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To further verify the analytical solutions, cantilevers of two different lengths, 14.4 

mm and 9.0 mm, were constructed and tested simultaneously. Their resonant frequency 

spectrums were recorded and are shown in Fig. 4-8. Both sensors show that their resonant 

frequency in the second mode was 3 times that of their first mode. In addition, it 

demonstrates the possibility of making a sensor array for an application that could detect 

two different targets. All of these experiments confirmed that the concept-of-principle is 

valid, although the resonant frequency peaks are not perfect, which could be attributed to 

clamping effects. The signals are strong enough and their magnitudes are very near the 

value from the equations proposed above. It can then be concluded that magnetostrictive 

sensors made of Metglas 2826 MB follow the longitudinal vibration operation principle. 

These experimental results show that Equations (4-5) & (4-6) are valid. 

 

Fig. 4-8 Resonant frequency of the first two modes for cantilever array. 
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4.3.2. Numerical verification of the Proof-of-Principle Equations 

Numerical analysis was also applied to the proof-of-principle to provide a final 

verification. A series of experiments by simulation were conducted to confirm the 

validity of Equations (4-5) and (4-6) for cantilever, bridge and beam. Table 4-5 lists the 

results of a cantilever of 80 µm x 20 µm x 1.0 µm. One can see the relationship of 

resonant frequency between the higher order mode and the first order mode is 1, 3, 5, 7 

and so on. Fig. 4-9 shows the sensors’ shapes under a different order of modes. Tables 4-

6 and 4-7 summarize the simulation results of a bridge made of Metglas with 14.4 mm x 

3.0 mm x 28 µm and a beam made of Au with 8 mm x 2 mm x 28 µm, respectively. The 

same relationship of the resonant frequency between the higher order mode and the first 

order mode is 1, 2, 3, and so on regardless of the materials and configurations in bridge or 

beam. These simulation results confirmed the validity of the general equations of the 

longitudinal vibrating cantilever, bridge and beam proposed before. 
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Table 4-5 Resonant frequency obtained by simulation for a cantilever (80 µm x 20 µm x 

1.0 µm) made of Metglas. 

4th01.77E-12101032256.010

08.18E-1395646120.09

01.30E-1285564432.08

01.30E-1275480456.07
3rd01.77E-1272165688.06

01.04E-1266210624.05

07.76E-1358838872.04

04.43E-1351870192.03

2nd01.77E-1243299372.02

1st 01.77E-1214433122.01
Order of modeDampingGeneralized MassFrequencyMode domain
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Fig. 4-9  Typical mode shapes at different orders of mode for a cantilever in longitudinal vibration. 

 

1st mode 2nd mode

3rd mode 4th mode
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Table 4-6  Resonant frequency obtained by simulation for a bridge (14.4 mm x 3.0 mm 

x 28 µm) made of Metglas. 

NA01.27E-06712483.96

NA01.21E-06698189.85

4th02.55E-06641472.14
3rd02.55E-06481104.13

2nd02.55E-06320736.12

1st02.55E-06160368.01

Order of ModeDampingGeneralized MassFrequency (Hz)Mode domain

 

 

 

Table 4-7 Resonant frequency obtained by simulation for a beam (8 mm x 1.6 mm x 28 

µm) made of Au. 

01.91E-07495718.710
4th02.47E-07476251.29

01.85E-07448299.48

01.58E-07404214.97
01.32E-07366239.56

3rd02.47E-07340179.45

01.05E-07338259.44

04.98E-08305598.73

2nd02.47E-07204107.62
1st02.47E-0768035.91

Order of modeDampingGeneralized MassFrequency (Hz)Mode Domain
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4.4. Discrepancy Analysis of the Resonant Frequency Obtained by Experimental 

Measurement, Finite Element Simulation, and Numerical Calculation 

Sensors with various materials, sizes and configurations as listed in Table 4-8 were 

used for either simulation or experimentation. Their first order resonant frequency 

obtained by three methods, namely experimentation, simulation and modification of 

Equations (4-5) and (4-6), and the resonant frequency differences between the proposed 

equation and experimental data or simulation data are presented in Table 4-9. The 

subscripts of c, e and s respectively represent calculation, experiment and simulation. 

∆fcs/fc and ∆fce/fc are the relative frequency differences obtained by simulation and 

experiment with respect to the data by calculation. The relative differences of resonant 

frequency between these three techniques are less than 3.3%. Such comprehensive 

analysis further confirms that the proposed equations and techniques are valid. Fig. 4-10 

presents the simulation result of the first mode for a free-free ended beam with a size of 8 

mm x 1.6 mm x 28 µm. Color in red indicates that the largest displacement occurred in 

the longitudinal axis, e.g. the free ends of beam. 
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Table 4-8 Sensor size, materials, and type used for simulation and experiment. 

NoyesCantilever250 µm x 50 µm x 1 µmMetgals6

Gold

Metgals

Metgals

Metgals

Metgals

Material

YesNoCantilever9 mm x 2 mm x 28  µm1

No

Yes

Yes

Yes

Experiment

NoBeam9.8 mm x 2 mm x 28  µm2

YesCantilever14.4 mm x 3 mm x 28 µm3

YesBridge14.4 mm x 3 mm x 28 µm4

YesCantilever8 mm x1.6 mm x 28 µm5

SimulationStructureSizeNo.

 

 
 
Table 4-9 Analysis of the differences of resonant frequency obtained by calculation, 

simulation, and experimentation. 

-------2.14------46185994521933.1Cantilever0.256

8.0

14.4

14.4

9.8

9.0

L(mm)

0.18------125687.5------125919.3Cantilever1

-----

3.21

1.97

1.39

∆fce/fc

(%)

------227500.3------230710.8Beam2

-2.14153925160368157011.6Bridge3

-2.1475987.58018478505.8Cantilever4

-1.35------68035.967130.3cantilever5

∆fcs/fc
(%)

fe (Hz)fs (Hz)fc (Hz)StructureNo.

 
Notice: Poisson’s ratio 0.36 of Au employed for simulation. fc, fs, and fe are the 

frequencies of numerical calculation, finite elemental simulation and experimentation, 

respectively ∆fcs = fc - fs, and ∆fce = fc - fe.  
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Fig. 4-10 Simulation results for freestanding Metglas beam with the size of 8 mm x 1.6 

mm x 28 µm. Poisson’s ratio of 0.35 was employed.  
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4.5. Summary 

Simulation results have verified that experimental data obtained for magnetostrictive 

sensors constructed in cantilevers and bridges was indeed resonating in the longitudinal 

mode. In conjunction with simulation and experimental data, theoretical equations for 

predicting the resonant frequency of cantilever, bridge and beam were modified by 

replacing a plane-strain modulus with a plane-stress modulus (biaxial modulus). The 

proof-of-principal equations were validated. Poisson’s ratio of Metglas 2826 MB was 

defined to be about 0.33, which is confirmed by the result of earlier study on Metglas and 

the supplier’s claimed data. 



  75

5. BULK-SCALE MAGNETOSTRICTIVE SENSORS 

The potential applications of a magnetostrictive sensor vibrated in the longitudinal 

mode to measure a thin film elastic modulus and detect mass deposited on the sensor’s 

surface have been discussed in the earlier sections. In this section, the details of these 

applications will be discussed. Bulk scale, freestanding sensors 8 mm x1.6 mm were 

employed to determine the thin film elastic modulus, and 5 mm x 1 mm ones were used 

to detect the concentrated mass attached to the sensor’s surface at different locations. 

Finite element simulations were employed to confirm the results from the thin film 

measurements and mass concentration experiments. In order to confirm the application of 

employing magnetostrictive sensors to measure a thin film Young’s modulus, simulation 

experiments for freestanding beams with thin films of either Cu or Au were carried out to 

verify the experimental results and validate the technique. FEM was also performed to 

investigate the potential for Metglas sensors to detect the attachment of a single spore or 

cell on the surface and the response for multiple spores or cells attachments. 

 

5.1. Thin Film Elastic Modulus Measurement  

Thin film materials such as Al, Au, Cu, etc. have been widely employed in 

microelectronic and microelectromechanical systems (MEMS) as interconnecting and 

packaging materials. As these applications continue to develop, demands on material 
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performance are ever increasing, and there are many material issues associated with the 

miniaturization of electronic devices and the operation of MEMS and sensors that must 

be addressed [61, 62]. To better mitigate thin film material failure and improve device 

functionality and reliability, it is essential to first understand the intrinsic mechanical 

properties of the films involved. In addition, thin film mechanical properties are key 

inputs for numerical simulations designed to predict device life-cycle and reliability. In 

many cases, the mechanical properties of thin films may differ from their bulk 

counterparts due to differences in volume and size of the operating deformation 

mechanisms [63, 64].  

To date, a variety of techniques has been employed to measure thin film Young’s 

modulus, including both destructive and non-destructive methods. Destructive methods 

typically involve microfabrication processes to fashion the film material in freestanding 

structure, so that a microscale force can be applied to assess the properties. Examples of 

destructive techniques include the bulge test [65-67], microbend test [68, 69], microbeam 

tensile test [70], microbeam/microbridge bending, microbeam deflection test [71-76] and 

dynamic resonating [77-84]. In such testing methods, the thin films are deposited on a 

substrate (most cases are Si wafers) followed by a micromachining process to fabricate a 

freestanding diaphragm, cantilever beam, or fix-fix ended bridge, which is where the 

destructive technique name comes from. After the technique is applied, the continuous 

thin film or substrate is broken. Fig. 5-1 to Fig. 5-4 show the typical testing methods 

described here.   
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Fig. 5-1 Schematic diagram illustrating bulge test method [67]. 

 

 

 

Fig. 5-2 Schematic of the microbend test [68]. 
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Fig. 5-3 Schematic of microbeam deflection test method in (a) deflection by 

electrostatic force [71], and (b) deflection by nanoindentation [72]. 

 
 
 
 
 

 

Fig. 5-4 Schematic depicting the method by dynamic vibrating cantilever in resonant 

frequency. (a) A laser detector is generally used to detect the frequency [77], and (b) a 

microfabricated SiO2 cantilever array is used for the resonant frequency test [82].
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In the bulge test [67] (Fig. 5-1), a pressurized gas is commonly used to deflect the 

thin film membrane, but an electrostatic force can be employed to load the film with an 

electric field between the film and ground plane. The microbend test [68] (Fig. 5-2) is 

based on the conventional three point bending measurement technique. The preferred 

samples are thin foils. When film thickness drops below 5 µm the test becomes difficult 

to perform. The microtensile test is realized by using a micro motor to stress the sample 

[70]. Such a test can be difficult to perform, but direct tension is the most desired 

technique. Furthermore, freestanding films tend to have residual stress and are often 

wrinkled causing error in the measurement. A considerable amount of effort has been 

focused on microbeam bending [71] or deflection [72] (Fig. 5-3) due to the ease of the 

test. In these techniques, exercising electrostatic force (Fig. 5-3 (a)) or nano-indentation 

to deflect/bend the cantilever or bridge are the most desirable choices. The dynamic 

resonating method (Fig. 5-4) involves the oscillation of a cantilever or bridge structure 

with its natural frequency. By detecting the frequency, a Young’s modulus of film 

material is determined. In recent years, much more interest has been shown in this 

method [80, 82, 85]. Nevertheless, the resonant frequency detection technique is 

extremely complicated, normally involving many costly instruments and additional 

expenses in the microfabrication processes. 

In contrast, non-destructive methods involve direct measurements that do not alter 

the films properties in any manner. These methods are dominated by acoustic wave based 

interrogation of Young’s modulus [78, 86-91] and elastic constants [92-96]. Nano-

indentation [59, 73, 97-109] that has been generally accepted for quick testing, is a 

technique in between these two testing methods. 
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In this acoustic wave based non-destructive technique for measuring thin film elastic 

properties, the film is examined in its deposited condition; no additional modification 

process, which has the potential to alter the film’s physical properties, is required. 

Unfortunately, the apparatuses involved in such methods described in the references are 

often bulky and expensive. The nanoindentation technique also assesses the film 

properties directly without amending its condition in the macro scale, though it does 

result in local damage to the film as depicted in Fig. 5-5 [101]. 

The advantages of destructive techniques are that they typically provide more 

information on the material properties such as yield stress, fracture toughness, etc. 

However, they require relatively long and complex fabrication processes and expensive 

instrumentation to achieve their measurements. Moreover, thin film material properties 

may be influenced by the fabrication procedures employed to fashion the test structures, 

which has been observed during testing silver thin film mechanical properties [1]. 

 

 

Fig. 5-5 Schematic depicting the nanoindentation test method [101].
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On the other hand, non-destructive techniques are typically only adept at assessing 

elastic properties and require sophisticated instrumentation and data reduction procedures. 

Nanoindentation is able to provide both elastic and hardness properties that can be 

quickly extracted from the indentation data; however, the data may be influenced by the 

substrate’s properties, the indentation depth and the film thickness. In the case of porous 

materials, this test may cause densification to occur, and the in other case, phase 

transformation can be induced due to large hydrostatic pressure.  Although numerous 

reviews have been published discussing the influence of the techniques and the materials’ 

size on their mechanical properties [59, 63, 100], there is no standard technique generally 

accepted by the thin film mechanics community that is simple, inexpensive and non-

destructive in assessing mechanical properties. A little known technique that employs a 

magnetostrictive resonator, developed by Grimes and coworkers [31, 32], has been 

shown to be adept at assessing thin film elastic properties and may be the standard 

technique the community seeks, in terms of evaluating elastic properties. The technique is 

simple and inexpensive to perform, requires no post deposition fabrication, and is non-

destructive in nature. This section is aimed at assessing the technique by measuring the 

elastic properties of several commonly employed thin film materials and offering a 

discussion of the error involved. 
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5.1.1. Experimental Details 

Thin films of Au, Cu, Al, Cr, In, and Sn were DC sputter deposited onto a sensor cut 

from Metglas ribbon (smooth side) by a Discovery 18 sputter system from DENTON 

VACUUM, Inc. All targets were purchased from Kurt J. Lesker, Inc. with purity of 

99.99% or better. The SiC thin film was obtained by directly sputtering from a SiC target 

with Ar plasma. More details can be found in Liang et al. [110]. The background vacuum 

was achieved at 3x10-6 torr or better for each deposition. Sputter power density of 4.5 

w/cm2 was used for the metallic films deposition, and an Ar flow rate of 25 sccm with the 

process pressure of 5 mT were employed for all sputtered films. A thin layer of 12 nm Ti 

was applied by RF sputter as an adhesion promoter prior to Cu or Au film deposition 

without breaking the vacuum. An Au rich lead-free solder AuSn (80/20 wt. %) thin film 

was obtained by co-sputtering of Sn and Au targets, simultaneously. A deliberated 

experiment was preformed to obtain the correct composition of AuSn (80/20) eutectic 

solder, which was examined by EDX. All targets were sputter cleaned for 15 minutes 

with shutter covered before deposition. Thin film thickness was controlled by sputtering 

time and measured by a TENCOR alpha-step 200 profilometer from TENCOR 

Instruments, Inc. A Rigaku X-Ray Vertical Diffractometer with Cu Kα radiation was 

employed to characterize the crystal structure of these thin films, and the surface 

morphology of the film was characterized by using a JEOL JSM 7000F field-emission 

SEM equipped with EDX capability. 

