 10−8 mbar at all times.

13
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Pressures inside the growth chamber are monitored during thin film
deposition using a cold cathode gauge. The residual gases in the UHV
chamber are analysed using a Pfeiffer quadrupole mass spectrometer be-
fore and after the growth of the films. Nitrogen gas forms the majority of
the residual gas makeup, with water vapour kept below 10−9 mbar.

The growth chamber contains an electron gun with holders for up to
four source materials (Ga, Al, Gd and Nb), and a small crucible used for
the evaporation of Sm by resistive heating. The deposition rate is moni-
tored in-situ by a quartz crystal microbalance to ensure films are grown to
consistent thicknesses. This system is used in tandem with ex-situ mea-
surement techniques, such as electron microscopy and X-ray reflectivity
measurements to assess the physical characteristics of the films.

The films were deposited on thermally oxidised silicon wafers, where
a 300nm layer of amorphous SiO2 on top of Si was used as the growth
surface. The substrate was unheated during growth, ensuring the poly-
crystallinity of the deposited films. Nitrogen gas was introduced to the
chamber up to a pressure of 10−4 mbar to react with the evaporated rare-
earth metal forming the REN thin films. Metal contacts of Al, Gd and Nb
were grown with nominally no nitrogen flow rate in order to achieve low
pressures in-situ and high purity metallic films. One of the features of the
rare-earth elements that makes for ease of growth is the catalytic break-
down of molecular nitrogen that occurs on the growing surface. This al-
lows the growth to be carried out under pure N2 and renders the use of
ammonia as a precursor, or the ionisation of molecular nitrogen, unneces-
sary1.

The RENs were found in the 1960s and 70s to react strongly with oxy-
gen. This poses a problem for the characterisation of the RENs as the films
rapidly decompose when removed from vacuum after growth. To com-
bat this, a passivating layer (often referenced as a capping layer or cap) is
grown over the REN film to inhibit the oxidation. Because this study fo-

1these are necessary for growth of other nitride compounds, such as AlN and GaN
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cused on measurements of devices where the current runs perpendicular
to the plane of the film, it was necessary to cap the samples using metals
(rather than the customary GaN or AlN layer used for optical measure-
ments or in-plane resistivity). This serves a second purpose, as the metal
capping layer functions as an electrical contact for device characterisation.

2.2 Electrical Characterisation

Electrical measurements were made using a Quantum Design Physical
Property Measurement System (PPMS) in cases that the electrical response
to an applied magnetic field was of interest, or when the required temper-
ature was very low (The PPMS can access temperatures as low as 2K).
Other electrical measurements were obtained using a helium closed-cycle
cryostat with a minimum temperature of 4K.

PPMS

The PPMS system contains a sample stage mounted on a rotator rod within
a superconducting magnet that can provide magnetic fields up to 9 Tesla.
Electrical transport measurements can be performed for any temperatures
within a 2-300K range. The sample is thermally anchored using low-
temperature GE varnish, and electrical contacts are applied to the sample
using silver paint. The opposite ends of these wires are soldered to gold
pads on the sample stage which houses interconnects and gold pins that
interface with the PPMS computer and allow the PPMS software to control
and log sample data.

Closed Cycle Cryostat

The closed-cycle cryostat is used for electrical measurements for which a
magnetic field is not required. The system is kept under vacuum to pre-
vent heat flow by conduction and convection. An inner radiation shroud
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keeps the sample protected from room temperature radiation from outside
the cryostat. The samples are mounted on a copper hearth and thermally
anchored using Apiezon vacuum grease. Silver paint is used to make con-
tact to the films using copper wire. The far end of the wire is soldered
to electrical posts that are connected via an electrical feedthrough to the
current source unit and digital volt/current meters.

2.3 Physical Characterisation

The thin films were characterised by means such as X-Ray Diffraction
(XRD), X-Ray Reflectivity (XRR), Atomic Force Microscopy (AFM) and
Scanning Electron Microscopy (SEM) to identify crystalline phases, con-
firm thicknesses and profile edge, surface and interface quality.

X-Ray Diffraction

X-Ray Diffraction (XRD) identifies crystal phases and film texturing2. It
is imperative for reproducibility of device structures that these properties
are consistent across film growths. A PANalytical “X’pert Pro” diffraction
instrument was used to assess these qualities, with incident Kα radiation
provided by a copper (Cu) target3. Figure 2.1 shows the geometry used to
measure x-ray scattering. Peaks detected at the measurement angle 2θ are
interpreted using the Bragg diffraction condition

d =
nλ

2 sin θ
(2.1)

to provide information about the texturing and crystal structure normal to
the plane of the film (here, d is the distance between crystal planes, n is an
integer, λ is the wavelength of the incident x-rays and θ is the scattering
angle, half the measured peak angle 2θ)[41].

2Film texturing references the preferential growth of a particular crystal orientation
normal to the plane of the film.

3The Kα wavelength associated with Cu is 1.54Å
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Figure 2.1: Schematic of the X-Ray Diffraction geometry showing the incident angle
ω and the scattering angle 2θ. Measuring the scattering angle in this geometry allows
inference of crystal properties in the direction normal to the film plane (labelled n).

The lattice parameter of GdN was derived from the crystal spacing,
d, for all samples, giving a mean value of a = 5.01 Å and a standard
deviation of 0.04 Å. Deposited at ambient temperature GdN grows poly-
crystalline phases (See Figure 2.2), so all crystal orientations (relative to
the growth direction) are present in the sample. The absence of [100],
[210],[211] etc. peaks (those peaks [h k l] for which h, k and l are not all
even or all odd) in the XRD measurements indicates an FCC crystal struc-
ture and the relative intensity of the peaks shows strong texturing in the
[111] direction (preference for the crystal [111] direction to grow normal
to the film plane). For FCC crystals4 the relationship between the lattice

4Actually any cubic crystal with h, k and l pointing along the orthogonal unit cell
directions.
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parameter and the distance between the lattice planes is given by

a = d
√
h2 + k2 + l2 (2.2)

where h, k and l give the orientation of the measured peak5. The values
recorded in this project agree with those quoted in the literature[21].

Figure 2.2: XRD 2θ scan of an MTJ with Nb bottom contact and Gd top contact (The
total structure is Nb/GdN/GaN/GdN/Gd all deposited on SiO2 the layer thicknesses
of the GdN, Nb and Gd are all ∼ 100 nm. The tunnel barrier is < 5 nm and does not
show a peak on the XRD for this reason.). The peaks are labelled. Small satellite peaks
are visible on either side of the Si substrate peak, these are a result of the incomplete
monochromaticity of the X-ray source.

Figure 2.2 shows an XRD spectrum for an MTJ grown on Nb. The peaks
are labelled for material and crystal orientation. Successful growth of GdN
on Nb requires the absence of any secondary crystal phases (such as GdNb

5h, k and l are known as the Miller indices of the crystal planes.
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alloys) that form as a result of chemical interaction of the Nb and GdN at
the interface. The peaks shown in the XRD spectrum can all be attributed
to the expected growth materials confirming the absence of any secondary
alloys or other crystalline phases. The lattice parameter of Nb provided
by Hypres was a = 3.30 Å and the film was strongly textured in the [110]
direction normal to the film plane. XRD scans made on films deposited
in-house established a lattice parameter of a = 3.29 Å with a standard de-
viation of 0.02 Å. These films were also strongly [110] textured. The quality
of the films being similar to those provided by Hypres is encouraging for
the integration of GdN with device-grade Nb.

