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ABSTRACT 

Microfabrication of Magnetostrictive Beams for Integrated Sensor Systems 

Ahmed H. Alfadhel 

 

This dissertation reports the fabrication and characterization of integrated micro sensors 

consisting of magnetostrictive 500 μm long cantilevers or bridges and conducting 

interrogation elements. The thin films are fabricated by sputter deposition of NiFe doped 

with B and Mo and their magnetic properties are optimized by field annealing resulting in 

a coercivity of 2.4 Oe. An alternating current applied to the interrogation elements 

magnetizes the magnetostrictive structures, and their longitudinal resonant frequency is 

detected as an impedance change of the interrogation elements. The significance of using 

magnetostrictive micro beams is the high resonant frequency of the longitudinal vibration 

compared to transverse vibration, which can be exploited to develop sensors of high 

sensitivity.  

 

 

Keywords: Magnetostriction, Magnetoelastic, Microfabrication, Cantilever, Sensor 

 

 

 

 



[4] 
 

 

DEDICATION 

 

I dedicate this work to my parents for their endless love, support and encouragement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



[5] 
 

 

ACKNOWLEDGMENTS 

 

I would like to express my sincere gratitude to my advisor and committee chair, Dr. 

Jürgen Kosel for his intellectual support and continual encouragement through my 

studies.  This work was made possible by his patience and persistence.  

I would also like to thank my committee members, Dr. Ian Foulds, and Dr. Atif Shamim, 

for their guidance and support throughout the course of this research. 

 I acknowledge the support from the KAUST advanced nanofabrication facility (KANF), 

especially Ahad Sayed and Dr. Zhihong Wang. 

 

 

 

 

 

 

 

 

 

 

 

 



[6] 
 

 

TABLE OF CONTENTS 

 

               Page 

EXAMINATION COMMITTEE APPROVALS FORM ------------------------------------  2 

ABSTRACT ----------------------------------------------------------------------------------------  3 

DEDICATION -------------------------------------------------------------------------------------  4 

ACKNOLEDGMENTS ---------------------------------------------------------------------------  5 

LIST OF ABBREVIATIONS ------------------------------------------------------------------- 10 

LIST OF SYMBOLS ----------------------------------------------------------------------------- 11 

LIST OF ILLUSTRATIONS ------------------------------------------------------------------- 14 

LIST OF TABLES ------------------------------------------------------------------------------- 18 

Chapters 

1. INTRODUCTION ----------------------------------------------------------------------------- 19  

 1.1. Motivation --------------------------------------------------------------------------- 19 

 1.2. Objectives ---------------------------------------------------------------------------- 19  

 1.3. Challenges --------------------------------------------------------------------------- 20  

 1.4. Contribution ------------------------------------------------------------------------- 21  

2. LITERATURE REVIEW --------------------------------------------------------------------- 23 

 2.1. Beam Theory ------------------------------------------------------------------------ 23 

  2.1.1. Stress ---------------------------------------------------------------------- 23 



[7] 
 

  2.1.2. Strain ---------------------------------------------------------------------- 24 

  2.1.3. Young's Modulus -------------------------------------------------------- 25 

  2.1.4. Poisson's Ratio ----------------------------------------------------------- 26 

  2.1.5. Moments of Inertia ------------------------------------------------------ 26 

  2.1.6. Micro-beams -------------------------------------------------------------- 27 

  2.1.7. Resonant Frequency for Transverse Vibration ----------------------- 28 

 2.2. Micromachining --------------------------------------------------------------------- 29 

 2.3. Photolithography -------------------------------------------------------------------- 29 

 2.4.Lift-off --------------------------------------------------------------------------------- 30 

  2.4.1 Single Layer Lift-off ----------------------------------------------------  30 

  2.4.2. Bi-layer Lift-off ---------------------------------------------------------- 31 

 2.5. Dry Etching of Silicon -------------------------------------------------------------- 31 

 2.6. Thin Film Deposition --------------------------------------------------------------- 33 

  2.6.1. PVD Sputter Deposition ------------------------------------------------ 33 

  2.6.2. PECVD -------------------------------------------------------------------- 34 

 2.7. Magnetism and Magnetostriction ------------------------------------------------  35 

  2.7.1. Paramagnetism ----------------------------------------------------------  35 

  2.7.2. Diamagnetism ------------------------------------------------------------ 36 

  2.7.3. Ferromagnetism ---------------------------------------------------------- 37 

  2.7.4. Antiferromagnetism ----------------------------------------------------- 37 

  2.7.5. Ferrimagnetism ---------------------------------------------------------- 38 

  2.7.6. Domains in Ferromagnetic Materials --------------------------------- 38 

  2.7.7. Magnetization Curves --------------------------------------------------- 39 



[8] 
 

  2.7.8. Magnetostriction --------------------------------------------------------- 40 

3. SYSTEM CONCEPT -------------------------------------------------------------------------- 42 

 3.1. Working Principle ------------------------------------------------------------------- 42 

 3.2. System Components ---------------------------------------------------------------- 44 

 3.3. Interrogation System Design ------------------------------------------------------ 48 

  3.3.1. Magnetic Field and Flux Generation and Measurement -----------  48 

  3.3.2. Design and Dimensions ------------------------------------------------- 49 

  3.3.3. Effective Magnetic Field ------------------------------------------------ 51 

  3.3.4. Electrical Characterization ---------------------------------------------  54 

4. INTEGRATED SYSTEM FABRICATION -----------------------------------------------  59 

 4.1. Interrogating Microstructure ------------------------------------------------------  59 

 4.2. Beam Processing -------------------------------------------------------------------- 60 

  4.2.1. Silicon Nitride Deposition ---------------------------------------------- 60 

  4.2.2. Amorphous Silicon Sacrificial Layer Deposition ------------------- 61 

  4.2.3. Anchors and Dimples --------------------------------------------------- 62 

  4.2.4. Bi-layer Lithography ---------------------------------------------------- 63 

  4.2.5. Magnetostrictive Film Deposition ------------------------------------- 65 

  4.2.6. Further Processing ------------------------------------------------------- 66 

  4.2.7. Beams Release ----------------------------------------------------------- 67 

5. RESULTS AND DISCUSSIONS ------------------------------------------------------------ 68 

 5.1. Fabrication Results ------------------------------------------------------------------ 68 

 5.2. Film Stress --------------------------------------------------------------------------- 70 



[9] 
 

  5.2.1. A-Si Film Stress ---------------------------------------------------------  70 

  5.2.2. Magnetic Film Stress ---------------------------------------------------- 73 

 5.3. Magnetostrictive Film Characterization ----------------------------------------- 73 

  5.3.1. Composition Measurement --------------------------------------------  73 

  5.3.2. Film Crystallography ---------------------------------------------------- 74 

  5.3.3. Magnetic Properties ----------------------------------------------------- 75 

  5.3.4. Magnetostriction effect ------------------------------------------------- 77 

 5.4. Impedance Measurement ----------------------------------------------------------- 78 

 5.5. Resonant Frequency Measurement ----------------------------------------------- 81 

6. CONCLUSION --------------------------------------------------------------------------------- 85 

REFERENCES ------------------------------------------------------------------------------------ 86 

  

 

 

 

 

 

 

 

 

 

 

 



[10] 
 

 

LIST OF ABBREVIATIONS 

UV   Ultra violet. 

PR   Photoresist. 

RIE    Reactive ion etching. 

PVD    Physical vapor deposition. 

CVD   Chemical vapor deposition. 

PECVD   Plasma-enhanced chemical vapor deposition.  

emf    Electromotive force. 

XPS   X-ray photoelectron spectroscopy. 

XRD   X-ray diffraction.  

Q   Quality factor. 

VSM   Vibrating sample magnetometer. 

 

 

 

 

 



[11] 
 

 

LIST OF SYMBOLS 

    Normal stress 

    Shear stress 

nF
 
   Normal force 

sF     Shear force 

    Normal strain  

    Shear strain 

E    Young’s Modulus 

G    Shear Modulus  

ν    Poisson's ratio  

I    Moment of inertia 

J    Torsional moment of inertia  

f    Resonant frequency 

       Effective mass 

k    Spring constant 

L   Length 

w   Width 



[12] 
 

t    Thickness 

A  Cross sectional area 

X   Susceptibility  

H   Magnetic field strength  

M   Magnetization  

B   Magnetic flux density 

N   Number of magnetic atoms per m
3
 

μB   Bohr magneton 

peff   paramagnetic effective moment  

kB   Boltzmann constant 

C    Stiffness  

d    Magnetostriction 

0    Free space permeability 

r   Relative permeability 

    Density 

IAC  Alternating current 

HDC   Applied DC magnetic field 

E(HDC)  Varying young's modulus 

 
  Zero field Young's modulus 

    Nonlinear function that relates HDC to the stiffness change 

r    Resistivity 

0E



[13] 
 

   Skin depth 

resf

  
Circuit self resonant frequency

 

L   Beam length  

intL   Length of an interrogating element 

senst   Beam thickness  

totalH    Total magnetic field  

HDC   External DC magnetic field applied 

),( yxH AC  AC field produced by the interrogation elements as a function of the  

  position along the beam and the distance from the elements. 

∆f   The change in resonant frequency.  

mbeam   The mass of the magnetostrictive beam. 

∆mbeam  The change in the mass of the beam. 

SL  Longitudinal mode sensitivity  

ST  Transverse mode sensitivity.  

