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Abstract

Fabrication and characterization of novel
nano-magnets

Louise Lifvenborg

Magnetic data storing has been of great interest since 1950 when the 
first magnetic hard drive was fabricated. A lot has happened since then, 
but there is still a need for smaller and cheaper devices. One way to 
achieve this is by creating nano-sized ferromagnetic areas in a thin 
film at room temperature, or nano-magnets. In this thesis, the aim is to 
fabricate and characterize novel amorphous nano-magnets. Using a 
chromium mask ions can be implanted in a nano-sized pattern in an 
amorphous iron zirconium thin film. The mask is fabricated by depositing 
chromium over the iron zirconium and etching the nano-structures into 
the chromium film. This requires the parameters for the etching to be 
optimized. It is discovered the parameters change with the size and 
shape of the pattern. Magnetization and structural characterization were 
performed by using the magneto-optical Kerr effect and a magnetic force 
microscope. The result shows that the nano-magnets become magnetically 
harder than the reference sample. The study further reveals structural 
details for further improvements in implanted regions.
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Tillverkning och karakterisering av nya 
nanomagneter  

 
Louise Lifvenborg 

Magnetisk datalagring har varit ett intressant och studerat område ända sedan den första 
hårddisken lanserades 1957. På den tiden var hårddisken ungefär lika stor som två medelstora 
kylskåp, kunde lagra 3,75 megabytes och kostade cirka 84 000 kronor per megabyte. Mycket 
har hänt sedan dess och idag kan man enkelt hitta en hårddisk som kan lagra 50 gigabyte, är 
ungefär lika stor som en plånbok och kostar runt 600 kronor. En drastisk utveckling har alltså 
skett under dessa cirka sextio år, vilket har bidragit till att elektronik har blivit mindre, 
effektivare och billigare. Detta har också bidragit till att vår förståelse för själva fenomenet 
magnetism har ökat och applikationen blivit bredare.  

Så, hur fungerar då en hårddisk kanske man ska börja med. En hårddisk består av flera snabbt 
roterande skivor som är belagda med en ferromagnetisk tunnfilm. Att ett material är 
ferromagnetiskt betyder att materialet är permanent magnetiserat och ett exempel på 
ferromagnetiska material är en vanlig permanent magnet. För att lagra och läsa data finns 
också ett magnetiskt skrivhuvud och ett läshuvud. När hårddisken lagrar information 
magnetiserar skrivhuvudet tunnfilmen i utvalda områden. Eftersom magnetisering har en 
riktning betyder detta att i dessa områden riktas magnetiseringen åt ett visst håll. När 
läshuvudet sedan skannar av skivan bindas en resistans i huvudet. Hur stor resistans beror på 
riktningen av magnetiseringen och detta översätts sedan till en binär databit, 0 eller 1 (figur 
1). 

Figur 1: Hur de magnetiserade områdena ser ut i en hårddisk (ref) 

Även om mycket har hänt sedan första hårddisken lanserades finns det fortfarande ett intresse 
av att göra dem mindre och billigare. Ett sätt att uppnå detta är att göra de magnetiserade 
områden i nanostorlek, alltså nanomagneter, vilket skulle betyda att mindre yta behövs vid 
datalagring. Nanomagneter har gjorts tidigare, men antingen genom att skapa topografiska 
nanomagneter eller att förstöra de magnetiska egenskaperna hos materialet genom att ge det 
en lägre Curie-temperatur med jonimplantering. Dessa nano magneter har också bestått av ett 
kristallint material. I detta projekt har nanomagneter skapats av ett amorft material genom att 
höja Curie-temperaturen i utvalda nanoskaliga områden, vilket kan leda till en bättre 
förståelse för magnetism, men också till ny och bättre elektronik. Anledningen till att amorfa 



material är så attraktiva är att i framtiden vill man kunna kombinera tunnfilmer med 
skräddarsydda magnetiska egenskaper till en enhet, men när man sätter ihop komponenter är 
det nästintill omöjligt att undvika gränsytor. Dessa områden är kända för att föra med sig 
problem, men ett sätt att minimera problemen är att använda sig av amorfa material. Dessa 
material har visat sig minska effekten av defekter som associeras med kristallstrukturer och ge 
andra gynnsamma egenskaper. 

I det här projektet har en amorf tunnfilm av järnzirkonium, Fe98Zr11, vilket är ett 
ferromagnetisk material (men inte vid rumstemperatur), implanterats med bor (B)- och kol 
(C)-joner i utvalda områden i nanostorlek för att höja Curie-temperaturen och skapa 
magneter. Nanomagneterna har tillverkats i tre olika mönster med olika avstånd från varandra 
och olika geometrier. Att man implanterar en film med joner betyder att man skjuter laddade 
joner med en viss energi mot en skiva eller chip belagd med tunnfilmen. Mönstret som ska 
implanteras etsas ur en tunnfilm av krom ovanpå järnzirkoniumet. Den här masken hindrar 
sedan jonerna från att implanteras i områdena utanför mönstret. 

Två olika instrument användes sedan för att analysera nanomagneternas nya egenskaper. 
Magneto-optisk Kerr-effekt, MOKE och magnetic force microscope, MFM. En L-MOKE 
använder sig av att en magnetisk yta ändrar riktningen på ljuset som träffar ytan beroende på 
ytans magnetiska moment, vilket kan ge en bild av hur provet magnetiseras. En laser med 
polariserat ljus av en viss riktning reflekteras mot ytan av provet medan det utsätts för ett yttre 
varierande magnetfält, vilket ger en hysteresis kurva (figur 2). För dessa prov sågs en ökning i 
magnetisk hårdhet hos nanomagneterna, vilket betyder att ett högre magnetfält behövs för att 
magnetisera dem i en riktning.  