The peak locations can also be used in conjunction with the peak width
to provide information about the size of the crystallites that make up the
film. The inference is made using what is known as the Scherrer equation

τ =
Kλ

β cos θ
(2.3)

where τ is the crystallite size, λ is the wavelength of the radiation (1.54Å

for Cu Kα radiation), β is the full-width half maximum (FWHM) of the
peak in radians and K is a form factor dependent on the shape of the crys-
tallite (Here taken as 0.9, as grains are assumed to be spherical). All of
the polycrystalline films grown as part of this study had crystallite sizes
between 10 and 40 nm (typically ∼ 20nm).

X-Ray Reflectivity

The same PANalytical “X’pert Pro” x-ray diffraction setup was also used
to perform X-Ray Reflectivity (XRR) measurements. The Cu target was
here used to provide Kα radiation at grazing incidence to the plane of the
film. Layer thickness and surface roughness of the films can be inferred
from the interference fringes of the specularly reflected X-rays. Such a
technique is preferable to profilometry as multilayers are able to be as-
sessed.
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Figure 2.3: XRR scan of a reference sample grown in a typical chrome/gold bottom-
contact deposition.

Figure 2.3 shows interference fringes measured using XRR for a chromium/gold
deposition on SiO2, such depositions are used as bottom contacts to GdN
for electrical measurements. These interference fringes give information
about the layer thickness and the surface roughness of the bottom contact
before the sample is returned to the UHV chamber for the growth of the
GdN/MTJ. For the sample in Figure 2.3, The chromium thickness was 6.2
nm and the gold thickness was 25.7 nm, determined by a fit to the data by
the XRR analysis software X’pert reflectivity. The RMS surface roughness
was ∼ 1.2 nm, determined by the same software.

This study also utilised Scanning Electron Microscopy (SEM) to assess
layer thicknesses. However, SEM requires the cleaving of samples to ob-
tain an edge, which is not required for XRR measurements. The propen-
sity of the rare-earth nitrides to oxidise in air along the cleaved edge of
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the sample makes the accuracy of thickness measurements using SEM less
certain. However, the decreased efficacy of XRR for films > 80 − 100 nm
and many-layered films led to SEM being used more commonly to assay
the thickness of layered structures.

Atomic Force Microscopy

In order to grow interfaces that have good contact between the separate
thin film layers the growth surface must be very flat. Atomic Force Mi-
croscopy was performed using a Nanosurf NaioAFM to assess the growth

Figure 2.4: Image of the AFM setup showing the “optical lever” that allows very sen-
sitive measurement of the sample height.
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surface quality of bottom contacts prior to GdN/MTJ deposition. This
technique involves the scanning of a probe (tip) along the sample main-
taining a set force between the probe and surface. Any displacement of
the tip is detected by a laser focussed on the back of the cantilever. The
reflected beam then falls on a photodetector set away from the sample in a
design known as an ’optical lever’. This setup (shown in Figure 2.4) allows
detection of incredibly small feature heights.

Figure 2.5: AFM surface profile showing the roughness of a Nb thin film over an area
of 1× 1µm.

The root-mean-square (RMS) surface roughness of the contacts was
extracted from the height profile using AFM image processing software
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(SPIP). Large surface roughness of the bottom contact may preclude tun-
nelling behaviour by causing pinholes in the barrier layer. Pinholes con-
necting the two electrodes may open conduction channels that subvert the
tunnelling process. Figure 2.5 shows a 1 × 1µm surface scan of a Nb con-
tact. The surface roughness derived from the scan is 1.84 nm, a value rep-
resentative of the bottom contact depositions (typically ∼ 2 nm). This low
surface roughness reduces the probability of pinhole formation, crucial for
the growth of reproducible tunnel junctions.

Scanning Electron Microscopy

Because the wavelength of a high energy electron is much smaller than
that of optical light wavelengths, imaging that utilises the interaction of
electrons with matter allows the acquisition of images with much higher
resolution than those given by typical microscopy. For this reason, an FEI
Nova NanoSEM 450 was used to measure the cross-sectional thickness of
thin film layers in this project. The structures were prepared for SEM by
cleaving using a diamond scribe and were affixed to an aluminium stub
using a carbon adhesive tape. The cleaving process exposes the cross-
section of the thin film to air before mounting in the SEM vacuum cham-
ber. Samples prepared in this manner are desiccated prior to their intro-
duction to the chamber in order to outgas the samples and tape.

Figure 2.6 shows a typical SEM micrograph with the cross-section of a
sample clearly displayed. In this image (An MTJ grown on Si/SiO2) one
is able to distinguish the layers clearly as a result of backscatter detection
of the probe electrons. Backscatter detection was used as the intensity reg-
istered by this technique is proportional to the atomic mass of the target
material (Thus heavy metals like Nb are very bright, GaN is grey and SiO2

is barely registered). While the backscatter method has poorer resolution
than the secondary electron image, the contrast of the different layers al-
lows the determination of their thicknesses to reasonably high accuracy.
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Figure 2.6: SEM micrograph showing an MTJ grown on a thermally oxidised silicon
wafer.

2.4 Developments in Fabrication

Techniques described in the previous sections (particularly describing mea-
surements using XRD and SEM) confirmed the physical compatibility of
GdN with our metal contact materials (Al, Au, Gd and Nb). Figures 2.2
and 2.6 specifically demonstrate the lack of secondary phases or delami-
nation occurring as a result of chemical reaction between GdN and Nb. In
the initial part of this thesis, electrical measurements were performed on
unpatterned films and this lead to issues in the interpretation of the results
(as discussed below, see Figure 2.7).

Modelling developed independently of, but equivalent to, reference
[42], suggested that current paths in the samples were not well defined and
that the voltage decreases as one moves away from the contact injecting
current into the metallic films. The relationship between the voltage and
the distance is governed by a second order differential equation

d2V (r)

dr2
+

1

r

dV (r)

dr
− 1

tGdN tMetal

ρMetal

ρGdN
V (r) (2.4)
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Figure 2.7: Temperature-dependent resistance of a Nb/GdN/Gd structure measured
with silver paint contacts applied to the corners of the sample. The inset shows the sam-
ple contact geometry, with current running from I1 to I2 and voltage measured between
points labelled V1 and V2.

if one considers the point of current injection to have a circular symmetry
(a feature that simplifies the model but gives a useful qualitative result)6.
The solution to this equation is a modified Bessel function of the second
kind with a characteristic length scale given by

1√
tGdN tMetal

( ρGdN
ρMetal

) 1
2
. (2.5)

Because the length scale is governed by the ratio of the material resistiv-
ities, the measured voltage becomes artificially reduced at high tempera-

6In equation (2.4) V (r) is the voltage at a radial distance of r from the point of current
injection, tGdN and tMetal are the thicknesses of the GdN and metal layers respectively
and ρGdN and ρMetal their resistivities.
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ture as ρGdN and ρMetal become comparable. This is visible in Figure 2.7,
where the resistance appears to go to zero near room temperature. The
failure of the metallic contacts to behave as equipotentials is a geometric
issue with the device structure and developments were made to the fab-
rication process in order to more accurately perform electrical measure-
ments.