 

 

 

 

 

 

 

 



[14] 
 

 

LIST OF ILLUSTRATIONS 

               Page 

Figure 2.1 Normal and Shear stress -------------------------------------------------------- 25 

Figure 2.2 Moment of inertia for beam cross section ------------------------------------ 26 

Figure 2.3 Different beam types ------------------------------------------------------------ 27 

Figure 2.4 Compression and tension stress in beam ------------------------------------- 27 

Figure 2.5 Photolithography of positive and negative photoresist --------------------- 30 

Figure 2.6 Single layer lift off illustration ------------------------------------------------ 31 

Figure 2.7 Bi-layer lift-off illustration ----------------------------------------------------- 31 

Figure 2.8 Alignment of magnetic moment for paramagnetic materials -------------- 36 

Figure 2.9 Alignment of magnetic moment for ferromagnetic materials ------------- 37 

Figure 2.10 Alignment of magnetic moment for antiferromagnetic materials -------- 38 

Figure 2.11 Alignment of magnetic moment for ferrimagnetic materials ------------- 38 

Figure 2.12 Domains in ferromagnetic materials ------------------------------------------ 39 

Figure 2.13 Characteristic points and regions of a typical magnetization curve ------ 40 

Figure 2.14 Magnetostriction effect on material domains: (a) No field applied. (b)  

  Magnetic field ------------------------------------------------------------------- 41 

Figure 3.1 Illustration of the sensor system consisting of a cantilever beam above  

  interrogation elements, an AC current to actuate the cantilever and a DC  

  magnetic field applied in the longitudinal direction of the beam to set the  

  working point -------------------------------------------------------------------- 44 

Figure 3.2 Cross section of the device design -------------------------------------------- 45 



[15] 
 

Figure 3.3 Metglas
 
2826MB ribbon resonant frequency at different HDC bias ------- 47 

Figure 3.4 Figure 3.4: Finite element simulation for the magnitude of the magnetic  

  field produced by the interrogation elements. (a) Colored surface with  

  color values in Oe shown in the right side of the plot. (b) Magnetic field  

  value at a position 2.5 μm above conducting lines -------------------------- 52 

Figure 3.5 Magnitude of the magnetic field produced by the interrogation elements at 

  different heights from the interrogation elements (a) in between the  

  conductors and (b) above the center of a conductor ---------------------- 53 

Figure 3.6 Equivalent electrical model for the interrogation elements ---------------- 55 

Figure 3.7 HFSS simulation layout for the interrogation elements (a) without the  

  beam (b) with the beam 2μm above the interrogation elements ---------- 56 

Figure 3.8 Impedance magnitude for the interrogation elements only and for the 

  elements with the magnetostrictive cantilever obtained from HFSS   

  simulation --------------------------------------------------------------------- 57 

Figure 3.9 Impedance phase for the interrogation elements only and for the elements  

  with the magnetostrictive cantilever obtained from HFSS simulation --- 58 

Figure 3.10 Inductance for the interrogation elements only and for the elements with  

  the magnetostrictive cantilever obtained from HFSS simulation --------- 58 

Figure 4.1 Well formation using RIE ------------------------------------------------------ 59 

Figure 4.2 Nitride/Cr/Au/Cr stack sputtering --------------------------------------------- 60 

Figure 4.3 Nitride PECVD ------------------------------------------------------------------ 61 

Figure 4.4 A-Silicon PECVD --------------------------------------------------------------- 62 

Figure 4.5 Anchors and dimples RIE ------------------------------------------------------ 62 



[16] 
 

Figure 4.6 Bi-layer photolithography ------------------------------------------------------ 65 

Figure 4.7 Magnetic film deposition ------------------------------------------------------- 66 

Figure 4.8 Lift-off ---------------------------------------------------------------------------- 66 

Figure 4.9 Release process ------------------------------------------------------------------ 67 

Figure 5.1 Microscope image of a 500 μm long cantilever with interrogation structure 

  underneath ------------------------------------------------------------------------ 68 

Figure 5.2 SEM image of a 500 μm long bridge with interrogation structure   

  underneath  ----------------------------------------------------------------------- 69 

Figure 5.3 250 μm cantilever (a) before annealing and (b) after annealing ---------- 69 

Figure 5.4 A-Si film stress measurement generated by the Toho FLX2320-S ------- 71 

Figure 5.5 SEM image for bubbles on a stressed A-Si film ---------------------------- 71 

Figure 5.6 A-Si stress vs. gases flow ------------------------------------------------------ 72 

Figure 5.7 A-Si stress vs. pressure --------------------------------------------------------- 72 

Figure 5.8 Magnetic film stress measurement generated by the Toho FLX2320 ---- 73 

Figure 5.9 X-ray photoelectron spectroscopy results ------------------------------------ 74 

Figure 5.10 XRD results for magnetic film ------------------------------------------------ 75 

Figure 5.11 Magnetization curves of a 500 μm long cantilever in longitudinal direction 

  before and after annealing ------------------------------------------------------ 76 

Figure 5.12 Magnetization curves of a 500 μm long cantilever in transverse direction  

  before and after annealing ------------------------------------------------------ 76 

Figure 5.13 Magnetization curve as a function with and without compression-------- 78 

Figure 5.14 Impedance magnitude of the interrogation elements with the   

  magnetostrictive cantilever measured for the fabricated system ---------- 80 



[17] 
 

Figure 5.15 Phase of the interrogation elements with the  magnetostrictive cantilever  

  measured for the fabricated system ------------------------------------------- 80 

Figure 5.16 Inductance magnitude of the interrogation elements with the   

  magnetostrictive cantilever measured for the fabricated system ---------- 81 

Figure 5.17 Resonant frequency measurement setup ------------------------------------- 82 

Figure 5.18 Measurement and testing setup ------------------------------------------------ 82 

Figure 5.19 Impedance as a function of the frequency measured for a 500 μm long  

  cantilever ------------------------------------------------------------------------- 84 

Figure 5.20 Impedance as a function of the frequency measured for a 500 μm long  

  bridge ----------------------------------------------------------------------------- 84 

 

 

 

 

 

 

 

 

 

 

 

 

 



[18] 
 

 

LIST OF TABLES 

Table 1 Process parameters for A-Silicon well RIE ---------------------------------- 59 

Table 2 Process parameters for Nitride/Cr/Au sputtering --------------------------- 60 

Table 3 Process parameters for Si3N4 PECVD ---------------------------------------- 61 

Table 4 Process parameters for A-Silicon PECVD ----------------------------------- 61 

Table 5 Process parameters for A-Silicon anchor and dimple RIE ----------------- 62 

Table 6 Process parameters for Fe, Ni, Mo, and B sputtering ---------------------- 65 

Table 7 Process parameters for A-Silicon and Nitride RIE etch -------------------- 66 

Table 8 Process parameters for XeF2 Si etch ------------------------------------------ 67 

 

 

 

 

 

 

 

 

 

 



[19] 
 

 

1  INTRODUCTION 

 

1.1. Motivation 

High-performance resonating sensors have attracted interest for many MEMS 

applications, especially in the field of biological species detection [1]. For such 

applications, the surface of the sensor is functionalized to specifically bind to a target 

analyte. Binding of the target causes a change in the resonant frequency, which, in turn, 

enables analyte detection and quantification [2], [3]. Recently, devices that utilize 

magnetostrictive materials for sensing have been investigated. Compared to other options 

such as silicon cantilevers, these vibrate in longitudinal direction instead of transverse 

direction, leading to higher resonant frequencies. This offers the potential advantage of 

higher sensitivity (see section 3.2.). The previously investigated sensors utilize materials 

that are typically amorphous magnetostrictive ribbons of about 25 μm thickness 

fabricated by melt spinning. The amorphous nature of the materials results in isotropic 

magnetostriction. So far, these sensors have been operated by external coils for actuation 

and sensing. This approach does not allow integration using a standard micro fabrication 

process and their potential for miniaturization is limited. Further miniaturization, though, 

can be expected to yield an increase in sensitivity since the resonant frequency scales 

with the inverse of the sensor size as will be discussed later.  

1.2. Objectives 

The objectives of this work are to study and develop an integrated microsystem that 

consists of a magnetostrictive thin film beam for sensing applications and integrated 
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interrogation elements. A  fabrication process is customized for both the deposition of the 

magnetostrictive beam and the integration of the beam with interrogation elements on a 

common chip. The magnetostrictive beam is prepared through micromachining 

techniques and co-sputtering to obtain a composition similar to the commercially 

available magnetostrictive ribbons Metglas 2826MB. The interrogation element is 

designed to actuate the magnetostrictive beam and sense the resonant frequency through 

impedance change measurement of the elements. The magnetic field generated and the 

electrical characterization are verified by finite element modeling analysis. The analytical 

solution for predicting the resonant frequency of a magnetostrictive sensor is 

experimentally verified. A systematic study will be applied to the fabrication process and 

characterization for the individual component will be performed to investigate the 

potential application in chemical and biological detection. 

 

1.3. Challenges 

The main challenges for the development of integrated magnetostrictive sensor systems 

in the micro-scale regime are the fabrication of magnetostrictive thin film beams and the 

detection of the signal. Magnetostrictive beams for sensing applications require very soft 

magnetic properties so as to magnetize them with weak magnetic fields, which is a pre-

requisite for miniaturization, integration and low power consumption. Further, the 

material needs to be magnetostrictive with a strong coupling between the magnetic and 

mechanical properties. This will ensure a large vibrational response upon the application 

of a magnetic field and, at the same time, a large change of the magnetic susceptibility of 

the vibrating beam, which is required to pick-up the signal. So far, magnetostrictive 
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sensors have only been realized using amorphous ribbons fabricated by, e.g., melt 

spinning. However, these ribbons are not compatible with standard microfabrication 

technologies, there is no flexibility with respect to the thickness or dimensions, 

miniaturization is very limited and they cannot be integrated with a system efficiently. 

While the excitation of magnetostrictive beams can be established rather easily by 

applying a magnetic field with a DC and an AC component (of certain frequency), the 

detection of the beam’s resonant frequency is a huge challenge in the microscale and has 

not been accomplished before. Detection requires the magnetic field emanating from the 

magnetized beam to be measured. Due to the small dimensions and small thickness of the 

thin film micro beams, the beam’s magnetic field is very small, and due the inverse cubic 

dependence of the strength of the magnetic field on the distance from the field source, a 

detection element in close proximity is required. 

 

1.4. Contribution 

In this thesis, the fabrication of magnetostrictive fixed-free (cantilever) and fixed-fixed 

(bridge) micro beams and their integration with microstructures for interrogation on a 

common chip are reported. The work contributes three main novelties: (i) 

Magnetostrictive micro beams for sensor applications, (ii) detection of magnetostrictive 

micro beams and (iii) integration of a system consisting of magnetostrictive micro beams 

and interrogation elements on one chip.  

The fabricated magnetostrictive material is similar to the commercially available Metglas 

2826MB that is characterized by a very small coercivity, which makes it easy to 

magnetize, and large magnetomechanical coupling, which provides a large mechanical 
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response upon application of a magnetic field. The developed sensor system enables, for 

the first time, the detection of the resonant frequency of magnetostrictive micro beams on 

an integrated device. 

