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ABSTRACT

In this thesis is researched, developed and optimized an attraction system to attract Magnetic Particles – Magnetic Traps. For this purpose, the thesis 

encompasses: A theoretical study on the magnetic field generated by Magnetic Traps, with precise simulations, to calculate the set of parameters that  

maximizes attraction; Magnetic Particles' tracking simulations, according to the system's characteristics and parameters; Creation and calibration of a  

Copper electroplating system to electrodeposit Copper contacts capable of withstanding high current densities, needed for Magnetic Traps to generate  

strong magnetic fields; Magnetic Traps' microfabrication; Optimizations at the microfabrication level and experimental tests on magnetic particles'  

attraction.

Done in the framework of the NANODEM project, this thesis also reports the successful attraction of clusters of Cobalt Turbobeads inside Silicon 

shells, the Magnetic particles intended to be used in the project, to the target area of microchannel's surface. Distance between Magnetic Traps and  

microchannel bottom surface was 140µm. Magnetic Traps responsible for attraction are composed of 10 concentric spires, each one approximately 

15µm wide and 12µm high. They were microfabricated with a pitch of 30µm and an inner radius of 120µm. A DC current of 0.2A was applied in each 

spire of the Magnetic Trap to attract these Magnetic Particles.

Key Words: Copper Electroplating; Magnetic Traps; Magnetic Field; Magnetic Particles; Micro and Nanotechnology; Simulations.

1. INTRODUCTION

This thesis is done in the framework of the European project NANODEM [1, 2], where a Magnetic Trap is needed to capture biomolecules labeled 

with fluorescent and magnetic particles, for further detection. Apart from the electronics, the chip envisaged by this project should be composed by  

three main components: a microchannel, placed on top of the device containing the magnetic traps, and a device with optical sensors on top of the  

microchannel (Figure 1).

This work is focused on the Magnetic Traps: the part of the device responsible for attraction of Magnetic Particles to its center, improving optical  

detection.

The final product was thought for medical purposes. People who have 

done a transplant, are heavily medicated within the next 48 to 72 hours  

after the surgery. Part of that medication is resposable for disallowing the 

transplanted organ from being rejected by the body. If it is far bellow the  

ideal concentration, it will not have significant effect. Likewise, if it is far 

above the ideal concentration, it can cause undesirable side effects on the 

pacient.  This  device  enables  a  constant  surveillance  on  patient  blood, 

measuring  the  antibody  response  to  the  administrated  medicine 

concentration in a pratical way and in short periods of time (intervals up 

to 15 minutes).

A Magnetic Trap that  uses a DC current  to generate a static  Magnetic  

Field capable of atracting the project's magnetic particles, at a distance of 

140µm (distance between microchannel used in the project and Magnetic 

Traps,  given  by  the  microchannel's  lid  thickness)  are  the  current 

challenges here presented.

Figure 1– Project device: 3 components schematic. a) Optical detector; 

b)  microchannel  containing  functionalized  Magnetic  Particles;  c) 

Magnetic Trap.

Detection done by the optical sensors forces the magnetic traps' structure to be hollow in the center, to prevent changes in reflectivity and other  

interferences to affect the signal (Figure 2).
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2. 3D-MODELING

Theoretical 3D simulations of Magnetic Traps were performed to find the best parameters that maximize the attraction. They were also used to study 

the physics of attraction for Magnetic Traps enhanced with an external Magnetic Field and with a soft-core.

2.1 Aproximations into Account

These  simulations  have  two  main  aproximations  into  account  that 

simplify their computation. The approximation of the real Magnetic Trap 

wires  to unidimensional wires,  since the generated Magnetic Field of 

both is  similar  at the distance  of  attraction (140µm),  and their  shape 

approximation to concentric spires (see Figure 2).

2.2 Theoretical Formalism

The Magnetic  Field of  each Magnetic  Spire  is  simulated by using the 

following expression [3]:

Figure 2-  Magnetic  Traps:  Designs  that  fit  the  project  requirements 

(left,  top  – SingleLayer  contacts;  left,  bottom – Multilayer  contacts; 

right – schematic of simulated Magnetic traps). 