To help define the geometry, an evaporated gold contact was deposited
atop the capping layer in an ex-situ process. Making contact to the gold,
with voltage and current leads close together (see inset to Figure 2.8), im-
proved the accuracy of the voltage measurement, with the temperature-
dependent resistance (see Figure 2.8) not significantly effected by the afore-
mentioned geometric effects.

Figure 2.8: Temperature-dependent resistance of a Nb/GdN/Gd junction with a gold
top contact applied. The inset shows the sample contact geometry, with current running
from I1 to I2 and voltage measured between points labelled V1 and V2.
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The temperature-dependent resistance shown in Figure 2.8 was strongly
metallic, suggesting the resistance was dominated by transport through a
metallic part of the structure. The discontinuity at the superconducting
transition temperature of Nb confirms that the signatures of CPP electrical
transport through the GdN layer were obscured by lateral movement of
the current in the plane of the Nb. This imposed a requirement for more
robust engineering of structures allowing measurement of electrical char-
acteristics perpendicular to the plane of the film.

The early electrical measurements described above catalysed the de-
velopment of a lithographic fabrication process, due to the problems with
current spreading in metallic layers and the strong in-plane contribution
to measurements. The following section describes this lithography process
and photomask I designed to circumvent these issues.

2.4.1 Optical Lithography

Photolithography was used to define the geometry of all subsequently
grown samples. In this process a thin layer of UV-active polymer (pho-
toresist AZ1518) is coated onto the substrate. The exposure of the pho-
toresist to UV-light effects a chemical change which allows the exposed
section to be removed by an alkali developer solution (AZ351B). Optical
lithography was used to develop cross-contact device geometries with lat-
eral dimensions ranging from 60 microns down to 10. This geometry al-
lows accurate four terminal electrical measurements to be made through
the device structure (that is, with the current perpendicular to the plane
of the film) by growing bottom and top contact layers in separate growths
and using the photolithography process to ensure a well defined area of
overlap where the current can pass from bottom to top.

Production of device geometries is accomplished by the use of a pho-
tomask designed to transfer patterns onto the substrate. Using the litho-
graphic process areas of the substrate can be made to retain the photore-
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sist layer during the growth process, this is removed after the growth of
the metal or REN layer by a “liftoff” step (here the dissolving of the re-
maining photoresist in acetone or heated n-methyl-2-pyrrolidone [NMP])
taking the film deposited on top of the photoresist with it, but leaving the
metal/REN layers on the part of the substrate previously developed.

Figure 2.9: Schematic of the new mask designed for this project. The bottom contact
is shown in green and the top contact in red. The blue indicates the position of the GaN
windows at the crossing of the contacts, defining the active area of each device.

In the interests of increasing throughput, preventing device oxidation
and increasing ease of mask alignment; a new mask was designed that
allowed the growth of three separate devices on a 1cm2 substrate (see Fig-
ure 2.9)7. Each device of the three was designed to have a different active
area in order to push to the fabrication of smaller devices, important for
technological application. Active device areas have lateral dimension of

7The mask developed as part of this project was a direct response to early electrical
measurements and struggles to interpret and model them. Previous photolithography
attempts gave only one device per 1 × 1 cm chip, did not utilise the GaN window used
to protect against oxidation from the sample edges and were ∼ 20 times bigger than the
devices allowed by the new mask. The new mask was manufactured by Andrew Best at
Callaghan Innovation using electron beam lithography.
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60, 40, 30, 20 and 10 microns defined during growth by the deposition of
a 40nm layer of insulating GaN in a square shape isolating the top and
bottom contacts from one another, but allowing contact within the active
area of the device. A top-down view of a GaN window is shown in Figure
2.10.

Figure 2.10: A typical device after the growth of all three layers, showing the top-down
view of the device shape. The bottom contact runs horizontally across the image, while
the top contact runs vertically. The current passes between the top and bottom contacts
through the 40 micron device at the centre defined by GaN isolating square.



30 CHAPTER 2. FILM GROWTH AND CHARACTERISATION

2.5 Interpretation of Electrical Measurements

The majority of electrical measurements included in this thesis tend to
be one of two varieties: Current-Voltage (or IV) curves and temperature-
dependent resistance. The IV curves of a sample give an indication of the
mode of electrical transport dominating the measurement. This gives in-
sight into the conduction across material interfaces. In samples such as the
ones grown for this work, linear relationships between current and volt-
age indicate ohmic conduction across interfaces, meaning that the sample
obeys Ohm’s law. Non-linear relationships between current and voltage
invoke a need for more sophisticated electrical transport models.

An IV curve is included below showing an in-plane (CIP) measurement
of a 90 nm thick Nb film grown in the same conditions as the contacts for
CPP device structures. That the IV curve is linear indicates ohmic contact
between the silver paint contacts and the niobium film.

Because this thesis involves the electrical measurement (in a CPP ge-
ometry) of devices of varied sizes, these measurements are generally pre-
sented as JV curves, where the voltage is plotted against the current den-
sity (the measured current divided by the area of the device, assumed to
be the same area as the window of GaN defined by the lithography). This
change ensures that all electrical transport measurements are normalised
with respect to device area, meaning that samples grown in the same de-
position should exhibit curves that are independent of device area.

The other variety of electrical measurement plotted for multiple sam-
ples is the temperature-dependent resistance. These plots show the depen-
dence of the resistance (or, more properly, V/I as resistance is only mean-
ingful in the context of Ohm’s law, or samples with linear IV curves) on
the temperature, illuminating whether the sample is, for example, semi-
conducting or metallic. It is also possible to recognise phase changes such
as the transition to superconductivity (where the resistance falls to zero
below a critical temperature, TC). Figure 2.12 shows an example of this for
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Figure 2.11: A room temperature IV measurement of a 90 nm thick Nb film in a CIP
geometry. The relationship is clearly linear, indicating ohmic contact.

niobium grown under the same conditions as the CPP device structures.
The superconducting transition is clearly visible at 6K.

For the same reason as for the IV curves, it is necessary to adapt the
temperature-dependent resistance in order to remove the effect of device
size on the result. To do this, temperature-dependent resistance measure-
ments have been plotted as V/J rather than the actual sample resistance.
For samples with linear IV curves, V/J is equivalent to what is known as
the resistance-area product.

V

J
=
V

I
× A = RA (2.6)

As part of this thesis, two different physical effects have been intro-
duced that control the relationship between the voltage applied to the
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Figure 2.12: Temperature-dependent resistivity measurement of Nb showing the su-
perconducting transition at 6K.

sample and the measured current density (given the linearity of transport
through bulk GdN). Firstly, there is the clear non-linearity of insulating
barriers such as the GaN introduced in MTJ devices. The other is the be-
haviour of the material interfaces of the structure. The impact of these in-
terfaces on the JV characteristics of a device depends strongly on whether
these interfaces exhibit ohmic (linear) or non-ohmic (non-linear) conduc-
tion behaviour.