This thesis consists of six chapters including the introduction. The second chapter is a 

literature review on some of the fundamentals needed to understand the operations of the 

proposed system. The third chapter explains the system concept, design, and the working 

principle in details with finite element modeling for the interrogation system. The fourth 

chapter explains the microfabrication techniques developed for the system. The fifth 

chapter contains the experimental results and in depth discussion for the different 

characterization methods used to prove the concept. The conclusions and suggestions for 

future study are described in chapter six. 
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2  Literature Review 

 

In this chapter, fundamentals and processing techniques that are directly related to the 

proposed system are discussed.  

 

2.1. Beam Theory 

Recently, biological and chemical detection systems are getting smaller with the 

advancement of miniaturization technologies. Typical biosensors are expensive, need 

complex electronic interfacing and requires regular maintenance. These issues could be 

reduced by the use of integrated microsystems on chips. Microcantilevers and micro-

beams have been employed for physical, chemical and biological sensing. Compared to 

the conventional analytical techniques, these sensors can provide high sensitivity, low 

cost, small sample requirement, and easy processing [4]. 

 

2.1.1. Stress 

Stress is a measure of the average force per unit area (N/m
2
). These forces are a reaction 

to external forces applied on the body. Internal forces of loaded deformable bodies are 

distributed continuously within the volume of the material body resulting 

in deformation of the body's shape. Beyond certain limits of material strength, this can 

lead to a permanent shape change or structural failure. Stress is the ratio between the 

force applied on objects to the area exposed to the force as described in (1) and (2) for 
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normal stress  and shear stress   respectively. Normal stress tends to elongate or 

shorten the body, where as shear stress changes the shape of the body [5]. 

2m

N

A

Fn
     (1) 

 

2m

N

A

Fs
     (2)  

where   is the normal stress ,  is the shear stress, nF
 
is the normal force, A is the Area, 

and sF  is the shear force. 

  

2.1.2. Strain  

A strain is the measurement of the deformation of the object relative to a reference 

length. Deformation is caused by external loads, body forces (such as gravity or 

electromagnetic forces), or temperature changes within the body. From (3) and (4), it is 

observed that strain can be normal   or shear   where it is described as the ratio 

between the change in length to the original length. Figure 2.1 illustrates the effect of 

normal and shear stress/strain on objects [5]. 

L

L


      (3)  

l

x


      (4)  

 

where   is the normal strain,   is the shear strain, L  is the change in length L, and 

x  is the amount of deformation. 
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Figure 2.1: Normal and Shear stress. 

 

2.1.3. Young's Modulus 

In elastic materials, Young's modulus is a measure of the stiffness and a quantity used to 

characterize materials. It is defined as the ratio of the stress over the strain in the range of 

stress in which Hooke's Law holds.  The stress and strain are linearly related and strain is 

reversible in a region called the elastic region. Beyond the elastic region the deformation 

is not totally reversible. For normal stress‐strain the constant relating the stress and strain 

is the elastic Modulus or Young’s Modulus E (5). For shear stress/strain the constant 

relating the stress and strain is the shear Modulus G (6) [6]. 




E

     (5)  




G

     

(6)  

where E is the elastic Modulus or Young’s Modulus,  and G is the shear Modulus. 
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2.1.4. Poisson's Ratio 

Poisson effect is described such that when the material changes dimension on one axis 

the dimensions in the other two axes change as well. Poisson's ratio ν is a measure of the 

Poisson effect, where it is the ratio of expansion to compression. If the material is 

stretched, it usually tends to contract in the directions transverse to the direction of 

stretching [5].  

 

2.1.5. Moments of Inertia 

The moment of inertia I  measures the resistance of a structure to changes around its 

rotation (7).  The torsional moment of inertia J measures the resistance of the structure to 

torsion (8). Figure 2.2 illustrates the moment of inertia of a beam cross section [5].  

12

3wt
I 

     (7)  

)(
12

22 tw
wt

J 
    (8)  

where I is the moment of inertia, w is the width, t is the thickness, and J measures the 

resistance of the structure to torsion. 

 

Figure 2.2: Moment of inertia for beam cross section. 

w 

T 

F 
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2.1.6. Micro-beams 

For different MEMS sensors, two basic types of beams are usually utilized: Fixed-free 

(cantilever), or fixed-fixed (bridge) as shown in Figure 2.3.   

 
     Fixed-Free (Cantilever) 

 

 
     Fixed-Fixed (Bridge) 

 

Figure 2.3: Different beam types. 

 

When a beam bends, one side of the beam becomes under compressive stress while the 

other side confronts tensile stress. The maximum compressive and tensile stress is 

typically located at the top and bottom surfaces of the beam where the magnitudes of 

both compressive and tensile stress are equal. Neutral axis has no stress and it is located 

in the middle of the beam for homogeneous material (Figure 2.4). 

 

Figure 2.4: Compression and tension stress in beam. 
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2.1.7. Resonant Frequency for Transverse Vibration 

One of the important beam design parameters is identifying the armature’s dynamic 

characteristics to determine the resonant frequency. Operating at high frequency provides 

high sensitivity sensor (see section 3.2.). The resonant frequency of a beam is [5]  

effm

k
f

2

1


    (9) 

 

where f  is the resonant frequency in Hz, k is the spring constant, meff is the effective mass 

and 

3

3

L

EI
k        (10)  

the spring constant calculated with the Young's modulus E, the length L and the moment 

of inertia from (7). The resonant frequency of a cantilever is then found to be:  



E

L

t
f

28
      (11)  

where t is the thickness, w is the width, L is the length, and   is the material density. (12) 

shows the spring constant of a bridge and the resonant frequency is shown in (13). From 

(11) and (13), it is found that the transverse resonant frequency for fixed-fixed beams 

(bridges) is eight times the fixed-free beams (cantilevers) resonant frequency.  

3

192

L

EI
k       (12) 

 



E

L

t
f

2
        (13)  
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2.2 Micromachining 

Micromachining is the process of building microstructures.  There are two different types 

of micromachining: Bulk micromachining and surface micromachining. Bulk 

micromachining is the process of etching the silicon wafer selectively to produce 

structures. Surface micromachining is the process of machining microstructures through 

deposition and etching of various sacrificial and structural materials. Patterning of both 

sacrificial and structural layers is done through photolithographic steps [7].   

 

2.3 Photolithography 

Photolithography is the most common method to pattern a layer in micromachining 

processes.  The process is done by using photoresist: photosensitive polymer that can 

change its properties when exposed to ultra violet (UV) light. Photoresist can be positive 

or negative depending on the change of properties when exposed to UV light. Figure 2.5 

shows the lithography process difference in using positive or negative photoresist. 

Photoresist is referred to be positive when it becomes more soluble after UV exposure. 

Negative photoresist on the other hand becomes less soluble after  UV exposure. The 

patterning is done through a mask consisting of dark areas and transparent areas where 

light can go through. Based on the type of the photoresist, the exposed areas through the 

transparent openings can be removed for positive photoresist or the unexposed areas will 

be removed for negative photoresist after development. The created patterned photoresist 

can be used as a mask for other layers [7]. 
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Figure 2.5: Photolithography of positive and negative photoresist. 

 

2.4.  Lift-off 

Lift-off is a simple thin film patterning technique on a substrate.  This method is very 

useful especially for metals like Iron and Nickel that are difficult to etch using typical 

etching methods. Lift-off process is applied by defining the pattern using photoresist and 

lithography, and then depositing the thin film.  Lift off is performed by stripping the 

photoresist with the film deposited on the photoresist. The parts of the film that are 

deposited on the substrate remains on the substrate [7]. 

 

2.4.1 Single Layer Lift-off 

Single layer lift-off uses one photoresist mask only patterned with standard 

photolithography procedures. This lift-off method is not desired because material 

deposition is not very directional and hence the film is deposited on the sidewall of the 

mask that adheres to the substrate making the photoresist removal very hard especially 
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for thicker films. Even for thin films, it is hard to remove the edges of the material after 

lift-off that can reduce the performance of the device or peel off in subsequent processing 

and short the device. Figure 2.6 shows the single layer lift-off process. 

 

Figure 2.6: Single layer lift off illustration. 

 

2.6.2. Bi-layer Lift-off 

In bi-layer lift-off, two layers of photoresist with different sensitivity to exposure dose or 

with a higher dissolution rate are required. In this process, the top photoresist layer has 

the exact pattern but the bottom photoresist layer has an internal profile such that the thin 

film deposited on the substrate doesn't adhere to the sidewalls. The advantage of this 

process is having easy and fast lift-off with clean edges. Figure 2.7 shows the bi-layer 

lift-off process. 

 

Figure 2.7: Bi-layer lift-off illustration. 

 

2.5. Dry Etching of Silicon 

The Silicon dry etching technology has three different types: reactive ion etching (RIE), 

sputter etching, and vapor phase etching. The RIE etching process has chemical and 
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physical parts. In the chemical part, ions are accelerated towards the surface and react 

with the material being etched forming another gaseous material. The physical part is 

similar in nature to the sputtering deposition process where ions with high energy can 

knock atoms out of the material to be etched without a chemical reaction. Chemical and 

physical etching contains many parameters that need to be balanced to control the 

anisotropy and sidewalls of the etching since the chemical part is isotropic and the 

physical part is highly anisotropic.   

Sputter etching is very similar in principle to the RIE process but without reactive ions. 

The system used in this process is similar to the sputtering deposition systems with a 

difference that substrate is subjected to the ion bombardment instead of the material 

target used for the deposition.  

