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Chapter 1

Introduction

This introductory chapter is meant to provide a background of the research pre-
sented in this thesis. It starts with an overview of the field of scanning probe
technology and its applications, and concludes with the outline of the thesis.

1.1 Scanning probe microscopy

A scanning probe microscope has four unique elements compared to other mi-
croscopes. First, the use of a very small tip, that is kept close to the surface of
the sample that is being investigated; second, a property of the sample surface
is detected that changes rapidly in proximity of the surface, such as forces or a
tunnelling current; third, the use of a feedback system to control the distance or
contact between the tip and the sample; and fourth the ability to move the tip
over the sample surface with very high (less than 1 nm) resolution.

The first successful scanning probe microscope was the Topografiner, devel-
oped by Young et al. between 1966 and 1971 [1], shown schematically in figure
1.1. A constant tip to sample distance was maintained by a feedback system that
adjusted the voltage on the vertical piezo, thereby moving the tip (called emitter
in figure 1.1) up and down. Piezos mounted in the x– and y–direction deflected
a flexible post on which the tip was mounted, providing the scanning motion
in the sample plane. No computerized data acquisition systems were available
at that time, so the data was acquired with a x–y recorder and a storage oscillo-
scope. One of the results is depicted in figure 1.1. The estimated resolution was
3 nm in the vertical direction, and 400 nm in the plane.

Besides images taken using field emission, also initial metal–vacuum–metal
tunnelling experiments were carried out with the Topografiner. However, due
to instabilities in the feedback loop and noise due to poor vibration isolation, the
instrument was not able to take any images of surfaces using direct tunnelling.
Such an instrument, the Scanning Tunnelling Microscope (STM), was invented
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Figure 1.1: Left: schematic drawing of the Topografiner. Right: Topo-
graphic map of a 180 lines per mm diffraction grating replica, obtained
with the Topografiner. Taken from [1].

in 1982 by Binnig et al.. Using their STM, they presented topographic images
of CaIrSn4, gold [2] and silicon [3] surfaces with atomic resolution for the first
time. For this invention, Gerd Binnig and Heinrich Röhrer were awarded with
the Nobel prize in Physics in 1986.

The STM was capable of resolving the surface structure with atomic reso-
lution, but only on conducting samples. An instrument that could image the
surface of insulating samples with very high resolution, the Atomic Force Mi-
croscope, was presented a few years later by Binnig, Quate and Gerber, in 1986
[4]. The first AFM used a gold foil as a cantilever spring on which a diamond
tip was glued. The deflection of the cantilever was detected with an STM. This
resulted in a vertical resolution of less than 1 Å and a lateral resolution of 30 Å.
In later AFM’s the STM was replaced by optical systems to detect the deflection
of the cantilever [5]. It was not until 1992 that AFM with true atomic resolution
was demonstrated [6].

1.1.1 Magnetic force microscopy

Binnig et al. envisioned that their AFM would be modified to measure other
forces near sample surfaces, such as magnetic forces [4]. These modifications
were carried out by Martin et al. [7] and Saenz et al. [8] in 1987, who almost
simultaneously invented the Magnetic Force Microscope (MFM) that can de-
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Figure 1.2: Principle of magnetic force microscopy. The inset shows the
stray field of the sample and the magnetization of the tip.

tect magnetic forces above a very flat sample. This is done by placing a small
magnetic tip, mounted on a cantilever spring, very close to the surface of the
sample. The interaction between the stray field of the sample and that of the
tip makes that the tip is either attracted or repelled by the sample. The result-
ing force on the tip can be detected by measuring the displacement of the end
of the cantilever, usually by optical means. The principle of MFM is schemati-
cally depicted in figure 1.2, showing the computer used for data aquisition, the
control electronics, the optical displacement detector and the cantilever with the
magnetic tip scanning over the sample. The dark areas on the sample have a
magnetization pointing upwards, the brighter areas downwards. The cantilever
is usually around 200 µm in length, equipped with a tip that is 4 µm long and 50
nm in diameter. The distance between the tip and the sample surface is around
30 nm. The forces measured in typical MFM applications are in the order of 30
pN, with typical cantilever deflections on the order of nanometers. An image of
the magnetic stray field is obtained by slowly scanning the cantilever over the
sample surface, in a raster–like fashion. Typical scan areas are from 1 up to 200
µm with imaging times in the order of 5 to 30 minutes.

Compared to other techniques that can be used to image magnetic stray
fields with very high resolution, such as Lorentz microscopy [9] or spin polar-
ized STM [10], MFM has the advantage that it is a non–destructive technique
that doesn’t require exhaustive sample preparation or extremely clean surfaces.
Because of these properties, and because MFM is a relatively cheap technique,
the MFM is widely used in the magnetic recording industry. Moreover, in mag-
netic recording the media and heads are designed in such a way that the surfaces
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are very smooth and the external stray fields are very high. Also, the recording
media are very resistant to the influence of external fields, so tip/sample in-
teraction is not really a problem. All these aspects make MFM the method of
choice. It is therefore not coincidental that reference samples for MFM originate
from the magnetic recording community (such as the NIST hard disk [11] or the
magneto–optic disk used for the CAMST reference sample [12]).

1.2 Probe recording

The magnetic recording industry has come a long way since the introduction of
the first hard disk, the IBM RAMAC (Random Access Method of Accounting
and Control), in 1956. This system could store 5 MB of information on fifty 24–
inch discs, giving it an areal density of 2 kilobits per square inch. Present day
hard disks have an areal density of around 30 Gb/inch2, a nearly 16 million time
increase in areal density. Even higher areal densities have been shown in several
laboratory demos. Recently a 145 Gb/inch2 areal density has been shown [13].
The development of the hard disk is illustrated in figure 1.3. From this figure can
be seen that the roadmap for development of hard disk systems is very steep.
The areal density growth rate increased from 25% per year in the early eighties
up to 100% per year nowadays.

1.2.1 Limits of hard disk systems

It is not certain however, that the incredible areal density growth rate of hard
disks will continue in the next decade. To do so, the hard disk industry has to
overcome several limitations present in current hard disk systems. The most
widely known limitation is that caused by the so–called superparamagnetic
effect. This effect poses a fundamental limit to the areal density that can be
achieved. If the density is increased above this limit, the magnetic grains, 100 of
these grains make up a single bit, become so small that they become thermally
unstable and the information stored is lost. Several tricks are already being ap-
plied in commercial products to solve this problem such as Anti Ferromagneti-
cally Coupled (AFC) media [15]. Further down the road, options such as per-
pendicular recording [16, 17], heat assisted recording [18] or the use of patterned
media, where the magnetic layer is patterned in a regular matrix of dots [19, 20],
may be applied to push the superparamagnetic limit to higher recording densi-
ties. That this process is already going on can be seen from figure 1.3: the lab
demos and even the commercial available hard disks have an areal density that
lies in the ’super paramagnetic effect’ zone.

Other limitations are access time and data rate. Whereas the areal density in-
creases with 100% per year, the access time decreases by only 7% per year [14].
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Figure 1.3: Development of IBM hard disks since 1985. The white dots
mark the lab demos and the black and gray dots commercial products.
Taken from [14].

This is caused by the fact that the conventional (Winchester–type) hard drive
has only one head per disk. The access time is determined by the time it takes
to move the head to the required radial position on the disk and the rotational
speed of the disk. The latter of the two is dominant; a state of the art hard disk
that spins at 15,000 rpm has an average rotational latency of 2 ms. To decrease
the access time one must increase the rotational speed. Because latency and data
rate are coupled, this also increases the data rate. The read and write heads must
be capable to deal with these high speeds. The finite rise and fall times of the
heads will limit the maximum rotational speed. Mechanical issues such as bear-
ings and motor vibrations and other issues such as heat, power consumption
and noise will prevent an unlimited increase of the rotational speed. A solution
to this problem is to decouple the access time and the data rate. This requires
a completely different architecture. A probe recording system is an example of
such an architecture that might provide a solution to the limitations in density,
latency and data rate of current hard disk systems. A probe recording system
may very well be part of the “advanced storage systems” that successes the hard
disk drive as pictured in figure 1.3.
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may generate applications of VLSI–Nano(Micro)
ElectroMechanical Systems [VLSI–N(M)EMS] not
conceived of today.

2. The Millipede concept
The 2D AFM cantilever array storage technique [8, 9]
called “Millipede” is illustrated in Figure 1. It is based on
a mechanical parallel x/y scanning of either the entire
cantilever array chip or the storage medium. In addition, a
feedback-controlled z-approaching and -leveling scheme
brings the entire cantilever array chip into contact
with the storage medium. This tip–medium contact is
maintained and controlled while x/y scanning is performed
for write/read. It is important to note that the Millipede
approach is not based on individual z-feedback for each
cantilever; rather, it uses a feedback control for the entire
chip, which greatly simplifies the system. However, this
requires stringent control and uniformity of tip height and
cantilever bending. Chip approach and leveling make use
of four integrated approaching cantilever sensors in the
corners of the array chip to control the approach of the
chip to the storage medium. Signals from three sensors
(the fourth being a spare) provide feedback signals
to adjust three magnetic z-actuators until the three

approaching sensors are in contact with the medium. The
three sensors with the individual feedback loop maintain
the chip leveled and in contact with the surface while
x/y scanning is performed for write/read operations.
The system is thus leveled in a manner similar to an
antivibration air table. This basic concept of the entire
chip approach/leveling has been tested and demonstrated
for the first time by parallel imaging with a 5 3 5 array
chip [10]. These parallel imaging results have shown that
all 25 cantilever tips have approached the substrate within
less than 1 mm of z-activation. This promising result has
led us to believe that chips with a tip-apex height
control of less than 500 nm are feasible. This stringent
requirement for tip-apex uniformity over the entire chip is
a consequence of the uniform force needed to minimize
or eliminate tip and medium wear due to large force
variations resulting from large tip-height nonuniformities
[4].

During the storage operation, the chip is raster-scanned
over an area called the storage field by a magnetic x/y
scanner. The scanning distance is equivalent to the
cantilever x/y pitch, which is currently 92 mm. Each
cantilever/tip of the array writes and reads data only in
its own storage field. This eliminates the need for lateral
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Figure 1.4: General concept of a probe recording system, in this case that of
the Millipede. The probe array (2D cantilever chip), the (polymer) storage
medium, the displacement actuator and the electronics (MUX) are shown.
Taken from [21].

1.2.2 Probe recording systems

The general concept of all probe recording systems is depicted in figure 1.4. Four
main components can be identified: the 2D array of read/write heads (probes),
the medium, the array displacement actuator that moves the medium and the
electronics needed for control, multiplexing and data channel. In contrast to
the hard disk drive, where one recording head needs to address the complete
media, in a probe recording system numerous probes each address only a small
area of the medium. The distance the probe array needs to move to address the
complete medium is approximately equal to the distance between the probes
in the array. This is a very small distance compared to the distance the head
in a hard disk needs to move. Not only does the use of a probe array greatly
reduce the latency, it also decouples the latency from the data rate. Now it is
possible to seek the data very fast and read at lower speeds. The use of a probe
array has another advantage: by making use of the huge parallelism that can be
achieved by using thousands of probes simultaneously, high data rates can be
reached while the data rate per probe is relatively low. This parallelism will be
a requirement for a probe recording system to be successful, as the data rate per
probe is liable to be low, limited by the resonance frequency of the probes.

The best developed probe recording system at the moment is the Millipede
from IBM [21, 22, 23]. The Millipede uses a thermomechanical writing scheme,
where small pits are melted in a polymer [24]. The probes consist of a highly
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Figure 1.5: Reading and writing in MFM mode on a patterned magnetic
medium.

conducting cantilever and a resistive area (the heater) with very sharp tip on top
[25]. When the tip is brought into contact with the medium, a small force is ap-
plied and the tip is heated. This combination causes an indentation to be made
into the medium. The data is read back by measuring the thermal conductance
between the heater and the medium. The thermal conductance increases when
the tip “sinks” into an indentation. Erasing can be done by heating the complete
medium, erasing all the bits at the same time, or by heating a row of bits, by
writing a bit just adjacent to the bit to be erased. At the end of the row, only
one will remain. With the Millipede, bit densities as high as 200 Gb/inch2 are
demonstrated at a data rate of 1 kb/s per tip [23]. As this low data rate is not due
to fundamental limits, data rates of several megabits per second are estimated in
the future [26]. In reading and writing experiments with a single lever, reading
speeds up to a few Mb/s and writing speeds of 100 kb/s have been achieved,
while the maximum density, although achieved at lower speeds, lies currently
around 1 Tb/inch2 [23].

Also probe recording systems using a magnetic medium are being investi-
gated by Carley et al. at the Carnegie Mellon University [27, 28, 29, 30] and by
the SMI group at the University of Twente. The medium of such systems would
be a continuous medium as developed at CMU or a patterned medium with per-
pendicular anisotropy as developed by the SMI group. Reading and writing of
bits on a patterned medium was first demonstrated by Kong et al. in 1997, who
could write bits using an MFM tip at a density of 7.5 Gb/inch2 in an array of
soft–magnetic nickel bars [31]. This is an example of MFM probe recording, as
depicted in figure 1.5. When the tip is reading the bits from the medium, the tip
is kept at a certain height above the magnetic dot, and the system operates in the
same way an MFM does. For writing, the tip is brought close or in contact with
the dot. Subsequently, an external field is applied such, that this field alone is
not sufficient to switch the magnetization of the highly coercive dot. However,
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Figure 1.6: Reading and writing in MRM mode.

the sum of the stray field from the tip and the external field is sufficiently high
to switch the magnetization of the dot under the tip, while all other dots don’t
switch.

Another way of reading and writing in a magnetic probe recording system
is the Magneto Resistive Microscopy (MRM) mode, as depicted in figure 1.6. In
this mode, an MR sensor, integrated on the probe, is used to read the magneti-
zation direction of the dots. When writing, an external field is applied and the
magnetically soft MR sensor is used as a flux guide, locally increasing the mag-
netic field, thereby switching the magnetization of the dot under the tip. The
MRM mode has the advantage that the probes can run at a constant height (or
even in contact) with the medium. This doesn’t require complex systems to con-
trol and vary the tip to sample distance per probe. Moreover, as the data rate is
not limited in this case by the resonance frequency of the probes, the data rates
per tip can be much higher compared to operation in MFM mode [27]. An ex-
ample of such a system is the micro Scanning Probe Array Memory (µSPAM),
that is being developed at the University of Twente [32]. A schematic drawing
is shown in figure 1.7. The tip array and the tile holding the medium can be
seen, along with an MFM image of a real patterned medium. Interesting to note
is that the medium tile consists of a number of small media, that can be moved
independently from each other. This provides additional flexibility regarding
access time, data rate, power consumption and concurrency.

1.3 Motivation and outline of the thesis

As discussed in the previous section, the magnetic recording industry is on an
incredible steep roadmap. The MFM is a very powerful imaging technique that
greatly contributes to the development of both heads and media. With increas-
ing areal density, the MFM must be capable of resolving ever smaller magnetic
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Figure 1.7: Schematic drawing of a magnetic probe recording system, the
µSPAM.

details. However, the resolution of MFM increases much slower than the bit
length in hard disk systems. The initial resolution gap is melting away very fast,
as can be seen in figure 1.8 where the bit length of hard disks and resolution of
MFM is plotted against time. Already in 1991 a resolution as low as 40 nm was
obtained [38], and it took ten years to bring this down to 25 nm (see figure 1.8).
In the meantime the bitlength in experimental hard disks has decreased from
700 nm in 1990 to 33 nm in 2001. With the instrumentation and tips we have
today, it is very difficult to measure these small bits, and very soon the use of
MFM in magnetic recording research could become limited.

The resolution of the MFM is amongst other factors, greatly affected by the
geometry and the size of the magnetic tip [39, 40, 41]. Great effort has been
put in developing tips that are suitable for high resolution MFM, as we will see
further on. However, the best resolution could be obtained with hand–made
tips, but also these tips leave something to be desired in terms of shape, size
and reproducibility. The aim of the research, presented in this thesis, was to
develop a new probe for magnetic force microscopy that could be manufactured
in large quantities while being capable of sub 30 nm resolution. In terms of
linear bit density in hard disk recording, the new probe should be able to image
bit patterns on tracks with a density of at least 900 kFCI (28 nm bit length).

Chapter 2 gives an introduction into MFM tips. It provides an analysis of
the influence of the MFM tip on the resolution that can be obtained, and intro-
duces the design of the new probe. Chapter 3 describes the fabrication process
of the new probe and the results that are obtained, along with measurements
of the mechanical properties. The magnetic tip of the probe is the subject of
chapter 4, where an analysis of the magnetic properties and the performance in
MFM measurements is presented. To explore the capability of the new probe for
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integration of other sensors besides an MFM tip, an investigation was done in
chapter 5 on the integration of a magneto resistive sensor on the tip plane. The
conclusions and recommendations for further research can be found in chap-
ter 6.



Chapter 2

Tips for magnetic force
microscopy

This chapter describes one of the key components of an MFM: the probe with the
magnetic tip. The influence of the tip on the resolution that can be achieved with
the MFM will be discussed, where special attention will be paid to the influence
of the very end of the magnetic tip. Furthermore, an overview will be given of
the development of the magnetic tip towards the ultimate MFM tip since the
invention of the MFM in 1987 [7, 8]. Despite the efforts in micromachined tips,
most of the tips suited for very high resolution MFM are still made by hand.
Here, a novel design of a cantilever and tip for MFM, called the CantiClever, will
be presented. This novel design enables the fabrication of a nearly ideal shaped
tip for MFM in a batch fabrication process, while at the same time enables the
integration of other sensors at the end of a cantilever.

2.1 MFM image formation and resolution

To determine the resolution that can be achieved in MFM and the influence of
the magnetic tip, one has to study the image formation process. The formation
of MFM images can be divided in three categories [42]: first, the hard magnetic
case, where the magnetization of both the tip and the sample remain unchanged
during scanning; second, the hysteresis free, soft magnetic case, where the mag-
netization of the tip or the sample is uniquely defined by the position of the tip
above the sample; and third the intermediate case where the magnetization of
the tip and the sample change in a discontinuous, hysteretic manner. For MFM
the first case would be ideal. This can be achieved by using a hard magnetic
tip with a small enough volume such that the stray field from the tip doesn’t
influence the magnetization of the sample. The discussion in this section will be
limited to the hard magnetic case.
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Several approaches have been used to model the contrast formation in MFM.
For simple tip and sample magnetization structures, the response is calculated
analytically in real space [43, 44, 45, 46, 47, 39, 48]. The contrast formation pro-
cess for more complex magnetization structures of both tip and sample has been
modelled by micromagnetic simulations [49, 50, 51, 52].

2.1.1 MFM transfer functions

Another approach to modelling of the contrast formation process is based on
Fourier transformation methods and the use of transfer functions [42]. The mag-
netization pattern M(x, y, z) of a thin film is Fourier transformed in the xy–plane
of the film only. The resulting complex vector M̂(kx, ky, z) can be used to calcu-
late the Fourier transform of the stray field at a height z above the sample having
a thickness t [53]: Ĥx(kx, ky, z)

Ĥy(kx, ky, z)
Ĥz(kx, ky, z)

 =

 −ikx/|k|
−iky/|k|

1

 (1− e−|k|t) e−|k|zÊσ(k) (2.1)

where k = (kx, ky) the wave vector [m−1] and Êσ is the effective surface charge
distribution [A/m]. The effective surface charge distribution can be seen as a
sheet of charges at the sample surface, that causes the same stray field as the
more complex charge distribution within the sample itself. For thin films with
perpendicular anisotropy, Êσ can be written as: Êσ = 1

2M̂z . The relation be-
tween Ĥz and Êσ is known as the field transfer function (HTF) [54]:

Ĥz = HTF · Êσ. (2.2)

The force acting on the magnetic tip is expressed by the force transfer function
(FTF), that relates the force on the tip Fz to the sample stray field:

F̂z = FTF · Ĥz. (2.3)

The FTF depends on the shape and the magnetization configuration of the tip.
The total transfer function from the effective surface charge distribution Êσ to
the force acting on the magnetic tip F̂z(k, z) is given by the tip transfer function
(TTF):

F̂z,magn(k, z) = HTF · FTF · Êσ(k) = TTF · Êσ(k) (2.4)

When the magnetic tip has the shape of an elongated bar, as depicted in figure
2.1, with magnetization Mt, thickness b, width S and length ∆l, the total transfer
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Figure 2.1: The bar shaped MFM tip with the magnetization fixed along its
axis as used to derive the TTF of equation 2.5.

function becomes:

F̂z,magn(k, z) = −µ0Mt · b sinc(
1
2
kxb) · S sinc(

1
2
kyS) (2.5)

×(1− e−|k|·t)(1− e−|k|·∆l) e−|k|·zÊσ(k)

From equation 2.5 it can be seen that the force acting on the tip is proportional
to the tip magnetization and the effective surface charge distribution Êσ of the
sample, combined with a number of geometrical loss factors. For most situations
in magnetic data storage research, the films under investigation are thin and
the film thickness loss term (1 − e−|k|·t) will dominate over the tip height term
(1− e−|k|·∆l).

Furthermore, when the tip cross–section (b × S) can be considered smaller
that the smallest features in the charge distribution, equation 2.5 can be simpli-
fied to:

F̂z,magn(k, z) = −µ0Mt b S (1− e−|k|·t) e−|k|·zÊσ(k) (2.6)

This approximation is called the monopole approximation, because it assumes
that all magnetic charges (Mt b S) are located at one point at the end of the tip,
while all other charges are very far away from the sample surface. The only loss
terms that remain are the film thickness loss and the tip-sample distance loss,
which usually is dominant. This also shows that for a good signal to noise ratio
(SNR) in the image, the tip to sample distance has to be as small as possible.

When the details in the image start to approach the tip dimensions, the sinc
functions have to be taken into account as well. For the bar shaped tip, the
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Figure 2.2: Tip transfer functions for a typical situation calculated from
equation 2.5. Left: TTF for static mode operation. Right: TTF for dynamic
mode operation.

force becomes zero when the wavelength of the surface charge distribution in
the x–direction equals kx = n2π

b and in the y–direction equals ky = n2π
S . This is

analogue to the situation in magnetic recording, where at the gap zero the bitsize
is half the gap-size of the recording head.

A typical example of TTFs for the static and dynamic mode and the result-
ing deflection and resonance frequency shift is given in figure 2.2. Here it is
assumed that the sample has a perpendicular magnetization, only magnetic sur-
face charges and the magnetization pattern changes only in the x–direction, so
ky = ∞.

The Fourier method has the advantage over the previous two because, as-
suming the hard magnetic case, it can be used for arbitrary samples and tips
while requiring much less computing power. Besides its use for quantitative
analysis of MFM data [42] it can also be used to estimate the spatial resolution
that can be obtained with a certain tip–sample geometry [54] as discussed in the
next section.

2.1.2 Resolution in MFM

The resolution that can be achieved by MFM depends on a combination of many
factors such as the size and geometry of the tip, the tip to sample distance, the
minimal measurable force and the properties of the sample.

In literature, different approaches for calculating the resolution of an MFM
can be found [44, 55, 40]. The down sides of these methods are that they either
are not normalized for their signal, making them difficult to apply for a compari-
son of different tips or they do not take the properties of the sample into account.
Another method is to use the MFM transfer functions, described earlier [56].



2.1 MFM image formation and resolution 23

When an imaging system has high resolution, it usually means that the sys-
tem is capable of separating two closely spaced objects. It does not mean that
the system can detect one single small object: this has to do with sensitivity. Re-
solution can therefore be defined as the minimum spacing between two objects
that can still be observed. By using an array of objects, spaced equally close to
each other, the definition of resolution can quite naturally be transferred to the
spatial frequency domain as the minimum spatial wavelength that can still be
observed. This minimum spatial wavelength is called the critical wavelength λc,
and is defined as the point where the tip transfer function drops below the noise
level [54].

Noise in an MFM originates from many sources: thermal agitation of the
cantilever, electronic cross-talk, mechanical vibrations etc. Most of these noise
sources can be eliminated by proper design of the detection system and opera-
tion in vacuum. In the ideal situation, the only source of noise left is the thermal
vibration of the cantilever. This provides a kind of fundamental limit to MFM
resolution. For dynamic mode MFM, the signal due to the thermal vibration of
the cantilever is given by [57]:(

∂Fz

∂z

)
th,rms

=

√
4kTc ∆B

ωnQ < z2
osc >

(2.7)

where k is the Bolzmann constant, T the temperature, c the spring constant of
the cantilever, ∆B the measurement bandwidth, ωn the resonance frequency of
the cantilever, Q the sharpness of the cantilever resonance (quality factor) and
< z2

osc > the mean square amplitude of the self oscillating cantilever.
Using the tip transfer function and the expression for the thermal noise level,

the resolution can be determined from figures like figure 2.3 by calculating λc

from the intersection point of the tip transfer function and the noise level.
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Figure 2.4: Sharply pointed versus bar type MFM tips, graph taken from
[54]. The width of the base of the triangular tip is adjusted in such a way
that the maximum signals of both tips are equal.