Metal/semiconductor interfaces are notorious for their propensity to
form barriers to electron conduction. Such barriers were named Schottky
barriers following the first successful theoretical description of the effect
and found heavy application in electrical devices such as diodes before
the advent of p-n junctions. The dominance of the MTJ tunnelling bar-
rier over the device electrical characteristics is shown beyond a doubt by
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the comparison of the resistance-area product of device structures with
and without GaN introduced. Given the intended device functionality,
the inconsequence of series resistances that result from transport through
the GdN layers and across the metal/GdN interfaces is a positive result.
Herein, the discussion turns to the various descriptions that are used to
model both insulating barriers and Schottky interfaces, in the hope that
such models can provide useful information about the properties of these
devices.

2.5.1 Schottky Contacts

The Schottky model of metal/semiconductor interfaces is much broader
than the facets of it that are introduced here. While effects like charge ac-
cumulation lead to interesting effects like the development of the 2 dimen-
sional electron gas, the intrinsic n-type doping of GdN and the relation of
the Fermi level in GdN to that of the metals involved here renders the de-
pletion of the conduction band the most relevant aspect of the theory8. For
a more comprehensive discussion see the book “Semiconductor Material
and Device Characterisation” by Schroeder or “Physics of Semiconductor
Devices” by Sze[43, 44].

Where a metal/semiconductor interface is formed, in the case that the
work function of the metal is greater than that of the semiconductor, it is
possible for the semiconductor electrons close to the interface to find lower
energy states within the metal and move to occupy them. This behaviour
equalises the Fermi levels of the two materials as the process approaches
an equilibrium, however the excess negative charge now residing in the
metal now provides a significant potential barrier for electrons passing
across the interface(see Figure 2.13). The barrier height, ϕB, is given by the
work function of the metal, ϕM , less the electron affinity of the semicon-

8It may be, for example, that the Al/GdN behaves as an accumulation layer. However,
this does not effect the conduction perpendicular to the plane of the film and so behaves
effectively as an ohmic contact in this context.
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Figure 2.13: Image (not to scale) showing the depletion mode of a simple Schottky
contact. EC and EV are the levels of the conduction and valence band respectively. EV

is the Fermi level. The electron affinity is indicated by χ. W gives the depletion length
away from the interface. The work function of the metal and the height of the Schottky
barrier are given byϕM andϕB respectively. Finally Vbi is the built in potential difference,
reflecting the difference in the energy between the materials’ bulk Fermi energies

ductor, χ (the potential difference between the semiconductor conduction
band and the vacuum level).

ϕB = ϕM − χ (2.7)

Because electrons leave a region of the bulk semiconductor, there is a
remnant “depletion zone” (indicated in Figure 2.13 by a W) lacking charge
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carriers. Such a zone can act as an impediment to conduction in cases that
the length of this depletion area is long or the barrier high.

Passing of current through such a contact relies on one of two meth-
ods: thermionic emission, where the carrier has adequate thermal energy
to overcome the barrier; or field emission where the carrier tunnels quan-
tum mechanically through the barrier. The latter case leads to strongly
non-linear JV characteristics while the former can approximate ohmic be-
haviour where the barrier height is low and the temperature of the sam-
ple provides sufficient energy to carriers (the thermionic emission current
J ∝ exp−qϕB/kBT approaches unity in this limit). Generally conduction
happens as a result of both these methods.

2.5.2 The Simmons Model

General tunnelling of electrons through potential barriers has been stud-
ied since the 1930s[45, 46]. One of the more popular models to describe
tunnelling in practical systems is that developed by Simmons in the 1960s
[11, 12]. This model relates measurable quantities, the voltage across the
tunnel barrier and the current density passing through it, to parameters
that describe the tunnel barrier (its width in real space and the ‘height’ of
the potential barrier). The simplicity of this model and its relation of the
barrier features to practically measurable quantities make it an ideal tool
to begin to interpret the electrical behaviour of the devices.

A schematic showing the bands of the electrodes and tunnel barrier
is shown in Figure 2.14. In the absence of an applied voltage the barrier
approximates a rectangular shape (complicated by band bending effects
at the interfaces). The Fermi level aligns across the device structure and
the conduction band edges of the GdN are matched either side of the bar-
rier. Applying a voltage across the device deforms the energy bands of the
barrier and electrode (in a way that is accounted for when applying the
Simmons model). This induces electron tunnelling through the GaN bar-
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Figure 2.14: Schematic of the material band structures at the tunnel barrier of an MTJ.
This image shows the parameters used in the Simmons model. ∆s = s2 − s1 is the width
of the tunnel barrier at the Fermi level. ϕ(x) is the height of the potential barrier and Vapp
is the applied voltage.

rier from one GdN electrode to the other. The Simmons model is able to
account for the different voltage regimes, symmetric/antisymmetric bar-
riers and the electrodynamic effects (image forces) that govern the tun-
nelling behaviour.

In the case of an approximately rectangular barrier (the relative size of
the band gaps of GdN and GaN coupled with the device size ensure this
here) at zero temperature, the Simmons model gives a current density of

J(Vapp, T = 0) =
6.2× 1010

s2

[
(ϕ0 − Vapp/2) exp−1.025(ϕ0 − Vapp/2)

1
2−

(ϕ0 + Vapp/2) exp−1.025(ϕ0 + Vapp/2)
1
2

]
(2.8)
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where s is the physical width of the tunnel barrier, Vapp is the applied volt-
age and ϕ0 is the height of the potential barrier 9. The numerical constants
above provide for s to be measured in Angstroms and ϕ0 measured in
electron volts.

Accounting for the image charges the electron ‘sees’ in the electrodes
(image charges are imaginary charges that are used to imitate the effect
of certain boundary conditions in electrodynamics problems) when tun-
nelling through the barrier provides a minor correction to the prediction
of the Simmons model. Generally, the inclusion of the image charges tends
to ‘round off’ the edges of the potential barrier.
This effect is included in the model by adjusting the barrier height to ϕI .

ϕI = ϕ0 − (
Vapp
2s

)(s1 + s2)−
5.75

K(s2 − s1)
ln
[s2(s− s1)
s1(s− s2)

]
(2.9)

Here K is the dielectric constant of the barrier material (12 for GaN) and s1
and s2 are the endpoints of the potential barrier at the Fermi level. Treating
the barrier as an approximately rectangular barrier gives values of

s1 =
6

Kϕ0

and

s2 = s
[
1− 46

3sKϕ0 + 20− 2sKVapp

]
+

6

Kϕ0

for s1 and s2.
Making these adjustments to the barrier height alter the model so it

now gives

J(Vapp, T = 0) =
6.2× 1010

∆s2

[
ϕI exp−1.025∆s(ϕI)

1
2−

(ϕI + Vapp) exp−1.025∆s(ϕI + Vapp)
1
2

] (2.10)

9ϕ0 replaces ϕ(x) in the case that the barrier is approximated as near-rectangular. The
Simmons model has a wide range of applicability and ϕ(x) refers to the case of an arbi-
trary barrier.
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as the current density associated with an applied voltage, Vapp, at zero
temperature.