 

 

 

 

 

 

Figur 2: Hysteresis för prov 1 

Med MFM kunde även den totala implanterade arean mätas och det visade sig att jämfört med 
det initiala mönstret hade nanomagneterna blivit ungefär 3 gånger så stora under 
tillverkningen. Detta är väldigt viktigt att veta för framtida tillverkning och forskning 
eftersom man inte vill att nanomagneterna ska smälta ihop.  
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1 Introduction

1.1 Background

Magnetization is a material specific property, which depends on the indi-
vidual magnetic moments of the atoms. Over the years this property has
been of great interest for magnetic storing devices such as hard disk drives,
HDD. The electromechanical device contains one or several rotating disks
coated with a ferromagnetic thin film.[1] A magnetic writing head records
data by changing the direction of the magnetization in selective areas. The
data can then be read by a reading head, which consists of several layers.
The layer furthest away from the surface has a magnetization with a fixed
direction while the magnetization of the layer closest to the surface can easily
be changed. As a result, the resistance in the reading head circuit becomes
greater when it passes over an area magnetized in the opposite direction of
the fixed. The amount of resistance is then related to a certain data bit.
(figure 1).

Figure 1: Hard drive by Hitachi Global storage technologies 2005.

The first hard drive was created in 1950 by International Business Ma-
chines Corporation, IBM and was about as big as a fridge, cost 9 200 dollars
per megabyte and could store 3.75 megabytes. Today a standard hard drive
is about as big as a wallet, can store around 1 terabyte and costs 0.032
dollars per megabyte. Huge progress has been made during these 60 years,
but there is still a need for smaller and cheaper devices.[2] One way is by
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making the magnetized areas smaller, nano-sized. These ferromagnetic areas
or nanomagnets have previously been fabricated by either creating a topo-
graphic nanomagnet with filled areas between (figure 2) or by destroying the
magnetic properties in selective areas with ion implantation and lowering the
ferromagnetic to paramagnetic transition Curie temperature.[3] In this the-
sis, the opposite were accomplished, and selective areas of an amorphous iron
zirconium film were given a higher Curie temperature by ion implantation.
[4]. It is important to note that an iron zirconium film is not optimal when
making a hard drive as the direction of the magnetization lies in-plane and
for a hard drive an out-of-plane direction would be more suited. This thesis
focuses more on the fabrication methods for non-topographic nanostructures
and their magnetic properties.

Figure 2: Topographic nano-magnets from the side and non topographic
nano-magnets from above.

Another use for thin films with engineered magnetic properties is to com-
bine them. This would generate components with new and interesting prop-
erties and is the reason why the iron zirconium film has to be amorphous.
Interfaces are notoriously difficult to control, especially between crystalline
materials where defects associated with crystalline structures, such as dis-
locations and grain boundaries, causes more strain in the material. The
solution is to use materials with an amorphous structure, which do not have
these defects thus creating an interface of a higher quality. The properties
of an amorphous film are also easily changed by simply altering the chemical
composition of the material slightly. [5]
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1.2 Project description

In this thesis, the aim was to fabricate and characterize novel amorphous
nanomagnets. Amorphous iron zirconium, Fe89Zr11 thin films prepared by
sputtering were subjected to two kinds of implantation, carbon and boron to
fabricate two sets of samples.

To prevent the ions from implanting outside of the nano-pattern a chromium
(Cr) mask was used. The patterns were drawn in auto-CAD and by using
electron-beam lithography they could be transferred to a resist on the Cr
surface with high resolution and later etched into the Cr film. Fabrication
took place in the clean room and the parameters for the etching process
were optimized for each mask before the actual magnets were manufactured.
The characterization consisted of magneto-optical Kerr effect (MOKE) and,
magnetic force microscope, MFM.

These characterization tools enable us to understand the magnetic prop-
erties of the fabricated amorphous nanomagnets, which is elaborated in this
thesis.
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2 Theory

In this thesis, the nanomagnets were fabricated by selectivly implanting
boron and carbon in thin iron zirconium films. This requires a chromium
mask, which (because of the nanosized pattern) had to be manufactured in
the clean room. Following are the different processes involved in the man-
ufacturing process along with some brief and general theory of magnetic
properties and the physics behind them.

2.1 Electron-beam evaporation, EBPVD

To make the mask for the ion implantation a thin film of chromium needs to
be deposited over the iron zirconium film. There are different techniques to
do this but for this work electron-beam evaporation, or EBPVD for short,
was chosen. This is a form of physical vapor deposition, PVD, mostly used
to produce thin films on substrates. The PVD-process use the gaseous phase
to deposit material in a low-pressure chamber and involve phase transitions
as the material transform from a solid state to gas and then back again as
the vapor hit the substrate. The initial transition between solid and gas
phase can be achieved with lasers or sputtering, but in EBPVD the material
is heated by an electron-beam. [6]

Figure 3: Electron Beam Deposition
[7]

For the electrons to be able to
move from the electron gun to the
evaporation material the chamber
needs to be at a pressure of at least
7.5 · 10−5 Torr and a single EBPVD-
system can use several different ma-
terials and electron guns at the same
time.[8] A common way to gener-
ate the electron-beam is by ther-
mal emission. The electrons are pro-
duced when a filament, usually out
of tungsten, have enough thermal
energy to overcome the work func-
tion of tungsten (or any other material used).[9] Field electron emission or
an anodic arc method are also processes used to generate electrons in some
devices.

The electron-beam is then aimed at the evaporation material (see figure 3)
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and when it hit the material the electrons lose their energy rapidly causing the
material to heat up and a phase transition to occur.[8] When the temperature
and vacuum are significant the material will coat everything in the chamber
including the walls and ceiling along with the substrate.

2.2 Electron-beam lithography, EBL

Figure 4: General sketch of a EBL
[10]

Electron-beam lithography, EBL is
the process when a focused elec-
tron beam is scanned over a surface
coated with a thin layer of resist to
produce custom drawn patterns (a
procedure which is also called expos-
ing). Resist is an electro-sensitive
substance and is deposited by spin
coating, when a wafer or chip is spun
at a high velocity and acceleration
for an appointed time. The velocity,
acceleration and time all contribute
to the thickness of the resist. Post
spin coating, a hot plate is usually
used to bake the resist and set it be-
fore exposing. Several resists can be
layered depending on the technique and resolution. During the exposing the
solubility of the resist changes, which makes it possible to remove selective
parts to form a pattern or mask. This requires the film to be developed in
solution dependent on which resist used for the lithography.[11] Generally,
poly(methyl methacrylate), PMMA and AR-P 6200 resist are used for EBL
and the developing occurs in hexyl acetate and a mixture of isopropanol and
methyl isobutyl ketone, MIBK.

