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Abstract

A novel physical vapor deposition (PVD) concept for the precise tailoring of
functional granular (0-3) nanocomposites has been developed in Part I. In order
to realize the deposition concept experimentally, a new high-vacuum deposition
system is designed and constructed. As part of the concept, the separation of
the matrix deposition and nanoparticle formation by a gas aggregation cluster
source (GAS) enables advanced deposition process control. Making use of the
technique, functional 0-3 nanocomposites are tailored and investigated regarding
their suitability as magnetoelectric (ME) and high-k materials. Prior to the
production of 0-3 nanocomposites, individual deposition processes are developed
for the composite constituents and the latter are characterized separately.

For the �rst time, the self-constructed GAS of the research group is used in
order to produce magnetic nanoparticles. The output characteristic of the GAS
and the properties of the resulting Cobalt (Co) nanoparticles are characterized.
The particles exhibit a narrow size distribution and are of homogeneous spherical
shape as desired for high-k materials. Both the deposition rate and the lateral
deposition pro�le of the GAS are highly tunable by the process gas �ow, allow-
ing �exible adjustment of the GAS output for the co-deposition process. Co
nanoparticle �lms with a thickness of several hundreds of nm are found to be
ferromagnetic at room temperature and to exhibit high porosity which could be
of relevance for example in catalytic applications and for sensors.

Aiming for the nanoengineering of ME and high-k materials, aluminum ni-
tride (AlN) is chosen as the matrix material due to its dielectric and piezoelectric
properties. Since AlN is required to be highly textured in order to exhibit piezo-
electricity, a respective deposition process is developed. For the �rst time in the
research group, reactive sputtering is established, using a metallic Al target and
N2 process gas. In order to stabilize the reactive process, pulsed DC power is
applied, as well for the �rst time in the research group. The developed pro-
cess yields exclusively c-axis oriented AlN with a full width at half maximum
(FWHM) rocking curve below 2�. The piezoelectric constant of d33,f � 5 pm/V
and dielectric permittivity " � 10 of the deposits are in good agreement with
values reported in other studies for high-quality AlN.

The individual deposition processes are subsequently joined in order to co-
deposit 0-3 AlN/Co nanocomposites. It is found that the preformed nanoparti-
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cles charge electrically in the plasma of the matrix deposition. As a consequence
the particles do not reach the substrate if the latter is electrically �oating, too. A
quasi-co-sputtering concept is developed in order to circumvent the repulsion of
the particles. Magnetic 0-3 AlN/Co nanocomposites are successfully produced,
demonstrating the feasibility of the novel deposition concept and the function-
ality of the newly constructed deposition system. Subsequently, the AlN/Co
nanocomposites are characterized regarding their suitability as ME and high-k
materials.

The dielectric permittivity of the AlN/Co composites is increased by up to a
factor of 30. However, dielectric loss and dc leakage currents increase drastically.
While the composites require further optimization in order to attain technical
relevance, the results demonstrate the general feasibility of the developed depo-
sition concept for the PVD of high-k materials. So far, high-k cermets have been
prepared only by sintering, limiting their reproducibility and applicability.

Regarding the suitability as ME materials, several inherent drawbacks of the
0-3 approach with metallic particles are identi�ed. The crystallinity of the AlN
matrix is found to degrade due to the inclusion of nanoparticles already at low
�lling factors, diminishing the piezoelectric e�ect. Further challenges are posed by
the increased dielectric permittivity and deteriorated insulating properties of the
composite. Based on the results, the 0-3 nanocomposite approach with metallic
particles appears to be unsuitable for the fabrication of high-performance ME
materials and respective existing literature is critically discussed.

While in Part I the granular ME nanocomposite approach is investigated for
magnetic sensing, in Part II a novel magnetic �eld sensor based on a laminar
(2-2) geometry is presented. Both projects belong to the SFB 855 �Magnetoelec-

tric Composites - Future Biomagnetic Interfaces� which aims at the development
of a new generation of magnetic �eld sensors especially for biomagnetic appli-
cations. A proof-of-principle study is conducted with a mechanically excited
MEMS-oscillator which is coated with an amorphous (Fe90Co10)78 Si12B10 func-
tional layer. Young's modulus E of the latter can be modi�ed due to the delta-E
e�ect by application of magnetic �elds. As a consequence, the resulting shift of
the oscillator's resonance frequency can be exploited to measure magnetic �elds.
The demonstrator is shown to detect magnetic �elds as low as 400 nT and opti-
mized future designs might reach sensitivities below 100 pT. The novel concept
is sensitive to biomagnetically relevant low-frequency magnetic �elds, requires no
cooling, possesses vector-�eld capacity and is potentially fully integrable. The
journal Nature presented the concept as a research highlight.
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Chapter 1

Part I - Introduction

Functional nanocomposites represent a vast �eld of research and application.[1]

They have already been used for centuries, for example in order to color the win-
dows of medieval churches. Back then, however, the application of nanocompos-
ites was simply based on empirical experience and was by no means connected
with fundamental physical understanding. During the last decades signi�cant
advances both in preparation and characterization of nanocomposites have dras-
tically increased the understanding and facilitation of nanocomposites.

Nowadays, functional nanocomposites of various geometries can be prepared
from a tremendous range of materials by a wide variety of techniques like sin-
tering, sol-gel, thermal evaporation and magnetron sputtering, each technique
with its own (dis-)advantages. However, modern applications of nanocomposites
require a precise tailoring of the composite morphology, �lling factor, electri-
cal properties and chemical composition. Dry physical vapor deposition (PVD)
techniques provide a versatile tools for the deposition of functional composites.
A common PVD technique is magnetron sputtering, which has already been in-
troduced in the 1970's [2] and since then has been further re�ned by advanced
operation modes like reactive [3] or pulsed [4] sputtering. Magnetron based deposi-
tion has been widely employed to prepare self-organized granular nanocomposites
by co-deposition for various material combinations.[1,5] However, the realization
of nanocomposites comprising reactive nanoparticles is still challenging by co-
sputtering. This holds for most magnetic metals and alloys, while especially
magnetic nanocomposits possess high application potential.

With the development of gas aggregation cluster sources (GAS) in the 1980's [6]

and 1990's [7] a new PVD tool has been available for the production of nanopar-
ticles. The separation of the cluster formation process and the matrix deposition
promises advanced control over the morphology and the composition of granu-
lar nanocomposites. In turn, a deposition concept combining a GAS and con-
ventional magnetron sputtering should enable the tailoring of a wide variety of
granular nanocomposites including magnetic ones.

Such advanced process control is required in various research areas like per-
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4 1. PART I - INTRODUCTION

colative materials with high dielectric permittivity (high-k) [8] and magnetoelec-
tric (ME) composites [9]. For high-k materials, a precise control of the composite
composition [10] and the particle shape [11] is required in order to yield reproducible
results. In addition, high-k cermets have been prepared so far only by sintering
and a suitable PVD preparation route would increase their technical applicability.

The preparation of granular ME composites is a challenging task since such
materials require the combination of a piezoelectric matrix on the one hand and
magnetic particles on the other hand. Accordingly, both the crystallographic
structure and the chemical composition of the composite have to be well con-
trolled. In addition, a good mechanical coupling between the two phases has to
be achieved. The suitability of a nanogranular approach with metallic magnetic
particles for ME nanocomposites will be studied based on the advanced process
control provided by the PVD concept which is to be developed in the course of
this work.

In summary the aims of Part I of this work are as follows:

1. to develop a versatile deposition concept which is capable of tailoring a
wide variety of functional granular nanocomposites. This task includes the
design and construction of a new high-vacuum deposition system.

2. to produce and characterize magnetic granular nanocomposites as a proof-
of-principle demonstration of the aforementioned deposition concept.

3. to study the feasibility of the deposition concept as a PVD preparation
route for the design of percolative high-k nanocomposites.

4. to study the feasibility of a granular nanocomposite approach with metallic
particles for ME composites.

Part I is organized as follows: the fundamental theoretical aspects of the
tasks are discussed in chapter 2, including the physical phenomena exploited
in ME and high-k materials. In chapter 3, the high-vacuum deposition system
which was constructed in the course of this work is presented and the employed
characterization procedures are discussed. Prior to the deposition of nanocom-
posites, the composite constituents are investigated individually in chapter 4.
Subsequently, the developed deposition concept is presented and the resulting
nanocomposites are investigated regarding their suitability for high-k and ME
materials in chapter 5.



Chapter 2

Theory

The following chapter covers the theoretical background of Part I of this thesis.
First, fundamental physical phenomena are addressed which provide the basis
for the subsequent review of magnetoelectric (ME) and high-k nanocomposite
applications. Motivated by the requirements of ME and high-k materials, the
choice of aluminum nitride (AlN) and cobalt (Co) as a demonstrator system is
discussed. Subsequently, key aspects of the PVD methods employed in the course
of this work for the deposition of AlN/Co nanocomposites are presented. Finally,
relevant characterization techniques are discussed including peculiarities which
have to be taken into account for the interpretation of experimental results.

2.1 Fundamental Physical Phenomena

2.1.1 Piezoelectricity

The direct piezoelectric e�ect was discovered by the Curie brothers in 1880.[12] It
describes the property of a crystalline material to develop an electric polarization
P proportional to an applied mechanical stress �

Pi = dijk �jk (using Einstein's sum convention) (2.1)

where dijk are the piezoelectric coe�cients. The positive and negative centers of
charge in a crystal are being displaced with respect to each other upon applica-
tion of a mechanical stress only if the crystal structure is non-centrosymmetric.
Accordingly, 20 of the 21 non-centrosymmetric crystal classes exhibit the piezo-
electric e�ect, excluding the cubic class 432 in which other symmetries cancel out
the e�ect.[13]

Subsequently, Lippmann [14] predicted in 1881 the converse piezoelectric e�ect,
describing a mechanical strain of a material upon application of an electric �eld.
His prediction was experimentally con�rmed again by the Curie brothers [15].
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6 2. THEORY

FIG. 2.1: Visualization of the matrix notation with examples of stress and strain direc-
tions. Refer to text for details.

The direct and converse piezoelectric e�ect can be described by the constitu-
tive equations

Di = dijk �jk + "�ij Ej (2.2)

Sij = dijk Ek + sEijkl �kl . (2.3)

In Equation (2.2) D denotes the electric displacement, d the piezoelectric coef-
�cients (which are the same for direct and converse e�ect), � mechanical stress,
"� dielectric permittivity at constant � and E electric �eld. Equation (2.3) de-
scribes the converse e�ect where S is mechanical strain and sE elastic compliance
at constant electric �eld.

Due to symmetry considerations the third-rank tensor dijk comprises 18 in-
dependent components instead of 27, see for example Uchino [16]. For a more
convenient treatment, Equations (2.2) and (2.3) can be re-written in the matrix

notation

Di = dik �k + "�ij Ej (2.4)

Sk = sEkl �l + dkiEi (2.5)

where i; j 2 f1; 2; 3g and k, l 2 f1 : : : 6g. In this notation index values k, l of
1; 2; 3 represent normal strain or stress directions whereas 4; 5; 6 denote shear
strain or stress respectively, as illustrated in Fig. 2.1. Accordingly, the piezoelec-
tric coe�cient d is given by

dik =
@Di

@�k

����
E=const.

=
@Sk
@Ei

����
�=const.

. (2.6)

As an example, matrix-notation d33 corresponds to d333 in tensor-notation and
represents the piezoelectric coe�cient for a strain S33 along the x3-direction due
to an electric �eld E3. In the AlN-based composites investigated in this work d33
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is the piezoelectric �gure of merit for the magnetoelectric e�ect as is discussed in
chapter 2.2.2.

10 out of the 20 non-centrosymmetric point groups possess a unique polar
axis which leads to the property of spontaneous polarization along this axis in
addition to the piezoelectric e�ect. This phenomenon is called the pyroelectric
e�ect since the magnitude of spontaneous polarization varies with temperature.
If additionally the direction of the spontaneous polarization can be changed by
an external electric �eld the material is said to be ferroelectric.

2.1.2 Magnetostriction

A substance changes its dimensions in an external magnetic �eld as was �rst
observed by Joule [17] in 1842. He reported that an iron rod increased its length
l upon application of a magnetic �eld. This anisotropic change of dimensions

� =
�l

l
(2.7)

is termed Joule or anisotropic magnetostriction. At very high �elds also the
e�ect of isotropic volume magnetostriction occurs. Since this so-called forced

magnetostriction is in the order of �V=V = 10�10 per Oersted it is usually neg-
ligible. Thus, in the following magnetostriction refers to Joule magnetostriction.
According to Equation (2.7) � > 0 holds if a substance elongates in the direc-
tion of applied �eld and � < 0 if a contraction along the �eld direction occurs.
For the ferromagnetic 3d metals the e�ect is in the range of � = �10�5�10�4
and can reach � = �10�3 for 4f metals and alloys. Due to a transversal strain
�? = ��=2 occurring in addition to the longitudinal strain � the specimen's
volume stays constant during Joule magnetostriction. Figure 2.2 shows a typical
magnetostriction curve versus applied �eld H during a full magnetization cycle.
The value of the magnetostriction observed at saturation is denoted �S. It should
be noted that �S is not necessarily a �gure of merit for ME materials. The latter
rather require a high @�=@H as will be discussed in chapter 2.2.2.

The magnetostrictive e�ect originates from spin-orbit coupling. The latter is a
quantum-mechanical e�ect which couples the orientation of the magnetic moment
m of an atom to it's surrounding electron cloud. This in turn results in a coupling
of magnetic and elastic e�ects.[18] Upon changing the direction of magnetization
via an applied magnetic �eld the minimum of a crystal's free energy might shift
towards new interatomic equilibrium bond lengths. Figure 2.3 schematically il-
lustrates the basic mechanism of magnetostriction in a ferromagnetic material.
Above TC there is no ferromagnetic order and the magnetic moments are aligned
randomly as depicted in Fig. 2.3(a). Below TC, Fig. 2.3(b), spontaneous mag-
netization occurs, leading to spontaneous magnetostriction. Subsequently, �eld-
induced magnetostriction is observed upon application of a magnetic �eld as
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FIG. 2.2: Generic �butter�y�-curve of magnetostriction versus magnetic �eld H (black,
straight) with saturation magnetostriction �S. Respective magnetization M of the
specimen (dashed, red) with saturation magnetization MS at saturation �eld HS and
coercive �eld HC.

FIG. 2.3: Schematic of the origin of magnetostriction. Black dots represent nuclei,
arrows depict magnetic moment and spheres illustrate electron clouds. (a) paramag-
netic state above TC. (b) spontaneous magnetization below TC and (c) �eld-induced
magnetostriction.
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FIG. 2.4: Illustration of the in�uence of domain con�guration on magnetostriction. (a)
initially demagnetized states with exclusive 90� domain walls (left) and 180� domain
walls (right), respectively. (b) magnetized states, exhibiting no magnetostriction in the
180� specimen and �l in the 90� case. Magnetostriction due to domain rotation o� the
easy axis (EA) is depicted in (c) for a single domain particle.

depicted in Fig. 2.3(c). The inverse magnetostrictive e�ect describes the in�u-
ence of an applied mechanical stress on the magnetization of a specimen. It is the
origin of stress anisotropy. For small variations �� and �H linearized constitutive
equations can be formulated for the magnetomechanical coupling

Si = sHij �j + pmkiHk (2.8)

Bm = pmmj �j + ��mkHk (2.9)

analogous to Equations (2.4) and (2.5). sH denotes elastic compliance at constant
H, �� magnetic permeability at constant � and

pmki =
@Sk
@Hi

����
�=const.

=
@�k
@Hi

(2.10)

the piezomagnetic coe�cient.[19] It should be pointed out that strictly speak-
ing piezomagnetism and magnetostriction are not synonymous. Piezomagnetism
originates from an absence of crystal symmetry (like piezoelectricity) and, unlike
magnetostriction, piezomagnetic strain changes sign upon reversal of the mag-
netic �eld direction. In addition, a non-zero net magnetization can be induced in
a demagnetized piezomagnetic specimen in absence of an applied magnetic �eld
by external stress alone. This is not true for magnetostriction.[20] However, it
has become customary in literature to use the term piezomagnetic coe�cient [9,19]

instead of magnetostrictive coe�cient for the quantity pm de�ned in Equation
(2.10) and the work at hand will follow this custom.

The in�uence of the initial state on the magnetostrictive e�ect is illustrated
in Fig. 2.4. Two di�erent initial domain con�gurations of demagnetized samples
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are depicted in Fig. 2.4(a). The left one includes only 90� domain walls while the
right one incorporates exclusively 180� domain walls. Upon magnetization only
the 90� sample exhibits magnetostriction, as shown in Fig. 2.4(b). This is due
to the fact that 90� domain wall motion aligns the magnetostrictive distortions
along the �eld, leading to a net change in length �l. On the other hand, the
geometric distortion induced by magnetostriction is invariant to the reversal of
magnetization direction. Thus 180� domain wall motion does not change the
length l of a specimen. In addition to domain wall motion, magnetization rotation
also leads to magnetostriction. In this case the orientation of MS is rotated
relatively to the crystal axes as illustrated in Fig. 2.4(c) for a single-domain
particle (cf. chapter 2.1.3).

Since the actual value of � depends on the initial state of the specimen, as de-
picted in Fig. 2.4, an ideal demagnetized state is de�ned for reference. This state
is characterized by the occurrence of all possible types of domains in a specimen
with each domain occupying the same volume. The saturation magnetostriction
measured from such an ideal demagnetized state is referred to as �S,i. If the mag-
netization and the measurement direction of the magnetostriction are parallel,
one �nds for hexagonal crystals with the easy axis parallel to the c-axis [20]

�S,i = �A

h�
1� �2

3

�2 � �
1� �2

3

�
�2

3

i
+ 4�D

�
1� �2

3

�
�2

3 (2.11)

where �A and �D are material constants, with �A = �45 � 10�6 and �D =
�100� 10�6 for Co.[21] �3 denotes the direction cosine between the measurement
direction and the basal plane of the hexagonal crystal. The absence of �1,2 re�ects
the uniaxial anisotropy along the c-axis.

In the case of a polycrystal the magnetostrictive contributions of the individ-
ual grains have to be averaged over their orientations. The resulting saturation
magnetostriction of a polycrystalline material measured parallel to the magneti-
zation is referred to as �P. Since preferred grain orientation in�uences �P, which
is de�ned for random grain orientation, reported values may di�er for a given
material.[20]

The application of magnetostriction for the design of magnetoelectric com-
posites is addressed in chapter 2.2.2.

2.1.3 Magnetism in Nanoparticles and Nanocomposites

Magnetic nanoparticles have been intensively studied in recent years since their
unique physical properties can be potentially employed in a wide range of ap-
plications. Examples are biomedicine [22,23], nanoelectronics [24,25], catalysis [26,27]

and data storage [28,29]. An important aspect of magnetic nanoparticles and par-
ticle assemblies is the size dependence of their magnetic properties which will be
addressed in the following.
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FIG. 2.5: (a) Generic plot of coercivity HC versus diameter D for non-interacting
particles. The exponents relate to increasing D.

First the in�uence of a magnetic particle's diameter D on the coercivity HC

is considered. The latter is an important property in many applications [29] and
strongly depends on D as depicted in Fig. 2.5. A thorough discussion of HC (D)
is given for example by Cullity and Graham [30] and by O'Handley [31]. Particles
of diameter D > DSD, which are large enough to contain domain walls, are called
multidomain (MD) particles. A magnetization reversal occurs accordingly by
domain wall motion. Since this process is easy compared to spin rotation, HC

is comparatively low. Large MD particles exhibits a lower HC than smaller MD
particles. This is because domain wall nucleation becomes easier in large particles
due to the higher probability of surface defects which act as wall nucleation
sites. In addition, the magnetization reversal of a large particle will in�uence
an assembly's total magnetization more strongly than the reversal of a small
particle.[30]

In particles of diameter D < DSD the reduction of magnetostatic energy
due to a multidomain state is less than the energy necessary for domain wall
formation. Thus, in such particles a singledomain (SD) state manifests. The
magnetization reversal occurs accordingly by spin rotation. Since the rotation
away from the easy axis has to overcome restoring forces resulting from shape,
stress and crystal anisotropy, SD particles exhibit higher HC than MD particles.
For larger SD particles the spins rotate in the so-called curling mode which re-
sults in size-dependent HC. At a certain SD particle size, the coherent rotation
mode is energetically favorable, leading to almost constant HC. Upon further
decrease of D the superparamagnetic limit DSP is approached. In this region
HC decreases since the thermal energy kBT starts su�cing to randomly reverse
the magnetization direction of individual particles as will be discussed in the
following.
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FIG. 2.6: (a) Illustration of random anisotropy model for interacting particles, after
Herzer [32]. (b) Ferromagnetic interaction between particles with randomly oriented
easy axis.

For uniaxial SD particles of volume V the energy barrier for reversing the mag-
netization direction is �E = KV , where K is the anisotropy constant.[30] Conse-
quently, kBT > �E will hold for D � DSP and the magnetization direction of the
particle will reverse randomly. In this case an ensemble of (non-interacting) parti-
cles with D < DSP exhibits no remanent magnetization and HC = 0, cf. Fig. 2.5.
On the other hand the comparatively large magnetic moments of the individual
particles can be aligned by an external �eld, leading to a net magnetization or-
ders of magnitude higher than that of paramagnetic materials. Magnetic particles
below DSP are thus called superparamagnetic (SP). The probability of magnetiza-
tion reversal is given by the Boltzmann factor exp (�KV=kBT ). Accordingly, the
magnetization M of a magnetized ensemble of SP particles will decay following

�dM
dt

= f0M e�KV=kBT =
M

�
(2.12)

where f0 � 109 s�1 is a constant (the frequency factor). It follows that the
relaxation time � after which the remanent magnetization decreases to 1=e of its
initial value is

� = (f0 e
�KV=kBT )�1 (2.13)

and varies rapidly with V and T , resulting in a reasonably well-de�ned onset of
superparamagnetism. Commonly � = 100 s is chosen to de�ne the transition [30].
In this case Equation (2.13) yields for uniaxial particles

VSP =
25 kB T

K
and TB =

K V

25 kB
(2.14)

where VSP = V (DSP) and TB is the blocking temperature. Above TB particles are
superparamagnetic and they exhibit ferromagnetic hysteresis below TB.

So far, non-interacting particles were considered. In nanostructured mag-
netic materials, however, the individual grains can ferromagnetically couple over
an exchange length Lex to each other.[33] The interaction of small particles with
D � Lex and randomly oriented crystal anisotropy K results in a reduced average
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FIG. 2.7: Generic plot of saturation magnetization MS versus diameter D based on
data from Gong et al. [39].

anisotropy hKi = K=
p
N where N = (Lex=D)3 is the number of averaging par-

ticles. Within this random anisotropy model (RAM) Herzer [32] derived for small
particles D � DSD that HC / D6 and accordingly for the permeability � / D�6.
Thus, depending on the particle diameter, increased HC and decreased � in mag-
netic nanocomposites pose potential challenges for the design of high-performance
magnetoelectric nanocomposites (cf. chapter 2.2.2). However, acknowledging the
existence of these obstacles, this work studies the fundamental feasibility to en-
gineer ME 0-3 nanocomposites with metallic particles. In this context the �ne
adjustment of particle size and particle interaction in order to optimize HC and
� [34] is of subordinate priority.