2.2 The ideal tip shape

Most scanning probe microscope tips are pointed and very sharp: STM and
AFM tips are atomically sharp, most SNOM tips are tapered optical fibres. One
might therefore assume that an MFM tip should also have the shape of a sharp
needle. Techniques such as STM, AFM and SNOM however measure very short-
range effects, whereas MFM measures long range magnetostatic forces. In STM
and AFM only the last atom determines the signal, but in MFM a much larger
part of the tip takes part in the image formation [39]. Therefore the optimum
tip shape is not a sharp needle but a bar or cylinder with a flat front end [54],
analogue to a single pole hard disk head for perpendicular magnetic recording.

By considering the magnetic charge distribution in a tip with an ideal uni-
form magnetization as depicted in figure 2.4, it can be seen why the bar shape
is the optimum shape for an MFM tip. In a bar shaped tip all magnetic charges
are located at the front surface of the bar, as close as possible to the sample sur-
face. Therefore all magnetic charges contribute equally well to the signal. In a
pointed MFM tip, the charge is distributed over the complete tip. The charges
located further away from the sample still contribute to the signal, but their ef-
fect is stronger at longer wavelengths. If we set the maximum signal of a pointed
tip and a bar type tip equal, the bar type tip will perform better at high spatial
frequencies, and therefore show a better resolution. However, when the wave-
lengths approach the gap zero of the bar tip, the pointed tip performs better. But
the bar type tip can be tailored in such a way that this happens at wavelengths
above the critical wavelength. If we try to increase the signal of the pointed tip
by increasing the length of the tip, only the signal at lower spatial frequencies
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Figure 2.5: Calculation model that was used in the simulations. Taken from
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increases while the signal for high spatial frequencies does not increase signifi-
cantly. In all cases the signal close to the critical wavelength will be highest for
the bar type tip.

2.3 Simulations of the tip end shape

The shape of the magnetic tip that gives the highest signal at high spatial fre-
quencies is that of a needle with a flat end as pointed out in the previous section.
In this section we investigate how deviations of the tip–end from this optimal
shape influence the sensitivity in MFM measurements and the resolution that
can ultimately be obtained [58].

Three different tip–end shapes will be considered here: a needle–shaped tip
with a flat tip–end (the flat tip), with a triangular shaped tip–end that resembles
somewhat the shape of conventional sharp pointed MFM tips (the triangular
tip) and with an ellipsoidal shaped tip–end (the ellipsoidal tip).

2.3.1 Calculation model

The model that was used in the calculations is depicted in figure 2.5. The tip
used in the calculations has a magnetization Mt oriented perpendicular to the
sample surface. The tip has a thickness b (thickness of the magnetic layer), width
S (thickness of the tip plane) and length ∆l. The sample used has a perpendic-
ular magnetization Mz = Ms cos(kxx) and a thickness t. No changes of the
magnetization of the tip or the sample are taken into account. For each tip–end
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shape, the tip transfer function was calculated from the following equation of
the dynamic mode MFM signal for a sample with a periodic magnetic surface
charge density, that is infinitely extended in y–direction [42]:

∂Fz

∂z
= − ∂2

∂z2
U = − ∂2

∂z2
µ0

∫
tip

Mt Hsample dVtip = (2.8)

− ∂2

∂z2
µ0MtS

Ms

2

∫
tip

cos(kxx)(1− e−kxt) e−kxz dxdz

In the calculations the following values were used: Mt = 1422 kA/m (the
saturation magnetization of cobalt), b = 20 nm, S = 100 nm, ∆l = 1 µm,
Ms = 295 kA/m, t = 70 nm and the tip–sample distance z0 was set at 10 nm.

2.3.2 Tip transfer functions

The tip transfer functions of the three different tip shapes, resulting from the
simulation model described above are shown in figure 2.6.

As expected, the MFM tip that has a flat tip–end (θ = 0◦), has the highest
sensitivity of the three shapes. Only when an integer multiple of the wavelength
of the periodic magnetic stray field fits within the tip thickness b, the magnetic
signal drops to zero. Moreover, the sign of ∂F

∂z changes alternately when the
spatial frequency crosses a zero–signal frequency point. In figure 2.6, the signal
is shifted by 180◦ in the frequency region between first and second zero–signal
frequency. When the tip is used in the frequency region below the first zero–
signal frequency, reducing the thickness of the tip will improve the resolution.
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The zero–signal frequencies can be eliminated in case of an ellipsoidal shaped
tip–end. When the angle is increased above 45◦, the zero–signal frequencies dis-
appear from the tip transfer function, as shown in figure 2.7. The sensitivity of
the tip is at maximum when the angle θ is chosen at 80◦.

2.3.3 Resolution limit

Now that the transfer functions of the tips are calculated, the ultimate resolution
that could be achieved with the tips in MFM measurements can be estimated by
considering the noise due to thermal vibrations of the cantilever and determin-
ing the critical wavelength λc as described in section 2.1.2. From figure 2.6 can be
seen that at the thermal noise level, the ellipsoidal tip (θ = 80◦) has the smallest
λc of the three tips when all tips have a thickness of 20 nm.

The dependence of λc on the thickness of the tip is depicted in figure 2.8
for the flat and the ellipsoidal tip. The ellipsoidal tip shows a much smaller
dependence of λc on the thickness of the tip than the flat tip. The value of λc

for the ellipsoidal tip is smaller when the thickness of the tip is above 5 nm.
The reason for this is that only the center part of the tip-end mainly contributes
to the signal in case of the ellipsoidal tip. Only at very high resolution, at a
critical wavelength of about 7 nm, the flat tip–end is more sensitive. It should
be noted, however, that the above results are valid at the thermal noise limit.
In reality additional noise sources, such as electronic noise, thermal drift etc.,
will increase the noise level. This will shift the cross–over point in figure 2.8
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Figure 2.8: Dependence of the critical wavelength on the diameter of the
tip for ellipsoidal and flat tips. Taken from [58].

towards thicker tips and higher critical wavelengths. Moreover, this analysis
assumes that the magnetic spins in the tip are perfectly aligned. Micromagnetic
simulations show however that at the very tip end, the magnetization rotates
away from the tip surface. This effect decreases however with thinner tips [56].

2.4 Development of MFM tips

Knowing the optimum tip shape for MFM measurements is one thing, mak-
ing such a tip is another. When realizing MFM tips, such small feature sizes
are required that cannot be fabricated with conventional lithography as used
in semiconductor industry. Instead we have to use tricks to obtain such small
dimensions and we enter the area of nanotechnology. The first scanning probe
microscope tips were hand–made, one at a time. The arrival of batch fabricated
silicon and silicon nitride tips, reduced the costs of the tips while strongly im-
proving the ease of use of the MFM. However, up till now, the best tips available
are still made by hand. In the following an overview is given of the development
of the MFM tips and the techniques used to fabricate them.

2.4.1 Magnetic wire tips

The first probes that were used in the MFM were iron wires [7, 59]. The iron
wires were electrochemically etched to obtain a sharp point. The etched end of
the wire was then bend using a pair of sharp knife edges. Although the iron
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cantilevers offered a high magnetic moment and thus provided a large signal,
they suffered from corrosion. To overcome this problem, the probes were made
from nickel [8, 60, 61], at the cost of a lower magnetic moment. The downside
of all the etched ferromagnetic wire probes is that they are not very sharp and
contained a lot of magnetic material. Resolutions down to 100 nm could be
achieved with these tips [59].

2.4.2 Coated metal wire tips

An improvement over the etched ferromagnetic wire probes is to fabricate a
sharp nonmagnetic tip and apply a thin magnetic coating [39, 62]. These probes
consisted of an etched tungsten wire, fabricated in a similar way as the magnetic
wire tips. On the side of these tips, the magnetic layer was deposited with thin
film deposition techniques. In this way, the volume of the magnetic material
could be reduced while keeping the same signal strength as the nickel wire tips.
The resulting magnetic thin film was however not always smooth, due to the
surface roughness on the tungsten point caused by the etching process. The
resolution that could be obtained with these tips was around 50 to 100 nm.

2.4.3 Micromachined silicon tips

Most commercial available MFM probes are derived from batch fabricated sili-
con cantilevers with an integrated, very sharp, silicon tip [63, 64]. These probes
were originally designed for AFM. To be able to measure magnetic forces, these
tips are coated with a magnetic material. There is a large variety in magnetic
coatings, making it impossible to list them all. The most common coating is a
cobalt alloy with additions of chromium and platinum, derived from the coat-
ings of the first tips made by Grütter et al. [65, 33]. These alloys are often derived
from hard disk recording layer materials and have a high coercivity [66], mak-
ing the tip resistant against reversal by the stray field of the sample. To achieve
a high coercivity, the material is prepared in such a way that one gets magneti-
cally separated grains. The exact location of these grains on the tip apex varies
from tip to tip, which explains why some tips have higher resolution than oth-
ers. Instead of alloys, also Co/Pt multilayers are used as a magnetic coating
[67]. Compared to alloys, these tips provided more signal which varied only
little with the tip to sample distance.

For some applications, the coercivity of the layers on the tips is not high
enough, for instance when measuring stray fields from recording heads or per-
manent magnets. In that case very soft magnetic coatings can be used that
switch in very small external fields. As a result however, the tip is always at-
tracted and the information on the polarity of the field is lost. Materials used
are for instance Co [33], NiFe [33], Fe [68] and granular Fe(SiO2) films [69]. The
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perfectly soft MFM is a diamagnetic tip, that can be achieved for instance with
a Pt coating. Of course the magnetic moment is much lower than in ferro- or
superparamagnetic tips, and as a result, the signal is very low [70]. Although
magnetically coated AFM tips are widely used for MFM, they are a bad approx-
imation to the ideal tip shape, as pointed out in section 2.2.

2.4.4 Electron beam fabricated tips

A refinement of the tungsten tips coated with magnetic material is the use of con-
tamination needles grown in an SEM which was accidently or deliberately con-
taminated with organic gasses. These so–called electron beam deposited (EBD)
or electron beam induced deposition (EBID) tips, composed of carbon, oxygen
and hydrogen, were first used for STM [71]. On the side of these carbon nee-
dles, a thin magnetic layer is deposited [72, 73, 34, 74]. After deposition of the
magnetic layer, a carbon mask can be applied at the end of the needle to sputter
etch away any unwanted magnetic material on the probe, thereby reducing the
magnetic volume [41, 75]. Especially the tips made by Skidmore et al. are im-
pressive, with a radius of the magnetic tip of less than 7 nm. Strangely enough,
only a modest increase in the resolution of the images is obtained compared to
conventional tips, the maximum resolution being 37 nm [76].

Instead of depositing a layer on the side of the EB(I)D tip, the contamination
can also be used as an etch protection mask. In this way only a tiny disk of
magnetic material is left at the top of an AFM tip. This MFM tip does not have
the ideal shape for high resolution, but can be used for imaging of soft magnetic
samples due to its very small magnetic volume [77, 78].

Another approach is to use the electron beam to deposit the magnetic needle
directly using cobalt carbonyl (Co2(CO)8) as a precursor gas. On top of standard
silicon AFM tips, a magnetic needle measuring 72 nm at the tip apex in diameter
and 160 at the base and 1.7 µm long could be deposited. With these tips, 44.7 nm
bit transitions could be resolved [79].

2.4.5 FIB modified tips

With the use of a focussed ion beam (FIB) system, it became possible to achieve a
very small tip end radius by etching the end of the tip. Using this technique, tips
for STM could be prepared with a radius of curvature of the tip end down to 3.5
nm [80]. This technique was also applied to standard silicon AFM tips. On the
side of these sharpened tips, a magnetic layer was deposited. These tips provide
a clear improvement in resolution over commercially available MFM tips [81].

Another approach is to use the FIB to partly etch the magnetic layer on com-
mercial MFM tips (i.e. silicon AFM tips, coated with magnetic material). Folks
et al. [35] use the FIB to etch a small hole at the apex of the tip. The tip is then
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magnetized in–plane (parallel to the cantilever), so that magnetic charges occur
at the edges of the tip. In this way an in-plane tip can be obtained which is only
sensitive to stray fields parallel to the sample in the direction of the tip magne-
tization. With this tip, written tracks with a bit length down to 50 nm could be
resolved. In general one would like to measure the vertical component of the
sample stray field, from which the x– and y–components of the fields can be de-
rived. Such a tip is prepared by Philips [36], who etched away the unnecessary
magnetic material to obtain a 8 µm long and 50 nm wide needle. Point–dipole
tips have also been prepared with the help of FIB [82, 83]. In this case, most of
the magnetic material on the tip is etched away, except for a small particle at the
end of the tip. By controlling the easy axis of the magnetic material it is possible
to define the preferred directional sensitivity (vertical or in–plane).

2.4.6 Carbon nanotube tips

A tip with a very small cross section and a high aspect ratio can also be made
from a carbon nanotube [84]. These were again first used, mounted at the end
of a standard silicon AFM tip, in AFM and STM measurements [85]. To be able
to measure magnetic forces, Arie et al. [86] and Yoshida et al. [87] attached
small ferromagnetic particles at the end of the carbon nanotube. The ultimate
resolution that can be achieved with this type of tip still has to be determined.
More recently, convenient and fast methods have been discovered to attach the
carbon nanotubes to the AFM tip [88, 89], even on wafer scale. These techniques
would make batch fabrication of such tips possible.

2.5 The CantiClever concept

As mentioned earlier, a magnetic tip that is suitable for high resolution MFM
should be shaped like a bar magnet with lateral dimensions (tip cross section)
in the nanometer regime, as depicted in figure 2.9. One would like these dimen-
sions to be reproducible, controllable and variable to be able to customize the
MFM tip for different types of measurements or samples. None of the meth-
ods to fabricate high resolution MFM tips, described in the previous section, is
able to fabricate such a tip with precise control over the tip dimensions in large
numbers.

2.5.1 The magnetic tip

The CantiClever concept presented in this thesis can accomplish this by defining
both lateral dimensions of the magnetic tip by thin film deposition techniques.
The magnetic tip is made by deposition of magnetic material on the side of a
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free hanging, non magnetic, very thin layer called the tip plane. The width and
thickness of the magnetic tip are defined by the thickness of the tip plane and the
magnetic layer respectively. The length of the tip is defined using photolithogra-
phy to make a very high aspect ratio of the magnetic tip possible. A schematic
drawing of the structure is shown in figure 2.9.
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b<50 nm
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Flat tip-end
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h>2 µm

Tip plane
 

Cantilever
 

MFM tip 
 

Figure 2.9: Left: Ideal tip shape for an MFM tip. Right: the realization of
the ideal tip shape with the CantiClever design.

Two factors play an important role in realizing a high resolution MFM tip
that resembles the ideal tip shape as closely as possible. First, the freestanding
tip plane should be very thin, as this defines the width of the tip, but strong
enough for contact imaging and at the same time should have low stress to pre-
vent bending. Second, the tip plane should have a well defined and very sharp
cut–off corner as illustrated in figure 2.10. This ensures that the front surface of
the tip is minimized and approximately flat, resulting in the highest possible re-
solution. How this sharp cut-off corner is realized, is described in section 3.3.2.
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Figure 2.10: Influence of the cut–off corner of the tip plane on the imaging
resolution.
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Figure 2.11: Fabrication of the tip and the cantilever. Left: conventional
approach with the cantilever vibration direction horizontally. Right: the
new approach of the CantiClever concept.

2.5.2 The cantilever

Realizing a freestanding tip plane on the side of a cantilever is very difficult
when it has to be made in a fabrication process that is similar to that of con-
ventional silicon cantilevers. During fabrication, the conventional cantilevers
are situated such that the oscillation direction is perpendicular to the surface of
the substrate, with the tips of the probes pointing out of the substrate surface.
When we would use the same approach, we would have to fabricate the very
thin tip plane as a freestanding layer perpendicular to the substrate surface. To
avoid this, we propose a completely new approach to fabricate the cantilever.
During fabrication, the cantilevers are tilted 90 degrees compared to the con-
ventional cantilevers, such that the oscillation direction is now parallel to the
substrate surface as shown in figure 2.11. This approach makes the fabrication
of the cantilever more difficult compared to conventional cantilevers, but also
enables precise control over the cantilever resonance frequency. This will be ex-
plained in more detail in section 3.1.2.

2.5.3 Integration of other sensors on the probe

Furthermore, standard deposition and etching techniques can be used to define
the tip plane, as it is also oriented parallel to the substrate surface. The result
is a reproducible planar manufacturing process that incorporates both the can-
tilever and the magnetic tip and allows for batch fabrication of the probes. The
definition of the tip with planar fabrication process has another advantage. It
provides the opportunity to integrate other sensing elements and the electrical
connections that might be needed on the tip and cantilever with relative ease.

Many different applications using scanning probe microscopy can be found
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in literature that require cantilevers equipped with sensing elements. A probe
with a single electrical contact to the end of the tip could for instance be used
in scanning capacitance microscopy and –recording [90]. The integration of
a thermocouple sensor on the tip enables high resolution thermal microscopy
[91, 92, 93], that gained more interest recently because of its application for fail-
ure analysis of high speed integrated circuits. For this purpose, also probes
with integrated Schottky diodes have been developed [94]. Other possibilities
for integration are heaters [95], a pH sensor for use in a scanning probe poten-
tiometer [96, 97], a waveguide and transparent aperture tip for combined atomic
force/near–field optical microscopy [98] and a Hall sensor for qualitative mea-
surement of magnetic stray fields [99, 100, 101, 102]. In this work, the possibili-
ties of the CantiClever concept for the integration of sensors besides an MFM tip
are investigated by the integration of a magnetoresistive sensor on the tip plane,
that will be presented in chapter 5.



Chapter 3

Fabricating the CantiClever

The topic of this chapter is the realization of a probe based on the CantiClever
concept shown in the previous chapter. The first section describes the design of
the probe. In the following sections the development of the fabrication process
to make the probes and the results that were obtained are presented. Finally a
characterization of the mechanical properties of the probe is given.

3.1 The design of the probe

3.1.1 Parameter based mask design

The most common method to design structures of micromechanical devices is by
drawing them in a mask design program. Small parts of a larger structure can be
combined into a group and the group can be used to make up a complete device
and eventually groups of devices can make up a complete mask. Although this
is an intuitive and visual process, it has several disadvantages.

• Implementing several variations of a particular design mostly requires
editing each single structure by hand. If adaptations influence the place-
ment of other structures as well, these also have to be placed on a differ-
ent position by hand. This re–drawing of structures often requires a lot
of work. In case of the CantiClever, this would mean drawing each can-
tilever individually when probes with different resonance frequencies are
required, because resonance frequency depends on the length of the can-
tilever.

• When flaws in the design force the mask to be adapted at a later stage
the same situation occurs. Even small modifications on a single type of
structure can result in many structures that need to be modified by hand.
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• Designing a structure with certain properties involves almost always a
number of calculations. When several similar structures are needed with
differences in one of the properties, calculations have to be done for each
structure individually. This generates a lot of calculations that need to be
done by hand. The structures then have to be drawn by hand, leaving a
lot of room for errors.

To design the CantiClever probe presented in section 2.5, a parameter based
design method was used that doesn’t suffer from the disadvantages mentioned
above. The structures are not drawn, but programmed using a limited number
of standard shapes. Each shape has its own set of parameters that determine
what the shape is going to look like, i.e. its length or width. With the help of
user definable variables the parameters can be given a certain value. This value
can be calculated using a large number of mathematical functions. The result-
ing shapes are then combined into groups. A single device and eventually a
complete mask can then be made out of a number of groups in the same way a
program, written in a programming language, is made out of subroutines. Struc-
tures can also be combined into libraries that enable the programmed shapes to
be easily re–used in other designs. The result of this is a hierarchical design that
is highly flexible, easy to modify and has a great accuracy.

In this work, a program specially suited for designing micromechanical and
integrated optical devices was used, called Odin [103]. Odin works follow-
ing the principle described above. It was originally developed for designing
and simulating waveguide structures used in integrated optics. The waveguide
structures in Odin are constructed by connecting individual shapes together in
a chain with the help of planes. A plane is defined by x– and y–coordinates and
an angle. Every shape has at least one plane as its input and one as its output.
The output plane of the first shape is connected to the input plane of the sec-
ond shape and so on, as depicted in figure 3.1. This system proves very handy
also in designing other devices besides integrated optics waveguides because it
makes the positioning of the individual structures independent of the absolute
coordinates.

In the program are also a large number of functions available known from
programming languages that manipulate groups and variables, like a for–loop
and an if–statement. This makes the automated generation of a large number of
structures with varying dimensions possible.

3.1.2 The cantilever and the tip

Because the tip plane is oriented parallel to the substrate surface as described in
section 2.5, the cantilever is rotated 90◦ with respect to a conventional cantilever
design. The mask of the cantilever defines thus its length and thickness instead
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Figure 3.1: Design of structures in Odin. The position of the center of a
plane is indicated by the dot and the angle by the line. The Null–plane
indicates the starting point. From left to right a straight, taper and bend
are drawn.

of its length and width as common in conventional probes. The resonance fre-
quency of the cantilever is given by [104]:

f0 =
1
2π

C2
0

t

l2

√
ESi

12ρSi
(3.1)

where C0 is the eigenvalue of the system corresponding to its fundamental fre-
quency, having a value of 1.875, t the thickness of the cantilever, l its length,
ESi the Young’s modulus of silicon in the 〈111〉 direction (186 GPa) and ρSi the
density of silicon (2330 kg/m3).

In contrast to conventional cantilevers where the thickness is defined with
an etch stop, here the thickness is defined by the mask and can be varied. For
most of the cantilevers in the design, the thickness is kept constant at 6 microns
and the length is calculated to match the desired resonance frequency according
to equation 3.1. Another advantage of the rotated orientation of the cantilever
is that it could enable the realization of tuning fork cantilever structures. An
increase of the quality factor is expected because the base of the fork does not
oscillate, resulting in a reduction of energy loss into the mounting of the can-
tilever (which is exactly the reasons why tuning forks are used). The cantilevers
present in the final design are much longer than required to obtain a certain
resonance frequency. This is done to compensate for under–etching effects that
occur due to the nature of the fabrication process. This will be discussed more
in detail in section 3.2.

The end of the cantilever facilitates the tip plane structures. The complete
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Figure 3.2: Schematic drawing of the structures of the tip. The thicker sup-
port plane and the very thin tip plane are covered by the sharpening plane.
Every part of the tip that is not covered by this plane will be removed at
a later stage. The extra length of the cantilever, to compensate for under–
etching effects, is also shown.

structure consists of three parts. A relative thick layer, called the support plane,
to provide strength and to prevent bending of the free hanging structures. On
top of this layer the actual tip plane is defined, that extends past the support
plane. The thickness of this plane determines the width of the magnetic tip, as
discussed in section 4.3. The third part is the tip sharpening plane, that is used
to cut off the blunt part of the tip. This is described in more detail in section
3.3. Furthermore, the planar fabrication process of the tip plane enables the
tip plane to be shaped in such a way, that the front side of the tip is normal
to the sample, when mounted in our commercial probe microscope. During
scanning, the cantilever makes a 10◦ angle with respect to the sample surface
[105]. Therefore, the angle between the side of the tip plane and the cantilever
is at 80◦. An overview of the cantilever and tip plane structures is depicted in
figure 3.2.

3.1.3 The base of the probe

The base of the probe is the part where the probe is held using tweezers dur-
ing handling and that is placed into the probe holder of the microscope during
measuring. These two functions place two demands on the design of this base.

• The first demand is that it must be possible to measure with the probe in
most existing probe microscopes. The base must be shaped in such a way
that the end of the cantilever is at exactly the same position as a the one of
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Figure 3.3: The designed base of the CantiClever probe. Note that the
cantilever and tip plane are magnified for clarity.

a conventional probe would be, to avoid problems with focussing of the
laser used in the optical detection system of most probe microscopes.

• The second demand is ease of handling. As a result of the rotated can-
tilever concept, the probes must always be rotated when picked out of the
wafer before they can be mounted in a microscope for measuring. The
holder must make this task as easy as possible, minimizing the chance of
damaging the probe during handling.