Vapor phase etching is another dry etching method for Silicon that uses simple 

equipment and provide isotropic etching. The etching is performed by dissolving the 

material in a chemical reaction while flowing one or more gases. One of the most 

common vapor phase etching technology for silicon etching is by using Xenon Difluoride 

(XeF2). XeF2 has high selectivity for Al, SiO2, Si3N4, and photoresist. The chemical 

reaction for this process is: 

XeF2  +  Si  
  
   2Xe  +  SiF4    (14)  

Typical Silicon etch rates for XeF2 dry etch is 1 to 3 µm/min. XeF2 reacts with water or 

vapor to form HF. 
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2.6. Thin Film Deposition 

2.6.1 PVD Sputter Deposition      

Sputtering  is a physical vapor deposition (PVD) method of depositing thin films, that is 

a mechanism by which atoms or molecules are ejected from the surface of a target 

material as a result of collision with high-energy particles. The ejected atoms or 

molecules can condense on a substrate like Silicon as a thin film. The sputtering gas is 

often an inert gas such as argon. The atomic weight of the sputtering gas should be close 

to the atomic weight of the target for efficient momentum transfer.  Reactive gases such 

as Oxygen are used to sputter compounds. Two different depositions can performed: DC 

sputter deposition and RF sputter deposition. The deposition process can be controlled by 

controlling various parameters such as Argon pressure, substrate bias and applied power. 

In order to operate at lower pressures, increasing the number of ions without increasing 

the number of neutrals is required. Deposition rate changes with Ar pressure where it 

increases with sputter yield and increases with high voltage. Particle Energy increases 

with increasing sputter voltage, decreases with increasing substrate bias, and decreases 

with increasing Ar pressure. Substrate bias voltage can significantly change film 

properties. Substrate is being bombarded by electrons and ions from target and plasma. 

Neutral atoms deposit independently so applying negative bias on the substrate can 

control the deposition process. RF sputter deposition is good for insulating materials. In 

DC systems, positive charge builds up on the target and sputter deposition occurs when 

target is negative. Charge build up can be avoided by alternating potential. RF sputtering 

has many advantages over the DC sputtering such as the ability to produce continuing 
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plasma, operating at lower Ar pressure, and obtaining more deposition due to fewer gas 

collision. Several deposition modes exist to provide certain advantages.  

Magnetron sputter deposition is one of the deposition modes that can provide higher 

sputter rates at lower Ar pressures that leads to fewer gas collisions. This can be achieved 

by increasing the probability of electrons striking Ar, increasing the electron path length, 

and by using electric and magnetic fields. Electrons are trapped near the cathode that 

yields to more ionization near the cathode and fewer electrons to reach the substrate. This 

process yields to less heating [7].  

 

2.6.2. PECVD 

Plasma-enhanced chemical vapor deposition (PECVD) is a thin film deposition process 

on a substrate by transforming gas into solid. Plasma creation is essential to obtain 

deposition process. It is created by RF frequency or DC discharge between two electrodes 

with a space filled with the reacting gases. Chemical reaction is possible to occur after 

creating the plasma using reactive gases. Plasma is a highly ionized gas where fractional 

ionization in plasmas is used for deposition. Low fractional ionization in plasmas is 

desired because electrons are lighter than atoms and molecules in this stage and energy 

exchange between the electrons and neutral gas is very inefficient. Therefore, the 

electrons can be maintained at very high equivalent temperatures.  

Deposition within a DC discharge has the advantage that electrons are more mobile than 

ions, and plasma is more positive than any object it is in contact with. This will result to a 

large flux of electrons flow from the plasma to the object. Ionized atoms that diffuse to 

the edge of a region experience voltage drop between the plasma and other objects feel an 
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electrostatic force and are accelerated towards the neighboring surface. That results to 

energetic ion bombardment to any surfaces exposed to the plasma. DC discharge can be 

created between two conductive electrodes and which makes it suitable for deposition of 

conductive materials. It is more common to excite a capacitive discharge by applying a 

radio-frequency (RF) signal between an electrode and the conductive walls of a reactor 

chamber. The deposition rate and ion bombardment in the deposition can be controlled by 

changing the frequency of excitation. High frequency signals assist in ionization and 

achieving high plasma density at lower voltages compared to low frequency signal. In 

general, PECVD has many advantages over CVD such as having lower temperature 

processes, and  controllable film stress. 

 

2.7. Magnetism and Magnetostriction 

Magnetism is a unique property of materials that respond at an atomic or subatomic level 

to an applied magnetic field. When a material is placed within a magnetic field, the 

magnetic forces of the material's electrons will be affected. Materials behave differently 

when applying magnetic field due to many factors such as the atomic structure of the 

material and the net magnetic field associated with the atoms. The magnetic properties of 

crystalline structures depend on the magnetic response associated with each atom.  

 

2.7.1. Paramagnetism  

Paramagnetism is defined such that the magnetic moments of electrons in paramagnetic 

material align with the applied field. Such materials require that the atom has unpaired 

electrons in order to have moments to align, since the spin and orbital momentum of 
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electrons cancel. Figure 2.8 shows the alignment of magnetic moment for paramagnetic 

materials. The response of the system is measured by the susceptibility X which is 

positive for paramagnetic material. In (15), susceptibility is defined as the ratio of the 

applied field H to the magnetization M. 

M

H
X 

     
(15)  

(16) shows that many paramagnetic materials have temperature dependant susceptibility 

according to Curie’s law.  
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(16)  

Where N is the number of magnetic atoms per m
3
, μo is the permeability in vacuum, μB is 

the Bohr magneton, peff is the paramagnetic effective moment and kB is the Boltzmann 

constant [8].  

 

Figure 2.8: Alignment of magnetic moment for paramagnetic materials. 

 

2.7.2. Diamagnetism  

A magnetic moment is induced for diamagnetic material that experiences a magnetic field 

obeying Lenz’s law, i.e. an induced electromotive force (emf) generates a current that 

induces a counter magnetic field opposes the original change in magnetic flux. The 
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susceptibility is negative in diamagnetic materials and magnetic moment is proportional 

to the applied field. Materials have a diamagnetic component as well as paramagnetic 

component. However, diamagnetic component  is smaller than  the paramagnetic 

contribution and can be neglected [8].  

 

2.7.3. Ferromagnetism  

The exchange coupling between magnetic moments is a consequence of Pauli Exclusion 

principle such that  two electrons are allowed to share an orbital if they only have 

antiparallel spins. Ferromagnetism happens when exchange coupling is positive and the 

magnetic moments tend to align parallel. Ferromagnetic materials with the absence of a 

magnetic field have magnetic moment due to a nonzero spontaneous magnetization. 

Figure 2.9 shows the alignment of magnetic moment for ferromagnetic materials. The 

susceptibility of ferromagnetic materials is temperature dependant and materials become 

paramagnetic at temperatures above the Curie temperature [8].  

 

 
 

Figure 2.9: Alignment of magnetic moment for ferromagnetic materials. 

 

2.7.4. Antiferromagnetism  

Antiferromagntism happens when exchange coupling is negative and the magnetic 

moments tend to align antiparallel to each other. The atomic magnetic moments cancel 
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out due to the magnetic moment orientation and no magnetic moment is present in the 

absence of magnetic field. Figure 2.10 illustrates the magnetic moment alignment for 

antiferromagnetic materials [8]. 

 
 

Figure 2.10: Alignment of magnetic moment for antiferromagnetic materials. 

 

2.7.5. Ferrimagnetism  

Ferrimagnetism is similar to antiferromagnetic where spins have antiparallel alignments. 

However, the antiparallel moments have different sizes that leads to an overall magnetic 

moment in the absence of magnetic field (Figure 2.11). Ferrimagnetics become 

paramagnetic at temperatures higher than the Curie temperature [8].  

 

Figure 2.11: Alignment of magnetic moment for ferrimagnetic materials. 

 

2.7.6. Domains in Ferromagnetic Materials 

The magnetic moments in a ferromagnetic material align parallel with each other to a 

create moment in very small regions. In large areas, domains are created in ferromagnets 
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in which the atomic moments align with each other in each domain as illustrated in 

Figure 2.12. Domains in ferromagnets are formed to minimize the energy such that small 

or no moment is formed over the sample. It is possible that ferromagnetic materials don't 

form domains if they are small and energetically unfavorable to form domains [8]. 

 

Figure 2.12: Domains in ferromagnetic materials. 

 

2.7.7. Magnetization Curves 

The magnetic flux inside a magnetic material when applying a magnetic field is 

represented by the magnetization curve.  Applying a range of magnetic fields results in 

different magnetization states of the material and different magnetic moments orientation. 

Increasing the applied field leads to magnetic moments alignment with respect to the 

field, which is due to domain wall motion or rotation of magnetic moments. The value of 

magnetic field where all domains are fully aligned with the magnetic field is called the 

saturation field. The value that leads to zero magnetic flux is called the coercivity. When 

reversing the field from saturation and reaching zero, the residual magnetization that 

might be present is called the remanance. Along the magnetization curve, the 

magnetization mechanisms can roughly be divided into two regions: One in the lower 

field range, where domain wall motion dominates, and another one starting at around the 

knee, where magnetization rotation dominates (Figure 2.13). As will be explained in the 

next section 2.7.8, magnetostriction occurs due to rotation of magnetic moments. 
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Therefore, for a magnetostrictive resonator to operate, the applied magnetic field needs to 

include the knee region. Since the amplitude of the magnetic field in case of a sensor 

application is typically rather small, a DC bias field is required to move the operation 

point to the knee region [8].     

 

Figure 2.13: Characteristic points and regions of a typical magnetization curve.  

 

2.7.8. Magnetostriction  

Magnetostriction is a property of ferromagnetic materials that causes them to change their 

shape or dimensions i.e. expansion and contraction when applying external magnetic 

field. Magnetostriction was discovered in 1842 by James Joule. Ferromagnetic materials 

are structured from local domains that each consists of uniform magnetic polarization. 

The domains rotate and boundaries between the domains shift when applying magnetic 

field resulting to a change in the material's dimensions. The fractional change in length as 

the magnetization increases from zero to its saturation is defined as the magnetostriction 

constant lld /  and it is measured in microns per meter or part per million (μm/m = 

ppm). Material contraction for example that occurs due to the magnetostriction effect acts 
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against any tensile stress on the material and leads to a larger value for the Young's 

modulus for the material. The rotation and movement of magnetic domains results to the 

expansion and contraction of a material. Applying a strong magnetic field leads to 

domains re-orientation in the direction of magnetic field (Figure 2.14). Saturation is 

considered to be achieved if all the magnetic domains have become aligned with the 

direction of applied magnetic field resulting to no length change. Thus, magnetostriction 

effect is observed as long as rotation of magnetic domains is present [8].  