Metglas 2826 MB ribbon was obtained from Metglas, Inc. and cut to sizes of 8 

mmx1.6mm by a semiconductor ranked dicing saw and cleaned with acetone, methanol, 

IPA(Isopropyl Alcohol), DI (deionized) water and dried by nitrogen gas. The sensors 
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were dehydrated in a convection oven at 120oC for 20 minutes prior to use. In the case of 

measuring the Au film Young’s modulus, the masses of the sensor before and after 

deposition were measured immediately by a Metter-Toledo AT-20 microbalance with a 

resolution of 2 µg. The method used of measuring the resonant frequency of the sensor 

with or without the thin film coating was described in section 2.   

 

5.1.2. Results and Discussion 

This section details the characterization and results of deposited thin film. 

Parameters such as surface morphology, crystal structure, and sensor responses to various 

types of films, the determined thin films Young’s moduli and error analysis are included. 

 

5.1.2.1. Surface Morphology of Deposited Thin Film Materials of Au, Cu, Al, Cr, In, 

Sn, AuSn (80/20), and SiC 

All films deposited on the magnetostrictive sensor platform exhibited continuous 

surface coverage and excellent adhesion as no delimitation or pits were observed during 

SEM characterization. This is a good indication that the numerical solution can assume 

that film and sensor undergo the same amount of straining during vibration testing. 

Deposited Au and Cu films possessed very fine grain sizes/particles as shown in Fig. 5-6 

(a) and (c). The grain size of the Cr exhibited sawfish likeness or star shapes with even 

morphology as shown in Fig. 5-6 (d), which have been commonly observed by other 

researchers [111]. The low-melting-temperature materials, the In, Sn, and Al films, 

exhibited considerable large grain sizes/particles and appeared somewhat porous, (Fig. 5-

6 (b), (e) and (f)). Furthermore, indium and tin films possessed a random island texture 
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and relatively rough surface. The Sn film also had whiskers on its surface approximately 

1.0 µm long as seen in the Fig. 5-7(h). These whiskers are often observed in electronic 

packaging and assembly but are also found by other researchers in sputter deposition 

processes [112] and are likely due to relief of compress stress in the film. Finally, the 

AuSn (80/20) eutectic solder yielded the most unusual of the microstructure, (see Fig. 5-6 

g). No large islands were seen as in the pure Sn film, likely due to alloying with Au 

atoms. As was seen in the SEM image, the surface became flusher and developed into 

interlaced structures. 

As deposited gold films of various thicknesses were examined under SEM. Uniform 

particle sizes of the Au coating were clearly developed on the sensor platform whose size 

scaled with the film thickness, (see Fig. 5-7). Complete surface coverage was observed 

even at film thickness as thin as 100 nm. The particle size increase with film thickness 

was likely a result from increased thermal energy induced and the large number of Au 

atoms available for aggregation for thicker film [113]. Also, note that the deposition of 

thicker Au film requires the longer processing time; consequently, a higher temperature 

on substrates may result from additional commission of ions and atoms. However, when 

the film thickness became thicker than 0.855 µm, the grain size remained relatively 

constant. The highest substrate temperature recorded during the sputtering process for 

different thin film thicknesses is listed in Table 5-1. Similar occurrences were observed 

for other materials during sputter deposition, but all exhibited lower temperatures than 

that for Au, likely a result from the sputter yield of Au being the highest among all films 

grown. 
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Fig. 5-6   SEM images of film surface morphology. The material of film and its thickness is indicated on each image.  
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Fig. 5-7   SEM images of Au film with different thickness of 0.1 µm, 0.25 µm, 0.50 µm, 0.855 µm, 1.10 µm, 1.50 µm. 
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Table 5-1 Highest temperature of near substrate surface reached during deposition  

58

1.10

65

1.50

57

1.00

55

0.89

51

0.855

43

0.50

33

0.25

Temperature (oC)

Film thickness (µm)

 

 

5.1.2.2. Crystal Structure of Sputtering Deposited Thin Film 

The crystal structure of the films was characterized by X-ray diffraction (XRD) 

technique, and typical patterns are shown in Fig. 5-8 and 5-9. All metallic films deposited 

by sputter deposition exhibited polycrystalline structure, except Au which had 

significantly (111) preferred orientation, shown in Fig. 5-9. The amorphous structure of 

SiC was also determined by XRD, but it is not shown here. The XRD result of the 

Metglas 2826 MB sensor substrate has confirmed its amorphous structure.  

The eutectic AuSn (80/20) solder film exhibits a mixture of AuSn, Au5Sn, and Sn 

phases; the existence of AuSn and Au5Sn phases was expected from the Au-Sn phase 

diagram in Fig. 5-10 [114]. The single phase of Sn in this mixture was detected by XRD. 

The Sn may have been in an unstable phase owing to the eutectic AuSn mixture that was 

not reflowed. The composition of AuSn solder was analyzed by EDX, and the result was 

directly reflected back to modify the deposition process so that eutectic composition 

could be obtained. The best composition of Au rich AuSn eutectic solder achieved was 

79.81/20.17 wt% as seen in Fig. 5-11 under the sputter circumstances of 44 w RF power 

for Au and 120 w DC for Sn with 5 millitorr sputtering pressure. 
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Fig. 5-8 XRD patterns for thin films deposition on Metglas sensors. 

 

 

 

Fig. 5-9 XRD pattern for Au and solder thin film materials. 
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Fig. 5-10 Au rich portion of Au-Sn equilibrium phase diagram [114]. 

 

  

Fig. 5-11 EDX analysis of AuSn solders composition.
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5.1.2.3. Sensor Response to Various Thin Film Coatings  

The magnetostrictive sensor exhibits very different response to various thin film 

coatings described in the previous section. The resonant frequency of the sensor were 

found to shift up to higher values when an Al, Cu, Cr, or SiC thin film was deposited 

onto the sensor surface. In contrast, it was found to shift downwards when Au, In, Sn and 

AuSn materials were deposited. See Fig. 3-13 for frequency vs. amplitude plots for Cr 

and Au responses. This behavior will be detailed in the next section. Relative resonant 

frequency shift for all films exhibited a strong linear relationship with their relative 

thickness changes, as predicted by the analytical solution.  

 

5.1.2.3.1. Frequency Shift before and after Thin Films Coatings on Sensors 

 

In reviewing Equation (2-12): 

 

 

the change in frequency can be positive, negative or zero, depending on the thin film 

properties of Young’s modulus and density. Fig. 5-12 shows that Au film coating 

decreased the frequency, while the Cr film coating increased the frequency. In fact, in 

order to determine whether the film coating will provoke increasing or decreasing of the 

sensor’s frequency, one can just compare the acoustic wave propagation speed:  
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for thin film material with that for the sensor material, Metglas 2826 MB. If both the 

acoustic wave speeds are the same, then no resonant frequency change will be observed. 

This was observed when a thin film of Metglas was sputtered onto the Metglas sensor 

platform. No appreciable change in resonant frequency was observed, which indicated 

that the sputtering deposited magnetostrictive thin film directly from Metglas 2826 MB 

target has identical wave propagation speed as the Metglas 2826 MB sensor platform. 

 

 

 

Fig. 5-12 Resonant frequency changes before and after thin film coating. The left panel 

shows the decrease in frequency after Au coating deposition, and the right panel shows 

increase in frequency after Cr coating deposition [33]. 
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5.1.2.3.2. Relative Frequency Change with Relative Thin Film Thickness 

As has been discussed in section 2.3.1, if Young’s modulus and density of a film are 

independent of film thickness, then the relative frequency shift of (∆f/f0 ) will change 

linearly with the relative thickness ratio of [∆t/(t+∆t)]. Fig. 5-13 plots all of the tested 

thin film materials that have resulted in the resonant frequency shift at a variety of 

thicknesses. An obvious linear relationship between the relative frequency shift and 

thickness ratio can be easily seen and indicates that the experimental data adheres well to 

the numerical solution. By determining the slope, the Young’s moduli of those thin films 

were obtained by Equation (2-18). Section 5.1.2.5 will elaborate on the value of elastic 

moduli and Fig. 5-21 will graphically compare them. The data is presented here to 

illustrate the synergy between the numerical solution and experiments.  

 

 

Fig. 5-13 Relative resonant frequency change as a function of relative thin film thickness 

ratio. 
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One can numerically examine the influence of the sensor thickness vs. film 

thickness on the relative frequency change ∆f/f0 of a longitudinal-mode resonator in order 

to determine the best ratio for maximizing sensitivity. The relationship is numerically 

described in Equation (2-18). In assuming material properties for an Au film, where 

frequency decreases with film deposition, one can plot the relative frequency shift verses 

film thickness for a sensor platform 1 to 28 micron thick, (see Fig. 5-14). This plot 

typically represents the group of thin film materials that result in a resonant frequency 

decrease. Similarly, Fig. 5-15 is the same plot for Cr film, representing film materials 

whose deposition causes a frequency increase. From both Figs., it is clear that in either 

case, when the sensor platform thickness decreases the relative frequency changes are 

larger for any thin film thickness. For example, when the platform has a thickness of 1 

µm and 5 µm and is coated with 1 µm Au, the resonant frequency will shift downwards 

by about 0.5% of its uncoated frequency for the 1 µm platform and only 0.15% for the 5 

µm platform. Thus, from Figs. 5-14 and 5-15, the following points can be easily observed: 

• The thinner (or the lighter) the sensor is, the more sensitive the platform is to the 

thin film coatings regardless of the frequency shift up or down, and 

• The thinner the film is, the more sensitive the sensor is regardless of the thickness 

of the sensor. 
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Fig. 5-14 Relative frequency changes vs. Au film for various sensor thicknesses based on 

Equation (2-18). 

 

Fig. 5-15 Relative frequency changes vs. Cr film for various sensor thicknesses based on 

Equation (2-18). 
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5.1.2.4. Sensor Response to the Applied Magnetic Field and Figure-of-merit Q Values 

The principle behind the sensor vibration is the application of a modulated magnetic 

energy that drives the domains to switch direction with the field in an alternating manner. 

When the field is removed, stored elastic energy causes the domains to switch back to 

their original configuration. This switching process can be read with a sensing coil in 

close proximity. The coupling efficiency of such magneto-mechanical energy transfer can 

be influenced by many factors such as the strength of applied magnetic field, damping 

effects, internal stress of sensor, etc. 

The oscillating frequency of a magnetostrictive sensor platform in response to an 

applied modulated magnetic field is a strong function of the applied field’s strength. 

Typically, the sensor platform will exhibit its largest amplitude when the oscillating 

frequency matches the intrinsic resonant frequency of the sensor, at a particular narrow 

magnetic field strength range. This relationship can be seen by varying the strength of the 

applied field. Fig. 5-16 shows the amplitude versus frequency plot for a magnetostrictive 

sensor coated with 0.55 µm indium film. Although the same effect can be seen by 

interrogating the sensor platform without a deposited film, it seems more prudent to 

perform the characterization with a film since this is the objective of this work. When the 

applied field was very small and close to zero (0.73 Gauss), an oscillating frequency 

possessing a rather small amplitude was detected about 275.5 kHz. As the biased 

magnetic field (DC) strength was increased, the sensor’s oscillating frequency was seen 
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to decrease somewhat while its amplitude increased rapidly. The sensor’s amplitude was 

found to reach a maximum of 12.17 Gauss at an oscillating frequency of ~273 kHz, (see 

the left part of Fig. 5-16). When the applied field strength was increased further, from 

12.17 to 25.27 Gauss, the sensor’s amplitude began to drop while the frequency increased, 

(see the right-hand side of Fig. 5-16). The sensor’s true oscillating frequency was then 

taken as the point where the sensor response had the maximum amplitude as described in 

section 2. Subsequently, reducing the applied field strength back to zero resulted in the 

sensor following the same process in reverse; this is seen best in Fig. 5-17 for a sensor 

platform without a thin film coating. The data is plotted by field strength versus 

oscillating frequency and response amplitude for an entire loop. The trends of Fig. 5-17 

can be summarized as: 

• The change of oscillation frequency with applied magnetic field strength through 

the loop cycle results in a “shoulder-head-shoulder”-like pattern. 

• The amplitude of oscillation frequency change with applied magnetic field 

through the loop cycle results in a “m”-like pattern. 

In the data in Figs. 5-16 and 5-17, the variation of the applied field was 

accomplished by moving the position of a permanent magnet relative to the sensor 

platform, whereby the distance of maximum response amplitude corresponded to the true 

oscillation frequency. Similar observation was reported by other researchers [115]. 
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Fig. 5-16 Frequency response of sensor (8 mm x 1.6 mm x 28 µm) coated with 0.55 µm 

indium film to the applied DC magnetic field. 