Apart from HC, Berkowitz et al. [35] were the �rst to report a size dependency
of the saturation magnetization MS (at room-temperature). As was discussed
above, when KV � kBT the magnetization direction of a single domain particle
can be reversed randomly by thermal �uctuations. This increasing probability of
magnetization �uctuation is accompanied by a reduction of the saturation mag-
netization. It is still under debate [36] whether the e�ect originates from surface
e�ects like spin canting [37] or �nite size e�ects [38]. Figure 2.7 illustrates the depen-
dence of MS (D) in nanoparticles as found in experimental [39] and theoretical [36]

studies.
The size dependencies of HC and MS have to be taken into account for the

interpretation of the magnetic data obtained from Co nanoparticles in chapters
4.2 and 5.

2.2 Applications of 0-3 Nanocomposites

The term nanocomposite refers to a vast class of materials which on the one
hand consist of two or more phases and on the other hand include at least one
geometrical dimension below 100 nm. Nanocomposites can be classi�ed based on
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FIG. 2.8: Geometries of two-phase composites.

their geometry. Shown in Fig. 2.8 are laminar (2-2), pillar-like (1-3) and granular
(0-3) composites, with the numbers in brackets denoting the dimensionality of
the di�erent phases.

Granular (0-3) nanocomposites with metallic nanoparticles embedded in a
dielectric matrix are intensively studied due to the possibility to tailor their
physical properties according to the technical requirements of a wide range of
applications.[5] The latter range from perfect light absorbers [40] to antibacterial
applications, [41] photocatalysis, [41] microelectronics [42] and data storage [29,43].

During the last decade, the magnetoelectric (ME) e�ect and the enhancement
of dielectric permittivity "r have been intensively studied in 0-3 nanocomposites.
While these e�ects are highly interesting for example for microelectronics [44] and
magnetic sensing [9], they require advanced nanofabrication techniques for the
precise tailoring of the composite structure, the �lling factor �, and the particle
sizeD. Making use of the deposition concept developed in the course of this work,
0-3 nanocomposites were deposited and investigated regarding their suitability for
high-k and ME applications. The theoretical background of these two research
areas is thus discussed in more detail.

2.2.1 High-k Materials

The electric permittivity "r of a dielectric can be enhanced by the presence of
metallic particles as was already predicted in the 1970's.[45,46] Since then, intensive
experimental research has been conducted in order to tailor such high-k mate-
rials.a For ceramic based 0-3 composites close to percolation "r = 103�105 have
been reported [8] with an enhancement factor of up to approximately 100 between
composite and pure matrix [8,47].

The physical reason for the increase of "r is due to the formation of micro-
capacitor networks.[46] The individual microcapacitors are formed by neighboring

awhile the symbol �"r� is used in this work to denote the relative dielectric permittivity, the
material class as such is commonly referred to as �high-k�.[8,44]
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particles which are separated by a layer of dielectric matrix. Near percolation,
conducting channels stretch across the composite, blocked only by thin layers
of dielectric. Each of these channels, connected in parallel, contributes a high
capacitance.[46]

Accordingly, the volume �lling factor � represents a central quantity for high-k
composites with

� =
V�ll

V�ll + Vmatrix
(2.15)

where V�ll denotes the volume of the �lling phase and Vmatrix the matrix volume.
Theory predicts "r of a 0-3 composite to diverge at a critical �lling factor �C , the
percolation threshold, following

"r (�) = "rj�=0
�����C � �

�C

�����q (2.16)

where "rj�=0 is "r of the pure dielectric matrix and q � 1.[10,45,46] As was shown by
Scher and Zallen [48] the percolation threshold for non-overlapping, monodisperse,
spherical particles is reached at a critical volume fraction of �C � 0:16, [49] which
is known as the Sher-Zallen invariant [8].

Besides the real part of "r, however, dielectric losses have to be considered for
most applications as a �gure of merit for high-k materials as well. In an ideal,
lossless dielectric, considered as a perfect capacitor, a voltage U = U0 sin(!t)
results in a current IC = C _U = C!U0 cos(!t) which is phase-shifted by 90� with
respect to U . Accordingly, the time average dissipated power hP i is

hP i = 1

T

Z T

0

ICUdt =
1

T

Z T

0

I0U0 cos(!t) sin(!t)dt = 0 . (2.17)

Losses thus result from a component IR in phase with U . In this case the phase
of U and I is not 90� and I = I0 cos(!t� �) as shown in Fig. 2.9(a). This results
in a net average dissipated power of

hP i = 1

T

Z T

0

U0 sin(!t)I0 cos(!t� �)dt =
1

2
U0I0 sin � . (2.18)

From I0 = IC= cos � and IC = !CU0 it follows that

hP i = 1

2
U0IC tan � =

1

2
U2

0!C tan � . (2.19)

The term tan � is called dissipation factor since it corresponds to the fraction of
U0IC which is dissipated. In complex notation the fact that I = I0e

i!t consists
of a lossless capacitive part and a lossy part can be conveniently described by
introduction of a complex permittivity "̂r = "0r � i"00r . Considering a voltage
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FIG. 2.9: (a) Phasor diagram of a non-ideal (�lossy�) capacitor. (b) Frequency dis-
persion of "0r and "00r for a solid with multiple relaxation and resonance modes, after
Buchanan [50].

U = U0e
iwt and a lossless (vacuum) capacitance C0 it follows for I in a lossy

dielectric

I = "̂rC0
_U = i!"̂rC0U = i !"0rC0U| {z }

IC

+!"00rC0U| {z }
IR

. (2.20)

The imaginary unit i in IC of Equation (2.20) accounts for the phase of 90�

between the lossless part of I and U . As previously discussed, tan � represents
the fraction of dissipated power and it follows from Equation (2.20) that

tan � =
"00r
"0r

. (2.21)

The dissipation factor tan � is a true material property. There are several
loss mechanisms which occur in di�erent frequency regimes depending on the
underlying physical processes.[50] At high frequencies f = 1010�1016Hz resonance
losses occur due to absorption by electronic or ionic vibrations close to their
natural eigenfrequencies.

Relaxation losses can occur over a wide frequency range. They originate
from dielectric relaxation due to comparatively slow polarization processes in the
dielectric like dipolar orientation, ion jumps and electron hopping. According to
Debye the di�usional polarization P (t) approaches its �nal value P0 following [50]

P (t) = P0

�
1� e�t=�

�
(2.22)
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with the relaxation time � . The solution of this equation yields the Debye-
equations [50]

"0r = "0r1 +
"0rs � "0r1
1 + !2� 2

(2.23)

"00r = "0r1 +
("0rs � "0r1)!�

1 + !2� 2
(2.24)

where "0rs and "0r1 are the real parts of permittivity measured at static or low-
frequency �elds and at high frequencies, respectively. Losses during space charge
polarization associated with ion migration and electrode contacts usually occur
at low frequencies f < 1 kHz. However, space charge losses due to the presence of
grain boundaries and inhomogeneous phases can occur at higher frequencies up
to f � 106Hz. A typical graph of "r(f) for a solid with multiple relaxation and
resonance modes is shown in Fig. 2.9(b). "0r decreases with increasing f as the
di�erent polarization modes are successively damped out. Peaks in "00r occur at the
relaxation and resonance frequencies of the di�erent loss mechanisms. Another
contribution to loss is a non-zero dc conductivity, leading to leakage currents
especially in the vicinity of the percolation threshold.[8]

High-k composites are discussed in literature for several potential applications
like gate dielectrics [44] and supercapacitors [47]. Especially for charge storage the
dielectric strength of a material is a crucial property. It is de�ned as the electric
�eld Eb at which a dielectric fails and electric breakdown occurs. The latter com-
mences when an electron avalanche is initiated due to collision ionization upon
su�cient acceleration of conduction band electrons by an applied electric �eld.[51]

Eb is not an exclusively intrinsic material property since it depends on external
parameters like temperature, material microstructure and sample geometry, as
well. With regard to percolative 0-3 composites Lustfeld et al. [52] found within
a simpli�ed 1D-model that Eb, and thus the maximal storable energy, scales
with 1="r. Hence they doubt that 0-3 high-k materials are suitable for energy
storage. However, 0-3 high-k materials remain interesting for other applications
like FET gate dielectrics.[44] Although drastic increases of "r could be achieved
in 0-3 composites, even at low tan �, the technical applicability of such materials
remains an issue. So far ceramic based high-k 0-3 composites have been prepared
by sintering methods which require high temperatures.[47,53,54] Such temperatures
can be incompatible with microtechnology processes. Another obstacle for tech-
nical applicability of percolative high-k composites is the strong variation of "r
with particle shape, particle size[11,52] and �lling factor � close to the percolation
threshold �C [10]. Accordingly, in order to obtain reproducible material properties,
precise control of the �lling factor and the particle shape is required.
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2.2.2 Magnetoelectric Composites

The induction of an electric polarization P by an applied magnetic �eld H or the
occurrence of a magnetization M upon application of an electric �eld E is called
the magnetoelectric (ME) e�ect.b Some single-phase materials, like BiFeO3, ex-
hibit the ME e�ect and have been intensively studied in recent years.[56] However,
this so-called direct ME e�ect is very small and observed only at low tempera-
tures. Thus, the indirect ME e�ect, �rst proposed by van Suchtelen [57] in 1972,
is more interesting from a technological point of view. In this scheme the ME
e�ect is a product property resulting from a mechanical stress-strain coupling of
a magnetostrictive and a piezoelectric phase, neither of which exhibit a ME e�ect
on its own.

During the last decade, research of such ME composites has experienced a
renaissance thanks to better theoretical understanding and advanced fabrication
methods.[56,58] The indirect ME e�ect is several orders of magnitude higher than
the direct e�ect [56] yielding immense potential for technical applications.[58,59]

Common connectivity schemes of the piezoelectric and magnetostrictive phases
are laminar (2-2), pillar-like (1-3) or granular (0-3). While laminar structures are
easier to produce, thanks to the successive deposition of the di�erent phases and
geometrical suppression of leakage currents, theory predicts high ME e�ects in
the more complicated granular type due to the much larger interface that can be
created.[9,60]

Consider a two-phase ME composite consisting of a piezoelectric matrix in
which magnetostrictive particles are embedded. In such a composite, a magnetic
�eld H will lead via magnetostriction � to a stress � in the matrix, inducing an
electric polarization P [9,57]

� =
@P

@H
=

@P

@�

@�

@�

@�

@H
= � d pm (2.25)

where � is the e�ective ME coe�cient, � accounts for the coupling between the
composite phases, d and pm are the piezoelectric and piezomagnetic coe�cients,
respectively. Depending on the geometry of the ME device, entries of the ME
voltage coe�cient tensor �ME are often used as a �gure of merit for ME materi-
als [9,61]

�ME =
@E

@H
=

dij
"0 "r; ij

� pmkl (2.26)

where "r is the relative permittivity of the composite. For 0-3 composites numer-
ical calculations predict a maximum �ME at �lling factors close to � = 0:6, [60,62]

with � denoting the volume fraction of the composite occupied by the magne-
tostrictive phase, cf. Equation (2.15).

bparts of the ME theory section 2.2.2 are excerpted from Gojdka et al. [55]
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Concerning the application of ME materials for example in sensors, not only
�ME has to be considered as a �gure of merit. The dielectric loss factor tan �
a�ects the crucial signal-to-noise ratio, as modeled for various laminar ME sys-
tems.[63,64] For example, Jahns et al. [61] found the noise voltage of a ME cantilever
sensor to increase with tan � following

Vnoise / 1p
tan � + 1= tan �

(2.27)

due to thermal noise of the piezoelectric layer.
A wide range of ceramic granular ME bulk composites have been studied.

However, these composites are usually either prepared by sintering, [65] often de-
grading the ME properties and making the process incompatible with common
microtechnology, or adhesively bonded which gives rise to losses at the inter-
face [59]. Nanogranular ME �lms, on the other hand, promise higher ME e�ects
for several reasons. The high ratio of surface to volume of nanoparticles results in
a large interface between the magnetostrictive and piezoelectric phases, leading to
good connectivity. In addition, using advanced deposition methods, nanogranular
�lms can be tailored on a nanoscopic scale, improving the interface of the phases
and rendering the deposition process compatible with existing microtechnology.
In order to improve the performance of nanogranular ME �lms, magnetostrictive
metals and alloys appear promising, as some exhibit magnetostriction orders of
magnitude higher than that of ferrites.[66,67] However, due to the reactivity of mag-
netostrictive metals and alloys, the preparation of such 0-3 nanocomposite �lms
with magnetic metallic particles remains challenging. So far only Park et al. [68]

reported on a magnetoelectric coe�cient �ME for a BTO/Co 0-3 �lm prepared by
co-sputtering. However, the reported ME e�ect is very likely a measuring artifact
as will be discussed in chapter 5.2.

2.3 Properties of Aluminum Nitride and Cobalt

Aluminum nitride (AlN) was chosen for the dielectric matrix and magnetic cobalt
(Co) for the nanoparticulate phase. The physical properties of the materials will
be discussed in the following, motivating why the system AlN/Co is suitable
both for testing the new sputtering concept and as a proof-of-principle system
for high-k and ME materials.

2.3.1 Aluminum Nitride

Physical Properties of Aluminum Nitride

Aluminum nitride (AlN) is a III-V nitride commonly crystallizing in the wurtzite
structure, depicted in Fig. 2.10, which is the thermodynamically stable phase
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FIG. 2.10: (a) Wurtzite crystal structure of AlN with a = 3:11Å and c = 4:98Å [69].
The shaded volume illustrates the tetrahedral coordination.

of AlN at ambient conditions.[69] Under special growth conditions other phases
were reported.[70,71] The wurtzite structure consists of two interpenetrating hcp
sublattices occupied by Al- and N-atoms, respectively, with each atom being
coordinated tetrahedrally. Since the wurtzite structure (point group 6mm) lacks
centrosymmetry, piezoelectric polarization occurs along its c-axis. In addition,
the latter represents a polar axis and as a consequence AlN is pyroelectric.[72]

AlN bulk ceramics do not exhibit net piezoelectric polarization since the crys-
tal grains are randomly oriented. Thus, piezoelectricity is observed only in AlN
single crystals and textured thin �lms, with typical d33 = 3�5 pm/V [73�75] for
highly c-axis oriented �lms. For the latter, the magnitude of the piezoelectric co-
e�cient is directly correlated to the degree of c-axis orientation. Martin et al. [73]

reported a linear relationship between d33 and XRD rocking curve width (cf. chap-
ter 2.5.3). Extrapolating the decrease of d33 they found d33 = 0 for a rocking
curve full width at half maximum of FWHMAlN(002) � 4� of the AlN(002) peak.
In order to achieve c-axis oriented growth, several deposition parameters have
to be taken into account. In former reports, various metals were investigated
regarding their suitability as substrate for the c-axis oriented growth of AlN and
excellent results were achieved with a seed layer of Pt(111) grown on Si.[76,77] A
layer of SiO2 acts as a di�usion barrier between Pt and Si. The lattice mismatch
between Pt(111) and AlN(002) of approximately 11% did not in�uence the AlN
texture negatively as Dubois and Muralt [77] pointed out. They concluded that
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the matching symmetry of the Pt(111) plane (fcc) and the AlN(002) plane (hcp)
in combination with the chemical inertness of Pt against N+ are responsible for
the highly oriented c-axis growth of AlN. The chemical stability of Pt o�ers the
additional advantage that the substrate can be prepared and stored ex-situ. Ac-
cordingly, platinized Si will be used as substrate in the presented studies of AlN
and AlN/Co composites. The development of a suitable AlN deposition process
as part of the presented thesis will be discussed in chapter 4.1.

AlN is a ceramic dielectric with low loss tan � = O (10�3), typical "r =
8�11 and dielectric strength of Eb = 4�5:5MV/cm.[73,74] With a wide bandgap of
Eg = 6:2 eV, typical resistivity of AlN is in the range of � = 1011�1013
 cm [78].
AlN decomposes at comparatively high temperatures T � 2400 �C [79] and its
standard heat of formation is �H0

f � �318 kJ/mol [80]. Young's modulus of AlN
is E = 308GPa [81], making it a relatively sti� material.

2.3.2 Cobalt

Cobalt (Co) is a 3d transition metal with stable hcp-phase below 400 �C. Above
that temperature a phase transition to fcc occurs and mixed phases of hcp
and fcc are often observed due to the small energy di�erence between the two
structures.[80] Co is ferromagnetic below the Curie-temperature of TC = 1131 �C

FIG. 2.11: Black line: critical diameter DSP of Co particles with respect to tempera-
ture T . Red line: magnetism for D = 7:6 nm versus temperature T , with a blocking
temperature of TB = 293K, after [82].
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with a bulk saturation magnetization at room-temperature of MS,bulk = 1:42 �
106A/m.[83] Its magnetic easy axis is oriented along the [1000]-direction (c-axis)
and all directions within the (002) basal plane are equally hard, rendering the
crystalline anisotropy of Co uniaxial. Among the 3d metals Co exhibits the high-
est saturation magnetostriction of �P = �62�10�6.[84] The size dependence of the
magnetic properties for Co nanoparticles is illustrated in Fig. 2.11. Accordingly,
the critical diameter for the transition from ferromagnetic to superparamagnetic
behavior at room temperature is DSP � 7:6 nm for individual particles.

The magnetic properties of Co can be in�uenced by the presence of CoO
as the latter is antiferromagnetic below its Néel-temperature of TN = 270K.[85]

Meiklejohn and Bean [86] were the �rst to report on magnetization loops which
were shifted upon cooling by 1 kOe in Co-CoO core-shell nanoparticles due to
antiferromagnetic coupling. Accordingly, attention will be paid to the presence
of oxygen and its possible in�uence on the magnetization data in the experimental
chapters 4.2 and 5.

2.3.3 AlN/Co as a demonstrator system

The deposition process of the desired AlN(002)/Co composites requires reactive
pulsed dc sputtering at elevated substrate temperature for the matrix. The di-
electric AlN deposit might be electrically �oating, especially when the application
of an rf-bias is desired, giving rise to a �oating potential U� due to the magnetron
plasma. Co is exposed to a reactive N+ atmosphere during reactive deposition
of AlN. Thus, pre-formation of Co nanoparticles in the cluster source appears
advantageous to achieve magnetic properties. Due to its complexity, the tailor-
ing of AlN(002)/Co composites appears suitable to test the developed deposition
concept.

The high dielectric breakdown strength and low tan � of AlN are both ad-
vantageous for the matrix component of percolative high-k material. Regard-
ing the metallic phase, percolative high-k materials have been successfully pre-
pared with various metals [8,10,54,87] and composites with Ni yielded excellent
results [47,88]. Thus, one can expect Co to perform similarly, due to similar
material properties like electrical conductivity �Co = 1:7 � 105 (
cm)�1 and
�Ni = 1:4 � 105 (
cm)�1.[89] In addition, Nan et al. [8] summarized existing re-
ports by pointing out that the choice of metal does obviously not in�uence the
properties of high-k composites. From Equation (2.16) and "mr � 10 follows
that AlN based percolative composites will not reach the high absolute values of
"r = 103 � 105 reported in previous studies.[8] However, while microelectronics
utilize SiO2 with "r = 3:9 and metal oxides with "r � 10�20, further downscal-
ing will require an increase of "r by preparation routes compatible with process
limitations.[44] Thus, already a moderate relative increase of "r is of technological
interest [90] and, depending on the application, extremely high absolute values of
"r are not necessarily a �gure of merit [52] (cf. chapter 2.2.1). Apart from the
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technological point of view, the AlN/Co system can be used to study the feasibil-
ity of a magnetron based PVD approach to the fabrication of percolative high-k
materials in contrast to existing sintering techniques.

As in the case of high-k materials, the low tan � of AlN is advantageous for
ME materials, too. The ratio "r=d33 � 0:5 V/pm, cf. Equation (2.26), of AlN is
even better than that of ferroelectric PZT ("r=d33 � 0:35 V/pm) [75]. In addition,
considering environmental aspects and legal regulations, AlN would be a lead free
alternative to commonly used PZT.[91] The comparatively high Young's modulus
of AlN must be considered detrimental for the ME e�ect, but not crucial for a
proof-of-principle investigation of the fundamental suitability of 0-3 nanocom-
posites for ME materials. While ferroelectric perovskites o�er the possibility of
electrical poling after deposition, they do not appear to be compatible with a
metallic magnetostrictive phase since oxygen admixture and high temperatures
are required for crystalline growth.[92] Thus, oxygen-free low-temperature sput-
ter deposition of highly-oriented AlN appears advantageous compared to other
piezoelectric materials like ZnO and perovskites. Even if CoxNy is formed dur-
ing co-deposition, thermal decomposition by tempering in vacuum is possible.
Suzuki et al. [93] found all CoxNy to decompose to Co at 300 �C and Maya et al. [43]

demonstrated the pyrolysis of CoN to Co in AlN/Co composites at a moderate
temperature of T = 400�C. In combination with the thermal stability of AlN,
this enables recovery of the magnetic properties by selective thermal decomposi-
tion if CoN should be formed during deposition. On the other hand, perovskites
are well-known for becoming conductive upon annealing in vacuum due to the
creation of oxygen vacancies.[94,95] Using Co as magnetostrictive phase no stoi-
chiometric concerns have to be taken into account. While on a �rst glance highly
magnetostrictive materials like TbFe or amorphous FeCoSiB might appear more
attractive for high-performance ME composites, the complexity of the deposition
would increase considerably due to the high reactivity of the involved elements
and stoichiometric concerns. Thus, Co represents a robust choice for the magne-
tostrictive phase of a proof-of-principle system.

In summary, the respective physical properties and deposition conditions ren-
der AlN/Co a suitable system for the proof-of-principle investigations of the pre-
sented work. To increase the performance after the fundamental questions have
been addressed, more complex materials might be employed in prospective studies
as will be discussed in the conclusions of part I (chapter 5.2.3).

2.4 Physical Vapor Deposition

Numerous techniques have been developed for the deposition of thin �lms in-
cluding wet chemistry, chemical vapor deposition and physical vapor deposition
(PVD). In the latter the atoms of a solid material source are transferred into
the gas phase either by evaporation or atomic collision impact. Subsequently the
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FIG. 2.12: Principle of a planar balanced magnetron. For the sake of clarity only the
E�B-drift component of the electron movement is depicted.

gaseous atoms are transported through a vacuum environment to the substrate.
With PVD processes a wide range of materials can be deposited in a clean and
dry environment. Typical PVD techniques include thermal evaporation, pulsed
laser deposition and magnetron sputtering.

