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 Abstract 
Soft magnetic Permalloy (80 wt% Ni and 20 wt% Fe) toroidal cores have been 
fabricated using three different electrodeposition methods, Direct Current-, 
Pulse Current- and Pulse Reversed- electrodeposition, in combination with 
UV-lithography. When comparing the methods, PR electrodeposition presented 
the best result generating an extremely smooth surface, minor surface defects 
and a rapid deposition rate through a thick photo resist pattern and ~5 µm thick 
structures was fabricated in approximately 1800 s. In addition, the deposited 
alloy presented good soft magnetic properties with a coercive field, Hc, equal 
to 100 A/m, a saturation magnetisation, Ms, of 0.9 T and a relative 
permeability, µr, of 1800. 
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1. Introduction 
 

The work presented in this thesis is part of a project that aims to facilitate DNA 
sequence detection by the use of magnetic nanobeads. The equipment presently 
used for these kinds of analyses is costly and advanced, presenting incentive 
for development of a more cost efficient and user friendly instrument. The 
detection is carried out using magnetic nanobeads functionalized with 
oligonucleotides, short segments of single stranded DNA, and a volume 
amplified DNA product, i.e. multiple copies of identical DNA strands 
connected to each other. In a case where the amplified DNA product has a 
sequence that is complementary to the oligonucleotide functionalized onto the 
bead, the hydrodynamic volume of the bead will increase significantly as it 
binds to the DNA product, resulting in a major change in the Brownian 
relaxation frequency.1 Several ideas have been presented on how to measure 
these changes in the frequency, one being a miniaturized sensor in which a 
flow of magnetic nanobeads through the gap of a toroid alters the frequency 
dependent impedance of the toroid. 

The main purpose of this work was to come up with a suitable core 
material for a micro toroid, and to develop a deposition technique for this 
material compatible with the additional processing steps of the sensor. The 
desired core material for this kind of application should present a high 
magnetic permeability and a weakly frequency dependent response, since this 
results in a situation where the saturation magnetization can be reached with a 
low excitation current in the toroidal circuit.2 A material providing these 
properties is Permalloy, an alloy that consists of Nickel (Ni) and Iron (Fe) with 
the composition of ~80wt% Ni and ~20wt% Fe and which is of particular 
interest in applications requiring soft magnetic properties. The alloy is 
frequently used in printer heads, thin film recording heads, magnetic shielding, 
logic devices and as core material in micro solenoids3. The main reasons for 
choosing Permalloy in the present work are its very high relative permeability 
µr, relatively high saturation magnetization Ms and low coercive field Hc. The 
very high permeability, in addition to the relatively high Ms, implies that 
Permalloy is an excellent soft magnetic material.4 

                                                
1 M. Strömberg et al, pp.816-821 
2 T. M. Liakopoulos et al, p.68 
3 M. Schlesinger et al, p.467 
4 R. A. McCurrie, pp. 40-42 
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In addition to the choice of core material, a suitable deposition process 
compatible with the rest of the sensor fabrication was essential. For this 
material and core structure, both sputtering and evaporation techniques have 
their limitations. Both techniques require vacuum and are therefore expensive 
and will require an extremely long deposition time when attempting to create 
thick layers. In addition, there are problems when sputtering (or evaporating) a 
material through a thick photo resist mold due to shadow effects, resulting in 
non-uniform structures. However, both problems can be solved with 
electrodeposition (ED), a technique that is operated at normal conditions, i.e. 
atmospheric pressure and room temperature.  

Electrodeposition was until recently considered a dirty, low-cost 
technique compared to sputtering and evaporation. However, due to refinement 
of the process, it is today considered a clean technique and as a further benefit, 
it has been able to maintain its cost advantage over the other techniques.5  

Despite certain drawbacks with electrodeposition, numerous benefits can 
be found when fabricating structures and films using this technique. The 
technique allows for, not only creation of relatively thick film in a short 
amount of time, but also creation of structures with high aspect ratio. The 
latter, which can be obtained when electroplating through a thick photo resist 
mold, opens up for a lot of applications in microelectromechanical 
systems (MEMS) and in addition to this, the technique is relatively cheap and 
generally no expensive equipment is needed.6 7 

Numerous of different materials with various properties can be tailored 
by electrodeposition. For example, copper or gold is frequently used as 
conducting materials in electronic circuits, tin-lead alloys are electrodeposited 
for soldering and both soft and hard magnetic material are fabricated for 
electromagnetic purposes.8 It is also possible to deposit Permalloy by the 
means of electrodeposition, allowing for fabrication of the magnetic core used 
in a toroidal circuit.  

Another important aspect to the choice of technique and material is the 
fact that electrodeposited Permalloy can be integrated in multilayer 
microstructures. The fabrication of a toroid built up by multiple layers of 
different materials, using electrodeposition processes combined with 
lithography steps, is therefore possible.9 As a result, the process used for the 
miniaturized sensor could with ease be upscaled to large scale production at a 

                                                
5 W Ruythooren et al, p.101 
6 B. Löchel et al, p.3343 
7 S. D. Leith, pp.384-391 
8 W Ruythooren et al, p.101 
9 X. Y. Gao et al, pp.207-211 
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market based price level since it solely consists of well known techniques such 
as lithography and electrodeposition.10  

The aspects mentioned above led to the conclusion that electrodeposition 
of Permalloy in a combination with wafer based microstructure technology, 
provides the best possibilities for the creation of the toroid. 
 

The first part of this thesis consists of a general overview of the 
electrodeposition process and also an introduction to the analysis instruments 
used to characterize the films. The second part of the thesis consists of the 
experimental parameters used for creating several different films and 
structures; in this part some additional information is provided to motivate the 
choice of parameters. This is followed by the third part, consisting of the 
results obtained from the measurements on the films and structures, and in the 
final part of the thesis an evaluation of the results is carried out. This part also 
consists of an outlook on how to proceed with the presented work. 

                                                
10 D.Flynn et al, p.11 
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2. Overview of the techniques  

2.1 The electrodeposition process 
The ED process involves metal deposition at a cathode surface, by reduction of 
metal ions in a solution. Whenever a piece of metal (Me) is lowered into a 
solution containing ions from the same metal (Mez+), an exchange will occur 
transforming solid material into ions and vice versa. Initially, one of these 
reactions occurs more rapidly then the other, resulting in either an excess or a 
shortage of electrons at the metal surface. Considering a case where more Mez+ 
ions leave than enter the surface, a build up of electrons at the surface creates a 
negative surface potential. These electrons repel the anions (A-) in the solution 
and attract the Mez+ ions resulting in an excess of Mez+ close to the surface, 
and an excess of A- in the solution outside the surface. The increased 
concentration of Mez+ close to the surface, forces more ions to transform into 
solid material and after a certain amount of time, depending on the material and 
the solution, the reaction comes to rest in a dynamic equilibrium11 
 

)()( sMezelMe
z ↔+ −+ .   (1) 

 
The potential difference between the surface and the solution is impossible to 
measure in absolute numbers and instead the potential is estimated by 
comparing to a known reference. This reference is referred to as the standard 
hydrogen electrode (SHE) and its potential is by definition zero. By connecting 
the metal surface to a SHE, the potential for the Me/Mez+ couple can be 
obtained, and this value is denoted the relative standard electrode 
potential E0.12 Table 1 presents E0 for some materials of particular interest for 
the sensor design. 
 