The dimensions of a typical conventional probe are used as a guideline in
designing the base of the CantiClever probe. The base of such a probe has a
rectangular shape that is around 3400 µm long, 1600 µm wide and 315 µm thick
[106]. The base of the CantiClever probe is depicted in figure 3.3. The length and
thickness of the narrow part of the base is chosen such that the cantilever is at the
same position as that of a conventional probe, while the width is as large as pos-
sible to ensure a stable mount in the microscope, limited by the thickness of the
wafers that are used. The wide part of the base is as big as possible to facilitate
an easy handling of the probe. Note that the skewed shape of the base is a result
of the fabrication process, that is described in detail in sections 3.2 and 3.3. On
this part of the base an identification is also present that indicates from which
part of the wafer it came from and the resonance frequency of the cantilever.
This is a typical example of something that can very easily and automatically be
done using a parameter based design method.

3.1.4 The mask layout

The fabrication process of the complete probe requires 6 masks, of which 5 had
to be designed and one was already available. The mask that defines the base,
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Figure 3.4: The mask layout for a wafer of CantiClever probes.

the cantilever and the support plane of the probe is shown in 3.4. It gives a
good impression of how a finished wafer with CantiClever probes is going to
look like. On the mask, a square array of probes is defined. The 100 mm sized
wafers used in this work can facilitate 11 rows, each containing 20 probes. More
probes could be packed onto a single wafer, but a relative large distance be-
tween the probes makes taking one of the probes out a lot easier. The probes
had a number of different resonance frequencies: 60 probes with an 80 kHz res-
onance frequency, 20 ranging from 80 to 500 kHz, 40 with 500 kHz and 20 with
1 MHz. Two other types of probes are also present on the wafer; one row with as
low as possible spring constants and a row containing preliminary tuning fork
type probes. The function of the other masks and a detailed description of the
fabrication process will be given in the following sections.

3.2 Fabrication of the cantilever

The CantiClever probe will be made out of single–crystal silicon substrates, as
single–crystal silicon is a good choice as the cantilever material. It has low in-
trinsic mechanical loss that is beneficial for achieving a high quality factor of
the cantilever. This will be treated in more detail in section 3.5.2. Furthermore
single–crystal silicon has a very low internal stress, allowing for long, thin struc-
tures to be fabricated without unwanted curling [107, 108]. Finally, as this is one
of the most common substrates used in micromachining, it has the advantage
that numerous processing methods and a lot of experience with the processing
is available.
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The use of a tip plane that is oriented parallel to the wafer surface forces the
cantilever to be defined with its oscillation direction parallel to the wafer surface
as well. This poses several demands on the etching process that will be used to
etch the cantilevers out of the substrate. First, a strong anisotropic etching pro-
cess has to be used to etch the cantilever structures out of the silicon substrate.
Otherwise the mask will be under–etched, damaging or even breaking the can-
tilevers. Second, the width of the cantilever will be much smaller than the thick-
ness of the silicon wafer. This means that the wafer has to be thinned down from
the backside to meet the required width of the cantilever. The etching process
must be capable to etch large depths with high uniformity as well. The third
demand has to do with the tip plane. As proposed in section 2.5, the tip plane is
a free hanging thin film from the side of the cantilever. A silicon etching process
is thus required that is capable of removing the silicon beneath the tip plane.

3.2.1 Anisotropic etching of silicon

There are two commonly used processes that can be used to anisotropically etch
silicon: dry etching and wet chemical etching. Both methods can be applied in
numerous variations. Described in this section are only a very few of them that
were investigated as a possible candidate for etching of the cantilever structures.

Dry etching

The two main anisotropic dry etching methods used are physical ion beam etch-
ing (IBE) and synergetic reactive ion beam etching (RIE) [109]. The IBE process
is not very suitable for the etching of cantilever structures. Vertical sidewalls
are hard to obtain due to the positively tapered etch profile of the IBE process.
Moreover, the physical nature of the etching process gives relatively low etch-
ing rates (several nanometers per minute) and a poor selectivity, leading to quick
corrosion of the etch mask regardless of the mask materials used [110, 111, 112].

Much better results can be obtained by RIE methods. The plasma used in
RIE provides three elements that are needed to achieve a highly anisotropic etch
profile: a chemical etchant for etching of the substrate, a passivator for prevent-
ing the etching of the sidewalls of a trench and an ion source for removing the
passivation layer at the bottom of the trench. An RIE process for anisotropic
etching of silicon is described in [113]. Here the silicon is etched in a fluorine–
based plasma consisting of SF6, O2 and CHF3 gasses. The SF6 produces the F*
radicals for the etching of silicon, the O2 gas the O* radicals, needed to form
the passivation layer, and the CHF3 the ions, needed to etch the passivation.
The etching process is schematically depicted in figure 3.5. A problem with this
etching technique is the formation of very high aspect ratio spikes (“grass”) on
the silicon surface due to micro masks deposited or grown on the silicon. Sur-
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Figure 3.5: The chemistry of the black silicon method, taken from [114].

faces with this grass appear black to the eye. Because of this phenomenon, the
etching method is also known as the Black Silicon Method (BSM). The etch pro-
file can be controlled by changing the flow rate of one or more gasses. When the
CHF3 flow is increased, a slightly negative tapered etching profile occurs that
prevents the formation of black silicon [114].

Wet chemical etching

One of the most used methods for anisotropic etching of silicon is wet chemi-
cal etching in aqueous alkaline solutions such as potassium hydroxide (KOH).
When silicon is etched using these solutions, the etch rate of the exposed silicon
surface depends very strongly on its crystal orientation [115]. Etch rate ratios
between different crystal orientations as large as 400 times are reported in lit-
erature [116], the family of {111} planes being the slowest etching. This highly
anisotropic etching behavior is illustrated in figure 3.6. The {111} planes will act
as boundary planes with well defined angles to the substrate surface. This prop-
erty can be used to fabricate vertical high deep aspect ratio trenches in silicon
using 〈110〉 oriented substrates as shown by [116] and [117].

Two other factors that greatly influence the etch rate of silicon in KOH solu-
tions are the temperature and concentration of the etchant. By making smart use
of these dependencies, thin walls, perpendicular to the substrate surface could
be made in the more common 〈100〉 oriented wafers when a highly concentrated
KOH solution was used [118]. In that case, the {100} planes etch slower than
the surrounding planes, so that these can be used as boundary planes to define
a wall perpendicular to the substrate.
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Figure 3.6: Lateral under–etch rates as a function of orientation when etch-
ing 〈110〉 wafers. Close to the slowest etching {111} planes are etch rate
maxima. This requires precise alignment of the masks to the orientations
to prevent unwanted under–etching. Taken from [115].

3.2.2 Choice of the etching process

From the etching methods described above, a choice was made for etching of
the cantilevers. From the two dry etching methods, IBE proves not suitable for
our purpose: its low etch rate, quick mask erosion and tapered etch profile pre-
vent the vertical sidewalls and high aspect ratio trenches, needed to define a
cantilever structure, to be made this way.

The black silicon method

RIE of silicon using the black silicon method is a much more promising candi-
date. The vertical etch profile ensures the accurate definition of the length and
thickness of the cantilever. Very deep trenches up to 200 microns can also be
made [119], so the definition of the cantilever width could be possible. There are
also a number of disadvantages however. First, the etch rate and profile depend
on the feature size. Small trenches are etched slower and their profile differs
from those of wider ones [119]. Second, the materials suitable for masks in this
process must not corrode, be conductive, have a high selectivity compared to
silicon and not contribute to higher temperature of the trench walls if a vertical
profile is to be achieved [119]. This prevents the use of photoresist, silicon ox-
ide and silicon nitride as a mask material. Metal masks prove a good candidate
with almost infinite selectivity, but require additional processing steps. Third,
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Figure 3.7: Under–etching of the cantilever mask during wet chemical
etching in an aqueous KOH solution when 〈100〉 wafers (A) or 〈110〉 wafers
(B) are used.

under–etching of the tip plane is not possible with this process. A separate etch-
ing step will be required to free the tip plane. This can’t be an isotropic etching
step, because that would etch the other parts of the cantilever as well. For this
reason, this method is abandoned.

KOH etching of 〈100〉 wafers

Wet chemical etching using an aqueous KOH solution is capable of both etching
great depths, needed to define the width of the cantilever, and defining vertical
sidewalls, needed to define the thickness of the cantilever. A big advantage of
an KOH etching process is that the silicon beneath the tip plane structures will
be automatically etched away as long as the mask is not parallel with one of
the {111} planes. When 〈100〉 oriented wafers are used, vertical sidewalls can
be made but both the wafer surface and the vertical walls are defined by {100}
planes. As these have the same etch rate, the structure will be undercut at the
same speed as the vertical etching takes place. This is depicted in figure 3.7.
This makes high aspect ratio structures of the cantilever very difficult to make.
Moreover, the thickness of the cantilever is now dependent on its width, which
is not desirable. Therefore, this method is discarded as well.

KOH etching of 〈110〉 wafers

The under–etching problem is solved when 〈110〉 oriented wafers are chosen as
a substrate. The {111} planes that are oriented perpendicular to the substrate
surface can be used to make vertical sidewalls. The etching of the cantilevers
is done in two steps. First windows are etched from the backside of the wafer
to thin the substrate down to the desired width of the cantilevers. When the
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etch mask is oriented parallel to the very slow etching {111} planes, large etch
depths can be achieved with very little under–etching. Subsequently, a second
etching step defines the thickness and length of the cantilevers from the front
side of the substrate. The mask used to define the cantilever is again aligned
parallel to the {111} planes oriented perpendicular to the surface, using them to
define the sides of the cantilever. The tip plane structure will be under–etched
automatically. To accurately etch the cantilevers in this second etching step, the
backside windows have to be protected from the etchant, so that the etching
only takes place at the front side. Unfortunately there are two drawbacks to this
method. First, convex corners present on the mask will be under–etched because
fast etching crystal planes are exposed to the etchant. This can happen at the
edges of the base of the probe during the first etching step, but also during the
second etching step to the cantilevers: the front side of the mask will certainly be
under–etched, thereby shortening the cantilevers. This can be compensated for
by making the cantilevers longer than they need to be according to the desired
resonance frequency. Second, the bottom of the etched trenches is defined by
one of the {110} planes. The roughness of these planes when etched in KOH is
larger than that of the {100} planes. The roughness of the bottom surface can be
in the order of several microns [117]. By making the width of the cantilever large
compared to the width variations, the influences on the mechanical properties of
the cantilevers can be kept small. Despite the drawbacks, the use of wet chemical
etching using 〈110〉 oriented wafers as a substrate seems to be the best suitable
etching method and will be used to fabricate the cantilevers and the base of the
probe.

3.2.3 The fabrication process

Mask materials

To be able to define structures using an etching process, a suitable material has
to be found for making a mask. All materials that etch slowly enough in the
etching process that is used can be applied as mask materials. A number of met-
als is resistant against KOH. Among them are gold, silver, copper and chromium
[112]. But the most commonly used mask materials in the case of KOH etching
are silicon dioxide and silicon nitride. The etch rate of silicon dioxide is depen-
dent on the KOH concentration and has a maximum of nearly 80 nm/hour at a
35% concentration [115]. Silicon nitride performs even better: almost no etching
of the layer was observed by Seidel et al. They report an upper limit of less than
0.1 nm/hour [115]. This material will thus be used as a mask for the etching
process of the cantilevers.
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Figure 3.8: The alignment fork pattern to determine the exact orientation
of the {111} planes is shown in A. After etching, an under–etch profile
occurs. A perfectly aligned structure is shown in B, misalignment results
in an under–etching profile depicted in C.

Mask alignment

Precise alignment of the mask to the crystal planes is crucial when the cantilevers
are etched in KOH. A slight misalignment would cause serious under–etching
of the cantilever mask. The flats that indicate the position of the {111} crystal
planes on the wafers have an angle accuracy of around 1◦. This is not precise
enough to prevent undercutting of the mask. Therefore, a very accurate method
was used to find the location of the {111} crystal planes. This method, described
in [120], makes use of the symmetric under–etching behavior around the {111}
planes. A large number of so called alignment forks are used that have a small
angular offset between them. After a short etching step, the alignment fork ori-
ented parallel will be symmetrically under–etched and the forks that have a mis-
alignment with respect to the orientation of the {111} planes asymmetrically, as
can be seen in figure 3.8. The correct alignment fork can then be used for align-
ing the subsequent masks.

The processing steps

Four of the six masks required in the fabrication process of the complete probe
are needed to fabricate the cantilever and the base of the probe. A complete
description of the fabrication process and pictures of the designed masks can be
found in the appendix. An overview of the process is as follows:

• The first step is to find the exact location of the crystal planes, using the
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method described above. On the substrate a 50 nm layer of silicon nitride,
deposited in a low stress LPCVD process is used as masking material. On
the front side the layer is patterned using photolithography and an RIE
step. The mask with the structures for this step is a copy of that designed
by Vangbo et al. [120], and was already available. After a short KOH etch,
the exact location of the {111} planes can be established.

• The alignment marks needed in the remainder of the fabrication process
are defined in this step. For each subsequent mask a dedicated pair of
marks is etched into the wafer. This minimizes the alignment errors. Fur-
thermore, each set of marks is etched into the wafer with a different spac-
ing between the left and right mark. This ensures that subsequent masks
can only be aligned on top of the correct marks. This mask, called the
‘alignment mark mask’, is aligned using the symmetrical under–etched
alignment fork found in the previous step. The marks are then covered
with another layer of silicon nitride, to protect them from further etching.

• Subsequently, the width of the cantilever is defined by KOH etching of
the wafer from the backside until the thickness that remains, corresponds
to the desired width of the cantilever. This process takes several hours
because almost the entire thickness of the substrate is etched away. For this
process, windows are defined in the silicon nitride layer on the backside
using the ‘backside window mask’.

• In the last step the mask for etching of the cantilever patterns is defined out
of the silicon nitride layer on the front side using the ”cantilever and sup-
port plane mask”. After the tip plane structures are defined, as described
in the next section, the cantilevers can be etched free using the KOH wet
chemical etching process described above. It is crucial that the back side
of the wafer is protected from further etching in this step. Otherwise the
cantilevers would be etched from all directions, and uncontrollable under–
etching of the cantilever will occur.

3.3 Realization of the tip plane

3.3.1 The tip plane material and deposition method

The CantiClever concept, presented in section 2.5, defines the tip plane as a free
standing thin film on the side of a cantilever. To realize such a structure that can
be used for scanning in a scanning probe microscope the material from which
the tip plane is made has to meet several requirements:
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• The thickness of the tip plane must be controlled in the nanometer range.
This limits the fabrication process to thin film deposition methods such as
evaporation, sputtering or chemical vapor deposition (CVD) processes.

• Modes such as contact imaging or tapping mode imaging are frequently
used in probe microscopy. Despite being a freestanding thin film, it still
has to be strong enough to be used as the tip of a probe in a probe micro-
scope that uses these modes.

• As the tip plane hangs unsupported for around 20 microns in free space
from the side of the cantilever, while its thickness is in the nanometer
range, the material has to have a low stress to avoid bending of the tip.

• The cantilever is fabricated using the KOH wet chemical etching method
described earlier. The material must not be etched in the etchant that is
used, or complicated protection methods have to be applied. As this is
not desirable, the materials that can be used are limited to the masking
materials used for KOH etching like a number of metals, silicon dioxide
and silicon nitride.

From the requirements stated above it is obvious that the material has to be
chosen out of the materials that can withstand the cantilever etching process.
The most commonly used masking materials in KOH etching processes are sil-
icon dioxide and silicon nitride. The latter has a clear advantage because of its
negligible etch rate in an KOH etching process [115].

Moreover, its mechanical properties are also better than those of silicon diox-
ide. The material is stiffer than silicon dioxide, so less bending will occur when
the tip plane comes in contact with the sample during scanning. This can be
concluded from its higher Young’s modulus of 310 GPa compared to 73 GPa
of silicon dioxide. Silicon nitride is also more resistant against wear, as indi-
cated by its higher value of the Knoop Hardness of 3.5 × 109 kg/m2 compared
to 0.8 × 109 kg/m2, the value of silicon dioxide. This is only half of that of dia-
mond, one of the hardest materials available [121].

Another requirement is that of low stress to prevent bending of the free hang-
ing tip plane. The deposition method plays a vital role here. The silicon nitride
layer commonly used as masking materials for wet chemical etching of silicon
are usually grown in a low pressure chemical vapor deposition (LPCVD) pro-
cess [122, 123]. Stochiometric silicon nitride layers have a large intrinsic stress.
However, the LPCVD process can be adjusted such that the silicon content in the
layer is increased. With the proper set of process parameters, a silicon nitride
layer can be deposited that has a low residual stress without an unacceptable
increase in nonuniformity across the substrate [124]. In the MESA+ cleanroom,
such a process is available and this was used to deposit the layers.
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Figure 3.9: Process for sharpening of the tip plane.

3.3.2 Tip sharpening

To be able to achieve a high resolution when the probe is used for MFM mea-
surements, the end of the tip plane must have a very small radius of curvature
as described in section 2.5. When the tip plane is defined in a single step using
photolithography techniques, the corner defined on the mask will be rounded
off and will therefore not be sharp enough.

A very sharp tip end can be created however by cutting of the blunt end of
the tip plane. The process is schematically drawn in figure 3.9. An extra masking
layer has to be deposited on top of the tip plane. This layer has to meet several
demands: it must be able to withstand KOH etching, has to have good mask-
ing properties when etching silicon nitride layers and must be removable with-
out damaging the fragile tip plane. From the masking materials listed above,
chromium is a suitable material for making the tip sharpening mask. It has a
good resistance against KOH etching and the RIE process normally used to etch
silicon nitride [119] and can be removed using a chemical etchant without dam-
aging the silicon nitride layer below.

3.3.3 The processing steps

When the CantiClever is used as an MFM probe, the thickness of the tip plane
determines one dimension of the cross section of the magnetic tip. One would
like to vary the thickness of the tip plane without any further influences on the
rest of the fabrication process. Moreover, the tip plane becomes very fragile
when it extends for around 20 microns past the side of the cantilever if it has
a thickness of only a few nanometers. Therefore most of the tip plane is much
thicker to provide strength. This part is further referred to as ‘support plane’.
The thin part of the tip plane, called ‘tip plane’ extends only a couple of microns
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Figure 3.10: The structures of the tip, showing the support plane and the
tip plane extending past it.

past the thick part as shown in figure 3.10. For use as an MFM probe, this is not a
problem since the features usually observed in MFM are smaller than 1 micron.
Therefore, a few micron distance between the support plane and the end of the
tip plane is sufficient.

To realize such a tip structure, two depositions of silicon nitride are neces-
sary. In a first deposition, the layer from which the support plane is defined
is deposited. The actual tip plane is deposited in a second step. The process
continues that of section 3.2.3 and looks as follows:

• The support plane is defined together with the mask for etching of the
cantilevers in the same processing step. That means that the thickness of
the support plane as well as the mask for etching of the cantilevers is the
sum of the silicon nitride layer that was used as a mask in finding the
location of the {111} planes and the layer that was deposited to serve as a
mask for etching of the backside windows.

• The silicon nitride layer from which the tip plane is made is deposited next,
using the same low stress LPCVD process as for all silicon nitride layers
needed in the process. The patterns are defined using the ‘tip plane mask’
and an RIE step. The silicon nitride deposited on the back side of the wafer
in this step forms the protection layer needed in the etching process of the
cantilever described above.

• Next, the tip sharpening planes are defined. The chromium is deposited
by evaporation and the layer is patterned using a lift–off process with the
‘sharpening plane mask’. Now the wafers are ready for etching of the
cantilevers.
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• After etching of the cantilevers, the blunt end of the tip plane is etched
away using RIE. This also removes the now undesired silicon nitride layer
on the side of the cantilever.

• The final step of the complete process is the removal of the chromium tip
sharpening plane. This is done in a wet chemical etching process using a
dedicated chromium–etchant.

3.4 Results

In this section the results that were obtained with the fabrication process de-
scribed in the previous sections are presented. First the cantilever structure is
discussed, followed by the tip plane structures.

3.4.1 The cantilever

Alignment to the crystal planes

As pointed out in section 3.2.3, one of the most crucial steps in the fabrication
process of the CantiClever probe is the precise alignment of the mask, needed
for etching of the cantilever structure, to the {111} crystal planes. With the align-
ment method described earlier, such a precise alignment could be achieved as
can be seen from the symmetrical under–etching profile shown in figure 3.11. A
50 nm thick silicon nitride layer was used as a mask. The pattern was etched
in a 25% KOH solution, that was kept at a constant temperature of 75◦C, for 15
minutes. The arrows indicate the point to where the the structures are under–
etched. Although it is difficult to see the difference between the two forks in
figure 3.11, upon close inspection only one of the forks could clearly be pointed
out as the best aligned structure. The small square on the left side of the sym-
metrically under–etched alignment fork was then used as one of the marks for
aligning the subsequent ‘alignment mark mask’.

Defining the width of the cantilever

After defining the alignment marks on the front side of the substrate, the next
step in realization of the cantilever structure is the definition of the width of the
cantilever. This is done as described in section 3.2. The wafers are thinned down
to the desired width of the cantilever by etching a window at the backside of the
wafer. The shape of this window is such that the base of the probe is shaped as
depicted in figure 3.3, with the sides of the window aligned to the {111} crystal
planes to obtain the vertical sidewalls.
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100 µm

Figure 3.11: Two under–etched alignment forks close to the {111} crystal
plane. The bright regions are the under–etched parts of the mask.

The wafers that are used are around 400 microns thick. The width of the
cantilever is set at 50 microns, so around 350 microns of silicon has to be etched
away from the windows at the backside of the wafer. The same KOH process
was used for etching the backside windows, but the silicon nitride mask was
200 nm thick. The masking layer consists of the layer used in the first etching
step, covered with a 150 nm thick layer of silicon nitride that, at the front side,
protects the alignment marks for the remaining processing steps from the KOH
solution. The etch rate of the {110} planes was 1.8 µm per minute, in agreement
with the value obtained by Seidel et al. [115]. The process took more than three
hours of etching. The final depth of the etched windows was determined by
measurements with a Dektak profiler. The bottom surface showed a roughness
of several microns as was expected from the experiments described in [117].

Etching of the cantilever

The final step in the fabrication of the cantilever structures is liberating the can-
tilever from the substrate by etching the remainder of the silicon wafer away
from the front side. As pointed out in section 3.2, the sides of the cantilever mask
should etch very slowly as they are being bound by the {111} crystal planes.
During the 50 minute etching process, hardly any undercutting of the sides of
the mask was observed as can be seen from figure 3.12. This behavior is ex-
pected from the high etch rate ratio of 〈110〉:〈111〉 reported in literature. Ratios
of 50:1 to 160:1 are reported in [115] and even higher, up to 400:1, in [116].

An SEM image of the finished cantilever is shown in figure 3.13, showing the
end of the holder part, the cantilever and the tip plane. If one looks carefully,
one can distinguish the width variations of the cantilever due to the roughness
of the bottom surface after etching from the back side. These variations should
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Figure 3.12: The cantilever with the tip plane structures after 30 minutes
of etching. Hardly any undercutting of the mask is visible at the sides.
The under–etching profile at the front of the cantilever mask can clearly be
seen.

not have a major influence on the mechanical properties of the cantilever. The
resonance frequency does not depend on the width of the cantilever, as shown
earlier in equation 3.1. The variations in width also do limit the quality factor
that can be achieved. When the cantilever vibrates in air, the quality factor is
limited due to the damping by air [125]. Much higher quality factors can be
achieved in vacuum. The quality factor in that case is independent of the can-
tilever width when the width is much larger than the thickness [108].

Zooming in on the end of the cantilever, as done in figure 3.14, reveals that
the sides of the etched cantilever are also very smooth. No jumps can be seen,
indicating that the alignment of the mask was very good.

In contrast with the sides of the cantilever mask, the front side is under–
etched quite rapidly at a rate of nearly 4 µm per minute. The mask was corrected
for this effect in such a way that the etching process could be stopped when
the under–etch had reached the tip plane, resulting in the desired length of the
cantilever.

3.4.2 The tip plane

As described in section 3.3, the total tip plane structure consists of a support
plane and a tip plane. The support plane is made from the two masking layers
that were used in the etching of the cantilever. The thickness of this plane is thus
200 nm. On top of this support plane, the silicon nitride layer from which the
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30 µm

Figure 3.13: The base of the probe with the complete cantilever and tip
plane structures. The width variations due to the roughness of bottom
surface can also be seen.

10 µm

Figure 3.14: SEM image the cantilever, showing the smooth sidewall and
the front side as well as the tip plane structures.

actual tip plane is made is deposited in the same low stress LPCVD process. A
picture of the structure is shown in figure 3.15.

The next step is the sharpening of the tip plane using the chromium tip
sharpening plane. This plane intersects the tip plane and any silicon nitride
that sticks out under the sharpening plane is etched away. After the sharpening
planes are defined the cantilever is etched free first, before any further process-
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20 µm

Tip plane
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Figure 3.15: Optical microscope image of the support plane and tip plane
before the cantilever is etched free and the tip plane is sharpened.

ing on the tip is carried out. This way, the chromium sharpening plane not only
functions as a mask for sharpening of the tip plane, but also protects the fragile
tip plane during the KOH etching of the cantilevers, as could already be seen in
figure 3.12.