2.4.1 Magnetron Sputtering

Magnetron sputtering is a well-established PVD technique which is readily used
today both in science and industrial production. Since the basic technique is
discussed in great depth in literature [96�99], it will be introduced only brie�y in
the following. Already in 1852 Grove [100] observed the deposition of a metal
�lm opposite the cathode of a dc glow discharge. However, the simple glow dis-
charge deposition su�ered from low deposition rates and restriction to metallic
materials. This changed with the development of advanced magnetron deposition
devices in the 1960's and 1970's.[2,101,102] Magnetron sputtering allows for high-
rate deposition of a multitude of di�erent materials like metals, alloys, ceramics
and polymers. Figure 2.12 depicts the common planar balanced magnetron ar-
rangement. Permanent magnets create an arc-shaped magnetic �eld B above
a disc of source material (the target). Upon application of a negative voltage
Ut = 102�103V to the target, a glow discharge is initiated in the introduced pro-
cess gas. The presence of the magnetic and electric �elds force the free electrons
to gyrate in a closed loop (the race track) above the target due to the E�B-drift
following

me a = �q (E+ v �B) . (2.28)

This trapping increases the ionization e�ciency of the electrons in the plasma,
allowing operation of the magnetron in a lower pressure range than for a simple
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glow discharge arrangement. Subsequently, the vaporization of the target occurs
due to kinetic energy transfer upon the impact of the ions which are accelerated
towards the target by the applied target bias Ut. Target erosion is highest in the
area below the electron race track since most ionization of the process gas occurs
in this region.

A physical aspect closely connected to plasma based deposition processes
is the charging of surfaces which are exposed to the plasma. In typical glow
discharges the thermal velocity of electrons usually exceeds that of the ions by
a factor of 103.[103] As a consequence of the high electron mobility, the plasma
(bulk) is always more positive than adjacent surfaces. The minimum positive
potential is the plasma potential �P0

with respect to ground.[104] An electrically
�oating surface immersed in plasma charges negatively, with respect to ground
potential, to a �oating potential ��;0 < �P;0. In steady-state the potential drop
U� = ��;0 � �P;0 between plasma bulk and �oating surface leads to a balance of
electron and ion currents Ie (U�) + Ii (U�) = 0 towards the surface. The resulting
potential drop is given by [104]

U� = ��;0 � �P;0 = �Te
e0

ln

�
mi

2:3me

�
(2.29)

where Te is the electron temperature in eV, e0 elementary charge and mi and
me are ion and electron mass, respectively. Equation (2.29) yields for Ar U� �
�10Te and with Te = O (1 eV) it follows that surfaces immersed in Ar plasma
are bombarded by ions with Ekin = O (10 eV). This bombardment results in
surface and subsurface modi�cations which essentially in�uence the growth of
�lms.[105�107]

Following the above line of reasoning, particles in a plasma charge, too, to
�oating potential [108,109] �� as has already been modeled in 1926 by Mott-Smith
and Langmuir [110]. This e�ect is of fundamental importance for various �elds
of research like astrophysics [111] and industrial applications [112,113], for example
etching or PVD processes. Thus, the charging of particles has been intensively
studied in the emerging �eld of so-called dusty plasmas [114] and has to be consid-
ered in the presented work for the development of a co-deposition concept with
a cluster source (cf. chapter 5).

Reactive Sputtering

Inert gas like Ar is used for sputter deposition of �lms with a chemical compo-
sition corresponding to the target material. However, the chemical composition
of a deposit can be modi�ed intentionally by introducing a reactive process gas.
The technique of reactive sputtering is most commonly employed to deposit com-
pounds from a metallic target, o�ering advantages compared to the direct sput-
tering of the respective compound target. A metallic target allows the application
of dc power and yields higher deposition rates than a ceramic target. In addition,
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FIG. 2.13: (a) Flows of reactive gas during sputtering. (b) System pressure p (top)
and target bias Ut (bottom) versus reactive gas �ow �r. Black: increasing �r, red:
decreasing �r.

the stoichiometry of the deposit can be in�uenced via the partial pressure of the
reactive gas. However, reactive sputtering can be complex and some theoretical
considerations have to be taken into account in order control the process.[115]

The reactive gas not only interacts with the material deposited on the sub-
strate but with the target surface as well, having important consequences for
the sputtering process. An according model was proposed by Berg et al. [3], [116].
Various textbooks [117] provide an in-depth discussion of reactive sputtering.

As depicted in Fig. 2.13(a), a �ow �r of reactive process gas introduced into
the system can be divided into the consumption by the substrate �s and the target
�t, respectively, and the outgoing �ow �p generated by the pumping system. As
a consequence, a fraction �t of the target surface At is covered by compound while
the rest 1 � �t remains metallic. �t depends obviously on the available amount
of reactive gas. Accordingly, the evolution of system pressure p with respect to
the reactive process gas �ow �r is depicted in Fig. 2.13(b). Starting at �r = 0
the target operates in metallic mode, until a critical point �r,c is reached. Up
to �r,c the reactive gas is consumed by the formation of compound material and
as a consequence p does not increase signi�cantly. The target can operate in
metallic mode while stoichiometric compound is formed at the substrate since
the transferred source atoms cover a wider substrate area As than they did in
the target erosion track. At �r,c, however, �t = 1 and the target switches from
metallic to ceramic mode. Consequently the sputtering rate drops which in turn
results in a slower formation of compound. Thus, the system pressure jumps at
�r,c and afterwards increases linearly (assuming constant pumping speed). The
transition back to metallic mode upon decreasing �r occurs at �r,m < �r,c due to
the lower reactive gas consumption by compound formation in ceramic mode.
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The sputter characteristic of a target crucially depends on whether the target
is in metallic or ceramic mode as shown in Fig. 2.13(b). Since the sputtering yield
for metals is generally several times higher than for oxides the target erosion rate
rt drops drastically when the target switches to ceramic mode. This transition is
accompanied by a considerable change of the target bias voltage

Ut =
E0

 "i "e & n
(2.30)

where E0 is the e�ective ionization energy, "i the ion collection e�ciency, "e the
fraction of the theoretical number of ions each electron generates, & the e�ective
gas interaction probability and n a multiplication factor accounting for ionization
by electrons which are generated in the discharge sheath.[118] The decrease of Ut

upon transition to ceramic mode occurs as the secondary electron emission co-
e�cient  is higher for compounds than for their metallic counterparts.[119] Note
that not only the target state in�uences Ut but according to Equation (2.30) also
the gas composition, for example due to species dependent ionization energy E0.
In addition  is found to actually decrease upon oxidation of certain metals.[118]

However, in the case of Al, relevant to the presented work,  increases upon
formation of AlN on the target surface.[118] Furthermore it should be mentioned
for the sake of clarity that, although Ut is negative, it is usually referred to in
positive values. Thus, the behavior of Ut illustrated in Fig. 2.13(b) is called a de-
crease since the absolute value of Ut decreases, although the value mathematically
increases as the bias voltage is negative.

The hysteresis in both rt and Ut is a direct consequence of the preceding
discussion of p (�r). However, depending on the experimental conditions like
pumping speed [120] or target area [121], hysteresis can be di�erently pronounced or
even not present at all.

Pulsed DC Sputtering

Pulsed dc sputtering is a further modi�cation of basic dc sputtering. It is com-
monly applied in order to stabilize magnetron operation by prevention of arc-
ing during reactive sputtering. The technique is employed in industrial deposi-
tion processes of dielectric materials and is still subject of fundamental research.
Accordingly, there are various review articles emphasizing applied [4,99,122] and
fundamental [123,124] aspects of pulsed dc sputtering. As the name suggests, dc
power is not supplied continuously to the magnetron but the target bias Ut is
applied in pulses. The operation is termed unipolar if Ut � 08t, as illustrated
in Fig. 2.14(a), and bipolar if additional positive pulses are applied.[99] In real
experimental or industrial setups, the pulses are usually not square but might
exhibit considerable overshoots. This behavior can be exploited to in�uence the
plasma properties and in turn the deposition process.[123] The two parameters
introduced by pulsed dc sputtering are the pulsing frequency fdc and the duty
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FIG. 2.14: (a) Illustration of target bias Ut during unipolar pulsed dc sputtering. If
Ut > 0 during �o� the pulsing is bipolar. The dotted line depicts commonly observed
overshoots. (b) Schematic charge accumulation on a metallic target during reactive
sputtering.

cycle. The latter is de�ned as �on=(�on + �o�), that is the fraction of on-time per
cycle to total cycle length.

During reactive sputtering part of a metallic target's surface is covered by
compound material as was explained in the previous chapter. These insulating
areas accumulate a positive charge Q since ions impinge on the target during
sputtering. The accumulated charge results in a voltage Ud between dielectric
surface and metallic target as depicted in Fig. 2.14(b). For continuous dc opera-
tion and a su�ciently high breakdown strength of the compound layer the latter
would be charged until eventually the target bias voltage Ud = Ut is reached. At
that point the ions would be no longer accelerated towards the target. However,
in a dielectric layer of a few nm on the target surface [116], electrical breakdown
will occur since typical breakdown �elds are in the range of Eb = 1�10MV/cm.
In this case so-called arcing happens, especially in compound-covered target re-
gions close to the race track.[125] As a consequence magnetron operation becomes
instable since the power supply is forced to disrupt the discharge. In addition,
droplets can be ejected from the target surface during arcing, which degrade the
quality of the deposit.[4]

By means of pulsed dc power such arcing can be prevented since during
Ut � 0 free electrons from the plasma can reach the target surface and neu-
tralize the accumulated positive charges Q. Typical pulsing frequencies are
fdc = 10�350 kHz.[123] The necessity of fdc to be in this range can be derived in
�rst-order approximation by considering the voltage Ud across a dielectric layer
with thickness d on the target in a plate capacitor model: [4,126]

Ud =
Q

C
=

Qd

"r "0A
(2.31)

where C and A are the capacitance and the area, respectively, of the capacitor.
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Furthermore Q = J A t with J being the ion current density during sputtering.
Thus, an electric �eld

Ed =
Ud

d
=

J

"r "0
t (2.32)

builds up. With average values of AlN, "r = 10 and Eb = 5MV/cm (cf. chapter
2.3.1), and a typical current density of J = 20mA/cm2 the breakdown �eld is
reached after tb � 2�10�4 s. Thus, charging must be interrupted at fdc � 1=tb =
5 kHz to prevent arching. While this is an approximate lower boundary (for AlN),
typically used values are in the range of fdc = 10�100 kHz.[122]

Besides the prevention of arcs during reactive sputtering, pulsed dc power can
also improve the physical properties of a deposit.[127�129] Fundamental research has
been conducted in order to link the observed modi�cations of the deposits to the
underlying plasma physics.[123,124,130] It was found that the energy �ux towards
the substrate was in�uenced by fdc and duty cycle as a consequence of changes in
the plasma density and ion energies. Accordingly, the pulsing parameters can be
used to tune the properties of a deposit since �lm growth is crucially in�uenced
by energy �ux onto the substrate.[105�107]

2.4.2 Gas aggregation cluster source

The unique physical properties of nanoparticles are of great interest for funda-
mental research and a wide range of applications. Thus, di�erent techniques
have been demonstrated to produce nanoparticles with speci�c morphology and
chemical composition. Among them, gas aggregation cluster sources (GAS) have
become a versatile tool for the creation of nanoparticles in the gas phase.[131]

Nanoparticles are generated in a GAS by condensation of supersaturated metal
vapor inside a vessel. Inert gas acts as a thermal bath which promotes the con-
densation of clusters. There are various GAS variants which mainly di�er in the
kind of vapor source. The �rst GAS was proposed in 1980 and included a crucible
in which metal was thermally evaporated.[6]

In 1992 Haberland et al. [132] presented a GAS based on magnetron sputtering.
The size of the particles could be tuned between 101�106 atoms. In addition a high
fraction of the particles left the source electrically charged, enabling the possibility
to accelerate them towards the substrate.[7] Since magnetron sputtering provides
an e�ective [133] and versatile route for the creation of metal vapor, Haberland-
type GAS have been used to produce nanoparticles from many metals like Au,
Ag, Cu [134], Ti [135], Co [136] and many others [131,133,137,138]. The comparatively high
kinetic energy in the order of 10 eV of metal atoms in a magnetron discharge is
advantageous in a GAS since the probability of re-attachment to the cathode is
reduced.[139] Upon leaving the cathode, the sputtered atoms are thermalized due
to collisions with inert gas atoms. Considering a typical kinetic energy E � 10 eV
of a sputtered atom [140] and a mass comparable to the inert species, the metal
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atoms are thermalized after a distance of l � 1 cm.[141] Subsequent nucleation
and growth of clusters can be separated into three stages [142�144] by the model
of liquid droplets in a supersaturated vapor [133,142,145]. First, dimers form in a
three-body collision between two individual metal atoms M and an inert atom I

2M + I! M2 + I . (2.33)

The inert atom on the one hand enables energy and momentum conservation and
on the other hand stabilizes the formed dimer.[144,146] The generation of dimers
poses the bottleneck of particle formation since the rate of this process is lower
than the subsequent growth of the clusters by two-body collisions.[143,147] Subse-
quent growth proceeds either by addition of single atoms to the clusters or by
coagulation.[146] In the aggregation region close to the cathode the number den-
sity of free metal atoms nf is higher than the number density of atoms bound in
clusters, nf � nb.[141] Under these conditions growth proceeds by attachment of
single atoms to clusters

Mn + M! Mn+1 . (2.34)

Upon leaving the aggregation region, nf � nb holds and cluster coagulation
governs the third stage of particle growth

Mn + Mm ! Mn+m . (2.35)

Within the aggregation region, the coagulated clusters can rearrange in order
to minimize their surface energy. The necessary surface mobility results from
the small cluster size and the heating of the inert bu�er gas during the sput-
tering operation.[148] The inert bu�er gas not only promotes the vapor conden-
sation, but the escaping gas �ow also transports the formed particles out of the
GAS.[131] The thermalized particles are carried through the nozzle, forming a
cluster beam. Having left the GAS the nanoparticles move with a typical speed
of 30 � 200m/s.[143,149] Considering the impact of a Co nanoparticle with a di-
ameter of D = 7 nm at a speed of 200m/s [149] each atom has a kinetic energy
of Ea = 12meV. When the kinetic energy per atom is lower than the binding
energy of the cluster constituents, which is usually below 1 eV per atom, the
cluster remains intact upon impact on the substrate.[144] This deposition mode,
which is typical for GAS-produced clusters, is called soft landing. Highly compact
�lms can be produced by acceleration and subsequent fragmentation of the par-
ticles on the deposit.[7,144] However, this work aims at the embedding of metallic
nanoparticles in a matrix. Thus, in the framework of this thesis, soft landing of
the magnetic clusters is desired.

The operation of a magnetron in a GAS arrangement can be instable due to
electric breakdown. As Smirnov [148] estimated for Ti, Cu and Ag, magnetron dis-
charge parameters of P = 100W and p = 100Pa provide a suitable working point
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for a GAS since cluster evaporation due to bu�er gas heating is not dominant un-
der such conditions.[148] Magnetrons, however, are usually designed for operation
at p � 1Pa, and electrical breakdown can be an issue in Haberland-type GAS.[150]

The voltage Ub leading to breakdown at pressure p and electrode separation d
can be estimated by Paschen's law which was derived by Townsend [151]

Ub =
p d

ln (K pd)� ln (ln (1 + �1))

K EI

e0
(2.36)

where  is the secondary ionization coe�cient, K = kB T=� accounting for the
ionization cross section, EI ionization energy and e0 elementary charge. In the
magnetron employed in this work d can be as high as d = 3mm and stable
operation of the GAS is desired up to pGAS � 200Pa resulting in Ub � 250V.
This potential experimental obstacle will be addressed in chapter 3.

2.5 Characterization Techniques

The characterization techniques employed in the course of this work will be in-
troduced in the following. Since they are well-established standard techniques
the discussion represents only a brief overview addressing important key points.
For further details the reader might refer to the cited literature. Apart from
the basic working principles, practical aspects of the employed techniques for the
characterization of AlN/Co 0-3 nanocomposites are emphasized.

2.5.1 Scanning Electron Microscopy / Energy Dispersive
X-ray Spectroscopy

In scanning electron microscopy (SEM) free electrons are generated for exam-
ple thermionically or by �eld emission and are subsequently accelerated towards
the sample. Focusing of the beam generates an electron probe which allows for
1�10 nm imaging resolution. By scanning the beam over the surface an image
is generated. In contrast to transmission electron microscopy (TEM), SEM can
be applied to bulk samples since no transmission of the electrons through the
sample is required. The textbook by Reimer [152] gives an in-depth discussion of
the technique.

Various elastic and inelastic interactions between electrons and sample can
be exploited for imaging as well as for structural and chemical analysis. Within
the interaction volume, the primary electron beam is completely di�used due
to multiple scattering and gradual energy loss of the electrons. Depending on
the interaction, secondary-, backscattered- and Auger-electrons can be detected
above the sample as depicted in Fig. 2.15. Commonly, secondary electrons with
ESE < 50 eV are used for imaging as they can be easily collected. They are gen-
erated by inelastic collisions either of primary or backscattered electrons. For
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FIG. 2.15: Schematic of the interaction volume of an electron beam in a sample during
scanning electron microscopy (SEM).

chemical analysis characteristic x-rays can be exploited which are generated by
the ionization of sample atoms by electron collisions and subsequent de-excitation.
In energy dispersive x-ray spectroscopy (EDX) these x-rays are recorded by an
energy-dispersive detector. Due to their characteristic origin, elemental concen-
trations can be determined by comparison to a known standard signal of the
element in question. However, it has to be considered that the interacting elec-
trons require su�cient energy in order to excite the characteristic radiation of an
element. Thus, the intensity of characteristic radiation decreases with interaction
depth and �nally only continuous radiation is generated.

The �lling factor � of a composite of thickness dc can be determined by com-
parison of the intensity If of the �lling phase, corresponding to a nominal thickness
df, to the intensity Is of a pre-characterized standard deposit of thickness ds

� =
df
dc

=
If
Is

ds
dc

. (2.37)

In this calculation intensity variations due to limited penetration depth of the
electron beam and varying intensity contributions within the interaction volume
are neglected. This is justi�ed on the one hand considering a penetration depth
in the order of 1�m versus a sample thickness of some 100 nm and on the other
hand by choosing a standard sample thickness comparable to the investigated
sample.

The method typically yields an error �� of the �lling factor in between
10�20% as calculated by gaussian error propagation

�� =

���� ds
Is dc

�����If +
���� If
Is dc

�����ds +
���� ds IfI2s dc

�����Is +
���� ds IfIs d2c

�����dc . (2.38)
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2.5.2 Transmission Electron Microscopy

In transmission electron microscopy the short wavelengths of electrons resulting
from high acceleration voltages are exploited to obtain imaging resolution down
to the atomic scale. A detailed discussion of the TEM technique can be found
for example in the textbook by Williams and Carter [153].

As de Broglie found, a wavelength � = h=p can be related to an electron of mo-
mentum p. Considering relativistic e�ects at high energies above approximately
100 keV, one obtains for the electron wavelength

� =
h�

2m0eU
�
1 + eU

2m0c2

��1=2 (2.39)

where U is the acceleration voltage, m0 the electron's rest mass and h Planck's
constant. For eU = 300 keV, Equation (2.39) yields an electron wavelength of
� � 2 pm, motivating the minimal-resolvable distances TEM can achieve. In
addition to real-space imaging, the short wavelength allows for crystallographic
investigations by electron di�raction. An advantage of TEM compared to other
di�raction techniques like XRD is the ability to probe a specimen's crystallog-
raphy locally, down to the nanometer range. Accordingly, one refers to selected
area electron di�raction (SAED). The same advantage holds for nanoprobe EDX
which can be performed by TEM with lateral resolution in the nm-range. Ex-
ploiting the characteristic x-rays which are emitted from an ionized atom during
de-excitation, elemental maps can be acquired.

While TEM represents a very versatile and powerful tool for nanoscale science,
some experimental considerations have to be taken into account.

Obviously, specimens have to be thin enough to allow for transmittance of
electrons. While the electron transparency is a function of electron energy and
atomic number of the sample, the latter is typically required to be thinner than
100 nm. For atomic resolution imaging, a specimen thickness even below 10 nm
might be necessary. The thinning can be conducted with di�erent procedures
like mechanical or focused ion beam (FIB) milling. Depending on the sample
and thinning technique, the resulting specimen might be altered in the course of
the preparation process.

Furthermore, the highly energetic electron beam might damage the sample.
While this is true especially for polymers and biological samples, even inorganic
specimens might be a�ected for example by induced crystallization. Among other
techniques, sample cooling and scanning of the electron beam (STEM), are ways
to avoid or minimize electron beam damage.

For the interpretation of TEM micrographs one has to be aware of the three-
dimensional character of particulate nanocomposites. As illustrated in Fig. 2.16,
the apparent particle distribution might di�er in a top or cross-sectional view from
the actual particle spacing since several particle layers contribute to the image.
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FIG. 2.16: Schematic of a 0-3 nanocomposite. Particles might appear connected in
TEM micrographs while they actually are not.

The comparatively new TEM technique of electron tomography can overcome this
obstacle by providing three-dimensional images of a specimen. This is achieved
by combination of several TEM images taken at di�erent sample tilts. However,
as the technique is quite elaborate and time-consuming, it is not used for routine
characterization.

2.5.3 X-ray Di�raction

The constructive interference of x-rays scattered by periodically arranged atoms
is called x-ray di�raction (XRD). Di�raction thus represents a special kind of
scattering which occurs only in certain directions with regard to the incident
beam and atom lattice. An excellent introduction to XRD can be found in the
textbook by Cullity [154].

Consider an incident x-ray beam at angle � to the surface of a periodic lattice
of atoms with lattice plane separation a as depicted in Fig. 2.17(a). From geo-
metrical considerations it follows that constructive interference will occur upon
satisfaction of Bragg's law

n� = 2a sin �B (2.40)

where a is the distance between lattice planes, � the x-ray wavelength, n 2 N
and �B the Bragg angle. From the requirement � < 2a follows the suitability of
x-rays with typical � � 1:5Å for the investigation of crystal structures, having
plane separations in the order of a � 3Å. As shown in Fig. 2.17(a) the di�raction
angle between incident and di�racted beam is 2�. The latter is measured in XRD
experiments and the measurement of di�raction intensity versus di�raction angle
is accordingly referred to as 2�-scan.

The scan mode called rocking curve can be used in order to investigate the
quality of crystal texture. In this mode the di�raction angle between x-ray source
and detector is kept constant at the Bragg angle 2�B as shown in Fig. 2.17(b).
Subsequently, the di�raction intensity is measured with respect to the incident
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FIG. 2.17: (a) X-ray di�raction in a periodic lattice of atoms. (b) Illustration of rocking
curve geometry.

angle '. In this geometry, crystallites tilted from the preferred orientation con-
tribute to di�raction intensity at ' 6= 'B, leading to a broadening of the rocking
curve. The rocking curve width is a measure of the piezoelectric e�ect in AlN as
was discussed previously in chapter 2.3.1.