                                                
11 M. Schlesinger et al, pp. 2-3 
12 C.H. Harmann et al, pp. 93-96 



Fabrication of a soft magnetic toroidal core | Pär Sällström 
 

 5 

  

Table 1: Standard electrode potential 

Me z+ | Me  Electrode reaction  E0 (V) 

Cu+ | Cu  
CueCu ↔+ −+    0.52 

Cu2+ | Cu  CueCu ↔+ −+ 22    0.34 
Pt | H2 | H3O

+ 02202 223 HHeH +↔+ −+   0.0000 

Fe | Fe3+  
FeeFe ↔+ −+ 33   -0.04 

Ni | Ni2+  
NieNi ↔+ −+ 22   -0.24 

Fe | Fe2+  FeeFe ↔+ −+ 22   -0.44 
Source: G. Aylward, T. Finlay, (2002), SI Chemical Data 5th Ed., Australia, John Wiley & 
Sons 
 
 
In order to perform an electrodeposition, four essential components are 
necessary. The first is the cathode and in order to work, the process has to be 
carried out using a conducting cathode. The cathode surface is therefore 
usually deposited with a thin layer of a conducting material to obtain sufficient 
electrical conductance. The second component is the electrolyte, a solution 
containing ions of the metal to be deposited, a buffer solution to obtain the 
requested pH-value and additives to achieve better properties of the film. In 
addition to the cathode and the electrolyte, there is also a counter electrode 
present in the process. The counter electrode is either an insoluble metal (for 
instance Pt) or a soluble metal with the same or similar composition as the 
deposited material. The last essential part of the process is a voltage source, 
providing the possibility to control the current flow through the 
electrochemical cell.13 

When the electrodeposition is carried out, the cathode surface and a 
counter electrode is connected to each other and separated only by the 
electrolyte. A current is applied over the circuit, and in order for this current to 
flow, the metal ions in the electrolyte is reduced at the cathode surface 
according to 
 

)()( sMezelMe
z →+ −+ .   (2) 

  
This allows the current to flow through the circuit and more charges, i.e. higher 
current, results in a more rapid deposition rate.14 

                                                
13 W Ruythooren et al, p.101 
14 M. Schlesinger et al, pp.13-15 
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At a current efficiency of 100 % all the charges in the current 
participate in the build up of the film. The theoretical mass obtained after a 
specific time is calculated with Faraday’s law according to 
 

Fn

MtI
mtheor

⋅

⋅⋅
= ,    (3)

     
where I is the current, t is the deposition time, M is the molecular mass of the 
deposited film, n is the number of electrons involved in the reduction and F is 
Faraday’s constant.15 Due to evolution of hydrogen during the ED process, the 
current efficiency (CE) will never reach 100 % when depositing metals with a 
E0 below zero. The current efficiency can however be calculated simply by 
dividing the obtained mass with the theoretical mass according to 16 
 

theorm

m
CE

exp
= .     (4) 

 
In addition, the average sample thickness, hav, can be obtained if the density, ρ, 
and area, A, of the deposited material is known. Combining Equation 3 and 4 
with 
 

ρ⋅⋅= avhAmexp     (5) 

  
results in an expression of the deposition rate 
 

[ ]
ρ⋅⋅

⋅
×=

nF

Mi
CE

t

hav     (6) 

   
where i is the current density, i.e. current per unit area (I/A). For example, an 
assumed CE of 100 % and a current density of 12.0 mA/cm2, generate an 
increase in the average sample thickness of 4.16 nm per second for Permalloy 
(M = 58.12 g/mol and ρ = 8.69 g/cm3)17. In addition from equation 3, the 
theoretical mass is calculated to 0.00217mg/s when ED a 0.6 cm2 substrate at 
the same current density and CE.  
 

                                                
15 W. Ruythooren et al, p.102 
16 M. Schlesinger 
17 G. Aylward et al., p.8 (The values are calculated as a weighted average corresponding to 
80wt% Ni and 20wt% Fe) 
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2.2 Experimental equipments 
Characterization of the films is an essential task in the manufacturing process 
of the micro toroid. Without extensive characterization, unwanted properties 
can present themselves later on in the project resulting in major drawbacks. 

Because of the complexity of the sensor, numerous factors have to be 
considered when choosing analysis techniques. Firstly, the surface roughness 
and the composition of the material were analysed. A scanning electron 
microscope (SEM) containing an energy dispersive spectroscopy (EDS) system 
allowed for the analysis of the material composition, and the roughness was 
measured with a Vertical Scanning Interferometer (VSI). In addition to this, the 
roughness was also analysed at a more magnified scale with an atomic force 
microscope (AFM). Secondly, the magnetic properties had to be investigated 
and for this, a physical property measurement system (PPMS) was used. 

The different instruments and techniques are presented briefly in the 
following sections. 

 

2.2.1 Energy Dispersive Spectroscopy 

In order to determine the composition of a material, EDS can be used. The 
instrument measures the X-rays generated from a sample due to bombardment 
of electrons. Incoming high energy electrons excite electrons from atoms in the 
sample, placing these electrons in a state further away from the atomic core. 
The distance between the electrons and the atomic core is quantized, i.e. 
electrons can only exist at certain distances from the core and these distances 
vary for different materials. The excited state is less favourable and an 
immediate relaxation occurs, placing the electron in its original and most 
energy favourable state. When this happens, excess energy is emitted as 
photons, hν, with quantized energy. These photons are counted by a detector 
and since different materials generate different excitation energies (i.e. energy 
for the emitted photons differs for different materials), the composition of the 
sample is obtained. Figure 1 illustrates one example of the situation; however, 
other energy steps are also possible. 
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Figure 1: An incoming electron with high energy results in an excitation of an electron in the 
K-shell, placing it further away from the core in the L-shell. The excitation is followed by an 
immediate relaxation of the electron back to the K-shell. The difference in bonding energy 
between the K- and L- shells is emitted as a photon with quantized energy hν. 
 
 
EDS is combined with scanning electron microscope (SEM), providing the 
possibility to measure the material composition at precise locations on the 
surface. Depending on the surface area, this technique reveals the material 
composition for either a minor part of the substrate or a larger analysis area, 
generating the mean composition for the area specified. 18 
 

2.2.2 Vertical Scanning Interferometry (VSI) 

In an interferometer, a beam splitter divides a beam of light creating two 
separate beams. After the reflection of one beam from the substrate and the 
other from a reference mirror, the two beams are recombined, resulting in dark 
and bright fields due to interference. The fields, called “fringes”, act like a 
topographic map of the substrate.  