Dependent on the resolution of the EBL there are different ways of gen-
erating the electron-beam. For low resolution a thermionic source is enough,
this is described in the 2.1 section, but for high-resolution field electron emis-
sion is needed. A high electrostatic field is applied to generate electrons usu-
ally from a solid surface in a vacuum. The electron beam is then focused
through lenses (figure 4) and scanned over the surface.[11]
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2.3 Etching

Etching is a process that removes unprotected material, which can produce
a high-resolution pattern in film and bulk material. There exist two types
of etching; wet etching and dry etching. Dry etching usually uses sputtering
mechanisms and ions to remove the material while wet etching, as the name
suggests, involve chemical etchants often acids. A chemical reaction occurs
as the etchant and the surface interact with each other and a new compound
is produced. This product can either be liquid or solid and is removed from
the surface. Wet etching can also be divided into two groups: anisotropic
etching and isotropic etching.

In anisotropic etching, the direction of the crystal plane determines the
speed of the etching. For example, if a square mask is used while etching a
silicon wafer with a surface orientation of <100>the resulting hole will be
pyramidic shaped, (figure 5). This is because the <100>-direction etches
faster than the <111>-direction. The etching speed for the directions of the
planes in materials can easily be determined with a wagon wheel mask.

Figure 5: Anisotropic and isotropic etched holes [12].

Isotropic etching is the opposite and the etchant etches indifferently of
the crystal planes and their direction in the material. This is necessary when
etching material with an anisotropic structure where the crystal plane is not
present, but as a result of the properties of the liquid the edges will have a
curved profile and since it etches equally in all directions the material can
start to etch underneath the mask as well (figure 5). Dependent on the depth
of the etched hole and the etching time this can become a problem.[13]

When it comes to chromium (Cr) etching the etchant is usually a mixture
of perchloric acid, HClO4 and ceric ammonium nitrate, (NH4)2(Ce(NO3)3.
The HClO4 is a very strong acid, which means that it almost completely
disassociates in aqueous solutions and therefore serves as a chemical stabilizer
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for the ceric ammonium nitrate. The ceric ammonium nitrate then reacts
with the Cr as follows:

3Ce(NH4)2(NO3)6(l) + Cr(s)→ 3Cr(NO3)3(s) + 3Ce(NH4)2(NO3)5(l)

The chromium nitrate Cr(NO3)3 forms a dark film on the surface, which the
etchant later dissolves. [14]

Another important factor when it comes to etching nanostructures is the
size of the mask. Sometimes the structures can be so small that the etching
process has a hard time starting. This can be solved with ultrasound. A
couple of seconds of ultrasound can be enough to get the pattern to start
etching.

2.4 Scanning electron microscope, SEM

SEM stands for scanning electron microscope. The magnification of an SEM
lies around 10 to 100 000 times with a resolution of 20 – 50 Å, which makes
it possible to see even nano-sized grains of crystalline materials. Because of
its large depth of field and broad magnification interval, it has become the
most common form of electron microscope and is used in both research and
commercial purposes.

Figure 6: Conventional SEM [15]

There are many different ways
to building an SEM, but a conven-
tional one can roughly be divided
into five parts: microscope column,
chamber, detectors, signal registra-
tion and vacuum system (figure 6).
The electron beam is generated in
the microscope column and the elec-
tron gun, which is placed at the
highest point in the microscope col-
umn, has a negative potential of 5-30
keV while the rest of the instrument
is grounded. This is what gives the electron their acceleration voltage. A
lens then focuses the electrons on the sample.

In an SEM there are different detectors used to study the sample, a
backscattering detector, a secondary electron detector, and sometimes an in-
lens detector. To understand how they work it is necessary to know how
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the electrons interact with the sample as they hit the surface with high
energy. The beam creates an activation volume as it comes into contact
with the sample. The size depends on the energy of the electrons and the
material. It is within this volume that the scattering processes take place. A
couple of examples are phonon excitation, heating of the sample, excitation of
the valence electrons resulting in secondary electron emission and ionization
of inner electron shell, which gives characteristic x-ray emission or Auger
electrons. All of these emissions or signals can be traced back to different
depths in the material (figure 7).

Figure 7: Activation volume from a
electron-beam[16]

As can be seen in the figure
the auger electrons originate from
a depth of around 10 Å, the sec-
ondary electrons, SE of 50 – 100
Å, backscattering electrons 0,5-3 µm
and the characteristics x-ray 1-6 µm.
This does not mean that at the
depth of 1 µm auger electrons or SE
are not generated. They are, but
the SE-electrons does not have the
energy to reach the surface and the
auger electrons looses some of their
energy as they reach the surface.

This description can give a clue
as to what the different detectors can

detect. For example, the SE detector is usually used to look at topography
since the electrons originate closer to the surface while the backscattering
electrons can give a good idea of the composition of the sample. This is
because areas with higher atomic number become lighter than areas with
lower atomic number. In some, there is also an in-lens detector. As can
be seen in figure 6 the SE detector is positioned a bit to the side while the
backscattering is positioned over the sample. An in-lens detector is, as the
name suggests, positioned in the lens. This removes normal topographic
contrasts and causes the contrast in the picture to be mainly dominated by
electrons originating directly from the radiation spot. To be able to get a
good image and to understand what the image portrays all these things need
to be considered. [17]
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2.5 Ion implantation

Ion implantation is the process when ions of a certain element are accelerated
into a solid target to change the chemical, physical or electrical properties.
The ions are usually extracted from a mixture of gases containing the ions
which are going to be implanted as well as Argon gas, Ar (or other noble
gases like Cs). The Ar-gas is added to help ignite the gas when forming a
plasma.

When plasma is achieved there will be free-flowing electrons and ions of
all the elements in the chamber. For example, a boron implantation requires
the gas boron trifluoride, BF3, which means that the ions leaving the plasma
(as a voltage draws them out of the chamber and into the next one) are B-
ions, F-ions, and Ar-ions mixed with some other ions which can be present
in the chamber (from previous implantation or the chamber walls). A mass
spectrometer then sorts the ions based on the mass to charge ratio by apply-
ing a magnetic field (B), which makes the ions move in different curved paths
through the chamber. By applying the field that makes the selected ion pass
through the center of the chamber the unwanted ions can be sorted away.
When the right ions have sorted out they need to be accelerated to the right
energy. This is done by applying a voltage over one of the chamber walls.
Usual energies are 10 to 500 keV but can be lower or higher. The problem
with lower is that the ions need to be deaccelerated since they already have
an energy of 10 keV when they exit the mass spectrometer. Finally, the beam
is focused and aimed at the target (figure 8 ).[18]

Figure 8: Ion implanter schematic
picture[19]

The energy of the ions deter-
mines the depth of the implanta-
tion. This is especially important if
a mask is used to dope certain ar-
eas. The mask must be thick enough
to make sure that no ions can pass
through. This can be calculated
with the software SRIM and TRIM
[20], which simulate the ion implan-
tation and gives the estimated depth
of the implantation.