 

Fig. 5-17 Frequency and its amplitude change with normalized external field strength 

(DC bias).
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The resonant frequency response peaks all exhibited different degrees of peak 

amplitude and sharpness.  In order to determine the relative quality of these peaks it is 

necessary to use the quality factor (Q-factor), which is commonly used to examine the 

energy dissipation in microelectronics mechanical systems. Physically, the Q-factor 

represents the total energy lost per cycle of a vibration system and can be defined as [116, 

117]: 

(5-1) 

 
where w0 and ∆w are stored vibration energy and total lost energy per cycle, respectively. 

This Q-factor can be calculated by analysis of the spectrum of resonant frequency. It is 

generally called as figure-of-merit, a numerical quantity based on one or more 

characteristics of a system or device that represents a measure of efficiency or 

effectiveness. Figure-of-merit can be experimentally determined as a ratio of the 

resonance frequency f0 to the width (∆f) of the resonance peak at its half amplitude, and 

expressed as 

 
(5-2) 

 
The Q-factor of a vibration system is dependent on many factors such as material 

properties, medium of operation, etc.  

The Q-factor for the data in Fig. 5-16 and 5-17 can then be calculated bases upon 

Equation (5-2), which is plotted in Fig. 5-18 as Q-factor versus normalized applied field 

for a platform both with and without the indium film. The Q values for each sensor were 

found to be around 265 and to be very close to each other at their resonant frequency. At 

applied fields below the resonant frequency, the Q values were found to be 200, (see Fig. 
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5-18). At applied fields above the resonant frequency, the curves begin to differ with the 

uncoated platform possessing larger Q values. However, it is likely the Q-factor is a 

function of the type of film and its thickness, (see Fig. 5-19), where the Q value increases 

from 430 to 710 when the Cu thickness increases from 0.5 µm to 1.23 µm. A similar 

tendency is also seen in the case of the sensor with Cr coating, Fig. 5-20. Furthermore, 

Fig. 5-20 also indicates that films with higher Young’s modulus seem to yield a higher Q 

value. As will be shown in next section, the Cu film material possessed a higher Young’s 

modulus than the Cr film. Nevertheless, the Q value for a sensor with thin film coating is 

found to increase as film Young’s modulus or film thickness are increased. In both cases 

the increase in effective elastic modulus of the vibrating system, when the film modulus 

was higher than that of the substrate, resulted in an increased Q-factor, which follow well 

with Equation (5-2). Furthermore, along with the Q-factor, the effective resonant 

frequency was found to increase as the film thickness increased. Such an increase in the 

Q-factor with increasing resonant frequency is mathematically confirmed for a cantilever 

vibrating in the transverse mode [116]. 
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Fig. 5-18 Q value for sensors coated with and without 0.55 µm indium thin film. 

 

 

Fig. 5-19 Q values for a sensor without coating or with Cu coating of various thickness.
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Fig. 5-20 Q value for sensors deposited with Cu and Cr film in different thickness.
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5.1.2.5. Determination of Young’s Modulus for Thin Film Materials 

The magnetostrictive sensor platforms were employed to determine the Young’s 

modulus of various thin films deposited onto them, namely Au, Cr, Cu, Al, SiC, In, Sn 

and an AuSn alloy. The relative frequency change linearly relates to the relative thickness 

ratio for these materials as previously shown in Fig. 5-13, the Young’s modulus of each 

film can be calculated by the linear regression fitting of each curve and using Equation 

(2-18). The calculation used the bulk material density, the material’s bulk modulus and 

film modulus are listed in Table 5-2 for comparison. The measured values and bulk 

values are comparable for all the materials. Some significant disparities do exist. For 

example the Young’s modulus of indium thin film material (23.9 GPa) measured during 

the course of this work showed a considerable difference from its bulk scale counterpart 

(12.7 GPa). This difference could be due to the error in film thickness measurement by 

profilometer. It was noted that scratches of the trace were produced due to the fact that 

film of indium was so soft, which resulted in the measure thickness less than its actual 

value. Consequently, a lower relative thickness ratio resulted. Additionally, the thin film 

microstructure can differ greatly from the bulk scale microstructure. In particular, many 

thin films exhibit a preferred texture due to minimization of surface tension during film 

growth. Furthermore, many thin films possess grain sizes in the nanoscale regime where 

they possess increased grain boundary volume ratios that can alter the elastic modulus. 

For the most part, thin film values measured here fall with in the range of thin film values 

measured by other researchers with other techniques, (see Fig. 5-21 and Table 5-3). 



  105

Table 5-2 Comparison of Young’s modulus for thin film materials tested in this work and 

their bulk scale counterpart [118-121]. 

 
* Young’s modulus for SiC Varies from 100 to 460 GPa 
 

 

 

 

Fig. 5-21 Plot of Young’s modulus determined in this work with other literature data.
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Table 5-3 Summary of process, test method, and value for various thin film materials, 

methods in italics are non-destructive methods. 

 
 
 

Deposition 
Process Test method (non-destructive) Modulus 

(GPa) Ref. 

E-beam Micromembrane  deflection 53 - 55 [122]
Electroplated Nanoindentation 72 [107]

Microcantilever Bending 107 - 130 Sputter Nanoindentation 110 - 123 [76] 

Sputter Electrostatic Actuation 72 - 78 [123]
Micromembrane Deflection 68 - 78 Sputter Magnetostrictive Sensor (this work) 66 - 77 [124]

Au 

unknown Bulge Test (dynamic) 63 - 77 [125]
Sputter Nanoindentation 107 - 234 [126]
Sputter Nanoindentation 157-172 [111]Cr 
Sputter 3-Point Bending 275 [69]
E-beam Laser Diffraction on Freestanding Films 102 [70]
E-beam Micromembrane  Deflection 125 - 129 [127]

Nanoindentation 99 - 123 Electroplating Microcantilever Bending 90 - 121 [109]Cu 

Electroplating Microbridge Bending 115 [75]
E-beam Laser Diffraction on Freestanding Films 57 [70]
E-beam Micromembrane  Deflection 65 - 70 [127]
E-beam Magnetostrictive Sensor  70 [32]
Sputter Stress-Temperature Plot 47 - 74 [128]
Sputter Nanoindentation 50 - 90 [99]
Sputter Electrostatic Actuation 75 [123]

Microcantilever Bending 77 - 81 Sputter Nanoindentation 74 - 79 [76] 

Al 

Sputter Biaxial Bending 84 [129]
Sputter Resonant Frequency 234-264 [88]
APCVD Nanoindentation 395 [107]

Nanoindentation 324 - 384 
Acoustic Microscopy 351 - 452 CVD 
Impulse Excitation 360 - 425 

[91] 

CVD Brillouin Light Scattering 420 - 430 [90]
PECVD High Frequency Acoustic Microscope 196 - 273 [87]

SiC 

Laser Arc Laser-Induced Ultrasonic Surface 100 - 150 [86]
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5.1.2.6. Comparison of Au Film Young’s Modulus Obtained by Different Methods and 

Measuring Techniques  

Young’s modulus for Au film was determined by two methods, as described in 

Equations (2-17) and (2-18). Fig. 5-22 shows the Young’s modulus of Au that was 

determined by the former method (Equation (2-17)). Fig. 5-23 shows the relative 

frequency change as a function of relative Au film thickness change, which is the same 

data plotted in Fig. 5-13, but with insertion  of  its corresponding modulus that was 

determined by measuring the masses as shown in Fig. 5-22.  When using this method, the 

modulus varied from 66 GPa to 76 GPa in thickness ranging from 0.25 µm to 1.5 µm, 

with an average of 71.5 GPa. The number of samples for each test is three. A mean 

Young’s modulus of 75.9 GPa for the same Au film was obtained with the assumption 

that the Au film would have the same density as its bulk counterpart via Equation 2-18. 

The average results of Young’s modulus obtained by these two methods are fairly 

comparable. 

In order to verify the results of the thin film elastic modulus obtained by 

magnetostrictive sensors, an MDE (Membrane Deflection Method) test was also 

conducted on the same films’ materials that were simultaneously deposited on both 

sensors and MDE testing wafers. Details of MDE can be found elsewhere [130]. The 

results of the Au film obtained through these two techniques are compared in Fig. 5-24, 

where the method of measuring the masses of sensors before and after Au film deposition 

was employed. Note that both techniques produced very similar modulus at a variety of 

film thicknesses. Some difference was seen in the 0.25 µm thick film; it could be 
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attributed to the mass measurement error at the point when the film was very thin, and the 

crystal structure different developed on different substrates [130].    
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Fig. 5-22 Young’s modulus of Au film obtained by measuring the masses of the sensors 

and films. 

R
el

at
iv

e 
Fr

eq
ue

nc
y 

Ch
an

ge
 [∆

f/f
0]

Film Thickness % [∆t/(t+∆t)]

3.01.00.0 2.0

0.00

5.0 6.0

Measured
Linear regression fitting

0.01

-0.01

-0.02

-0.03

-0.04

-0.05

-0.06

66.41 GPa

4.0

68.08 GPa

69.33 GPa

70.98 GPa

76.05 GPa

76.29 GPa

0.25 μm

0.50 μm

0.85 μm

1.00 μm

1.10 μm

1.50 μm

 

Fig. 5-23 Relative frequency change vs. relative Au thin film thickness change and its 

corresponding Young’s modulus obtained by measuring the masses of the sensor and film 

[130]. 
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Fig. 5-24 Young’s modulus of Au film measured at different thickness by magnetostric-

tive sensor and MDE [130].  

 

 

5.1.2.7. Finite Element Analysis to Verify Thin Film Young’s Modulus Measurement  

The preceding sections demonstrated that a Metglas strip could be easily employed to 

measure the thin film Young’s modulus. Although an alternative technique was used to 

verify the measurements, it is prudent to also perform numerical simulations as an 

additional counter check. In this regard, an element size of 160 µm x 160 µm x 5.6 µm 

was used for mode meshing 8 mm x 1.6 mm sensors. Fig. 5-25 represents the mesh 

model of a sensor with an Au coating on top. The materials’ properties used in the 

simulation are listed in Table 5-4. Sensors coated with a Au film with the thicknesses of 

0.25 µm, 0.40 µm, 0.50 µm, 0.855 µm, 0.89 µm, 1.00 µm, 1.10 µm and 1.5 µm were 
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analyzed. For the Cu, 0.497 µm, 0.74 µm, 0.99 µm, 1.23 µm, and 1.71 µm were used. 

These thicknesses of Cu or Au when used for simulation were identical to their 

experimental tests. 

Simulations of the thin film Young’s modulus measurement was performed for both 

the Au and Cu coatings and then compared to the experimental measurements presented 

in Fig. 5-26. The Young’s modulus and density of all the materials used in the 

simulations are listed in Table 5-4. Using the same method described early, Equation (2-

18) in particular; the relative resonance frequency change with the relative thickness ratio 

is presented in Fig. 5-26. By linear regression, Young’s modulus of Au and Cu thin film 

was determined by simulation to be 79 GPa, and 143.5 GPa, respectively. These values 

are slight higher than that by experimentation, which is 75.9 GPa and 139.2 GPa, 

respectively. This disparity is not surprising, as the experimental tests possessed a small 

degree of dampening, such as friction of the specimen due to contact with the surface of 

the instrument, which influenced the tests. However, the values are close enough that this 

effect can be considered negligible. 
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Fig. 5-25 Typical mesh model of a sensor coated with Au film.  

 

 
 
Table 5-4 Materials properties used for finite element analysis. 
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Fig. 5-26 Experimental and simulated results of the relative frequency change with the 

relative thickness. 
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5.1.2.8. Comparison of Error Resulting From Different Methodologies and for A 

Variety of Film Materials 

Relative error can result from the resolution of instruments during measurement, e.g. 

resolution of frequency analyzer, microbalance, profilometer, and density measurement. 

The calculated relative error for Au thin film measurement in different methods is plotted 

in Fig. 3-27. The calculation was based on Equations (2-19) and (2-20) with ∆f = 25 Hz, 

∆m = 10 µg, ∆t = 5 nm, ∆ρ = 0.1 g/cc and the other parameters were the measurement 

data. The results indicated that the method of weighting the masses of the sensor before 

and after the thin film coating appears to result in larger error. This is due to the 

additional error in the scale, which is not the complete error yet when you consider that 

moisture and other species can absorb onto the sensor surface after deposition and before 

post-deposition weighting. Thus, assuming the bulk density as the film density in 

measuring the film’s Young’s modulus results in less error and is more accurate. In this 

regard, one can also assess the effect of the material’s density on the measurement error. 

Fig. 5-28 compares the relative error for several tested film materials of various 

thicknesses. A detailed error analysis can be found in reference [131]. There is a clear 

hierarchy of error which follows the trend that the lower the density the more error that 

will be associated with the measurement. Nonetheless, the largest relative error was less 

than 6.5% for Al in Fig. 5-28, which is much less than the technique of vibrating the 

cantilever in the transverse mode reported in the literature [78, 79, 88]. 
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Fig. 5-27 Relative error of Young’s modulus analysis for the methods applied in 

determining Au thin film material.  
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Fig. 5-28 Relative error of Young’s modulus for various thin film materials.



  115

5.2. Concentrated Mass Detection 

There are four general sensor categories that are applied to chemical or biochemical 

analysis on the basis of the sensor’s principal physics and operating mechanisms: 

chromatography & spectrometry, electrochemical sensors, optical sensors and mass 

sensors [132]. Overall, in comparing the advantages and drawbacks of these techniques, 

mass sensors tend to exhibit superior performance in the detection of biochemical 

molecules, via attachment to the sensor surface during/after reaction or absorption, by 

monitoring the sensor’s resonant frequency change. The focus of this dissertation is mass 

sensors and, thus, only these will be reviewed. Types of mass sensors include the quartz-

crystal microbalance (QCM), surface acoustic wave (SAW), flexural plate wave (FPT), 

and micro cantilever. 