Since nanoparticles are studied, one has to take into account the e�ect of �nite
crystal size on x-ray di�raction. Consider an incident ray X at an angle slightly
larger than the Bragg angle �1 = �B+ ��. After l lattice planes the di�racted ray
Y will have a phase di�erence of (l + 1)� with respect to X. As a consequence,
there exists a plane in between which results in a scattered ray Z with a phase
(k + 1=2)� (k 2 N) canceling out X. Thus, di�raction at the planes above Z
cancels out with the planes below Z. The same is true at an angle �2 = �B � ��
slightly smaller than the Bragg angle. However, for the range of incident angles
S = �1 � �2 destructive interference is incomplete and a non-zero intensity is
observed although Equation (2.40) is not exactly satis�ed. Considering a crystal
of thickness D, the range of angles S increases with decreasing D. This is due
to the fact that complete destructive interference is achieved with fewer crystal
planes only for larger ��. The broadening � of a di�raction peak's FWHM due
to �nite crystal size D is expressed by the Scherrer formula

� =
0:9�

D cos �B
(� in rad). (2.41)

2.5.4 Vibrating Sample Magnetometry

Vibrating sample magnetometry (VSM) is a standard technique for the charac-
terization of ferromagnetic samples. Basically, VSM measures magnetic moment
m by exploiting Faraday's law of induction.
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A mechanical oscillator vibrates the sample at a de�ned frequency (typically
50�100Hz) and a constant amplitude in a homogeneous magnetic �eld H gener-
ated by a pair of Helmholtz coils. Around the sample an additional pair of coils
are arranged in which the changing magnetic �ux induces a voltage U = nA _B,
where n is the number of windings and A the coil surface. Since the applied
magnetic �eld H generates a constant �ux, that is _H = 0, it follows that

_B = �0
@

@t
(H +M) = �0 _M (2.42)

where the magnetization M = dm=dV is the magnetic moment per unit volume
of the sample. Thus, the induced voltage U is proportional to M and the applied
magnetic �eld H does not contribute to U . Calibrating U to a standard of known
magnetic moment allows the measurement of magnetic moment in absolute terms.
Assuming homogeneousM , the magnetization can be calculated subsequently by
M = m=V , if the magnetic volume V is known. Typically, VSM is able to
measure magnetic moments in the �emu-range.

2.5.5 Double Beam Laser Interferometer

Displacement of a piezoelectric material can be measured with a double beam
laser interferometer (DBLI) with an accuracy of several pm. It o�ers the pos-
sibility of contactless measurement making it suitable for thin-�lm characteriza-
tion.[155] The double beam arrangement based on the Mach-Zehnder interferom-
eter is capable of determining the actual thickness change of a piezoelectric �lm,
rejecting the bending of the substrate due to in-plane stress of the deposit.[156]

This is achieved by interference of laser beams re�ected from both sides of the
sample. The change in intensity of the resulting interference pattern serves as a
measure of the path length di�erence of the two beams and thus represents the
thickness change of the piezoelectric sample. Accordingly, double-side polished
substrate has to be employed in order to provide the required re�ectivity on the
back of the sample.

Film clamping needs to be taken into account when interpreting the measured
piezocoe�cients. For a perfectly clamped �lm the in-plane strain components are
S1;2 = 0 while the �lm is free to move in the out-of-plane direction. Accordingly
�1 = �2 and �3 = 0 holds for the �lm in- and out-of-plane stress components,
respectively. As a consequence, �lm clamping results in an e�ective piezoelectric
coe�cient [157,158]

d33;f =
S3
E3

= d33 � 2 sE13
sE11 + sE12

. (2.43)

2.5.6 LCR Meter

Real electronic components contribute a mix of resistance R, capacitance C and
inductance L. Depending on the frequency range, various measurement methods
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FIG. 2.18: (a) Principle circuit of an auto balancing LCR meter. (b) Parallel model of
a non-ideal capacitor.

are available for the characterization of such electronic devices and the respective
measurement equipment is referred to as LCR-meters. A commonly employed
scheme in the range below 100MHz is the auto balancing bridge illustrated in
Fig. 2.18(a). In this setup the operational ampli�er renders potential 2 a virtual
ground and the current I2 through R2 balances with the current Ix through the
investigated device Zx. Hence Ix = I2 and U2 = I2R2. The impedance Zx can be
determined by measuring U1 and U2 since

Zx =
U1

I2
=

U1R2

U2

. (2.44)

For the properties of interest, the model of a lossy dielectric as a capacitor
with capacitance Cp and parallel resistance Rp shown in Fig. 2.18 (b), yields

tan � =
1

2�fCpRp
(2.45)

"r = Cp
d

"0A
(2.46)

where d is the thickness of the dielectric, A is the electrode area and "0 the
vacuum permittivity. The error of "r resulting from geometric uncertainties in d
and A is calculated by Gaussian error propagation.

2.5.7 Inductively Coupled Plasma - Mass Spectrometry

With inductively coupled plasma - mass spectrometry (ICP-MS) concentrations
as low as 1 : 1012 of metals and various other elements can be determined. The
sample usually consists of a solution which is nebulized into a reaction chamber.
Within the latter an inductively coupled plasma ionizes the sample species. The
inductive sustentation of the plasma o�ers the advantage that contamination of
the electrodes is avoided as the latter can be arranged outside the reaction cham-
ber. Subsequent to the ionization process the di�erent ion species are separated
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and detected by a mass spectrometer. Due to the high sensitivity of ICPMS care
must be taken in the course of sample preparation. Already small contaminations
of the used liquids or sample vessel might lead to erroneous results. In addition,
the measuring device has to be calibrated in order to state correct concentration
values in absolute terms.

2.5.8 Pro�lometer

Pro�lometry is a versatile method to characterize the surface of a sample. There
are non-contact techniques which are mostly optical, and mechanical contact
pro�lometers. The latter employ a stylus which scans the sample surface at
a constant force thus retracing the topology. Contact pro�lometry o�ers the
advantages of being independent of the optical properties of a sample and of
directly imaging the surface without the need for subsequent modeling. For the
characterization of deposits some area of the substrate should be left uncoated.
This pristine part of the substrate provides a reference level on the one hand
for the determination of the deposit's thickness and on the other hand for the
removal of the macroscopic tilt of a sample (the plane correction).

2.5.9 Quartz Crystal Microbalance

A quartz crystal microbalance (QCM) exploits the resonance frequency shift of a
quartz crystal upon addition of mass in order to determine and monitor deposition
rates. The QCM concept was �rst introduced by Sauerbrey [159] in 1959. For
mass detection, piezoelectric quartz crystals are driven by an electric �eld in a
mechanical shear oscillation in the MHz-range. Deposited material shifts the
crystal's resonance frequency by [159]

�f = �C �m (2.47)

where C is the sensitivity factor of the crystal and �m the change in mass per
unit area. The frequency shift can be calibrated, for example with a pro�lometric
measurement of a deposit, in order to represent the actual �lm thickness during
deposition.



Chapter 3

Experimental setup

3.1 Design of new Deposition System

In the course of the presented work a high-vacuum (HV) system was designed
and constructedc in order to enable highly �exible magnetron-based deposition
of 0-3 nanocomposites.

As depicted in Fig. 3.1, the HV system consists basically of three indepen-
dent chambers: the main deposition chamber, the gas aggregation cluster source
(GAS) and a fast entry sample load lock. A detailed diagram of the system is
given in appendix A.

The main chamber is pumped via a turbo molecular pump (TMU 521, Pfei�er
Vacuum) backed-up by an oil-free scroll pump (SH-110, Varian). The pressure
within main chamber and load lock is measured by two full-range gauges (PKR
251, Pfei�er Vacuum). The base pressure in the main chamber is pbase < 1 �
10�5 Pa for all deposition experiments. The main chamber houses the sample
holder and an elongated magnetron, the latter being mounted on an one-axis
manipulator as depicted in Fig. 3.2.

The sample holderd is rotatable to ensure uniform deposition and it is mounted
electrically disconnected to the chamber. Thus, deposition can be conducted
with the sample being either on plasma �oating potential, grounded or biased
(cf. chapter 2). The substrate plate (35mm diameter) made of Mo can be heated
up to 1000K by a resistively heated Ti �lament.

Opposite the sample holder an elongated 2-inch planar magnetron (Thin Film
Consulting) with a chimney ring is located for the deposition of the composite
matrix. In case of the desired textured growth of AlN, this deposition geometry
ensures the perpendicular orientation of the AlN c-axis with respect to the sub-
strate plane. The magnetron is mounted on an one-axis manipulator (z-drive),
which allows for variation of the target-substrate distance d = 45�95mm, increas-

cin cooperation with S. Rehders
ddesign by S. Rehders
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FIG. 3.1: Deposition system constructed in the course of the presented work.
1 - main chamber 5 - load lock (LL) 9 - gate valve
2 - cluster source (GAS) 6 - turbo pump LL 10 - gas �ow controllers
3 - center magnetron 7 - magnetic transfer rod 11 - manual needle valve
4 - sample holder 8 - gate valve 12 - electronics rack

ing the �exibility of the system; in the case of AlN, d is critical for the textured
growth of AlN (cf. chapter 4.1).

For the fabrication of AlN/Co composites a 10mm wide slit was cut into the
magnetron chimney ring, through which the cluster beam can reach the substrate.
The process gases Ar and N2 can be introduced into the magnetron via a four-
channel gas �ow controller (MKS) at �ows of �Ar, N2

= 2�200 SCCM. A dc power
source (MDX 500, Advanced Energy) delivers up to 500W continuous sputtering
power. For the stable operation of the magnetron during reactive sputtering of
AlN from a metallic Al target (99.999% purity, Evochem), as discussed in chapter
2.4.1, the dc power is pulsed by a self-built switche (MOSFET HTS31, Behlke).
The switch is triggered via a square signal (5V amplitude) from a frequency gen-
erator (PeakTech 4025) at frequencies typically between fdc = 10�70 kHz. During
the deposition of composites the matrix magnetron is triggered additionally in

edesign by R. Kloth
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FIG. 3.2: Front view of the open main chamber.

low-frequency pulses in the order of fp = 0:1Hz, as part of the quasi-co-sputtering
concept (cf. chapter 5.1). For the low-frequency pulsing, the MDX power unit is
triggered in remote control by self-built electronics (cf. appendix A) and a second
Peaktech 4025 frequency generator.

A fast entry sample load lock connected to the main chamber serves several
purposes. The main vacuum needs not to be broken in the course of sample
transfer, ensuring optimal HV deposition conditions. The pumping system of
the load lock (HiPace 80 turbo molecular pump, Pfei�er Vacuum, backed by
a SH-110 scroll pump, Varian) allows for fast sample introduction with typical
pumping times of t � 20min at a transfer pressure of pLL � 5� 10�5 Pa. Apart
from sample transfer, the load lock chamber can be used to monitor deposition
experiments with a mass spectrometer (QME 200, Balzers). For this, the gate
valve between main chamber and load lock is opened marginally, leading to a
pressure in the order of pLL = O (10�3 Pa) in the load lock during deposition in the
main chamber at pmain = O (10�1 Pa). Finally, the load lock chamber supports
the operation of the GAS in two respects. First, the load lock can be used to
pump the gas escaping the GAS. This reduces the gas load of the main chamber
during operation of the GAS, leading to a process pressure of pmain � 2�10�1 Pa
compared to pmain � 6 � 10�1 Pa without the additional pumping. Second, the
load lock allows venting of the GAS separately from the main chamber. This
is especially important when working with thin ferromagnetic targets, like the
utilized Co targets (0:5mm thickness, 99:9% purity, Goodfellow), since frequent
replacement is required.

For the creation of nanoparticles a Haberland-type GAS was used. The source
was developed in the working group as part of a research project by T. Peter in co-
operation with V. Zaporojtchenko and S. Rehders. As illustrated in Fig. 3.3, the
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FIG. 3.3: Schematic of the Haberland-type self-built gas aggregation cluster source
(design by S. Rehders). From Gojdka et al. [136].

GAS consists of a 2-inch planar magnetron which is mounted to a cylindrical ves-
sel, providing the cluster aggregation region. The vessel is terminated by an aper-
ture with a variable diameter (for all presented experiments a diameter of 3mm
was used). The design does not include any �ltering system or cooling. Ar can
be introduced via the magnetron at �ow rates between �Ar,GAS = 2�200 SCCM,
controlled by a four-channel �ow controller (MKS). An additional manual needle
valve allows the introduction of N2 with gas �ows in the order of 0:1 SCCM for
the investigation the in�uence of reactive gas on the cluster nucleation. During
operation, gas �ows of �Ar,GAS � 120 SCCM lead to pressure in the order of
pGAS = 102 Pa inside the aggregation vessel. Since the employed standard mag-
netron is speci�ed for operation at p � 100 Pa this pressure can result in instable
operation (cf. chapter 2.4.2); the magnetron is designed to work with targets of
various thicknesses and thus incorporates a gap below the target cap as shown in
Fig. 3.4(b). This geometry promotes an electrical breakdown since the electrode
separation d � 3mm shifts the breakdown voltage according to Paschen's law,
Equation (2.36), toward it's minimum. Hence a ring is added to the magnetron as
shown in Fig. 3.4(c) in order to decrease the electrode separation distance d. At
the resulting distance d � 1:5mm typical GAS operation yields p d � 0:2Pamm
for which Paschen's law predicts a breakdown voltage of VB > 1 kV. Accordingly,
operation of the source is stable even at higher gas �ow �Ar � 200 SCCM and
power PGAS � 150W which would have resulted in arching inside the magnetron
without the ring.

For the investigation of nanoparticle deposits without matrix, the GAS is
mounted directly to the main chamber, resulting in an aperture-substrate distance
of d = 80mm. As for the deposition of nanocomposites, the setup aims at the
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FIG. 3.4: (a) Photograph of a 2-inch magnetron employed in the cluster source and for
matrix deposition. (b) The red arrow indicates the gap below the target �xture in the
standard design. (c) Added steel ring to suppress arcing inside the magnetron during
high-pressure operation of the cluster source.

separation of the cluster and matrix processes. Thus, it is desirable that the
gas load of the cluster source is, at least partially, pumped before it enters the
main chamber. To achieve this, the GAS is mounted to the main chamber via a
DN63CF Tee, which is terminated by a blank �ange with a drilled hole of 10mm
in diameter. This construction allows for di�erential pumping of the source via
the fast entry lock as shown in Fig. 3.5(a). At a gas �ow of �Ar,GAS = 120 SCCM
from the source, a pressure of pmain = 2�10�1 Pa is reached in the main chamber.
This is su�ciently low in order to control the process atmosphere for the AlN
deposition. The high deposition rates of the GAS are matched to the rates of
AlN by the large GAS aperture-substrate distance of d = 450mm, which results
from the introduction of a gate valve, the drilled blank �ange and the Tee. For
the preparation of di�erent �lling factors within one sample, a gas �ow of 140
(SCCM) Ar is used in order to achieve a gradient of the Co �lling factor via
the focusing characteristic of the GAS (cf. chapter 4.2). Figure 3.5(b) illustrates
the geometry for the deposition of nanocomposites by co-sputtering with the
GAS and an elongated magnetron. The GAS can be baked out with an external
heating belt (T � 120 �C).

Optionally, a quartz crystal microbalance (QCM200 controller with QCM25-
5MHz crystal oscillator, Stanford Research Systems) can be positioned in the
main chamber directly underneath the sample holder in order to monitor the
nanoparticle deposition rate. The operation temperature of the QCM is stabi-
lized by water cooling to prevent errors due to thermal drift of the oscillator's
resonance frequency. Both magnetrons and the sample holder are water-cooled
via an autonomous water-air chiller (UC007, Huber).
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FIG. 3.5: (a) Front view of the deposition system, displaying the deposition geometry.
(b) Respective schematic illustration.

3.2 Sample Characterization

Various measurement techniques were employed for sample characterization. Hav-
ing summarized the respective theory previously in chapter 2.5, now the actual
experimental procedures are addressed. Parts of the following discussion are
excerpted from earlier publications by Gojdka et al.[55,136,160]

Crystallographic properties were investigated with a Seifert XRD 3003 in 2�-
and rocking curve mode. The x-ray source provides Cu-K� radiation (� = 1:54Å)
with an additional monochromator mounted in front of the detector in order to re-
move other wavelengths. For the direct comparison of di�erent deposits (cf. chap-
ter 5) identical Pt/Si substrates of 5 � 5mm2 were used. The intensive Si(400)
and Pt(111) di�raction peaks of the highly oriented substrate were omitted in
2�-scans if the detector limit of 1� 105 cps was exceeded. The determination of
miller indices for the observed di�raction peaks is based on the ICDD database
PCDFWIN, v.2.1 (2000).

All TEM measurements and analyses presented in this thesis were performed
by L. Kienle and V. Hrkac. The TEM investigations were conducted with a
Tecnai F30 G2 STwin. For the study of individual nanoparticles, carbon-coated
Cu-microgrids (S160-3, Plano) were directly exposed to the cluster beam of the
GAS for t = 1�8 s, depending on the GAS operation parameters. Several TEM
micrographs were recorded at �xed magni�cation at random positions of the sam-
ples for statistical analysis of the particle's size distribution. Scanning (S)TEM
images displaying atomic number dependent (Z)-contrast were recorded with a
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high angle annular dark �eld detector. For cross-sectional TEM investigations
lamellae specimens were prepared by focused ion beam (FIB) milling of deposits
using a lift-out method with a FEI Helios Nanolab system. In addition, crystal-
lography was probed locally by selected area electron di�raction (SAED). EDX
nanoprobe analyses as part of the TEM examinations were performed using a
Si/Li detector (EDAX System).

Morphology and chemical composition of deposits were investigated by SEM
(Philips XL 30) with EDX detector (EDAX DX-4). In order to determine the Co
content in AlN/Co composites, the Co-K net intensity recorded for the composite
was compared to the Co-K net intensity of a standard sample. The latter consists
of a (160 � 10) nm thick Co layer, one third of which is blank, while the other
2 thirds are covered by 450 nm AlN and 900 nm AlN, respectively. Depending
on the composite thickness and structure, the average of the measured Co-K net
intensities from the di�erent standard regions yields the nominal Co thickness of
the AlN/Co composite within acceptable error limits (cf. chapter 2.5).

A DEKTAK 8000 pro�lometer was employed in order to determine the thick-
ness and topology of deposits. During deposition part of the substrate was covered
by an approximately 1mm wide stripe of metal in order to provide a reference
level for the measurements. For samples deposited at elevated temperatures, Ta
was used for the cover, otherwise Al foil su�ced at room temperature. After
the deposition, the blank parts of the substrate provided the zero-level for the
thickness determination by pro�lometry.

The mass of porous Co nanoparticle �lms was determined via inductively
coupled plasma mass spectrometry measured on an AGILENT 7500cs ICP-MS
instrument. The respective deposits were dissolved in 10ml of 6:5% HNO3. With
all of the deposited Co in solution and the amount of solution known, the Co
mass can be directly calculated from the concentration determined by ICP-MS.
In order to calibrate the ICP-MS data, a dense Co deposit of known volume was
dissolved as a concentration standard.

Magnetic properties were measured by a LakeShore 7300 vibrating sample
magnetometer (VSM) at room temperature. The system provides large and small
pick-up coils for the measurement of sample magnetic moment m with respect
to applied external �eld H. Due to geometric constraints of the more sensitive
smaller pick-up coils, VSM samples were prepared on 5� 5mm2 substrates.

For the study of piezoelectric properties of the deposited AlN, a double beam
laser interferometer (DBLI, aixacct) was employed. In order to provide the nec-
essary re�ectivity, double-side polished (DSP) substrate was used. The Pt seed-
layer of the substrate serves as bottom electrode, while Au top electrodes were
sputter-deposited ex-situ with a Balzers SCD 050 sputter coater. Since AlN ex-
hibits a comparatively small d33 � 5 pm/V, 10 to 100 displacement-curves were
averaged in order to reduce the error of the measurement.

Electric properties like relative dielectric permittivity "r and loss tangent tan �
were determined in a two-contact arrangement with an HP 4284A LCR meter in



46 3. EXPERIMENTAL SETUP

parallel resistance-capacitance (RP � CP) mode. The electrode arrangement is
identical to the previously described sample design for DBLI.

Magnetoelectric measurements were conducted with a self-constructed device.
Two pairs of Helmholtz-coils provide a magnetic bias �eld of Hdc � 5 kOe and an
alternating �eld Hac � 3Oe. Sweeping Hdc tunes the working point of the mag-
netostrictive phase in a ME composite while Hac results in an alternating voltage
UME according to Equation (2.25). The Pt bottom electrode of the substrate and
Au top electrodes (cf. DBLI) were connected to a lock-in ampli�er (7265 DSP,
EG&G Instruments) in order to detect UME.



Chapter 4

Individual Composite Constituents

Prior to the investigation of 0-3 nanocomposites, deposition processes for the
individual constituents had to be developed and the properties of the separate
phases were characterized.

4.1 Deposition of high-quality AlN

A suitable deposition process had to be established in the course of this work in
order to produce piezoelectric AlN, enabling an AlN/Co composite to potentially
exhibit a ME e�ect. The process had to be developed entirely anew since on the
one hand the deposition system was newly constructed as part of this thesis and
on the other hand no experimental experience regarding AlN and piezoelectric
ceramics in general existed in the working group.

The growth of AlN is in�uenced by a wide range of parameters. Thus, suitable
deposition parameters had to be found in order to produce highly oriented, piezo-
electric AlN. On the one hand a systematic variation of only one parameter at a
time would not have been possible for reasons of time due to the large �eld of pa-
rameters. On the other hand various systematic studies already exist for reactive
pulsed dc sputter deposition of AlN.[73,74,76,77,129,161,162] These reports provided a
sound �rst set of parameters which was subsequently optimized under consider-
ation of the in�uence of the individual deposition parameters on the physics of
the deposition. Exclusive c-axis orientation provided the �rst criterion and was
studied by XRD in 2�- geometry. Subsequently, XRD rocking curves allowed
quick assessment of the piezoelectric capabilities of a deposit with the FWHM
being the �gure of merit. If exclusive c-axis orientation and FWHM < 3:5� were
ful�lled, �nally DBLI was employed to characterize piezoelectric properties of the
AlN deposits. In addition to the desired material properties, the deposition pro-
cess was developed in order to be compatible with co-deposition of composites.
This boundary condition has been taken into account by introducing part of the
process gas via the cluster source, as is the case during co-deposition.

47
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FIG. 4.1: (a) XRD rocking curves of the Pt(111) di�raction peak of self-sputteredf

(black, solid) and commercial substrate (red, dashed), respectively. (b) XRD 2�-scan
of self-sputtered Pt(111)-Si substrate.