(1);

Where  r is the distance from the origin of the spire (center of the spire) to the point's projection on xy plane;  z is the point's height;  μ0 is is the 

magnetic permeability in a classical vacuum [4]; I is the current flowing through the wire; k is a function, defined as:

k=√ 4 R r
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2 (2);

K is a function, defined as:
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0
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2
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E is a function, defined as:
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0

π
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(4);

R is the coil radius, and h is the height of the spire. The spire is centered on the z axis, its plane is parallel to the xy plane and h gives the distance  

between both planes (its height from z=0).

The resulting magnetic field is a two-dimensional vector whose first component corresponds to the magnetic field in the xy direction, equivalent to  

the ρ component in cylindrical coordinates, and the second component to the z direction.

Magnetic Particles' trajectory is simulated by:

1. Calculating the Magnetic Moment vector of the particle to simulate [5]:

⃗mbead= ⃗M bead .V bead
(5);

2. Calculating the total Energy of the simulated system:

2
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Emagnetic=− ⃗mbead . ⃗Btotal (6);

3. Calculating the Magnetic Force vector:

⃗F magnetic=−∇ Emagnetic
(7);

4. Finding the Bead Velocity vector as a function of its current position, by assuming that the total Force, the sum of the Stokes force (with  

the viscosity of  the fluid as µ)  and the Magnetic Force, is equal to zero (particle has reached is equilibrium velocity) [6]:

⃗vbead=
⃗F magnetic

6π Rbead μ
+ ⃗v fluid (8);

5. Solving the differential equation to find where the magnetic particle will be after a short period of time, after giving it its initial position,  

and tracking it by repeating the procedure during the pretended time [7]:

xn+1 bead= xn bead+
∂ xn bead

∂ t
.Δ t (9);

To improve the attraction, two types of enhancements are simulated separately, in conjunction with the Magnetic Traps: An external magnetic field to  

saturate the magnetic moment of Magnetic Particles, increasing the attraction forces, and the presence of a soft-core, which increases and confines the  

Magnetic Field generated by a Magnetic Trap, increasing the attraction forces as well.

For the  Modeling with an external Magnetic Field, the external permanent magnet influence is added to the Magnetic Field generated by the  

Magnetic Trap [5]:

⃗Bexternal=−μ0(∇ ΦM ) (10);

Where ΦM corresponds to:

ΦM=
−1
4π

∫V

∇ . M⃗
∥p⃗− r⃗∥

∂V +
1

4π
∮S

n⃗ . M⃗
∥ p⃗− r⃗∥

∂ S (11);

p⃗ , to a vector pointing from the origin to a point in space;  r⃗ , to a vector pointing from the origin to the "magnetic charges" of the 

permanent magnet; and M⃗ , to the Magnetization of the magnet. The integration is done in a volume containing the magnet.

For the Modeling with a Soft-Core, the Soft-Core is simulated by a Niquel soft-magnet, magnetized by the Magnetic Trap. This magnet is positioned 

in the center of the Magnetic Trap, and its field is computed using eq(10) and eq(11) together with this Soft-core Magnetization given by [8]:

M⃗ ( ⃗H coil )=
M s

C
⃗∥H coil∥

+1
⃗eH coil

(12);

Where the saturated Magnetization of Niquel  Ms, is 5.64×105, and C (13500 A/m) an experimentally determined parameter for the almost hysteresis 

free Frohlich-Kennelly relation for Niquel. ⃗e H coil
is the unity vector pointing the same direction as H⃗ coil .

2.3 Magnetic Particles

Turbobeads (aimed for the project) [9] , and Dynabeads MyOne [10] were the simulated Magnetic Particles. Magnetic Particle's moment was assumed 

to be saturated in the simulations with a external permanent magnet. A slightly more accurate result can also be computed if using the fitted Langevin  

function to its experimental data. This fitted function gives the particle's magnetic momentum as a function of the magnetic field in that region[11] :

mbead (∥ ⃗Btotal∥)=msat .(coth [C.∥ ⃗Btotal∥]− 1
C.∥ ⃗Btotal∥

) (13);
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Where the constant C is fitted according to the experimental magnetic momemtum values, measured in a vibrate sample magnetometer:

Figure 3– Magnetic Moment of a single particle Dynabead MyOne, as a 

function of the applied field. C = 9.75×101 T -1 and msat = 3.9×10-14 A.m2 .