The QCM device operates via the electro-mechanical coupling effect of a 

piezoelectric material, in which the applied voltage results in shear deformation of the 

crystal. By modulating the electrical field, one can excite the device to vibrate at its 

resonant frequency. Consequently, when mass is attached or added to the surface it alters 

the device’s resonant frequency a measured amount. This technique has long been 

employed as a mass sensor in monitoring thin film thickness during vacuum deposition 

[133, 134] and biochemical absorption [135, 136]. The SAW mode was first discovered 

by Lord Rayleigh in the nineteenth  century and further developed by R. M. White who 

employed interdigitated electrodes to the device in the 1970s [137]. Many applications of 

SAW devices, such as chemical or biochemical sensor platforms, have been realized 

since then [138-142]. Detection of a chemical or biochemical molecule by a SAW device 

is similar to a QCM; both operate by monitoring a change in acoustic frequency. The 
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difference is that the SAW device generates an acoustic wave that travels along the 

sensor platform and is sensed at the other end. When it encounters any mass attached to 

the platform’s surface the wave becomes slightly dampened. The operation frequency 

range for SAW devices is from a few tens of MHz to the GHz range [139, 143].  

The FPW device is another acoustic wave sensor that is similar to a SAW device. It 

also employs interdigitated electrodes to generate and detect an acoustic wave in a thin 

flexural membrane and detects mass loaded onto its surface via its frequency change. 

Since the plate is only a few micrometers thick, the mass loading on the surface is 

comparable to the sensor platform and a higher mass sensitivity is achieved than with an 

SAW device [144]. In addition, the transverse vibrational mode of an FPW may be 

employed as an actuator to pump a liquid solution.  

Both QCM and SAW devices operate in high to very high frequency ranges (a few 

MHz to 100 MHz) while the FPW only operates at a frequency of a few MHz or less. 

However, the mass sensitivities of the FWP’s acoustic waves are on the order of SAW’s 

and QCM’s. Of the three, QCMs tend to possess higher Q values but are limited in their 

minimum size, whereas SAWs and FPWs can be made on the microscale and detect 

smaller amounts of mass. Table 5-5 compares the mass sensitivities of SAWs and FPWs 

in terms of lower minimum detectable concentrations of various species. 
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Table 5-5 Minimal detectable concentration for SAW and FPW [144]. 

>10,0002500535SAW

2508075FPW

Helium
(ppm)

Nitrous
(ppm)

Methanol
(ppm)

Devices

 

 

Cantilever-based chemical and biochemical sensors have been studied for the past 

decade or so [36, 83, 145-156].  Two important developments in the area include: 

Cleveland et al. determined the spring constant of a cantilever by measuring the 

resonance frequency change due to mass added on the tip [83] and Gimzewski et al. [147] 

observed that chemical reactions taking place on the cantilever can be monitored via its 

deflection [147]. In 1995, Chen and Thundat [36, 38] demonstrated that cantilever 

resonant frequency shift was associated with the surface absorption of mass or molecules. 

Since then many researchers have explored the application of cantilever sensors in 

widespread areas for detection of chemical or biological agents [157]. Such detection is 

based either on  the measurement of cantilever deflection [37, 46, 147, 158, 159] or on 

the resonant frequency shift [36, 153, 154, 160]. A very high mass sensitivity of 0.32 

pg/Hz was reported by Sone [161] for the cantilever-based sensors. 

By comparing the various types of mass sensors described above with their mass 

sensitivity and minimal detectable mass density in Table 5-6 reveals that the cantilever 

and FPW mass sensors both possess a similar order of detection level. However, Sone 

[161] reported that a mass sensitivity of 0.32 pg/Hz can be obtained, which inspired 

researchers to continue to work on cantilever sensors as an alternative technology.  
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Table 5-6 Comparison of mass sensors. 

Techniques 
Operation 

frequency (MHz)
Sm Sm (cm2/g) MDMD Reference

GCMS NA NA ~1 pg ~1 pg [162] 

QCM 6 
tρ

1
∝ 14 10 ng/cm2 [163] 

SAW 112 
ρλ
1

∝ 151 1.2 ng/cm2 [163] 

FPW 2.6 
tρ

1
∝ 951 0.4 ng/cm2 [163] 

Cantilever 5~0.005 
tρ

1
∝ 991~1363 0.67 ng/cm2 [163] 

 

 

Since 1998, Grimes’ research group [164, 165] has been working on magnetoelastic 

materials, primarily Metglas strip, as a chemical sensor platform that is operated in the 

longitudinal vibration mode. Based on the resonant frequency change, the sum of mass 

(aggregated chemical molecules) absorbed on the sensor surface can be determined. 

Since then, numerous applications have been explored by Grimes’ group including 

measurement of pressure, temperature, liquid viscosity, humidity, and fluid-flow velocity 

as well as environmental monitoring [54, 166-175]; pH value sensing [173, 176-178]; 

hydrogen, ammonia and other gas detection [18, 57, 179-181]; thin film Young’s 

modulus measurement [32]; biomass/biomolecule detection [17, 53, 56, 182, 183]; and 

chemical reactions [184, 185]. An illuminating review of those applications can be found 

in the literature [13]. In recent years, Auburn University’s Detection and Food Safety 
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Center (AUDFS) has dedicated much research effort by a similar principle, mainly based 

on freestanding beams and particles.  

The most common method of binding biomolecule cells onto the sensor surface for 

mass detection is using a specific receptor recognizing only the agent of interest, which 

then, binds the antigen or spores to the sensor. As discussed above, the resonant 

frequency changes as a result of this process. The receptors employed by AUDFS in 

magnetostrictive sensors include antibodies and phage, more details of which can be 

found in [16, 20, 21]. These references describe sensors constructed of Metglas. These 

writings demonstrate it as a material of choice in detecting biological species. However, 

these works only deal with the mass evenly distributed on the sensor’s surface; almost no 

one addresses unevenly distributed mass on a sensor, especially when the sensor vibrates 

in the longitudinal mode. In the following, details of measuring the concentrated mass 

attached to the sensor’s surface are reported. 

 

5.2.1. Experimental Details  

With consideration for the convenience of the test setup, the free-free ended beam 

was selected as the sensor platform for investigating the resonant frequency change due 

to a concentrated mass attachment. Sensors with dimensions of 5 mm length and 1 mm 

width were cut from a 28 µm thick Metglas 2826 MB strip. These specimens were 

prepared, by cleaning and drying, using the identical procedures described before. Glass 

beads [186] with a diameter about 425 µm were used to simulate the concentrated mass 

and were carefully loaded on to the sensor surface at different locations and secured with 
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glue. The average mass of a sensor and glass bead are 1066 µg and 181.5 µg, respectively. 

It should be noted that these experiments are aimed as assessing the position of the mass 

concentrations and not focused on demonstrating minimum sensitivity. Thus, significant 

sized beads were employed. The amount of glue employed for each bead was controlled 

to the best of our ability to minimize its influence. After a glass bead was loaded on the 

sensor surface, it was immobilized by drying at room temperature for at least two hours. 

The glass beads were randomly loaded onto the sensor surface, but their locations were 

characterized and reorganized afterwards. The resonant frequency of the sensor was 

measured before and after attachment of the glass bead in a manner identical to which is 

discussed in section 2.  

 

5.2.2. Results and Discussion 

Fig. 5-29 shows electron microscopic images of the glass beads attached to the 

sensors at various locations. In all cases, the measured resonant frequency of a free-free 

ended sensor with glass bead attached at different locations decreased relative to the 

frequency before attachment. Table 5-7 lists these results giving resonant frequencies 

before (f0) and after (f) bead attachment. Note that x denotes the position for a single bead 

and x1 and x2 the positions when two beads were attached. Fig. 5-30 shows the recorded 

frequency spectrum for test case #2 where the glass bead was attached to the center of the 

sensor surface, with the neutral position in longitudinal direction; but slightly off-central 

line. No significant resonant frequency shift was observed for this position. As the bead 

was moved away from the neutral point towards the free ends the frequency shift 

increased. The shift reached a maximum when the glass bead was loaded at a position 
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closest to the free ends of the sensor, as in test case #7. Fig. 5-31 shows the result of test 

case #6 whose resonant frequency changed before and after glass bead attachment. 

 

 

Fig. 5-29 SEM images showing glass beads attached to the sensor in various locations. 

The numbers correspond to the test numbers listed in Table 5-7. 



  122

Table 5-7 Test results of sensor (5 mm x 1 mm x 28 µm) attached with glass bead at 

different locations. 
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Fig. 5-30 Resonant frequency spectrum of a sensor (5 mm x 1 mm x 28 µm) with and 

without glass bead attached to its center. 
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Fig. 5-31 Resonant frequency change due to glass bead attached to one of the free ends 

of a sensor (5 mm x 1 mm x 28 µm). 

  

Fig. 5-32 plots the actual resonant frequency change due to glass bead position on the 

surface, and Fig. 5-33 is the same plot with relative resonant frequency shift. Note that 

the generated curve consists of the actual data to the right side of the neutral point, 0.5 

normalized locations, and the left side is a mirror of the right side data. The data traces a 

curve with a maximum at the free ends and no change in the center. Thus, when species 

attach to the sensor, their position will determine their influence on the resonant 

frequency shift. The situation becomes more complicated when multiple mass 

concentrations attach to the surface.  

The attachment of more than one mass concentration was investigated by placing two 

beads on the sensor surface, (test cases # 8, 9 and 10).  When the second bead was 
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attached at the neutral point, there was no effect on frequency shift. However, when these 

two beads were placed at either end there was a significant shift in resonant frequency, 

beyond the 30 kHz of a single bead.  A 43 kHz was the result in the test case  #10. In this 

case, both sides reflected the acoustic wave at nearly the same speed and the neutral 

position was much nearer to the actual center of the sensor. As more mass concentrations 

were added the situation became more complex until a condition was reached where mass 

was evenly distributed across the sensor surface. These results indicate that detecting the 

attachment of a single attached mass, such as a spore or a cell, could be a difficult 

endeavor as these attachments will occur at random positions and may not be distinct 

from multiple attachments, if one is not located at the detectible position.  A solution 

would be to place the capture layers near the ends of the sensor to better distinguish one 

or few attachments from multiple ones. 
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Fig. 5-32 Resonant frequency change as a function of the location of a glass bead 

attached to the surface of a sensor of 5.0 mm x 1.0 mm x 28 µm. 
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Fig. 5-33 Relative resonant frequency change as a function of the location of a glass bead 

attached to the surface of a sensor of 5.0 mm x 1.0 mm x 28 µm.
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5.2.3. Finite Element Simulation Analysis to Verify the Mass Detection for Mass 

Concentrations 

In the preceding sections, experimental data were presented illustrating how the 

location of a mass concentration on a freestanding Metglas strip influenced its resonant 

frequency. In order to verify these results, numerical simulations were performed that 

mimicked the experimental conditions. The physical characteristics of the simulated 

sensors included a layered structure composed of 0.36 µm SiN, 1.0 µm Metglas 2826 MB 

and 100 nm of Au and dimensions of 250 µm x 50 µm. The chosen element size was 6.25 

µm x 6.25 µm x 0.2 µm for model meshing. A mass of 1 pg with the size of 1.43 µm x 

0.73 µm x 0.73 µm was used to simulate an E. Coli O157: H7 cell [187]. The location of 

concentrated mass attached to the sensor surface was systematically varied and is 

depicted in Fig. 5-34, which is an 11x11 knot array where rectangles denote the simulated 

cells. In this regard, several aspects of location effect were investigated, which are (1) the 

influence of cell distance from the sensor neutral point (along the central line of the 

sensor), (2) the different orientations of the cells (length parallel or perpendicular to the 

longitudinal direction), (3) the off-centerline influence and (4) the randomly attached 

multiple masses.  

The typical model meshing for testing single and multiple masses attached on the 

sensor surface are shown in Fig. 5-35. Fig. 5-35 (a) shows the single biomolecule loaded 

along the center axis, and (b) illustrates multiple cells loaded on the sensor surface. Test 

of three types of sensors (cantilever, bridge and freestanding beam) with the same testing 

circumstances were conducted in this simulation process. 
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Fig. 5-34    Schematic diagram of the mass loaded on a sensor (250 µm x 50 µm) surface. 
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Fig. 5-35 Model meshing results for (a) a single cell and (b) multiple cells on a sensor. 
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5.2.3.1. Results of Resonant Frequency Change Due to a Single Cell Attachment 

A simulated single E. Coli O157:H17 cell was attached to the sensor surface at the 

central line (along the y axis) at different locations with the same orientation as shown in 

Fig. 5-34 (a). The resonant frequency shifts of the first resonant state (sensitivity in this 

case for the mass is a unit) for a single bacterium mass with its location along the 

longitudinal direction are shown in Fig. 5-36 for sensors made in cantilever, bridge and 

beam configurations. It is clear that in all three cases the frequency change for a 

concentrated mass is a function of the location along the central axis. These results agree 

with experimental findings on the freestanding beams shown in Fig. 5-32. When these 

structures resonate in their first mode, the deformation is different depending on location 

as discussed in section 2. Here, the largest deformation occurs at the free ends for a 

cantilever or freestanding beam, while the largest deformation occurs at the center point 

of a fix-fix ended bridge, and no deformation occurs at the fixed ends of a cantilever or 

bridge and the middle of a freestanding beam. The positions of maximum deformation on 

each structure correspond exactly to the largest frequency shift in each case. The ability, 

then, to detect the attachment of a single cell will depend on whether it attaches to the 

areas where deformation occurs during resonance. For example, the largest frequency 

change on a cantilever of dimensions used in the simulations can be as high as 42.5Hz at 

the tip of the free end area but is close to zero if the mass is located near the fixed end. At 

the center of the cantilever, almost half of the largest change in value, about 21 Hz is 

possible. Only when the mass location is 125µm or further away from the fixed end, can 

the sensitivity reach the criteria for detecting a single bacterium as discussed in section 

3.2. The average frequency shift is 21.3 Hz for the eleven positions investigated in the 
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simulations. In fact, the average value can be obtained by averaging the integrated area of 

each curve. It is noteworthy that the average value of 21.3 obtained by the simulation is 

slightly lower than the calculated criteria (25 Hz/pg). This may be a result of employing 

three layers in the structure and a slightly larger size (250 µm x 50  µm x 1.46 µm) in the 

simulation. In the calculation, the size of 242 µm x 48 µm x 1.0 µm with a single 

magnetostrictive layer was determined as shown in Table 4-3. Finally, it should also be 

noted that in Equation 3-6 of section 3.2.2, we assumed the attached cell mass is evenly 

distributed on the sensor surface. In reality, it is a concentrated point mass and cannot be 

considered an even distribution.  
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Fig. 5-36 Frequency shift of various structured sensors (sensitivity in this case) as a 

function of cell location along the central line  
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5.2.3.2. Influence of Different Orientations of the Asymmetrical Cells 

Simulations were conducted to assess whether cell orientation influences the 

resonant frequency shift. Here orientation means the long axis of the cell is parallel to the 

long axis of the sensor or perpendicular to it. This may cause some change in the sensor’s 

behavior, but it is expected to be negligible. Figs. 5-37 and 5-38 illustrate these two 

orientations at position (x = 0, y = 225). The positions tested are (x = 0, y = 225) and (x = 

10, y = 200) as shown in Fig. 5-34 (b). Simulation results indicated that for all three 

structures there was no effective change in resonant frequency between the orientations at 

different locations. 