The establishment of a suitable deposition process for the growth of piezoelec-
tric AlN posed a fundamental objective within the framework of the presented
thesis. Thus the developed deposition procedure and the choices of parameters
will be discussed in the following, complimented by experimental data. Finally,
highly c-axis oriented, piezoelectric AlN deposits are characterized, proving the
feasibility of the developed process.

First, the substrate was characterized as it represents the essential starting
point for the growth of AlN. According to the discussion in chapter 2.3.1, the
substrate consists of platinized Si. Commercial platinized Si-wafers (Inostek)
were compared to substrate provided by a co-operating research groupf. For the
non-commercial substrate 150 nm Pt was sputter-deposited on 4-inch double-side
polished (100)-Si prime-grade wafers. The latter were wet oxidized to form a
1�m thick SiO2 di�usion barrier layer prior to deposition. A 10 nm layer of Ti
was added on top of the SiO2 in order to promote adhesion. The Pt-coated wafers
were post-annealed at 500 �C for 1 h in order to improve the Pt(111) texture. Fig-
ure 4.1(a) shows the XRD rocking curves of the commercial and the self-deposited
substrate. A FWHM of 6:9� renders the commercial substrate unsuitable as a seed
layer for highly oriented AlN. On the other hand, the self-sputtered substrate ex-
hibits a small FWHM of 1:4�, o�ering good growth conditions. Exclusive Pt(111)
texture is observed in the 2�-scan shown in Fig. 4.1(b). In accordance with pre-
vious studies [74,77] Ts � 300 �C is used for the growth of AlN. Mortet et al. [161]

reported improving c-axis orientation for decreasing target-substrate distances in
the range of d = 130 � 50mm. Thus, a target-substrate distance of d = 55mm
was chosen and adjusted with the one-axis manipulator (cf. chapter 3.1).

In the course of this thesis, pulsed dc power was used for the �rst time in the

fcourtesy of A. Piorra and E. Quandt
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FIG. 4.2: (a) Top: pulsed target bias Ut(t) for fdc = 50 kHz, duty cycle 70% and P =

90W. Bottom: resulting self-bias Us(t) of electrically �oating substrate holder (note:
the graph was extracted from an oscilloscope photograph by digital image processing).
(b) Average target bias Ut versus �N2

.

research group. Figure 4.2(a) shows typical Ut(t) for fdc = 50 kHz and a duty
cycle of 70% at an average sputtering power of P = 90W. As is usually observed
for this mode of operation,[123] Ut(t) is not perfectly square but exhibits over-
shoots. Depending on the deposition parameters and the pulsing frequency fdc,
the target bias Ut reaches 0V during the o�-times and arc-free stable sputtering
operation is achieved even if the process gas is pure N2.

Subsequently, the dependence of average target bias Ut = hUt(t)i provided
by the power generator versus nitrogen �ow �N2, 0 was studied in order to char-
acterize the target state during the reactive sputtering process (the index '0'
denotes gas �ows through the center magnetron). As shown in Fig. 4.2(b) a
decrease of Ut is observed for increasing nitrogen �ow (cf. chapter 2.4.1 for
the algebraic sign convention). However, no hysteresis is observed, likely due
to the comparatively small target area and high pumping speed as discussed
in chapter 2.4.1. Mortet et al. [161] found exclusively c-axis orientated AlN for
a nitrogen ratio of RN2

= �N2
= (�Ar + �N2

) > 25%. Considering a gas �ow
�Ar, GAS � 120 SCCM and additional �Ar, 0 = 15 SCCM introduced through
the center magnetron in order to prevent target poisoning, a nitrogen �ow of
�N2, 0 = 65 SCCM =̂ RN2

= 32:5% was chosen. The resulting AlN deposit
exhibits a stochiometry of 1:1 within the accuracy of EDX.

After the establishment of basic pulsed dc operation and a suitable process
atmosphere, the pulsing frequency fdc and respective duty cycle were chosen based
on the resulting substrate bias voltage Us. Figure 4.2(a) depicts the substrate bias
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Parameter Parameter
dc power [W] 90 �Ar, 0 [SCCM] 15
fP [kHz] 50 �N2, 0 [SCCM] 65
dutyP [%] 70 �Ar, GAS [SCCM] 100-140
target-sample distance [mm] 55 substrate temperature [�C] 200-400

Table 4.1: Summary of deposition parameters for AlN. Index 0 in gas �ows denote the
center magnetron.

voltage which occurs on the electrically �oating sample holder (with respect to
chamber ground) due to the deposition plasma. It should be emphasized that
this bias voltage Us is not applied to the sample holder externally by means of
an additional voltage supply but results directly from the deposition plasma. As
Dubois and Muralt [77], [163] reported, the AlN �lm quality improves with substrate
bias with best results for Us in between �40V and �50V. In addition Cherng
and Chang [129] obtained best results for a pulsing frequency of fdc = 50 kHz.
Accordingly, pulsing parameters of fdc = 50 kHz and a duty cycle of 70% were
chosen, resulting in a substrate peak bias of Us � �45V.

Table 4.1 summarizes the parameters which were also used for the fabrica-
tion of AlN/Co nanocomposites in chapter 5. Since the process has been newly
developed in the course of this work, the deposition procedure is detailed in ap-
pendix B.

The process yields exclusively c-axis oriented AlN as shown in Fig. 4.3(a) for
a 400 nm thick deposit. Due to an XRD rocking curve FWHM of 1:8�, as shown
in Fig. 4.3(b), the AlN deposit can be regarded highly c-axis oriented.[73,74] Figure
4.3(b) also includes data of AlN deposited at room temperature for reference. Un-
der these conditions the intensity decreases fourfold while the FWHM widens to
3:9� demonstrating the feasibility of the chosen deposition parameters. As shown
in Fig. 4.4(a) the deposit with FWHM = 1:8� yields a piezoelectric coe�cient
d33;f = (5:5 � 0:1) pm/V, which is comparable to the results of other reports as
summarized in Table 4.2. A relative permittivity of "r = 9:4� 0:1 and dielectric
loss tan � = (4:5 � 0:1) � 10�3 for f = 103�105Hz, Fig. 4.4(b), are also in good
agreement with reported values for high-quality AlN (cf. Table 4.2).

Reference d33;f (pm/V) "r tan � (10�3)

Marauska et al. [74] 4.7�5.2 10.2�10.7 1�5
Martin et al. [73] 4.6�5.2 � 10 � 5
Lanz et al. [164] 5.1�5.7 10.1 3
this work 5.4�5.6 9.3�10.5 4.4�4.6

Table 4.2: Comparison of AlN properties measured in this work and reported in other
investigations.
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FIG. 4.3: (a) XRD 2�-scan of 400 nm AlN on Pt(111)-Si substrate. (b) XRD rocking
curves of the AlN(002) di�raction peak of 400 nm AlN deposited with the parameters
of Table 4.1 at Ts = 300 �C (black, solid) and at room temperature (red, dashed).

In summary, a pulsed dc reactive sputtering deposition process has been es-
tablished which yields highly c-axis oriented, piezoelectric AlN with good electric
properties. The parameters of the process were chosen in order to be compati-
ble with the simultaneous operation of a gas aggregation cluster source for the
co-deposition of preformed nanoparticles. The latter will be investigated in the
following chapter.

FIG. 4.4: (a) Displacement of a piezoelectric AlN deposit (400 nm) versus applied volt-
age. (b) Relative permittivity "r and dielectric loss tan � for f = 103�105Hz and a
small signal amplitude of Vrms = 100mV.
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4.2 Study of Magnetic Co-Nanoparticles

In order to characterize the particle output of the self-constructed GAS, individ-
ual nanoparticles were prepared and characterized. Subsequently, particle �lms of
several hundreds of nanometers thickness were deposited with the GAS. The �lms
were investigated regarding their morphology, magnetic properties and magnetic
aging behavior. Most of the following results are excerpted from a respective
publication by Gojdka et al. [136].

In order to study individual clusters before agglomeration and coalescence,
a coverage well below one monolayer was prepared with deposition times in the
order of a few seconds. A respective overview is shown in the TEM micrograph
of Fig. 4.5(a). The cluster size distribution was evaluated for di�erent deposition
parameters from TEM bright-�eld images as shown in Fig. 4.5(b). For every sam-
ple several micrographs at random positions were evaluated in order to determine
the respective size distribution.

As displayed in Fig. 4.6 statistical analysis yields a virtually constant average
cluster diameter of D = 4:6�5:4 nm and a very narrow size distribution with a
standard deviation of � = 0:6�0:8 nm within the investigated �eld of parameters
(P = 70�130W, �Ar,GAS = 50�100 SCCM). The observed size distribution �ts
well to a lognormal distribution, in accordance with previous reports.[165] In ad-
dition, He et al. [166] found the size distribution of Ag clusters to be independent
of the deposited amount of clusters if the clusters do not coalesce due to low
surface mobility. A comparison of Figs. 4.5(a) and 4.7(a) with the results of He
et al. [166] evidences that one can assume the non-coalescing case for the investi-
gated system, rendering the observed size distributions independent of deposited
mass.

FIG. 4.5: (a) TEM-image of separated Co nanoparticles created with the gas aggrega-
tion source (P = 130W, �Ar,GAS = 100 SCCM, t < 1 s). (b) Typical TEM-image of
individual spherical Co nanoparticles used for the evaluation of the size distribution.
From Gojdka et al. [136].
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FIG. 4.6: Size distribution of as-deposited clusters for di�erent values of dc power and
deposition pressure following a lognormal distribution (black line). The histograms were
extracted from TEM micrographs at random sample positions. From Gojdka et al. [136].

The growth of the �lm was investigated at di�erent growth stages. As shown
previously in Fig. 4.5, the clusters arrive at the substrate individually and not ag-
glomerated. At a higher substrate coverage, displayed in Fig. 4.7(a), the clusters
start to agglomerate on the surface and form percolated networks. The chemical
investigation of an agglomerate of nanoparticles, shown in Fig. 4.7(b), reveals a
core of metallic Co, Fig. 4.7(c), with an oxidic shell, Fig. 4.7(d). In accordance
with these �ndings Bødker et al. [167] reported that Co nanoparticles form a pas-
sivating layer of CoO when oxidizing at room temperature. Since the CoO shell
encompasses the cluster agglomerate and no shell is observed around individ-
ual clusters inside the agglomerate, the oxidation likely occurred upon exposure
of the particles to ambient conditions. This indicates that during the deposition
metallic particles are produced and no contamination of the Co takes place within

FIG. 4.7: (a) TEM bright-�eld image of a percolating cluster �lm exhibiting local ag-
glomeration. (b) HRTEM micrograph of a cluster agglomerate. (c) and (d) Elemental
(EFTEM) maps of (b) for Co and O, respectively, revealing a Co-CoO core-shell struc-
ture of the agglomerate. From Gojdka et al. [136].



54 4. INDIVIDUAL COMPOSITE CONSTITUENTS

FIG. 4.8: Lateral deposition rate characteristic of the cluster source determined by
pro�lometry. (a) Constant pressure (pGAS = 100Pa) and (b) constant power (PGAS =

70W). From Gojdka et al. [136].

the deposition system. Magnetic measurements presented later in this chapter
agree with the contamination-free deposition of metallic Co nanoparticles.

Films with a thickness of several hundreds of nanometers were prepared with
the gas aggregation source at deposition times of t = 3�5min. The deposition
rates r and �lm pro�les, shown in Fig. 4.8, are investigated for several sets of depo-
sition parameters. Within the investigated �eld of parameters, average deposition
peak rates up to r = 600 nm/min were achieved. Since this rate was observed at
a moderate sputtering power of PGAS = 70W higher rates are achievable with the
studied GAS. A variation of the sputtering power does not in�uence the cluster
beam spread and the rate is approximately r / p

PGAS as shown in Fig. 4.8(a).
In contrast, the lateral deposition pro�le of the cluster beam is strongly in�u-
enced by the pressure inside the cluster source. The cluster beam is focused at
the 3mm wide aperture by the �ow of the gas leaving the source, [168,169] thus
strongly a�ecting the deposition pro�le. On changing the Ar gas �ow �Ar,GAS

from 50 SCCM to 150 SCCM, the maximum deposition rate increases by a factor
of 15 as depicted in Fig. 4.8(b). The high rates could be interesting for technical
applications. A functional coating on large areas may for example be realized
with a parallel arrangement of several sources and/or a scanning substrate.

At a later stage of growth highly porous �lms evolve, Fig. 4.9(a), as is typical
for soft-landing clusters [144,170] and predicted by Monte-Carlo simulations [170]. In
order to determine the mass of the porous and inhomogeneously shaped �lms,
ICP-MS was employed rather than a quartz microbalance. The latter requires a
homogeneous deposition of a rigid �lm on the quartz crystal.[159] Both require-
ments are not ful�lled in case of the porous nanoparticle �lms and an indepen-
dent calibration of the microbalance response in terms of absolute deposited mass
would be necessary. Hence the deposited mass of the nanoparticle �lms was de-
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FIG. 4.9: (a) SEM micrograph of porous nanoparticle �lm with an average thickness
of 900 nm. (b) Pro�les of a conventionally dc sputter-deposited Co �lm (24:4�g) and
a porous nanoparticle �lm (25:1�g) on a 5 � 5mm2 Si-substrate, yielding a porosity
of the nanoparticle �lm of 74% compared to the dense �lm. Inset: 3D-model of the
topology of the nanoparticle �lm. From Gojdka et al. [136].

termined via ICP-MS after dissolution of the samples in HNO3. The cluster
�lms are compared to a conventionally dc-sputtered Co �lm with a thickness of
110 nm. While both �lms are of similar mass with m = 25:1�g for the porous
sample and m = 24:4�g for the dense �lm, respectively, their topology signif-
icantly di�ers. Figure 4.9 depicts the thickness pro�les of both deposits on a
5 � 5mm2 substrate. To determine the porosity of the nanoparticle �lm, the
volume is calculated from the measured pro�les. This leads to a porosity of 74%
for the nanoparticle �lm compared to the dense, conventionally sputter-deposited
�lm. The result is in good agreement with previous reports on similar nanoparti-
cle deposits [171]. Both the high porosity of the nanoparticle �lms and the narrow
size distribution of the individual clusters are potentially useful for example in
catalytic applications.[27,172]

XRD investigations were conducted on nanoparticle �lms in order to deter-
mine the crystallinity of the deposits and as a reference for the characterization
of AlN/Co nanocomposites in the following chapter. Figure 4.10 shows the XRD
2�-scans of a several �m thick nanoparticle �lm compared to a 0:5mm thick piece
of 99:9% pure foil from a Co target. The three strongest powder di�raction peaks
belonging to the (101), (002) and (100) planes are clearly observed for the Co foil
with a (101) intensity of 300 cps. However, using the same scan parameters (slits,
x-ray current and voltage), no peaks occur for the nanoparticle �lm. Assuming
an x-ray coherence length Dx < 5 nm in a nanoparticle of 5 nm diameter due to
crystal defects and grain boundaries (cf. Fig. 4.7(b)), Equation (2.41) yields a
peak width of � � 5�. Considering the peak broadening on the one hand and
on the other hand the peak intensity of 300 cps of the 0:5mm thick Co-foil as an
upper intensity limit for the micron-thick nanoparticle �lm, the Co di�raction
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FIG. 4.10: XRD 2�-scan of a several �m thick Co nanoparticulate deposit and a 0:5mm
thick Co foil for reference.

pattern of the cluster �lm can be regarded within the XRD noise �oor. Thus, the
absence of Co di�raction peaks does not indicate an absence of Co nanoparticles.
This �nding is con�rmed by the subsequently presented magnetic properties of
the Co nanoparticle deposits and by EFTEM studies of AlN/Co nanocomposites
in chapter 5.2.

VSM measurements establish that the nanoparticle �lms are ferromagnetic at
room temperature as shown in Fig. 4.11. No in-plane anisotropy was observed,
indicating no preferred particle orientation. The coercivity of the nanoparti-
cle �lms is 4:5 times higher than that of a conventionally dc-sputtered Co �lm.
Gangopadhyay et al. [173], for example, observed for Co nanoparticles at cryo-
genic temperatures an enhanced coercivity due to exchange coupling between the
metallic Co core and an antiferromagnetic CoO shell. However, although the Néel
temperature of bulk CoO is TN = 270K [85], Gangopadhyay et al. [173] found the
exchange coupling to vanish already at T > 150K for Co-CoO core-shell nanopar-
ticles. Thus antiferromagnetic pinning has not to be taken into account here. The
individual Co nanoparticles of 5 nm diameter are expected to be single-domain
particles approximately at the superparamagnetic limit (cf. chapter 2.3.2). For-
mer investigations of isolated Co particles and two-dimensional networks of 5 nm
Co particles yielded blocking temperatures of TB = 58K [174] and 63K [175], respec-
tively. However, ferromagnetic behavior at room temperature has already been
observed for �lms consisting of Co particles with a mean diameter of 6 nm.[176]

The observation of ferromagnetism at room temperature of the nanoparticle �lms
is due to interparticle interaction (cf. chapter 2.1.3) and has been experimentally
observed and investigated for similar Co, Fe and Ni deposits [176�178]. Furthermore,
Peng et al. [176] report that deposits consisting of D = 6 nm Co particles, which
were deliberately oxidized to form Co-CoO core-shell clusters prior to deposition,
do not exhibit ferromagnetism at room temperature. They argue that the oxide
layer in between the metallic cores suppress the particle interaction, leading to
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FIG. 4.11: Hysteresis loops at room temperature of three Co nanoparticle �lms and a
conventionally sputtered �lm for reference. The cluster �lms are magnetically harder
than the dense �lm with HC,cluster = 4:5HC,dense. From Gojdka et al. [136].

FIG. 4.12: Evolution of saturation magnetization MS for two Co nanoparticle deposits
and a dense Co �lm. MS,0 denotes MS of each sample at the start of the measurement
series. From Gojdka et al. [136].
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superparamagnetism. Thus, in the present work, the presence of ferromagnetism
in cluster �lms at room temperature is strong evidence that the CoO layer forms
at the point of exposure to ambient conditions and not during the deposition
process. This is in accordance with the TEM study of a particle agglomerate in
Fig. 4.7.

The measured coercivity is constant for di�erent deposition parameters as
depicted in Fig. 4.11. This re�ects the nearly identical size-distributions of the
individual particles for di�erent deposition conditions, since similar particle en-
sembles will form microstructures with similar interparticle coupling.

Finally, the long-term stability of the saturation magnetization of the nanopar-
ticle �lms under ambient conditions was studied due to its importance for possible
technical applications. Between the di�erent VSM measurements one sample was
stored in vacuum below 1� 10�5 Pa. The second sample was stored under ambi-
ent conditions (T � 293K, approximately 40% relative humidity), accompanied
by a dense Co �lm for reference. As shown in Fig. 4.12 a drop of 5�10% in
saturation magnetization MS - still within error margins - is observed for both
cluster �lms compared to the dense �lm during the �rst 10 days. No further
decrease of MS was observed within the measurement accuracy in the course of
two months, demonstrating the chemical stability of the nanoparticle �lms under
ambient conditions.

Since in the following chapter AlN/Co nanocomposites are produced with
deposition durations of t = 20�70min, the stability of the GAS deposition rate
is investigated. The evolution of the deposition rate without prior bake-out of
the GAS is depicted in Fig. 4.13(a). As can clearly be seen, the rate decreases
with time. To gain further insight into this e�ect, the experiment was repeated
with a baked-out GAS (14 hrs, T = 120 �C). In this case, only for approximately
30 s a non-zero deposition rate is observed and no further rate is detected as
shown in Fig. 4.13(b). Upon the addition of minute amounts of N2 into the GAS,
the rate signi�cantly increases. The deposition rate reaches its maximum at
�N2,GAS = 0:2 SCCM which, at an Ar �ow of �Ar,GAS = 100 SCCM, corresponds
to only 0:2% of the total process gas �ow. The same trends have been observed
for Ti and O2 admixture in a di�erent study conducted within the working group,
evidencing rather a general mechanism than a peculiarity of Co. [179]

The observations in Fig. 4.13 suggest that small amounts of reactive gas are
necessary for cluster formation of transition metals in a GAS. In the case of the
non-baked-out GAS, O2 is provided for a certain time during GAS operation by
plasma assisted desorption of H2O from the GAS walls. For the baked-out GAS,
this reservoir is not available. However, the surface of a new Co target incorpo-
rates a natural oxide layer. This layer provides reactive species during sputtering
for a short period of time, explaining the initial deposition burst observed for
the baked-out GAS. A possible explanation of the observations is found in Equa-
tion (2.33) which describes the bottleneck of cluster growth by the formation of
nucleation centers. Both Co-O and Co-N bonds are stronger than Co-Co, as sum-
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FIG. 4.13: Evolution of GAS deposition rate with time for a new Co target and (a)
without bake-out of the GAS, (b) with bake-out prior to deposition and various N2

admixtures. From Peter et al. [179].

marized in Table 4.3. The same is true for Ti-O and Ti-Ti, respectively. Thus,
the compounds can provide stable nucleation sites for the subsequent growth of
nanoparticles while the metallic dimers are prone to dissociation in the ener-
getic plasma environment. In accordance with this model, Cu exhibits in other
studies a stable GAS deposition rate [180] with the Cu-Cu dissociation energy of
2:083 eV [181] being comparable to 2:168 eV [182] of Co-N. For a detailed investiga-
tion of the in�uence of reactive gas admixture on the cluster formation rate in a
GAS refer to Peter et al. [179].

In consideration of the above results, a small admixture �N2,GAS � 0:2 SCCM
of N2 was introduced in the GAS during the deposition of AlN/Co nanocompos-
ites in the following chapter. However, considering �N2,GAS=�Ar,GAS < 0:2% the
fraction of CoN in the nanoparticles is expected to be negligible, since only CoN
dimers are necessary in order to provide nucleation centers for cluster growth.
This expectation is evidenced, on the one hand, by the observed presence of a

Compound Binding Energy [eV] Compound Binding Energy [eV]
Co-Co <1.316 [181] Ti-Ti 1.219 [181]

Co-O 4.118 [181] Ti-O 6.908 [181]

Co-N 2.168 [182] Cu-Cu 2.083 [181]

Table 4.3: Binding energies of various dimers.
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metallic core in Fig. 4.7 for the Co particles deposited without prior bake-out of
the GAS. On the other hand, the magnetic properties shown in Fig. 4.11 of Co
nanoparticle �lms indicate that the oxide shell is formed after the deposition of
the clusters as has been previously discussed. This indicates that the in�uence of
the low amount of necessary reactive gas in the GAS is negligible regarding the
metallic character of the particles. Further proof for the negligibility of the N2

admixture on the chemical composition of the particles will be established in the
following chapter by the magnetic properties of AlN/Co nanocomposites.