Figure  4– Magnetic  Moment  of  a  single  particle  Turbobead,  as  a 

function of the applied field. C = 1.75×101 T -1 and msat= 1.55×10-16 A.m2.

This expression is required to simulate a particle magnetic moment in the presence of a Magnet Trap with Soft-Core though.

2.4 Simulation Results

The following Figures (5-8) show the maximum and minimum Magnetic Forces' applied to a single Turbobead inside a microchannel for a Magnetic  

Trap with: 100µm of inner radius; 20µm Pitch and 10 concentric spires, with an applied current of 0.1A and a distance of 140µm to the bottom of that 

microchannel. The permanent Magnet has a radius of 2cm, 0.3cm thick, and a Magnetization of 10.5×105 A/m. The soft-core has a radius of 90µm, is 

2µm thick and is centered in the Magnetic Trap. Magnetic traps in the presence of a permanent magnet present stronger and wider force fields and  

thus were chosen to procede the investigation:

Figure 5– Magnetic Forces (x component, y=0) for a Magnetic Trap (black stripe) enhanced with  

a Permanent Magnet. Particles are attracted to the area closer to the center of the trap. Stronger  

field curve at 140µm - bottom of the microchannel, and lower field curve on top (240 µm).

Figure 6– Magnetic Forces (x component, y=0) for a Magnetic Trap (black stripe) enhanced with 

a Soft-core. Particles are attracted to the areas closer to the soft-core borders and trap outher  

radius border. Stronger field curve at 140µm , and lower field curve on top (240 µm).

Figure 7– Magnetic Forces (z component, y=0) for a Magnetic Trap enhanced with a Permanent 

Magnet. Stronger field curve at 140µm - bottom of the microchannel, and lower field curve on 

top (240 µm).

Figure 8– Magnetic Forces (z component, y=0) for a Magnetic Trap (black stripe) enhanced with 

a Soft-core. Stronger field curve at 140µm - bottom of the microchannel, and lower field curve on 

top (240 µm).
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Magnetic  Traps'  Design Optimizations were performed using the  developed program to simulate  and find the best  parameters (Figure 9) that 

maximize the attraction according to the project requirements: distance between magnetic channel and Magnetic Trap fixed in the 140µm; and 

microfabrication limitations: approximate minimum Pitch resolutions of 30µm for the MultiLayer device and 20µm for the SingleLayer device .

Figure 9 – Schematic of the magnetic trap (center), with a microchannel on top of it. Schematic done in Wolfram Mathematica 8.0.

The following Table shows the best theoretical parameters computed for the geometry of Magnetic Traps:

MultiLayer Device SingleLayer Device

Distance between Microchannel and 
Magnetic Trap

140µm 140µm

Pitch of the Magnetic Trap (Optimized 
Simulated Value)

20µm 30µm

Inner Radius of the Magnetic Trap 
(Optimized Simulated Value)

138µm 120µm

• MultiLayer Device (Magnetic Traps with inner diameters from 200µm to 800µm in steps of 200µm, and Pitch of 20µm and 100µm):

Figure 10 - Layer 1: Bottom Contacts. Figure 11 - Layer 2: Passivation. Figure 12 - Layer 3: Upper Contacts

• SingleLayer  Device (Magnetic  Traps  with  the  optimized 

parameters):

Figure 13 – Single layer with Contacts.
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3. EXPERIMENTAL METHODS

3.1 Micro and Nano Fabrication Techniques

This device microfabrication is achieved by combining photolitography, etching and lift-off techniques to the deposited thin films.