 
 

 

Fig. 5-37 An E. Coli cell orientated along the longitudinal axis at (x = 0, y = 225). 
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Fig. 5-38 An E. Coli orientated perpendicular to the longitudinal axis at (x = 0, y = 225). 

 

 

5.2.3.3. Influence of Off-Centerline Attachment 

The influence of single mass attachments not on the centerline axis of the sensors was 

also investigated by numerical simulation. Fig. 5-39 illustrates an attached cell located at 

x = 20, y = 225, (see Fig. 5-34 c), on a cantilever, where the scale indicates displacement 

magnitude along the long axis of the device. The resonant frequency shift for this 

position was identical to the shift at position x = 0, y = 225 as shown in Fig. 5-37.  

 



  133

 
 
Fig. 5-39 Simulation results of an E. Coli cell orientated parallel to the longitudinal axis 

at (x = 20, y = 225). 

 

Fig. 5-40 is the 3D plot of the simulated frequency change as a function of cell 

location on a cantilever surface. The resonant frequency change due to a single cell 

attachment was clearly longitudinal location dependent. The data for the freestanding 

beam and bridge are shown in Figs. 5-41 and 5-42 respectively and exhibit the same 

findings as the cantilever. Simulation results for all off-axis positions for the three 

structures indicated that resonant frequency shift was equivalent to the on-axis result. 

Thus, the shift is independent of position along the lateral axis direction in all cases. 

These results confirmed the experimental data presented in section 5.2.2, table 5-7, test 

#1 and #2 in particular. In these tests when the glass beads were attached in the same 

location at the longitudinal axis but a different location in the lateral axis, no significant 

frequency change resulted. 
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Fig. 5-40 Sensitivity of cantilever to biomolecule distribution on the surface. 

 
 

 
Fig. 5-41 Sensitivity of beam to biomolecule distribution on the surface. 
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Fig. 5-42 Sensitivity of bridge to biomolecule distribution on the surface. 

 

 

5.2.3.4. Influence of Randomly Attached Multiple Masses 

A simulation analysis was carried out to investigate the influence of multiple mass 

attachments to each structure. Eleven positions were chosen at random, (see Fig. 5-34 d). 

Identical positions were used for all three structures and the frequency shifts were 

determined. The results are given in Table 5-8. The freestanding beam and bridge 

exhibited higher sensitivity, which can be explained by their higher resonant frequencies. 

When the beam and the bridge were compared, the beam had a higher sensitivity. 

However, theoretically, they should have the same sensitivity. This is likely due to one 

neutral  position only on a freestanding beam, but two neutral positions on a bridge. Mass 

loaded at a location where it is neutral position has less sensitivity.  
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In comparing the cumulative frequency shift with the sum of frequency shifts for each 

individual position, it is interesting to note that they are nearly equivalent for all three 

structures, (see Table 5-8). Referring to Equations (2-21), (2-23) and (2-25), one can see 

that: 

 The total resonant frequency decrease (233 Hz) as a result of eleven 

biomolecules attached on a cantilever surface is less than half the value of beam, 

but more than half the value of bridge with the same loads. It does not follow the 

theoretical prediction that cantilevers possess half the sensitivity of either bridge 

or beam. 

 The total resonant frequency change (524 Hz) for eleven cells on a freestanding 

beam was higher than that for fix-fix ended bridge, due to more positions near the 

free end of the beam where there is higher sensitivity. 

 Mass located at the middle of a freestanding beam may not be detectable, 

however, any mass located on a cantilever or bridge can be detected since there 

are no neutral positions on these sensors expect at the fixed ends where no 

deformations occur during vibration.  

 

Even though on average the freestanding beam and bridge should yield the same 

performance for a given random attachment of multiple cells, in reality the bridge may 

have some out-of-plane deformation that would reduce its mass sensitivity. Furthermore, 

it would become more susceptible to dampening, as the out-of-plane displacement would 

push against the medium such as air, water, etc. Comparing the advantages and 

drawbacks of sensors made in different structures, the forms of bridge and cantilever 
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show that they are the preferred structure for detection of biological cell. Not only they 

can detect a mass anywhere on the surface, but they can also be integrated into a chip that 

can greatly reduce the problem of handling the device for end users.  

 

 

Table 5-8 Summary of simulation results of frequency changes and sensitivities for the 

three types of sensors in response to E Coli O157 cells bonded onto a (250 µm x 5 µm x 

5 µm) sensor’s surface 

 

 

 

5.3. Summary 

The benefit of using a magnetostrictive sensor to measure the thin film Young’s 

modulus was demonstrated. Such a technique offers a cost-effective, user-friendly and 

non-destructive test of thin film properties. The improved methodology of determining 

thin film Young’s modulus by assuming film density being equivalent to bulk density 

significantly reduced the amount of error associated with the measurement. 

Magnetostrictive sensors respond differently to different thin film materials, and the 
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response depends on the combination of relative density and relative modulus change for 

the sensor and film composite. The same follows for the Q-factor.  

The Young’s modulus of Au film determined through the different methods, e.g. 

measuring the mass and assumed film density, is rather close each other.  The results 

were also confirmed using the MDE technique. In addition, both simulation and 

experimentation determined the Au and Cu films’ moduli are in good agreement. This 

longitudinal vibration mode technique showed less relative error than the transverse 

vibration mode for determining the thin film elastic modulus. 

Glass beads were employed to simulate the attachment of a concentrated mass on 

sensors that were constructed as freestanding beams. For single bead attachments, the 

largest change was observed when the concentrated mass was loaded at the free end of 

the sensor, while no change in the resonant frequency occurred when it was attached to 

the middle of the sensor (x = L/2), the natural position of the free-free ended beam. The 

bead position was mapped out as a function of position on the sensor surface. 

Additionally, the influence of multiple mass concentrations was found to shift the neutral 

position of the beam due to different acoustic wave speeds on either side of the beam. It 

was determined then that single mass attachments would be difficult to discern from 

multiple one unless the capture areas were concentrated near the free ends of the beam. 

Simulation results indicated that the sensor response to the attachment of a single 

cell/spore is also dependent on the location of the mass along the longitudinal axis only, 

but not the lateral axis. Cell orientation does not affect the sensors’ response or sensitivity. 

The resonant frequency change for multiple biomolecules bonded on the sensor surface is 

equivalent to the value of the sum of the frequency changes induced in each individual 
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case. In the simulation, the freestanding beam showed higher sensitivity than bridge-

structured sensors, but the mass located at the neutral position of a freestanding beam 

sensor will not be detectable. This drawback does not apply to a cantilever- or a bridge-

structured sensor. 
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6. DEPOSITION OF MAGNETOSTRICTIVE THIN FILM MATERIAL AND 

CHARACTERIZATION OF MICROFABRICATED MICROSCALE SENSORS 

The operating principle of magnetostrictive sensors and their potential applications 

in the detection of biological species has been discussed in the preceding sections. From 

the results, it was clear that to improve the sensitivity for detecting very small quantities 

of a species, it is essential to reduce the sensor’s mass (reduce its size relative to the 

biological species) and to increase the sensor’s resonant frequency. To this end, it is 

desirable to reduce the sensor’s size into the microscale size range. Thus, the sensors 

must be constructed from thin films of magnetostrictive material. Depositing these thin 

films as well as the microfabrication processes to machine them become critical factors in 

the sensors’ performance. This section reports on investigating the optimum parameters 

for sputter deposition of Metglas 2826 MB magnetostrictive thin films, their micro-

machining and corresponding characterization and testing as microscale sensors. 

 

6.1. Magnetostrictive/Magnetoelastic Thin Films 

Engineers and scientists have employed magnetic materials in data storage devices 

for many years. Many applications of magnetic materials and their requirements can be 

found in Table 6-1 [188]. This study focused on the soft

 ferromagnetic materials with magnetostrictive properties that can be applied to 

resonating sensor construction. Giant magnetostrictive materials such as TbFeCo [189] 
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constituted of rare earth elements (Tb, Sm, Dy) and transition elements (Fe, Ni, Co) have 

large factors of magnetomechanical coupling. TbFe2 shows the largest positive and 

SmFe2 the largest negative magnetostriction [190]. As an example, Tb-Fe-Co thin films 

were studied for force measurement due to their large positive magnetostriction. Some 

criteria must be taken into account, though, when applying magnetostrictive materials in 

actuation and sensing devices such as mass sensors. These materials must have low 

magnetic anisotropy properties, so that noticeable differential responses or significant 

changes in strain as a result of a small change in the applied field can be obtained. In fact, 

such strain changes result from the magnetization of magnetostrictive materials under an 

applied external field. In addition, low to zero coercivity and remanence are essential to 

ensure that the magnetization process is dominated by moment rotation (switching). 

Giant magnetostrictive materials can be one of the candidates for mass sensor 

applications. Fe-Co-Si-B based magnetostrictive thin films can be used as stress sensors 

or high frequency RF devices [191, 192]. Other magnetic thin film materials including 

TbDyFe, CoFe, TbFeB, FeNi, CoNiFe, FeBSiC and FeB, have been the subjects of  

extensive research [193-201]. In most cases, a sputtering process is used for magnetic 

thin film deposition because sputtering provides more flexible control and better film 

quality. More information about thin film magnetostrictive materials deposition 

techniques and their application can be found in the literature [202].                                  
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Table 6-1  Magnetic materials and related criteria of their applications [188]. 
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6.2. Introduction to Physical Vapor Deposition and Sputter Deposition Technology 

Physical Vapor Deposition (PVD), the counterpart of Chemical Vapor Deposition 

(CVD) is a widely employed thin film deposition process for many applications including 

surface coating for wear resist [203, 204] and decoration, optical coatings on lenses, thin 

film capacitor/resistors, metallization for microelectronic interconnections, packaging, 

and so on [205-208]. PVD processes are dominated by evaporation and sputter processes. 

Other PVD processes includes laser ablation and molecular beam epitaxy (MBE) which 

are used for the deposition of complex compound materials or high melting point 

materials. The sputter process is often preferred over evaporation in many applications 

because of its better step coverage, broader choice of materials, and better adhesion to the 

substrate. In addition, the sputter process enables deposited films to have the same 

chemical composition as the target source, which is the primary reason why sputtering is 

widely employed for metal alloy thin film deposition. Although the various components 

in the alloy can exhibit quite different sputtering yields, after a certain period of time the 

components with the higher sputtering rates are preferentially sputtered until the target 

surface becomes enriched in the other components and a so-called “steady state” surface 

composition is reached. In contrast, in evaporation deposition, source material is melted 

and evaporated by either thermal or electron beam heating. Due to the varying melting 

temperatures of the elements in an alloy, the thin film material subsequently loses its 

deposit stoichiometry. However, the use of a target material in sputter processing is 

remarkably low in comparison with the use of a target material in evaporation deposition 

process. Table 6-2 is the comparison of evaporation and sputter techniques from the book 
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of “Fundamentals of Microfabrication-The Science and Miniaturization” [206], where 

more details on the sputtering process in thin film deposition can be found. 

 

Table 6-2 Comparison of evaporation and sputtering techniques [206].  

Controlled by bias, pressure and substrate heatingDifficult to controlFilm properties (e.g. grain 
size, step coverage)

SmallLargeShadowing effect

ExcellentOften poorAdhesion

Several control possibleNot easy to controlThickness control

Many depositions can be carried out per targetOne deposition per chargeNumber of deposition

More expensiveLow costCapital equipment

Easy over large areaDifficultUniformity 

GoodDifficultScaling up

LowHighDecomposition of material

ExpensiveEasyChange in source material

Radiation and particle damage is possibleOnly with e-beamX-ray damage

Alloy composition can be tightly controlledLittle or no controlAlloy composition 
stoichiometry

Easily done by sputtering etchNot an optionIn situ clean

Ionic bombardment damageVery low, with e-beam, x-ray 
damage possibleSurface damage

Unless magnetron is used substrate heating can 
be substantial Very lowSubstrate heating

Possibility of incorporating impurities (low to 
medium vacuum range)

Better (no gas inclusion, very 
high vacuum)Purity

Almost unlimitedlimitedChoice of materials

One atomic layer per secondThousand atomic layer per 
second (e.g. 0.5 µm for Al)Rate

SputteringEvaporation
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During sputtering process, a high electrical potential is applied between two parallel 

plates, ionization will take place if an inert gas (e.g. Ar) is introduced. The ionized Ar 

(Ar+) is accelerated in the applied electrical field and gains high momentum energy. 

When the energized Ar ions are shot onto the target surface, the atoms of the target 

material are ejected from the target by bombardment and condensed onto the substrate, as 

depicted in Fig. 6-1, causing a thin film to be deposited. In modern sputter systems, the 

substrate can be plasma cleaned before the film deposition, which enhances the adhesion 

of the film on the substrate. The film properties can be modified by applying bias or heat 

during the deposition as well. High to ultra-high vacuum is often required for improved 

film quality. To do so, a turbo molecular pump or turbo pump is commonly used to 

replace the diffusion pump so that a better pumping efficiency and eradication of 

contamination caused by back stream oil from the diffusion pump can be achieved.  