In summary, a suitable process for the fabrication of magnetic Co nanopar-
ticles with a GAS was established. An average peak deposition rate of up to
600 nm/min was observed within the investigated �eld of parameters, mainly
in�uenced by the gas pressure in the cluster source during deposition. It was
found that the lateral homogeneity of the deposition rate can be adjusted by the
�ow of the process gas. The morphology, chemical composition and magnetic
properties of individual particles and particle ensembles were investigated. The
spherical particles exhibited a narrow size distribution centered at D � 4:8 nm.
The narrow size distribution of the individual particles and the high porosity of
the nanoparticle �lms of 74% are potentially interesting properties for technical
applications like catalysis and sensors. The nanoparticle �lms exhibited ferro-
magnetic behavior at room temperature and are chemically stable under ambient
conditions.

With the deposition properties of the GAS characterized and a suitable de-
position process for the AlN matrix established, the following chapter explores
the fabrication and properties of AlN/Co 0-3 nanocomposites.



Chapter 5

Study of AlN/Co Nanocomposites

The deposition processes of the individual composite constituents were estab-
lished and the physical properties of the respective deposits were characterized in
chapters 4.1 and 4.2. In the �rst part of this chapter, the combination of the indi-
vidual deposition processes for the design of 0-3 nanocomposites is studied. The
resulting quasi-co-sputtering concept is subsequently used to deposit AlN/Co 0-3
nanocomposites. The investigation of the latter is subject of the second part of
this chapter.

5.1 Versatile Deposition Concept for 0-3 Nanocom-

posites

In the following, a deposition concept is presented which combines the advanced
particle control of a cluster source with the versatility of conventional magnetron
sputtering. The concept has been published in an article by Gojdka et al. [160]

and passages of this section 5.1 are excerpts thereof.
On the one hand, a GAS provides advanced control on cluster formation, de-

livering a de�ned size distribution which is independent of the surface energy and
deposition parameters of the matrix. The separation of the process atmospheres
for nanoparticle formation and matrix deposition is advantageous for reactive
nanoparticle materials like magnetic metals and alloys. In addition the �lling
factor and the �lling factor gradient can be adjusted with a GAS via the lateral
focusing e�ect of the gas �ow as investigated in chapter 4.2. Thus, the separation
of the cluster formation process and matrix deposition provides precise process
control.

For the matrix, on the other hand, conventional magnetron sputtering is a well
established technique capable of depositing metals, oxides, nitrides and polymers.
Thus, a combination of GAS and conventional magnetron sputtering potentially
enables the tailoring of a wide range of 0-3 nanocomposites.

61
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FIG. 5.1: (a) Photographs of identical pieces of platinized Si substrate, attached directly
adjacent on the sample holder during deposition of Al/Co composite. Top: sample �oat-
ing, bottom: sample grounded. (b) EDX net intensity of the Co-K line. Al/Co (blue)
with sample �oating (I) and grounded (II), respectively, and AlN/Co (red) �oating
(III) and quasi-co-sputtered (IV). Dotted line: Co-K intensity of pristine substrate for
reference. From Gojdka et al. [160].

To demonstrate the functionality of the concept, 0-3 nanocomposites consist-
ing of a reactively sputtered dielectric matrix of aluminum nitride (AlN) and
magnetic cobalt (Co) nanoparticles were deposited and characterized. The suit-
ability of the materials for the proof-of-principle investigation was discussed in
chapter 2.3.3.

Since the cluster beam passes the plasma of the matrix deposition, the in�u-
ence of electrical charging on the process was investigated. First, Co nanoparticles
were simultaneously co-deposited with Al in order to ensure electrical conductiv-
ity throughout the deposit. One piece of substrate was electrically connected to
the grounded substrate holder. Directly adjacent, an identical piece was attached
electrically insulated to the holder. Hence, during the deposition one composite
�lm was permanently on ground potential, while the other one was on �oating
potential U� � �21V with respect to ground. The resulting deposits displayed
in Fig. 5.1(a) clearly di�er even to the naked eye: the �oating one appears to
be pure Al while the grounded one incorporates Co clusters which appear dark.
Accordingly, the �oating sample exhibits no increase of the EDX Co-K signal
in Fig. 5.1(b),I relative to the pristine substrate, con�rming that no Co was de-
posited. On the other hand, EDX clearly indicates the presence of Co in the
electrically grounded sample (Fig. 5.1(b),II) which was prepared under other-
wise identical conditions. This observation corroborates that the incoming Co
nanoparticles are repelled from the sample surface due to electrical charging. As
described in chapter 2.4.1, the Co particles charge electrically as they enter the
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plasma in front of the sample. If the substrate, too, is on �oating potential,
the charged particles are repelled and hence do not reach the substrate surface.
This holds as well for pulsed dc magnetron operation; considering a distance
of approximately 5 cm from plasma entry to substrate and a cluster speed of
30�200m/s [143,149] the time-of-�ight of the particles within the plasma region is
in the order of 1ms. Considering further pulsed dc magnetron sputtering with
fdc � 50 kHz and 70% duty cycle, the o�-times of the matrix deposition plasma
is in the order of 1�s.

Thus, composites cannot be fabricated by co-sputtering with preformed clus-
ters if a self-biasing of the �lm due to the presence of a plasma cannot be avoided.
Examples are a highly insulating composite or desired application of a rf-bias [164]

which requires the substrate holder to �oat electrically. For demonstration, the
co-deposition of an AlN matrix and Co nanoparticles on an electrically �oating
substrate was attempted. Again, EDX con�rms the absence of Co in the sample
as shown in Fig. 5.1(b),III.

Hence a quasi-co-sputtering concept is established in the course of this work
in order to bene�t from the GAS for the fabrication of composites even when
the deposit is electrically �oating. To avoid repulsion of the incoming clusters,
the sputter-deposition of the matrix is periodically interrupted in low-frequency
pulses fp while the cluster source is operating continuously. During the o�-times
of the matrix deposition, neither substrate nor nanoparticles are being charged
by a plasma, allowing the clusters to reach the substrate. The amount of clusters
arriving at the substrate, and hence the �lling factor of the composite, can be
adjusted via the duty cycle of the low frequency pulsing. In addition, the spatial
homogeneity of the �lm can be tuned by the interruption frequency fp of the
matrix deposition: if fp is low so that on- and o�-times are long compared to the
deposition rate of the matrix, a more laminar composite structure is generated.
Accordingly, comparatively high values of fp result in a homogeneous particle
distribution.

In the following, the proposed concept of quasi-co-sputtering is demonstrated
experimentally for the system AlN/Co. The composite was deposited with iden-
tical operation parameters as were used for the AlN/Co composite in which no
Co was found previously (Fig. 5.1(b),III). However, the AlN matrix was not de-
posited continuously but pulsed at fp = 0:3Hz and 50% duty cycle according
to the proposed scheme. As shown in Fig. 5.1(b),IV EDX veri�es the presence
of Co in this deposit. The EDX Co-K net intensity of the AlN/Co composite
(IAlN/Co = 8:9 a.u.) corresponds to about half of the intensity of the grounded
Al/Co composite (IAl/Co = 18:3 a.u.), in good agreement with the pulsing duty
cycle of 50% used for the quasi-co-sputtering deposition of the AlN/Co sam-
ple. Thus, the �lling factor of the composite can be adjusted via the duty cycle
of the matrix deposition without the need to change any other deposition pa-
rameter. In former investigations of co-sputtered AlN/Co composites, without
a cluster source, no ferromagnetism could be observed in the as-prepared �lms
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FIG. 5.2: Hysteresis loop of AlN/Co 0-3 nanocomposites prepared by quasi-co-
sputtering. As-deposited and post-tempered samples exhibit virtually identical loops.
Magnetic moment m is used instead of magnetization M in order to avoid the uncer-
tainty in magnetic volume. From Gojdka et al. [160].

due to the formation of CoN in the reactive process atmosphere.[43,183] In con-
trast, already the as-prepared AlN/Co 0-3 nanocomposites produced by quasi-
co-sputtering with a GAS exhibit ferromagnetism as shown in Fig. 5.2. In-situ
tempering of the composites for 1 hr at 500 �C does not in�uence the hysteresis
loop. This indicates that the embedded Co nanoparticles are metallic at least for
the most part, since CoxNy would have been reduced to Co during the tempering
process (cf. chapter 2.3.3).[43,93] This demonstrates the advantage of the estab-
lished deposition concept with preformed magnetic nanoparticles in a reactive
process atmosphere. The AlN/Co composites exhibit a saturation magnetization
MS=MS,bulk = 0:5�0:2. While the determination of the absolute saturation mag-
netization is limited by the uncertainty of the magnetic volume and the VSM
instrument calibration, the �nding is in good agreement with other reports on
MS of Co nanoparticles.[39] The coercive �eld of HC = (25 � 5)Oe is 4:8 times
lower than HC previously observed for the nanoparticulate �lms without matrix
(cf. chapter 4.2). The decrease indicates a reduced interparticle interaction due
to the separating matrix. Accordingly, the magnetic behavior shifts closer to
superparamagnetism as is expected for Co particles of 5 nm diameter at room
temperature (cf. chapters 2.1.3 and 2.3.2).

The morphology and chemical composition of quasi-co-sputtered composites
was investigated by TEM. First, only AlN was deposited (300 nm) then quasi-
co-sputtering was applied in order to produce AlN/Co nanocomposite (450 nm).
Finally, only AlN was sputtered again (150 nm). In Fig. 5.3(a) the HAADF STEM
Z-contrast image of a cross sectional view con�rms that the composite region is
uniformly nanogranular, demonstrating the capability of the concept to produce
homogeneous nanocomposites. At higher magni�cation, displayed in Fig. 5.3(b),
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FIG. 5.3: (a) Cross-section HAADF STEM Z-contrast image of AlN/Co composite
deposited by quasi-co-sputtering. After initial deposition of pure AlN (bottom), quasi-
co-sputtering is applied, resulting in a homogeneous distribution of Co nanoparticles in
the AlN matrix. Red frame: area of EDX maps (c)-(e), which correspond to the Co-K,
Al-K and N-K lines, respectively. From Gojdka et al. [160].

the diameter of the individual Co nanoparticles can be estimated at about 5 nm.
This is in good agreement with the particle characterization of chapter 4.2.

Chemical analysis performed via STEM-EDX of the marked area in Fig. 5.3(a)
reveals that the bright contrast spots are indeed Co nanoparticles (Fig. 5.3(c))
embedded within an AlN matrix (Fig. 5.3(d) and (e)). Analyses of individual Co
particles con�rm their metallic character and exclude the presence of oxygen as
shown in Fig. 5.4.

It was demonstrated that Co nanoparticles formed in a GAS do not reach the
substrate during the co-sputtering of composites if the substrate is on �oating
potential. This e�ect has been discussed in terms of electrical charging of the
particles and the substrate in the plasma in front of the substrate surface. The
concept of quasi-co-sputtering was proposed and demonstrated for a nanogranu-
lar composite consisting of a dielectric AlN matrix with embedded magnetic Co
nanoparticles. The structure of the composite was investigated and a homoge-
neous distribution of the Co nanoparticles was veri�ed. The �lling factor of the
composite could be adjusted via the duty cycle of the matrix deposition. In ad-
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FIG. 5.4: (a) STEM Z-contrast image of individual clusters in the composite. (b), (c)
Elemental maps of the area in (a) corresponding to the Co-K and O-K lines, respectively.
From Gojdka et al. [160].

dition, already the as-prepared composites exhibited ferromagnetism, evidencing
a higher robustness of preformed nanoparticles in reactive process atmospheres.
Thus, the concept of quasi-co-sputtering with a cluster source opens up a versatile
route for the precise tailoring of a wide range of functional nanocomposites.

5.2 Investigation of AlN/Co Composites

With the concept of quasi-co-sputtering, AlN/Co 0-3 nanocomposites were de-
posited and characterized regarding their suitability as ME and high-k materials.
Passages of this section 5.2 are excerpted from a respective publication by Gojdka
et al. [55].

5.2.1 Morphology

First, the in�uence of embedded nanoparticles on the matrix orientation is inves-
tigated. Pure AlN �lms, examined in chapter 4.1, serve as a benchmark system
for the AlN/Co composites. As was summarized in Table 4.2, the pure AlN �lms
exhibit a piezoelectric coe�cient d33 � 5 pm/V and a relative permittivity of
"r = 10 � 0:6 in good accordance with typical values for high-quality AlN.[73,74]

In the following, the in�uence of additionally embedded nanoparticles on the
structure of the AlN matrix is studied.

Upon deposition of pure AlN, c-axis orientation is achieved already at the
beginning of the growth on the Pt/Si substrate as observed in the TEM in-
vestigations in Fig. 5.5. Furthermore, the XRD results in Fig. 5.6(a) con�rm
exclusive c-axis orientation of the pure AlN deposit, with a rocking curve FWHM
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FIG. 5.5: (a) HRTEM micrograph and (b) respective Fourier transforms of AlN on Pt,
exhibiting immediate c-axis orientation of the AlN deposit. From Gojdka et al. [55].

FIG. 5.6: (a) Top: XRD 2�-scan of exclusively c-axis oriented pure AlN (substrate peaks
are omitted due to detector limitations), bottom: AlN/Co composite with � = 0:02,
prepared with the same procedure as the pure AlN deposit. (b) XRD rocking curves of
AlN deposited continuously (black, solid), periodically interrupted (dotted, blue) and
with embedded Co particles, � = 0:02 (dashed, red). From Gojdka et al. [55].
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of 2 � as shown in Fig. 5.6(b). In a next step the matrix deposition is periodically
interrupted as part of the quasi-co-sputtering scheme described in the previous
section. Pure AlN deposited in this manner exhibits values of d33, "r and FWHM,
cf. Fig. 5.6(b), comparable to the continuously sputtered AlN �lm. Thus, the in-
terruptions of the quasi-co-sputtering concept do not degrade the matrix quality.

Subsequently, the very same deposition procedure is conducted with operating
GAS, adding Co nanoparticles to the matrix. A 15 nm thick seed layer of pure AlN
is deposited prior to the introduction of the Co clusters to ensure optimal growth
conditions for the composite. Already for a Co �lling factor � = 0:02 the AlN
c-axis orientation, which directly correlates with the piezoelectric properties, [73]

vanishes as depicted in Figs. 5.6(b) and (c). The residual intensity of 500 cps
observed at the AlN(002) position for the AlN/Co sample corresponds to 1=30
of the intensity of the pure AlN �lm and thus originates from the AlN seed
layer which accounts for 1=30 of the �lm thickness. No Co di�raction peaks are
observed in Fig. 5.6(c) due to the nanoparticle size as was already discussed in
chapter 4.2.

The in�uence of the particles on the matrix crystallinity was further investi-

FIG. 5.7: (a) TEM bright �eld image recorded on a cross-section of an AlN/Co trilayer
consisting of 300 nm AlN - 450 nm [AlN/Co] - 150 nm AlN deposited on Pt(111). (b)�
(d) respective SAED patterns from the circled areas of (a), see text for details. From
Gojdka et al. [55].
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gated in detail in the trilayered system, the chemical composition of which was
studied in the previous section (cf. Fig. 5.3). The di�erent sample layers are
shown in the cross-sectional view of Fig. 5.7(a). In Fig. 5.7(b)�(d) selected area
electron di�raction (SAED) patterns corresponding to the di�erent regions re-
veal the local sample morphology.g The SAED pattern in Fig. 5.7(b) con�rms
the strict c-axis orientation of the pure AlN in region I, in accordance with the
previously discussed XRD data. As soon as Co clusters are incorporated (region
II) the AlN matrix exhibits an almost total loss of the texture and shows poly-
crystalline character in the SAED pattern of Fig. 5.7(c). Upon deposition of pure
AlN in region III, the matrix regains a stronger (002) texture, as indicated by the
strong intensity peaks along c* in Fig. 5.7(d), although to a much lower extent
compared to region I. The imperfect orientation of the AlN grains in region III
likely results from the fact that the prior AlN/Co deposit is not as good a seed
layer as the initial Pt(111) substrate. Variation of deposition parameters does not
improve the AlN matrix orientation. It also seems unlikely that a di�erent choice
of substrate would improve the structural properties of the AlN/Co composites
since the Pt-Si substrate o�ers excellent growth conditions, yielding highly c-axis
oriented pure AlN �lms. To conclude, the morphological study evidences that
the embedded nanoparticles strongly perturb the oriented growth of the matrix
and result in an almost total loss of matrix texture.

5.2.2 Electrical Properties

In the following the dielectric properties of the AlN/Co 0-3 nanocomposites rele-
vant for high-k and ME materials are characterized with respect to the Co �lling
factor �.

Figure 5.8 depicts "r of AlN/Co composite versus Co volume fraction � ex-
hibiting a pronounced increase of "r(0:15)="r(0) = 32. A curve �t according to
Equation (2.16) with a percolation threshold of �C = 0:16 yields q = 1:2 which
is in good agreement with classical percolation theory [49] and former reports on
ceramic/metal 0-3 high-k materials [53].

Apart from "r, a pronounced increase of tan � with � is observed in Fig. 5.9
over several orders of magnitude. Starting at tan � = 4:5 � 10�3 for pure AlN,
losses reach tan � > 1 for � ! �C � 0:16. In contrast, works on bulk 0-3 high-k
cermets with larger metallic particles report only a moderate increase of tan �
below one order of magnitude.[8,47,53] Smaller grains introduce more grain bound-
aries which can result in higher dielectric relaxation losses (cf. chapter 2.2.1).[47]

In addition, small nanoparticles might be disadvantageous for a composite with
respect to tan � as smaller distances between nanoparticles might promote inter-
particle electron tunneling, in turn resulting in higher dielectric losses.[8] Panda
et al. [185] compared percolative 0-3 composites consisting of a PVDF matrix and

gA detailed discussion of the SAED data is given in the PhD thesis of Hrkac [184]
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FIG. 5.8: Increase of "r with Co content of nanogranular AlN/Co composite. Red line:
�t of "r according to Equation (2.16). From Gojdka et al. [55].

FIG. 5.9: Dielectric loss tan � of AlN/Co composite versus Co �lling factor. From
Gojdka et al. [55].
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FIG. 5.10: (a) Leakage current density J versus �lling factor � for Udc = 0:5V (black
squares) and 3V (blue triangles), respectively. (b) Composite resistance R with respect
to Udc for di�erent �lling factors.

Ni particles of D = 20�m and D � 20 nm diameter, respectively. In accordance
with the above discussion, they reported increased leakage currents for the smaller
particles which they as well attributed to increased tunneling probability. On the
other hand, they found an increased enhancement of "r(20 nm)="r(20�m) � 2
in the low-frequency regime and reasoned that the larger interface area between
matrix and smaller particles gives rise to the more pronounced raise of "r. Thus,
there seems to exist an optimum particle size in the nanometer regime which bal-
ances the detrimental increase of tunneling leakage and the advantageous increase
of particle/matrix interface area.

Leakage current density J increases with �lling factor as shown in Fig. 5.10(a)
for static voltages of Udc = 0:5V and 3V, respectively. Below the percolation
threshold, that is � < �C � 0:16, the conductivity of the composite is governed
by tunneling between the individual particles which are separated by layers of
insulating matrix.[8,186] Accordingly, at higher �, an applied bias Udc results in a
pronounced increase of tunneling current as displayed in Fig. 5.10(b).

In addition to the experimental investigation of the composite �lm as a whole,
a cooperating research group, headed by M. Gerken, modeled the in�uence of the
conductivity of an individual magnetostrictive particle on the local electric poten-
tial of the surrounding matrix by three-dimensional �nite element simulations.[55]

The electric potential of the matrix, induced via strain by a magnetostrictive
sphere upon application of an external magnetic �eld was studied for two cases
as shown in Fig. 5.11. In the �rst case, the sphere is conductive, with typi-
cal parameters of Terfenol-D.[187] In this unit cell, depicted in Fig. 5.11(a), the
simulation yields a maximum voltage of Umax,cond. = 0:48 a.u. between top and
bottom cell surfaces. For the second case, however, the sphere is assumed to be
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FIG. 5.11: Simulation of the electric potential in a PZT cell containing a Terfenol-
D sphere upon application of an external magnetic �eld for a conductive (a) and an
insulating (b) particle. (c), (d) xz-plane cross-sections of (a) and (b), respectively. All
graphs are presented in the same scale. After M. Gerken in Gojdka et al. [55].

ideally insulating, with otherwise identical Terfenol-D properties, Fig. 5.11(b).
This situation yields a surface potential di�erence of Umax,ins. = 1:68 a.u.. Thus
the simulation reveals a locally reduced polarization of the matrix in the presence
of a conductive, that is metallic, particle. In direct comparison, the voltage drop
across the unit cell is Umax,ins.=Umax,cond. = 3:5 times higher if the sphere was non-
conductive, assuming otherwise identical material properties. Further insight on
this e�ect is provided by cross-sectional views of the xz-plane along the center of
the unit cell. Due to the conductivity of the sphere, charges balance within the
matrix, resulting in a reduced matrix polarization, Fig. 5.11(c). In the case of an
insulating particle, Fig. 5.11(d), a voltage builds up throughout the entire unit
cell.

5.2.3 Discussion of Applicability

Magnetoelectric E�ect

Considering the dependence of ME output voltage on "r, cf. Equation (2.26), the
enhancement of "r due to the inclusion of metallic particles should be regarded a
severe inherent drawback of the 0-3 approach for ME �lms with metallic particles.
Research on 0-3 ME composites has been focused so far mainly on the prevention
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of leakage currents for example by fabrication of core-shell nanoparticles with iso-
lating shell.[59,188,189] However, for metallic nanoparticles the core-shell approach
cannot suppress the increase of "r of the composite with �; for example, Xu
and Wong [190] embedded self-passivated Al/Al2O3 core-shell particles and found
a drastic increase of "r. Especially when considering the aspect of performance
in applications like magnetic �eld sensors, the increase of tan � with � has to be
regarded an inherent challenge of the 0-3 approach to ME �lms with metallic par-
ticles. The simulation results evidence that local short circuiting of the matrix,
leading to local suppression of matrix polarization, presents a further drawback
of the 0-3 approach for ME composites with metallic particles. Finally, the mor-
phological investigations indicate severe degradation of the matrix orientation
upon embedding of nanoparticles, diminishing the piezoelectric e�ect. As a con-
sequence, the calculated optimal �lling factor of � = 0:6 [60,62] for ME composites
appears not to be feasible from an experimental point of view. In accordance
with the presented �ndings, no ME e�ect could be measured for various AlN/Co
samples.

In the face of the presented results, one might question the ME coe�cient pre-
sented by Park et al. [68] in the order of �ME � 150mV/(cmOe) for a BTO/Co
nanocomposite. Although other works on magnetoelectric e�ects in 0-3 nanocom-
posite �lms with metallic particles exist, [191,192] only Park et al. [68] state a ME
voltage coe�cient �ME for this class of nanocomposite. As described by Equa-
tion (2.25), �ME vanishes for magnetic �elds H > HS above saturation of the
magnetostrictive phase since in this case @�=@H = 0. However, according to the
data presented by Park et al. [68], the magnetostrictive phase saturates at approx-
imately HS � 2 kOe while �ME � const: for 0 kOe < H < 6 kOe. In addition, the
presented �ME increases monotonously with increasing magnetic �eld frequency
over the whole depicted range from 0 to 100 kHz. Both, dc and ac behavior of
�ME suggest that the ME coe�cients reported by Park et al. [68] are in fact a
measuring artifact at least in big parts (namely the presented �ME for H > HS),
likely caused by induction.