3.2 Device Processes

The MultiLayer Device is fabricated in 14 Steps:

1. Substrate cleaning and preparation (Si-waffer) with 2.54cm×2.54cm in Alconox, subjected to ultra-sound: 10min, washed with isopropyl  

alcohol, rinsed with deionized water and blow-dried with a compressed air gun;

2. Insulator deposition: 1000Å of Al2O3 , in the UHV II† by sputtering;

3. Bottom contacts deposition: 3000Å of Al, in the Nordiko 7000† by sputtering;

4. Lithography of  the  bottom contacts,  using  the  SGV Tracks† to  coat  and  develop  the  sample  (Photoresist  PFR7790G27cP)  and  the 

Heidelberg Instruments DWL Lithography System† to expose the sample;

5. Bottom contacts Wet Etch: An Al Etchant is used to remove Al without coating, creating the bottom contacts;

6. Bottom contacts Photoresist Strip: The remaining coated Photoresist is removed, using Microstrip 3001. The sample is then washed with 

isopropyl alcohol, rinsed with deionized water and blow-dried with the air gun;

7. Passivation: 3000Å of SiN, in the Electrotech Delta Chemical Vapor Deposition System† by Plasma Enhanced Chemical Vapor Deposition;

8. Passivation: Lithography of the passivation layer (Similar to Step 4).

9. Passivation: Reactive Ion Etching to open vias in the SiN layer. Done in the  Lam Research Rainbow Plasma Etcher†;

10. Passivation: Photoresist Strip (similar to Step 6);

11. Upper contacts: Lithography of the upper contacts (similar to Step 4);

12. Upper contacts deposition:  12000Å of Al, followed by 150Å of TiW to prevent oxidation. Step done in Nordiko 7000†, by sputtering;

13. Upper contacts Lift-off: Photoresist coat removal together with the metal on top of it using Microstrip 3001 (similar to Step 6);

14. Wire bonding: Use of thin wires to weld the sample contacts to a Printed Circuit Board (used as a bridge between the sample and a current  

source).

And the SingleLayer device in 10 Steps:

1. Substrate cleaning and preparation (Si-waffer). Similar to 1st Step of the MultiLayer device;

2. Insulator deposition: 1000Å of SiO2 , in the Electrotech Delta Chemical Vapor Deposition System†;

3. Seed Layer deposition for further Electroplating: 3000Å of Cu, using the Nordiko 3000† by ion beam deposition;

4. Split the Si-waffer in 3.1cm×3.1cm samples using a diamond tip pen;

5. Contacts: Lithography of the contacts. Similar to the 4th Step of the MultiLayer device using Photoresist ma-P1275 instead of Photoresist 

PFR7790G27cP;

6. Frame cleaning: Cleaning the outside frame of the coated Photoresist with a cotton swab and acetone for a better Electroplating;

7. Contacts deposition: 100000Å of Cu. Deposition done in the developed Electroplating System;

8. Contacts: Photoresist Strip. Similar to the 6th Step of the MultiLayer device, using acetone instead of Microstrip 3001;

9. Seed Layer Etch: Ion Milling of 3000Å (+15Å over-etch) of Cu, in Nordiko 3600†;

10. Wire bonding.

† Equipment from INESC-MN [12].

4. ELECTROPLATING

4.1 Eletroplating Role

To microfabricate the designed SingleLayer device, a Copper Electroplating System was built. Electroplating is an electrodeposition process for  

producing a dense, uniform, and adherent coating, usually of metal or alloys, upon a surface by the act of electric current [13]. The core part of the 

electroplating process is the electrolytic cell (elecroplating unit). In it, a current is passed through a bath containing electrolyte, the anode, and the  

cathode. The anode can be one of two types: sacrificial anode, which is dissolvable while electroplating, and permanent anode, inert through the  

process but can not provide a source of fresh metal to replace what has been removed from the solution by deposition at the cathode [14]. Electrolyte 

is the electrical conductor that estalishes electric contact between anode and cathode. The current is carried by ions rather than by free electrons as in  

metal (Figure 14).
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In micro and nano-fabrication, a specific metallic seed layer up to a few hundreds of nanometers is usually choosen to play the role of cathode. It is 

deposited on top of the sample and its purpose is enabling the metal to be electrodeposited on top of it.

Figure  14  –  Copper  electroplating  schematic.  Copper  ions  from  the 

Copper plate (sacrificial anode) are deposited onto the sample (cathode) 

when a current is applied to the system. 

4.2 Eletroplating Design

The designed Electroplating System is composed of a Polypropilene container, the μChem 520 Acid Copper Electrolyte, a Copper anode sheet, an  

optimized Copper cathode to focus the electrodeposition on top of the sample (Figure 15), a magnetic stirrer, a power supply and clean room tape to 

mount the sample onto the cathode.