 

 

Figure 2.14: Magnetostriction effect on material domains: (a) No field applied. (b) 

Magnetic field results to domain rotation and length decrease.  
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3 SYSTEM CONCEPT 

 

3.1. Working Principle 

The operating principle for devices that utilize magnetostrictive materials for sensing is 

based on coupling magnetic energy and mechanical energy in a similar fashion as 

piezoelectric materials, which couple mechanical and electrical energy. (17) and (18) 

represent the behavior in magnetostrictive sensors that highlight the similarity to 

piezoelectric equations and describe the coupling between stress, strain, stiffness, field 

strength and magnetic flux density.  
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Where  is the stress vector, [ C ] is the stiffness matrix,   is the strain, [ d ] is the 

magnetostriction matrix, [ d ]
T
 is the transpose of the magnetostriction matrix, B  is the 

magnetic flux density vector in the magnetostrictive material, H  is the field strength 

vector, 0  is the free space permeability, and r is the relative permeability [3]. An 

example of the magnetostriction matrix for a polycrystalline magnetostrictive material 

with the polar axis (direction of applied bias) [9] is given as:   



















000

0

0

    000

000

][ 1415

1514

333131

dd

dd

ddd

d    (19)  



[43] 
 

The mechanical vibration of the magnetostrictive beam is generated by actuating the 

magnetostrictive beam with an alternating magnetic signal. The vibration of the beam in 

turn generates magnetic flux [10]. High permeability is required for magnetostrictive 

materials to enhance the antenna-like nature of the sensor by attracting field lines and 

directing them along the length of the sensor. This is desirable because the orientation of 

the interrogating signal will not required to be exactly along the length of the sensor for 

good response [3]. However, the high permeability can also be a disadvantage, in that it 

limits how effectively the interrogative field can penetrate the sensor and how effectively 

the sensor can emit flux. When magnetostrictive materials are actuated with an 

alternating magnetic field, an oscillation is generated from the continuous expansion and 

contraction of the material. The amplitude of the vibration is maximized when the 

frequency of the material deformation is synchronized with its mechanical resonant 

frequency. The resonant frequency of the sensor is determined by many factors such as 

dimensions and mass. Additional mass load or changes of the ambient environment cause 

a change in the resonant frequency and can therefore be detected.  

In this thesis, the fabrication of magnetostrictive fixed-free (cantilever) and fixed-fixed 

(bridge) beams and their integration with microstructures for interrogation on a common 

chip are reported. The fabricated magnetostrictive material is similar to the commercially 

available Metglas 2826MB that is characterized by a very small coercivity, which makes 

it easy to magnetize, and large magnetomechanical coupling, which provides a large 

mechanical response upon application of a magnetic field. Metglas 2826MB has the 

composition Fe40Ni38Mo4B18. Metglas 2826MB has the density 7.9 g/cm
3
, 12 ppm 

saturation magnetostriction, ˂50000 DC relative permeability, and saturation bias field of 
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8 Oe [11]. The developed sensor system enables, for the first time, the detection of the 

resonant frequency of magnetostrictive micro beams on an integrated device. 

 

3.2. System Components 

The sensor system consists of a magnetostrictive cantilever or bridge of length 500 µm, 

width 100 µm and thickness 1 μm fabricated 2 µm above the interrogation elements, 

which are 23 conducting lines of 10 μm width and 0.5 μm thickness arranged parallel to 

each other with a pitch of 10 μm (Figures 3.1 and 3.2). These elements are used to actuate 

the beam and sense back the response. The 2 µm height is chosen to have the beam very 

close to the interrogation elements for stronger signal detection with considering the 

fabrication limitations. The magnetostrictive beams are actuated by the magnetic field 

produced by the current IAC applied to the interrogation elements. The beam response 

depends on the current IAC frequency, and will be highest at the resonant frequency.  

 

 

Figure 3.1: Illustration of the sensor system consisting of a cantilever beam above 

interrogation elements,  an AC current to actuate the cantilever and a DC magnetic field 

applied in the longitudinal direction of the beam to set the working point.  

x z 

y 
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Figure 3.2: Cross section of the device design.  

 

The longitudinal resonant frequency for the fixed-fixed beams (20) [12] and fixed-free 

beams (21) [12] can be evaluated as follows: 

      (20)  

     (21)  

where L is the length, E is young's modulus: (100 GPa - 110 GPa at zero bias for the 

Metglas 2826MB) [3],   is the density and   is poisons ratio: 0.33 [3]. The density of the 

prepared film can be calculated from the volume and the mass of a sample measured with 

a micro-gram scale: 
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Loading the beam with a mass, for example a biological target analyte, will change the 

effective value of ρ, which can be exploited for sensing purposes. Due to the inverse 
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magnetostrictive effect, the vibration of the beam causes a change of the permeability, 

which is sensed by the interrogation elements as a change in impedance. Therefore, the 

impedance of the interrogation elements is used to determine the resonant frequency of 

the beams, which contains the sensing information.  

Applying a DC bias field HDC in longitudinal direction enhances the response of the 

magnetostrictive beams, which is typically highest around the knee of the magnetization 

curve. When applying HDC to a magnetostrictive material, the Young's modulus changes 

[3] such that: 

)()( 0 DCDC HEHE    (23)  

where HDC is the applied DC magnetic field, E(HDC) is the varying young's modulus, 
 

is the zero field Young's modulus,   is a nonlinear function that relates HDC to the 

stiffness change. This effect yields a dependence of the resonant frequency on HDC, and it 

is, therefore, important for HDC to be homogeneous and constant throughout the 

measurement. To investigate the influence of HDC, a study is performed on a 

10mm×2mm×25µm Metglas
 
2826MB ribbon. The sample is placed inside a 4mm 

diameter solenoid made of 36 µm thick wire. HDC bias ranges between 0 - 40 Oe is 

applied in longitudinal direction using Helmholtz coils. 20 mA AC current is applied to 

the solenoid. Figure 3.3 shows that as HDC increases, stiffness and Young's modulus 

increase. This will result to a resonant frequency increase and impedance decrease. The 

signal magnitude increases to a certain point where the sensitivity is maximized, and then 

it starts to decrease as we get close to saturation.  

 

0E
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Figure 3.3: Metglas
 
2826MB ribbon resonant frequency at different HDC bias. 

 

 

The sensitivity of a mass sensor working in the transverse or longitudinal vibration 

modes is defined as [13]: 
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where f is the resonant frequency, ∆f is the change in resonant frequency, mbeam is the 

mass of the magnetostrictive beam, and ∆m is the change in the mass of the beam.  

It is found from (24) that higher sensitivity can be obtained by increasing the resonant 

frequency and/or reducing the mass of the beam, which can be achieved by two 

approaches: (i) Miniaturization of the beam to reduce the mass and increase the resonant 

frequency and/or (ii) longitudinal vibration mode, which is characterized by a higher 
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resonant frequency (compare Equations (11), (13), (20), and (21)). A comparison of the 

sensitivities of the two modes has been derived in [13] and is shown in Equations (25) 

and (26) for cantilevers and bridges respectively.  
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ST and SL are the sensitivity of transverse and longitudinal mode respectively, t is the 

beam thickness, and L is the beam length. Applying typical dimension of micro beams to 

Equations (25) and (26) reveals that the sensitivity of the transversal vibration is only a 

few percent of the one for longitudinal vibration.  

 

3.3.  Interrogation System Design  

3.3.1. Magnetic Field and Flux Generation and Measurement 

The interrogation system is driven and measured by Agilent 4294A Precision Impedance 

Analyzer. The resonant frequency of the system is obtained by measuring the impedance 

change of the interrogation element as a function of the frequency of the electric current. 

The magnetostrictive beam is actuated by driving the interrogating elements with 20 mA 

AC current which is the maximum current can be applied through the impedance 

analyzer. In addition, 20 Oe external uniform DC magnetic field is applied using 

Helmholtz coils to control the working point of the magnetostrictive sensor. Ideally, the 

applied DC field should be at a point where maximum domain rotation can be achieved 

with the alternating magnetic field in order to achieve high sensitivity.  
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3.3.2. Design and Dimensions 

Important factors in the design of the interrogation elements include cross sectional area, 

number of parallel lines, width, spacing, and core material. These factors can determine 

the equivalent inductance, capacitance, and resistance, along with the coupling between 

the elements and the beam. For the transmission, a large number of lines is beneficial to 

act over a large volume. However, adding more parallel lines will divide the given 

current and result a weaker magnetic field. For receiving, a large number of lines can be 

beneficial for developing a large induced voltage; however, higher inductance and 

capacitance can be generated such that the resonant frequency of the interrogation 

element falls below the frequencies of interest. The interrogation elements are designed 

to have 23 conducting lines of cross section 10×0.5 μm
2
 arranged parallel to each other 

with a pitch of 10 μm. Gold is used in the interrogation element design due to the high 

conductivity, low resistivity, and the advantage of oxidation and corrosion resistance. The 

electrical resistivity of gold is 2.44 µΩ.cm at 20 °C. The thermal conductivity is 310 W 

m
-1

 K
-1

at the same temperature. Gold has very high corrosion resistance such that it is 

corroded only by a mixture of nitric and hydrochloric acid. Gold demonstrates excellent 

biocompatibility within the human body that makes it useful for bio sensors 

[14]. Chromium layer is introduced to provide adhesion to the substrate. Chromium has 

electrical resistivity of 12.5 µΩ.cm at 20 °C and the thermal conductivity is 93.9 W m
-1

 

K
-1

. Even though chromium has higher resistivity and lower conductivity than gold, the 

overall performance will not be significantly affected due to the very small chromium 

film thickness. The common current feed line width is designed to allow driving the 

maximum current through the parallel conductors. The dimensions are designed to 
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produce the required functionality at the operating frequency while considering the 

fabrication limitations. The thickness of the conductors should be chosen to confine the 

transmitted wave and keep the losses to a minimum [15]. At high frequencies, the AC 

current will be concentrated on the surface only at a certain depth called the skin depth, 

which can increase the effective resistance of conductors considerably. The AC current 

causes an AC magnetic field, which generates an electric field opposing the current flow 

that is strongest at the center of the conductor. As a rule of thumb, three to five times the 

skin depth would be reasonable. A thicker or thinner conductor would not be used 

effectively.  The skin depth  is given as [15]: 

or

r
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where r  is the bulk resistivity (2.44×10
-8

 ohm-meters), f  is the frequency (Hertz), r  

is the relative permeability (1.0), and  o  is the permeability constant (4π×10
-7 

Henries/meter).  