So, what happens in the material
when implanted with ions? It de-
pends, both on the sample and the
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ions. In this thesis boron and carbon were implanted in a thin iron zirconium
film and as proven from the previous testing this causes the Curie temper-
ature, Tc to increase, which is an effect of the increase in distance between
the Fe-Fe atoms.[4] Even if there were some chemical reaction most of the
implanted boron and carbon form a solid solution with the film.

2.6 General magnetization and magnetic materials

It is known that a material exposed to an applied magnetic field, H reacts
with a magnetic induction, B. The relationship between H and B is a
material specific property and for some, it is a linear relationship, for others
it is not even a single value. The equation in cgs-units relating B and H is:

B = µ0(H +M)

Where M is the magnetization defined as magnetic moment per unit volume.
M is also a property of the material and depends on the individual magnetic
moments from the different atoms, ions or molecules, but also how they in-
teract with each other. The magnetic moment in an atom originates from
the fact that electrons are charged particles with an angular momentum.
The angular momentum is caused by the different motions performed by the
electron. For example, when the electron moves in an orbit it gets a mag-
netic momentum similar to a current of charged particles in a loop of wire.
An electron also spins, which generate another magnetic moment. These
two magnetic moments interact with each other. This interaction called the
spin-orbit coupling and is determined by the charge of the atomic nucleus.
There is also an interaction between individual spin angular momenta and
individual orbital, but these are more prominent in lighter atoms. All these
different angular momentum’s and interactions contribute to the final mag-
netic moment of the material and therefore also to M .

Another important material property is the susceptibility and permeabil-
ity. Susceptibility is the ratio of M and H:

x = M/H

This describes how responsive the material is to an applied magnetic field.
Similarly, the ratio between B and H is called the permeability, µ and de-
scribes how permeable the material is to a magnetic field. The graphs gener-
ated by these different relations are called magnetization curves. If a material
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is diamagnetic or paramagnetic the relationship between M and H is linear,
as seen in figure 9 a and b. For a ferro- or ferrimagnetic material, on the
other hand, the curve looks different, figure 9c.

Figure 9: Magnetization curves a) diamagnetic b) paramagnetic and c) fer-
romagnetic [21]

A higher magnetization and a hysteresis loop are observed, and the mag-
netization saturates. Just by reducing the applied field to zero does not
reduce magnetization to zero. Instead, a reversed field Hc is needed to re-
duce magnetization to zero. This is called coercivity. Based on this number
a ferromagnetic material is either hard or soft. The hard magnet needs a
large field to reduce H to zero and a soft magnet needs a small field. [22]

The hysteresis curve can also take other shapes due to the size and shape
of the ferromagnetic structures. For example, if the structure is elongated, it
has a shape anisotropy and it is harder to magnetize it along the short axis
compared to along the long axis. The hysteresis curve also has a particular
shape when it comes to vortexes (figure 10), which are observed in round
ferromagnetic areas when the thickness is much smaller than the diameter.
The magnetization in a vortex is homogenous exept in the middle where it
either points straight out or in (figure 10). In more oval-shaped areas, there
might exist two vortexes at the same time. [23]
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Figure 10: Formation of a magnetic vortex and the correlating hysteresis
curve [24]

2.7 Magneto-optical Kerr effect, MOKE

MOKE stands for magneto-optical Kerr effect. Magneto-optics describes how
the light changes when it reflects on a magnetically polarized material. The
two main effects when speaking about magneto-optic are the Kerr effect and
the Faraday effect.

The first one, Kerr effect, describes the rotation of the plane of polariza-
tion of the light when it is reflected of a magnetized surface. The rotation is
often smaller than 1 degree and depends on both the direction and magni-
tude of the magnetization of the sample. This dependents is near linear to
the magnetic moment, which might not make it possible to directly measure
the magnetization but can give a good picture of the process.

MOKE uses a polarizer to produce a plane-polarized light, which is re-
flected on the sample’s different magnetic domains. The polarisation axis is
then rotated proportionally to the vectorial component of the magnetization
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along the field (figure 11). The cross-polarizers extinguish all light when there
is no rotation of the polarization axis. By then plotting the intensity of the
light let through versus the applied field H a hysteresis curve is created.[22]

Figure 11: A schematic sketch of a L-MOKE. The polarizer polarize the
lazer, which is then reflected of the sample exposed to a magnetic field (H)
and reaches the analyzer.

2.8 Magnetic force microscope, MFM

Magnetic force microscopy is a version of an atomic force microscope. A
very sharp magnetized tip scans the surface of a magnetized material. The
magnetized specimen is mounted on a piezo scanner, which allows it to move
along the three-coordinate axis. As the magnetic force (F) acts on the tip
it causes the cantilever to bend and a vertical movement of the tip. This is
registered by a small displacement transducer usually an optical sensor. The
computer then compose a 3D image of the surface.[25]
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3 Method

3.1 TRIM

The thickness of the chromium film had to be determined before the etching
optimization and fabrication of the nanomagnets. With a software called
TRIM/SRIM the implantation was simulated in chromium. This gave an
approximate measurement of the deepest implanted ion and made it possible
to chose a thickness, which would ensure no ions passed through where they
were not supposed to implant.

A simulation of ions with an energy of 5eV is presented in figure 12. The
deepest simulated ions is at a depth of 390 Å and to be on the safe side a
thickness of 80 nm was chosen.

Figure 12: TRIM simulation of ion depth for a chromium mask prefomed
by Giuseppe Muscas 2018. The maximum penetration depth of the ions was
390 Å
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3.2 Manufacturing

3.2.1 Optimization of etching-process

The etching process had two parameters that needed to be optimized, the
etching time and ultrasonication. The etching time is dependent on the thick-
ness of the film, which had been simulated by TRIM. It was also discovered
in earlier attempts that the result of the etching process was dependent on
the pattern itself, which meant that if the aim was to have three different
patterns three different etching processes were needed.