In order to obtain sub-nanometre vertical resolution on smooth surfaces, a 
monochromatic light source is used. For rough surfaces however, a source of 
white light is often used. In this type of interferometry, the fringes are not seen 
as a topographic map but the instrument is aligned so that the best contrast 
fringes appear at the best focus position. With the Vertical Scanning 
Interferometer (VSI), discontinuities such as cavities in the surface and 
relatively sharp edges can be measured, and due to its lateral resolution down 

                                                
18 S. Hogmark et al, pp.27-31 
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to single nanometres, it is an excellent instrument for analysing MEMS.19 An 
image obtained from a VSI is presented in Figure 2. 

 
 

 
Figure 2: A VSI image of Permalloy structures with a thickness of 5µm deposited on a Si-
substrate obtained at ~25X magnification. The image is obtained from a (230 x 175) µm 
analysis area. 
 

2.2.3 Physical property measurement system (PPMS) 

The physical property measurement system (PPMS) provides the ability to 
measure magnetic permeability, saturation magnetization and coercive field 
and therefore reveals information of great importance for the toroidal circuit. 
The tests performed on the samples in this work were executed with a 
Vibrating Sample Magnetometer (VSM), which is a DC magnetometer that is 
both rapid and highly sensitive (detects changes in the sample magnetic 
moment down to 10-6 emu). By oscillating the sample near a detection coil, the 
induced voltage due to the change in magnetic flux created by the sample 
magnetization, can be measured.20 

In order to obtain information about the magnetic properties, an external 
magnetic field is applied over the sample. This field is varied and the resulting 
magnetization in the material is measured. As a result, the magnetization is 
given as a function of the applied field, and the result can be plotted as a 
hysteresis curve from which magnetic permeability, saturation magnetization 
and coercive field can be derived. The hysteresis curve is illustrated in Figure 
3. 

 
 

                                                
19 A. G. Olszak et al. 
20 Quantum Design 



Fabrication of a soft magnetic toroidal core | Pär Sällström 
 

 10 

 
Figure 3: A representation of the hysteresis curve, where the magnetization M is plotted as a 
function of applied field H. The saturation magnetization Ms, and the coercive field Hc are 
marked in the figure. The permeability is given by the slope at the steepest point on the graph. 
 

2.2.4 Atomic Force Microscope (AFM) 

Surface detection with an Atomic Force Microscope (AFM) is carried out by 
scanning the surface with an extremely small needle, placed at the end of a 
cantilever. The vertical movement of the cantilever due to alternating force 
from the underlying surface is detected during the scan, resulting in a 
topographic map of the sample with high lateral resolution (sub-nanometre). 
Usually the detection of the movement is carried out optically by reflecting a 
beam of light on the cantilever. An illustration of the instrument is presented in  
Figure 4. 
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Source: http://www.veeco.com/pdfs/database_pdfs/SPM_Guide_0829_05_166.pdf (090210) 

 
Figure 4: A presentation of the Atomic Force Microscope (AFM). 
 
There are several types of AFM techniques, detecting different surface 
properties. The techniques usually differ in how the surface and the needle 
interact, which is mainly controlled by their distance from each other.21  

                                                
21 http://www.veeco.com/pdfs/database_pdfs/SPM_Guide_0829_05_166.pdf (090210) 
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3. Method 

3.1 Components for Electrodeposition 
As mentioned in chapter 2.1 The electrodeposition process, there are four 
essential parts required in order to conduct an ED; the cathode surface, the 
electrolyte, the anode surface and the voltage source. This chapter is directed to 
these four components, presenting information on how they were chosen for 
the experiments throughout this project.  
 

3.1.1 Substrate 

In order to enable upscaling of the process to wafer based manufacturing, the 
substrates used for the experiments consisted of ( 530 × ) mm2 sized chips, 
diced out of a silicon wafer with a ~1 µm thick layer of grown oxide. A 
successful deposition on one chip can theoretically be replicated without the 
dicing step, creating an entire silicon wafer containing numerous of products. 

The blade of the dicing instrument had a thickness of 125 µm; this was 
not corrected for during the dicing process and as an effect, the substrate 
surface was reduced by 2.5 %. However, compensation can easily be 
performed by a slight alteration of the current flow through the electrolyte, 
generating an exact value for the current density on the surface. 

During the ED, the substrate worked as the cathode surface and since 
silicon is a poorly conducting material (ρ = 103 

Ω/m)22, the substrate was 
deposited with a conducting layer using sputtering technique, for which two 
different materials were used; gold (Au) and copper (Cu). In addition to this, a 
layer of 25 nm titanium (Ti) was sputtered onto the substrates to improve the 
adhesion between the layers.  

 
 

 
Figure 5: An illustration of the layer structure on the substrate 

 
 
                                                
22 C. Nordling et al, p.45 
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For the first electrodeposition experiments, a 250 nm thick layer of Au 
was sputtered onto the substrate and acted as the conducting layer. However, 
the result fell short of expectations due to lack of adhesion to the titanium layer 
and instead a 200 nm thick layer of Cu was deposited onto the substrates for 
the final experiments. The result was enhanced adhesion between the substrate 
and the conducting layer and in addition, the number of flaws on the deposited 
Permalloy surface was drastically reduced. Figure 6 illustrates the difference in 
surface roughness between Permalloy films grown on either gold- or copper- 
adhesion layer. 
 

 
Figure 6: Figures a) and b) illustrate the properties for a film deposited onto a conducting layer 
of 200 nm Cu. Figure b) illustrates the mean value for the roughness along the red line 
represented in figure a). Figures c) and d) illustrate the same properties, this time with gold as a 
conducting layer. Both films were deposited with the same deposition parameters, 
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i.e. electrolyte composition, deposition time, current density, current pulse, temperature and 
counter electrode. The images are obtained with a vertical scanning interferometer. 
 
 

During the deposition of the conducting layer the sides of the substrate 
were also deposited and therefore enlarged the deposited area by 0.315 cm2. 
Due to the thickness of the dicing blade and the deposition on the side of the 
substrate, the total surface deposited with a conducting layer was 1.778 cm2. 

In addition to the conducting layer, some of the substrates were spin 
coated with a thick resist, thus enabling the creation of a suitable form for the 
toroidal core. The positive resist, AZ4562, was spun onto the substrates to a 
thickness of approximately 10 µm and several different patterns were created 
using UV-lithography. The main patterns are shown in Figure 7, containing 
two possible shapes of the toroidal core. In addition to this, structures were 
created in order to provide information about the maximum aspect ratio for ED 
of Permalloy through this type of resist, and also to define a precise area for 
experiments conducted at exact current densities. For further information about 
these structures, see appendix I. 

 

 
Figure 7: The main structures of the patterned thick photoresist. The two structures represent 
possible shapes of the toroidal core.  
 