To understand the characteristics of the devices measured the model
must incorporate some temperature dependence. This is done by making
a correction to the model

3× 10−9 ×∆s2T 2

ϕ0 − Vapp/2

which runs to second order in temperature. The equation used to fit the
J-V characteristics of the tunnel junctions was then (with correction):

J(Vapp, T ) = J(Vapp, 0)
[
1 +

3× 10−9 ×∆s2T 2

ϕ0 − Vapp/2

]
(2.11)



Chapter 3

GdN structures with Metal
Contacts

The REN’s susceptibility to oxidation is well known[21] and GdN is no ex-
ception to the rule. To prevent this, a protective layer must be deposited in
the growth chamber before removing the sample from vacuum. Within the
context of electrical measurement, conduction properties of the capping
layer are of particular importance. Characterisations of the electrical prop-
erties of RENs have historically been performed using in-plane (CIP) mea-
surements with the Hall-bar or Van der Pauw geometries, for these char-
acterisations insulating capping layers are required and materials such as
GaN and AlN are commonly used. In electrical measurements perpen-
dicular to the plane (a CPP geometry), a rare case in the REN literature,
metallic capping layers are required to electrically contact the REN. This
chapter explores the use of aluminium and gadolinium metal as metallic
contact layers to GdN in a CPP geometry, firstly as a single layer and then
as part of a MTJ device.

39
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3.1 GdN with Al contacts

To explore the contact formed between GdN and Al, vertical structures
were grown on SiO2. These consisted of a single 100nm thick layer of
GdN between two 100nm Al contacts. The IV curves of the samples were
measured by passing current through the structure in a CPP geometry at
4K. The assumption that the area of each device is the same as the cor-
responding window size on the lithographic mask was used to derive a
current density and this was plotted against the voltage across the device
in Figure 3.1. The striking feature of this plot is the failure of the two JV
curves to overlay. As discussed in the previous chapter, the application of
a voltage to any conducting device is met with the development of a cur-
rent density (for ohmic materials this manifests as J = σE where sigma
indicates the conductivity of the material, a tensor in general, and E is the
applied electric field).

In Figure 3.1, the devices measured have sizes of 20×20µm2 (the squares)
and 10 × 10µm2 (the circles). Because the conductivity is independent of
the sample geometry, the failure of the JV curves to overlay suggests that
the area used to derive the current density (the nominal area of the device)
is not representative of the area through which the current passes.

To address this, we assumed that part of the nominal area, a strip fol-
lowing the perimeter of the device area (such a non-conductive strip may
for example occur as a result of the lithography methods, the perime-
ter of the GdN may become oxidised etc.), was non-conducting. Such
an effect would reduce the active area of the device. By assuming the
same strip width for each device (∼ 3µm so side length is L −6µm where
L is the nominal side length) we were able to approximate each device
area and find where the dependence of the current density on the applied
voltage is identical across devices. This method of approximation of the
area allows the identification of a JV curve independent of the area of the
device.
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Figure 3.1: JV characteristics of GdN at 4K, measured in a CPP geometry with Al con-
tacts. Two samples are shown. The squares represent data taken for a device with area
20× 20µm2 while the circles show data from a device with area 10× 10µm2.

Figure 3.2 shows the JV characteristics of the Al-contacted GdN after
adjustment has been made to correct the device area. The figure shows a
clear linearity, indicating an ohmic contact at the interface between the two
materials. The ohmic nature of the contact establishes Al as an excellent
metal for contacting GdN and allows the determination of some material
properties of the GdN layer.

Making a least-squares linear fit to the IV plot returns a resistance of
10.2Ω for the structure. Assuming that the resistance is dominated by
transport through the GdN layer rather than the metallic contacts allows
an estimate of the resistivity of the GdN layer as the geometry of the struc-
ture (the thickness and area of the GdN layer) is known.
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Figure 3.2: JV characteristics of GdN in a CPP geometry with Al contacts. The squares
and circles represent the same devices as in Figure 3.1 with the area adjusted to account
for the non-conducting strip.

ρ =
RA

t
(3.1)

Using Equation 3.1 puts the resistivity of the GdN layer at ∼ 3Ω.cm at
4K. Here it is instructive to compare this value with the abundant in-plane
GdN resistivity values quoted in the literature[47, 48]. Films produced in
growth conditions similar to this study have had measured resistivities
anywhere between ∼ 1mΩ.cm and 5Ω.cm. These numbers provide no ev-
idence that the resistivity of polycrystalline GdN differs between in-plane
and perpendicular-to-plane measurements.

Temperature-dependent resistance measurements of the Al/GdN/Al
structure were also carried out (not shown) and contain a peak in the data
around the Curie temperature of GdN. This feature is also visible in elec-
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trical characterisations of GdN measured in-plane (CIP), supporting the
assertion the electrical behaviour of GdN is similar for both geometries.

Calculating V/J (the resistance-area product for this structure, see equa-
tion 3.2) from the temperature-dependent resistance measurement gives a
value of 32µΩ.cm2. This derived quantity (motivated at the end of the pre-
vious chapter) provides a useful means of comparison across devices and
will be referenced in later sections.

V

J
=
V

I
× A = RA (For ohmic conductors V/I = R) (3.2)

Another material for which contact behaviour is of particular interest
is gold (Au), which forms a good ohmic contact to many semiconducting
materials and has been shown to form an ohmic contact to GdN in planar

Figure 3.3: JV characteristics of an Au/GdN/Al structure, measured in a CPP geometry
at 4K.
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junctions[49]. Because the UHV system has only 4 sources available for
evaporation, Au was not used as a metallic capping layer for GdN. How-
ever, depositing Cr/Au for use as a bottom contact using an Angstrom en-
gineering Nexdep evaporator allowed the characterisation of the contact,
as Al could be used as a ohmic top contact and any non-ohmic behaviour
could be attributed to the Au/GdN interface.

Figure 3.3 shows the JV curve taken at 4K for one Au/GdN/Al struc-
ture. The behaviour is clearly linear, indicating the ohmic nature of both
contacts. The resistivity of the GdN taken from measurements of Au/GdN/Al
structures is ∼ 3Ω.cm, consistent with Al/GdN/Al structures. From these
observations we conclude that both Al and Au form ohmic contacts to
GdN.

3.2 GdN with Gd contacts

The assessment of Gd metal as a possible contact material is important
as the exchange interaction with GdN across the material interface pro-
vides the pinning of the GdN magnetisation that allows observation of
switching behaviour of the MTJ. Similarly to the the case of aluminium,
a structure comprising a single 72 nm thick GdN layer with top and bot-
tom contacts of 75nm of Gd metal was deposited on SiO2 and measured
to establish the electrical characteristics of the contact interfaces.

As can be seen in Figure 3.4, the IV plot of a sample with Gd metal con-
tacts is linear at ambient temperatures but contains a slight non-linearity at
low temperature. This is represented also in the temperature-dependence
plot of V/J for the same sample (see Figure 3.5). This non-linearity of the
low-temperature JV curve is an indication of a differing mode of electrical
transport across the interfaces of the structure. This is supported by the
derivation of V/J from the measured temperature-dependent resistance.
The Gd-contacted GdN gives a value of 5mΩ.cm2 at 4K, an increase by a
factor of 102 on the 32µΩ.cm2 of the Al-contacted GdN. One would expect
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Figure 3.4: JV characteristics of GdN in a CPP geometry with Gd contacts. The blue
scatter points indicate data taken at 4K while the red were taken at 300K.

similar values of the resistance-area product of the structures, for contacts
made of reasonably conductive metals, if the conduction across the inter-
face was ohmic in each case. From the resistivity of GdN measured in the
Al contacted sample (∼ 3Ω.cm), it is possible to approximate the contribu-
tion of the GdN layer to V/J. Doing so in equation 3.3

V

J
= RA =

ρt

A
× A = 23µΩ.cm2 (3.3)

gives a value which is not near enough to account for the much larger
value calculated from the experimental data. This strongly supports a
model of charge conduction dominated by GdN/Gd interface effects.