Figure 13: RCA-clean setup

To not unnecessary waste the
real samples, a simple silicon wafer
was used as a test-wafer. To get
Cr-film to adhere to the surface
properly the wafer was cleaned with
RCA-cleaning (figure 13), which
stands for Radio Corporation of
America. This process involved
three baths. The first bath, RCA
1 contained water (H2O), ammonia
water (H2O +NH3) and hydrogen
peroxide (H2O2) and was heated to
60 degrees Celsius. The wafer was
placed in it for 10 minutes, which
removed all organic matter and par-
ticles. The wafer was then placed
in the second bath RCA 2 contain-
ing water, hydrochloric acid (HCl)
and H2O2, for the same amount
of time and temperature to remove
ionic contamination. To remove oxidation, the wafer was placed in a room
temperature hydrofluoric acid bath, HF-bath, for 45 seconds. Between all
the baths the wafer was rinsed in water for two minutes.

The Cr-film was deposited on the surface with an electron beam physical
vapor deposition system (EBPVD). By knowing time and deposition rate a
film of 80 nm could be deposited over the wafer. The wafer also needed to
be cut into samples of one by one centimetre and to not damage the surface,
a protective S1813-resist was deposited by spin-coating and set with a hot
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plate. To make an even one-micrometer layer a speed of 6000 rpm and an
acceleration of 2000 rpm/s was needed for 30 seconds. The wafer was then
baked for 120 seconds at a temperature of 100 degrees Celsius and cut with
a dicing tool. This is a Disco DAD 361 saw, which uses dicing blades to cut
silicon, glass and ceramic with high accuracy.

When the samples had the desired size the protecting S1813-resist was
cleaned of on five samples with acetone at a temperature of 70 degrees for
ten minutes and then rinsed in room temperature isopropanol (IPA) for five
minutes.

(a) (b)

Figure 14: a) Electron-beam lithography, b) Spin-coater and hot plate

The EBL-resist was spin-coated onto the surface in two steps with two
different resists. The first resist was poly(methyl methacrylate), PMMA and
the second AR-P 6200. The parameters for the spin-coating were the same
for both resists and were set to a velocity of 6000 rpm and an acceleration
of 1000 rpm/s for one minute. To get an even layer it was important for
the resist to cover the entire surface. After each spin-coating, the samples
were baked with a hot plate at a temperature of 135 degrees Celsius for ten
minutes. This was done in groups of two and three samples to save time.
The electron beam lithography was then performed.
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Figure 15: Picture of the development
setup

The developing process (figure
15) required three different steps and
solutions. First, the samples were
placed in hexyl acetate for 33 sec-
onds then in a solution of IPA and
methyl isobutyl ketone, MIBK at a
ratio 1:1 for 75 seconds. For this pro-
cess eight millilitre MIBK and eight
millilitre IPA was necessary. Lastly,
the samples were rinsed in IPA for
one minute.

The setup for the etching process
is shown in figure 16 and the etchant used was a mixture of 10-15% ceric
ammonium nitrate, 15-20% nitric acid and 60-70% water. The first pattern
was a rectangle-shape with the dimensions of 200 x 800 nanometres and a
pitch of 700 nanometres. The different parameters were tested and when the
pattern was completely etched the next pattern was tested in the same way.
The patterns were also looked at with an optical microscope and a scanning
electron microscope, SEM to properly measure the actual dimension of the
etched pattern and to calculate the area coverage.

Figure 16: Picture of the etching setup

3.2.2 Manufacturing of the nano-magnets

When the etching process was optimized the fabrication of the nanomagnets
could start. The simple Si-wafer was replaced by a Si-wafer with the Fe89Zr11-
film deposited on top of the surface. As the RCA-cleaning was too strong for
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the FeZr-film the sample was first cleaned with acetone heated to 70 degrees
Celsius and ultrasound for 10 minutes and then rinsed in room temperature
IPA for 5 minutes.

A chromium film was then deposited with the evaporator (just as with
the test samples) and cut with the dicing tool into samples of five times five
millimetres. Twelve samples were then pattern with EBL-resist and exposed.
Four with each pattern and out of those four two with an area of 1x1 mm
and two with 2x2 mm. They were then developed and etched with the
optimized parameters for each pattern. A test sample was etched before the
real samples to make sure that the parameters were accurate. For the first
pattern that meant an etching time of 80 seconds and exposed to ultrasound
for 10 seconds in a ultrasonic bath. The second pattern needed the same
etching time, but 15 seconds in the ultrasonic bath and this process needed
to be repeated for the pattern to etch. The third and final pattern were
exposed to ultrasound for 8 second with a total of 80 seconds etching time.
Before the ion implantation, the EBL-resist was removed from the samples,
which left only the etched chromium mask.

The ion implantation equipment is operated by Carl-Johan Friden and
two different ions were used, boron, B and carbon, C. As the ions implanted
the iron zirconium amorphous nanomagnets was formed embedded in the
iron zirconium film. So, out of the two samples with the same mask and area
one was doped with boron and one with carbon, which meant that for each
pattern one chip with a patterned area of two times two millimetres and one
chip with a patterned area of one time one millimetre was doped with B and
C respectively. The amount of dopant in the final patterned area was 10%.
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(a) (b)

Figure 17: Ion implantation tool a) Plasma chamber were the ions are formed
and b) The magnet which sorts the ions

The Cr-mask was then etched with the same etchant as before for 90
seconds.

3.3 Measurements

3.3.1 Magneto-optical Kerr effect, MOKE

The MOKE measurement was performed with an longitudinal MOKE shown
in figure 18. This is a room temperature MOKE with a maximum magnetic
field of 700 mT. The sample was positioned so that the laser had a 45 degree
incident angle and held in place by air suction. The magnet around the
sample holder generated a magnetic field and as the laser reflected on the
patterned surface it was directed into the analyser. The magnetic field was
then applied in-plane and swept over the sample to measure the hysteresis
curve. The data was collected in the software labview and the final curves
shown in the report was composed in MATlab.
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Figure 18: RT-MOKE setup.