 

All the different experiments were first carried out on a plain substrate 
and depending on the outcome; the ED process was either used on a resist 
coated substrate or discarded. 

To enable the calculation of the average film thickness and the CE for the 
process, the weight of all substrates were measured prior to and after each 
deposition. 

 



Fabrication of a soft magnetic toroidal core | Pär Sällström 
 

 15 

3.1.2 The Electrolyte 

All experiments were performed with an electrolyte containing the same 
amount of chemicals, and the temperature of the heating plate was set to 30 ºC 
generating an approximate temperature of 25 ºC for the electrolyte. There was 
no stirring of the electrolyte during the deposition process, since this may 
generate concentration gradients on the deposited surface. Furthermore, the 
main part of ion transport to the surface will be diffusion controlled in 
accordance with the Nernst diffusion layer model, and stirring will therefore be 
unnecessary.23 When depositing thicker films, convection plays a more 
important role in the ion transportation to the surface and in this case, stirring 
will fill a purpose. 

Three types of metal containing salts were present in the electrolyte; 
nickel sulphate, iron sulphate and nickel chloride. The Ni2+ to Fe2+ ratio in the 
final electrolyte was high, 24 to 1, due to a phenomenon called anomalous 
co-deposition. When ED is carried out for the separate materials, nickel 
deposition is more rapid than iron deposition. However, when depositing the 
metals together, the deposition rate for the materials is reversed, resulting in a 
larger concentration of iron in the film than is expected from the concentration 
of iron ions in the solution.24 

In addition to the metal salts, the electrolyte contained boric acid and 
saccharine. Boric acid was added to the solution in order to reduce the change 
in pH-value at the cathode surface due to hydrogen formation. Hydrogen is 
formed either from protons,  
 

)(22 2 gHeH →+ −+     (7) 
   
or from dissolution of water  
 

−−+ +→+ OHgHeOH 2)(22 22 ,    (8) 
  

and both reactions alter the pH-value in the vicinity of the surface. During the 
deposition process, the hydrogen formation is due to the second of the two 
possible reactions, leading to an increased number of −

OH -ions close to the 
surface and as a direct result an increased pH-value. Boric acid releases protons 
( +H ) on the cathode surface, shifting the effect of the −

OH  creation to higher 

                                                
23 M. Schlesinger et al, pp. 10-11 
24 N. V. Myung et al, p. C137 
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cathodic potentials and thus allowing a wider range of current density during 
the ED.25 

Saccharine was added to the electrolyte to provide a levelling effect, 
generating smoother surfaces and a more uniform thickness. The saccharine 
molecules suppress the current density at specific surface positions, like 
corners and peaks, and thus reduce the roughness.26 

All chemicals were purchased from Sigma-Aldrich. Their name, article 
number and information about the purity level are presented in table 2. 

 
 

Table 2: Chemicals for electrodeposition of Permalloy 

Name/Chemical Formula Article nr. Info 

Nickel(II) sulphate hexahydrate/ 
NiSO4 · 6 H20  

31483-1kg puriss. p.a., ACS reagent, 
99-102.0% 

Iron(II) sulphate heptahydrate/
FeSO4 · 7H2O 

31236-500g puriss. p.a., ACS reagent, 
reag. ISO, reag. Ph. Eur., 
99.0-103.4% 
(manganometric) 

Boric acid/ H3BO3 31146-500g puriss. p.a., ACS reagent, 
reag. ISO, reag. Ph. Eur., 
buffer substance, ≥99.8% 

Nickel(II) chloride hexahydrate/
NiCl2 · 6H2O 

72247-250g purum p.a., ≥98.0% (KT) 

Saccharin hydrate sodium salt/
C7H4NNaO3S 

12476-50g purum, ≥97.0% (NT) 

Source: The information is obtained from the Sigma Aldrich home page. 

http://www.sigmaaldrich.com/ (090108)  

 

 
In addition to the chemicals listed in table 2, deionised water was added to 
dilute the salts. 

The electrolyte used throughout the project was of watts-type and 
contained; 
 

                                                
25 N. Zech et al, pp.3461-3471 
26 W. Bang et al, p. J86 
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• Nickel sulphate (NiSO4 – 6 H20):  184.0 g/L 
• Ferrous sulphate (FeSO4 - 7 H20): 8.3 g/L 
• Nickel chloride (NiCl2 – 6 H20): 4.8 g/L 
• Sodium saccharine (C7H5NO3S .Na): 3.3 g/L 
• Boric acid (H3BO3):  24.7 g/L 
 

The pH-value was unaltered for the experiments due to corrosion problem with 
the copper layer on the substrate, and the natural pH-value for the solution 
was 3.85. However, the pH-value was reduced during the ED resulting in an 
alteration in the pH-value prior to and after each deposition. 
 

3.1.3 Anode Surface 

Two different types of anode surfaces were used in the experiments. Firstly, for 
the experiments carried out with a constant Direct Current (DC) and Pulse 
Current (PC), a platinum (Pt) counter electrode was used. Due to the 
insolubility of Pt, no foreign ions were introduced to the electrolyte during the 
deposition process. 

Secondly, for the experiment with Pulse Reversed (PR) current, the anode 
surface consisted of Permalloy which was deposited by DC electrodeposition 
onto a substrate. When carrying out an ED with this set-up, the anode surface 
dissolves during positive electric pulses and grows during negative pulses. The 
opposite holds for the cathode surface and the concentration of Ni2+ and Fe2+ 
ions in the electrolyte remains at a constant value. 

 

3.1.4 Potentiostat 

The voltage source was an Autolab® potentiostat and the method galvanostatic 
potentiometry was used throughout the entire set of experiments. The 
instrument and method served well, both for the DC-, PC- and PR-experiments. 
Current density was set to 12.0 mA/cm2 during all of the experiments, since 
this current generated a material composition close to the requested. The 
effective current time was set to 1800 s for all the experiments. 
 
 

3.2 Deposition of Permalloy  
Three types of ED methods have been included in this study, DC-, PC- 

and PR- electrodeposition, and they are all explained in detail in the following 
chapters. In addition, the four final experimental set-ups are presented where 
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the first two are found in chapter 3.2.1. DC Electrodeposition, the third in 
3.2.2. PC Electrodeposition and the last one in chapter 3.2.3. PR Electrodepo-

sition. 

 

3.2.1. DC Electrodeposition 

During the Direct Current (DC) electrodeposition, a constant current was 
applied over the circuit for a specific amount of time. Two films were 
fabricated this way, using two different techniques. One of the films was 
placed in the electrolyte for 1800 s with a constant current density of 12.0 
mA/cm2 applied over the surface, while the other was processed for 30 x 60 s. 
During the creation of the latter, the current density was first set to zero for 60 
s to allow the electrolyte to completely fill up cavities in the film. This was 
followed by 60 s with a current density of 12.0 mA/cm2 and the substrate was 
then removed from the electrolyte, rinsed with deionised H2O and dried with 
N2 (g). The procedure was repeated 30 times generating a total efficient current 
time of 1800 s. A representation of the current pulse for the DC-experiment is 
illustrated in Figure 8. 
 