Deriving the GdN resistivity by assuming the conduction of GdN dom-
inates the transport lends further support to this conclusion. From low-
temperature data at low applied bias one derives a resistivity of∼ 500Ω.cm,
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Figure 3.5: Temperature dependence of V/J for GdN between two Gd contacts. Differ-
ent colour scatter points indicate different currents used to probe the response.

a value much higher than otherwise seen for GdN samples (in CPP or
CIP geometries) and this, coupled with the non-linearity of the IV curve,
indicates that measurements are no longer dominated by purely resis-
tive transport through the GdN layer. Furthermore, performing the same
analysis on data recorded at ambient temperature suggests a resistivity
of ∼ 350Ω.cm which, being much larger than typical resistivities of GdN
grown in these conditions suggests different transport modes dominate
even at temperatures which do not exhibit non-linear IV curves.

The crossover from linear to non-linear transport when decreasing the
temperature suggests thermal activation of carriers over some interface
barrier. This behaviour is typical of Schottky barrier formation at the in-
terface between metal and semiconductor, the mismatch of bands causing
a small region of the semiconductor to be depleted of electrons. This de-
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pletion layer would also affect the transport properties at temperatures
where there is no perceived non-linearity in the IV curves. The deple-
tion described by the Schottky barrier model is a result of the removal of
charge carriers from the GdN, an effect that would cause an increase in the
resistivity of GdN even at ambient temperatures, as observed above.

3.3 MTJs with metal contacts

The introduction of a GaN tunnel barrier inbetween two GdN layers con-
stitutes the production of a magnetic tunnel junction between the two
metal contacts. Here, the aluminium is used to provide an ohmic bottom
contact to the device. While Gd does not appear to form a similar ohmic
contact to GdN it does have the benefit of pinning the GdN magnetisation
by way of the ferromagnetic exchange interaction when a magnetic field
is applied. This effect allows the observation of switching of the device
magnetoresistance (seen in the following chapter).

The IV curves shown in Figure 3.6 exhibit a strong non-linearity, as ex-
pected for a structure whose transport is dominated by tunnelling through
a wide band-gap insulator like GaN. Electrical measurements performed
on an MTJ in the CPP geometry effectively treat each layer of the film as
a series resistance contributing to the total resistance of the device. The
electrical characteristics of the structure are dominated by the largest se-
ries resistance included in the device, in this case, transport through GaN
barrier. An example that strongly illustrates this point can be found in the
voltage measurements across the structure at 4 K, while applying a current
density of 1A/cm2 (refer to Figures 3.4 and 3.6). For Gd/GdN/Gd struc-
tures we found a significant contribution to the device behaviour from
interface effects and a total voltage across the sample ∼ 5 mV. For MTJs
with a GaN tunnelling barrier the voltage across the device when passing
a current density of 1A/cm2 was on the order of a volt at the same temper-
ature. This strongly suggests that the GaN barrier is indeed the dominant
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Figure 3.6: JV curves of a magnetic tunnel junction with Al and Gd as top and bottom
contact respectively. Data taken at 4K

resistance in the device structure.

Figure 3.7 shows the increase in V/J that results from the inclusion of
the tunnel barrier. Calculating V/J for the MTJ device gives a value of
9.2Ω.cm2, a factor of ∼ 103 greater than the case of Gd/GdN/Gd struc-
tures and > 106 times greater than Al/GdN/Al. Clearly, a major change
to the electrical transport through the stack occurs upon the introduction
of the GaN barrier. To quantitatively assay the parameters that govern
the barrier contribution to the transport properties, the model of electron
tunnelling derived by Simmons is used.
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Figure 3.7: Temperature dependence of V/J for an MTJ with Al bottom contact and Gd
top contact. Different colour scatter points indicate different currents used to probe the
response.

3.4 Discussion

The dominance of the tunnelling barrier over the device electrical char-
acteristics is shown beyond a doubt by the comparison of V/J for device
structures with and without GaN introduced. From the perspective of
intended memory device functionality, the inconsequence of series resis-
tances that result from transport through the GdN layers and across the
metal/GdN interfaces is a positive result. As discussed in the introduc-
tion to Schottky interface behaviour, metal/semiconductor interfaces are
notorious for the formation of barriers to electron conduction. However,
in the case of Gd and Al contact metals the effect of interface behaviour
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on conduction can be actively ignored for samples with insulating barrier
layers.

Figure 3.8: Fit of the Simmons model to the JV curve shown in Figure 3.6.

Using the Simmons model to describe MTJ devices provides a way to
assess the properties of the barrier layer that determine its electrical re-
sponse. The model was fit to the data in the software Origin (version 9.1)
using a least squares fitting method. Performing this fit for the MTJs be-
tween Al and Gd contacts provided an estimate of ∆s = 2.5 nm for the
width of the GaN. The value derived from the fit agreed with that sug-
gested by in-situ monitoring of the growth thickness by a quartz crystal
microbalance (2.8 nm). In fact, the barrier width taken from the Simmons
model tends to underestimate the width of realistic tunnelling barriers.
Polycrystalline barriers like those in this project have a thickness that may
be thinner or thicker as a result of the contact surface morphology. Because
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the tunnelling current induced by a given voltage is related exponentially
to the barrier thickness, the parts of the barrier that dominate the electrical
conductance (and thus, those that contribute most to the data fit by the
model) will be those that are the thinnest. In this case, the Simmons model
will return an average barrier width that may be somewhat smaller than
estimates of the barrier width provided by other means.

The Simmons model also returned a value of ϕI = 1.4 eV for the height
of the potential barrier. This fits with the estimate of the potential barrier
height that comes from the band structures of the device materials. As
GdN has a small band gap and is doped by nitrogen vacancies, its Fermi
level lies somewhere in the vicinity of the conduction band edge (perhaps
slightly below). In contrast, GaN is a wide band gap semiconductor with
a gap ∼ 3.4eV. As the Fermi levels align across the interface between the
materials, one would expect the barrier height provided by the Simmons
model to be half of the total band gap of GaN to a first approximation.
Such an approximation appears to be valid here.

These results suggests that the control of the electrical characteristics
of GdN-based MTJs by the GaN tunnel barrier is strong. The efficacy of a
simple Simmons model in describing the conduction is effective and this
is a positive result from the point of view of development of applications.
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Chapter 4

GdN Structures with
Superconducting Contacts

This chapter concerns the integration of REN-structures with niobium (Nb),
the material typically used for superconducting electronics. Chapter 2 in-
cluded assessment of the physical compatibility of the RENs with Nb by
means of AFM, SEM and XRD. This chapter details the electrical charac-
teristics of devices measured in a CPP geometry.

4.1 GdN with Nb contacts

The nature of the contact between Nb and GdN was investigated in elec-
trical measurements through a Nb/GdN/Nb structure. The samples were
electrically characterised by taking IV curves and determining the JV char-
acteristics and temperature dependence of V/J. Figure 4.1 shows the JV
curves for these samples derived assuming the area is the nominal area of
the device (measurements taken at 4K). It is clear from the non-linearity of
the curves that the conduction is not ohmic.