3.3.2 Magnetic force microscope, MFM

The MFM measurement was performed with a tapping mode magnetic force
microscope, which means that the tip repeatedly taps on the surface with
a known resonance frequency and a laser focused on the tip measures the
changes in motion (figure 19(a). This system (figure 19(b)) also had an
atomic force microscope, AFM built in, which means that it measured the
magnetic forces and the topography at the same time. The sample was placed
on the sample holder and focused on. Then the tip scanned the surface
detecting magnetic fields directed in and out of plane and the changes in
topography. The sample was also demagnetized and the remeasured to see
if that would have any effect on the MFM-measurements. This was done in
the RT-MOKE by just applying an oscillating magnetic field of decreasing
magnitude.
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(a) (b)

Figure 19: a) Schematic picture of a MFM [25] and b) force microscope
(MFM) with tapping mode by BRUKER
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4 Results and discussion

4.1 Manufacturing

4.1.1 Optimization of etching-process

The optimization of the etching process (etching time + ultrasonication) was
performed on a test Si-wafer without the iron zirconium film. The etching
time, 80 seconds, was the same for all samples while the amount of time
exposed to ultrasound differed depending on the geometry and distance be-
tween the etched structures.

Mask 1 is presented in figure 20(a):

(a) (b)

Figure 20: a) AutoCad mask 1: rectangles 200x800 nm with 700 nm distance
and b) AutoCAD mask 2: rectangles 200x800 nm with 2000 nm distance

Mask 1 consisted of 200 x 800 nm rectangular structures with a distance
of 700 nm between the top corners. The test samples were patterned over
an area of 1x1 mm, which was later going to be increased to 2x2 mm on the
FeZr-samples. The result is presented in table 1:
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Table 1: The result of etching optimization for mask 1 displaying ultrasound
exposure (US), width (W), length (L), distance (D) and area coverage

Sample: US(s): Etched: L(nm): W(nm): D(nm) Area %
M1:TS1 4 No - - - -
M1:TS2 7 No 1034 411.7 477.15 31.7
M1:TS3 8 No - - - -
M1:TS4 10 Yes 1181 552.6 286.4 53

M1:TS4 was the only sample to etch over the entire 1x1 mm surface. The
etching process, in this case, consisted of 10 seconds ultrasonication and 80
seconds etching time.

(a) (b)

Figure 21: Sample M1:TS4 800x200 nm rectangles with 700 nm distance a)
unetched and b) etched

Figure 21(a) shows an optical microscopic picture of the developed re-
sist and figure 21(b) shows the nanostructures after etching with the resist
removed. With this resolution, it is hard to tell the exact measurements of
the structures, but when compared the squares in figure 21(b) looks bigger
than in figure 21(a). This becomes more apparent when looking at the sam-
ple in SEM (figure 22). With this resolution the structures can be properly
measured and the result is presented in table 1. On average the length and
width have grown about 366.3 nm and the final area coverage increased from
about 12% to 53%. This type of growth was not planned or desired. But
lowering the etching time could result in the Cr-film not etching all the way
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through and lowering the exposure to ultrasound, as proven, results in parts
of the surface not etching properly. This means that if a pattern over a 1x1
mm area is to be etched an increase in dimensions and a decrease in distance
between the structures are to be expected. This is important to take into
consideration when drawing and designing the masks. It also means that the
shape anisotropy is lower than expected.

The shape of the rectangles has also changed, which became clear when
looking at the structures through an SEM (figure 22). The edges which in
the drawn mask are straight have a more curved shape, almost like an ellipse.
This is (as said in section 2.3) because of the properties of the etchant. In
the SEM pictures, the edges also do not look completely smooth. This is due
the etchant and ultrasonication, which removes the Cr-film entire grain at
the time and since the structures are so small this becomes more prominent.

Therefore, for a completely etched pattern, the structures are going to be
bigger than those of the drawn mask and have a more oval shape.

Figure 22: SEM picture of sample M1:TS4 with measurements

Mask 2 has the same 200x800 nm structures as mask 1, but the distance
between them is increased to 2000 nm (figure 20(b)). An estimation of how
much the dimensions increased was made from the result of the previous
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optimization and mask 2 was designed to have a final area coverage of about
12% after etching. The result of the optimization of mask 2 is presented in
table 2:

Table 2: The result of etching optimization for mask 2 displaying ultrasound
exposure (US), width (W), length (L), distance (D) and area coverage

Sample: US(s): Etched: L(nm): W(nm): D(nm) Area %
M2:TS1 10 No - - - -
M2:TS2 10+15 Yes 1121 506.1 1739 8.8
M2:TS3 15+15 Yes 1281 668.3 1525.35 14
M2:TS4 15+15 Yes - - - -

Sample M2:TS1 did not etch at all when exposed to 10 seconds ultrasound
and etched for 80 seconds, which did not change when increasing the time to
15 seconds. It turned out that to get the pattern to even start etching the
process had to be repeated. This was tested with 10 + 15 and 2x15 seconds
(the fourth sample was just to see if the process was reproducible).

Pictures from an optical microscope of the developed resist before etching
(figure 23(a)) and after etching with the resist removed (figure 23(b)) shows
that the size of the structures again seems to grow.

(a) (b)

Figure 23: Sample M2:TS3 800x200 nm rectangles with 2000 nm distance a)
unetched and b) etched

This becomes clearer when looking at the samples through an SEM. Just
as with mask 1, the structures have a more oval shaped with some unevenness
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around the edges. With SEM the new dimensions could be measured (figure
24 and 25).

Figure 24: SEM picture of sample M2:TS3 with measured dimensions

Figure 25: SEM picture of sample M2:TS3 with measured distance
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Samples M2:TS2 and M2:TS3 had a final area coverage of 8% respectively
14% (table 2), which meant that an etching process with an 80 seconds
etching time and 15 seconds exposure to ultrasound repeated would give an
area coverage closest to 12%.

The third mask had structures of a different geometry compared to mask
1 and 2. Instead of rectangles circles with a diameter of 250 nm were placed
at an equal distance of 1300 nm from each other. Also, in this case, the mask
was calculated to have an area coverage around 12% when etched. The mask
drawn in AutoCAD is shown in figure 26:

Figure 26: AutoCAD mask 3: circles with 250 nm diameter and 1300 nm
distance.

Four chips were used to find the optimal parameters for this mask. The
result is presented in table 3.