After the cantilever is etched free, an RIE process is used to etch away the
blunt part of the tip. Also, the silicon nitride that was deposited on the back
side of the wafer during the layer deposition for the tip plane is etched away.
After the chromium is removed in a wet etching step with a dedicated chromium
etchant, the structure looks like depicted in figure 3.16. The thicker support
plane and the protruding tip plane are nicely defined. The stress in the layers
deposited in the low stress LPCVD process proves to be low enough to prevent
bending of the tip plane structures. Looking closer at the end of the tip plane
in figure 3.17, the sharpening process proved to work very good as well. The
estimated radius of curvature is around 30 nm, which is smaller than the tip
plane thickness of 50 nm.

The support plane in the realized probes has a thickness of 200 nm. This
value was kept constant for all of the probes. The thickness of the tip plane was
varied from 100 nm downwards. Tip planes as thin as 37 nm have successfully
been fabricated. This thickness of the silicon nitride layer proved to be sufficient
to provide a good protection of the backside of the wafer and survival of the tip
plane during the final cantilever etch.

3.5 Measurement of mechanical properties

In this section, the measurement of the mechanical properties of the cantilever
of the CantiClever probe are described. The resonance frequency and the qual-
ity factor are measured in both air and vacuum. For this purpose, a dedicated
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5 µm

Figure 3.16: The tip plane structures showing the support plane and pro-
truding tip plane. The tip plane has a thickness of 50 nm.

200 nm

Figure 3.17: Detail of the sharpened end of the tip plane. The radius of
curvature is estimated to be less than 30 nm.

setup was built, consisting of a small vacuum chamber with a rotary pump and
a pressure gauge, an optical deflection detection system and an Agilent 4395A
network– and spectrum analyzer. An image of the system is depicted in fig-
ure 3.18.
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Figure 3.18: Setup for measuring the resonance frequency and quality fac-
tor of the cantilever. In the center, the small vacuum system and the deflec-
tion measurement system can be seen.

3.5.1 Resonance frequency of the cantilever

The resonance frequency of a cantilever beam is given by equation 3.1, that is
repeated below for convenience:

f0 =
1
2π

C2
0

t

l2

√
ESi

12ρSi

The values of the resonance frequency were determined for two different can-
tilevers: the first one was designed to have a resonance frequency of 80 kHz
and the second of 279 kHz. The dimensions of these two probes were measured
using an optical microscope. The cantilever of the 80 kHz probe was measured
to be 318 µm long and 4.7 µm thick. The resonance frequency of a cantilever
with these dimensions, calculated from equation 3.1, is 67.6 kHz. Measure-
ment of the resonance frequency of this probe in the setup resulted in value of
66.8 KHz. The cantilever of the 279 kHz probe was measured to be 175 µm long
and 5.2 µm thick. This gives a calculated resonance frequency of 247.0 kHz. The
measured value was however somewhat lower, at 210.0 kHz. The results are
summarized in table 3.1.

From these measurements it can be concluded that the lower than designed
value of the resonance frequency that was measured is due to the fabrication
process. Although the etching process used to etch the cantilevers free from the
substrate is highly anisotropic, a slight underetch still occurs. Furthermore, the
frontside of the cantilever is underetched at a very high rate, as described in
chapter 3.4.1. As the resonance frequency is stronly dependent on the length of
the cantilever, a deviation of the resonance frequency will occur if the etching
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process is not stopped at the correct time, while a inhomogeneity in the etching
process causes the resonance frequency to change over the wafer.

length thickness f0, designed f0, measured Qair Qvacuum

318 µm 4.7 µm 80 kHz 67 kHz 600 50000
175 µm 5.2 µm 279 kHz 209 kHz 900 7000

Table 3.1: Mechanical properties of the cantilever.

3.5.2 Quality of resonance

As already pointed out in chapter 2.1.2, the thermomechanical noise of the can-
tilever sets a limit to the ultimate resolution that can be achieved in an MFM.
This noise can be lowered by increasing the quality factor Q, as shown in equa-
tion 2.7. The quality factor is defined as [125]:

Q =
2πUi

Ud
(3.2)

where Ui is the vibration energy stored in the cantilever and Ud the dissipated
energy per period. At atmospheric pressure, Q is limited by the damping caused
by the surrounding air molecules. This can be overcome by measuring in va-
cuum. At pressures lower than 1 · 10−2 to 1 · 10−3 mbar, Q is no longer pressure
limited [57, 108]. In that case, other dissipation phenomena become important
in determining the value of Q, such as clamping losses (dissipation via coupling
to the support structure) [126] and by internal friction. Internal friction results
from various mechanisms such as thermoelastic dissipation (TED), volume and
surface effects. The total value of Q can then be determined from [108]:

1
Q

=
1

Qclamping
+

1
QTED

+
1

Qvolume
+

1
Qsurface

+
1

Qother
(3.3)

The frequency response of the 67 kHz and the 210 kHz probe were measured
at atmospheric pressure and at 2 · 10−2 mbar, which was the lowest pressure
that could be achieved with the setup. The value of Q was then calculated by
fitting the theoretical transfer function of a damped harmonic oscillator (see for
instance [57]) to the measurement points. The value of Q of the 67 kHz probe
at atmospheric pressure was determined at approximately 600. When moving
to vacuum, the value of Q increased to around 50000. The measured response
and the fit are depicted in figure 3.19. While the 210 kHz probe had a larger
value of Q than the 67 kHz probe at atmospheric pressure, that is approximately
900, the value under vacuum conditions was much lower at around 7000. The
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Figure 3.19: Measured frequency response and fit of a 67 kHz cantilever in
vacuum.
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Figure 3.20: Measured frequency response and fit of a 209 kHz cantilever
in vacuum.
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measurement and fit of the response of the 210 kHz probe in vacuum are shown
in figure 3.20. The results of the measurements are summarized in table 3.1.

The quality factor of the cantilever of the CantiClever probe are comparable
to those of other silicon cantilevers. The high value of Q under vacuum condi-
tions should allow very sensitive measurements with the CantiClever probe. It
is however not quite clear why the quality factor of the 210 kHz probe is lower
in vacuum than that of the 67 kHz probe. Although TED is more eminent at
higher resonance frequencies [108], the values used here are well below the fre-
quencies where TED becomes dominant. Also clamping loss is unlikely to be
the dominant factor, as it is proportional to t3/l3 [126]. For the dimensions of the
cantilevers measured here, the value of Qclamping is much larger than the value
of Q that was measured. More investigations will be necessary to determine the
cause of the lower value of Q.

3.6 Conclusion

In this chapter, the fabrication process of the CantiClever probe has been de-
scribed. The probe was designed with the use of a parameter based software
package. This proved a convenient and accurate method to transform proper-
ties such as the cantilever resonance frequency into corresponding dimensions
of the probe. The initial effort that was put in programming of the basic shapes
of the probe paid off at a later stage as the design proved to be very flexible and
easy to modify.

After a consideration of several fabrication processes, it was decided to etch
the cantilever and base of the probe out of 〈110〉 oriented silicon wafers, using
a two step KOH wet anisotropic etching process. Due to the highly accurate
alignment of the mask to the crystal planes it was possible to precisely control
the dimensions of the cantilever. No significant under–etching of the sides of the
cantilever mask could be observed. The under–etching of the front side of the
mask could be easily compensated for.

The tip plane was made from silicon nitride, deposited in a low–stress LPCVD
process. This material proved to meet the demands placed upon the tip plane
material: stiff in order to prevent bending during scanning with the tip, low
stress to obtain a free hanging structure over a large range that does not bend
and finally the ability to withstand the cantilever etching process. The very
sharp cut-off corner of the tip plane needed to obtain high resolution tips for
MFM could also be realized. By means of reactive ion etching using a Cr mask
layer, the blunt end of the tip was removed and a radius of curvature as small
as 30 nm could be achieved using a 2 micron lithography process. Tip planes as
thin as 37 nm could be successfully fabricated.

The mechanical properties of the cantilever of the CantiClever probe were
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measured. It was found that they are comparable to those of other silicon can-
tilevers. The value of the resonance frequency was lower than designed, due to
the fabrication process. The high value of Q, up to 50000 under vacuum condi-
tions, should allow very sensitive measurements with the CantiClever probe.





Chapter 4

The integration of a magnetic tip

This chapter describes the integration of a magnetic tip on the tip plane of the
CantiClever probe, characterization of its magnetic properties and the MFM
measurements that were carried out with the probe. To be able to character-
ize the magnetic properties of the tip dedicated test structures, containing an
array of tips, were made as described in the first section. In the second section,
an analysis is presented of the magnetic properties of the tip, that are of impor-
tance for imaging and probe recording. The integration of a magnetic tip on the
CantiClever probe itself is the topic of the third section. In the last section, the
results that were obtained with the probe in magnetic imaging, when mounted
in an MFM are presented.

4.1 Magnetic tips on a wafer scale

To obtain a better understanding of the behavior of the magnetic tip in magnetic
imaging or probe recording applications, it is necessary to investigate the mag-
netic properties of the tip. Especially the domain state (when used for magnetic
imaging) and the switching field (in probe recording applications) are of impor-
tance. Because the magnetic tip of the CantiClever probe is very fragile and the
amount of magnetic material of a single tip is very small, measurement of these
properties on the CantiClever probe itself is very difficult. Therefore, it was de-
cided to fabricate test structures for this purpose that feature an array of many
magnetic tips on a 100 mm wafer [127]. The design of these test structures and
the results that were obtained are described in this section, the measurements of
the magnetic properties in the next section.
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4.1.1 Design of the test structures

Requirements

The objective is to fabricate an array of tips similar to those on the CantiClever
probe, that can be studied using a number of different measuring instruments.
Two sources of requirements on the array of tips can be distinguished:

• The design of the CantiClever probe is the first source of requirements.
The probes feature a 20 microns long tip plane made of silicon nitride, that
has a thickness below 200 nm. When magnetic material is deposited on
the side of the tip plane, a magnetic tip is formed that has a length of 20
microns and a cross section in that is in the nanometer range. To ensure
that the magnetic tips on the test structures are similar to those on the
CantiClever probe, free hanging silicon nitride planes with a thickness in
the nanometer regime need to be made on the test structures as well.

• The measuring instruments that will be used to study the magnetic prop-
erties of the magnetic tips are the second source. The instruments pose re-
strictions on the design of the test structures in terms of height differences,
amount of total magnetic moment and size of the sample. The test struc-
tures will be measured with four different instruments. The MFM will be
used to look at the domain structure of a single tip. Because the MFM has
a slow response to steep and big height differences on the sample, these
need to be as small as possible, but at least smaller than 1 micron [128].
A vibrating sample magnetometer (VSM) or a SQUID magnetometer will
be used to study the switching behavior of an array of tips. These two in-
struments have a limited sensitivity and can accept only samples up to a
certain size. The sensitivity and sample size of the VSM and SQUID are
1 · 10−8 Am2 and 1× 1 cm2 and 1 · 10−11 Am2 and 8× 8 mm2 respectively.
The switching behavior of the magnetic tips can also be studied with the
use of magneto–resistance (MR) measurements as described in literature
[129, 130, 131]. This method enables the study of the switching behavior
of an individual tip, but requires electrical connections to the individual
tips. To be able to carry out MR measurements, some of the tips have to be
equipped with electrical connections.

Tip placement

On the CantiClever probe, the magnetic material is deposited by means of evap-
oration on the side of a free hanging plane, described in more detail in section
4.3. An identical process, using the same magnetic material (cobalt), will be
used on the test structures, but here the deposition is done under a small angle
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Figure 4.1: The shadow effect in the deposition of cobalt under an angle.

of approximately 3◦ instead of perpendicular to the side of the plane. If the de-
position would be done perpendicular to the side of the plane, the shadow of
adjacent elements would prevent the cobalt to be deposited on all the planes.
This is illustrated in figure 4.1.

The length of the shadow, where no material will be deposited, depends on
the angle between the evaporation source and the substrate and the thickness of
the silicon nitride planes:

lshadow =
tplanes

tan θ
(4.1)

Where lshadow is the length of the shadow, tplanes the thickness of the silicon
nitride planes and θ the angle of evaporation. The length of the shadow is the
minimum distance that the islands must be separated in the direction of evap-
oration. With a deposition angle of 3◦ and a maximum thickness of the silicon
nitride planes of 200 nm the length of the shadow becomes 3.82 µm. The sep-
aration must thus be larger than 3.82 µm and is set at 5 µm. As the material is
evaporated under an angle instead of perpendicular to the side of the planes,
the cobalt is also deposited on the top of the planes. This film is very thin com-
pared to the film present on the sides of the planes. If the evaporation source
is assumed to be a point source, i.e. all material originates out of one point, the
thickness can be calculated from the following formula [132]:

t =
m

4πρ
· cos(90− θ)

r2
(4.2)

Where t is the thickness of the evaporated layer per unit time (m/s), m the evap-
oration rate (kg/s), ρ the density of the evaporated material (kg/m3), θ the angle
of evaporation and r the distance between the point source and the substrate
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Figure 4.2: Relation between the thickness of the evaporated film and the
angle of evaporation.

(m). The dependence of the (normalized) film thickness on the angle of evapo-
ration calculated using equation 4.2 is plotted in figure 4.2. From this figure it
can be seen that if a small angle of evaporation is used, the thickness of the layer
deposited on the top of the planes will be very small compared to the thickness
of the tips, that are deposited on the side of the planes. In case of an angle of 3◦,
the thickness on the top of the planes is only 5% of the thickness of the tips.

As it is the aim of the test structures to study the behavior of only one mag-
netic tip, there should not be any magnetic dipolar interactions between the tips
in the array. Research on arrays of ferromagnetic nanowires shows that the wires
are magnetically uncoupled when the ratio between the separation between the
wires and their width is at least 1:1 [133, 134]. The separation between the tips in
the direction of evaporation is large enough to prevent magnetic dipolar inter-
actions due to the shadow effect. Using the 1:1 separation–width ratio as a rule
of thumb, the distance between the ends of the tips is set at 20 microns, the same
as their length. Therefore it is assumed that the magnetic dipolar interactions
between the tips in the array can be neglected.

With the density of the tips resulting from the arguments given above, the
total saturation magnetization of the array of tips can be calculated to see if the
sensitivity requirements of the VSM can be met. The magnetic moment of a test
sample can be calculated from:

Msample = Asample ·Dsample · Vtip ·Ms,cobalt (4.3)

Where Asample is the area of an array of tips, set at 8×8 mm2, Dsample the density
of tips on the sample, Vtip the volume of a single tip and Ms,cobalt the saturation
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magnetization of cobalt: 1440 kA/m. For tips with a square cross–section of
200×200 nm2 and 50×50 nm2 the expected magnetic moment is 18.2 ·10−8 Am2

and 1.1 · 10−8 Am2 respectively. This should be just sufficient to measure the
samples on the VSM.

Layout

The layout of one sample with test structures is shown in figure 4.3. On a 100
mm wafer, there are 64 of these samples. Each sample measures 8 × 8 mm2 and
contains around 160,000 tips. The silicon nitride planes are always 5 microns
wide, but the length is varied from 14 up to 35 µm. On each sample, there are
16 electrodes present that connect to 4 of the tips at the edge of the sample. This
enables MR measurements to be done with a 4 point measurement method.
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Figure 4.3: The design of a single sample with test structures. Left: top
view of the complete 8 × 8 mm2 sample. The white area is completely
filled with tips. Middle: the bondpads and electrodes. Right: connection
of the electrodes to the tips. The tips are located at the right side of every
island.

4.1.2 Fabrication process

The test structures are fabricated using a four mask process. The masks were
designed using the method described in chapter 3.1.1. Only an overview of the
process is given in this section, the complete description of the process can be
found in the appendix. A cross section of the sample during the fabrication pro-
cess is schematically depicted in figure 4.4. The numbered steps in the following
section all refer to this figure.
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Figure 4.4: Processing steps of the test structures.

The process starts by growing a 400 nm thick silicon dioxide layer by wet
oxidation at 1150◦C on a 100 mm wafer. On top, a layer of non stochiometric low
stress silicon nitride is deposited using the same LPCVD process as was used to
make the tip planes of the CantiClever described in chapter 3.3. The cross section
of the sample then looks like depicted in step 1. Two series of test structures
were made, with thicknesses of 200 and 50 nm respectively. Subsequently, the
alignment marks and dicing lines are defined using the first mask (step 2). The
silicon nitride layer is then patterned into islands in two steps. First, the second
mask is applied to pattern the continuous silicon nitride layer into strips over
the complete length of the sample using RIE with photoresist as the masking
material. The strips are then cut into islands with a similar process. However,
instead of photoresist, a chromium mask is used during the RIE step that is
deposited in a lift–off process using the third mask. This ensures that the side
edge of the silicon nitride plane is completely vertical. The same process was
used to obtain a flat tip end on the CantiClever probe described in the previous
chapter. The resulting islands have square corners and two vertical side edges
(step 3). After that, the silicon dioxide layer is partly etched away using a 50%
HF solution. As this is an isotropic etching process, the silicon nitride layer is
under–etched, leaving the edges of the islands hanging free, as can be seen in
step 4. When subsequently the magnetic material is deposited on the side of the
islands (step 5), the shape of the magnetic tip will be the same as those present
on the CantiClever probes. With the fourth mask the electrodes are defined. The
aluminum that is patterned by a lift-off process is evaporated under an angle of
60◦ to avoid shortcuts to the silicon substrate (step 6). When MR measurements
are done, contacts to the tips can be made using wirebonding.
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5 µm

Figure 4.5: Test structures with 17× 5 µm planes.

4.1.3 Results

Free hanging planes

The SEM image of figure 4.5 shows the silicon nitride planes, with a thickness of
200 nm after etching of the silicon dioxide layer. The 17 × 5 µm planes are very
nicely defined and have the desired square corners. The edges of the planes
hang freely above the sample surface. The isotropic under–etching of the planes
is depicted in more detail in figure 4.6. The samples were etched in HF for one
minute. After that, the planes showed an under–etch of approximately one mi-
cron. The edges of the planes are completely free from the substrate as desired.
The discontinuous film that covers the sample results from a cobalt deposition,
that was already done on this sample.

The square corners of the planes are important for the magnetic properties of
the tips that will be deposited on the sides of the planes. One corner of a plane
is depicted in the SEM image of figure 4.7. The corner shown is not rounded
but perfectly square. The definition of the islands in two steps has created the
desired effect. The corners were not damaged in the HF etching step.

Magnetic tips

The magnetic material that forms the tips was deposited in an e–beam evapora-
tion system. The material evaporates from a rather small melt (around 0.3 mm),
42 cm away from the sample. This distance is large enough to justify our ap-
proximations of a point source. The evaporation angle of 3◦ could be set using
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Figure 4.6: Isotropic under–etching profile below a 57 nm thick plane.

500 nm

Figure 4.7: Square corner of a 50 nm thick plane.

a specially designed wafer holder. Two sets of samples were used, one set with
214 nm and one with the 50 nm thick silicon nitride planes. The thickness of the
evaporated cobalt was verified with a 1 × 1 cm2 test sample that was measured
in the VSM. The magnetic moment of the sample at saturation was then used to
calculate the thickness of the evaporated cobalt layer, using the bulk saturation
magnetization of Co (1440 kA/m). In total, four different wafers with tips were
produced:

• 214 nm thick planes with 163 nm of cobalt
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Figure 4.8: Magnetic tips deposited on the side edge of 214 nm thick
planes. The direction of evaporation is also shown.

• 214 nm thick planes with 118 nm of cobalt

• 57 nm thick planes with 103 nm of cobalt

• 57 nm thick planes with 54 nm of cobalt

From these four samples, two of them were investigated using the SEM. The
samples with the 214 nm thick planes and 163 nm of cobalt are depicted in figure
4.8 to figure 4.10. From the images can be concluded that the shadow evapora-
tion on the side edges of the planes was successful. The cobalt, distinguishable
by the brighter areas in figure 4.8, is present on the sides of the planes, but not
in front and at the back of them.

As can be seen from figure 4.9, the cobalt doesn’t cover the complete side
of the silicon nitride plane. The angle of evaporation was below 3◦, the angle
for which the test structures were designed. The angle in this case, estimated
from the SEM images, was 1.1◦. However, one of the ends of the plane was
completely covered with cobalt. This was caused by a slight misalignment of
the wafer with respect to the evaporation source. The angle between the normal
to the side edge and the source was less than 90◦, so that the corner of the plane
was not in the shadow region of its neighbor.

The tips that were made by evaporation of 103 nm of cobalt in the samples
with 57 nm thick planes are shown in figure 4.11. In this case the alignment
with respect to the evaporation source was better: the complete side edge of the
planes was covered with cobalt and the width of tips was constant along the
complete length of the plane.
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500 nm
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Figure 4.9: Magnetic tip deposited on the side edge of a 214 nm thick plane.

200 nm

Figure 4.10: Close–up SEM image of a magnetic tip deposited on a 214 nm
thick plane, showing the columnar structure of the Co film.
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500 nmCo

Wire

Figure 4.11: Magnetic tip deposited on the side of a 57 nm thick plane.
Note the shadow effect: no cobalt is deposited in front of the plane.

A closer look at the tip, figures 4.9 and 4.10, reveals that the tip consists of
densely packed, small cobalt columns. This structure is a result of the low mobil-
ity of the cobalt particles on the cold substrate and shadowing effects that occur
during growth caused by the evaporation under an angle [135]. The column tilt
angle depends amongst others on the angle at which the cobalt particles arrive
at the surface [136, 137]. In this case, the angle is determined by the angle of
evaporation and the tapering of the side edges of the planes. For the small an-
gles of evaporation used here, this results in an easy axis of the anisotropy along
the long axis of the deposited tips [138]. At the edges of the plane, the angle of
evaporation will be much larger. The cobalt deposited here will have an easy
axis oriented parallel with respect to the incidence plane of the atoms during
deposition. This will counteract the anisotropy due to the shape of the tip and
the contribution of the columns deposited at the low angles. Fortunately, the
amount of material deposited in those areas is very small for the thicker planes.
For very thin planes, such as the tip planes present on the CantiClever probe,
columns at different angles, that could lower the anisotropy, will not be present
at all. The experiments described in [138] were done with large area samples.
Here, there will be simply not enough room for this effect to occur. Already on
the thinnest test structures, the inclined columns are not present anymore.

Electrodes

The electrodes were made on one wafer that had 103 nm of cobalt deposited
on 57 nm thick planes. The fabrication process consisted of evaporation of 100
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Figure 4.12: Aluminium electrodes to the magnetic tip deposited using
lift–off.

nm of aluminum, using the same e-beam evaporation system that was used to
deposit the cobalt. The excess of aluminum was then removed by a lift–off step
in acetone. It proved hard to get rid of the excess aluminum, and as a result the
lift-off process was only partly successful. Only 9 out of 48 samples had nicely
separated wires, the other samples showed short circuits between them. One of
the samples is shown in figure 4.12.

A closer look shown in figure 4.13 reveals the cause of the problems encoun-
tered in the lift–off step. Aluminium was also deposited on the sidewalls of
the photoresist structures, greatly reducing the amount of photoresist that is ex-
posed to the acetone. The aluminum sidewalls created another problem: the
electrodes are shortened to the substrate.

To obtain some samples for MR–measurements, this problem was solved on
some samples with the help of focussed ion beam (FIB) milling [139]. As shown
in figure 4.14, parts of the vertical aluminum structures are sputter–etched away
by the ion beam. This removed the shortcut between the electrodes while leav-
ing the cobalt tip intact.

4.2 Properties of the magnetic tip

This section presents an investigation into the properties of the magnetic tip. Us-
ing the test structures described in section 4.1, the domain state and the switch-
ing behavior of the magnetic tip were investigated with MFM and VSM respec-
tively. The switching behavior is also studied with micromagnetic simulations.
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Al contactCo tip

Si substrate

Figure 4.13: One of the electrodes to the magnetic tip, that has a shortcircuit
through the substrate, indicated by the arrows.

1 µm

Figure 4.14: The connections of the electrode to the substrate are removed
by FIB milling.
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4.2.1 Domain state of the tip

The ideal tip for use in magnetic force microscopy is a single–domain magnetic
particle with an elongated bar shape, as described in chapter 2. To verify if
the magnetic tip of the CantiClever probe has a similar magnetic behavior, the
magnetic domain state of the tip was studied on the test samples described in
the previous section.