In summary, it is questionable whether the 0-3 approach with metallic parti-
cles is suitable to produce nanocomposite �lms with large ME e�ect.

Percolative High-k 0-3 Nanocomposite

The observed relative increase of "r(0:15)="r(0) = 32 is comparable to works
on bulk high-k materials. Existing studies report solely on sintered percolative
0-3 high-k cermets. The presented �ndings proof the feasibility of PVD-based
production of percolative 0-3 high-k nanocomposite �lms by application of the
quasi-co-sputtering concept developed in the course of this thesis. The highest
measured absolute value of "r(0:15) � 300 is orders of magnitude lower than val-
ues reported for percolative BTO-based composites which can reach "r = 104�105.
Taking into account Equation (2.16), the modest absolute value of "r(0:15) re-
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sults from "r(0) � 10 for the pure AlN matrix. However, as discussed in chapter
2.2.1, already a moderate relative increase leading to comparatively low absolute
"r = 101�102 can be of high technological relevance for example in microelectron-
ics.[44,90]

As expected, the dielectric leakage increases with �lling factor. In order to
further improve the composites, the approach of core-shell particles, as demon-
strated for example by Xu and Wong [190] for Al/Al2O3 nanoparticles, o�ers the
possibility to suppress leakage currents in a re�ned 0-3 nanocomposite design.
In addition, Xu and Wong [190] found smaller (D = 40 nm) Al/Al2O3 core-shell
particles to perform better than larger ones (D � 3�m) in percolative 0-3 high-k
nanocomposites. They explained this �nding by the formation of a thinner Al2O3

shell in smaller particles, allowing the composite geometry to more closely ap-
proach the percolation threshold. Taking furthermore into account that Panda
et al. [185] found leakage current and "r to increase for D = 20 nm particles com-
pared to D = 20�m, a particle size in the nanometer regime seems to exist at
which an optimum trade-o� between tunneling leakage and increased surface area
is achieved. Considering the sparse existing literature on the in�uence of particle
size in 0-3 percolative high-k composites, future studies of the size dependence
are de�nitely required.

The pronounced increase of tan � with � certainly poses a challenge for the
quality of the investigated AlN/Co deposits as high-k materials. Considering the
positive results of other reports on bulk 0-3 high-k cermets, tan � of the deposits
can likely be improved by increasing the grain size of the matrix. This should be
possible by increasing the nanoparticle size on the one hand and �ne adjustment
of the deposition parameters on the other hand. Appropriate measures might
include the use of core-shell nanoparticles, application of rf-bias and in-situ post-
tempering of the deposits. An increased grain size of the matrix should e�ectively
reduce relaxation losses at grain boundaries. It should be emphasized that in
the case of high-k materials no piezoelectricity and thus no matrix texture is
necessary, unlike in ME composites. In addition, no magnetic materials have to
be used for the metallic phase. Considering these less strict boundary conditions,
the improvement of tan � in sputter-deposited high-k 0-3 nanocomposite �lms
appears feasible.



Part I - Summary and Outlook

In Part I of this work a versatile deposition concept for the precise tailoring of
0-3 nanocomposites was developed. The resulting AlN/Co nanocomposites were
investigated regarding their suitability as high-k and magnetoelectric material.
Prior to the development of the concept, a new high-vacuum deposition system
was designed and constructed in order to meet the experimental needs of the
project. The system allows for co-deposition of a wide range of nanocomposites
including reactive species like most magnetic materials. The process atmospheres
for matrix deposition and cluster formation can be separated by a gas aggregation
cluster source (GAS). The various adjustable deposition parameters like sample
temperature RT � Tsample � 1000K, electrically �oating or grounded sample,
variable sample-magnetron distance and various process gas mixtures render the
system highly �exible. A load lock enables fast sample transfer and target change
at the GAS without the need to break the main vacuum. The high �exibility and
capability of the new deposition machine render it suitable for a multitude of fu-
ture research projects related to nanoparticles and nanocomposites. A promising
task would be the re�nement of PVD-prepared percolative high-k 0-3 compos-
ites. The measures discussed below for optimization of such materials require the
precise process control o�ered by the new PVD system.

Separately deposited AlN �lms and Co nanoparticles were investigated in
order to characterize the individual constituents of the aspired 0-3 nanocompos-
ites. For the composite matrix, a deposition process was established in order to
produce exclusively (002)-oriented, piezoelectric AlN. On Pt(111)/Si substrate a
FWHM as low as 1:8� was achieved. A piezoelectric coe�cient of d33 � 5 pm/V
and a relative dielectric permittivity of "r = 10 were observed, which are typical
values for c-axis oriented AlN of high quality. As this is the �rst piezoelectric
ceramic deposited in the involved research group, the developed process opens up
new possibilities for future research projects. For instance, an advanced design of
the sensor system presented in Part II of this thesis could include a piezoelectric
AlN read-out layer to allow for full integrability.

In order to fabricate magnetic Co nanoparticles in a process atmosphere in-
dependent of the main deposition chamber, a self-constructed (GAS) was estab-
lished and characterized. A highly variable rate up to 600 nm/min and a tunable
deposition pro�le make the GAS a versatile tool for the fabrication of nanoparti-
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cles and nanocomposites. TEM studies of the GAS output revealed a mean parti-
cle diameter of hDiCo � 5 nm with a very narrow size distribution � = 0:6�0:8 nm.
Individual particles exposed to ambient conditions exhibited a core-shell Co-CoO
morphology. Nanoparticulate �lms of several hundred nm thickness exhibited
high porosity and ferromagnetic hysteresis at room temperature. The output
characteristic and the �exibility of the GAS make it a valuable and versatile tool
for the involved research group. Furthermore, Sawa et al. [193] demonstrated the
possibility to produce well-dispersed multicomponent nanoparticulate compos-
ites with two independent GAS. Thus, considering the well-de�ned particle size,
the high porosity and the compositional �exibility of GAS deposits, the latter
could be investigated in prospective research projects regarding their suitability
for sensors and catalysis.

After the characterization of the individual components, nanocomposites were
deposited by a combination of the individual deposition processes. It was found
that the nanoparticles did not reach the substrate surface if the matrix mag-
netron operated continuously. This observation could be explained by the charg-
ing of substrate surface and nanoparticles by the plasma of the matrix magnetron.
Thus, in the newly developed scheme of quasi-co-sputtering, the matrix deposi-
tion was pulsed in a low-frequency regime of fp � 0:3Hz. This concept of quasi-
co-sputtering enabled the successful deposition of magnetic AlN/Co nanocom-
posites. These were investigated towards their applicability as high-k and mag-
netoelectric materials.

An increase of "r by up to a factor of 30 upon incorporation of the metallic
nanoparticles indicates the potential suitability of the concept for the design of
high-k materials. In addition, the spherical character of the particles provided by
the GAS adds to the reproducibility of the composite properties since irregular-
ities in particle shape are minimized. A challenge is posed by the simultaneous
increase of dielectric loss tan �. In future works, the 0-3 nanocomposites might be
optimized by the use of core-shell nanoparticles in order to suppress leakage cur-
rents. Further improvement of tan � should be achievable by a re�nement of the
matrix microstructure for example by application of a rf-bias during deposition
or post-tempering of the composite. So far, granular high-k cermets have been
prepared exclusively by sintering of bulk samples. A reproducible, dry and low-
temperature PVD thin-�lm preparation would signi�cantly add to the relevance
of high-k cermets for technological application. Thus, upon further re�nement,
the demonstrated process represents a promising route for the preparation of
thin-�lm high-k cermets.

Regarding the applicability of the AlN/Co composites as magnetoelectric
(ME) materials several inherent challenges of the 0-3 approach to ME materi-
als with metallic particles were identi�ed. In addition to the detrimental increase
of tan �, the observed increase of "r as well poses a severe drawback in the con-
text of the ME e�ect. Even the use of core-shell particles, which are discussed
in literature for the inhibition of leakage currents in ME composites, cannot sup-
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press the detrimental increase of "r. Thus, the latter has to be regarded a severe
inherent drawback of the 0-3 approach with metallic particles to ME nanocom-
posites. Furthermore, �nite element simulations indicate a local short-circuiting
of the matrix due to the conductivity of a metallic particle. As the simulations
evidence, the local electric polarization of the matrix is reduced, leading to a 3.5
times smaller ME voltage in the case of a conductive particle. Apart from the
electrical properties, a strong degradation of the matrix orientation was observed
with respect to Co �lling factor. Already at a �lling factor of � = 0:02 virtually
no c-axis orientation of the AlN could be detected anymore, thus frustrating the
piezoelectric properties of the matrix. In the face of the presented evidence, the
0-3 nanocomposite approach with metallic particles appears not to be suitable for
the design of high-performance ME materials. Accordingly, the ME coe�cients
reported by Park et al. [68] for a BTO/Co composite are most likely a measuring
artifact as experimental contradictions in their report suggest.

The ME study was performed within the framework of the SFB (Collaborative
Research Center) 855, which investigates the potential of ME materials for highly
sensitive magnetic �eld sensors especially for the use in biomagnetic applications.
Apart from material development, the SFB 855 pursues a multidisciplinary ap-
proach in order to improve magnetic �eld sensing technology. Accordingly, new
concepts for ME magnetic �eld sensors are being explored. Thus, in the context
of the SFB 855, a new concept based on a laminar geometry was developed in the
course this PhD project. This concept of a novel MEMS magnetic �eld sensor is
subject of the following Part II.





Part II

Novel Magnetic Field Sensor
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Chapter 6

Part II - Introduction

Medical applications like magnetocardiography (MCG), magnetoencephalogra-
phy (MEG), advanced drug delivery and in-vivo imaging would signi�cantly
pro�t if the technical requirements of novel magnetic �eld sensors were less de-
manding compared to existing systems. Presently, high-sensitivity magnetic �eld
measurements are performed with superconducting quantum interference devices
(SQUID) [194,195] which require cooling by liquid helium. The cooling signi�cantly
contributes to operational costs and thus impedes the broader medical use of the
technique. On the other hand, low-cost room-temperature operation of suitable
magnetic �eld sensors would be of great advantage in numerous medical applica-
tions from brain-computer interfaces to improved diagnosis and therapy.[195�197]

MCG [198] and MEG [199] measurements were recently demonstrated with chip-
scale atomic magnetometers. The SFB 855 �Magnetoelectric Composites - Future

Biomagnetic Interfaces� pursues a di�erent approach based on ME composite
materials. Apart from the design of suitable ME materials, new sensor concepts
are developed in multidisciplinary collaborations as part of the SFB 855.

The most advanced ME sensors produced in the SFB 855 are based on a
laminar (2-2) cantilever geometry.[200] While the devices achieve in resonance
sensitivities unprecedented by other ME sensors, their response drops drastically
if the magnetic �eld frequency does not match the sensor's eigenfrequency.

A novel concept was elaborated in the course of this workh in order to enable
magnetic �eld sensing in the whole biomagnetically relevant frequency regime at
room-temperature based on a laminar sensor geometry. Using microelectrome-
chanical systems (MEMS), the concept exploits the frequency shift of a mechan-
ically excited cantilever due to the change of Young's modulus of a functional
coating upon application of a magnetic �eld.

Part II is organized as follows. In chapter 7 fundamental theoretical aspects of
the novel concept are addressed and related existing concepts for magnetic �eld
sensing are discussed. Subsequently, the experimental setup of the demonstrator

hin cooperation with R. Jahns and K. Meurisch
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is described in chapter 8. Finally, the experimental proof-of-principle is presented
in chapter 9. The concept and its experimental demonstration has been published
by Gojdka et al. [201], and passages of Part II are adapted from the respective
publication. Furthermore, the work was presented by the journal Nature as a
research highlight.[202]



Chapter 7

Theory

7.1 Delta-E E�ect

The delta-E e�ect as a consequence of magnetostriction represents a special kind
of modulus defect. It describes the dependence of Young's modulus E on the
magnetization state of a magnetic material.[203] At �xed magnetization, Young's
modulus depends solely on elastic strain

EM =
�

Se
(7.1)

where superscript M denotes �xed magnetization, � stress and Se elastic strain.
However, a material appears more compliant due to a magnetoelastic contribution
Sm to strain, leading to an e�ective modulus

Ee� =
�

Se + Sm
(7.2)

as depicted in Fig. 7.1(a). The resulting delta-E e�ect

�E

E
� EM � Ee�

EM
=

Sm
Se

(7.3)

can reach several hundred per cent in the small stress regime.[203]

As illustrated in Fig. 7.1(b), Ludwig and Quandt [204] reported for �eld-annealed
amorphous (Fe90Co10)78 Si12B10 thin �lms a change of Young's modulus up to
50GPa corresponding to approximately �E=E � 30%. They pointed out that
the di�erent contributions to anisotropy K (crystalline Kc, shape Ks, stress K�

and induced Ki) have to be controlled in order to optimize the delta-E e�ect
since [204,205]

�E

E
/ �2s

K
EM , with K = Kc +Ks +K� +Ki . (7.4)
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FIG. 7.1: (a) Schematic stress-strain curve for a specimen in magnetic saturation and
a demagnetized one. The latter exhibits a modulus defect due to magnetoelastic strain
contribution. (b) Generic �E curve based on data by Ludwig and Quandt [204] for
amorphous (Fe90Co10)78 Si12B10 thin �lms.

Furthermore, a high value of �S implies a high magnetoelastic anisotropy since
K� = 3=2��.[20] Consequently, post-annealing can increase the delta-E e�ect of
a thin �lm by optimizing the stress state of the latter. Ludwig and Quandt [204]

found annealing-induced tensile stress to enhance the delta-E e�ect of FeCoSiB
thin �lms.

Apart from stress-optimization, a magnetic �eld, applied during the anneal-
ing and subsequent cool-down, can introduce a uniaxial anisotropy as was �rst
reported by Jones [206]. The resulting magnetic easy axis is oriented parallel to
the applied annealing �eld. The e�ect was �rst explained for crystalline alloys
by the concept of directional order [207] which was later extended to amorphous
alloys [208]. During annealing below the Curie temperature, neighboring atoms
prefer to orient in the direction of the magnetization, leading to the development
of a uniaxial anisotropy as illustrated in Fig. 7.2(a).[209] However, this e�ect must
not be confused with crystallization or clustering, both of which would corre-
spond to a decrease in compositional randomness. Although the pairs of atoms
statistically favor the annealing �eld direction, no long-range order is established
by directional order.[210] If the introduced easy axis promotes 90� domain wall
motion, magnetostriction � and as a consequence the delta-E e�ect is increased
compared to the as-deposited state. At the same time the e�ect is decreased for
�elds applied in the direction of the induced easy axis (resulting in 180� domain
wall motion).
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FIG. 7.2: (a) Illustration of directional order in a structure composed of two species of
atoms. As the sum of similar neighboring pairs does not change signi�cantly, directional
order does not correspond to long-range crystal order or clustering. After Cullity and
Graham [211]. (b) In�uence of �eld-annealing on magnetostriction of a FeCoSiB coating
on a cantilever beam (generic curve based on data by Greve et al. [200]). Dashed, black:
as-deposited; solid, red: after �eld-annealing. Parallel and perpendicular directions refer
to the orientation of the magnetic test �eld Hdc with respect to the induced anisotropy
axis.

Thus, by annealing the delta-E e�ect can on the one hand be increased and
on the other hand be made more sensitive to the direction of a magnetic �eld
as illustrated in Fig. 7.2(b). This feature can be exploited to realize vector-�eld
capability in magnetic �eld sensors.[200]

7.2 MEMS Sensors

In the 1990's the new technology of microelectromechanical systems (MEMS)
emerged, based on subsequently developed micromachining techniques.[212] Since
then MEMS have been employed in a vast range of applications like pressure sens-
ing [213], �ow control [214] and chemical and biological detection [215]. A technically
highly relevant subcategory of MEMS are so-called MagMEMS which incorporate
magnetic components.[216]

MEMS-based sensors often include a micro-oscillator, the resonance frequency
of which is sensitive to the quantity of interest. Accordingly, a change of the latter
leads to a shift in resonance frequency of the MEMS oscillator. Readily avail-
able micro-cantilevers represent a typical resonant structure for MEMS-sensors.
Well-established Si etching techniques o�er a precise and low-cost route for the
production of such cantilever probes with well-de�ned spring constant k0 and
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FIG. 7.3: (a) Amplitude modulation (AM) detection scheme. (b) Frequency modulation
(FM) detection scheme. Refer to text for details.

resonance frequency f0. By coating such cantilevers with a functional thin-�lm,
resonant MEMS-based chemical [217�219], biological [220,221] and magnetic [222] sen-
sors have been realized. Commonly, the resonance shift of a microcantilever is
detected in two di�erent schemes.[223]

In the amplitude modulation (AM) scheme (also referred to as slope detec-

tion) the oscillator is driven with constant excitation amplitude and frequency
X(t) = X̂ sin(2� fexct) close to (but not at) its unperturbed resonance frequency
f0, resulting in an oscillation amplitude Â0 as depicted in Fig. 7.3(a). Con-
sequently, a shift of resonance frequency fres = f0 + �f leads to a change in
oscillation amplitude �A = Â � Â0. Thus, �A is a measure of the frequency
shift �f . An important property of an oscillator is its quality factor Q de�ned
as Q = f0=dfFWHM where dfFWHM is the FWHM of the resonance curve A(fexc).
High Q-factors correspond to steep resonance curves and thus result in increased
sensitivity in the AM scheme. On the other hand the sensor bandwidth is re-
duced, in the case of very high Q > 104 to usually unacceptable values.[223] This is
a consequence of a slower oscillation adaption to an altered resonance frequency
at higher Q-factors.

The second scheme, used for optimized atomic force microscopy [223], locks
the excitation frequency to the oscillator's resonance frequency as illustrated in
Fig. 7.3(b). Accordingly, this scheme is referred to as frequency modulation (FM).
A phase-locked-loop (PLL) constantly re-adjusts the excitation frequency to the
oscillator's resonance frequency fexc = fres. Comparison of fres with f0 directly
yields the resonance shift of the oscillator. In the FM-scheme no bandwidth
limitations occur due to increasing Q-factor.[223]
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Considering the cantilever as a harmonic oscillator, its unperturbed funda-
mental resonance frequency is given by [224]

fres =
1

2�

r
k

me�
=

1

2�

s
1

me�

b

4

�
h

L

�3

Ee� /
p
Ee� (7.5)

where b, h and L denote the cantilever width, thickness and length, respectively, k
is the e�ective spring constant (��exural sti�ness�) and Ee� the e�ective Young's
modulus of the coated cantilever. me� represents the e�ective mass of the can-
tilever which is for the �rst resonance frequency given by

me� =
3

�4
(�1h1b1L1 + �2h2b1L1) (7.6)

with subscript 1 denoting the cantilever beam and 2 the functional coating. Con-
sidering a one-sidedly clamped cantilever, � � 1:875 holds for the �rst resonance
frequency.[224]

As expressed by Equation (7.5) a variation of Ee� shifts fres.[225] Thus an
external magnetic �eld H can be detected by a shift of f0 exploiting the delta-E
e�ect (cf. chapter 7.1) in a functional magnetostrictive coating of a cantilever.

Yoshizawa et al. [226] reported on an oscillating magnetic �eld sensor consisting
of a quartz resonator with attached FeCoB amorphous ribbons. They deduced
for the resonance shift

�f

f0
=

1

2

dm
ds

�
3
�Em + Em

Es
� �m

�s

�
(7.7)

where d is the thickness, E Young's modulus and � the density of the magne-
tostrictive phase (subscript m) and substrate (subscript s), respectively. While
the sensor was sensitive enough to detect earth's magnetic �eld, the macroscopic
production route was not integrable. Yoshizawa et al. [226] concluded that bet-
ter results could be expected for a sensor fabricated with thin-�lm deposition
techniques.

A resonant magnetic �eld sensor design proposed by Osiander et al. [222] fea-
tures a MEMS cantilever coated with a layer of Terfenol-D. The oscillation of
the cantilever is excited by an external magnetic ac �eld. In their work, the fre-
quency shift of the oscillation is exploited to determine the �eld strength of static
(dc) magnetic �elds. However, this approach is not fully integrable due to the
required magnetic driving �eld for the excitation of the oscillation. In addition,
the external magnetic excitation �eld would likely introduce crosstalk in a sensor
array for vector �eld measurements.

The most sensitive ME sensors, developed in the SFB 855 [200], exhibit a re-
markable sensitivity of 5:4 pT/

p
Hz [61] when they are excited by the measured

magnetic �eld itself at their resonance frequency. However, if the frequency of
the magnetic �eld does not match the mechanical eigenfrequency of the oscillator,
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the sensitivity decreases by orders of magnitude. Thus, this scheme is restricted
to very narrow bandwidth. In addition, the lowest detectable frequency is lim-
ited by the mechanical resonance frequency of the cantilever. However, especially
low-frequency �elds in the range of 0:1�1000Hz are interesting, for example, in
biomagnetic applications [227] or for positioning devices [228]. While a recently pro-
posed modulation technique [229], introducing additional ac magnetic �elds, might
represent a work-around for the previously mentioned limitations, a di�erent ap-
proach is pursued in the following.

In the concept presented in this work, the sensing oscillator is driven me-
chanically by piezoelectric actuation. Changes in Young's modulus E(t) upon
application of measuring �elds Hac = Ĥac sin(2� fHt) lead to a shift of the res-
onance frequency fres. Thus, an applied ac magnetic �eld is transduced in a
modulation of the mechanical resonance amplitude of the cantilever and can be
detected either in AM or FM mode. Resonators with an unperturbed resonance
frequency f0 = O (102) kHz well above the frequency of the measured �eld enable
the oscillation amplitude Â in the AM scheme to follow the signal. In addition,
mechanical noise with typical f < 5 kHz � f0

[230] is rejected due to the high
quality factor of the oscillators. This aspect poses a major advantage for the
measurement of biomagnetic signals since the latter are in the frequency range
fbio = 0:1�1000Hz at which most environmental mechanical noise occurs as well.
Due to the sensitivity in the low-frequency regime the concept accesses the whole
biomagnetically relevant frequency range and it is potentially fully integrable as
there is no need for an external magnetic driving �eld (in contrast to the de-
sign proposed by Osiander et al. [222]). In addition, the concept does not require
cooling and possesses vector �eld capability.