27



Table 3: The result of etching optimization for mask 3 displaying ultrasound
exposure (US), diameter (d), distance (D) and area coverage

Sample: US(s): Etched: d(nm): D(nm) Area %
M3:TS1 10 Yes 445.8 981.25 7.7
M3:TS2 8 Yes 575.2 981. 25 11
M3:TS3 7 Yes - - -
M3:TS4 5 Yes 590.91 740.1 15

This result was less consistent since the chromium film seems to etch
more with less ultrasound, which is the opposite of what has been observed
before. This result also turned out to be false later when the actual magnets
were fabricated. Then the test chip hardly etched with 5 seconds ultrasound
and 8 seconds were used instead. This can be because the etching process is
really hard to reproduce with the same result. Pictures taken by an optical
microscope is shown in figure 27(a) and 27(b):

(a) (b)

Figure 27: Sample M3:TS2 250 nm diameter circles with a 1300 nm distance
a) unetched and b) etched

With the SEM the dimension and distance could be measured, figure 28
and 29.
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Figure 28: SEM picture of sample M3:TS2 with measured dimensions

Figure 29: SEM picture of sample M3:TS2 with measured distance
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All of the etching processes for the three masks are presented in table 4:

Table 4: Final result of the etching optimization

Mask: Etching time(s): Ultrasound(s): Repetitions:
1 80 10 1
2 80 15 2
3 80 8 1

4.1.2 Fabrication of the nanomagnets

When fabricating the nanomagnets the simple Si-wafer used in the optimiza-
tion was changed to a wafer with the thin film of Fe89Zr11 on top. Since the
etching had been optimized the result of the manufacturing of the nanomag-
nets turned out to be close to expected. Twelve samples were made and two
reference samples. Four with each mask and out of those four two with an
area of 1x1 mm and the other two with 2x2 mm. A list of all the samples
and what they were implanted with is shown in table 5.

Table 5: Samples list with mask, geometry, distance, D, area, ion and Area%

Sample: Mask: Geometry: D(nm): Area(mm2): Ion: Area%:
1 1 Rectangle 290 2 Boron 53
2 1 Rectangle 290 1 Boron 53
3 1 Rectangle 290 2 Carbon 53
4 1 Rectangle 290 1 Carbon 53
5 2 Rectangle 1500 2 Boron 14
6 2 Rectangle 1500 1 Boron 14
7 2 Rectangle 1500 2 Carbon 14
8 2 Rectangle 1500 1 Carbon 14
9 3 Circle 980 2 Boron 11
10 3 Circle 980 1 Boron 11
11 3 Circle 980 2 Carbon 11
12 3 Circle 980 1 Carbon 11

Ref:B - - - - Boron 100
Ref:C - - - - Carbon 100

The fabrication of samples 1-4 patterned with the first mask and etched
for 80 seconds and exposed to ultrasound for the first 10 seconds went well.
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Out of the four samples, all four was usable after the ion implantation, but
one of the samples with a pattern area of 2x2 mm had a small area along the
edge of the pattern that did not etch (figure 30(a)).This might be because the
second sample was exposed to more ultrasound even if it was only for less than
half a second. This difference shows that the process is hard to reproduce
with exactly the same result since half a second more or less exposure to
ultrasound seems to have a big impact on the final pattern. The samples
with smaller area etched perfectly, which can also imply that the size of the
patterned area has an impact on the ultrasound time required.

(a) Sample 1 (b) Sample 3

(c) Sample 1: pattern (d) Sample 3: pattern

Figure 30: Sample 1 and 3 with mask 1 over an area of 2x2 mm
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The second mask etched perfectly both the bigger areas and the smaller
and out of the four samples, all four were usable. But there was another
problem with these samples. Some kind of residue was left on the pattern
after the resist had been washed off and no matter how many times the
samples were washed it did not disappear (figure 31(a) and 31(b)). This
residue was also present after the entire Cr-mask had been etched away,
which would imply that it was not attached to the Cr-surface, but it turned
out not to bother the MOKE-measurements later.

(a) Sample 5 (b) Sample 7

(c) Sample 5: pattern (d) Sample 7: pattern

Figure 31: Sample 5 and 7 with mask 2 over an area of 2x2 mm

32



Out of the samples with the third mask, both sample with a patterned
area of 1x1 mm again etched perfectly while one of the 2x2 mm samples had a
big part of the pattern unetched (figure 32(b)). Again sample 9 (figure 32(a))
could not have gotten more than half a second more exposure to ultrasound
still it had a big difference in the final etched pattern. Both samples could
still be implanted and measured in MOKE.

(a) Sample 9 (b) Sample 11

(c) Sample 9: pattern (d) Sample 11: pattern

Figure 32: Sample 9 and 11 with mask 3 over an area of 2x2 mm
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The final result of the fabrication of the sample is presented in table 6:

Table 6: The amount of usable samples, yield of the different masks and
areas

Mask: Area(mm2): Yield:
1 1 2
1 4 2
2 1 2
2 4 2
3 1 1
3 4 2

4.2 Measurements

4.2.1 Magneto-optical Kerr effect, MOKE

Along with the 12 samples with nanomagnets, there were also two reference
samples with an area coverage of 100%. The hysteresis curve for these two
patterns are shown in figure 33(a) and 33(b).

(a) (b)

Figure 33: a) The hysteresis curve of the boron implanted reference sample
and b) The hysteresis curve of the carbon implanted reference sample

The graph shows that the reference samples for B and C are soft and only
needs a small H-field to saturate.
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When it comes to the rectangular nano-magnets the hysteresis curve will
depend on the direction in which the magnets lay. This is called magnetic
size anisotropy. The easy anisotropy axis needs a smaller field to saturate
while the harder axis needs a larger field. This meant that two measurements
had to be made for each sample. Between them, the sample was rotated 90
degrees, so the direction of the short and long sides shifted. The result was
then combined into one plot for each sample and presented in figure 34(a),
34(b), 34(c) and 34(d).

(a) Sample 1 (b) Sample 3

(c) Sample 5 (d) Sample 7

Figure 34: Hysteresis curves for sample 1, 3, 5 and 7 along both the long
axis (blue graph) and short axis (red graph).

The MFM measurements revelied that the blue graph represent the long
axis of the nanomagntes and the red the short axis. In both graphs, the
loop merges or almost merge in the middle. This is a sign of close-flux
configuration, which causes a reduced remanence. Because of the rounded
shape of the nanomagnets the island promotes curling of the magnetization,
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which makes vortexes a likely occurrence. The reason why the hysteresis
curve along the short axis do not fully merge can be because of the magnetic
field or that two vortexes exists at the same time.