The measurements were carried out using a Dimension 3100 scanning probe
microscope from Digital Instruments [140] in lift–mode. The tip that was used
was a Force Modulation tip from Nanosensors with a tip radius less than 10 nm
[106]. This tip was coated in–house on one side with a 10 nm chromium seed
layer, a 50 nm cobalt layer and a 18 nm chromium capping layer. Without the
chromium layers, the MFM tips were not very durable, the magnetic signal
decayed severely within a couple of days, presumable due to oxidation of the
cobalt. The chromium layers are deposited to protect the cobalt from oxidizing.
These MFM tips showed an enhancement of the magnetic signal and a strong
increase in durability. Several weeks after deposition, the tips showed no signif-
icant loss in magnetic signal. To avoid any confusion, the probe mounted in the
microscope will be referred to as ‘MFM tip’ and the magnetic needles present on
the test structures as ‘tips’ throughout this section.

The domain structure was studied on samples that had 17 × 5 µm2 silicon
nitride planes with a magnetic tip having a cross-section of 100 × 163 nm2 de-
posited on the side–edge. An SEM image of such a tip is shown in figure 4.9.
The sample was first imaged immediately after the deposition of cobalt (as–
deposited). The resulting image is depicted in figure 4.15. Unfortunately, some
topographic cross–talk shows up in the MFM image. The microscopy was still
unable to accurately follow the surface of the sample in lift–mode, despite the
slow scan rate. The domain state of the tip can still clearly be distinguished
however. The black spots in the image represent attraction, the white spots re-
pulsion between the MFM tip and the sample. A single magnetic domain can
be distinguished in the image by a black and white spot caused by the magnetic
stray fields at the boundaries of the magnetic domain. In the figure multiple
black and white spots can be seen, corresponding to a multi–domain state of
the sample, as indicated by the schematic drawing. The high shape anisotropy
of the tip causes the domains to align parallel or anti–parallel to the wire axis.
The multi–domain configuration results from the fact that during deposition,
no magnetic field was applied parallel to the wire. As the tip is not continuous
during its growth, multiple, anti–parallel domains are formed by chance. When
the tip eventually becomes continuous, structural defects could pin the domain
walls [141].

In figure 4.16 MFM images are shown after a magnetic field of 800 kA/m was
applied parallel to the axis of the tips. The black and white spots are now only
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Figure 4.15: MFM image showing the domain state of the as-deposited tip.
The magnetic tip can be recognized by the black and white contrast on the
top of the square patterns, as indicated by the arrows. A possible domain
state is depicted in the schematic drawing.

present at the edges of the cobalt tip, indicating that the tip now consists of only
one magnetic domain. The domain walls could thus be removed by application
of a magnetic field along the tip axis, as also found by [141] and [142].

Next to the black spots visible in the left image of figure 4.16 small white
spots can be observed as well. This phenomenon occurred in all MFM mea-
surements on the test samples. Dependent on the scan direction, small white
spots were visible next to the black spots or small black spots next to the white
spots. The small spots could only be seen when the MFM tip descended from
the silicon nitride plane onto the silicon substrate below. An explanation for the
appearance of the small spots could be the following. As the MFM tip scans the
tip on the test structure and approaches the end of the tip, the MFM tip is e.g.
attracted by the stray field at the end of the tip. This depends on the magnetiza-
tion direction of both the MFM tip and tip on the sample. As long as the MFM
tip is still above the end of the tip, a downward force will act on the tip and a
black spot will appear on the image. When the MFM tip has descended from
the silicon nitride plane to the region below the tip–end, the MFM tip is still at-
tracted by the stray field of the tip–end. However, the force now acts on the tip
in the upward direction and a white dot appears in the MFM image. The appear-
ance of the small dots only when the tip is descending could occur because the
MFM tip follows the surface of the sample differently when it rises then when
it descends. This difference could be a result of the settings of the tip to sample
distance control loop. From this it can be concluded that the presence of a small
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5 µm 20 µm

Figure 4.16: MFM images of the tips after saturation in a magnetic field
parallel to the long axis of the tips. The domain configuration of a single
tip can be seen in the left image. The complete array showed the same
domain configuration (right image).

domain at the end of the sample is an artifact of the measurement rather a small
domain at the end of the tip.

Figure 4.17 shows an MFM image of the tips after a magnetic field of 800 kA/m
was applied perpendicular to the long axis of the tips. Now dark spots can be
seen at the tip–ends and a white spot in the middle of the tip. This shows that
the domain configuration has changed to a two–domain state, as depicted in the
small inset sketch. This domain structure is formed after the magnetic field is
reduced to zero. The magnetization rotates clockwise or counter–clockwise back
to a direction parallel to the long axis of the tip. So by applying a magnetic field
perpendicular to the long axis of the tip we can change the single–domain con-
figuration of the tip into a multi–domain configuration. This is consistent with
other experiments described in literature [141, 142].

4.2.2 Switching behavior

When the CantiClever probe is used in probe recording experiments, the mag-
netic field required to switch the tip is a very important parameter. This value
needs to be lower than the coercive fields of typical media used for probe record-
ing, as pointed out in chapter 1.2. An investigation into the switching behavior
of the magnetic tip of the CantiClever probe is presented in this section.
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5 µm

Figure 4.17: MFM image showing the domain state of the tip after satura-
tion in a magnetic field perpendicular to the long axis of the tip.

Measurements

The switching behavior was studied with VSM measurements of the hysteresis
loop of an array of tips. Because the amount of magnetic material on the test
samples is very small compared to a sample with a continuous magnetic film,
the measurements were complicated by unwanted contributions to the magnetic
signal from the sample holder and the substrate of the test samples. To overcome
this problem, a reference test sample without magnetic material was measured
first. After the test sample with the cobalt tips was measured, the response of the
reference sample was subtracted from the VSM measurements. This procedure
was repeated for every measurement.

For all four different samples described in section 4.1.3, the hysteresis loop
was measured. The magnetic field in all of the measurements was aligned par-
allel to the long axis of the tips. The hysteresis loops of the samples that contain
214 nm thick silicon nitride planes are shown in figure 4.18. The width of the
cobalt tips is smaller than the thickness of the planes, as explained before. The
thickness was determined from VSM measurement of a calibration sample. The
thickness of the tips on the samples was 163 and 118 nm. The length of the tips
was 35 and 29 µm respectively.

In figure 4.19, the hysteresis loops of the tips deposited on the 57 nm thick
planes are depicted. The thickness of the cobalt layer was in these cases 103 and
54 nm. The length of the tips on these samples was 35 and 29 µm respectively.

The hysteresis loop of all the tips first show a small decrease when the field
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Figure 4.18: VSM hysteresis loop of 100× 163× 35000 nm3 (top) and 100×
118× 29000 nm3 tips (bottom).

is reduced from saturation followed by a sharp change into the reversed direc-
tion at the coercive field strength. Experiments done by others show a similar
switching behavior [143, 144, 145, 131]. The macroscopic magnetic properties of
the four samples have been determined from the hysteresis loops and summa-
rized in table 4.1.

The value of the magnetic moment should drop as the volume of the tips
decreases. The results from the VSM measurements do not show this trend.
The remanent magnetization of the sample that has tips with a volume of 57 ×
54 × 29 · 103 nm3 is even higher than that of the samples with tips that measure
57 × 103 × 35 · 103 nm3 and 100 × 118 × 29 · 103 nm3. This could be a result
of the deposition method that was used. The shadow effect during the deposi-
tion may cause the variations in magnetic moment that we measured. On the
samples with 214 nm planes the side edge was not completely covered. When
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Figure 4.19: VSM hysteresis loop of 57 × 103 × 35000 nm3 (top) and 57 ×
54× 29000 nm3 tips (bottom).

Tip
dimensions

(nm3)

Coercive
field Hc

(kA/m)

Saturation
magnetization

Ms

(µAm2)

Remanent
magnetization

Mr

(µAm2)

Squareness
S

100× 163× 35 · 103 38.5 0.12 0.04 0.33
100× 118× 29 · 103 36.0 0.08 0.04 0.50
57× 103× 35 · 103 47.5 0.08 0.03 0.38
57× 54× 29 · 103 45.7 0.11 0.07 0.64

Table 4.1: Magnetic properties of the cobalt tips obtained from VSM hys-
teresis loops.
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Figure 4.20: Simulated switching behavior of a 200× 200× 1000 nm3 tip.

the same angle is used to evaporate the cobalt on the 57 nm thick planes, some
material will be deposited on the side of the supporting silicon dioxide support
structure. This extra amount of cobalt could contribute to the VSM signal. An-
other source of variations in the remanent magnetization are variations in the
deposition angle. A 2◦ change of the deposition angle under the small angles
used in our deposition system results in an approximately 0.6 µAm2 change in
magnetic signal. Finally, the thickness is dependent on the distance between the
evaporation source and the substrate. This distance was not the same for all the
samples, because they were not all taken from the same location on the wafer.
This could also be an explanation for the differences in Ms that we measured.

Although the values of the switching field seem rather low, this doesn’t mean
that the magnetization of the tip switches easily when the tip is used for MFM
measurements. The values presented in this section were measured in a uniform
external field, whereas in MFM measurements, the stray field of the sample is
only present very close to the sample. Then only a small part of the tip inter-
acts with the stray field of the sample, and the magnetization of the tip will not
switch easily.

Simulations

The magnetization reversal process of the tips was simulated by Hermann Forster
from the Vienna University of Technology, during a three months stay in our
lab. Using a finite element model [146], the switching behavior of a 200× 200×
1000 nm3 and a 20 × 20 × 14000 nm3 tip was simulated. The tip is assumed
to be amorphous, so the crystalline anisotropy constant in the model is set to
zero. Snapshots of the switching behavior of the 200 × 200 × 1000 nm3 tip are
depicted in figure 4.20. Before the reversal process starts, the tip has a homoge-
neous magnetization parallel to the long axis of the tip. Then an external field
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Figure 4.21: Simulated hysteresis loop for a 200× 200× 1000 nm3 tip. The
numbered points in the loop correspond to the numbered domain states
from figure 4.20.

is applied parallel to the long axis of the tip but in the opposite direction. The
reversal starts with the formation of small domains at the ends of the tip, where
the magnetization rotates away from the magnetization direction of the rest of
the tip. When the external field is high enough, the remainder of the tip switches
rapidly in the opposite direction. The resulting hysteresis loop of the tip is de-
picted in figure 4.21. When returning from saturation, first the magnetization
decreases slightly. In this regime, the domains at the ends of the tip are formed.
At the switching field, the magnetization jumps over a very small field interval
to the opposite direction. For the 200 × 200 × 1000 nm3 tip, a switching field
of 32 kA/m is found. This switching behavior is in accordance with other mi-
cromagnetic models described in literature that simulate the switching behavior
of similar structures (often called magnetic nanowires) [144, 147, 148]. These
models agree with the simulations presented here on a type of non–uniform
magnetization reversal where the reversal process starts with the nucleation of
a small magnetic domain with an opposite direction of the magnetization, fol-
lowed by the propagation of the domain walls. This reversal mechanism starts
preferentially at the tip–ends or at defects within the tip and proceeds towards
the center of the tip. The initial nucleation takes place in a range of the applied
field whereas after the nucleation of a reverse domain the reversal can occur in
a very narrow field region around the coercive field [149, 150].

Simulations of a much longer but thinner wire, with a cross–section of 20 ×
20 nm2 and a length of 14 µm, resulted in a hysteresis curve with a higher
squareness compared to the loop depicted in figure 4.21. This is expected be-
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cause the relative contribution of the ends of the tip to the total magnetization
becomes smaller for longer tips. The switching field of this tip was also higher
at 177 kA/m. From this we find that the switching field increases with decreas-
ing cross–section of the wire. Similar behavior has been reported in literature
[151, 150, 131].

In the simulations, a switching field of 32 kA/m was found for a tip with a
200×200 nm2 cross section. The switching field, measured with the VSM, of the
tips with a cross–section of 100×163 nm2 and 100×118 nm2 is 38.5 and 36 kA/m
respectively. These values seem to be in good agreement with the simulations.
The trend that the switching field increases with decreasing cross-section could
also be seen in the VSM measurements of the tips with 57 × 103 nm2 and a
57 × 54 nm2 cross section. One has to note however, that the simulations use
an idealized model of the real situation. The sample in the simulations had no
anisotropy, perfectly smooth sides and the temperature was set at 0 K. As all
imperfections cause a decrease of the nucleation field, it is very likely that the
calculated values are too high. From the agreement between the simulations and
the measurements, it can be concluded that the measured values of the switch-
ing field are rather high.

4.3 Integration of a magnetic tip

The deposition of the magnetic tip on the tip plane of the CantiClever probe is
done with the same process that was used to fabricate the magnetic tips on the
test structures. The only difference is the angle of evaporation. For the fabri-
cation of the test structures an angle of 3◦ was necessary to obtain an array of
tips. When depositing the magnetic tip on the tip plane, the direction of evapo-
ration is chosen exactly perpendicular to the side edge of the tip plane. Again,
cobalt was chosen as a material for the magnetic tip. The high saturation mag-
netization of cobalt will result in a high magnetic signal on the magnetic force
microscope. Although iron and cobalt–iron have a higher saturation magneti-
zation, we did not use them as a material for the magnetic tip because of their
high sensitivity to corrosion. A SEM image of the tip plane after the cobalt is de-
posited is shown in figure 4.22. The tip plane of this probe has a thickness of 50
nm. The thickness of the cobalt layer is 30 nm. The side edge of the tip plane is
covered by a continuous layer of cobalt without any discontinuities all the way
down to the tip end. The close approximation to the ideal tip shape, a needle
with a cross section in the nanometer range and several microns in length as
discussed in chapter 2, could be realized. Due to the perpendicular direction of
evaporation, only very little cobalt is deposited on top of the tip plane. The small
isolated cobalt particles are separated from the magnetic needle on the side of
the tip plane. It is expected that these particles do not have any influences on
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Figure 4.22: Cobalt evaporated on the side edge of the tip plane. The arrow
indicates the actual magnetic MFM tip.

the behavior of the tip, as the end of the tip will be decisive for its performance
in MFM measurements. We also expect these particles to be oxidized, or at most
superparamagnetic, so that they will not contribute significantly to the magnetic
signal.

One can distinguish that the tip consists of small, rounded grains that from
a continuous layer along the complete side of the tip. It is very hard to see this
in the figure, but this might very well result in a slightly rounded end of the
magnetic tip. From the simulations, presented in section 2.3, it can be concluded
that this is a desirable property, leading to a better resolution than originally
estimated from the tip transfer curve of a tip with a flat tip–end.

4.4 Magnetic force microscopy using CantiClever MFM
tips

To determine the maximum resolution that can be achieved with CantiClever
MFM tip two types of samples were imaged. The first sample that we used
is the CAMST-II reference sample [12]. The measurements on this sample are
described in the first part of this section. The second sample is an experimental
hard disk medium that contains written tracks with several bit lengths. The
measurements on this sample are presented in the second part of this section.
For all the measurements, the CantiClever probe was mounted in a Dimension
3100 MFM from Digital Instruments [140].
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4.4.1 CAMST reference samples

The CAMST-II reference sample is a magnetic multilayer stack consisting of 20
bi–layers of 1.2 nm platinum and 1.2 nm cobalt–nickel on a 1.2 nm platinum seed
layer. This multilayer stack has a strong perpendicular anisotropy. The sample
that we imaged was AC-demagnetized.

The CantiClever probe that we used had a resonance frequency of 60 kHz
and a 50 nm thick tip plane. The thickness of the cobalt tip was 50 nm. On
the backside of the cantilever a 30 nm gold layer was deposited to improve the
reflectivity.

The MFM was operated in lift–mode at a scan height of approximately 15 nm
and a scan speed of 1 Hz. The resulting image is depicted in figure 4.23. The
black and white regions represent areas with opposite perpendicular magneti-
zation directions. This image was searched for the smallest magnetic details,
carefully discriminating topography and measurement artifacts from magnetic
features. The size of the magnetic details is measured by taking the distance
between the two points where the signal is half of the maximum signal of the
magnetic detail (full width at half maximum, FWHM). Using this procedure
magnetic features as small as 30 nm could be distinguished, as can be seen in
the line scan of figure 4.24. The sample was also imaged using a probe with a
37 nm tip plane. These measurements were comparable to the one shown here.
The roughness of the sample prohibited a smaller tip to sample distance. There-
fore, resolving magnetic features smaller than 30 nm became more a matter of
speculation than measurement. Unfortunately, the extra resolution potential of
probes with smaller magnetic tips can not be used anymore on this sample.

4.4.2 Perpendicular harddisk media

The second sample that we used to determine the performance of the Canti-
Clever MFM probe is an experimental CoPtCr-SiO2 perpendicular recording
harddisk medium, developed by Fuji Electric Company and Tohoku Univer-
sity in Japan [152]. On the 3.5 inch disk, tracks with various recording densities
are written using a single pole type head. The linear recording density ranges
from 200 kFCI up to 1.1 MFCI. This corresponds to a bit length of 127 and 23 nm
respectively.

For these measurements two different CantiClever probes, both with a reso-
nance frequency of 65 kHz were used. The first probe featured a 50 nm thick tip
plane, with a magnetic layer on the side that consists of 30 nm of cobalt, with
a 20 nm thick layer of chromium on top. This layer has the same purpose as
on the tips used to image the test samples in section 4.2.1: to protect the cobalt
from oxidation, thereby enhancing the magnetic signal and the durability of the
tip. The gold reflection layer at the back of the cantilever had the same thickness
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200 nm

Figure 4.23: MFM image of a demagnetized CAMST-II reference sample
using the CantiClever MFM probe.

30 nm

Figure 4.24: Line scan taken from the MFM image of figure 4.23. A mag-
netic detail of 30 nm (FWHM) can clearly be distinguished.
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1 µm
1 µm

Figure 4.25: MFM images of the hard disk medium showing the 200 (bot-
tom), 500 (middle) and 600 kFCI (top) tracks, imaged using a probe with a
50 nm tip plane (left) and a 37 nm tip plane (right).

as used before, 30 nm. The second probe had a 37 nm thick tip plane, with a
35 nm cobalt layer, covered by a 20 nm aluminum capping layer. Aluminium is
preferable over chromium as a capping layer material, because it forms a closed
layer at a smaller thickness. Moreover, when the aluminum oxidizes, a thin alu-
minumoxide layer is formed that prevents the layer stack from further oxidation
[153]. For convenience, the reflection layer at the back of the cantilever consisted
also of aluminum.

The MFM was again operated in lift–mode, with the scan height chosen such,
that the tip just didn’t touch the sample. The vibration amplitude was chosen
lower in the MFM pass than in the AFM pass, to allow a smaller average tip to
sample distance. Both parameters were adjusted such, that an image with an as
high as possible resolution could be obtained while maintaining a decent signal
to noise ratio and minimizing the topographical cross–talk in the image.

With the both probes, two regions of the sample were imaged that are de-
picted in figures 4.25 and 4.26. With the probe with a 50 nm tip plane, the bits
in the written tracks can clearly be distinguished up to a recording density of
600 kFCI. The bit length at this recording density is 42 nm. Section analysis
of the image from figure 4.25 showed a sharp peak in the spectrum at a wave-
length of 89 nm, corresponding to a measured bit length of 45 nm. The bits in the
700 kFCI track of figure 4.26 are much harder to see, but can still be recognized.
This track had the highest recording density at which we could still identify the
bit transitions using the probe with a 50 nm tip plane. The spectrum of this track,
shown in figure 4.27 shows a peak at a 77 nm wavelength, corresponding to a
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1 µm 1 µm

Figure 4.26: MFM image of the hard disk medium showing the 500 (bot-
tom), 600 (middle) and 700 kFCI (top) tracks, imaged using a probe with a
50 nm tip plane (left) and a 37 nm tip plane (right).

measured bit length of 39 nm.

77 nm

Figure 4.27: Frequency spectrum taken from the 700 kFCI track of figure
4.26. The peak corresponding to the wavelength of the written track can be
seen at 77 nm, corresponding to a measured bit length of 39 nm.

As expected, the probe with a 37 nm tip plane enabled bits to be resolved
in tracks with higher recording densities. With this probe, bit patterns could be
imaged up to 1 MFCI, as shown in figure 4.28. The spectrum is shown in figure
4.29. A peak can be observed at 54 nm, resulting in a measured bit length of
27 nm. The slightly larger values for the measured bit lengths are probably due
to a lower spinning speed of the medium during the writing of the tracks.
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400 nm

Figure 4.28: MFM image of the 1 MFCI track on the hard disk medium.

54 nm

Figure 4.29: Frequency spectrum taken from the 1 MFCI track of figure
4.28. The peak corresponding to the wavelength of the written track can be
seen at 54 nm, corresponding to a measured bit length of 27 nm.

MFM images like the ones presented in this section are used in the record-
ing industry to study the recording process and determine the performance of
the head and medium. A couple of observations can be made from the MFM
images we obtained. First, for all but the largest bit patterns, the written bits
are smaller than the intrinsic domain size. Second, the bits have a banana–like
shape, caused by the geometry of the (single pole type) recording head. Third,
one can see variations in the width of the tracks. This is probably a result of
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the DC erasure prior to the recording of the track. As this is a perpendicular
medium, the thermal agitation is the most severe at large wavelengths. DC eras-
ing almost corresponds to recording with very low recording density. However,
it is unlikely that the magnetic clusters formed at track edge have a significant
influence on the bits patterns, since the track width of the patterns is relatively
large [154]. Finally, above 1 MFCI, no bit pattern could be observed anymore.
This could be because our tip and/or microscope is not good enough to resolve
the bits. Another possibility is that the bit patterns are not there anymore. If
the 1 MFCI track was recorded very clearly with saturation recording, the bit
patterns are probably very stable. However, the original patterns at the high-
est densities were not so clear, which indicates non–saturated recording due to
a low field–gradient of recording head [154]. Although the medium should be
very thermally stable at smaller wavelengths, badly written bit patterns could
be erased by thermal agitation.

In conclusion, magnetic features that are smaller than the cross–section of
the magnetic tip on the CantiClever probe could be distinguished on both the
CAMST-II reference sample and the hard disk medium. Clearly, there seems to
be no gap-zero effect. This is in agreement with the the simulations of the tip
presented in section 2.3, that predict that smaller magnetic features than the tip
cross–section can be resolved if the tip–end has an ellipsoidal rather than a flat
shape.

4.5 Conclusion

The use of the CantiClever probe for MFM measurements has been discussed in
this chapter, along with an analysis of the magnetic properties of the MFM tip.

Special test structures were designed to be able to measure the magnetic
properties of the tip. On a 100 mm wafer, multiple arrays measuring 8× 8 mm2

containing approximately 160,000 silicon nitride islands were defined that closely
resemble the tip plane on the CantiClever probe. Using a glancing angle evap-
oration method, magnetic tips with cross–sections down to 57 × 54 nm2 were
deposited on the sides of these planes. SEM images revealed that the tips con-
sisted of small, densely packed columns of cobalt. The angle of evaporation
proved to be a key factor that needs to be precisely controlled to successfully
fabricate an array of tips.

Studies of the magnetic properties of the tips on the test structures using
MFM showed that the tip consists of multiple magnetic domains in the as–
deposited state. After an external magnetic field of 800 kA/m is applied parallel
with the long axis of the tip, the domain configuration changes into a single do-
main state, as desired for MFM tips. When the same magnetic field is applied
perpendicular to the long axis of the tip the single–domain configuration of the
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tip could be changed back into a two–domain configuration. This is consistent
with other experiments described in literature.

When the magnetic tip is used for probe recording, the magnetic field re-
quired to switch the tip is a very important parameter. Therefore, the rever-
sal behavior of the tips was studied by VSM measurements and micromagnetic
simulations. The switching fields determined from VSM measurements ranged
from 36 to 48 kA/m. This value is much lower than the coercive fields of typi-
cal media used in probe recording systems, so the CantiClever tip can be used
for this application. Furthermore, the switching field increased with decreasing
cross–section of the tip. The value of the switching field resulting from the sim-
ulations showed similar values as those determined from the measurements.
Moreover, the simulations showed that the magnetization reversal of the tips
takes place by nucleation of reversed magnetic domains at the edges of the tip,
after which the magnetization reversal takes place by the displacement of the
domain walls towards the center of the tip.

Integration of a magnetic tip on the CantiClever probe itself has been done
using a similar evaporation process as used in the fabrication of the test struc-
tures. The only difference is the angle of evaporation; it was set to zero for evap-
oration on the probes. An SEM image of the tip plane after deposition showed a
nicely defined tip, with only very little cobalt on top of the tip plane. The shape
of the tip closely resembled the ideal tip shape.