Another feature of the Nb-contacted GdN samples is the marked de-
parture from a geometry-independent relationship between current den-
sity and voltage, similar to the samples grown with Al contacts. In Figure

53



54CHAPTER 4. GDN STRUCTURES WITH SUPERCONDUCTING CONTACTS

Figure 4.1: JV curves of GdN in a CPP geometry with Nb contacts. All data were taken
at 4K. The different scatter point shapes indicate different junction sizes.

4.1 the shapes of the different scatter points indicate the size of the device
measured (nominally 60 × 60, 30 × 30 or 10 × 10 µm). In order to account
for the failure of the current to scale with the area we explored the assump-
tion that part of the device area was non-conductive, as we did in the case
of Al contacts. By plotting the data together and making a subtraction of
6 microns from the device side length (the same as with Al contacts) the
JV curves were made to overlay. This gives the single current density in-
duced by a given voltage independent of the device size, shown in Figure
4.2.

The origin of the non-linearity in the JV plots for Nb contacted sam-
ples is not made clear by this plot. When conducting electrical measure-
ments of the samples with metallic contacts we found non-linearity resul-
tant from both insulating barriers in the sample and Schottky-like contacts
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Figure 4.2: JV curves of GdN in a CPP geometry with Nb contacts. The blue scatter
points indicate data taken at 4K, red at 300K. The different scatter point shapes indicate
different junction sizes.

at interfaces. It is worth noting that the plot of the temperature depen-
dence of V/J for such samples is similar to that of the samples with GaN
introduced as a barrier, and one might expect that the non-linearity for
the Nb-contacted samples is a result of a similar insulating barrier, such
as an oxide formed at a metal interface. Because the device fabrication in-
volves 3 steps in which the samples are processed lithographically using
various solvents, it is plausible that such an oxide barrier is formed at the
surface of the Nb bottom contact when the chip is exposed to air, though
this raises the question of why we do not see a similar non-linear curve for
GdN contacted with Al or Gd.

The temperature-dependence of the resistance-area product is shown
in 4.3. The non-linearity of the JV plot can be observed on this plot as
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Figure 4.3: Temperature dependence of the V/J for GdN between two Nb contacts.
Different colour scatter points indicate different currents used to probe the response.

the strong differences in V/J for different applied currents (indicated by
the differently coloured scatter points). A typical operation current of 1µA
returns a V/J value of ∼ 1Ω.cm2 at 4K.

In order to explore the nature of the contacts further, samples were
grown with one Nb contact opposite an ohmic contact. One such sample
was a Au/GdN/Nb structure with Au bottom and Nb top contact. Figure
4.4 shows the low temperature JV curves from such a sample. Because
gold forms an ohmic contact to GdN (see Figure 3.3), the non-linearity of
the JV curves for this sample suggest Schottky contact at the interface be-
tween the GdN and Nb. An oxide barrier is exceedingly unlikely to form
at the GdN/Nb interface as the sample is not removed from the UHV
chamber between these two growth steps, and the residual partial pres-
sure of water (a likely culprit for oxidation in this context) in the growth
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chamber is 10−9 mbar. The JV curve shown in Figure 4.4 shows pro-
nounced asymmetry. Such asymmetry is a feature commonly exploited
in devices such as Schottky diodes, and its appearance in a sample of
this form constitutes strong evidence of Schottky contact formation at the
GdN/Nb interface.

Figure 4.4: JV curves of GdN in a CPP geometry with Au-bottom and Nb-top contacts.
The blue scatter points indicate data taken at 4K, green were taken at 10K, purple at 50K
and red at 300K.

A plot showing the temperature dependence of V/J of this Au/GdN/Nb
structure is displayed in Figure 4.5. The strong non-linearity of the JV
curves is clear in this representation of the electrical data. The contribution
of the GdN to some aspect of the conduction is suggested by the change in
behaviour that occurs around the Curie temperature of GdN, however it
is not clear that this is a manifestation of transport through the GdN layer
or an interface effect. V/J is ∼ 3Ω.cm2 for an operating current of 1µA.
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This is a factor of 105 larger than the Al/GdN/Al structures presented in
Figure 3.2, an indication of the huge effect of some form of barrier on the
electron transport.

Figure 4.5: Temperature dependence of V/J for GdN between a Au-bottom and Nb-
top contact. Different colour scatter points indicate different currents used to probe the
response.

A second sample was grown with one ohmic and one superconducting
contact to observe the contact behaviour, but in the opposite orientation.
This sample had a Nb bottom contact and was capped with an Al top con-
tact, the temperature dependence of V/J is shown in 4.6. This sample,
with Nb bottom contact and Al top, exhibits a fairly strong non-linearity
at low temperature, but appears to have ohmic contact between interfaces
when measured at ambient temperature. Such behaviour may be indica-
tive of thermal activation over some Schottky barrier. V/J is a factor of
100 smaller than in the case of the Au/GdN/Nb samples (those with Nb
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as a top contact), and there is no obvious change in the electrical transport
upon the magnetic transition of the GdN (this may not be true for high
applied biases, but the magnitude of the effect is much smaller than in
Figures 4.3 and 4.5). This is a marked contrast with the Au/GdN/Nb sam-
ples, which saw a clear change in the transport behaviour (particularly a
strong reduction of the JV asymmetry) below the magnetic transition tem-
perature of GdN. These results imply a correlation, between these effects
and the use of Nb to provide the GdN top-contact.

Figure 4.6: Temperature dependence of V/J for GdN in a CPP geometry with Nb-
bottom and Al-top contacts. The colours of the scatter points indicate the different cur-
rents used for the measurements.
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4.2 MTJs with Nb contacts

This section details attempts to electrically characterise MTJs grown with
Nb contacts. Determination of V/J from measurements made on MTJs
with Al and Gd contacts (presented in Chapter 3), found values on the
order of ∼ 10Ω.cm2 for an operating current of 1µA. Such large values in-
dicate that the insulating GaN barrier in the sample dominates the electri-
cal transport in the device. The previous section presented measurements
of GdN in a CPP geometry using Nb contacts. These measurements ex-
hibit strong contributions of interface effects to the electron transport and
values of V/J as high as 3Ω.cm2 were derived from measurements.

Figure 4.7: Temperature dependence of V/J for a GdN-based MTJ with a Nb bottom
contact. Operating current = 1µA

Figure 4.7 shows the temperature-dependence of V/J for an MTJ with
Gd and Nb thickness of 90 nm and GdN electrodes 120 nm thick. This sam-
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ple exhibits similar V/J characteristics to the MTJ presented in Chapter 3
(Figure 3.7). The effect of the introduction of GaN appears to be consistent
across devices with dissimilar contact materials, with V/J > 10Ω.cm2 at
low temperature and an applied current of 1µA.

Figure 4.8: Simmons model fit to the JV curve of an MTJ with Nb contacts. Data taken
at 4K.

