Development of Magnetostrictive Fe-Co-B Alloys for High-frequency Sensors and
Magnetoelectric Composites

by

Zhizhi Sheng

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
August 1, 2015

Keywords: Thin films, electrochemical deposition, magnetostrictive,
resonant behavior, biosensor, magnetoelectric

Copyright 2015 by Zhizhi Sheng

Approved by

Zhongyang Cheng, Chair, Professor of Materials Engineering
Jeffrey W Fergus, Professor of Materials Engineering
Dong-Joo Kim, Professor of Materials Engineering
Xinyu Zhang, Associate Professor of Polymer and Fiber Engineering
Minseo Park, Professor of Department of Physics



Abstract

Magnetostrictive materials with soft magnetic properties have been widely used in sensors,
resonators, actuators and transducers. For high-frequency biosensor applications, the
miniaturization of these devices is necessary. Commercial, soft-magnetic amorphous materials
have been used for biosensors, however, it is still challenging to fabricate them at micro/nano scale
for higher frequency applications. Thus, it is necessary to find new materials with easy fabrication
at micro/nano scale and suitable structure, properties, and novel sensor behavior. In this research,
Fe-Co-B alloys have been proven to be good candidates.

Among Co-rich, equiatomic Fe and Co, and Fe-rich Fe-Co-B alloys, Fe-rich alloys are found
to have the best resonant behavior. Amongst the films with solution composition of Fes7Co29B14,
FessCo28B17, Fes3Co27B20, FesiCoz6B23 and Fes9Co25B2s, magnetostrictive particles (MSPs) from
solution composition of FessCo2sB17 exhibit the best resonant behavior. In this research, the
influence of deposition time, Na Saccharin, and current density on the structure, morphology, and

resonant behavior of film with solution composition of FessCo2sB17are mainly studied.



To better understand the role of Fe and Co in the ternary alloys, binary alloys with solution
composition of FessBi7 and Co2sB17 were fabricated with the same deposition parameters as
ternary alloys with solution composition of FessCo23B17. By reducing the Co content, higher Fe/Co
ratios were achieved. The structure, morphology, resonant behavior and magnetic properties of Fe-
Co-B alloys with different Fe/Co ratios were compared. The Boron influence was studied on films
with solution composition of FessCo16Bx (x=0~29) and FessCo24Bx (x=0~29).

Au/Fe-Co-B/Au MSPs in micro size were fabricated by combining electrodeposition and
microfabrication methods. The morphology and resonant behavior of the MSPs were characterized.
Au/Fe-Co-B/Au MSPs were used to detect Salmonella Typhimurium. The measurement sensor
shows a limit of detection of 5x10% cfu/ml with a total peak shift of 107 kHz in the dynamic
measurement.

Fe-Co-B/PVDF magnetoelectric composites were fabricated by electrodepositing a Fe-Co-B
thin film on a PVDF film. The magneotelectric (ME) effect of the composites was characterized
in cantilever mode and probe mode. The ME coefficients of composites with different lengths and

thicknesses were compared.
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Chapter 1  Introduction and Research Objectives

1.1 Fundamentals of magnetostriction
1.1.1 Magnetoelastic effect and Joule magnetostriction

Magnetoelasticity is the coupling effect between the elastic and magnetic energy of a material.
There are four categories of magnetoelastic effects: 1) Joule magetostriction, 2) the Wiedemann
effect, 3) the magnetovolume effect and 4) the AE effect, as listed in Table 1-1 [1, 2]. The inverse
effect of Joule magetostriction, the Wiedemann effect and the magnetovolume effect is the Villari
effect, the Matteuci effect and the Nagaoka-Honda effect, respectively. The magnetostrictive effect
was first found in nickel by James Joule in 1842 [2]. In macroscopic scale, magnetostriction
includes two processes: 1) under the magnetic field, the domain walls of the ferromagnetic
materials will move; 2) the domains re-orient themselves or rotate with respect to the applied
magnetic field, as displayed in Figure 1.1[1]. Magnetostriction is of great interest in the
applications of resonators, sensors, actuators, transducers, robotics, adaptive or functional

structures and microelectromechanical systems (MEMS) devices.