 
Figure 8: A representation of the current flow in the DC-experiment, the current density is set 
to 12.0 mA/cm2 during the on-time and zero during the off time. The on- and off-time is set to 
toff = 60 s and ton = 60 s, respectively. The cycle was repeated 30 times and in addition, the 
substrate were rinsed with deionised H2O and dried with N2 (g) between each cycle. 
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3.2.2. PC Electrodeposition 

For the Pulse Current (PC) electrodeposition process a pulsed current was 
applied over the circuit and the pulse length was calculated to minimize the 
change in ion concentration close to the substrate surface. Depletion of ions at 
the surface may cause hydrogen formation, resulting in a rough surface with 
cavities since hydrogen absorbs to the surface and thus prevents the formation 
of metal at specific sites.27 The result is called pitting and in addition to the 
rough surface, hydrogen can also be trapped in the deposited film, which leads 
to hydrogen embrittlement.28 Figure 9 illustrates two pictures of the pitting 
phenomenon and an EDS characterization of the pores in the b-figure revealed 
some of them to stretch all the way to the underlying conducting layer. 
 

 
Figure 9: Two pictures illustrate the pitting phenomenon for two different surfaces. Figure a) 
is a VSI picture from a film deposited with Pulse Reversed ED. Figure b) is a SEM picture 
showing cavities in a surface of a film deposited with Direct Current ED. Figure c) corresponds 
to the elevation difference in Figure a) along the red line. 

                                                
27 W. Ruythooren et al, p.102 
28 D. R. Gabe, p.909 
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In order to prevent the formation of hydrogen, the current is removed 
after each pulse, thus allowing diffusion to restore the ion concentration at the 
substrate surface. The Sand equation reveals the depletion time for the ions at 
the surface and therefore aided in the search of a suitable on-time for the 
potentiostat. The equation is given by29 
 

( )
2

0
2

1

2
1 cDnF

i
π

τ = ,    (9) 

  
where i is the current density, τ  is the depletion time, D is the diffusion 
constant for the metal, F is Faraday’s constant, n is the number of electrons in 
the reaction and 0c is the concentration of the metal in the solution.  

Due to the large fraction of Ni2+ ions in the electrolyte, there will be a 
shortage of Fe2+ at the surface, and the calculation of the equation is therefore 
carried out for iron at the concentration of 0.03 M. The diffusion coefficient is 
approximately 10-6 cm2/s for Fe2+ 30, the concentration of Fe2+ ions is 

31003.0 −× mol/cm3 in the solution and there are two electrons participating 
when forming Fe(s) from Fe2+(l). Together with Faraday’s constant this yields 
a value close to 150 ms for the depletion time. However, to minimize the 
creation of hydrogen and to generate a film with a constant material 
composition, the current pulse time is set below this value to 50 ms, followed 
by a 200 ms off-time. An illustration of the current pulse is shown in Figure 10 
and one sequence (i.e. a total of 250 ms) is repeated 36000 times in order to 
gain an efficient current time of 1800 s. 

 
 

                                                
29 S. Wen et al, p.C598 
30 Leif Nyholm (2009-08-01)  
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Figure 10: A representation of the current flow in the PC-experiment, the current density is set 
to 12.0 mA/cm2 during the on-time and zero during the off time. The on- and off-time is set to 
ton = 50 ms and toff = 200 ms, respectively. 
 
 
 

3.2.3. PR Electrodeposition 

To further ease the diffusion of ions to the substrate surface and to obtain a 
smoother surface, Pulse Reversed (PR) electrodeposition was carried out. 
During the experiment, the current flow direction through the circuit was 
alternated and therefore resulted in a rapid change between surface deposition 
and surface reduction. When performing any ED, there are a variety of current 
densities on the surface and as a direct consequence, the deposition rate varies 
at different areas. An illustration of this is shown in Figure 11, where the peak 
has a higher current density than the cavities, and in addition has an increased 
deposition rate. 
 

 
Figure 11: Figure a) illustrates the original roughness of the surface, the peak receives a higher 
quantity of charges and metal deposits more rapidly in this area resulting in Figure b). At DC 
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electrodeposition, the more rapid growth of peaks generates an increasing roughness 
throughout the entire deposition process. PR electrodeposition however, reduces the effect and 
flattens the surface. 
 
 
PR electrodeposition reduces this effect since the peaks are subject to a larger 
reduction than the cavities during the anodic pulses, and therefore reduces the 
surface roughness.31  In addition, ions are replenished at areas exposed to a 
high degree of current density, both through diffusion but also through 
reduction of Me(s) from the surface. The result is a more even electrolyte 
composition over the entire surface, and thus also a more constant alloy 
composition even at elevated current densities.32 
For the PR experiment, a current density of 12.0 mA/cm2 was alternated from 
positive to negative over the circuit. A wave-form representing the current 
density is illustrated in Figure 12, were the positive pulses are 100 ms and the 
negative pulses are 10 ms. In addition, the current was set to zero for 10 ms 
after each cycle to allow diffusion of ions reduced from the cathode surface 
and thus obtain a more even ion concentration at the surface. A total number of 
20000 cycles were carried out to gain 1800 s of efficient current density.  

 
 

 
Figure 12: A representation of the current flow in the PR-experiment. The experiment was 
conducted with a current alternating between 12.0 mA/cm2 and -12.0 mA/cm2. Pulse times 
were; ta = 100 ms for the positive pulses and tb = 10 ms for the negative pulses. An additional 
off-time of tc = 10 ms was used after each cycle to allow diffusion of the reduced ions. 
 
 
                                                
31 D.Flynn et al, p.926 
32 F. Giro et al, p.1115 
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4. Result 
In this chapter, the results from the different experiments are presented, 
providing information about surface roughness, magnetic properties, pitting 
and alloy composition. In addition, the current efficiency and average film 
thickness is calculated for most of the experiments.  
 

4.1 The DC experiments 

4.1.1. Experiment 1 

Visual examination of the film deposited with 1800s of continuous current 
density, revealed an uneven surface covered with cavities. Further examination 
with VSI confirmed the surface roughness to be quite extensive, which is 
illustrated in Figure 13 a) and b) and in addition, the height curve in Figure 13 
c) confirmed that the cavities stretched deep into the deposited film. 
Furthermore, 
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Figure 13: Figure a) illustrates the surface roughness and b) represents the average roughness 
value (Ra = 67.02 nm) and the peak to peak-value (Rt = 243.8 nm) between the white and the 
black triangle in a). Figure c) corresponds to the height curve along the red line in a), revealing 
a 5 µm deep cavity in the surface.    
  