To determine the maximum resolution that can be achieved with CantiClever
MFM tip two types of samples were imaged: the CAMST-II reference sample
and an experimental hard disk medium that contains written tracks with several
bit lengths. The MFM we used is a Dimension 3100 MFM from Digital Instru-
ments. On the CAMST-II samples, magnetic details as small as 30 nm could be
observed, limited by the roughness of the sample. On the hard disk medium,
which is much more flat, bit transitions could be identified up to 1 MFCI, cor-
responding to a bit length of 25 nm. The measured bit length on this track was
slightly larger at 27 nm. In agreement with the the simulations of the tip shape,
smaller magnetic features than the tip cross–section could be resolved due to the
ellipsoidal shape of the tip–end.



Chapter 5

The integration of a
magnetoresistive sensor

In this chapter, an investigation will be presented into integrating an active sen-
sor element with electrical connections on the CantiClever probe. We have cho-
sen for a magnetoresistive sensor as the active element for two reasons.

First, such a probe can be used in scanning magnetoresistance microscopy
(SMRM) [155] [156]. Although the spatial resolution of this microscopy tech-
nique is less than that of MFM, it has several advantages. The signal is easier to
quantify than that of MFM, the contact mode of operation makes it easier to im-
plement and reduces the crosstalk of topography into the magnetic signal and
finally the technique has relatively low costs. In the work of Yamamoto et. al.
[155] and O’Barr et. al. [156], commercial MR heads were used as a probe. The
resolution in this case is limited by the dimensions of the MR elements. To over-
come this limitation, Phillips et. al. [157] used focussed ion beam (FIB) milling
to reduce the size of the air–bearing surface of a yoke–type MR tape head. More
recently, Nakamura et. al. developed a cantilever with an integrated MR sensor
for SMRM that enables the simultaneous imaging of surface topography and
magnetic stray field distribution [158, 159].

Second, the magnetoresistive CantiClever can be used as a probe in a proto-
type of a magnetic probe recording system. As described in chapter 1.2.2, one
could either use a magnetic force probe or a magnetoresistive probe. In a record-
ing mode based on MFM, the tip to medium distance must be controlled for each
tip individually (varying when writing or constant when reading). This greatly
increases the complexity of the total probe storage device. In a recording mode
that uses MR–type probes, the tip is at a constant distance from the medium or
even in contact with the medium. This would require only a very limited feed-
back control system to control the distance between the entire tip array and the
medium, or none at all, thereby greatly simplifying the probe recording system.
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Current
distribution

Magnetization
distribution

Figure 5.1: Simulating the MR effect of a permalloy triangle. The left image
shows the current distribution in the element and the contact leads (strip
and dot). The right image shows the domain state of the element as it is
scanned over the medium.

Such an approach was chosen in the Millipede from IBM [21], where there is no
individual tip to sample feedback for each probe.

The investigation starts with micromagnetic simulations of various shapes
of the MR element and locations of the electrical contacts to determine the opti-
mal shape and contact geometry. Then, the realization of such a sensor and the
electrical contacts using a CantiClever probe is presented. Finally, the MR sen-
sors were fabricated on a silicon wafer and characterized with MFM and Kerr
microscopy.

5.1 Simulations of the MR effect

To study the MR response of a permalloy element integrated on the tip plane of
the CantiClever probe, simulations were carried out by Klaus Ramstöck using
his micromagnetic simulation package MagFEM3D [160]. To be able to simu-
late the MR effect of the permalloy elements, the package has been extended so
that the current distribution inside the element could be calculated with a finite
element method.

For all the simulations in this section, the following setup was used, depicted
schematically in figure 5.1. All the elements consist of a 20 nm thick permalloy
layer that has a specific resistance of 90 mΩcm. In the simulations, the element
is scanned over a magnetic medium at a constant height of 5 nm. The magnetic
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1 2 3 4

Figure 5.2: The four different setups for contacts to the MR element that
were simulated.

medium is a 30 nm thick film having a saturation magnetization of 400 kA/m.
In the medium, a bit pattern is written with a bit length of 480 nm in case of the
triangle shaped elements and of 960 nm in case of the optimized shapes. The
cell size of all the simulations presented throughout this section is smaller than
4× 2.5× 4 nm3.

5.1.1 MR response of a triangular tip

As a starting point, the shape of the permalloy element was chosen to be iden-
tical to the tip plane of the CantiClever probe as shown in figures 3.2 and 3.16.
The outer dimensions of the simulated element were 600×700 nm2. The magne-
tization pattern of the element was simulated as it scanned over the bit pattern.
Subsequently, the current distribution in the element due to the contacts and the
resulting MR response is calculated for four contact geometries, shown in fig-
ure 5.2. The results of the simulations for each setup when scanning over the
medium is shown in figure 5.3.

From figure 5.3 it can be concluded that the highest signal could be obtained
when one of the contacts is located at the ultimate tip end (geometry 2, 3 and 4).
When the contacts are placed at both sides of the triangular element (geometry
1), the signal drops significantly, but this geometry has the advantage that it is
much easier to realize. The maximum absolute MR response calculated for a
triangular shaped element is only around 0.04 Ω, with a resistance of the total
element of 125 Ω. From these simulations it can be concluded that a sharply
pointed element is not a good choice. The triangular element consists of several
large domains, which are pinned and therefore not influenced by the stray field
of the sample. To improve the MR response, the shape of the element has to be
optimized. These efforts are discussed in the next section.
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Figure 5.3: MR response of the triangular shaped elements with the four
contact geometries. The arrows and lines in the bottom part of the graph
indicate the bit pattern and its magnetization direction.

5.1.2 Optimization of the tip shape

Simulations of a triangular element indicated that only the part of the element
closest to the medium is affected by the stray field from the medium. To get a
higher MR signal from the element, the shape of the element has to be optimized
in two ways. First, a larger part of the element must be close to the medium. As
is the case with pole sizes in perpendicular recording heads, the tip radius must
be adjusted to the desired resolution. In this case, the same size, or slightly larger
than the bit length. Second, only the part of the current that flows through the
region of the element affected by the medium stray field will contribute to the
MR signal. Therefore, the current must be guided there.

The result of these optimizations is depicted in figure 5.4. The end of the
element has been flattened to increase the “contact area”. A cut has been made
in the middle part of the triangle to force the current to flow more closely to
the bottom part of the element, as can be seen in figure 5.4. This 785 × 875 nm2

shape results in a large increase in the MR signal, as depicted in figure 5.5. If
the electrical connections to the element are positioned at the top of each “leg”,
then the absolute MR signal increases to 0.18 Ω (labeled “optimized 3” in figure
5.5). Forcing the current to flow even more close to the tip end by making one
of the connections close to the tip end further increases the absolute MR signal
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Figure 5.4: MR element optimized to get a higher MR signal. The left image
shows the magnetization distribution when going over a bit with magne-
tization pointing upwards, the right image when scanning over a bit mag-
netized downwards. The needles indicate direction of the magnetization.
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Figure 5.5: MR response of the optimized elements and that of the best
triangular element.
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Current distribution

Magnetization

Figure 5.6: Current distribution and magnetization of the three MR ele-
ments: triangle (left), optimized shape 2 connected at the top and at the tip
(middle) and optimized shaped 3 with two connections at the top (right).

to 0.24 Ω (curve labeled “optimized 2” in figure 5.5). It was found that the fields
induced by the current flowing through the elements didn’t influence the mag-
netization of the elements. The results of the simulations are summarized in
table 5.1 and figure 5.6.

AMR1(%) ∆R (Ω) R0
Best triangle ˜0.01 0.04 125
Optimized 3 0.017 0.18 354
Optimized 2 0.041 0.24 192

Table 5.1: Summary of the micromagnetic simulations.

Two remarks must be made regarding figure 5.6. First, because there is no
current flowing in this part of the element, the middle part of the optimized
shapes was left out in the current distribution images. Second, because the only

1AMR is the percentage of the maximum MR response, taken to be 3% in the case of permalloy.
The resistance of the elements is then calculated as: R = R0(1 + 0.03 ·AMR).
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difference between “optimized 2” and “optimized 3” is the position of the elec-
trical contacts, the magnetization image of both optimized shapes is the same.

5.2 Realization of an MR sensor on the CantiClever

Due to time constraints, the development of an integrated fabrication process
for making an MR sensor on a CantiClever probe was avoided by inventing a
method to integrate an MR sensor on an already finished CantiClever probe.
The method consists of two main parts: the deposition of the MR element on
the tip plane and the fabrication of the electrical connections to the element. A
schematic representation of how the finished probe should look like is shown in
figure 5.7.

Tip plane

MR element

Bondpad

Figure 5.7: Schematic picture of the CantiClever MR probe.

5.2.1 Deposition of the MR element

The MR element had to be deposited on the tip plane of an already finished Can-
tiClever probe. To be able to do so, one must be able to deposit the material that
makes up the MR element only on the end of the tip plane. Shadow evaporation
was chosen as the deposition method to accomplish this. The cantilever of the
probe acts as the shadow mask, as shown in figure 5.8. Permalloy (Ni82Fe18)
was chosen as the material for the MR element.

A special holder was built for this purpose, which is shown in the middle
and right image of figure 5.8. The holder has a diameter equal to that of a 3
inch silicon wafer, to enable an easy fit in our MBE system. On the holder, 5
probe holders can be mounted, each offering space for six probes. Each of the



100 The integration of a magnetoresistive sensor
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Figure 5.8: Shadow evaporation of permalloy on the CantiClever probe.
The left image shows the principle of using the cantilever of the probe as a
shadow mask. The middle and right image show the holder designed for
the evaporation. Only one of the possible five probe holders is mounted.

2 µm

Figure 5.9: SEM image showing the NiFe film (bright area) deposited by
shadow evaporation on the backside of the tip plane.

six probes is mounted under a different angle (ranging from 0◦ to 12.5◦) to obtain
different angles of evaporation. In this way, deviations in cantilever width can
be compensated for and the shadow length can be varied. Besides for the probes,
the holder also offers the space for two 1 cm2 reference samples. With one sam-
ple the magnetic properties of the NiFe can be measured. With the other sample
the deposition angle and direction can be checked by measuring the length and
direction of the shadow from a small pillar.

A 20 nm thick NiFe film was evaporated onto the probes using the holder.
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Figure 5.10: Dependence of the shadow length on the evaporation angle
during the shadow deposition of NiFe.

An SEM image of the deposited film is shown in figure 5.9. The permalloy can
be distinguished as the brighter area on the tip plane. The shadow evaporation
technique succeeded in depositing a nicely defined, isolated NiFe element on
the end of the tip plane. From SEM images, the length of the shadow for each
evaporation angle was measured. These values were compared to the expected
values from the geometry of the holder and measurement of the angle reference
sample. The result is depicted in figure 5.10.

The measured shadow lengths are in good agreement with the calculated
values for a 30 µm wide cantilever. The deviations from the calculated values
are most certainly due to width variations of the cantilever. The probes used
in this measurement were taken from a wafer where the width of the cantilever
varied from 28 to 47 µm. The measurement shows that the holder for shadow
evaporation works as desired.

5.2.2 Fabrication of the electrical contacts

The fabrication of wires to the NiFe element on the tip plane using standard
thin film deposition methods and photolithography is not possible after the can-
tilever has been etched free from the substrate. To do this, another method had
to be found. In this project, deposition of a metallic wire using an FIB system
has been chosen as the method for fabricating the electrical connections to the
MR sensor.
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Ion beam induced deposition

Deposition of a metallic thin film in a FIB system is based on the principle of
ion beam induced deposition (IBID), first demonstrated by Gamo et. al. in
1984 [161]. Material is deposited on the substrate surface when the ion beam
(usually consisting of gallium ions) interacts with a layer of gas molecules, ad-
sorbed on the surface. This so–called precursor gas consists of metal halide or
organometallic molecules such as WF6 to deposit tungsten [162] or C7H7F6O2Au
to deposit gold [163]. As a result, the molecules are disassociated into a volatile
part that evaporates and a nonvolatile part that deposits on the surface [164].
This technique is used in a large number of applications such as repairing X-ray
masks [165] and integrated circuits [166]. For the latter application, deposition of
platinum from (CH3)3CH3C5H9Pt gas is used. The platinum does not contam-
inate the integrated circuit and is inert so it does not degrade when exposed to
air or high current densities [167, 166]. Since this was the only material available
at the time in our FIB system, we decided to use this as a material for fabricating
the connections to the MR element.

Realization of the connections to the MR sensor

After the MR sensor has been deposited on the tip plane of the CantiClever
probe, an insulating layer consisting of 70 nm of silicon oxide was applied using
sputtering (to ensure good step coverage) before the contacts were made. This
prevents not only damage to the NiFe element due to implantation of gallium
ions during the FIB processes, but also shortcuts between the connections by
leakage currents through the silicon cantilever.

The deposition of the electrical connections to the MR sensor was done in
two separate FIB steps, because there is a 90◦ angle between the two parts of
the probe on which the connections have to be made (i.e. the tip plane and the
cantilever). The maximum tilt angle of our FIB system, a FEI FIB200, is only 45◦.
At these tilt angles, great care has to be be taken to avoid damage to the sample
and the FIB system caused by contact between the gas nozzle for the precursor
gas and the sample. In the first step, all the structures on the tip plane were
made. After that, the sample was re–mounted, rotated 90◦ with respect to the
first deposition step to deposit the structures on the cantilever.

First, the contacts to the MR sensor were made. To be able to make contact to
the NiFe through the protection layer a staircase structure with small steps was
milled trough the silicon oxide–NiFe–silicon nitride stack. One of the contacts
to the MR sensor is shown in figure 5.11. The image was taken during the FIB
process by using a low beam current. The NiFe can be clearly distinguished in
the middle of the staircase by its different structure, and one can even observe a
hole, where the FIB milled through the complete tip plane. The dimensions of
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Figure 5.11: One of the connections to the NiFe layer by FIB milling of a
staircase.
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Contact
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Figure 5.12: The contacts to the MR sensor and the wires running over the
tip plane to the cantilever.

the staircase were 0.5 × 1 × 0.1 µm3 at a beam current of 11 pA. After this has
been done, the whole staircase is filled with platinum, and the connecting wire
to the cantilever is deposited on top. The first part of the wire has a cross–section
of 300 × 200 nm2, the second part 600 × 300 nm2. The beam current in this case
was also 11 pA. The contact holes filled with platinum and the wires on the tip
plane are shown in figure 5.12. Note the part of the wire that runs from the tip
plane onto the cantilever. To be able to deposit this wire, the stage of the FIB
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Figure 5.13: The bondpads on the base of the probe (left image) and the
wires on the tip plane and end of the cantilever (right image), deposited by
FIB.

system was tilted to 45◦. The resulting wire consists of connected, ellipsoidal
shaped islands. The same effect when depositing under an angle that departs
from the normal to the surface is reported by Tao et. al. and may be due to a
shadowing effect [167].

Subsequently, the wires on top of the cantilever and the bondpads were de-
posited. The wires have to run all the way from the tip to the base of the probe,
in total around 250 microns. The cross–section was increased to 2×1 µm2 to im-
prove the conductivity and larger beam currents up to 350 pA have been used to
keep the deposition time within reasonable limits. The bondpads are 50×20 µm2

in size and were deposited at a beam current of 1 nA for 10 minutes. The results
are depicted in figure 5.13. An FIB image of the complete MR probe is shown
in figure 5.14. Note the trenches on both images of figure 5.13. These trenches
were made using FIB milling to avoid a short circuit between the wires. If one
looks at figures 5.12 and 5.13, there is a bright area around the deposited wires.
This is also platinum, deposited during the FIB process. If the deposition time
is short and the beam current is low (low ion dose), this layer is hardly conduct-
ing as the resistivity strongly increases at low ion doses [167]. With the thicker
structures that were deposited, higher ion doses were used, so this layer might
become a problem. To avoid this, a trench was milled along the complete can-
tilever to provide sufficient electrical isolation.
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5 µm100 µm

Figure 5.14: The complete MR probe after the contacts and all the wires
have been made using FIB techniques.

5.2.3 Measuring the MR response

The resistance between the bondpads on the MR probe was measured using a
probe station. The resistance of the structure was 12 kΩ. This value was con-
sistent with estimations of the resistance of 13 kΩ using the specific resistance
of the deposited platinum. The specific resistance was found by measurements
on test samples to be 1930 µΩcm, or 19.3 Ω/square at a thickness of 1 µm. This
value lies within the specifications of the FIB system we used that state a value
between 10 and 20 Ω/square at a thickness of 1 µm [168]. This proved that elec-
trical contacts to the MR sensor can be made using FIB deposition of platinum.

Unfortunately, no MR response could be measured when the sensor was
placed in an external magnetic field. Measurements using the probe station
equipment situated in the MESA+ cleanroom failed because the equipment was
not sensitive enough to detect the very small changes in resistance, with the
high resistance of the FIB deposited connections. Attempts to use wire bonding
to make contact to the bondpads were unsuccessful. This prevented measure-
ments using a more sensitive measurement setup.

To find out whether the MR response can be measured if the wire bonding
had been successful, one can calculate the signal to noise ratio (SNR) of the fab-
ricated MR probe. If one assumes that the source of noise in the MR probe is
dominated by thermal noise of the resistive contact leads then the expression
for the rms noise voltage becomes [169, 170, 171]:

Vnoise,rms =
√

4kTR∆f (5.1)

Where k is the Boltzmann constant, T the absolute temperature, R the resistance



106 The integration of a magnetoresistive sensor

and ∆f the bandwidth of the measurement. Assuming a sinusoidal MR signal,
the rms value of the MR response can be written as:

Vsignal,rms =
1
2

√
2(

∆R

R
)IR (5.2)

Where ∆R is the absolute change in resistance due to the MR effect, R the total
resistance including the contacting platinum wires and I the current flowing
through the sensor. The signal to noise ratio can then be obtained by combining
both equations:

SNRdB = 20 log

[
1
2

√
2

(∆R
R )IR

√
4kTR∆f

]
= 20 log

[
I∆R√

8kTR∆f

]
(5.3)

In the calculation of the SNR, we assume that the maximum current that can
flow through the structure is limited by electromigration effects. For most met-
als, electromigration starts to occur at a current density of 109 to 1010 Am−2

[172]. For platinum a measured value of 3 · 1011 Am−2 could be found in liter-
ature, but only during short current pulses [173]. Therefore, in the calculations
below, the value of 109 Am−2 will be used. The smallest platinum wire present
on the structure has a cross section of 60 ·10−14 m2, so the maximum current that
can be put through the MR sensor is 60 µA. The absolute resistance change due
to the MR signal in a triangular element determined from simulations is 50 mΩ
(see section 5.1.1), while the resistance of the complete structure is 12 kΩ. Fur-
thermore, we assume that the measurement will be done at room temperature
(300 K) in a 1 Hz bandwidth. Filling all these values into equation 5.3 results in
a signal to noise ratio of 44 dB.

Although this value indicates that measurement of the MR signal on the fab-
ricated probe should be possible if contacts to the bondpads can be made prop-
erly using wire bonding and a sensitive measurement setup is used, there are a
few practical problems that may very well prohibit a successful measurement.
In the calculation given above, the high resistance of the wires and contact resis-
tance of the wirebonds are assumed to be constant. It is very likely that this will
not be the case in a real measurement. The resistance of the FIB deposited wires
will vary due to heating because of the current and changes in ambient tempera-
ture. The contact resistance of the wirebonds will vary during the measurement
because of the current and mechanical reasons. This could very easy be larger
than the MR signal.

One could think of several solutions (or a combination thereof) to solve the
problem. First of all, the use of a more advanced measurement setup that uses
a four–point measurement instead of a two–point measurement to measure the
resistance. This however implies that twice the amount of FIB processing has to
be done, which is quite time consuming. The FIB deposition of the two connec-
tions is already stretching the capabilities of the FIB system. Second, one could
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shift the measurement band to a higher frequency by modulation of the signals.
This could be realized with a lock–in amplifier. Third, one could try to lower the
resistance of the wires to the MR sensor. For this, there are several possibilities.
The first is to decrease the length of the wires by fabricating the MR sensor onto
a CantiClever probe with a shorter cantilever. These are readily available, so this
could be done with relative ease. The second possibility is to reduce the resis-
tance by optimizing the FIB deposition process of platinum or to use gold for FIB
deposition. For platinum deposited by FIB specific resistances down to 70 µΩcm
are reported in literature [167], which is much lower compared to the 1930 µΩcm
we measured. Even better results were obtained by deposition of gold, where a
value of 7 µΩcm could be achieved, very near to that of pure gold (2.44 µΩcm)
[174]. In conclusion, the use of a lock–in amplifier and two connections, with
much lower resistance, to the MR sensor seems to be the most promising way to
be able to measure any MR response from these kind of prototype MR probes.

5.3 Magnetoresistive sensors on a wafer scale

As described earlier in this chapter, no magnetic response could be measured
from the MR sensor fabricated on the tip plane of the CantiClever probe. To
verify the results of the simulations, to be able to measure the response of an MR
sensor that can be integrated on the probe and to reduce the turn-around time
in sensor optimization, the MR elements were fabricated on a silicon substrate
with electrodes [175].

5.3.1 Design and fabrication

On a 100 mm wafer, 5 × 5 mm2 square chips have been defined. Along the
sides of these squares, the elements are situated for MR measurements. In this
way, the required bondpads can be placed at the edges of each square for easy
wirebonding. Most of these elements have 4 contacting wires to enable a four–
point resistance measurement. On some of these squares, the area in the middle
of the chip is filled with an array of elements to enable other measurements like
MFM and Kerr microscopy. The principle layout is depicted in figure 5.15.

There are three different type of elements present on the wafer. The first
type of element has the same shape as the MR element that was made on the
probe, as described in section 5.2. The dimensions are chosen the same as those
of the tip plane. The second type of element have the basic shape of the ele-
ments that were tuned for higher MR response using the micromagnetic simu-
lations (see figure 5.4). The third group of elements are simple rectangles. As
the smallest dimensions of the elements are restricted by the lithographic line of
the MESA+ cleanroom to 2 µm, these can be structured by FIB milling into any
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Element
array

Figure 5.15: Principle layout of the mask for the MR elements showing one
of the 5×5 mm2 square chips (left) and an individual element with its four
contacts (right).

desired shape.
The fabrication process for the MR elements requires two masks: one to de-

fine the permalloy elements, and one to define the electrical connections. An
overview of the fabrication process is as follows:

• The structures are made on a standard 100 mm 〈100〉 wafer. The wafer is
first oxidized in a wet oxidation process to create a 500 nm thick silicon
dioxide layer. This layer provides the insulating substrate needed for the
structures on top.

• The permalloy elements are defined using a lift off process. The permal-
loy layer is deposited using sputtering on top of the photoresist patterns,
made with the use of the first mask. After the deposition, the unwanted
parts of the permalloy layer are then removed by dissolving of the photore-
sist, leaving the permalloy elements behind. The thickness of the permal-
loy was 70 nm.

• The electrodes and bondpads are defined in a similar lift– off process. The
electrodes are made out of a 500 nm thick layer of aluminum, deposited
using e–beam evaporation. The second mask is used in this step, aligned
to alignment marks defined in the previous step.

5.3.2 Results

Two of the finished elements are depicted in figure 5.16. The left one shows a
element that has the shape of the tip plane of the CantiClever. The two con-
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20 µm20 µm

Figure 5.16: Two types of lithographically defined permalloy elements.
The triangle element shaped like the CantiClever tip plane (left image) and
the U–shape as determined from simulations (right image).

nections made here are corresponding to the configuration that gave the highest
MR response in the micromagnetic simulations: one at the top of the triangle
(left electrode) and one at the end of the ‘tip’ (right electrode). The right image
shows one of the elements shaped similar to the optimized structures from the
simulations, except for the part in the middle that is present on the simulated
structures, but couldn’t be fabricated using lithography. These elements have
four electrodes to enable a four–point resistance measurement.

Rectangle elements were included on the wafer to be modified by FIB milling.
One of the elements that has been shaped using FIB milling is depicted in fig-
ure 5.17. The dark recessed areas in the middle of the image are the parts of
the structure that have been milled away. The remaining element itself is visi-
ble as the bright U–shape in the middle of the image, with the two aluminum
electrodes on each side.

5.4 Magnetic characterization

The (not FIB etched) U–shaped permalloy elements described in the previous
section were analyzed with three measurement methods. The remanent magne-
tization state was studied using MFM, and the switching behavior with in–plane
Kerr microscopy and MR measurements.

5.4.1 Domain imaging using MFM

The domain state of the element in zero magnetic field was imaged with the
MFM in two different conditions. The elements were saturated with a magnetic
field oriented parallel to the “legs” of the element and perpendicular to the legs
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Figure 5.17: Permalloy element modified with FIB milling to resemble the
optimized shape determined from the simulations.

of the element. The MFM and the tips that were used are the same as those
described in section 4.2.1. The result is shown in figure 5.18.