Table 1-1 Four types of magnetoelastic effects [1, 2]

Direct effects

Inverse effects

Joule magnetostriction
Change in sample dimensions under
magnetic field

Wiedemann effect
Torque induced by helical magnetic field

Magnetovolume effect
Volume change due to magnitization

AE effect
The change in the Young’s Modulus due to
the magnetic field

Villari effect
Change in magnetization
mechanical stress

due to

Matteuci effect
Helical anisotropy of the susceptibility
induced by a torque

Nagaoka-Honda effect
Change of magnetic state due to volume
change
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Figure 1.1. Domain reorientation in ferromagnetic materials under the magnetic field [1]

Under a magnetic field, a magetostrictive material elongates or shrinks along the direction of

magnetic field, as shown in Figure 1.2. The magetostrictive strain A is expressed as:

A

-1 Al
=T =1 a-n

where, [ and I’ represent the length of the material before and after applying the magnetic field;

Al=1—1.
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Figure 1.2. Schematics of Joule magnetostriction

1.1.2 Joule magnetostriction of ferromagnetic materials
For a magnetic material, the external magnetic field H applied on the material induces a
magnetic induction B and a magnetization M in the material. These parameters have following

relations [3]:

B = puoH (1-2a)
B = poH + puoM (1-2b)
M= (u—-1H (1-2¢)

where, o (=47 X 1077 = 1.257 x 107%(H/m)) and p are the permeability of a vacuum and the
permeability of the material, respectively. When u ~ 1, the material is diamagnetic or
paramagnetic, however, the magnetostriction of these materials is extremely small. When u>>1,

the material is termed ferromagnetic and exhibits useful magnetostriction.



For magnetostrictive materials, a strain is induced under the application of an external
magnetic field. It is believed that the strain (4;;) relates to the square of the magnetization (M, M;)
[4].

Aij = NijuMi M, i, ], k, 1=1~3 (1-3)
where, Njjy; is the magnetostrictive coefficient. By only considering the strain along the external
magnetic field, it is obtained:

AacM? (1-4)
For a linear magnetic material, using equation (1-2c), it is also easy to get:
AocH? (1-5)

As for ferromagnetic materials, the magnetic moments spontaneously align in small domains
without an external magnetic field. Due to the spontaneous magnetic domains in the ferromagnetic
material, the magnetization with regards to the magnetic field shows a hysteresis loop [3].
Magnetic materials are divided into hard and soft magnetic materials. Hard magnetic materials
exhibit a large coercive field H, and a large remanent magnetization M,., while soft magnetic
materials have a small H, and relatively small M,., as shown in Figure 1.3 (a) and (b). For an ideal
soft magnetic material, there is no hysteresis but a strong non-linear relation between M and H, as
shown in Figure 1.3(c). The strain-magnetic field (A — H) curve of a hard magnetic material
exhibits a large butterfly shape (Figure 1.3 (a’)), while that of a soft magnetic materials exhibits a
slim butterfly shape (Figure 1.3 (b’)) and that of an ideal soft magnetic material, with no hysteresis,
shows a more quadratic curve with a saturated value. The saturated value is termed as saturation

magnetostriction, A; (Figure 1.3 (¢’)) [5]. For soft magnetic materials, a small area of the M-H



loop and the steep slope dM/dH in the hysteresis curve are favorable for minimizing the energy

loss and amplifying the corresponding strain.
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Figure 1.3. The typical M-H loop and A — H curve of different magnetic materials: (a) and (a’)
for hard magnetic material, (b) and (b”) for soft magnetic material with hysteresis, and (c) and

1.1.3 Piezomagnetism in polarized magnetostrictive material

(¢’) for ideal soft magnetic material without hysteresis

Near the y-axis intercept of the A — H curve for hard magnetic materials, as marked in Figure

1.4 with red line, magnetostritive materials exhibit quasi-linear behavior with an applied magnetic

field, which is also named as the piezomagnetic effect.
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Figure 1.4. Piezomagnetism exhibited in A — H curve of a hard magnetic material

Magnetostrictive materials behave as piezomagnetic materials under an induced polarization,
either through the application of a bias magnetic field Hp or with a mechanical pre-stress g,. The
direction of Hp or gy is the polarization direction [6]. Based on IEEE standards, the polarization
direction is commonly termed as the 3-direction, as shown in Figure 1.5, whereas, the directions
perpendicular to the 3-direction can be termed as the 1- or 2-direction [7].

z(3)

y (2

x (1)

Figure 1.5. The polarization direction of a polarized magnetostrictive material

Along the polarization direction, applying a stress o on the material will generate a

mechanical strain A and a magnetic induction B. Inversely, applying a magnetic field H on the



material will generate both the magnetic induction B and the strain A. The following equations
show the relation among these parameters [6, 7]:
Aij = SHii0m + QuijHye i, j, k=1-3 (1-6)
Bi = qixiO1 + 1k Hy I, J, k=1-3 (1-7)
Where, ¢ is the piezomagnetic constant, s is the compliance for a constant magnetic field /, and
u? is the permeability for a constant stress o.
1.1.4 Response of magnetostrictive materials under DC bias
For ideal soft magnetic materials with no hysteresis, the strain of the magnetostrictive
material has a non-linear relation with the applied magnetic field.
1) Only Hy 1s applied on the material