VSI imaging revealed a build up of material along the edges of the substrate. 
The build up resulted in a height difference (~ 2.5 µm) between the edge and 
the middle of the substrate, which is illustrated in Figure 14.  
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Figure 14: An illustration of the edge effect for DC exp.1. Figure a) presents an image of the 
surface obtained with VSI and in figure b), the corresponding height curve along the red line in 
a) is presented. From the height curve, a 2.5 µm height difference between the edge and the 
middle of the film is seen. 
 
 

An EDS-analysis conducted over a major part of the deposited film 
revealed the composition of the alloy to be 83wt% Ni and 17wt% Fe and 
during the EDS-analysis, SEM-imaging confirmed the extensive pitting of the 
surface. An illustration of the pitting is visualised in Figure 15 a, and in 
addition, Figure 15 b shows the results of the EDS-analysis.  
 

 
Figure 15: Figure a) illustrates the pitting phenomenon on the deposited surface for DC exp. 1 
and figure b) presents the mean material composition for a major part of the deposited surface. 
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Due to the characteristics of the deposition, this experimental set-up was 
never conducted on a resist coated substrate and in addition, no magnetic 
measurements were performed on the film. 

 

4.1.2. Experiment 2 

When visually inspecting the deposited film, a rather smooth surface with some 
tendency of pitting is seen. During further examination with VSI, an edge 
effect similar to the one in DC experiment 1 is observed and an illustration of 
this is presented in Figure 16 a. In addition, the pitting phenomenon is revealed 
in the corresponding height curve presented in Figure 16 b, and the cavities are 
confirmed to stretch moderately deep (~0.4 µm) into the deposited film. 
 

 
Figure 16: Figure a) represents a VSI image of the film deposited from DC exp. 2. Figure b) 
presents the height curve along the red line in Figure a). 
 
 
Furthermore, the roughness of the surface was analysed with VSI and AFM. 
The result from the VSI analysis gave an average roughness value of 26.90 nm 
and a peak-to-peak value of 148.46 nm along the red line. An image of the 
surface and its corresponding height curve is shown in Figure 17. 
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Figure 17: Figure a) illustrates the surface roughness and figure b) gives the average 
roughness value and the peak-to-peak value for a scan specified by the red line in a). Picture c) 
corresponds to the height curve along the red line in a).    
 
 
In order to gain additional information about the roughness of the surface at 
higher magnification, AFM analysis was conducted on the surface over a 

)33( ×  µm2 area. The analysis revealed an average roughness value of 2.86 nm 
on the specific area; the image and result are presented in Figure 18. 
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Figure 18. The result from the AFM-analysis of the film deposited in the DC exp. 2, where 
Figure a) illustrates a topographic image of the analyzed (3x3) µm2 area. Figure b) presents the 
roughness of the surface and Figure c) is the height curve corresponding to the white line in 
image a).  
 
 

The EDS characterization revealed the mean material composition for the 
film. The analysis was carried out at several magnifications of the surface, but 
also on the main part of the surface and the result was a material composition 
of ~81wt% Ni and ~19wt% Fe for both the magnifications and the larger part 
of the surface.  

In addition to the surface roughness and material composition, the 
magnetic properties were examined with a PPMS. The result is presented in 
Figure 19, where the magnetization is given as a function of the applied 
magnetic field.  
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Figure 19: The result of the magnetic measurements for the DC experiment 2. Figure a) 
presents the magnetisation as a function of the applied field where the saturation magnetisation 
Ms is ~7.2*105 A/m (which equals 0.90 T). In figure b) the hysteresis curve is presented, giving 
a coercive field Hc of ~85 A/m (equally to ~1 Oe) and in Figure c) the steepest part of the 
hysteresis curve is presented with the relative permeability µ r of ~2000. 
 
 
From the graphs in Figure 19 a, b and c, values for the saturation magnetisation 
Ms, the coercive field Hc and the relative permeability µr is given. 

In chapter 2.1 The electrodeposition process, the increase in both mass 
and average sample height hav were calculated for ED of Permalloy at 
100% CE and a current density of 12.0 mA/cm2. With the calculated values per 
second and an efficient current time of 1800 s, theoretical values of 3.90 mg in 
total mass and 7.49 µm in average sample thickness are obtained. The total 
weight of the deposited film was measured to 3.2 mg, which corresponds to an 
actual CE of 82 % and an average sample thickness of 6.1µm. The additional 
18 % of the current is used in the formation of hydrogen. 

The experiment was also conducted on a resist coated substrate and even 
though the fabricated structures had sharp edges, the result was not satisfying 
due to both the rough surface and the lack in height for the Permalloy core. 
Figure 20 a) and b) shows VSI images of a Permalloy core structure, presenting 
a height of ~1.2 µm after 1800 s of efficient current time. 
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Figure 20: A VSI image of a core, fabricated with the DC exp. 2. The roughness close to the 
gap is observed in both figure a), but also in figure c) which is the corresponding height curve 
to figure b). However when further analysing figure b), the core presents rather sharp and 
précis edges when disregarding the exact vicinity of the gap. 

 
 

4.2 The PC experiment 
The surface of the film deposited with PC ED showed a smooth surface with 
minor tendency of pitting. However, the surface slightly lacks reflecting 
properties generating dull spots on the surface. Examination of the surface with 
VSI, provides information about the surface roughness and an average 
roughness value of 15.83 nm is obtained. In addition, the VSI image reveals 
some areas on the surface with a roughness far above average; one is seen at 
the right side of the image in Figure 21 a. These areas might correspond to the 
dull spots visually observed on the surface.  
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Figure 21: An illustration of the roughness obtained with a VSI where the average roughness 
value is 15.83 nm. However, there is a section at the right side of the analysed area with a 
roughness substantially above average. 
 
 
The pitting phenomenon was also observed with VSI, but the analysis 
confirmed that there is only a minor amount of cavities present on the surface. 
From Figure 21 a, the most notable cavity is seen and it stretches 
approximately 3.5 µm into the surface, however, the additional cavities 
stretched only moderately deep into the surface.  
 Further analysis of a smaller part of the surface was performed with AFM 
and an image of the analysed area with a corresponding height curve is 
presented in Figure 22. 
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Figure 22: The result from the AFM-analysis of the film deposited in the PC exp., where 
Figure a) illustrates a topographic image of the analyzed (3x3) µm2 area. Figure b) presents the 
roughness of the surface and Figure c) is the height curve corresponding to the white line in 
image a). 
 
 
A VSI analysis on a larger part of the film, showed the ridges on the edges to 
be less prominent than those on the other films fabricated with DC- and PR- 
ED. Figure 23 illustrates the edge effect for the film deposited with PC ED and 
the height difference is measured to ~1.5 µm. 
 
 



Fabrication of a soft magnetic toroidal core | Pär Sällström 
 

 33 

 
Figure 23: The edge effect on the substrate deposited with PC ED. The ridges are ~1.5µm 
above the centre of the substrate and the dip in the height curve corresponds to a cavity in the 
surface. 
 