5 µm 5 µm

Figure 5.18: MFM images of the permalloy images, showing the remanent
domain structure after saturation in a magnetic field perpendicular to the
legs (left) and parallel to the legs (right).

Both elements show a complicated domain structure at the sensing part of
the element (i.e. the connection between the legs), regardless of the orientation
of the magnetic field that was used to saturate them before the measurement.
This is not a desirable situation if the sensor is used for reading in a probe record-
ing system, as it is a major source of noise. It can be concluded that biasing of
the element will be necessary to be able to use the sensor for reading. However,
the test sensors used here are relatively large. As the dimensions decrease, the
number of domains will decrease as well. For small elements no domain walls
fit inside the structure anymore, as can be seen in the micromagnetic simulations



5.4 Magnetic characterization 111

of figure 5.6.

5.4.2 Kerr microscopy measurements

The switching behavior of the elements in an external field could be imaged
on our home–built Kerr microscope. This microscope is capable of measuring
the longitudinal and polar Kerr effect and is equipped with an electromagnet to
enable measurements of samples in an external field [176]. The following mea-
surement procedure was used to measure the MR elements. First, the element
was saturated with a magnetic field of 1000 Oe (80 kA/m) parallel with the legs
of the element. Subsequently the field was reduced to zero, taking the back-
ground image (for substraction of the topographic information) at 100 Oe. After
that, the field was increased in the opposite direction and a series of images was
taken, that captured the switching of the element. The results are displayed in
figure 5.19.

Figure 5.19: Longitudinal Kerr microscopy images showing the switching
of the element. The saturated state is displayed on top, followed by switch-
ing of the first leg (middle) and the second leg (bottom).

From these images, the switching of the legs can clearly be seen. The lower
leg switches at 20 Oe and the upper at 50 Oe. The magnitude of the magnetic
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field is however not very precise, as the field was not measured during the mea-
surements and a relatively large electro-magnet was used, that exhibits a rema-
nent magnetization that is in the same order of magnitude as the small field
values at which the legs switch.

What happens at the sensing part of the element cannot be distinguished
from the images. The fringes present at the edges of the element that prevent
this are caused by the substraction of the topographic image. For application
as a read sensor in a probe recording system, switching of the legs is probably
not of great influence on the response of the sensor, as the stray field from the
medium is only present very close to the medium surface. If the same sensor is
used for writing however, it is important that the legs return in the anti-parallel
position after the external field is removed, to avoid unwanted domain walls in
the sensing part of the element.

5.4.3 MR measurements

The MR response curves of the elements to an external applied field were also
measured. The magnetoresistance was measured using a Stanford Research
SR830 DSP lock-in amplifier with a computer interface. The MR response proved
to be 0.27% when the field was applied parallel to the legs of the element, as
shown in figure 5.20. When the field was applied perpendicular to the legs, the
MR response was 0.63%.
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Figure 5.20: MR response curve of the element with the field applied par-
allel to the legs (left) and perpendicular to the legs (right).

The spikes that are visible in the left image of figure 5.20 might be due to the
switching of the legs, as observed in the Kerr microscopy images. The spikes oc-
cur at small values of the magnetic field, centered around zero, which is different
from the field values obtained from the Kerr images. This difference might be
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explained by the remanent field (and hysteresis) of the magnet in the Kerr micro-
scope. Further investigations are necessary however to give a solid explanation
for the spikes in the MR response.

5.5 Conclusion

An investigation of the possibilities of the CantiClever probe for the integration
of another sensor besides an MFM tip has been presented in this chapter. A
magnetoresistive element together with the electrical connections was chosen as
the sensor because the resulting probe could be used for SMRM and serve as a
prototype of a probe that can be used in future probe recording systems.

The absolute MR response of such a sensor was simulated using a micromag-
netic simulation package expanded to also calculate current densities. A sensor
with the same shape as the CantiClever tip plane was simulated first, determin-
ing the optimum location of the connections to the sensor. The MR response
proved to be the highest if one of the wires was connected at the ultimate tip
end. However, the absolute MR response calculated for this geometry proved
only to be about 0.04 Ω. From these simulations could be concluded that a very
pointed tip is not a good choice because only the part of the element closest to
the medium is affected by the stray field from the medium. The shape of the
sensor was optimized by adjusting the tip radius to the desired resolution and
focussing the current as close as possible to the tip end. These designs resulted
into a higher absolute MR response, with the best geometry having an MR re-
sponse of 0.24 Ω.

To avoid the development of an integrated fabrication process for making an
MR sensor on a CantiClever probe, a method was invented to integrate an MR
sensor on an already finished CantiClever probe. The MR element was realized
on the back of the tip plane by means of shadow evaporation of permalloy, us-
ing the cantilever of the probe as a mask. In this way, a 20 nm thick isolated
magnetic element could be deposited at the end of the tip plane. The electrical
connections to the element were made using the deposition of platinum in an
FIB system. To avoid leakage currents through the silicon cantilever and to pro-
tect the permalloy elements from the ion radiation of the FIB, a layer of silicon
oxide was sputtered on top of the permalloy element and the cantilever. On
top of this layer, the wires and bondpads were successfully deposited and con-
tact to the sensor could be established. The resistance of the total structure was
measured using a probe station to be 12 kΩ. This value was consistent with esti-
mations of the resistance using the specific resistance of the deposited platinum,
measured to be 1930 µΩcm.

Unfortunately, no MR response could be measured when the sensor was
placed in an external magnetic field. The probe station equipment used was
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not sensitive enough to detect the very small changes in resistance. Attempts to
use wire bonding to make contact to the bondpads were unsuccessful, prevent-
ing measurements using a more sensitive measurement setup. Assuming that
the resistance of the connections to the sensor is constant, a reasonable SNR of
44 dB was calculated. In practice however, the resistance of the connections will
vary due to a number of effects, making it impossible to measure the small resis-
tance changes. A solution to this problem could be to use a lock–in amplifier and
two low resistance connections to the MR sensor to measure any MR response
from these kind of prototype MR probes. Lower resistance connections can be
achieved by using shorter wires, optimization of the FIB deposition process or
the use of other materials like gold.

To be able to measure to response of the MR sensor, a large number of sen-
sors were made on a silicon wafer and connected with aluminum wires and
bondpads. Three different types of sensors were fabricated this way: triangular
shaped sensors, sensors that resemble the optimized shape (U–shaped) obtained
from the simulations and rectangular sensors to be shaped by FIB milling. The
magnetic characterization using MFM, Kerr microscopy and MR measurements
were done on the U–shaped sensors. The elements showed a complicated do-
main structure at the sensing part if there was no magnetic field applied. For use
as a read sensor, the biasing of the element is required. The Kerr measurement
showed very nicely the switching of the legs of the element. An MR response
of 0.27% could be obtained if the field was oriented parallel with the legs and
0.63% if the field was oriented perpendicular to the legs.



Chapter 6

Conclusions and
recommendations

6.1 Design of the CantiClever probe

In this work, a novel fabrication method for probes for scanning probe micros-
copy has been developed, called the CantiClever process. The novel probe made
in this process deviates from existing probe designs for magnetic imaging in two
ways.

First, the tip of the probe consists of a lithographically defined thin film in-
stead of a silicon pyramid with fixed dimensions defined by the crystallographic
orientation of the wafer used. This so called tip plane not only serves as a sup-
port for the magnetic needles needed in probes for magnetic force microscopy,
but, because of the planar fabrication process, allows the integration of other
(active) sensing elements.

Second, the silicon cantilever of the probe is fabricated tilted 90 degrees with
respect to the wafer plane in comparison with conventional silicon cantilevers.
This enables the two key parameters that control the resonance frequency of the
cantilever, its length and thickness, to be precisely controlled by photolithogra-
phy. This allows cantilevers with a wide range of resonance frequencies to be
made out of a single silicon wafer or a large number of cantilevers having ex-
actly the same mechanical properties.

The design of the probe was implemented with the use of a parameter based
software package. Here, the structures are programmed instead of drawn. Key
parameters can be specified and the structures are generated accordingly. In case
of the CantiClever, the resonance frequency must be specified and a cantilever
having the corresponding dimensions is generated. The resulting design can be
easily re–used or modified and the resulting implementation has a very high
accuracy.
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The cantilever and base of the probe are fabricated from 〈110〉 silicon wafers
using a two step KOH wet anisotropic etching process. In the first step windows
are etched from the backside of the wafer to determine the final cantilever width.
In the second step the cantilevers and tip planes are etched free. The KOH etch-
ing creates very flat surfaces, exactly perpendicular to the wafer surface, which
are excellent for interferometric deflection detection.

The demands on the material for defining the tip planes are threefold: the
material must be stiff in order to prevent bending during scanning with the tip,
the material must have very low stress to obtain a free hanging structure over a
large range that does not bend and finally the material must be able to withstand
the KOH etching process. Silicon nitride deposited in a low stress LPCVD pro-
cess proved to match all those criteria. As described in chapter 2, a very sharp
cut-off corner of the tip plane is needed to obtain high resolution tips for MFM.
By means of reactive ion etching using a Cr mask layer to remove the rounded
end of the tip plane, a radius of curvature as small as 30 nm could be achieved
using a 2 micron lithography process. With the procedure described above, tip
planes as thin as 37 nm were successfully fabricated.

The probes were fabricated on 100 mm wafers, each wafer containing 220
probes. The probes were designed to have resonance frequencies, as calculated
from the formula given in chapter 3, from 60 to 1000 kHz. The measured reso-
nance frequency was always slightly lower. This is due to the fact the the thick-
ness of the cantilevers was smaller than designed, despite the highly anisotropic
etching process used for etching of the cantilevers. The quality factor of the
cantilevers was also measured. At atmospheric pressures, the value of Q was
around 600 for a 67 kHz cantilever. When the same probe was used in vacuum
conditions, the Q–factor increased to around 50000.

The base of the probe was designed in such a way that the cantilever was
situated at exactly the same location as that of a conventional probe. This en-
sures maximum compatibility with existing microscopes and avoids problems
with the focussing of the laser of the beam deflection detection system of the
microscope. With the CantiClever measurements were successfully carried out
on various commercial microscopes, including those of Digital Instruments.

6.2 Using the CantiClever for magnetic force microscopy

As discussed in chapter 2, it appears that at the moment the resolution of MFM
is limited by the geometry of the magnetic tip. The dimensions as well as the
shape of the magnetic tip have a big influence on the resolution. Conventional
AFM based probes have a pyramidal shape that strongly deviates from the
ideal tip shape, being that of an elongated bar. The elongated shape induces a
strong shape anisotropy, which increases the stability of the magnetic tip against
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remagnetization by the sample. Also, a long magnetic element behaves as a
monopole when imaging small magnetic features, which increases the signal
output.

The shape of the tip–end has a great influence on the achievable resolu-
tion. Therefore simulations were carried out to investigate this. Three differ-
ent shapes of the tip–end were considered: a triangular, an ellipsoidal and a flat
shape. The transfer functions of the three different tip shapes were calculated.
The resolution that could be achieved was then estimated by comparison of the
tip transfer function and the noise level due to thermal noise of the cantilever
at room temperature. The triangular tip, resembling the shape of conventional
sharp pointed MFM tips, proved to be less sensitive than the ellipsoidal and flat
tips because a large proportion of their magnetic charges is located at a greater
distance from the sample. The flat tip showed the highest sensitivity of the three
tips, but suffers from the presence of gap zeros in its transfer function. This
makes the ellipsoidal shaped tip the best candidate for high resolution MFM.
Only at very high wavelengths, around 5 nm, the flat tip has an advantage over
the ellipsoidal tip.

With the CantiClever process, such an MFM tip having a nearly perfect shape
could be realized by deposition of magnetic material on the side of the tip plane.
This defined both lateral dimensions of the tip by thin film deposition tech-
niques, allowing for control in the nanometer regime, while the length of the
tip is defined using photolithography allowing for lengths of several microns.

Studies of the magnetic properties of the tips using MFM show that the tip
consists of multiple magnetic domains in the non magnetized state. After an
external magnetic field of 800 kA/m is applied parallel with the long axis of
the tip, the domain configuration changes into the desired single domain state.
Applying the same external field perpendicular to the long axis of the tip causes
a two-domain configuration with a domain wall in the center of the tip. This
behavior is consistent with measurements described in literature.

The resolution that could be achieved with the CantiClever MFM tip was de-
termined by measurements on two types of samples, using a commercial DI3100
microscope in air at room temperature. The first sample was a demagnetized
CAMST-II reference sample, that has been used in the past for testing the re-
solution of various magnetic force microscopes. Magnetic features as small as
30 nm could be distinguished when a CantiClever having a 50 nm tip plane,
coated with 50 nm of cobalt. The cantilever of the probe had a 60 kHz resonance
frequency. Unfortunately, the extra resolution potential of probes with smaller
magnetic tips could not be used on this sample, due to the roughness of the sam-
ple, that prohibited a smaller tip to sample distance. The second sample was an
experimental CoPtCr-SiO2 perpendicular recording harddisk medium, contain-
ing written tracks with linear densities up to 1.1 MFCI. The bit patterns could
be imaged up to a density of 1 MFCI, using a CantiClever probe with a 37 nm
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tip plane coated with 35 nm of cobalt and a 20 nm aluminum capping layer. The
measured bit length was slightly larger at 27 nm. On both samples, magnetic
features that are smaller than the cross–section of the magnetic tip on the Can-
tiClever probe could be distinguished. Clearly, there seems to be no gap-zero
effect. As the tip consists of small, rounded grains that form a continuous layer
along the complete side of the tip, the end of the tip might very well be slightly
rounded, resembling the ellipsoidal tip shape of the simulations. The simula-
tions predicted that smaller magnetic features than the tip cross–section can be
resolved if the tip–end has an ellipsoidal rather than a flat shape.

Besides the work going on within the SMI research group in the field of probe
microscopy, research is also carried out in another field where magnetic probes
can be applied, that of magnetic probe recording. In cooperation with other
groups, a system called µSPAM, short for micro Scanning Probe Array Memory,
is under development that uses an array of magnetic probes to read and write
data in parallel on a patterned magnetic medium, consisting of single domain
magnetic dots. To read and write bits in such a system, there are two modes
for reading and writing: MFM and MRM, as described in section 1.2.2. When
a magnetic tip is used for (MFM mode) probe recording, the magnetic field re-
quired to switch the tip is a very important parameter. On special fabricated
samples containing around 105 tips the reversal behavior was studied for tips
with various cross-sections ranging from 100 × 163 nm2 down to 57 × 54 nm2

using VSM measurements. From these results and micromagnetic simulations
could be concluded that the magnetization reversal of the tips takes place by
nucleation of reversed magnetic domains at the edges of the tip, after which the
magnetization reversal takes place by the displacement of the domain walls to-
wards the center of the tip. Switching fields have been measured between 36
and 48 kA/m. This value proved to be lower than the coercive fields of typical
media used for probe recording. This leads to the conclusion that the Canti-
Clever tip can be used for this application. The results further showed that the
switching field increased with decreasing tip cross–section, as expected from the
simulations.

6.3 The integration of a magnetoresistive sensor

The use of a lithographically defined tip plane enables the realization of MFM
tips that are suitable for high resolution MFM. Apart from that, the tip plane
has another advantage over the pyramid–shaped tips of conventional probes,
that are defined by crystal planes. Because the tip plane is oriented parallel to
the substrate surface, similar planar fabrication processes can be used to define
other structures on the tip plane and the rest of the probe. This could enable
the integration of other sensors besides an MFM tip on the CantiClever probe.
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In this work, a prototype of a single probe that could be used for SMRM and in
preliminary probe recording experiments was developed by integrating a mag-
netoresistive sensor and wiring onto a CantiClever probe.

To avoid the development of an integrated fabrication process for making an
MR sensor on a CantiClever probe, a method was invented to integrate an MR
sensor on an already finished CantiClever probe. The MR element was realized
on the back of the tip plane by means of evaporation of permalloy. The magnetic
material must only be deposited at the end of the tip plane and not on the whole
probe. This could be achieved by shadow evaporation, using the cantilever of
the probe as a shadow mask. To realize such a structure with great accuracy, a
special holder was designed that can hold up to 6 probes at various angles, to
control the length of the deposited element and compensate for variations in the
width of the cantilever. The holder also offers space for test samples to check
the angle of deposition and measure the magnetic properties of the deposited
permalloy. Using this holder, 20 nm thick isolated magnetic elements could be
deposited at the end of the tip plane.

To measure any change in resistance of the element, electrical connections
to the element must be made. For this prototype, these connections were made
using the deposition of platinum in a focussed ion beam system (FIB). Such a
system, mostly used for modifying and repairing integrated circuits, can locally
deposit a conducting layer by decomposition of a metallic gas using ion beam
radiation. To protect the permalloy elements from the ion radiation of the FIB
and avoid leakage current through the silicon substrate, a layer of silicon ox-
ide was sputtered on top of the permalloy element and the cantilever. On top
of this layer, the wires and bondpads were successfully deposited and contact
through the protection layer to the permalloy was established. The resistance of
the total structure was measured using a probe station to be 12 kΩ. This value
was consistent with estimations of the resistance using the specific resistance of
the deposited platinum, measured to be 1930 µΩcm. This proved that the sili-
con oxide layer worked as an insulator. Unfortunately, no MR response could
be measured when the sensor was placed in an external magnetic field. Bond-
ing wires to the bondpads proved to be difficult and the high resistance of the
connecting wires made detecting the very small changes in resistance impossi-
ble. The most promising way to be able to measure any MR response from these
kind of prototype MR probes would be to use a lock–in amplifier and two con-
nections to the MR sensor, with much lower resistance. The FIB process used
can be optimized to lower the resistivity of the deposited wires, as the present
resistivity of the wires is high compared to the values described in literature.

The MR response of the triangular element was simulated using a micro-
magnetic simulation package expanded to also calculate current densities. From
the simulations the optimum location of the connections to the element was de-
termined. The MR response proved to be the highest if one of the wires was
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connected at the ultimate tip end. The absolute MR response calculated for this
geometry proved only to be about 0.04 Ω. From these simulations it was con-
cluded that a very pointed tip is not a good choice. The radius of the tip should
be adjusted to the desired resolution to improve the MR response. Therefore
new designs were developed. These had a higher MR response: the best geom-
etry showed around 0.24 Ω.

Before implementing the optimized shape of the element onto the tip plane
of the CantiClever probe, different shapes of the elements, obtained from the
simulations, were realized on a wafer scale and the magnetic properties were
measured using MFM, Kerr microscopy and MR response measurements. At
zero applied field, the elements showed a complicated domain structure at the
sensing part of the element (i.e. the connection between the legs of the U–shape).
This is not a desirable situation if the sensor is used for reading in a probe record-
ing system, as it is a major source of noise. Therefore, biasing of the element will
be necessary to be able to use the sensor for reading. The Kerr microscopy mea-
surements showed very nicely the switching of the legs, when the sensor was
placed in an external field. One leg switched at 20 Oe and the other at 50 Oe.
The switching of the legs is probably not of great influence on the response of
the sensor when used in a probe recording system, as the stray field from the
medium is only present very close to the medium surface. The MR response
proved to be 0.27% when the field was applied parallel to the legs of the ele-
ment. For use as a reading sensor in a probe recording system, the response in
this direction of the applied field would be the most important, as probe record-
ing system would probably have a perpendicular medium. When the field was
applied perpendicular to the legs, the MR response was 0.63%.

6.4 Recommendations

With the current CantiClever probes, bits with a length down to 27 nm could be
resolved in MFM measurements on a commercial instrument in air. To be able
to resolve even smaller magnetic features, the following improvements to the
probe could be made. First of all, the tip planes of the probes could be made
thinner. The fabrication process should allow probes to be made with tip planes
as thin as 10 nm or even less. Second, the magnetic tip itself could be improved.
So far, cobalt was chosen as a material for the magnetic tip, but other materi-
als such as iron or metal alloys might provide a higher magnetic moment and
therefore more signal. The use of an aluminum capping layer can protect the tip
materials from corrosion. In the current process, this layer is around 10 nm thick.
For smaller tips, it will be necessary to reduce this thickness. Experiments have
to be done to find out what the lower limit on the thickness will be. For these
advanced tips, the commercial instrument we used might not be good enough
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to get the best results from the tips. More sensitive electronics and performing
the measurements in vacuum will be unavoidable at some point.

In this thesis, only a preliminary investigation into the possibilities for in-
tegration of other sensor on the CantiClever probe has been done. A proper
manufacturing process has to be developed that integrates the sensor on the tip
plane before the cantilevers are etched free from the substrate. The same holds
true for the electrical connections. The challenge will be to find a process and
materials that are compatible with the high temperatures and apparatus used to
deposit the silicon nitride as well as the KOH wet etching process.

Although it might look as if the designed probe and fabrication process can
be readily used for commercialization, there are still some things that might
need to be improved. The wafer surface could be used more efficiently, so that
more probes can be fabricated from a single wafer. Furthermore, the design
could be adapted to improve the handling of the probes once the processing has
finished.
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CantiClever processing scheme

wafers:
orientation: 〈110〉
size: 100 mm type: P/Boron
polished: DSP
thickness: 380 µm
resistivity: 5–10 Ωcm

A. Finding the 〈111〉 orientation of 〈110〉 wafers

• Wafer thickness measurement

• Cleaning introduction
fuming nitric acid (II) 5 min
quick dump rinse, DI, < 0.1 µS
boiling 70% nitric acid (95◦C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

• Native oxide strip
60 s HF (1 %) dip
quick dump rinse, DI, < 0.1 µS
spin drying
store wafers in a cleaned wafer box

• LPCVD SiRN–S+A 50 nm
Tempress LPCVD Furnace Tube 6 S+A
program N3 (SiRN)
SiH2Cl2 flow: 70 sccm
NH3 flow: 18 sccm
temperature: 850◦C
pressure: 200 mTorr
measure deposition rate on dummy wafer
Nf: 2.14, stress: 10.6 · 10−10 dyne/cm2

• Lithography Olin907-17
hotplate 120◦C, 10 min
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HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
vangbo mask, frontside, hard contact
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying
visual microscopic inspection

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
dirty chamber, styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60–90 nm/min, etchrate Olin resist 95 nm/min

• Photoresist stripping by oxygen plasma
O2 flow 55 sccm
power: 120 W
electrode temperature: 150◦C
pressure: 2.00 mbar
time: 15 min

• Etching native oxide
etchant HF (1 %)
time > 60 sec
quick dump rinse, DI, < 0.1 µS
spin drying

• Etching Si KOH
prepare 25 weight % KOH p.a. (500 gr KOH – 1500 ml DI)
etch temp.: 75◦C
stirrer
mask etch rates: SiO2 (thermisch): 180 nm/hr, SiRN: < 1 nm/min
etchrate 〈100〉: 1 µm/min
etchrate 〈110〉: 1.8 µm/min
etchrate 〈111〉: 12.5 µm/min
quick dump rinse, DI, < 0.1 µS
spin drying

• Inspection
locate correct underetched structure for future alignment

• Cleaning RCA-2
chemicals:
HCL (37 weight % as HCL)
H2O2 (30 %, ”not stabilized”) mixture HCL:H2O: H2O2 (1:5:1) volume %
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add HCL to H20
add H2O2 when mixture is 70◦C
temperature 75-80◦C
time 10-15 min
quick dump rinse, DI, < 0.1 µS
spin drying

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

B. Alignment & CantiClever marks

• Lithography Olin907-17
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
alignment mark mask, frontside, hard contact
align to correct vangbo–marks
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying
visual microscopic inspection

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

• Plasma etching of Si
Elektrotech PF 310/340 (Etske)
clean chamber, styros electrode
electrode temp.: 10◦C
SF6 flow 50 sccm
pressure: 75 mTorr
power: 75 W
etchrate Si 0.75–0.8 µm/min, etchrate Olin resist 95 nm/min
profile: isotropic
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Figure A-1: Mask for defining the alignment marks on the wafer required
for aligning the next masks.

• Photoresist stripping by oxygen plasma
O2 flow 55 sccm
power: 120 W
electrode temperature: 150◦C
pressure: 2.00 mbar
time: 15 min

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

• Etching native oxide
etchant HF (1 %)
time > 60 sec
quick dump rinse, DI, < 0.1 µS
spin drying

• LPCVD SiRN–S+A 150 nm
Tempress LPCVD Furnace Tube 6 S+A
program N3 (SiRN)
SiH2Cl2 flow: 70 sccm
NH3 flow: 18 sccm
temperature: 850◦C
pressure: 200 mTorr
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measure deposition rate on dummy wafer
Nf: 2.14, stress: 10.6 · 10−10 dyne/cm2

C. Windows etching

• Lithography Olin907-17
hotplate 120◦C, 10 min

frontside:
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
postbake: 120◦C, 10 min

backside
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
backside window mask, backside, hard contact
align to to alignment mask mark # 3 (front to back alignment!)
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying
visual microscopic inspection

Figure A-2: Mask for defining windows at the backside of the wafer.