The skin depth for the gold conductors at 6 MHz is calculated to be 31 µm. Thin film 

fabrication technology like sputtering, which has been used to deposit the conductors, 

allows to deposit layers of a few hundreds of nanometers. Beyond that, the effort/costs 

become unreasonable. Therefore, the thickness of the interrogation elements was chosen 

to be 500 nm.  

It is important to design the gold interrogation elements such that they can handle the 

maximum current applied to each of the 23 parallel lines (0.9 mA) without having issues 

such as electromigration or burning from the high power dissipation. Electromigration is 

an important phenomena such that transport of material is caused by the movement of 
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ions  due to the momentum transfer between electrons at high current densities. Gold was 

proven to operate successfully at current density as high as 1.7×10
10

 A/m
2
 [16]. With the 

chosen design of the interrogation elements, they are able to handle a maximum current 

of 25 mA before electromigration would become an issue. 

 

3.3.3. Effective Magnetic Field 

Finite element modeling is performed using a commercial software (COMSOL) to study 

the magnetic field induced by the interrogation elements. 2D structures are designed and 

the magnetostatics simulations are carried out. The simulations are performed with 

applying a  current density of 1.8×10
8
 A/m

2
 (0.9 mA) to each parallel line, which is 

equivalent to the 20 mA applied to the 23 lines of the interrogating system in the 

experiments. Magnetic insulation is defined as the boundary for the exterior boundary, 

which confines the electromagnetic simulation to a certain region. This ensures the 

tangential component of the magnetic potential to be zero, i.e. the magnetic field is 

parallel to the boundary.  

Figure 3.4 (a) shows the magnitude of the magnetic field produced by two parallel lines 

in the interrogation elements. The axis in Figure 3.4 (a) are the distances in micro-meter 

and the surface colors represent the magnitude of the magnetic field in Oe with the values 

shown in the scale on the right. Figure 3.4 (b) shows the magnitude of the magnetic field 

at a position 2.5 µm above the conductors that represent the distance from the 

interrogation elements to the center of the magnetostrictive beam. The maximum field is 

found to be 0.43 Oe at the center of each conductor, and 0.14 Oe in between the parallel 

conductors.  
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Figure 3.4: Finite element simulation for the magnitude of the magnetic field produced by 

the interrogation elements. (a) Colored surface with color values in Oe shown in the right 

side of the plot. (b) Magnetic field value at a position 2.5 µm above conducting lines. 
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Figure 3.5 (a) shows data from the finite element simulation for the magnitude of the 

magnetic field produced by the interrogation elements at different heights from the 

interrogation elements in between the parallel conductors. Figure 3.5 (b) shows the 

magnitude of the magnetic field above the center of a conductor at different heights. 

 

 

 

 

Figure 3.5: Magnitude of the magnetic field produced by the interrogation elements at 

different heights from the interrogation elements (a) in between the conductors and (b) 

above the center of a conductor.  
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The total magnetic field applied to the magnetostrictive beam is composed of a DC and 

AC magnetic field components expressed as: 

Htotal =HDC +HAC(x, y)    (28)  

where totalH  is the total magnetic field, HDC is the external DC magnetic field applied, 

and ),( yxH AC   is the AC field produced by the interrogation elements as a function of 

the position along the beam and the distance from the elements. As can be seen from the 

magnetic field simulation, ),( yxH AC  is very inhomogeneous inside the magnetostrictive 

beam resulting in a complex mechanical excitation pattern. In future work, the layout of 

the interrogation elements needs to be optimized with regard to the field homogeneity, 

e.g. by reducing the width and pitch of the elements. 

 

3.3.4. Electrical Characterization 

Each parallel line in the interrogation elements can be modeled as a resistor and a series 

inductor such that 

nnn LjRZ      (29)  

where  n=1 to 23  and 

2321
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111
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    (30)  

Figure 3.6 shows the equivalent circuit of the model. Parasitic capacitances are neglected 

considering the frequency range. Each inductance Ln is, besides others, a function of the 

permeability r  of the magnetostrictive material: 
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)( rLL       (31)  

 

 

Figure 3.6: Equivalent electrical model for the interrogation elements. 

 

ANSYS HFSS (finite element solver method) software was used to simulate the device 

and obtain an estimation of the impedance and inductance of the interrogation elements. 

The 3D layout included the magnetostrictive cantilever, and the gold conductors with the 

thin chromium and nitride layers on a silicon wafer. Figure 3.7 (a) shows the HFSS 

design for the interrogation elements and Figure 3.7 (b) shows the cantilever 2 µm above 

the interrogation elements. A lumped port is assigned between the input and the output. 

The operating frequency is swept from 1 MHz to 10 MHz to cover the expected sensor 

operating frequency.     
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Figure 3.7: HFSS simulation layout for the interrogation elements (a) without the beam 

(b) with the beam 2µm above the interrogation elements. 

 

Z1,1 simulation is performed to obtain the impedance of the interrogating elements only 

and then repeated with the magnetostrictive cantilever 2 µm above the elements. The 

magnetostrictive material permeability is 50000 as found from the magnetization curve 

(no bias field applied). Figure 3.8 shows the magnitude of the impedance at the simulated 

frequency range. The impedance at 5 MHz for example is found to be 0.055 Ω for the 

elements only while it increases to 0.075 Ω with the cantilever. The cantilever loading 
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has a significant effect on the impedance of the interrogation elements at higher 

frequencies. Figure 3.9 shows the phase obtained from the Z1,1 parameter. The phase for 

the elements without cantilever is 73
o
 at 5 MHz and it increases to 75

o 
with the cantilever 

above the elements. From the Z1,1 analysis, the magnitude increase and positive phase 

confirms that the interrogation element has inductive behavior in this frequency range 

and stray capacitances can be neglected. The inductance is obtained from the imaginary 

part of the Z1,1 parameter. From Figure 3.10, it is observed that the inductance first 

decreases and reaches a constant value at high frequencies. Its value is found to be 1.4 nH 

at 5 MHz for the interrogating elements only. The inductance increases to 1.9 nH when 

the cantilever is 2 µm above the elements. 

 

 

Figure 3.8: Impedance magnitude for the interrogation elements only and for the 

elements with the magnetostrictive cantilever obtained from HFSS simulation. 
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Figure 3.9: Impedance phase for the interrogation elements only and for the elements 

with the magnetostrictive cantilever obtained from HFSS simulation.  

 

 

Figure 3.10: Inductance for the interrogation elements only and for the elements with the 

magnetostrictive cantilever obtained from HFSS simulation. 
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4 INTEGRATED SYSTEM FABRICATION  

 

The fabrication process is a 5-mask process completed on standard 4 inch <100> p-type 

Silicon wafers. Patterning of physical layers is done through photolithography: a multi-

step process that includes spin coating of photoresist, exposure of the photoresist through 

the desired mask and development of the exposed resist to enable pattern transfer from 

the mask to the substrate.  

 

4.1. Interrogating Microstructure  

The interrogating microstructure is first patterned and reactive ion etching (RIE) is used 

to etch the Si wafer and create 500 nm deep wells (Figure 4.1). The RIE parameters are 

shown in Table 1. 

Pressure 10 mTorr 

 Plate Temperature 10°C 

RF Power 100 W, DC bias = 300V 

IC Power 1600 W 

Etch Time 50 s 

Process Gases 
Oxygen (O2) 3 sccm 

Sulphur Hexafluoride (SF6) 15 sccm 

Table 1: Process parameters for A-Silicon well RIE. 

 

 

Figure 4.1: Well formation using RIE. 
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With keeping the same patterned photoresist film in 4.1, a stack of silicon nitride (20 

nm), chrome (30 nm), gold (420 nm) and chrome (20 nm) is deposited through sputtering 

(Figure 4.2). Lift off is then performed using Acetone. The reason of having the 

interrogation elements  integrated in the substrate is to reduce the conformal growth for 

the following layers. The nitride film deposited on the substrate is used for electrical 

isolation. The deposition parameters are shown in Table 2. 

Pressure 8 mTorr 

Argon Flow 25 sccm (reactive gas delivery disabled) 

Pre-sputter Time 20s (ion beam disabled) 

Height 200 

 Nitride Chromium Gold 

 

C Power  

-- 
200 W 300 W 

RF Power 100 -- -- 

Sputter Time 600 s 60 s 500 s 

Film Thickness 30 nm 40 nm 500 nm 

Table 2: Process parameters for Nitride/Cr/Au sputtering. 

 

 

Figure 4.2: Nitride/Cr/Au/Cr stack sputtering. 

 

4.2. Beam Processing  

4.2.1. Silicon Nitride Deposition 

240nm Si3N4 film is deposited using PECVD (Figure 4.3). The nitride film provides 

electrical isolation between the interrogation elements and the magnetic beam. It also 

serves as an etch stop layer to release the beams without etching the Si wafer and etching 
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under the beams base. Si3N4 has very good adhesion to Si, amorphous Si (a-Si)  and to 

the deposited magnetic material. Table 3 shows the Si3N4 PECVD process parameters. 

Pressure 650 mTorr 

Temperature 300°C 

RF Power 20 W 

Time 15 min. 

Thickness 240 nm 

Process Gases 

Silane (SiH4) 20 sccm 

Ammonia (NH3) 20 sccm 

Argon (Ar) 950 sccm 

Table 3: Process parameters for Si3N4 PECVD. 

 

 

Figure 4.3: Nitride PECVD. 

 

4.2.2. Amorphous Silicon Sacrificial Layer Deposition 

A-Si is deposited to be used as a sacrificial layer for the process (Figure 4.4). This 

provides several benefits such as strong mechanical support for structural layers to enable 

the use of chemical mechanical polishing if surface planarization is needed, and a highly 

selective dry-release process through XeF2 vapor phase etching. Furthermore, etch rates 

are very well documented for a-Si, allowing easy implementation of anchors and dimples. 

The a-silicon PECVD process parameters are shown in Table 4. 