To facilitate higher sputtering yields (eventually higher deposition rate), a magnetron 

is implanted in the target electrode to confine the electron motion, hence stabilizing the 

plasma. The magnetron sputter electrode usually consists of a permanent magnetic 

material as shown in Fig. 6-2 (a & b). The magnetic field will restrict the electrons’ 

motion toward the target surface, so that the electrons will not move onto the target 

surface or the chamber wall as a result of vanishing, which assures high plasma 

concentration and high sputter yields. The disadvantage of the magnetron sputter 

technique is that the efficiency of target usage is low. 
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Fig. 6-1 Schematic depiction of sputter deposition process. 
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Fig. 6-2 Schematics of (a) a target assembly and (b) electrical and magnetic fields’ 

orientation related to a target. 
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In the case of sputtering magnetic materials, e.g. Ni, Fe, Co, and Metglas, the 

magnetic field integrated in the cathode must be stronger than the one for general 

nonmagnetic materials, in order to overcome the magnetic field effect of the target 

materials. Previous studies of sputtering Metglas 2605 SC strip material showed the 

facility of sputtering Metglas strip to form a thin film on a substrate [209]. 

In the sputtering deposition process, RF (radio frequency) and DC (direct current) 

are the two options for power supply. RF power is generally used for non-conductive 

targets, while DC is used for conductive target materials. RF power is delivered by a 

capacitively coupling discharge process, in which the total ion and electron flow to the 

target surface during an RF cycling must be zero. A negative self bias with respect to the 

plasma potential thus develops. Since the mobility of an electron and an ion, e. g. Ar, is 

different, a much larger current is drawn when the electrode is positive with respect to the 

floating potential than when it is negative. In order to achieve net zero current, it is 

essential to develop a DC bias so that the average potential is negative, as if there were a 

negative DC connecting to the target (cathode). Therefore, the DC bias is a measure of 

the RF sputter process. In the case of DC sputtering, as a DC is supplied to the target 

(cathode), the plasma discharge process is simple. More details on RF and DC plasma 

processes can be found in many books [210, 211]. 

Sputtering deposition is an intricate process, in which collisions occur between the 

sputtered atoms, ionized sputtering ions, neutral Ar species, radicals and electrons. 

Interactions take place between electrons, ions and radicals. The applied DC or RF power, 

the vacuum pressure, substrate temperature and bias are important factors that may affect 

the plasma discharge, sputter yield, and thin film properties. These parameters often 
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influence each other. For example, at higher vacuum pressure, many Ar molecules are 

present resulting in more collisions (hence, shorter mean free path). The frequent 

momentum transfer causes loss of energy of the Ar ion, which results in low sputter yield; 

consequently, the deposition rate is low. Moreover, the sputtered atom will suffer from 

many collisions that cause loss of the line-of-sight characteristic and energy as well. The 

overall effects will produce a different property of thin film. The collision of electrons 

also influences the electrical breakdown. The breakdown potential for a given sputter 

system is a function of the product of pressure (p) and electrodes’ separation distance (d) 

as described in the Paschen curve in Fig. 6-3 [210]. One can see if the applied electrical 

potential is lower than the breakdown curve; under particular circumstances of pd value 

the plasma will not ignite. The product of pressure p and distance d is a critical parameter 

for the sputtering deposition process, and the minimum breakdown potential occurs at a 

particular pd value.  

A variety of sputtering deposition processes are possible, including co-sputtering and 

reactive sputtering. Co-sputtering is a technique in which two or more target materials are 

simultaneously sputtered to produce an alloy or mixture of multi component film. For 

example, this process was used in deposition of the AuSn solder [212] and many others. 

However, exact control of the composition is often difficult, especially deposition with 

three and more elements such as Metglas 2826 MB that has four elements. This is not 

only due to its complicated control but also to the lack of system capability. In this case, 

direct sputtering from an alloyed target such as a Metglas strip to produce the similar 

compositional film materials is the primary choice. Fig. 6-4 shows the system used in this 

research (the plasma is on in the photo). Reactive sputtering deposition process is usually 
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by introduction of a reactive gas such as N2, O2, or CH4 during the sputtering process. 

These reactive gases will decompose and react with the sputtered atoms, for example Ti 

[203, 204, 213, 214].  

 

Fig. 6-3 Paschen curve for breakdown potential between parallel electrodes [210]. 

 

Fig. 6-4 Photo showing the sputter system with plasma on. 
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In this study, we deposited magnetostrictive thin film via direct sputtering Metglas 

2826 MB ribbon. The study will focus on the following areas: 

• Development of the process for deposition of magnetostrictive thin film material 

via directly sputtering Metglas 2826 MB. 

• Characterization of magnetostrictive thin films.  

• Fabrication of microscale magnetostrictive sensors with sputtering deposited 

magnetostrictive thin film, and 

• Characterizations and testing the microfabricated sensors. 

 

6.3. Experimental Details 

The Metglas 2826 MB strip with a composition Fe40Ni38Mo4B18 is a commercially 

available product. It has a standard ribbon size with widths of 12 mm and 50 mm, and a 

thickness of 28 microns. Metglas ribbon is made through rapid solidification and a thin 

thickness of the amorphous metal glass is therefore the typical product [9]. In order to 

produce a similar composition in thin film form, sputter deposition as discussed above is 

often employed. However, a Metglas target with the same composition as the ribbon is 

not available, and fabrication of a bulk form target has been unattainable by many leading 

target fabrication companies. In fact, it is not necessary to have a amorphous target to 

produce an amorphous thin film material, but the process parameter selection and study 

are of equal importance in deposition of this magnetostrictive thin film material. Our 

approach is to fashion a target from the commercially available ribbon. 
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6.3.1. Fabrication of Sputtering Target  

A sputter target requires good thermal and electrical conduction when it is mounted 

onto the sputter cathode, including a Metglas sputter target. Solder, conductive silver 

paste and conductive adhesives can all be used to bond a Metglas ribbon onto a Cu 

backing plate. Conductive adhesive is the primary choice since the other two may 

introduce an air gap between the Metglas ribbon and the backing plate. This improper 

bonding may cause either poor electrical conduction or poor thermal conduction. The 

resulting local overheating can burn the target material and shorten a target’s lifespan. 

One may think that using multilayer Metglas ribbon bonded onto the backing plate will 

make the target last longer. Capacitors, however, may develop between ribbons, and the 

bonding material may alter composition. Furthermore, as ribbon layers are removed by 

the energetic ions large pieces of the ribbon may fall and deposit onto the wafer. The 

criteria for making a Metglas target, therefore, can be summarized as:  

• Cu baking plate should be smooth and thin enough to assure good thermal and 

electrical conducting, 

• Bonding material should have high electrical and thermal conductivities plus 

good adhesion, 

• Single layer of ribbon should be used to avoid compositional and large particle 

issues. 

A 1.5 mm thick Cu backing plate was graded and polished to a near mirror finish, 

cleaned, and dehydrated before bonding with the Metglas ribbon. The ribbon was cut to 

the desired shape so as to completely cover the backing plate. The two were bonded 
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together with a adhesive. The target was subject to 110 oC baking for 30 minutes to drive 

out any gases and organics that may have been trapped in the adhesive. Fig. 6-5 shows 

the erosion of targets surfaces after sputter for different times. The targets A, B and C 

were DC sputtered with a power of 30 watts and pressure of 5 millitorr for 1.0, 1.5 and 

2.0 hours, respectively; the targets were obviously eroded after being sputtered for 2 

hours. It was found that with a single ribbon layer a film 0.25 microns thick could be 

deposited. Thicker films require simultaneous deposition with multiple Metglas targets. 

 

Fig. 6-5 Photo pictures of Metglas targets showing surface erosion after sputtering at 

different times. 

 

 

6.3.2. Design of the Sputter Deposition Process 

As a magnetic thin film is sputter deposited on a Si wafer, the process parameters 

such as pressure, sputter power and substrate heating temperature are the key factors that 
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may influence the deposition rate and magnetic properties of the film. The deposition 

processes was conducted in two phases:   

 Phase I 

Magnetostrictive thin films were deposited at variable pressures ranging from 3 to 20 

millitorr with constant sputter power at 30 watts. 

 Phase II 

Magnetostrictive thin films were deposited thorough a DOE (design optimal 

experiment) involving the sputter power, pressure and substrate heating temperature. The 

factors and variables are listed in Table 6-3. 

The parameters for experiments were arranged according to the L4(23) matrix [215] as 

seen in Table 6-4. The outputs were the deposition rate, magntostrictive properties and 

microstructure of the films. 

 

 

 

Table 6-3 DOE parameters and variables 
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Table 6-4 L4(23) matrix for DOE 

-1+1+14

+1-1+13

+1+1-12

Deposit rate
Microstructure
Magnetic Properties
• coerce force
• energy loss
• others

-1-1-11

temperaturepressurepower
OutputsFactors/variablesExpt.

 

 

6.3.3. Characterization of Magnetostrictive Thin Film 

The magnetostrictive thin film thickness was measured by a stylus profilometer, the 

microstructure was examined by XRD and SEM, and the chemical compositions were 

analyzed by XPS. The magnetic properties were studied with a Digital Measurement 

System (DMS) Vibrating Sample Magnetometer (VSM) model 1660 at the Center for 

Materials for Information Technology, the Department of Physics and Astronomy, the 

University of Alabama, Tuscaloosa. All samples used for the tests were deposited on a Si 

wafer coated with a thin silicon nitride film. During the VSM test, the applied magnetic 

field was oriented parallel to thin film surface.  

 

6.3.4. Magnetostrictive Thin Film Annealing 

Annealing of sputter deposited magnetostrictive thin film was conducted in a vacuum 

chamber (Isotemp vacuum oven model 281A, Fisher Scientific) at a temperature of 215 

oC for two hours. The temperature of the chamber was naturally ramped up and cooled. It 
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typically takes an hour to ramp up from room temperature to 215 oC. Samples were 

placed in the vacuumed chamber overnight for cooling to room temperature. 

 

6.3.5. Microfabrication of Magnetostrictive Sensors 

Three types of sensors were fabricated by bulk and surface micromachining processes 

in the Alabama Microelectronics Science and Technology Center (AMSTC) in the 

Electrical and Computer Engineering Department, Auburn University. Cantilever and 

bridge sensors were designed in various sizes. The process for fabrication of these types 

of sensor is relatively complex, and step-by-step procedures are depicted in Fig. 6-6. Note 

the deposition of SiC as an encapsulating layer to block the Au surfaces where it is not an 

actively required.  
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1. Si wafer with 300-500 nm nitride

3. PVD magnetostrictive thin film
With thin layer of Au

2. Spin coating PR and patterning

4. Remove PR and lift off

5. Nitride etch

6. Si wet etch

 

Fig. 6-6 Micromachining process for cantilever sensors (not to scale). 
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Freestanding beams (particles) were designed with the sizes of 500 µm x100 µm and 

250 µm x 50 µm. The basic procedure for microfabrication of these particles is illustrated 

in Fig. 6-7. The most critical steps in this process are the PR (photoresist) coating and 

developing. The PR has to be thick enough, and it has to be completely removed where it 

is required. 

 

Si wafer with 300-500 nm nitride

Clean and dehydration

Adhesion promoter application

Photoresist coating and baking

UV exposure and PR developing 

Post baking

Deposition of magnetostrictive thin film

Lift off
 

Fig. 6-7 Basic procedure for lift-off sensors. 

 

Since the target can only last for 90 minutes under a continuous sputter process, the 

deposition of the magnetostrictive thin film has to be repeated or performed with multiple 

targets simultaneously so that thicker film can be obtained. This repeating process 
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requires breakdown of the vacuum for target changes, which may result in slight 

oxidation and incoherence of the film. 

 

6.4. Results and Discussion 

6.4.1. Initial Approach of Deposition of Magnetostrictive Thin Film by Phase I 

6.4.1.1. Deposition Rate 

The thin film deposition rate is often affected by the sputtering process parameters; in 

the process, pressure plays a key role over other parameters. Fig. 6-8 shows the 

deposition rates of sputtering Metglas as a function of deposition process pressure under 

a constant DC power of 30 w. The deposition rate increases as the process pressure 

increases in the high vacuum range, i.e. in the range of pressure less than about 10 

millitorr. When the pressure exceeds this critical point, the deposition rate decreases with 

further increase in the pressure. A similar phenomenon was also observed for sputter 

deposition of Cr film [216]. The reason for this is that under high vacuum, the number of 

ionized Ar available is limited, and thus, the number of collisions decreases. Increasing 

the deposition pressure results in a increase in the number of Ar ions, hence more 

bombardment and greater sputter yields. However, when the pressure is too high, the 

collision and scattering of Ar ions dominate, which results in less sputtering efficiency, 

hence, lower sputter yield and lower deposition rates were observed. The optimum was a 

process pressure of approximately 10 millitorr. 
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Fig. 6-8 Deposition rate as a function of process pressure change. 

 

 

6.4.1.2. Surface Morphology and Crystal Structure of Deposited Magnetostrictive Thin 

Films 

Three samples deposited under 5 mT, 10 mT and 20 mT at a constant power of 30 

watts were characterized using SEM, XRD and VSM. The surface images of those three 

samples are shown in Fig. 6-9, note the different magnifications employed in the imaging. 

It was evident that the surface roughness increases as the process pressure increases. Very 

fine particles are observed at the pressure of 5 mT. This result may be attributed to the 

collision and scatter effect. Sputtered atoms have higher energy under lower pressure; 

consequently, the film exhibits fine and dense particles. Additionally, in a higher vacuum, 

the higher kinetic energy of sputtered atoms may have  
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Fig. 6-9   SEM surface images for sputter deposited magnetostrictive thin film under different process pressure, (a) pressure = 5 

mT, (b) pressure =10 mT, and (c) pressure = 20 mT. Note the difference in magnification between. 
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better surface absorption characteristics, which results in fine and smooth morphology. In 

contrast, in a low vacuum, since the sputtered atoms have low kinetic energy, deposition 

occurs in large cluster form, thus the film is rough and  porous as seen in Fig. 6-9 (b) and 

(c). 

Crystal structure transition was observed with X-ray diffraction of these samples. 