When there is only an AC magnetic field applied on the material, from equation (1-5),

2 2
A(H)ocHZ, = Hgsinzwtoc% - HZ—OCOSZwt (1-8)

where, w is the angular frequency and t is the time. The material oscillates at the double frequency

of the magnetic field, as shown in Figure 1.6.
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Figure 1.6. The response of magnetostrictive materials under a pure AC magnetic field



i1) Hp and a small H,. are applied on the material

If applying different DC magnetic field with a small AC magnetic field on the material, we
can get the magnetostriction response with a DC bias, as shown in Figure 1.7.

From equation (1-5),

AH) o = (Hyc+Hpe P =Hic+Hpc+2H cHpe (1-9)

In region 1, Hye = Hysinwt, Hpe = 0. The strain is also given by equation (1-8). The
material oscillates at double the frequency of the magnetic field.

In region 2, both AC and DC (Hp, = H; # 0) magnetic fields are applied on the material.
The strain has an enhanced signal which is nearly proportional to the DC magnetic field. In
equation (1-9), and considering H,. to be small, H2. can be neglected. So,

A(H) ocHpc? + 2H,cHpe (1-10)
This implies that the resulting magnetostriction increases almost linearly with increasing the DC
magnetic field.

Due to saturation, in region 3, at the DC magnetic field of H,, the amplitude of the strain
signal is smaller than that of region 2. Hence, a strong strain signal can be achieved by optimizing
the DC magnetic field, as shown in Figure 1.8. First, A4, increases then decreases when increasing
the DC magnetic field with a maximum value at a certain DC magnetic field. Hence, it is necessary

to get a large output amplitude by tuning the DC magnetic field in a certain range.
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Figure 1.7. A — H curve of magnetostrictive material
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Figure 1.8. DC magnetic field dependence of magnetostriction when Hy is a constant
1.1.5 Magnetomechanical coupling coefficient

The magnetomechanical coupling coefficient k is used to characterize the conversion ability
of the material between the magnetic and mechanical energy, which is described as the ratio of the

magnetoelastic energy to the geometric mean of magnetic and elastic energy|[6, 8, 91]:

Q Qe
ko= \/Q:Z?lez ork* = o (1-11)



where Q,,,.; 1s the mutual magnetoelastic energy, Q,, and Q,; are the pure magnetic and pure
elastic energy.

The magnetomechanical coupling coefficient can also be described by relating the difference
between the Young’s Modulus at constant induction EZ and constant magnetic field E¥ or the

difference between the magnetic permeability at a constant stress ¢ and constant strain u* [8].

kz _ EB—EH _ #0'_#8
- EB - uo

(1-12)

From equation (1-12), stress and strain influence the magnetic properties (magnetic
permeability), while magnetic field and magnetic induction also affect the mechanical properties
(Young’s modulus).

1.2 Magnetostrictive materials
1.2.1 Current magnetostrictive materials

Magnetostrictive materials mainly fall into two categories, crystalline materials and
amorphous materials. Crystalline magnetostrictive materials, such as Ni, Fe, Co, Permalloy
(NigoFe20), Tbo.sZnos, DyFez, TbFe,, SmFe,, Terfenol-D (Tbo3Dyo.7Fei9) and Gafenol (Fe-Ga)
have been reported [1, 10-12]. Some of them show giant magnetostriction, however, they also
exhibit strong anisotropy and can be used at relative low frequencies. In terms of magnetic
anisotropy, in some direction, it is easy for the material to reach saturation magnetization at
relatively low magnetic fields. That is the so-called easy axis of magnetization, while others are
termed the hard axis of magnetization. Crystalline materials have a particularly easy axis of
magnetization. As shown in Figure 1.9, the magnetic anisotropy really influences the magnetic
behavior. In Figure 1.9(a), the M-H loops along different directions of iron single crystals are
different. For iron, the easy axis is <100>. As for PrGe single crystal shown in Figure 1.9(b), the
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magnetization along [001] is obviously different from those along [100] and [010], which indicates
that [001] is the easy axis of magnetization[13]. The effects of magnetic anisotropy on the M-H
hysteresis loop are also reported in other magnetostrictive materials such as, Terfenol D whose
easy axis is <111> [14]. For a real application, it is a challenge to make thin film materials grow

along the easy axis of magnetization. To solve this problem, amorphous materials are often used.
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Figure 1.9. M-H loops of iron single crystal (a) and PrGe single crystal (b) along three different
crystallography directions [13, 15]