 
An EDS analysis revealed the iron content in the film to be above the normal 
value for Permalloy. Several measurements were carried out and a difference in 
composition was observed at different parts of the surface. At the boundary 
between the copper and the Permalloy layer, the composition was measured to 
~20wt% Fe. However, the iron content was rapidly increased further down the 
substrate to a composition of ~30wt%, and at the end of the substrate a 
composition of ~35wt% was measured. 
 Furthermore, the magnetic properties of the film was measured with a  
VSM providing information on saturation magnetisation Ms , coercive field Hc 
and relative permeability µr. The result is presented in Figure 24, where Ms is 
~8.3*105 A/m, Hc is ~80 A/m and µr is ~1800. 
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Figure 24: The result of the magnetic measurements for the PC Electrodeposition. Figure a) 
presents the magnetisation as a function of the applied field where the saturation magnetisation 
Ms is ~8.3*105 A/m (which equals 1.0 T). In figure b) the hysteresis curve is presented, giving 
a coercive field Hc of ~80 A/m (equally to ~1 Oe) and in Figure c) the steepest part of the 
hysteresis curve is presented with the relative permeability µ r of ~1800. 
 
 

In addition, the Current Efficiency where calculated for the film and at 
100 % CE, the theoretical values of 3.90 mg in total mass and 7.49 µm in 
average sample thickness would be obtained. However, the total weight of the 
deposited film was measured to 3.5 mg which corresponds to an actual CE of 
90 % and an average sample thickness of 6.7µm.  
 This experimental set-up was never conducted on a resist coated 
substrate. 
 

4.3 The PR experiment 
Visual examination of the surface fabricated with the PR experimental set-up 
shows a smooth surface with small surface roughness and minor tendency of 
pitting. Examination of the sample with VSI at several locations on the surface 
revealed the average roughness to be below 10 nm for the larger part of the 
sample. Figure 25 illustrates the topography of the sample, including a 
corresponding height curve. 
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Figure 25: An illustration of the surface characteristics for the film fabricated with PR ED. 
The average roughness value along the red line in figure a) is ~3 nm and in addition there is a 
small tendency of pitting on the surface.  
 
 
Further surface analysis with AFM over a reduced area, (3x3) µm2, confirmed 
the smoothness of the surface given by the VSI and presented a Ra value of 
1.62 nm and a peak-to-peak value of 9.20 nm for the area specified. The result 
from the AFM analysis is presented in Figure 26. 
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Figure 26: The result of the AFM analysis conducted on the surface fabricated with PR ED, 
where figure a) illustrates a topographic image of the analyzed (3x3) µm2 area, figure b) 
presents the roughness of the surface and figure c) shows the height curve corresponding to the 
white line in image a).  
 
 
In accordance with the previous experiments, clearly defined ridges are seen at 
the edges of the deposited surface. The height difference between the edges 
and the middle of the substrate is ~2.5 µm, which is illustrated in the VSI 
image of the substrate presented in Figure 27.  
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Figure 27: The edge effect on the substrate deposited with PR ED. The ridges are ~2.5 µm 
above the centre of the substrate. 
 
 
In addition to the surface analysis, the material composition was also examined 
with EDS. From the analysis, the main part of the analysis area was confirmed 
to have the requested Permalloy composition. However, there were deviations 
in the material composition over the substrate, and at the border between the 
un-deposited copper layer and the Permalloy layer, the film consisted of almost 
100% Ni.  
 Furthermore, the magnetic properties of the film were measured. The 
result is presented in Figure 28, where Ms is ~7.3*105 A/m, Hc is ~100 A/m and 
µr is ~1800. 
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Figure 28: The result of the magnetic measurements for the PR Electrodeposition. Figure a) 
presents the magnetisation as a function of the applied field where the saturation magnetisation 
Ms is ~7.3*105 A/m. In figure b) the hysteresis curve is presented, giving a coercive field Hc of 
~100 A/m and in Figure c) the steepest part of the hysteresis curve is presented with the 
relative permeability µ r of ~1800. 
 
 
The weight of the deposited film was 3.3 mg which corresponds to a CE of 
85 % when comparing to the theoretical weight of 3.90 mg, and in addition, the 
average thickness of the film deposited using PR electrodeposition was 
calculated to 6.3 µm. 
 The experiment conducted through a thick photoresist had only 1200 s of 
efficient current time and presented fine structures. For structures without 
defects and with a clearly defined gap, a height of 4.3 µm was obtained. 
Illustrations of the core are given in Figure 29. 
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Figure 29: VSI images of the cores fabricated with PR-electrodeposition through thick 
photoresist. Figure a) and b) illustrates four toroidal cores with a height of 4.3 µm. Figure c) is 
a magnification of the gap in one of the cores with the corresponding height curve in figure d).  
 
 
In addition to the analysis of the toroidal shape, the surface roughness was also 
measured with a VSI. The result from the analysis is a smooth surface with an 
average roughness value of ~10 nm close to the gap when measuring along the 
red line in Figure 30. 
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Figure 30: The roughness of a PR- ED toroidal core, measured with VSI. The average 
roughness value, Ra, was measured to ~10 nm. 
 
 
Furthermore, a deviation of core thickness was found for entities fabricated at 
different areas of the substrate. Structures close to the surface of the electrolyte 
had an enlarged thickness and also flawed surfaces due to the elevated current 
density during deposition. Therefore the measurements illustrated in Figure 29 
and Figure 30 was performed on the structures with a height corresponding to 
the correct current density.  
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5. Discussion 
The advantages and disadvantages for the three different ED methods are 
presented in Table 3, and they are also discussed further in this chapter. In 
addition, a brief outlook is given concerning further work on the subject. 
 
Table 3 : Advantages and disadvantages with the three ED- methods 

 DC- ED PC- ED PR- ED 

Surface 

Properties 

Rather rough surface 

(Ra~25 nm), flawed 

with a lot of cavities 

stretching 

moderately deep 

into the surface 

(~ 0.5 µm). 

Improved surface 

roughness compared to 

DC-ED (Ra ~ 15 nm). 

Minor amount of 

cavities in the surface 

but those present are 

deep (~ 3 µm). Some 

areas with elevated 

roughness. 

Very smooth surface 

(Ra < 10 nm). Minor 

surface defects. 

Magnetic 

Properties 

Good soft magnetic 

properties; 

Hc ~ 85 A/m, 

Ms ~ 0.9T and 

µr ~ 2000. 

Good soft magnetic 

properties; 

Hc ~ 80 A/m, Ms ~ 1.0T 

and µr ~ 1800. 

Good soft magnetic 

properties; 

Hc ~ 100 A/m, 

Ms ~ 0.9T and 

µr ~ 1800 

Further analysis of the 

magnetic properties is 

essential. 

Core Shape 

and 

Properties 

Rough surface, 

height difference 

between the vicinity 

of the gap and the 

rest of the core. 