For the lower pressure (5mT) process, the magnetostrictive film exhibits a non-crystalline 

or amorphous structure. When the pressure is increased to 10 mT, Bragg reflections 

indicate that a crystal structure has developed, and the film exhibits crystalline FCC FeNi 

(111) and single Fe (200) phases. When sputter pressure is at 20 mT, weak Ni(200) and 

Mo(200) phases are also observed in addition to the FCC FeNi(111) and Fe(200) phases. 

The grain size of the FCC (FeNi) phase was determined by XRD via the Scherrer 

equation 
θ
λ

cos
9.0

t
B =  [217] (B is the FWHM, full width at half maximum of the 

broadened diffraction line on the 2θ scale, λ is the wavelength of copper k alpha, and t is 

the diameter of the crystallites) and was found to be approximately 25 nm and 39 nm for 

10 mT and 20 mT, respectively. Fig. 6-10 shows the XRD spectrum of these three 

magnetostrictive films. This FCC (FeNi) phase was also observed by other researchers 

when annealing amorphous Metglas ribbon at a temperature over 500 0C [218] or when 

the Ni content is higher than 30 at. % [219]. One can see that both the Metglas 2826 MB 

ribbon and the low pressure sputter process deposited magnetostrictive film are of 

amorphous structure. 



  163

35 40 45 50 55 60

2 theta

In
te

ns
ity

 (a
. u

.)

FeNi(111)

Mo(200) Ni(200)

5 mT

target

10 mT

20 mT

 

Fig. 6-10 XRD spectra for sputter deposited magnetostrictive films under different 

pressures. 

 

 

6.4.1.3. Magnetic Properties of Deposited Magnetostrictive Thin Film 

Magnetic properties are often directly related to the crystal structure of the magnetic 

material as well as grain size. In general, magnetostrictive properties can be improved by 

reducing the grain size to the nanoscale [220]. The thicknesses of the films deposited at 

20 mT, 10 mT and 5 mT were 0.255 µm, 0.33 µm and 0.36 µm, respectively. Fig. 6-11 

shows the Vibrating Sample Magnetometer (VSM) results of these films, which indicates 

that these sputter deposited films exhibited soft ferromagnetic behavior. Magnetic 

properties of the films show that they developed with a very low to high random uniaxial 

anisotropy at process pressures from 5 mT to 20 mT,  which agreed very well with the 

random uniaxial anisotropy mode developed by Chi and Alben [221]. Moreover, thin film 
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deposited under 20 mT exhibited a  residual stress with tension [222]. The key 

differences between soft and hard magnetic materials are the existence of large 

remanence (MR) and coerce (HC) of hard magnetic materials as seen in Fig. 6-12. Fig. 6-

13 shows the coerce force, saturation force and energy loss change with the process 

pressure. Note that the energy loss is calculated by integration of the area of the H-M 

hysteresis loop shown in Fig. 6-11. Two mechanisms can account for the root cause of 

energy loss. One is the alternating change of magnetic field that induces Eddy currents 

traveling around in the material and the other is the movement of the domain walls, 

which require some energy and dominate the hysteretic loss. 
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Fig. 6-11 Hysteresis loop for magnetostrictive films deposited under different pressures.  
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Fig. 6-12 General hysteresis loop of a hard magnetic material. 
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Fig. 6-13 Magnetic properties of magnetostrictive thin film as affected by deposition 

pressure.  
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Based on the results, we can conclude that the lower deposition pressure results in 

improved film properties of both lower coerce and saturation forces. Although the energy 

loss is not the lowest one, it is still considerably small. Additionally, the H-B shape for 

the lower pressure deposited film material is comparable to as received Metglas 2826 MB 

ribbon, (see Fig. 6-14). It is notable that the coerce and the remanence are near zero, and 

the energy loss is very small for the Metglas 2826 MB strip. But it requires an appreciable 

field for saturation, which results from the presence of macroscopic easy axis and non-

random uniaxial anisotropy associated with the production process [223]. 
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Fig. 6-14 Hysteresis loop for the Metglas 2826 MB ribbon. 
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At the lower deposition pressure of 5 mT, the sputtered magnetic film developed 

rather fine cluster/particle size relative to the higher pressures, (see Fig. 6-9), and a 

considerably smoother surface. Furthermore, this film exhibited an amorphous structure, 

which greatly reduced the anisotropy of magnetic properties. Consequently, less energy 

was required for the domains to switch under the applied magnetic field, i.e. they 

switched more easily. In contrast, the sputtered magnetic films that were deposited under 

higher pressure exhibited rough surfaces with considerably larger cluster/particle size as 

well as a degree of crystalinity. As a result, domain switching became more difficult, e.g. 

the domains underwent pining on the grain boundary when the films were exposed to an 

external magnetic field. Similar grain size effects were reported by other researchers [220, 

224].  

Moreover, the change in shape in the hysteresis curves may also be attributed to the 

internal stress level and its orientation to the external field that was observed with Ni, 

FeB and other materials [222, 225]. For example, Fig. 6-15 (a) shows the work of Foell 

[188] where the hysteresis loop of pure Ni is under tensile force that is parallel to the 

external magnetic field, while Fig. 6-15 (b) shows that the tensile force is perpendicular 

to the external field. Both exhibit significant changes in the remanence but not much in 

coercivity [188]. 
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Fig. 6-15 B-H curves of pure Ni under different stress orientation to the external 

magnetic field, (a) tensile stress parallel to the applied field and (b) tensile stress 

perpendicular to the applied field [188].  

 
 
6.4.1.4. Thin Film Composition Analysis 

The compositions of the magnetostrictive thin films deposited at 5 mT, 10 mT and 20 

mT were analyzed by XPS (X-ray photoelectron spectroscopy). The analysis was 

conducted after sputter-etching of the specimen’s surface for 10 minutes to sample the 

interior of the film. Table 6-5 summaries the XPS analysis results for the thin film and 

the target material as well. There is some difference in composition between the analyzed 

and supplier’s specific data on the as received Metglas 2826 MB ribbon. The atomic 

composition of Fe, Ni, Mo, and B for the standard Metglas 2826 MB is 40, 38, 4 and 18, 

respectively. These differences between analyzed data and supplier’s claimed data may 

be a result of experimental error. A variety of compositions of sputter deposited film 
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materials under different process pressures was observed. The discrepancy of films to the 

target material and divergence from film to film may be attributed to 1) the resolution and 

analysis error from XPS, 2) the target surface did not reach equilibrium, 3) the pressure 

influenced the surface adsorption of different components, and 4) the film surface did not 

reach the equilibrium state before the XPS analysis. 

 

 

Table 6-5 Compositions of Metglas 2826 MB and magnetostrictive films. 

BMoNiFe

224462820 mT

2213372810 mT

27829365 mT

2054035Metglas 

Composition (at%)XPS 
analysis 

 

 

The Fe content was found to decrease with pressure while the Ni content increased as 

with pressure, (see Table 6-5). Mo content tended to vary and the B content increased for 

the 5 mT pressure. The most interesting change was the boron for the 5 mT pressure. This 

element was added to disrupt crystallization and form amorphous structures, which may 

play a role in why this film was amorphous. Furthermore, the increase in process pressure 

also imparts additional kinetic energy to depositing atoms, enabling them to diffuse into 

more favorable positions that leads to crystallization. The higher pressures also contain 
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more impurity oxygen atoms that would react with the Fe. These molecules, being larger, 

would have reduced speed and movement in the plasma and could be the mechanism 

behind the reduced Fe content and increased Ni content. It should be noted that there was 

a very small amount of oxygen and carbon content was detected the films and Metglas 

strip. Fig. 6-16 (a, b, c, d) shows the Auger electron spectroscopy (AES) results of 

surface analysis of the Metglas strip and films deposited at 5, 10 and 20 millitorr, 

respectively. and Fig. 6-17 is the results of analysis of the same specimens by X-ray 

photoelectron spectroscopy (XPS) after sputtering clean for 10 minutes. A higher oxygen 

content on the surface in both the target material and films was observed and is displayed 

in Fig. 6-16. The oxygen content in the Metglas  target almost disappeared after sputter 

cleaning, but a small amount remained in the films as shown in Fig. 6-17. These results 

indicate that the oxygen content in Metglas ribbon was due to the surface absorption 

effect and the oxygen content in films were due to both surface absorption and deposition. 

In fact, oxygen is a unavoidable gas species in sputter deposition as a result of the low 

vacuum environment. Since the intensity of the XPS peak is related to the concentration 

of the element within the sampled area, and based on analysis of the O1s intensity in the 

XPS spectra in Fig. 6-17, one can further find that the oxygen residual in the film 

deposited at a lower pressure is less than the higher pressures, which is another factor in 

why the performance of the 5 mT film exceeds the others. The carbon content in the 

deposited films likely originated from the target material, as the C1s peaks in target and 

thin films analyzed by XPS all reminded similar. 
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Fig. 6-16   AES spectra of MetglasTM, and thin film deposited at various pressures. (a) MetglasTM, (b) 5 millitorr, (c) 10 millitorr, 

and (d) 20 millitorr.
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Fig. 6-17   XPS spectra of MetglasTM, and thin film deposited at various pressures. (a) MetglasTM, (b) 5 millitorr, (c) 10 millitorr, 

and (d) 20 millitorr.  
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6.4.2. DOE (Design of Experiment) Approach of Sputter Deposition by Phase II 

6.4.2.1. Deposition Rate and Surface Morphology Influenced by Various Factors 

 Thin film deposition rate is frequently manipulated by the sputtering power and 

sputtering pressure. Substrate heating temperature is another parameter that affects the 

deposition rate by altering the film properties, e.g. the density, crystallinity, composition, 

etc. Fig. 6-18 shows the deposition rate change with various factors. It is straight forward 

to understand that the deposition rate increases with increasing the sputtering power. The 

pressure effect follows the phenomenon observed and has been explained in section 6.4.1. 

When the temperature increases, there is more thermal energy available, which may 

promote film density. Hence, the deposition rate decreases with increasing temperature. 

Fig. 6-19 shows the surface morphologies of the films examined by SEM. Note the 

different magnifications employed in the imaging. Very fine particles and a smooth 

surface were observed for films that were deposited under conditions of experiments (1) 

and (4) in Table 6-4, while larger particle and rough surface were developed in films that 

were deposited under conditions (2) and (3). It is clear that the higher temperatures of 

conditions (2) and (3) resulted in coarser clusters/particles and rougher surfaces. 
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Fig. 6-18 Thin film deposition rate change with various deposition parameters.
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Fig. 6-19 Surface morphology of deposited films. (#1, #2, #3 and #4 correspond to the experiment of 1 to 4 in Table 6-4). 
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6.4.2.2. Magnetic Properties Impacted by Various Factors 

Evidently, the deposition pressure played a significant role in governing the 

magnetic properties of the thin film material. The effects of the sputtering power, 

substrate heating temperature and deposition pressure on the properties of the film 

materials were studied with the aid of the DOE as described in section 6.3.2. Fig. 6-20 

presents the influence of these parameters on the film magnetic properties in terms of 

magnetization or hysteresis loop. All films deposited under the condition of the DOE 

exhibit soft ferromagnetic properties. The lowest coercity of these results was found to be 

about 5 Oe, and the highest was about 20 Oe. 

The anisotropic magnetic characteristics of these films were examined by applying 

the in-plane magnetic fields in such a manner that they are perpendicular to each other, 

(see Fig. 6-21). All films exhibited a low anisotropic magnetic property. This low 

anisotropic magnetic property was most likely due to the rotation resolution of the 

substrate holder during the process of deposition. 

Different deposition conditions can lead to significantly different magnetic 

properties. If we examine the shapes of hysteresis loop in Fig. 6-21 in microscale, one 

can see all samples show that tensile stress more or less was developed in these films, 

which were also observed by other researchers with Ni and FeB thin materials [222, 225]. 

The analysis of the DOE results for coerce force via each individual parameter is plotted 

in Fig. 6-22. The coerce force increases with both pressure and substrate heating 

temperature increasing, but coerce force decreases with increasing sputtering power. This 

pressure effect was observed to be similar to the initial deposition process developing 

step as discussed in section 6.4.1.3. From the above discussion, an optimal deposition 
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process can be obtained at pressure = 3 mT, power = 30 w, substrate heating temperature 

= 200 oC or less. 

 

 

 

Fig. 6-20 Hysteresis loop for magnetostrictive film deposited under various conditions 

but with the same applied field orientation.  
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Fig. 6-21  Hysteresis loop for films deposited under conditions preset in the DOE. #1, #2,  #3 and #4 refer to experiment run 

number set by the DOE in Table 6-4.
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Fig. 6-22 Coercity change with each individual factor and variable.
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6.5. Microfabrication and Functionality Test of Magnetostrictive Cantilever and Bridge 

Type Sensor  

6.5.1. Microfabrication of Cantilever and Bridge Type Sensors 

The microfabrication of sensors was carried out with a Si wafer coated with 0.35 µm 

LPCVD silicon nitride. A 0.2 µm Al film was coated on the nitride as a nitride etch mask 

followed by PR patterning and development. The Al was etched by the wet chemical 

method at room temperature. The opened Al windows for cantilever and bridge are 

shown in Fig. 6-23. After plasma etched off the silicon nitride layer, the KOH wet etch 

process was carried out to etch silicon. Fig. 6-24 shows the freestanding cantilevers and 

bridges. Note that some large bridges did not lift off at all because wet chemical etching 

of Si is anisotropic. SEM images of some final cantilevers and bridges are shown in Fig. 

6-25. It is clear that there is no stress at all in the fabricated cantilevers or bridges. 

Otherwise, the cantilever or bridges would be bent.  
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Fig. 6-23 Microscopic images of Al open windows for the etch SiN. (a) Cantilever (b) 

Bridge. 

 

 

 

Fig. 6-24 Microscopic images of cantilevers and bridges after Si wet etching. 
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Fig. 6-25  SEM images for cantilevers and bridge. (a) and (b) are cantilevers with different aspect ratio, (c) is a fix-fix bridge.
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6.5.2. Functionality Tests of Cantilever and Bridge Sensors  

Cantilever and bridge type sensors that have been coated with 0.5 µm of sputtering 

Metglas or about 4 µm Fe80B20. These magnetostrictive thin films were subjected to a 

resonant frequency test. The details of deposition of Fe80B20 can be found elsewhere 

[200]. Fig. 6-26 shows the cantilevers and bridges coated with Fe80B20 thin film. It is 

notable that the Fe80B20 film was broken at the fixed end of some cantilevers, which can 

be attributed to the large stress developed in the magnetostrictive thin film. 