Pressure 800 mTorr 

Temperature 250°C 

RF Power 15 W 

Time 50 min. (40 nm/min) 

Thickness 2.0 µm 

Process Gases 
Silane (SiH4) 25 sccm 

Argon (Ar) 475 sccm 

Table 4: Process parameters for A-Silicon PECVD. 
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Figure 4.4: A-Silicon PECVD. 

 

4.2.3. Anchors and Dimples 

Dimples and anchors are then formed. Dimples are created by partially etching the a-Si 

film (300 nm) an used to prevent beam stiction to the substrate.  Anchors are targeted to 

reach the Si3N4 film and form a critical component that interfaces the magnetic film to 

the substrate. They are etched through the use of reactive ion etch (Figure 4.5). RIE 

process parameters are shown in Table 5. 

 

Pressure 10 mTorr 

 Plate Temperature 10°C 

RF Power 100 W, DC bias = 300V 

IC Power 1600 W 

Structure Anchors Dimples 

Etch Time 45 s 200 s 

Process Gases 
Oxygen (O2) 3 sccm 

Sulphur Hexafluoride (SF6) 15 sccm 

Table 5: Process parameters for A-Silicon anchor and dimple RIE. 

 

 

 

Figure 4.5: Anchors and dimples RIE. 
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4.2.4. Bi-layer Lithography 

The cantilevers and bridges are then patterned before the deposition of the magnetic 

material. In order to obtain clean edges and easy lift-off, a bi-layer lift-off process is 

implemented using MicroChem® LOR 5B for the re-entrant profile and ECI 3027 as the 

imaging photoresist (Figure 4.6). It is important to obtain at least an LOR 5B thickness 

25% greater than the thickness of the desired metal film [17]. Therefore, double coating 

of LOR 5B is required due to the high target magnetostrictive film thickness of one 

micrometer.  

The bi-layer photolithography process is as following:  

i. Dehydration Bake: 1 min. @ 100°C 

ii. Spin Coating of First LOR 5B: This achieves a target thickness of approximately 

800nm, as specified in the datasheet.  

(1) Speed = 1000 rpm,  Ramp = 3000 rpm/s,  Time = 50 s. 

(2) Speed = 0 rpm,  Ramp = 3000 rpm/s,  Time = 0 s. [stop]  

iii. Soft Bake of First LOR 5B:  

(1) 1 min. @ 100°C 

(2) 3 min. @ 140°C 

(3) 8 min. @ 190°C 

(4) 3 min. @ 140°C 

(5) 1 min. @ 100°C 

iv. Spin Coating of Second LOR 5B: This achieves a target thickness of 

approximately 800 nm, as specified in the datasheet (Total is approximately 

1500nm).  

(1) Speed = 1000 rpm,  Ramp = 3000 rpm/s,  Time = 50 s. 

(2) Speed = 0 rpm,  Ramp = 3000 rpm/s,  Time = 0 s. [stop]  
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v. Soft Bake of Second LOR 5B:  

(1) 1 min. @ 100°C 

(2) 3 min. @ 140°C 

(3) 8 min. @ 220°C 

(4) 3 min. @ 140°C 

(5) 1 min. @ 100°C 

vi. Spin Coating of AZ ECI 3027: This achieves a target thickness of 4000 nm [18]. 

(1) Speed = 750 rpm,  Ramp = 1000 rpm/s,  Time = 3 s. 

(2) Speed = 1200 rpm,  Ramp = 1500 rpm/s,  Time = 3 s. 

(3) Speed = 1750 rpm,  Ramp = 3000 rpm/s,  Time = 30 s.  

(4) Speed = 0 rpm,  Ramp = 3000 rpm/s,  Time = 0 s. [stop]  

vii. Soft Bake of AZ ECI 3027: 1 min. @ 100°C 

viii. Exposure: The mask is loaded into the EVG contact aligner for broadband UV 

exposure with the following parameters:  

(1) Constant Dose = 200 mJ/cm
2
. 

(2) Hard Contact. 

(3) Separation = 30 µm. 

ix. Development: The photoresist is developed in AZ 726 MIF developer keeping in 

mind that extra time is required to provide the re-entrant profile through 

overdevelopment of LOR 5B. The wafer is washed with DI water and dried after 

development.    

(1) 150 cm
3 

of AZ 726 MIF Developer for Time = 75 s. 

x. Flood Exposure: The wafer is flood exposed in the UV cure system for 60 

seconds to enable the use of MIF developer when stripping the resist during lift-

off.  
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Figure 4.6: Bi-layer photolithography. 

 

4.2.5. Magnetostrictive Film Deposition 

After patterning the lift off stack, the stack is flood exposed using a UV cure system and 

an ashing step was performed to remove residual organics and prepare the surface for the 

magnetic film deposition. As illustrated in Figure 4.7, magnetostrictive material is 

deposited by co-sputtering Ni50Fe50 alloy, Boron (B), and Molybdenum (Mo) targets. DC 

power is used for Ni50Fe50 (200 W) and Mo (55 W) targets and RF power is used for B 

(110 W). The distance between the target and the substrate is about 185 mm. The 

sputtering pressure is set to 6.5 mTorr and Argon gas flow is set to 25 sccm. The 

substrate is rotating at a speed of 20 rpm during the deposition process (Table 6).  

 

Pressure 6.5 mTorr 

Argon Flow 25 sccm (reactive gas delivery disabled) 

Pre-sputter Time 20s (ion beam disabled) 

Height 185 

 NiFe (50/50) Mo B 

DC Power  200 W 55 W - 

RF Power - - 110 W 

Sputter Time 120 minutes 

Film Thickness 1 µm (~ 8 nm/min) 

Table 6: Process parameters for Fe, Ni, Mo, and B sputtering. 
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Figure 4.7: Magnetic film deposition. 

 

4.2.6. Further Processing 

The lift-off process is completed by stripping the remaining photoresist and LOR 5B 

stack in AZ 726 MIF developer (Figure 4.8).  

 

 

 

Figure 4.8: Lift-off. 

 

To open the contact pads, a patterning and etching step through a-Si and the Si3N4 film is 

performed using reactive ion etch. the RIE etching parameters are shown in Table 7. 

Pressure 10 mTorr 

 Plate Temperature 10°C 

RF Power 100 W, DC bias = 300V 

IC Power 1600 W 

Etch Time 220 s 

Process Gases 
Oxygen (O2) 3 sccm 

Sulphur Hexafluoride (SF6) 15 sccm 

Table 7: Process parameters for A-Silicon and Nitride RIE etch. 
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4.2.7. Beams Release 

Finally, the beams are released by etching the a-Si sacrificial film using XeF2 vapor 

phase etching (Figure 4.9). XeF2 Si etch parameters are listed in Table 8. 

Pressure Atmospheric 

Temperature Room Temp. 

RF Power None (No plasma required) 

Process Gases 
Xenon Difluoride (XeF2) 4T 

Nitrogen (N2) 0T 

Time 80 minutes (in 60 second cycles) 

Etch rate 550 nm/min 

Table 8: Process parameters for XeF2 Si etch. 

 

 

Figure 4.9: Release process. 
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5  RESULTS AND DISCUSSIONS 

 
5.1. Fabrication Results 

Figure 5.1 and Figure 5.2 show a 500 μm long cantilever and bridge, respectively. Some 

topography of the interrogation elements can be observed at the beams. This indicates 

that the conductive stack deposited into the Si trenches was higher than the trench depth 

and e.g. mechanical polishing would be required before the Si3N4 deposition. After 

releasing the cantilevers, some curvature is observed and the edges show some residuals 

from the lift-off process (Figure 5.3 (a)). However, the annealing process effectively 

removes the internal stress and the cantilevers straightens out (Figure 5.3 (b)). 

 

Figure 5.1: Microscope image of a 500 μm long cantilever with interrogation structure 

underneath. 
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Figure 5.2: SEM image of a 500 μm long bridge with interrogation structure underneath. 

 

 

 

Figure 5.3: 250 μm cantilever (a) before annealing and (b) after annealing. 
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5.2. Film Stress 

The causes of film stress can be visualized by imagining what happens when too many 

atoms are packed into the film where bond lengths are pushed shorter than normal and 

the film tries to relax back to its normal bond length pushing outwards and forcing a 

convex ‘compressive stress’ curvature of the wafer. The opposite happens for tensile 

stress where tensile films are usually less dense than compressive films. The convention 

is that negative sign represents compressive stress while positive sign stands for tensile 

stress. 

Toho FLX2320-S Film Stress Measurement System was used to measure and analyzes 

surface stress on deposited thin films. The measurements were obtained by measuring the 

changes in the radius of curvature of the substrate caused by the deposition of a thin 

film. A reference pre-deposition curvature measurement was obtained. The curvature was 

measured again after depositing the film. The difference in curvature was used to 

calculate stress by way of elasticity equation, which relates the biaxial modulus of the 

substrate, thickness of the film and substrate, and the radius of curvatures of pre- and 

post-process. 

 

5.2.1. A-Si Film Stress 

The A-Si film PECVD deposition was optimized to produce a low stress and high quality 

A-Si film. Stress between the isolation layer on the substrate to the amorphous silicon 

film is found to be -13.809 MPa compressive (Figure 5.4). This stress is considered to be 

low in comparison to typical deposited low stress amorphous Silicon films with -100 

MPa compressive stress. When depositing the film at a faster rate with high pressure 
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gases flow, a high stressed film was produced with non-trivially large bubbles in 

throughout the film of varying dimensions in a micron scale as observed in the SEM 

image (Figure 5.5). The produced film didn't have good adhesion to the substrate and 

bares off during lithography.  

 

Figure 5.4: A-Si film stress measurement generated by the Toho FLX2320-S. 

 

Figure 5.5: SEM image for bubbles on a stressed A-Si film. 
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Figure 5.6 shows the stress generated with varying the gases flow. Higher Ar and lower 

SiH4 gas flow is required to provide low stress films. Figure 5.7 shows the pressure effect 

on film stress. low pressure results to a low stress film. 

 

Figure 5.6: A-Si stress vs. gases flow. 