Figure  15 –  Cathode  Designed  Optimization:  3D schematic.  Legend 

(from left to right): PMMA support – front side; modified Copper plate;  

sample to be electroplated; PMMA support – back side.

Figure  16 –  Designed  Optimization:  Supporters.  Each  slot  is  spaced 

0.5cm from the next one. The optimized Cathode is mounted in the larger 

slot.  The  Copper  sheet  (anode)  is  then  mounted  in  the  smaller  slots  

according to the pretended distance.

4.3 Eletroplating Calibration

Copper Electroplating Calibration was done after testing and confirming the supplier conditions of the Photoresist ma-P1275  [15], as well as the 

Energy calibration, according to the pretended thickness of Photoresist to expose in the Heidelberg Instruments DWL Lithography System.

Copper  electrodeposition  involved  the  calibration  of  three  parameters:  Distance  between  Electrodes  (1cm,  2.5cm and  4cm);  Current  Density 

(10mA/m2,  20mA/m2 and  30mA/m2)  and  Time  (5min,  10min  and  15min),  for  samples  of  the  same  size  (approximately  3cm2).  The  resulting 

thicknesses of each electroplated sample were then measured in a profilometer, and their data was extracted:

Distance between Electrodes (cm)

Current density (A/cm2) 1 2.5 4

10 0.768±0.440 nm/s 0.724±0.019 nm/s 0.774±0.034 nm/s

20 2.754±0.933 nm/s 2.089±0.105 nm/s 2.211±0.091 nm/s

30 5.185±2.221 nm/s 3.959±0.170 nm/s 3.723±0.166 nm/s

Table  1–  Deposition Rates extracted from the  Calibration Results.  Values extracted from the  Weightned Linear Modeled Fit  using Wolfram 

Mathematica 8.0.
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This Electroplating System presented larger Deposition Rate variations for closer distances between electrodes and higher current densities. Larger  

Deposition Rate variations resulted in increased surface roughness.

Despite these deviations, results seem to be in agreement with the theoretical expression for electrodeposition rate, where of the calibrated parameters,  

only the current input enters as a variable [16]:

d R=
M W

n.F.ρ . A
I  (14);

Here MW is the molar weight of the electroplated metal (Copper), n the number of electrons taking part in the reduction, F the Faraday constant, ρ the 

copper density, A the electroplated area and I the current input.

The flattest depositions are suggested to occur for low currents and large distances between electrodes.

4.3 Eletroplating Performance

The Electroplating System Performance was calulated by finding the theoretical values for copper electrodeposition rate (with and without  the  

cathode optimizations) and comparing them to the experimental results. Table 2 presents the theoretical deposition rates according to eq. (14):

Unoptimized Electroplating System 

(electroplated area: 40cm2)

Fully Optimized Electroplating System 

(electroplated area: 3cm2)

Distance Between Electrodes [cm] 1; 2,5; 4 1; 2,5; 4

Applied Current

Density

[mA/cm2]

10 0,28 nm/s 3,67 nm/s

20 0,55 nm/s 7,35 nm/s

30 0,83 nm/s 11,02 nm/s

Table 2 – Maximum theoretical electrodeposition rates (no current leaks) for Copper. Theoretical deposition rates are independent from the distance 

between electrodes.

Here is  considered the Unoptimized Electroplating System as the standard Performance and the Fully Optimized Electroplating System as the  

maximum Performance possible (approximately 13 times greater), according to the cathode designed optimizations.

The Performance, given by:

Performance=
d r

d r theoretical (maximumarea)
(15);

Indicates how many times greater a given deposition rate (dr ) is, when compared with the minimum theoretical deposition rate of the unoptimized 

system, using the same current density.

Current density (A/cm2)

10 20 30

Figure 17- Deposition rate Performance plots according to the current density. First bar (blue) represents the minimum performance possible -  

Standard  value;  Second  bar  (green)  represents  the  experimental  results;  Third  bar  (red)  represents  the  maximum  performance  possible  -  

Approximately 13 times faster than the standard.