Amorphous metal materials have low anisotropy. They are more isotropic and thus easy to
magnetize compared to crystalline materials. At higher frequencies, it is easy to generate eddy
currents in the materials. The low electrical conductivity of amorphous materials helps to reduce
eddy current losses compared with crystalline materials. Also amorphous materials have lower
coercive forces compared with crystalline materials [16]. Thus, amorphous soft magnetic materials
are favored for many applications. The TL-M (transition later metal-metalloid) systems are
important amorphous systems for magnetic applications. Among these alloys, consideration of
maintaining high transition metal (typically Fe or Co or Ni) and the glass forming abilities are

paramount [17]. Commercial amorphous magnetostrictive materials such as Metglas 2826MB
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(FesoNizgMo4B13g) [18-24], Metglas 2605SC (Fes1B135Si35C2) [25, 26] have already been widely
studied in many applications.

Commercial Metglas is mainly produced by ultra-rapid quenching (about 1 million °C per
second) of the molten alloy [27]. Due to its preparation process, Metglas is hard to make for small
size sensors, such as down to micro scale or even nano scale for higher frequency applications.
Normally a dicing method is used to make smaller sensors, however this method has limitations
as the geometry goes to the micro scale, which are greatly increased when pushing towards the
nano scale. The thickness of the commercially available Metglas is about 30 um. Metglas is
polished in order to get smaller and thinner samples, however, the homogeneity of the thickness
of polished samples is hard to guarantee. FegoB2o [6, 28] and Fe79B21 [29] have been recently
reported as soft magnetic magnetostrictive materials which were fabricated by electrochemical
deposition or sputtering method. Fe-Co-B alloy can be softer than Fe-B alloys, which is considered
as a potential candidate material for sensors and can be fabricated into various sizes as amorphous
soft magnetic materials. Besides, combining microfabrication methods, Fe-Co-B alloy can be used
in MEMS devices with controllable sizes. Table 1-2 displays some properties of reported

magnetostrictive materials.
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Table 1-2 Properties of some magnetostrictive materials

Materials A (107%) | E (GPa) max | Ty (K) p (LQm) Ref.
Ni -36 210 0.31 631 0.069 [6, 30]
Fe 14 211 633 0.096 [1,31]
Co 50 180 350 0.062 [1,32]
NigoFeao 27 713 0.55 [1,33]
NiFe;O4 27 10° [34, 35]
Fe304 40 217 0.36 853 40 [6, 36,
37]
Tbo.sZno s 5500 180 [38]
DyFe; 650 635 [39]
TbFe» 2630 0.35 703 [6, 39]
SmFe» -2000 676 [40]
Tbo3Dyo.7Fei9 2000 43 0.75 650 [6]
Tbo.sDyxZn 5000 200 [38]
Fe-Ga 350 67-97 948 [41, 42]
Fe-Ga-B 70 [43]
Metglas 2826MB 12 100~110 626 1.38 [6, 44]
Metglas 2605SC 30 100~110 0.97 643 1.35 [6, 33]
FeSiB 30 158~187 [45, 46]
FegsP1y 30 135 287 [47]
FegsBi4 31 178 288 [47]
FesgoB2o 36 166 721 1.5 [6, 48]
CoFe(bulk) 80 3 [45, 49]
CoFeB(film) 30-150 [45]