 

Figure 5.7: A-Si stress vs. pressure. 
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5.2.2. Magnetic Film Stress 

The stress between amorphous silicon film to magnetic film  is found to be 260.318 MPa 

tensile stress (Figure 5.8). High stress is generated due to the intrinsic stresses generated 

from the long deposition at high powers that leads to increasing the substrate temperature 

to 80
o 

C. The  different thermal expansion coefficients between the substrate and the 

magnetic film will result to the high stress film when the substrate  is cooled down.  

 

Figure 5.8: Magnetic film stress measurement generated by the Toho FLX2320-S. 

 

5.3. Magnetostrictive Film Characterization 

5.3.1. Composition Measurement 

The purpose of depositing the magnetic film with B, Mo, Ni and Fe at the mentioned 

parameters in section 4.2.5 is to obtain a material with a composition that closely matches 

the one of Metglas 2826MB, which is Fe40Ni38Mo4B18. Figure 5.9 shows the composition 

of the magnetic thin film material obtained by XPS. Elements like oxygen and carbon 

were detected in the composition. Surface cleaning process such as UV Ozone can result 
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to a cleaner surface with the pure elements. By neglecting the oxygen and carbon, the 

composition of the deposited magnetic film was found to be: Fe45Ni31Mo10B13. The 

deposited material is soft magnetic and showed good magnetostrictive behavior. 

 

Figure 5.9: X-ray photoelectron spectroscopy results. 

 

5.3.2. Film Crystallography 

X-ray diffraction (XRD) is used to study the crystallographic structure of the prepared 

magnetic film deposited on Silicon substrate with native oxide on the surface. Figure 5.10 

shows the peaks for the materials in the sample. Silicon peak with high intensity is 

observed at 2-Theta value 33. Silicon Oxide peak is found at 62. The magnetic film 

produced two peaks at 2-Theta 44 with very low intensity (1000 Cps) and at 64 with 

slightly higher intensity (1500 Cps). The low intensity peaks shown in the XRD results 
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indicate that the deposited magnetic film is polycrystalline to amorphous. It is expected 

for Fe-Ni film doped with Mo to have amorphous structure [19], [20]. Doping Fe-Ni 

films with B results to films with soft magnetic properties, moderately high level of 

magnetostriction , and low magnetocrystalline anisotropy that combine to result in a very 

high magnetomechanical coupling efficiency [21].        

 

Figure 5.10: XRD results for magnetic film. 

5.3.3. Magnetic Properties  

Figure 5.11 and Figure 5.12 show the magnetization curves obtained with the vibrating 

sample magnetometer (VSM) in longitudinal and transverse direction, respectively, of a 

cantilever before and after field annealing. The as-prepared films are almost isotropic 

with a coercivity around 8.6 Oe. After field annealing in the longitudinal direction at 350 

°C and 100 mT, an induced anisotropy was observed and the coercivity decreased to 2.4 

Oe in longitudinal direction and 4.3 Oe in transverse direction. The remanance in 
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longitudinal direction became lower after annealing while the remanance in transverse 

direction increased. 

 

Figure 5.11: Magnetization curves of a 500 μm long cantilever in longitudinal direction 

before and after annealing. 

 

Figure 5.12: Magnetization curves of a 500 μm long cantilever in transverse direction 

before and after annealing. 
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The permeability of the magnetostrictive material at the operation point can be derived 

from the magnetization curves. The sensor is DC biased with 20 Oe external magnetic 

field. The magnetization for the annealed beam in the longitudinal direction at 20 Oe is 

obtained and, then, the magnetic flux is calculated as [8]: 

MHB 4       (33) 

where B is the magnetic flux density (Gauss), H is magnetic field strength (Oersted) and 

M is magnetization (emu/cm
3
). The permeability of the magnetic film can be obtained 

from the following [8]:  




 41
4





H

MH

H

B
r     (34) 

where   is the susceptibility, and r  is the magnetic permeability of the magnetic 

material.  The permeability of the magnetic film at the point of operation is then 

calculated to be 10075. Considering the maximum alternating field can be produced (0.43 

Oe) (see section 3.3.3.), and the magnetization curve for the longitudinal direction 

(Figure 5.11), up to 1.5% permeability change is expected.  

 

5.3.4. Magnetostriction effect 

In order to determine whether the fabricated material is magnetostrictive, a qualitative 

method was developed: Compressive stress is applied to the magnetic material using 

small PMMA clamps and the magnetization curves are taken with and without the 

clamps. The results of the magnetostriction measurements are shown in Figure 5.13. 

Upon compression, the remanance and maximum susceptibility decrease. The large 
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change in the magnetization curve observed indicates a high stress sensitivity of the 

fabricated material, which makes it a good candidate for sensor applications. 

 

 

Figure 5.13: Magnetization curve as a function with and without compression. 

 

5.4. Impedance Measurement 

The impedance of the fabricated interrogation elements with the cantilever located 2 µm 

above the elements is measured without applying external DC magnetic field. An Agilent 

4294A Impedance Analyzer is used for the measurement along with a probe station with 

setting the current to be a sinusoidal alternating current with amplitude of 10 mA. The 

frequency range is set to be 1 MHz to 10 MHz. Figure 5.14 shows the magnitude of the 

impedance, which, for example, at 5 MHz is 0.25 Ω. Figure 5.15 shows the phase 

obtained experimentally. At 5 MHz the phase is 85
o
. Just above 3 Mhz, a peak of the 
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impedance is observed, which indicates some resonant behavior. Further investigations 

are required to fully understand the origin of this peak, however, it is in the range of the 

resonant frequency of the cantilever and could be a consequence of the cantilever’s 

resonant response. The impedance magnitude is higher than the simulated impedance in 

section 3.3.4, but qualitatively both have very similar behavior showing an increase with 

frequency. The higher value obtained by the measurement could be due to several factors, 

which are not considered in the simulation such as a different value of the magnetic 

permeability, which in reality also changes along the length of the beam and along the 

thickness of the beam due to the inhomogeneous magnetic field strength. Another factor 

that play an important role is the measurement setup, which includes wiring many times 

longer than the device dimensions introducing additional resistance and capacitance. The 

phase is found to have similar behavior and values in the experiment and in the 

simulation except for the peak found in the experiment.  

The inductance is obtained from the imaginary part of the impedance and, hence, shows a 

similar pattern. From Figure 5.16, the inductance is found to be 7.8 nH at 5 MHz. The 

inductance is found to be higher than the simulated interrogation elements and the 

behavior is similar such that the inductance is constant at high frequencies. 
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Figure 5.14: Impedance magnitude of the interrogation elements with the 

magnetostrictive cantilever measured for the fabricated system.  

 

Figure 5.15: Phase of the interrogation elements with the magnetostrictive cantilever 

measured for the fabricated system. 
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Figure 5.16: Inductance of the interrogation elements with the magnetostrictive cantilever 

measured for the fabricated system. 

 

5.5. Resonant Frequency Measurement 

The resonant frequency of the beam is obtained by measuring the impedance change of 

the interrogation element as a function of the frequency of the electric current. The 

interrogation system is driven and measured by Agilent 4294A Precision Impedance 

Analyzer. Circuitry can be used for measuring frequency response characteristics, 

however, the impedance analyzer is used because it allows flexibility and signal 

processing with many functions that can be used to optimize the system performance. 

The impedance analyzer is set to produce a sinusoidal 20 mA alternating current. 

Bandwidth is set to achieve maximum resolution. Impedance magnitude and phase traces 

are used to display the results. Frequency sweep of +/- 2MHz the operating frequency is 

used as the frequency range. The 16334A test fixture is used in direct attachment to the 
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4294A impedance analyzer which is equipped with a tweezer type probe for 

measurement of the system response.  An external DC magnetic field of 20 Oe is applied 

in longitudinal direction using Helmholtz coils to bias the magnetostrictive sensor to its 

point of greatest sensitivity. Ideally, the applied field should be at a point where 

maximum domain rotation can be achieved with the alternating magnetic field in order to 

achieve high sensitivity. The measurement setup is illustrated in Figure 5.17. The actual 

testing equipments and setup are shown in Figure 5.18.  

 

Figure 5.17: Resonant frequency measurement setup. 

 

 

Figure 5.18: Measurement and testing setup. 
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The impedances measured for the cantilever and the bridge are shown in Figure 5.19 and 

Figure 5.20, respectively. At the resonant frequencies, the impedances exhibit an abrupt 

change of about 0.1 Ohm for the cantilever and 0.05 Ohm for the bridge. The resonant 

frequencies are found to be 2.95 MHz for the cantilever and 5.46 MHz for the bridge. 

From (20) and (21), the theoretical values of the resonant frequencies are about 2.3 MHz 

in case of the cantilever and about 4.6 MHz in case of the bridge. These values are 

smaller than the ones found experimentally. This is partly due to the effect of HDC that 

increases the Young's modulus (see (23)), which, in turn, yields an increase of the 

resonant frequency. The resonant frequencies of the cantilever and the bridge are not 

exactly multiple of each other, which could be due to the effect of other operating mode 

or to the differences in the effective lengths of the beams. Further studies are conducted 

to investigate the effect of other vibration modes on the beam longitudinal resonant 

frequency. The quality factor (Q-factor) defined as the resonant frequency divided by the 

full width at half of the maximum amplitude [2]. The Q-factor for the cantilever response 

is 26 and for the bridge signal is 39.  
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Figure 5.19: Impedance as a function of the frequency measured for a 500 µm long 

cantilever. 

 

 

Figure 5.20: Impedance as a function of the frequency measured for a 500 µm long 

bridge. 
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6  CONCLUSION 

 
A new sensor system using magnetostrictive micro beams and integrated interrogation 

elements was reported. A thin film process for fabricating soft magnetic, magnetostrictive 

sensor materials has been developed including co-sputtering of FeNi, Mo and B and field 

annealing to release stress and induce magnetic anisotropy. The integration of 500 µm 

long magnetostrictive cantilevers and bridges with conducting interrogation elements is 

described. The impedance of the interrogation elements clearly showed the resonant 

frequencies of the magnetostrictive beams, which could be utilized for sensor 

applications. 

Future work will include improving the sensor design and interrogating microstructures 

to enhance the signal to noise ratio, functionality, Q-factor and dynamic range. 

Theoretical and experimental studies on the different magnetostrictive vibration modes 

will be conducted in order to determine the effective response. Further studies on the 

magnetomechanical coupling enhancement with field annealing and composition 

elements will be conducted. 
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