Chapter 8

Experimental Setup

Commercial tipless Si-cantilevers (Nanosensors, TL-NCH) with f0 � 320 kHz
and k0 � 42N/m were coated with 500 nm of amorphous (Fe90Co10)12Si12B10

by rf-magnetron sputtering (200W, 2 � 10�1 Pa Ar) in a commercial sputtering
system (Von Ardenne CS 730 S, coating courtesy of H. Greve and E. Quandt).
In order to relax �lm stress the probes were subsequently tempered in vacuum
(p = 10�3 Pa) at 550K for 60min) During the annealing a magnetic �eld of
�0H = 0:2T was applied to induce an in-plane anisotropy parallel to the long
axis of the cantilever. The coated cantilevers were mounted in the standard
probe holder of a commercial AFM system (Aist-NT, SmartSPM 1000, provided

FIG. 8.1: Experimental demonstrator setup based on a MEMS cantilever oscillator
coated with 500 nm of amorphous (Fe90Co10)78 Si12B10. See text for details.

89



90 8. EXPERIMENTAL SETUP

by courtesy of H. Kohlstedt). The setup is illustrated in Fig. 8.1.
A pair of Helmholtz coils was arranged within the AFM head around the can-

tilever to provide an in-plane magnetic test �eld Hac perpendicular to the long
axis of the cantilever. Optionally, an additional magnetic bias �eld Hdc could
be applied in order to tune the working point of the magnetostrictive functional
layer. The oscillation of the cantilever was excited mechanically via the piezoelec-
tric actuation provided by the AFM system. For the proof-of-principle demon-
stration the AM detection scheme was chosen since the existing AFM-system
supported the respective measurements without any modi�cations. Accordingly,
excitation amplitude and excitation frequency were held constant throughout the
experiment. Thus, without an applied magnetic �eld the cantilever oscillated at
a constant amplitude Â(t) = Â0. The oscillation was monitored with the laser
beam de�ection system (PSD) of the AFM.



Chapter 9

Demonstration of Novel Magnetic
Field Sensor

The mechanical stress state of the coated and subsequently post-annealed can-
tilevers was assessed by SEM. A respective image is shown in Fig. 9.1. The
coated and post-annealed cantilevers did not exhibit any distortion. The ab-
sence of the latter evidences that the FeCoSiB layer is in a low-stress state
which is favorable since Ludwig and Quandt [204] found the induced uniaxial
anisotropy to vanish for too high stresses. The unbent shape of the beam in-
dicates that the functionalization is not detrimental to the oscillatory properties
of the cantilever. Accordingly, the resonance curves of the mechanically excited
cantilevers still exhibit a sharp resonance peak within the manufacturers speci-
�cations as shown in Fig. 9.2(a) and (b) for an oscillator with an unperturbed
resonance frequency of f0 = 324:2 kHz and Q � 230. In order to exploit the slope
of the resonance curve in the AM detection scheme, an excitation frequency
fexc = 324:8 kHz = f0 + 600Hz was chosen for the probe of Fig. 9.2. The un-
perturbed oscillation amplitude Â0 = const: marks the reference level at which
�A = 0, Fig. 9.3. Upon application of an external magnetic �eld Hac, the os-

FIG. 9.1: SEM image of a coated and post-annealed MEMS cantilever. The beam
exhibits no distortion, evidencing a low-stress state of the FeCoSiB layer. From Gojdka
et al. [201].
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FIG. 9.2: (a) Resonance curve of a prepared cantilever probe. Albeit a coating of
500 nm FeCoSiB the oscillator exhibits a sharp resonance peak. (b) Magni�cation of
the resonance peak.

cillation amplitude of the cantilever is being modulated, leading to �A(t) 6= 0.
Figure 9.3(a) shows �A(t) for a �eld �0Hac = 100�T and fH = 15Hz. If Hac is
applied perpendicular to the induced easy axis (EA), maximum 90� domain wall
motion is provoked, leading to a signi�cantly larger e�ect than for application
of Hac parallel to the EA. This demonstrates the vector �eld capability of the
presented concept since the sensor output is sensitive to the orientation of applied
magnetic �elds. However, for a perfect alignment of the magnetic domains along
the EA, no modulation should occur if Hac k EA since in this case only 180�

domain wall motion occurs. Thus, future re�nement of the sensor design might
include optimization of the magnetic domain structure.

The sensor reaches maximum sensitivity when it operates at @Ee�=@H = max,
as expressed by Equation (7.5). Ludwig and Quandt [204] reported maximum
@Ee�=@H for (Fe90Co10)78 Si12B10 thin �lms at a magnetic �eld of some �0Hdc =
100�T. In good agreement, a magnetic dc bias �eld �0Hdc = 353�T enhances
the sensitivity by up to one order of magnitude, Fig. 9.3(b). The e�ect does not
further increase for �0Hdc > 353�T since maximum @Ee�=@H is already reached
at these �elds. Accordingly, for the subsequent experiments a constant bias �eld
of �0Hdc = 353�T is applied. However, it should be noted that Hdc is optional
and is not a prerequisite for the functionality of the concept. Unlike the design
proposed by Osiander et al. [222] no magnetic auxiliary �elds are required in the
presented concept. In addition, an advanced design of the sensor could be based
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FIG. 9.3: (a) Dotted, black: unperturbed oscillation amplitude at �0Hac = 0�T,
marking the reference level�A = 0. Modulated amplitude upon application of �0Hac =

100�T perpendicular (solid, red) and parallel (dashed, black) to the induced easy axis.
(b) Variation of the amplitude modulation to a constant test �eld �0Hac = 20�T due
to tuning of the FeCoSiB working point with a bias �eld Hdc.

on a self-biased sensing layer, with maximum sensitivity at zero bias �eld.[231,232]

For example, Lage et al. [233] reported on a ME cantilever sensor, in which self-
biasing was realized by antiferromagnetic exchange coupling in a laminate system.
The sensor exhibited maximum sensitivity at �0Hdc = 0�T due to the intrinsic
self-bias.

To demonstrate the sensor concept, the rms value of the oscillation modula-
tion �Arms is used as a measure for the magnetic �eld amplitude and recorded
for 5 s for every datapoint. The magnetic test �eld amplitude �0Hac is �rst de-
creased from 100�T to 400 nT and subsequently increased again. The �eld is
applied perpendicular to the EA and the �eld frequency fH = 15Hz is within the
biomedically relevant range [234,235]. A corresponding measurement is presented in
Fig. 9.4, con�rming a linear and hysteresis-free response of the sensor to external
magnetic �elds. Considering the lowest detectable �eld of 400 nT of the proof-of-
principle demonstrator, biomedical applications require an increase of sensitivity
of several orders of magnitude. However, while related macroscopic ME sensors
achieved a sensitivity up to 5:4 pT=

p
Hz, [200] so far they do not access the re-

quired frequency regime due to their passive resonant design. On the other hand
the presented sensor design responds throughout the biomedically interesting fre-
quency range as demonstrated in the following. In addition, Marauska et al. [236]

detected �elds as low as 100 pT with a passive MEMS-based ME sensor, proving
the capability of accessing the sub-nT regime with microcantilever-sensors. Mea-
sures for the improvement of the sensitivity in future sensor designs based on the
presented concept will be suggested in the outlook of Part II.
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FIG. 9.4: rms value of the amplitude modulation for applied test �elds Hac with fH =

15Hz and a constant bias �eld of �0Hdc = 353�T. From Gojdka et al. [201].

In order to determine the frequency of magnetic test �elds, the mechanical
oscillation of the cantilever sensor is Fourier transformed. Figure 9.5 depicts the
Fourier transforms for magnetic test �elds with �0Hac = 20�T and frequencies
of fH = 10Hz, 100Hz and 1000Hz, respectively. The magnetic �eld frequency
fH is in all three cases clearly identi�able. Such separation and identi�cation of
magnetic �eld frequencies is paramount in biomagnetic applications since individ-
ual frequency components can be related to speci�c diagnoses. [196] As is shown in
Fig. 9.5 virtually no higher-order harmonics are present in the Fourier transforms
of the di�erent magnetic test �elds. Since the individual frequency components
are independent of each other in the Fourier transform, the presented concept
allows for straightforward frequency analysis of complex magnetic �elds.

FIG. 9.5: Fourier transforms of the amplitude modulation Â(t) upon application of
�0Hac = 20�T with fH = 10, 100 and 1000Hz, respectively. From Gojdka et al. [201].



Part II - Summary and Outlook

The functionality of a potentially fully integrable MagMEMS magnetic �eld sen-
sor concept based on the delta-E e�ect has been demonstrated. The prototype
sensor consisted of a commercial tipless AFM cantilever functionalized with a
layer of 500 nm of amorphous (Fe90Co10)78 Si12B10. The shift of the resonance
frequency of the mechanically driven oscillator due to the delta-E e�ect of the
FeCoSiB layer enabled the measurement of magnetic �eld amplitudes as low as
400 nT by amplitude modulation. A major advantage of the concept is the me-
chanical excitation of the oscillation without the need for magnetic driving �elds,
making it potentially fully integrable. The concept is sensitive especially in the
biomedically relevant low-frequency regime f < 1 kHz and o�ers a larger band-
width compared to related passive ME sensing concepts.

For biomagnetic applications, however, the sensitivity will have to be in-
creased in future designs. Just recently in 2011, Lassagne et al. [237] reported of a
novel nanoelectromechanical (NEMS) magnetometer, demonstrating the general
groundbreaking potential of future resonant magnetic �eld sensors. In the case
of the presented design, several measures appear promising in order to improve
the sensitivity.

The sensitivity of both amplitude and frequency detection scheme can be im-
proved by an increase of the resonator's Q-factor by driving it in vacuum and
by optimizing the oscillator itself.[238] In this way sensitivity should be increased
by 1 to 2 orders of magnitude [223,239,240] with respective vacuum encapsulation
of MEMS systems being present-day state of the art.[238,240,241] Furthermore, the
FeCoSiB coating thickness can be optimized with respect to the cantilever di-
mension by thinning the Si beam on the one hand [236] and adjustment of the
deposition on the other hand, cf. Equation (7.7) as a starting point. How-
ever, upon increasing the coating-to-substrate ratio one has to take into account
a possible decrease of the Q-factor. For example, Marauska et al. [236] found
Q � 70 under ambient conditions for a passive MEMS-based ME cantilever
sensor which incorporated only 650 nm SiO2 substrate as compared to a func-
tional coating of 2:2�m FeCoSiB and 1:0�m AlN. Nonetheless, already in coarse
vacuum (p � 10Pa) the sensor exhibits Q � 200 [238] and reaches a minimum
detectable �eld of �0H � 100 pT under ambient conditions [236], demonstrating
the ability of MEMS-based approaches to access the pT-regime.
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An optimized geometric design might further promote the frequency shift
response of the oscillator to a change of Young's modulus of the functional layer.
As a counterexample consider a quartz microbalance coated with a functional
delta-E layer. Even if the coating changes E, no frequency shift will occur at the
quartz oscillator since the oscillation frequency is sensitive only to a change in
mass as a consequence of the geometry. Accordingly, future MEMS geometries
might be optimized in order e�ciently transduce the change in E into a frequency
shift. Finally, in an advanced design the frequency shift can be detected directly
in the FM scheme using a phase-locked-loop (PLL). The sensitivity of AM and
FM detection is theoretically similar under identical operation conditions.[223]

However, AFM-related investigations demonstrated better performance of FM
mode compared to AM.[223] FM detection especially circumvents restriction of
bandwidth at high Q-factors.

Taking into account all suggested measures, a sensitivity in the order of or
below 100 pT appears achievable for future sensor designs based on the demon-
strated concept. While this would not su�ce for MEG [194], such sensitivity
and its availability in the frequency regime f < 200Hz, would for example
enable basic MCG [198]. The improved sensitivity of an advanced sensor de-
sign should indeed allow for the clinically relevant measurement of brain (f =
5�15Hz and 100�200Hz) [242] and heart (f � 1Hz) [196] pacemakers. Especially
the relevant low frequencies represent no obstacle for the presented concept while
posing a challenge for passive ME sensor designs. Furthermore, a re�ned system
might contribute to the control of advanced drug delivery [197,243,244] and in-vivo

medical imaging [195,245]. Assuming a future sensitivity of 100 pT of the system,
one can estimate how many nanoparticles are necessary in order to create a
detectable magnetic �eld. Considering for the sake of simplicity only the z-
component of the �eld, one obtains [195]

Bz = (�0)=(2�)(�=z
3) (9.1)

where �0 permeability of free space, � magnetic moment and z distance between
source and sensor. The total magnetic moment is the sum of the z-projections of
the N individual nanoparticles � = N�P with

�P = MS(4=3)�(D=2)
3 . (9.2)

Assuming MS = 4:7 � 105A/m [195] for medically relevant Fe3O4 magnetite par-
ticles, D = 40 nm and z = 4 cm, Equations (9.1) and (9.2) yield approximately
N = O (109) particles necessary for detectable �elds of 100 pT. As Flynn and
Bryant [195] pointed out, such particle amounts can be realistically expected in tu-
mors due to the high density of antibody binding sites on cancer cells and Lewin
et al. [245] found N � 107 particles per cell. Hence, the sensors system might well
be applicable to drug delivery and in-vivo imaging once a sensitivity of 100 pT is
reached.
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With respect to integrability, the optical read-out could be replaced in a
future design by a piezoelectric layer as is used in other ME sensors.[200] Advanta-
geously, in FM detection the magnetic �eld information is extracted solely from
the frequency (shift) of the oscillation. Thus, even if the amplitude signal from a
piezoelectric layer was inferior to the optical read-out scheme the overall sensor
performance would not necessarily be deteriorated. A further step towards inte-
gration can be achieved by replacing the external dc magnetic �eld which tunes
the working point of the FeCoSiB layer by an internal bias. The principle has
already been demonstrated by Lage et al. [233] for a ME sensor in which antifer-
romagnetic exchange coupling in a multi-layered system was exploited in order
to achieve maximum @�=@H at zero external bias �eld.

The potential integrability of the presented concept and its compatibility with
existing MEMS technology render it interesting not only for biomagnetic appli-
cations but also for the integration in existing microelectronics. Due to the pre-
sented characteristics, the sensor concept yields application potential whenever
magnetic �elds with frequencies from quasi-static up to some kHz have to be mea-
sured under the consideration of costs, space and compatibility with established
micromachining techniques.
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Appendix A: Technical
Documentation

Deposition Electronics

In order to realize the deposition processes necessary for the aims of this thesis,
the commercial magnetron power supplies were extended with further electronics
as described in the following.

Figure A.1 depicts the respective deposition-related circuitry. Two MDX 500
dc-generators (Advanced Energy) are operated in constant power mode for the
operation of the gas aggregation cluster source (GAS) and the center magnetron,
respectively. For all experiments of this thesis, straight dc power was applied
to the magnetron of the GAS by directly connecting the MDX 500. In the
case of the center magnetron, further electronics were introduced in order to
allow for reactive sputtering with pulsed dc power on the one hand and low-
frequency quasi-co-sputtering on the other hand. Standard dc powering of the
center magnetron is obtained with a straight connection of the MDX 500 unit
with the magnetron.

For pulsed dc power operation of the center magnetron, the MDX 500 output
is connected to a self-constructed pulsing-boxi. The latter chops the continuous dc
input with a power MOSFET (HTS31 with cooling �ns, Behlke) which is triggered
by an external frequency generator (4025, Peaktech). The trigger amplitude is
Ûf = 5V with an o�set of 2:5V in order to provide a positive square signal
Uf = 0�5V. It should be noted that the choice of duty cycle crucially in�uences
the voltage provided by the MDX 500. In order to supply the time-averaged power
de�ned by the user, higher voltages have to be applied if shorter duty cycles are
chosen. Duty cycles between 50�100% and frequencies fdc = 15�70 kHz were
found to provide stable operation conditions for pulsed dc deposition of AlN.

If additional low-frequency pulsing is desired for co-deposition by quasi-co-
sputtering (cf. chapter 5.1), the MDX unit can be triggered by self-built elec-
tronics. By setting switch number 5 on the rear of the power generator to �up�,
the output control is transferred to remote control via the user port of the MDX
unit.[246] Note that in this setting, the output can still be turned o� via the front

idesign by R. Kloth
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FIG. A.1: Schematic of the deposition-related electronics. Refer to text for details.
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panel. However, in order to activate the output, pins 7 and 8 of the user port have
to be connected to ground, pin 9.[247] The trigger electronics allow to either di-
rectly connect pins 7 and 8 to ground for continuous output or pulsed connection
via a relay. It is important to notice that if pins 7 and 8 are continuously con-
nected to ground via the trigger electronics, the �stop�-button of the MDX front
panel is overridden. In this case the target bias voltage can be turned o� only
by setting the switch of the trigger electronics to the �o��-position. For pulsed
operation, the relay is switched by another frequency generator (4025, Peaktech),
again with a square signal of Ûf = 5V amplitude. Due to the sluggish response of
the MDX 500 unit and the plasma ignition, trigger frequencies above fp = 2Hz
are not feasible (however, already fp = 0:3Hz results in homogeneous composites,
cf. chapter 5.1). In addition to the pulsing control, the self-built electronics o�er
an output connection for monitoring the MDX 500 output. Depending on the
position of the respective switch either the power or the voltage is monitored.
The monitor voltage is in between Umon = 0�10V corresponding linearly to the
full power or voltage output range of the MDX 500.

High-Vacuum Deposition System

As part of the presented thesis a new high-vacuum (HV) deposition machine
was constructed, the schematic of which is shown in Fig. A.2. The system is
divided into three parts which can be pumped and vented individually. In the
main chamber (1) deposition takes places. Thanks to the transfer system, the
main chamber ideally needs no venting, ensuring clean HV conditions for the
deposition of high-quality thin �lms. However, depending on the amount of
material deposited, the sample holder front piece has to be cleaned in intervals
of typically � 2months in order to remove �akes of accumulated deposits.

Servicing of the vented main chamber is conducted via the front door (4). For
the introduction or removal of samples, the transfer system (red) can be discon-
nected from the main chamber by valve (6) and from the gas aggregation cluster
source (GAS, green) by valve (11). The �xation of the transfer rod (9) must not
be loosened before venting of the transfer system is completed! Otherwise the
lever of the transfer arm will open the load lock (8), leading to uncontrolled and
potentially harmful venting. In addition, when rotating the transfer rod after
venting, the magnetic sledge (10) must be fully retracted.

The GAS (green) can be (dis-)connected from the main chamber by valve
(15). Accordingly, during operation of the GAS valve (15) is open, to introduce
the generated particles into the main chamber. Valve (16) is used for venting
and pumping of the GAS and has to be closed during operation of the GAS for
the process gas to �ow through the aperture (14). In order to pump part of the
GAS process gas through the load lock, valve (11) is opened. If the GAS is to
be serviced (e.g., for target replacement), it can be vented via the load lock by
opening valves (11), (16) and closing valve (15).
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FIG. A.2: Schematic of the deposition system which was developed in the course of this
work. Refer to text for details.



Appendix B: AlN/Co Deposition
Process

In chapter 4.1 the development of the deposition process for c-axis oriented AlN is
discussed followed by the quasi-co-sputtering concept for AlN/Co nanocomposites
in chapter 5.1. In contrast, this appendix details the respective experimental
procedure step-by-step. The initial state of the deposition system is as follows:
The valves between load lock and main chamber, and GAS and main chamber
are closed, respectively. The GAS is connected to and pumped via the load
lock. With the z-drive of the Al-magnetron at the position of 10mm, the target-
substrate distance is d = 55mm. The TMP of the main chamber is set to 80%-
standby and the TMP of the load lock to 66% in order to reduce the working
load of the pumps due to the process gas. The sample shutter is closed, shielding
the sample from deposits prior to the deposition step.

1. substrate preparation
The substrate, consisting of 150 nm Pt(111) - 10 nm Ti - 1000 nm SiO2 on
525�m (100)-Si prime grade wafers, is cleaned by application of 5min ultra-
sonic bath in acetone, subsequent dip-rinsing in isopropanol and �nal drying
in a �ow of nitrogen gas. The ultrasonic bath should be applied only to one
piece of substrate at a time since the Pt surface is prone to become degraded
by scratches if multiple pieces are placed in the same beaker.

2. substrate heating
After the substrate is transferred to the sample holder, a heating procedure can
be applied if a deposition at elevated substrate temperature is desired. During
the course of this work a substrate temperature of approximately 330 �C was
obtained by following the heating ramp given in Table 1. To achieve a stable
steady-state, some process gas �Ar,0 = 15 SCCM is already introduced into
the main chamber at this point of time.

3. Al target cleaning
To establish a well-de�ned state of the target surface, the latter is clean sput-
tered for t = 20min at Pdc,0 = 90W and �Ar,0 = 50 SCCM. After the cleaning
the sputtering power is turned o� since at this time the dc pulsing unit is in-
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Heating current [A] 1.5 2.5 3.5 4.0
Resulting voltage [V] 1.2 2.5 3.6 4.2
Resting time [min] 5 10 20 20

Table 1: Summary of heating ramp for a substrate temperature of Ts � 330 �C.

terconnected between center magnetron and power supply in order to prepare
the next process step.

4. AlN target conditioning, GAS conditioning
The conditioning step aims at the establishment of steady-state conditions
prior to the deposition. First, working gas is also injected through the GAS.
Reactive gas admixture can be introduced via the manual leakage valve at
this point of time. Typical argon �ow for GAS operation are �Ar,GAS =
100�140 SCCM. Once the process gas �ows are enabled in the GAS, the valve
connecting GAS to main chamber is opened. The center magnetron �ow is re-
duced to �Ar,0 = 15 SCCM as the GAS provides su�cient argon for the center
discharge.

With the process atmosphere established, conditioning of the targets can be-
gin. The pulse box is switched on, triggered by an external frequency gener-
ator at fdc = 50 kHz and 70% duty cycle. The center discharge is initiated
at Pdc,0 = 90W with pure argon and nitrogen �N2,0 = 65 SCCM is added to
the plasma. After t = 15min the target is considered conditioned and the
discharge operates in steady-state.

During the last 5min of the AlN conditioning, the operation of the GAS is
started at typical powers (for Co) of PGAS = 100�140W. This ensures that
target oxidation is removed and the cluster rate stabilizes prior to deposition.

5. continuous or pulsed deposition
To start the deposition the sample shutter is opened, allowing deposits to
reach the substrate. With the sample shutter open, the substrate bias voltage
Us due to the deposition plasma can be monitored. If pure AlN is deposited,
the process can be conducted continuously. However, for the inclusion of
nanoparticles from the GAS, the AlN deposition is pulsed at fp � 0:3Hz for
quasi-co-sputtering (cf. chapter 5.1). Continuous or pulsed AlN deposition is
selected by a self-built controller, which is connected to the control port of the
center magnetron's power supply. The respective trigger signal is provided
to the controller by another frequency generator. If nanocomposites were
prepared by quasi-co-sputtering, at least 1min of continuous operation were
applied at the beginning of the deposition in order to form a well-de�ned seed
layer of AlN for the further growth of the composite.
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