A wafer fabricated with cantilevers and bridges was diced into small dies before 

magnetostrictive thin film deposition. Unfortunately, no resonant frequency was detected. 

This could have been caused by the following factors: 

• The sensitivity of the detecting coil was not high enough to sense the response of 

the sensor. 

• The relatively small magnetic material volume of the cantilevers and bridges 

resulted in the change in magnetic flux that was so small that the pick-up coil 

was not able to sense this induced magnetic field change. 
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Fig. 6-26 SEM images for cantilevers and bridges coated with ~ 4 µm FeB thin films. 
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6.6. Microfabrication and Resonant Frequency Test of Magnetostrictive Freestanding 

Beam (Particle) 

6.6.1. Free-free ended Beam (Particle) Fabrication 

The process used for the fabrication of freestanding particles was described in Fig. 

6-7. The specific process is to pattern photoresist into rectangular structures possessing 

the desired length and width of the freestanding beams. Fig. 6-27 illustrates these 

structures on the wafer. The Metglas film is then deposited and the PR dissolved so that 

the particles become freestanding and float off. In order to develop a functioning sensor, 

a 100 nm thin Au film was deposited before and after the deposition of magnetostrictive 

film to create a substrate for the capture film to adhere to. The process used for sputtering 

the Metglas film was the optimized one as discussed in section 6.4. Multiple sputtering 

processes were carried out to obtain a thicker magnetostrictive film material. The 

freestanding beams or particles before lift-off are shown in Fig. 6-28. Fig. 6-29 shows the 

freestanding beams before collection, from which one can see the free lift-off beams are 

bent. This observation indicates that tensile stress developed in the thin film materials, 

which confirms and explains the hysteresis loop shape with the measurement of magnetic 

properties by VSM as shown in Figs. 6-20 and 6-21. 
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Fig. 6-27 SEM images of microfabricated photo resist templates for the fabrication of 

freestanding sensors. 

 
 

 

Fig. 6-28 SEM image of a freestanding beam (particle) on PR template. 



  187

 

 
Fig. 6-29 SEM images of some uncollected, lift-off freestanding beams (particles). The 

bent particles appeared to be stressed. 

 

Fig. 6-30 Resonant frequency spectrum for a 500 µm x 100 µm beam (particle). 
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6.6.2. Results of Resonance Frequency Tests 

The resonant frequency of the freestanding particles (beam) of 500 µm x 100 µm x 3 

µm was measured by using the similar setup as the one used for large scale samples. 

Typical resonant frequency spectrum of a beam is as shown in Fig. 6-30. The amplitude 

of the resonant peak was usually weak but strong enough for testing, distinguishing and 

inspection. The calculated Figure-of-merit Q value is about 971.2 for this beam, which is 

much higher than the value of 265 for a large scale sensor made of Metglas strip. 

 

6.6.3. Annealing Effect  

The temperature profile for annealing was recorded and plotted in Fig. 6-31. The 

temperature ramp up was controlled by setting the electrical current that is directly linked 

to the target temperature (215 oC). Temperature cooling down was naturally controlled by 

the room environment. During cooling, the chamber was sealed and kept under vacuum. 
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Fig. 6-31 Temperature changes with time during annealing/cooling process. 



  189

6.6.3.1. Effect of annealing on Magnetic Properties 

The magnetic properties of annealed magnetostrictive film were also characterized by 

VSM. Fig. 6-32 indicates that after annealing, the coercity of the magnetostrictive film is 

slightly reduced to about 4 Oe, but the total energy loss is reduced significantly. The 

hysteresis loop starts to merge together right before the magnetization of the material gets 

saturated, which is desirable for our application in the dynamic vibration mode. For 

instance, when the applied field has so little change in the resonant frequency range that 

no resonant frequency jump occurs, a stable resonant frequency spectrum can be obtained.  
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Fig. 6-32 Hysteresis loops of sputtering deposited films before and after annealing at 

215oC for two hours in a vacuum chamber. 
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6.6.3.2. Effect of annealing on the Resonance Frequency and Q-Factor of Sensor 

Resonance frequency of the freestanding beam was significantly improved through 

annealing at 215 oC under vacuum condition. Fig. 6-33 shows a typical particle’s 

resonant frequency shift before and after the heat treatment. After annealing, all particles 

tested exhibitd an increase in their frequencies by about 23 kHz (~0.6% of the original 

frequency), with an average resonant frequency of 4.019440 MHz. The annealing process 

also intensified the amplitude of the resonance frequency signal about 15 times as seen in 

Fig. 6-33. Additionally, the Figure-of-merit Q values for the annealed sensors were 

virtually increased by 180 in average from 971 to 1150. 
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Fig. 6-33 Resonant frequency shift of a particle after annealing. 

 

The Figure-of-merit Q value is an important measure of the sensor’s quality, 

particularly for those applications for detecting a single or few biomolecule cells present 
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on the sensor surface. The higher the Q value, the sharper of the resonant frequency 

spectrum is; consequently, it is easier to locate the peak position of the spectrum. Fig. 6-

34 (a) to (c) shows the profile of spectrum peak for the Q values varying from 930 to 

1425. It can be seen that at lower Q values, the spectrum is rather broad, and the 

frequency peak is more difficult to determine. Such a flat spectrum at the peak position is 

not desirable, and may result in greater error of testing. As the Q value increases, the 

spectrum becomes sharper; and the peak position is therefore easy to distinguish. For 

example, in Fig. 6-34 (c) with Q value equal 1425, the frequency peak can be easily 

determined with an error of less than 50 Hz. 
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Fig. 6-34  Peak profiles of resonant frequency spectra for different sensors with various Q values. 
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6.6.3.3. Mechanisms on the Annealing Effects 

The effect of annealing on the magnetic properties of magnetostrictive thin films and 

the sensor’s performance may be attributed to an increase in the elastic modulus and a 

reduction in residual stress during the annealing process. The change in the elastic 

modulus of the film materials after annealing is most likely due to the defect healing. 

Furthermore, the annealing treatment also released the residual stress as it can be seen 

from Fig. 6-29, where the freestanding beams are bowed down due to stress developed in 

the magnetostrictive film. Fig. 6-35 shows that when the stress in the longitudinal 

direction of sensor is released, there is no curvature observed under SEM. However, we 

do observe that the sensor still has slight curvature in the width direction upon annealing. 

This effect of stress released in longitudinal direction greatly improves the sensor 

performance such as amplitude of the resonance frequency peak and Q value. The 

following model is suggested to elucidate the effects. 
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Fig. 6-35 SEM images of an annealed sensor. A slight curvature in the width direction 

can be seen, but not in the longitudinal direction. (a) Bottom surface is up. (b) Bottom 

surface is down. 

a 

b 
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When the bent sensor shown in Fig. 6-29 is subjected to an applied magnetic field 

(see model of Fig. 6-36) the magnetized domains will tend to align to the external filed. 

However, since there is bending in the longitudinal direction, many domains will impinge 

on the bent surfaces (top and bottom). In addition, the growth process of the domains will 

be confined by the bent surface. Such an effect is believed to significantly reduce the 

magnetized flux. Moreover, the direction of magnetized flux will follow the similar shape 

of the sensor, which is not parallel to the applied magnetic field, or the axis of read coil, 

but is a low angle to the them instead. Only the partial of magnetized flux whose 

direction is parallel to the read coil axis, MII as shown in Fig. 6-36, will effectively 

interact with this read coil. Clearly, this interaction is less intense than the one that did 

not bend; therefore, the sensing coil detected a weaker signal during the sensor oscillating. 

One can compare this bent sensor with the unbent one shown in Fig. 6-37. In this case, 

magnetization took place perfectly aligned to the applied filed and the axis of the read 

coil in the longitudinal direction. Moreover, the formation of larger domains is possible 

in the longitudinal direction due to the lack of residual stress. This also helps to explain 

why this sensor’s resonant frequency increased after annealing. Additionally, bent 

sensors exhibit tensile stress on one side and compressed stress on the other. The resonant 

frequency will be not the same as non-bent one, but it is lower due to the length of the 

side with tensile stress being longer than the one that does not bend. This causes different 

acoustic wave speeds and effectively widens the resonant peak. Likely this caused the 

sensor a very small amplitude and low Q values. 

For the annealed sensor (Fig. 6-35), since the stress is released, there is no 

significantly bending in the longitudinal axis, although a small curvature was observed 
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with SEM in the lateral direction. The behavior of such sensors can be modeled as 

described in Fig. 6-38. The bending in the lateral direction would not significantly 

influence the magnetization of the sensor when the applied magnetic filed is parallel to 

the longitudinal direction. These out-of-plane effects likely only have negligible effects. 

 

 

+

+

Applied magnetic field

M
MII

MI

 

Fig. 6-36 Modeling of a sensor bent in longitudinal direction. 
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Applied H  

Fig. 6-37 Modeling of a perfect sensor without bending. 

 
 
 
 

Applied H  

Fig. 6-38 Modeling of an annealed sensor that is only bent in the lateral axis, but not in 

the longitudinal direction. 
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6.7. Summary 

The fabrication of a Metglas sputtering target and deposition of a magnetostrictive 

thin film were demonstrated in this work. The film material exhibited soft ferromagnetic 

properties and low degrees of magnetic anisotropy. Deposition process studies indicated 

that the magnetic properties of thin film material are very much dependent on the process 

parameters, such as deposition pressure, sputtering power and substrate temperature. The 

optimal deposition parameters were found to be: pressure = 3 mT, power = 30 w, and 

substrate heating temperature = 200oC or room temperature.  

Stress associated with the thin film during deposition was released by annealing at 

215 oC for 120 minutes, which resulted in increased resonant frequency and Q factor, 

aspects that are important in developing this material into a usable sensor. The resonant 

frequency of microfabricated magnetostrictive sensors in both cantilevers and bridges 

was not detectable by general detecting setup because the pickup coil wasnot sensitive 

enough. However, a successful detection of microscale freestanding beams was 

demonstrated. The sensor’s performance was significantly improved by annealing and a 

model describing this effect was proposed. 
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7. CONCLUSION AND FUTURE WORK  

7.1. Conclusions 

This work focused on solving several issues in the development of magnetostrictive 

acoustic wave sensors. Magnetostrictive material has been shown to be an excellent 

material for actuation and sensing in sensors that are configured as a cantilever, bridge, 

and beam. These sensors are driven by an alternating magnetic field and mass changes 

are measured by monitoring changes in resonant frequency. The work addressed the 

benefits of the longitudinal vibration mode, provided more precise governing equations, 

and demonstrated that magnetostrictive sensors are a cheap and easy method for 

measuring the thin film Young’s modulus.  It also developed the optimum sputter 

deposition parameters for depositing magnetostrictive films from Metglas 2826 MB 

targets and illustrated how to microfabricate these structures into useful forms. Finally, it 

constructed and demonstrated operation of thin film microscale resonators. 

In particular, the superiority of the longitudinal mode resonance over the transverse 

mode was discussed and proven. The governing equations for a thin slender beam 

resonating in the longitudinal mode was modified by replacing the plane strain modulus 

with the plane stress modulus for geometries associated with thin film resonators or bulk 

scale resonators where thickness is significantly less than length and width. This was 

accomplished through a combined experimental and numerical simulation approach 
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which not only found issues with the fundamental operation equation for the longitudinal 

mode, but also clarified and confirmed that the Poisson’s ratio for commercial Metglas 

2826 MB strip is 0.33. This work also aided in identifying that a cantilever sensor 250 

microns in length 50 microns wide with a thickness one micron or less, should be able to 

detect small amounts of mass or even a single spore or cell attached to the sensor’s 

surface. 

Metglas resonators were constructed and used to measure the thin film Young’s 

modulus of several materials commonly used in state-of-the-art devices. The results were 

confirmed using a second thin film measurement technique and demonstrated that this 

technique offers a cost-effective, user-friendly and non-destructive test for thin film 

properties. It also improved the methodology of determining the thin film Young’s 

modulus by assuming that film density was equivalent to bulk density, which 

significantly reduced the amount of error associated with the measurement.  

This research also successfully developed the optimum process parameters for 

magnetostrictive thin film deposition by directly sputtering a Metglas strip. The optimal 

deposition parameters were found to be pressure =3 mT, power = 30 w, and a substrate 

heating temperature of 200 oC or room temperature followed by annealing at 215 oC for 

120 minutes. The deposited thin film material exhibited soft ferromagnetism and high 

isotropic magnetic properties. Freestanding beams or particles with the size of 500 µm x 

100 µm x 3 µm were fabricated by standard microfabrication process and their resonant 

frequency was effectively detected. Annealing the sensors resulted in relieving residual 

stress, which significantly improved performance and Q factor. 
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7.2. Future work 

The successful deposition and microfabrication of thin film magnetostrictive sensors 

has the potential to revolutionize the MEMS and microdevices field by enabling 

remote/wireless powering and actuation of devices. Towards this goal, future work 

should focus on (1) better detection of small amounts of biological agents, (2) integrating 

these thin film actuators into actual devices or demonstrating their function and (3) 

developing small, on-chip read coils to detect their signals. 

(1) Detection of Biological Agents 

• develop a sensor with both bridges and freestanding beams of varying size to 

better assess attachment of biological species 

• develop an algorithm that can distinguish between the number of spores or 

cells attaching and their position on the platform 

 (2) Integration as MEMS actuators would require the following tasks 

• demonstrate that magnetostrictive films are compatible with many types of 

microfabrication processes 

• demonstrate that magnetostrictive films retain their properties when subjected 

to typical MEMS microfabrication processes 

(3) Development of a small, on-chip coils would require the following tasks 

• develop a 2-dimensional magnetic coil capable of applying and reading the 

necessary fields 

• examine employing giant magnetoresistive elements to detect fields generated 

by the films 
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