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
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etch the backside, 200 nm of SiN
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

• Photoresist stripping by oxygen plasma
etch the backside O2 flow 55 sccm
power: 120 W
electrode temperature: 150◦C
pressure: 2.00 mbar
time: 15 min

• Etching Si KOH
etching of the backside windows
prepare 25 weight % KOH p.a. (500 gr KOH – 1500 ml DI)
etch temp.: 75◦C
stirrer
mask etch rates: SiO2 (thermisch): 180 nm/hr, SiRN: < 1 nm/min
etchrate 〈100〉: 1 µm/min
etchrate 〈110〉: 1.8 µm/min
etchrate 〈111〉: 12.5 µm/min
etch until 50 µm left
measured etch rate 1.76 µm/min
check on the Dektak after 2 hours of etching
quick dump rinse, DI, < 0.1 µS
spin drying

• Cleaning RCA-2
chemicals:
HCL (37 weight % as HCL)
H2O2 (30 %, ”not stabilized”) mixture HCL:H2O: H2O2 (1:5:1) volume %
add HCL to H20
add H2O2 when mixture is 70◦C
temperature 75-80◦C
time 10-15 min
quick dump rinse, DI, < 0.1 µS
spin drying

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying
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D. Support planes and cantilever patterns

• Lithography Olin907-17
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
cantilever + support plane mask, frontside, hard contact
alignment to alignment mask mark #4
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying
visual microscopic inspection

Figure A-3: Mask for defining the cantilevers and support planes.

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

• Photoresist stripping by oxygen plasma
O2 flow 55 sccm
power: 120 W
electrode temperature: 150◦C
pressure: 2.00 mbar
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time: 15 min

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

• Etching native oxide
etchant HF (1 %)
time > 60 sec
quick dump rinse, DI, < 0.1 µS
spin drying

• LPCVD SiRN–S+A
deposit desired tip plane thickness
Tempress LPCVD Furnace Tube 6 S+A
program N3 (SiRN)
SiH2Cl2 flow: 70 sccm
NH3 flow: 18 sccm
temperature: 850◦C
pressure: 200 mTorr
for small thicknesses, first do a test run on a dummy wafer!
Nf: 2.14, stress: 10.6 · 10−10 dyne/cm2

E. Tip planes

• Lithography Olin907-17
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
tip plane mask, frontside, hard contact
alignment to alignment mask mark #5
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying
visual microscopic inspection

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
etch only the tip planes, time etch stop!
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
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Figure A-4: Mask for defining the tip planes.

power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

• Photoresist stripping by oxygen plasma
O2 flow 55 sccm
power: 120 W
electrode temperature: 150◦C
pressure: 2.00 mbar
time: 15 min

F. Tip sharpening planes

• Lithography Olin907-17
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
sharpening plane mask, frontside, hard contact
alignment to alignment mask mark #6
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying
Check resist pattern to tip plane alignment in microscope!

• Evaporation of chromium
evaporate 90 nm of chromium in Balzers BAK600
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Figure A-5: Mask for defining the chromium sharpening planes.

• Lift–off
acetone, room temperature
don’t use ultrasonic agitation!

G. KOH etch of cantilevers

• Etching Si KOH
etching of the backside windows
prepare 25 weight % KOH p.a. (500 gr KOH – 1500 ml DI)
etch temp.: 75◦C
NO STIRRER!
mask etch rates: SiO2 (thermisch): 180 nm/hr, SiRN: < 1 nm/min
etchrate 〈100〉: 1 µm/min
etchrate 〈110〉: 1.8 µm/min
etchrate 〈111〉: 12.5 µm/min
monitor front underetching of cantilevers after 1.5 hours
stop when etched through the wafer
etch rate of cantilever frontside: approx. 4 µm/min
vertical etch rate: approx. 1.4 µm/min
spin drying no longer possible
dry using ethanol
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H. Tip plane sharpening

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
etch until wafer is free of SiN ”left–overs”
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

I. chromium removal

• Wet etching chromium
Standard Cr–etchant
recipe:
perchloric acid (HClO4) 60%: 10 ml
cerium ammonium nitrate: 33 gr
demiwater: 100 ml
etch rate approx. : 100 nm/min

• Cleaning
HF dip 2 min (removal of KOH residu)
dip in demiwater beaker
immerse in beaker with ethanol
dry wafers

Test structure processing scheme

wafers:
orientation: 〈100〉
size: 100 mm type: P/Boron
polished: SSP
thickness: 550 µm
resistivity: 10 Ωcm

A. Fabrication starting substrate

• Cleaning introduction
fuming nitric acid (II) 5 min
quick dump rinse, DI, < 0.1 µS
boiling 70% nitric acid (95◦C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying
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• Wet Oxidation 1150◦C
S+A Tempress Omega Junior III
check water level
gasses: H2O+N2

temperature: 1150◦C
determine oxidation time by oxidation chart
Nf: 1.46, thickness: 0.4 µm, 5 min (2 hours total time)

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

• LPCVD SiRN–S+A
deposit desired tip thickness
Tempress LPCVD Furnace Tube 6 S+A
program N3 (SiRN)
SiH2Cl2 flow: 70 sccm
NH3 flow: 18 sccm
temperature: 850◦C
pressure: 200 mTorr
for small thicknesses, first do a test run on a dummy wafer!
Nf: 2.14, stress: 10.6 · 10−10 dyne/cm2

B. Forming alignment marks

• Lithography Olin907-17
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 90 s
AML mask, frontside, hard contact
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying

• Plasma etching of SiN and SiO2

Elektrotech PF 310/340 (Etske)
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate SiO2 60-90 nm/min
etchrate Olin resist 95 nm/min



Appendix 149

• Resist stripping HNO3

HNO3 (100%) Selectipur: MERCK 100453
use beaker of resist stripping
time: 20 min
quick dump rinse, DI, < 0.1 µS
spin drying

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

C. Forming SiN strips

• Lithography Olin907-12
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 60 s
PSV mask, frontside, hard contact
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

• Resist stripping HNO3

HNO3 (100%) Selectipur: MERCK 100453
use beaker of resist stripping
time: 20 min
quick dump rinse, DI, < 0.1 µS
spin drying

• SiN thickness measurement
Dektak

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
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quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

D. Forming free hanging SiN planes

• Lithography Olin907-12
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 60 s
PSH mask, frontside, hard contact
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying

• Evaporation of chromium
evaporate 50 nm of chromium in Balzers BAK600

• Lift–off
acetone, room temperature
use ultrasonic agitation

• Plasma etching of SiN
Elektrotech PF 310/340 (Etske)
dirty chamber-styros electrode
electrode temp.: 10◦C
CHF3 flow 25 sccm, O2 flow 5 sccm
pressure: 10 mTorr
power: 75 W
etchrate SiRN 60-90 nm/min, etchrate Olin resist 95 nm/min

• Wet etching of chromium
etchant: LSI Selectipur, MERCK 111547
etch rate approx.: 5 nm/min!
quick dump rinse, DI, < 0.1 µS
spin drying

• SiN thickness measurement
Dektak
in two directions!

• Etching HF 50% SiO2

HF 50%
quick dump rinse, DI, < 0.1 µS
etchrate thermal oxide: 60-80 nm/min
etchrate SiN: 5 nm/min
etch rate SiO2: 500 nm/min
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0:25 min for underetching
spin drying

• Inspection SiN structure
optical microscope/SEM
look for underetch

• Cleaning online
fuming nitric acid (I), 5 min
fuming nitric acid (II), 5 min
quick dump rinse, DI, < 0.1 µS
boiling nitric acid (95C), 15 min
quick dump rinse, DI, < 0.1 µS
spin drying

E. Side-edge evaporation of cobalt

• Evaporation of cobalt
evaporate desired cobalt thickness in Balzers BAK600
use dedicated holder
alignment to source with correct angle:
tip plane thickness 200 nm: 2.3◦

tip plane thickness 50 nm: 0.6◦

• Inspection cobalt tip
SEM

F. Deposition aluminum electrodes

• Lithography Olin907-12
hotplate 120◦C, 10 min
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95◦C, 60 s
PWE mask, frontside, hard contact
after exposure bake: 120◦C, 60 s
development: OPD 4262, 30+30 s
quick dump rinse, DI, < 0.1 µS
spin drying

• Evaporation of aluminum
evaporate 100 nm in Balzers BAK600
use dedicated holder
alignment to source with angle of 60◦

• Lift–off
acetone, room temperature
don’t use ultrasonic agitation!
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G. Dicing wafer

• Spin resist, apply dicing foil
HMDS: 4000 rpm, 20 s
resist: Olin 907-17, 4000 rpm, 20 s
prebake: hotplate 95C, 60 s
dicing foil backside

• Dicing
Micro Automation 1006, blade type TC100
speed: 1 mm/s
cut width: 50 µm
index1: 8 mm, index2: 8 mm
height: 0.135 mm, thickness: 1.3 mm
wafer diameter: 100 mm
stopcount 1: 9, stopcount 2: 9

• Remove foil, resist
remove Olin 907 in aceton (technical)
spin drying or isopropanol
visual microscopic inspection

H. Wirebonding

• Bonding of aluminum wires
WeldEquip Westbond
wire thickness 25 µm



Summary

Magnetic force microscopy (MFM) is a scanning probe technique that is used
to generate a high–resolution image of stray fields above a magnetic thin film,
with very little sample preparation. This makes the MFM the instrument of
choice for the analysis of bit patterns in hard disks. The tremendous increase
in data density of magnetic storage systems has pushed the bit size down into
the nanometer range, close to the maximum resolution of current MFM’s. This
resolution, which is currently limited by the geometry of the magnetic tip, has
to be improved, or the hard disk research community will loose a very powerful
imaging technique. In this thesis a new probe for magnetic microscopy and
recording, called the CantiClever, is presented. This probe is designed to address
the issue of the tip geometry of conventional MFM tips. The new probe also
allows for integration of other sensors besides an MFM tip with relative ease
due to its planar fabrication process.

The first chapter provides a background to the research presented in this the-
sis. The principles and applications of different scanning probe microscopy tech-
niques are described, with special attention to the field of MFM. Furthermore,
the application of scanning probe techniques in future data storage systems is
discussed.

The topic of chapter 2 is one of the key components of an MFM: the probe
with the magnetic tip. The image formation process of an MFM is described
and a definition of the resolution of an MFM is given. Using this theory, it is
shown that the tip that gives the highest resolution is a bar shaped tip with a
flat front end. In calculations, the influence of deviations from the optimal tip
shape on the resolution that can be achieved are determined. It is shown that a
tip with an ellipsoidal tip end is a good candidate for a high resolution MFM tip
because of the absence of gap–zeros in its transfer function and a much smaller
dependence of the resolution on the thickness of the tip. Next, an overview is
given of the development of the magnetic tip towards the ultimate MFM tip
since the invention of the MFM in 1987. Despite the efforts in micromachined
tips, most of the tips suited for very high resolution MFM are still made by
hand. In this chapter, a novel design of a cantilever and tip for MFM, called the
CantiClever, is presented. This novel design enables the fabrication of a nearly
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ideally shaped tip for MFM in a batch fabrication process, while at the same time
enables the integration of other sensors at the end of a cantilever.

In chapter 3, the fabrication process of the CantiClever probe is described.
This process deviates from that of existing probe designs for magnetic imaging
in two ways. First, the tip of the probe consists of a lithographically defined
silicon nitride film instead of a silicon pyramid that is defined by the crystallo-
graphic orientation of the wafer used. Second, the silicon cantilever of the probe
is fabricated tilted 90 degrees with respect the wafer plane in comparison to con-
ventional silicon cantilevers. The cantilever and base of the probe are fabricated
from 〈110〉 silicon wafers using a two step KOH wet anisotropic etching process.
In the first step windows are etched from the backside of the wafer to determine
the final cantilever width. In the second step the cantilevers and tip planes are
etched free from the front side. With this fabrication process 220 probes could
be made on a 100 mm wafer, with tip planes as thin as 37 nm. A radius of cur-
vature of the tip end of around 30 nm could be achieved. The quality factor of
the cantilevers has been measured to be around 600 for a 67 kHz cantilever in
air and around 50000 in vacuum conditions.

Chapter 4 focusses on the use of the CantiClever probe in MFM. A layer of
magnetic material is deposited on the side of the tip plane. Investigations us-
ing SEM showed that the tip is nicely defined, with only very little cobalt on
top of the tip plane. The shape of the tip closely resembles the ideal tip shape.
MFM studies of the magnetic properties of the tips on dedicated test structures
showed that the tip consists of multiple magnetic domains in the as–deposited
state. After an external magnetic field of 800 kA/m is applied parallel with
the long axis of the tip, the domain configuration changes into a single domain
state, as desired for MFM tips. The reversal behavior of the tips is studied by
VSM measurements and micromagnetic simulations. The switching fields de-
termined from VSM measurements ranged from 36 to 48 kA/m. These values
show that the CantiClever tip is suitable for probe recording applications, as
these values are much lower than the coercive fields of typical media used. To
determine the performance of the CantiClever probe in MFM, two types of sam-
ples have been imaged using a Dimension 3100 MFM from Digital Instruments
in air. The first sample was a CAMST-II reference sample. Here, magnetic details
as small as 30 nm could be observed, limited by the roughness of the sample.
The second sample was an experimental perpendicular hard disk sample, with
written tracks of several bit lengths. On the hard disk medium, which is much
more flat, bit transitions could be identified up to 1 MFCI, corresponding to a
bit length of 25 nm. The measured bit length on this track was slightly larger at
27 nm.

An investigation of the possibilities of the CantiClever probe for the integra-
tion of another sensor besides an MFM tip is presented in chapter 5. A mag-
netoresistive element together with the electrical connections was chosen as the
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sensor. The absolute MR response of such a sensor has been simulated using a
micromagnetic simulation package. First, a sensor with the same shape as the
CantiClever tip plane has been simulated. The MR response proved to be the
highest if one of the wires was connected at the ultimate tip end. It turned out
that this shape was not a good choice, as the absolute MR signal, calculated for
this geometry, was only 0.04 Ω. To improve the MR response, the shape of the
sensor has been modified by adjusting the tip radius to the desired resolution
and focussing the current as close as possible to the end of the tip. These de-
signs resulted into a higher absolute MR response of 0.24 Ω. A 20 nm thick MR
element has been realized on the back of the tip plane of the CantiClever probe
by means of shadow evaporation of permalloy. The electrical connections to the
element have been made using the deposition of platinum in an FIB system. The
resistance of the total structure has been measured to be 12 kΩ. Unfortunately,
no MR response could be measured when the sensor was placed in an external
magnetic field. To be able to measure to response of the MR sensor, similar sen-
sors have been made on a silicon wafer and connected with aluminum wires and
bondpads. Triangular shaped sensors and sensors that resemble the optimized
shape (U–shaped) obtained from the simulations have been made this way. The
U–shaped sensors have been characterized using MFM, Kerr microscopy and
MR measurements. The elements show a complicated domain structure at the
sensing part if there is no magnetic field applied. For use as a read sensor, bi-
asing of the element is thus required. The Kerr measurements showed very
nicely the switching of the legs of the element. In MR measurements, a response
of 0.27% could be obtained if the field was oriented parallel with the legs and
0.63% if the field was oriented perpendicular to the legs.

In chapter 6, the conclusions of this thesis are given and possibilities for im-
provements and further research are discussed.





Samenvatting

Magnetische kracht microscopie, in het Engels afgekort tot MFM, is een scan-
ning probe techniek die gebruikt kan worden om de strooivelden boven een
magnetisch sample met hoge resolutie in beeld te brengen, zonder dat het sam-
ple daar grondig voor geprepareerd hoeft te worden. Deze eigenschappen maken
dat de MFM een zeer geschikt instrument is om geschreven bitpatronen in harde
schijven mee te bestuderen. De datadichtheid in magnetische opslag systemen
is in de afgelopen decennia enorm toegenomen. Dit heeft ervoor gezorgd, dat de
grootte van de geschreven bits in moderne hard disks tegenwoordig nog maar
enkele tientallen nanometers bedraagt, niet veel groter dan de resolutie die met
een MFM gehaald kan worden. Als deze resolutie, die op dit moment door de
geometrie van de magnetische tip wordt beperkt, niet wordt verbeterd, zal de
harde schijf industrie een belangrijk instrument verliezen. In dit proefschrift
wordt een nieuwe probe, geschikt voor magnetische kracht microscopie, gepre-
senteerd die ontworpen is om het probleem van de geometrie van de bestaande
magnetische tips op te lossen. Het fabricageproces van de nieuwe probe maakt
tevens de integratie van andere sensoren, anders dan een MFM tip, mogelijk.

Het eerste hoofdstuk geeft de achtergronden van het onderzoek dat in dit
proefschrift is beschreven. Het gaat in op de principes en de toepassingen van
verschillende scanning probe technieken, met speciale aandacht voor de mag-
netische kracht microscopie. Ook wordt het gebruik van scanning probe tech-
nieken voor het opslaan van data besproken.

Het onderwerp van hoofdstuk 2 is een van de belangrijkste onderdelen van
de MFM: de magnetische tip. Het beeldvormingsproces in een MFM wordt
beschreven en er wordt een definitie gegeven van de resolutie. Het behulp van
deze theorie wordt bewezen dat met een magnetische tip, die de vorm heeft
van een staafmagneetje met een plat uiteinde, de hoogst mogelijke resolutie kan
worden behaald. Met behulp van berekeningen is de invloed bepaald van afwij-
kingen van deze ideale vorm op de te behalen resolutie. Uit deze berekeningen
kan geconcludeerd worden dat een tip met een ellipsoı̈de vormig uiteinde een
goede tip is voor MFM met een hoge resolutie. Deze tip heeft geen nulpunten
in zijn overdrachtsfunctie en de resolutie die met deze tip kan worden gehaald
hangt veel minder sterk af van de dikte van de tip. Hierna wordt een overzicht
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gegeven van de ontwikkeling van MFM tips sinds de uitvinding in 1987. On-
danks de inspanningen om goede MFM tip in massaproductie te maken, zijn
de tips die per stuk, ”met de hand”, zijn gemaakt nog steeds beter. Aan het
einde van het hoofdstuk wordt het nieuwe ontwerp voor een cantilever met een
tip voor MFM, de CantiClever genaamd, gepresenteerd. Dit nieuwe ontwerp
maakt massaproductie van tips met een vrijwel ideale geometrie voor MFM mo-
gelijk. Daarnaast maakt het ontwerp ook de integratie van andere sensoren op
het einde van een cantilever mogelijk.

In hoofdstuk 3 is het fabricageproces van de CantiClever probe beschreven.
Dit proces wijkt op twee punten af van het proces van bestaande probes voor
magnetische microscopie. Ten eerste bestaat de tip van de probe uit een silicium
nitride film die met lithografische technieken is gemaakt. Bestaande probes
hebben een tip die gevormd wordt door een silicium piramide, met dimensies
die zijn vastgelegd door de kristalorientatie van de silicium wafer waaruit deze
zijn gemaakt. Ten tweede is de silicium cantilever van de probe tijdens het fab-
ricageproces 90◦ gedraaid, vergeleken met de cantilevers van bestaande probes.
De cantilever en de basis (het ”handvat”) van de probe zijn gemaakt uit 〈110〉
silicium wafers door middel van een KOH nat ets proces, dat uit twee stappen
bestaat. In de eerste stap worden er vensters geëtst aan de achterkant van de
wafers. Hierdoor wordt de breedte van de cantilever bepaald. In de tweede
ets stap, vanaf de voorkant van de wafer, worden de cantilevers uit het sub-
straat geëtst. Met dit fabricageproces kunnen 220 probes gemaakt worden uit
een 100 mm wafer, met een tipvlak dat minimaal 37 nm dik is. Het einde van de
tip had een radius van ongeveer 30 nm. De kwaliteitsfactor van de cantilevers is
ook gemeten, deze bedraagt ongeveer 600 in lucht en ongeveer 50000 in vacuum.

Hoofdstuk 4 gaat in op het gebruik van de CantiClever probe voor MFM.
Hiertoe wordt een dunne laag magnetisch materiaal aangebracht op de zijkant
van het tipvlak. Deze laag vormt de magnetische tip van de probe. Uit on-
derzoek met raster electronenmicroscopie blijkt dat deze magnetische tip mooi
continue langs de gehele zijkant van het tipvlak loopt, en dat er slechts weinig
magnetisch materiaal op de bovenkant van het tipvlak terecht komt. De vorm
van de magnetische tip komt erg dicht bij de ideale vorm van een MFM tip.
Bestudering van de magnetische tip met de MFM, gebruik makend van speciale
teststructuren, laat zien dat de tip in de toestand direct na depositie uit meerdere
magnetische domeinen bestaat. Wanneer er een magnetisch veld van 800 kA/m
aangelegd wordt parallel aan de lange zijde van de tip, verandert de domein-
struktuur in een één–domein toestand. Dit is de domeinstruktuur, die voor een
MFM tip gewenst is. Het magnetisatie omkeergedrag van de tips is bestudeerd
aan de hand van VSM metingen en micromagnetische simulaties. De waarden
van het omkeerveld varieert van 36 tot 48 kA/m. Deze waarden zijn lager dan
die van media die gebruikt worden in probe recording systemen, zodat de Canti-
Clever probe wellicht in prototypen van dergelijke systemen toegepast zal kun-
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nen worden. Om te kijken hoe goed de nieuwe probe presteert in een MFM
zijn beelden gemaakt van twee typen samples met een Dimension 3100 MFM
van Digital Instruments. Het eerste sample is het zogenaamde CAMST–II refe-
rentie sample. De kleinste magnetische strukturen die op dit sample zichtbaar
gemaakt konden worden, waren 30 nm groot. De relatief grote ruwheid van
het sample bleek hier de beperkende faktor. Het tweede sample is een experi-
menteel hard disk medium met een vertikale magnetische anisotropie, waarin
bitpatronen staan geschreven met verschillende bitlengtes. Dit sample is veel
gladder dan het CAMST–II sample. Hierop konden dan ook bits worden on-
derscheiden tot een lineaire dichtheid van 1 miljoen flux overgangen per inch
(1 MFCI). Dit komt overeen met een bitlengte van 25 nm. De gemeten lengte
was iets groter: 27 nm.

Een onderzoek naar de mogelijkheden tot het integreren van andere sen-
soren naast een MFM tip op de CantiClever probe wordt gepresenteerd in hoofd-
stuk 5. Als sensor is gekozen voor een magnetoweerstandssensor en de bijbe-
horende elektrische verbindingen omdat een probe met een dergelijke sensor
voor zowel microscopie als recording gebruikt kan worden. Het gedrag van
een dergelijke sensor is gesimuleerd met een micromagnetisch simulatiepakket.
Het uitgangspunt was een sensor met dezelfde vorm als het tipvlak van de
probe. Het bleek dat een puntige sensor geen goede keuze is, omdat het sig-
naal van deze sensor erg klein is, slechts 0.04 Ω. Om het signaal te verbeteren
is de vorm van de sensor zodanig veranderd dat de grootte van het einde van
de tip overeenkomt met de gewenste resolutie en de stroom dichter langs het
uiteinde van de tip loopt (U-vormige sensoren). Dit resulteerde in een groter
uitgangssignaal van 0.24 Ω. Met behulp van schadow opdampen is vervolgens
een MR sensor gerealiseerd op het tipvlak van de CantiClever probe. De elek-
trische verbindingen zijn met focusseerde ionenbundel depositie (FIB) gemaakt.
De weerstand van de sensor en de verbindingen samen was 12 kΩ. Van deze
sensor kon helaas geen magnetisch uitgangssignaal worden gemeten. Om dit
toch te kunnen doen, zijn soortgelijke sensoren op een silicium wafer gemaakt,
aangesloten met aluminium draden. Driehoekige sensoren en U-vormige sen-
soren, bepaald aan de hand van de simulaties, zijn zo gemaakt. De U-vormige
sensoren zijn onderzocht met MFM, Kerr microscopie en MR metingen. De sen-
soren hebben een ingewikkelde domeinstruktuur wanneer er geen extern mag-
netisch veld wordt aangelegd. Om ze als lees–sensor te gebruiken moeten er een
magnetisch bias veld worden aangelegd. De Kerr metingen laten prachtig het
omkeren van de ”benen” van de sensor zien. Een uitgangssignaal van 0.27% kon
worden gemeten als het veld parallel aan de benen werd aangelegd en 0.63%
wanneer dit loodrecht op de benen werd aangelegd.

In hoofdstuk 6 worden tenslotte de conclusies van dit proefschrift gegeven
en worden enkele aanbevelingen gedaan voor verder onderzoek.
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