The relationship between voltage and current density is plotted in Fig-
ure 4.8 with a Simmons model fitted to the data. As with the MTJ data
presented in Chapter 3 it is possible to extract an estimate of the poten-
tial barrier height and width using this model. However, the fit sees less
success in this case. The model consistently gives 2.3 nm as the barrier
width, slightly smaller (< 1nm) than the thickness expected from calibra-
tion growth rates, as in the case of MTJs with Al and Gd contacts. Yet, the
barrier height produced by the model had a large range of uncertainty and
varied significantly across different temperatures.
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Figure 4.9: Magnetoresistance of a GdN-based MTJ with superconducting Nb bottom
contact, measured at an operating current of 1µA

Finally, V/J was measured for the same sample as a function of mag-
netic field (swept from 9 Tesla to -9 Tesla and back) in order to observe
whether the behaviour of the devices was characteristic of an MTJ. The
hysteresis that appears can be attributed to the magnetisation pinning of
the top electrode by the Gd top contact, giving the high resistance state.
The result is plotted in 4.9. Immediately clear from the plot is the strong
magnetic response of the sample. A switching effect that results from the
changing magnetisation is observed at low applied fields. Using equation
1.1

MR =
RAP −RP

RP

to calculate the tunnelling magnetoresistance of the sample returns a value
> 500% (here RAP and RP are taken as the maximum and minimum of
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the magnetoresistance scan). This is an unprecedentedly high value for
an unoptimised polycrystalline junction, with values in the literature for
GdN-based electrodes being ∼ 200%[33].

4.3 Discussion

The failure of the Simmons’ model to describe the tunnelling barrier of
the MTJ with Nb contacts is a strong indication of interference from some
series resistance that is part of the device structure. The switching at low
fields is characteristic of MTJ structures. However, the typical switching
effect is imposed on a strong secondary effect that doesn’t appear to satu-
rate even out to 9T. One result that can potentially be attributed to this sec-
ondary contribution to the magnetoresistance is a high TMR value. GdN-
based MTJs grown in the past on metals such as gold have had TMR val-
ues of ∼ 200%[33]. Though the mechanism of the effect is not clear at this
stage, the values quoted in this chapter provide a significant improvement
on previous GdN-electrode MTJs and understanding this mechanism pro-
vides a clear direction for further research.

An interesting manifestation of the electrodynamics of the magnetore-
sistance measurement is the strong shape anisotropy evident in the mea-
surement. Figure 4.9 shows the magnetoresistance at a variety of temper-
atures when the magnetic field is applied in the plane of the thin film. The
data taken at 2K are plotted again in Figure 4.10 in blue, with a second
trace in red showing the same measurement made when the magnetic
field was applied normal to the plane of the film. This plot indicates a
strong shape anisotropy with the function of R(B) broadened significantly
for measurements made with the applied field normal to the plane of the
film. The broadening that results also leads to a more visible switching of
the magnetic domains in the sample.

Directions for further research can be motivated by the application of
the Julliére model of TMR referenced in Chapter 1. This model relates the
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Figure 4.10: Magnetoresistance of a GdN-based MTJ with superconducting Nb bottom
contact, measured at an operating current of 1µA and at 2K. The blue trace represents
data taken when the magnetic field was applied in-plane, the red indicates the application
of the magnetic field in the direction normal to the film plane.

TMR quantitatively to strong spin polarisations in the electrodes and was
given in equation 1.2

TMR =
2PLPR

1− PLPR
.

The model is the first used to describe the TMR effect (introduced in 1975)
and fails to account for the roughness of the interfaces and other experi-
mental considerations. Furthermore, the application of Julliere’s model is
almost certain not to describe the tunnelling in the devices presented in
this thesis, afflicted as they are by strong interface effects. Despite this,
the model provides a starting point for estimations of the real value of the
spin polarisations of the electrodes. For the case of symmetric electrodes
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we make the assumption that PL = PR and this leads to a relation

TMR =
2P 2

GdN

1− P 2
GdN

between the TMR and the spin-polarisation, returning a value of 57.7% for
the spin polarisation of the electrodes. This is significantly smaller than
theoretical predictions of the spin-polarisation in GdN (which approach
full spin-polarisation in the low-temperature limit) and smaller than that
measured in spin filter experiments in reference [50]. That said, this esti-
mate is larger than the spin-polarisations often quoted for ferromagnetic
transition metals[6]. The spin polarisation could be probed more directly
by measurements of superconducting tunnelling currents into ferromag-
netic GdN as in work published by Tedrow and Merservey, [51] and accu-
rate determination of this result would be important for the technological
application of the RENs.
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Chapter 5

Conclusions

GdN-based device structures were grown by physical vapour deposition
and electrically characterised. Electrical measurements of the GdN films
were initially difficult to interpret as the measurement geometries utilised
led to a strong contribution from electrical conduction in the plane of the
film. To combat this effect, I developed lithographic patterning methods
and a photomask that allowed the growth of three devices per chip in
an architecture appropriate for measurements perpendicular to the film
plane (CPP geometry). Electrical measurements performed on the pat-
terned samples returned resistivities within the range measured in CIP
geometries and similar temperature-dependent behaviour.

Growth compatibility was assured between GdN and the metals used
in this study (Al, Au, Gd and Nb) using XRD and SEM techniques. AFM
and XRR were also used to assess the thickness and surface roughness of
the metal depositions. The lack of segregation phenomena, delamination
or secondary phases in the GdN films justified the use of Al, Au, Gd and
Nb in the search for contact materials with desirable electrical transport
properties.

To investigate the electrical compatibility of the various GdN/metal
combinations, GdN thin films were grown with metallic contacts. While
Al and Au were confirmed to make Ohmic contact with the GdN surface,
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Gd was found to exhibit Schottky-like behaviour at the GdN/Gd inter-
face. GdN-based MTJs with GaN barriers were grown and measured in
the same conditions and found to have electrical characteristics dominated
by transport through the GaN tunnel barrier. This dominance of the GaN
barrier over the device characteristics renders the non-Ohmic nature of the
GdN/Gd contact inconsequential from the point of view of MTJ fabrica-
tion, as the interface effects do not appreciably alter the behaviour of the
device.

Unlike using Al, Au or Gd to contact GdN, making contact with Nb
led to strongly non-linear electrical effects. As Nb is the typical supercon-
ductor used for interconnects in superconducting electronics, its electrical
integration with GdN (and in particular, GdN-based MTJs) was a major
goal of this project. Interestingly, the strong non-linearity and asymme-
try of JV curves associated with Nb contacts occurred only for samples in
which Nb was deposited as a top contact. Samples that employed Nb as a
bottom contact only (coupled with some Ohmic top contact) were found to
have V/J∼ 10−2Ω.cm2, a factor of 103 less than the MTJ samples (for which
V/J was on the order of ∼ 10Ω.cm2). While the Nb/GdN interface did not
make a strong contribution to the voltage across the GdN-based MTJs (rel-
ative to the large effect of the GaN barrier), it may be implicated in the
high tunnelling magnetoresistance measured for MTJs with Nb contacts.
Measurements of Nb-contacted MTJs had significantly greater magnetore-
sistance than published results grown on Au[33]. Manuscripts are being
prepared for publication regarding the interesting contact behaviour and
high magnetoresistance that have been recorded in this thesis. Further re-
search will be needed to isolate the physical phenomena responsible for
the multiple effects contributing to magnetoresistance measurements, but
the values obtained here for unoptimised, polycrystalline junctions offer
promise with an eye to future device applications and the integration of
GdN-based devices with Nb, the material of choice within superconduct-
ing electronics, is a major step towards practical memory devices.
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