There are some differences depending on the directions. For example,
the long axis hysteresis curve for sample 1 in figure 34(a) show a smaller
H-field (around 20 mT) compared to the short axis (around 30 mT). The
other graphs behave similarly but with a lower H-field.

Comparing these graphs to the reference samples (33(a) and 33(b)) the
shape of the curve looks different for the nano-magnets (in all the patterned
samples a vortex is visible) and the switch also occurs at a lower H-field
for the reference then the patterned samples. The reference sample for B
required an H-field lower than 10 mT same with the C-reference while sample
1 requires a more than double that depending on the direction of the pattern.
So, compared to a completely doped surface the nanomagnets are harder.

The graphs also show the uncertainty of the measurements, which is not
as big in samples 1 and 3 (the samples with a closer distance) as in samples
5 and 7 (figure 34(c) and 34(d)).

The hysteresis curve for the circular nanomagnets implanted with boron
respectively carbon are shown in figure 35(a) and 35(b):

(a) (b)

Figure 35: a) The hysteresis curve of the boron implanted sample 9 and b)
The hysteresis curve of the carbon implanted sample 11

In the graph for sample 9 (figure 35(a)) and sample 11 (figure 35(b) a
low remanence state is visible, hence a closed-flux configuration, which, due
to the round shape of the elements, suggest the presence of a vortex state.
As with the previous samples, the graphs do not merge completely, which

36



can be caused by the magnetic field. The red graph now signifies the sample
positioned with a zero degree angle to the magnetic field while the blue graph
represent a 45 degree rotation of the sample. There is no drastic difference
between the two. As with the other samples sample 9 and 11 are harder than
the reference samples and need an H-field of 30 mT for the magnetisation to
be saturated.

4.2.2 Magnetic force microscope, MFM

In addition to the MOKE measurements, magnetic force microscopy and
atomic force microscopy was used during the characterization. When looking
at the AFM pictures in figure 36(a) and 36(c) it appear that some sort of
substance is present on the surface and by comparing it to the MFM-pictures
(figure 36(b) and 36(d)) it seems to be roughly in the same pattern as the
implanted areas. It is not quite clear what this substance is. If it was residue
from the chromium mask it would be an indent where the ions are implanted
instead of something on top of the surface. One explanation could be that as
the boron ions are implanted they can change the electrostatic of the surface,
which might make the area attract organic compounds in the air. If this is
the case the substance should be removable with oxygen-plasma etching.
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(a) (b)

(c) (d)

Figure 36: Sample 9 a) demagnetized AFM-picture 20x20 µm b) demagne-
tized MFM-picture 20x20 µm c) AFM-picture 1x1 µm with size measurement
and d) MFM-picture 1x1 µm with size measurement.

The size of the final implanted site seems to have grown (figure 36(d)) to a
diameter of 650 nm, which means an increase of 74.8 nm compared to the size
of the chromium mask, which had a diameter of 575.2 nm. Compared to the
initial mask drawn in AutoCAD the pattern is 2.6 times bigger, which means
it almost tripled in size. Due to the diffusion of the ions a few nanometre
increase in size is expected, but the magnetic effects can extend even further.
This needs to be considered when designing the patterns from the start and
can become a problem if the distance is too small as the implanted sites will
merge.

The sample was also demagnetized and remeasured. The MFM-pictures
are shown in figure 37(a) and 37(b). There are not any drastic differences
between before and after and the ones that are might be contributed to the
fact that the sites measured in figure 37(a) and 37(b) are not the same.
Some of the circles in the MFM-pictures do have darker or lighter areas in
the middle, which could be a sign of the vortexes’ core discovered in MOKE,
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but it is hard to be sure.

(a) (b)

Figure 37: Sample 9 AFM-picture (5x5 µm) a) before demagnetization and
b) after demagnetization.
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5 Conclusion

The aim of the thesis was to fabricate and characterize novel nanomagnets,
which was achieved. Three different etching processes were optimized to suit
three different masks and twelve samples of nanomagnets were successfully
made. Utilizing MOKE and MFM for the successful structural and magnetic
characterization of the nanomagnets prepared by implanation.

During the optimization, it was observed that the etching process is de-
pendent on both the pattern and the thickness of the film. The geometry of
the nanomagnets, the distance between them and the size of the patterned
area influence the time the sample need to be exposed to ultrasound while
the thickness of the film determines the total etching time. The relationship
between thickness and etching time is linear and to etch 1 nm takes 1 sec-
ond. In this case, the etching time became 80 seconds for an 80 nm thick
film. The ultrasonication was found to be a bit more complex and needs to
be optimized for each mask. It seems to increase with the distance between
the nanomagnets and the total pattern area while it seemed to become less
for circular structures compared to square structures. The etching process
would require more standardization and if several Cr-masks with the same
distance and dimensions are needed a more reliable way of performing the
etching process would have to be developed. For example, a holder that can
hold several samples at the time and in the same way or a better way to
control how long the sample is exposed to ultrasound.

It was also concluded that an increase in the size of the structures during
the etching is to be expected with this technique. Less ultrasound gives less
increase in size (table 1), but too low and the entire patterned surface did
not etch and lowering the total etching time might result in the chromium
film not etching all the way through. The structures also grow even bigger
with the ion implantation, which can be seen with MFM (figure 36(d)). The
final nanomagnets grew almost 3 times bigger than what is originally drawn.
This is important to know when creating the pattern and especially when
deciding the distance.

By looking at the samples hysteresis curves it is easy to conclude that
the nanomagnets are harder than their respective reference samples. For
samples with rectangular nano-magnets, the field required to saturate the
magnetisation differed depending on which direction they were placed in and
the shape of the hysteresis curve changed slightly. All nano-magnets showed
signs of a low remanence, which, due to the round shape of the elements,
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suggest the presence of a vortex state. Some curves did not merge completely
in the middle. This might be because of double vortexes.

In the future, it would be interesting to test these samples in lower tem-
peratures than room temperature and to place the nanomagnets in other
lattices then a square one. It would also be interesting to see how several
thin films with engineered magnetic properties would interact with each other
if put together.
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