Slow deposition rate 

through resist 

(~ 1 nm/s). 

No deposition through 

thick resist was carried 

out. 

Smooth surface 

(Ra ~ 10nm).  No 

height difference over 

the core or the gap. No 

decrease in deposition 

rate through resist 

compared to film 

deposition. 

 Material 

Composition 

Composition close to 

the requested 

(81wt% Fe, 

19wt% Ni). Constant 

material 

composition over 

the substrate. 

Increased iron 

composition in the film. 

Difference in material 

composition at 

different surface 

positions. 

Permalloy composition 

at the main part of the 

substrate. Large 

differences in 

composition for some 

parts of the deposited 

film. 
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The DC electrodeposition provides the possibility to fabricate Permalloy with a 
constant material composition of ~81wt% Ni and ~19wt% Fe and fine soft 
magnetic properties with a saturation magnetisation of 5102.7 × A/m (~0.9 T), 
coercive field of 85 A/m (~1 Oe) and a relative permeability of ~2000, when 
using a ( 6030 ×  s) deposition process with desorption of hydrogen after each 
cycle. However, the film had a quite rough surface and also an extensive 
amount of cavities because of the hydrogen absorption on the surface. Due to 
desorption of hydrogen each 60 s, the cavities stretches only moderately deep 
into the deposited film. In addition to the surface defects, the method is also 
time-consuming and the substrate may be contaminated during the rinsing 
process, which places demands on a clean deposition environment. An 
additional drawback is the extremely slow deposition rate (less then 1 nm/s), 
when depositing the core structure through a thick photoresist. The low 
throughput of the electrolyte to the surface is probably due to deionised H2O, 
left from the rinsing process, in the resist pattern, prohibiting the ions from 
reaching the conducting surface. The deposition rate may be enhanced by an 
increased soaking time between each cycle. This, however, results in an even 
longer cycle time.  
 In order to reduce the hydrogen formation and to enhance the deposition 
rate, PC- and PR- ED is an option. The PC experiment had an improved 
surface with both reduced roughness and less surface defects. However, some 
large areas had a highly increased surface roughness for films deposited with 
this method, acting negatively on the reproducibility over an entire wafer since 
the magnetic properties of the sensors may be reduced at an increased 
roughness. In addition to the variation of the roughness, there is also a variation 
in the material composition on different areas of the substrate, which further 
increases the difficulty of achieving identical sensor fabrication conditions. A 
slight deviation of the magnetic properties may not be a major problem since 
the sensors, in which the core is a part, will be used for detection of beads and 
not for quantitative analysis, a large enough deviation may however result in an 
uncertain detection of beads. 
 The PR experiment presented a very smooth surface with an average 
roughness value less than 10 nm for the larger part of the substrate, and in 
addition, there was only a small amount of cavities on the surface. 
Furthermore, the PR ED is rapid and 1800 s of efficient current time, 
generating a core thickness of 6.3 µm, is obtained in 2400 s of total 
electrodeposition-time. This corresponds to fabrication of a 10 µm thick 
Permalloy core in approximately one hour using the PR method. Even though 
the deposition through thick photoresist has not yet been fully analysed, the 
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present results indicate no reduction in the deposition rate when depositing the 
core shape with PR ED. However, some areas close to the surface of the 
electrolyte had an elevated deposition rate and a flawed surface when 
depositing structures with the PR- method through a thick photoresist, probably 
as a result of a too high total current applied over the surface. The deposited 
area during the experiment was large, resulting in a large total current in order 
to gain a current density of 12.0 mA/cm2. Reduction of the deposition area or 
increasing the conducting copper layer may reduce these problems when ED 
through a thick photoresist. 
 The magnetic properties for the film deposited with PR ED was not better 
compared to the films deposited using DC- or PC- ED. However, due to 
measuring problems, the magnetic properties of the PR film were not obtained 
from a film deposited during optimal conditions. Therefore, further 
measurements are needed in order to reveal the true magnetic properties of 
films deposited with the PR- method. 

An edge effect is present on the deposited films for all three deposition 
methods, presenting an increased material build up at the edges of the 
substrate. There are two possible explanations for the edge effect. Firstly, there 
is an increased ion concentration at the vicinity of the edges, since diffusion of 
ions to the edge occurs from both the substrate side and from above. Secondly, 
there is an increased current density since a larger quantity of electrons is 
present on a conducting edge. This is also supported by Figure 23, where the 
edge effect for the PC method is less significant compared to DC- and PR- ED. 
The PC method has a large off-time between each current pulse, which allows 
diffusion of ions longer distances and thus reduce the first of the two possible 
explanations for increased material build up along the edges. The difference in 
deposition thickness over the substrate may be a problem. However when 
depositing larger substrates through a resist, the effect will probably be reduced 
since the two possible reasons for increased material build up are eliminated. 
When performing ED through a thick resist pattern, the diffusion of ions to the 
substrate surface only occurs from above and in addition, the current density 
will be the same at all areas of deposition. 

 

5.1 Conclusion 
The main objectives for the work presented in this thesis were to come up with 
a suitable soft magnetic core material for a microtoroid, to be used in a sensor 
for DNA sequence detection. And in addition, develop a deposition technique 
for this material, compatible with the rest of the sensor fabrication. The 
requirements for the sensor are: excellent soft magnetic properties, 
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homogenous material composition, correct core shape and sufficient core 
thickness.  

In order to fulfil the requested properties, Permalloy (~80wt% Ni and 
~20wt% Fe) was used as core material, and PR ED provided the most suitable 
deposition method. PR ED in combination with UV-Lithography provides both 
a material composition close to the requested, resulting in sufficient magnetic 
properties, and the correct shape of the core. In addition, a core thickness of 
10 µm can be deposited in approximately one hour.  
 
 

5.2 Further work 
Further optimisation of the anodic and the cathodic current pulses for the 

PR- electrodeposition may result in both enhanced magnetic properties and 
improved reproducibility. However prior to this, a technique for deposition of 
copper, compatible with the UV- Lithography and Permalloy deposition, has to 
be developed in order to fabricate conducting wires around the coil. In the final 
sensor design, these wires will generate an alternating magnetic field over the 
gap in the toroidal core and without the Cu-wires it is a difficult task to 
determine whether the soft magnetic properties of the core are sufficient, or if 
the core material has to be further optimised.  
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Appendix 

Appendix I 

 
 
Lines in the resist of different width provided the possibility to create structures 

with aspect ratio up to 10. The distance between the lines in the resist is 220 µm 

and the depth is 10 µm. 
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These structures were used to investigate the spatial resolution of the 

lithographical process. The distance between 10 µm sized bars of resist was varied 

from 1 up to 10 µm. 

 
 

 
A (2 x 2) mm

2
 sized opening in the resist provided a precise surface which enabled 

the calculation of an exact current density at the surface. In addition, this provides 

exact information about current efficiency and growth rate.  

 