Results from the three studied distances between electrodes are presented.(1cm, 2.5cm and 4cm respectively).
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Experimental Performances appear to be greater for higher current densities and closer distances between electrodes, achieving deposition rates 5 to 6  

times  greater  than  the  ones  of  an  unoptimized  system.  These  conditions  are  the  same  as  the  ones  responsible  for  a  high  roughness  in  the 

electrodepositions. The lower deposition rates are still 3 to 4 times greater than an unoptimized system. This Optimization System could not be 

completely sealed, allowing small leakages of electrolyte to flood its insides, and thus, enabling a partial plating on cathode's surface. A perfect sealed 

cathode or a reduction of its submerged area will increase electroplating performance even more.

5. EXPERIMENTAL RESULTS

The attraction experiments with Magnetic Traps took place in the BioLab room at INESC-MN [12]. The first microfabricated Magnetic Traps had a  

MultiLayer design. Initially, they were fabricated on top of a glass substrate, but the glass low thermal conductivity caused the heat to build up near  

the Magnetic Traps (with Resistances lower than 100Ω). These regions heated fast enough to melt the microchannel lid before any attraction could be  

seen, when applying a current (0.1A to 0.2A). To solve this problem, the substrate was changed from glass to Silicon (Si-waffer) while maintaining 

the MultiLayer design. However, these changes were not sufficient. The MultiLayer design fabrication together with the Si-waffer substrate caused 

the Magnetic Traps' Resistance to increase up to 350Ω, greatly reducing the maximum amount of current to be applied on them before they break and  

thus, losing their functionality, since those currents (around 10mA) were not sufficient to attract any kind of the tested Magnetic Particles.

This problem was overcome by changing the MultiLayer design to a SingleLayer design and maintaining the Si-waffer substrate. The resulting design  

avoids the topography issues responsible for increasing the resistance and the less sturdier fabrication by making use of thicker contacts and a single  

layer of contacts. The Si-waffer is maintained for a good heat dissipation. To allow this kind of fabrication at INESC-MN, the Electroplating System 

was built. The electrodeposition of Copper (which has a greater conductivity than Aluminum, allowing more current to flow) together with the also 

calibrated Photoresist ma-P1275, enabled the fabrication of functional Magnetic Traps. 

Figure 18– Microfabricated samples. MultiLayer devices: Glass Substrate (left) and Si-Substrate (center). SingleLayer device (right).

The functional SingleLayer device had its Magnetic Traps designed with the best theoretical parameters computed for this kind of attraction. It was  

capable of attracting the project particles (cobalt turbobeads inside Silica-shells).

Figure  19–  Magnetic  attraction  of  cobalt 

turbobeads  inside  Silica-shells,  by  applying  a 

current  of  0.2A  per  spire  on  the  optimized 

Magnetic Trap.

6. CONCLUSIONS

6.1 Conclusions

This work contains several important achievements required to attract the aimed Magnetic Particles according to the project's requirements:  The 3D 
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Simulator, capable of calculating the physical parameters of the system according to the input characteristics as well as tracking magnetic particles,  

allowed the optimization of the Magnetic Traps; the Development and Optimization of a Copper Electroplating Device, essential to the functional 

Magnetic Traps fabrication; and fabrication of Functional Magnetic Traps, capable of attracting particles at similar distances has the Magnetic Traps 

in the bibliography, while having a lower pitch (30μm) than those (80µm to 200µm), and using less current per spire (0.2A) than them (0.3A to 1A), 

despite the fact of this last factor being also dependant on the Magnetic Particles to attract [17 - 20].

6.2 Future work

Future research suggestions include: The incorporation of an Oscillator-Pump in the device, connected to the Microchannel, to generate an alternate  

quasi-static  flow to prevent Magnetic Particles from being attached to the bottom surface of the microchannel while maintaining their  average 

position, making their attraction easier; Fabricate and test Magnetic Traps with a Soft Core and eventually Soft-Core and Saturated Field, to compare  

theoretical and experimental efficiencies and effectivenesses; Test detection of Magnetic Particles  functionalizated with Biological Particles, after 

their attraction, and study the relation between the output signal and the detected particle concentration.
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