1.2.2 Magnetism and magnetostriction of Fe-Co-B alloys

The orbital moment in transition metals (Fe and Co) is believed to be quenched in a solid.
The metalloid B could interact with ferromagnetic metals by increasing the spin-orbit interaction
at a specific site [50]. For binary metal-metalloid alloys like Fe-B and Co-B alloys, the addition of
B atoms into Fe or Co influence the magnetism of the alloy by influencing the electronic structure.
The pure amorphous Fe is considered not to be ferromagnetic because the Fermi level is on the
low energy side of the main peak in the Density of States (DOS) spectrum. When adding B to form
an amorphous alloy, the ferromagnetism is restored [51]. The reason is as follows: (1) B sp-states
hybridize with Fe d-states. The hybridization splits the B sp-states into bonding and anti-bonding
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states, causing the main peak of DOS for Fe d-states to shift to the low energy side. Thus, the
Fermi level is closer to the main peak position of DOS; (2) With the addition of B atoms, Fe-Fe
distances increase and the coordination number of Fe-Fe pairs decrease. Hence, the d-bandwidth
of Fe becomes narrower. However, amorphous Co becomes less magnetic with increasing B. In
this case, the Fermi level moves a little away from the main peak position of DOS for Co with the
addition of B [52]. It is reported that the magnetic properties of metal-metalloid alloys are very
similar in both amorphous and crystalline structure. The magnetic moments per TM (transition
metal) atom showed similar trends as a function of B concentration in Fe-B and Co-B alloys, as in
Figure 1.10 [53]. The magnetic moment decreases with increasing B content among B
concentrations of 10 at.% to 60 at.%. The highest magnetic moment is among 10 at.% to 20 at.%
of B for both Fe-B and Co-B alloys [54, 55]. The similarity of the magnetism in the amorphous
and crystalline structure is attributed to the similarity of local atomic structure. It has been found
that there is no direct contact between metalloid atoms in metal-metalloid alloys. The direct contact
between metalloid atoms is stopped by 0 at.% to about 20 at.% metalloids in the amorphous metal-
metalloid alloy [56]. For Fe-Co-B ternary alloy, finding the atomic ratio of Fe/Co and which B

content favor for forming alloys with better magnetism is under investigation.
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Figure 1.10. The saturation magnetization per TM atom versus the metalloid concentration in
amorphous and crystalline Fe-B and Co-B alloys[53]

From the viewpoint of magnetostriction, it is believed that B activates the magnetostriction
by entering the octahedral interstitial sites of the Fe bcc lattice as an impurity, causing tetragonal
distortion under an external magnetic field [50]. It is also believed that the addition of B in Fe-Co
thin films can diminish the magnetocrystalline anisotropy and refine the grain size, which results
in excellent magnetic softness and microwave performance. A nonlinear magnetostriction
behavior as a function of B content was found in Fe-Co-B amorphous alloys. That is, the
magnetostriction constant first increased and reached a maximum then decreased with increasing
B content [43]. The reason is that a low content of metalloid atoms could form atomic pairs of B-
B, which would enhance the magnetostriction, while a higher content of metalloid atoms may lead
to clusters which decrease the magnetostriction. It is also considered that a low amount of B atoms,
would stay in the interstitial sites of bcc lattice leading to the enhancement of magnetostriction, as

in Figure 1.11 [57].
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Figure 1.11. B in the interstitial site of Fe BCC lattice (Grey spheres are Fe atoms, black sphere
is B atom) [57]

It was reported that Fe-Co-B alloys have the highest magnetostrictive strain in Fe-rich alloys
with 20 at.% B. B content is close to the eutectic concentration of FeB and CoB alloys [58]. The
eutectic point of an Fe-B alloy is around 17 at.%, as shown in Fe-B phase diagram in Figure 1.12
[59]. The eutectic point of Co-B alloy is around 18.5 at.%, as seen in the B-Co phase diagram in
Figure 1.13 [60]. There are three potentially magnetostrictive environments in amorphous Fe-Co-
B alloys, i.e., FeB, CoB and CoFe. For FeB, the highest magnetostrictive strain of 30 ppm is
achieved at 20 at.% B. The magnetostrictive strain of CoB alloy is negative with the value no
higher than 10 ppm [61, 62]. CoFe alloys have an anisotropic magnetostrictive strain in the
crystalline state, i.e., 4,1, = 60 ppm and 1,y = 210 ppm [63]. However, magnetostriction
would probably decrease in a disordered or amorphous solid if the long-range order is destroyed
[64]. Thus, out of the three magnetostrictive enviorments, FeB is considered as the environment
which could raise the magnetostrictive properties of glassy or amorphous Fe-Co-B alloys. For the
role of Co in the Fe-Co-B alloys, the magnetostriction from Fe-Co pairs was neglected in

polycrystalline alloys due to the larger lattice parameter in the magnetostrictive environment than
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that in polycrystalline CoFe. Hence, the participation of Co in the magnetostriction of
polycrystalline alloys is considered as the substitution atom of the Fe atom. It is reported that
increasing the Co content does not show an obvious influence in the magnetostrictive Fe
environment of amorphous Fe-Co-B alloys [50]. When Co exists with the content where it forms
clusters having Fe as a substitution (Co rich), the magnetostrictive environment is totally different
from that in the Fe-rich alloy. It is explained that the reducing of magnetostrictive properties with

increasing Co concentration is attributed to the negative magnetostriction coefficient of Co

environment [50].
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Figure 1.12. Fe-B phase diagram [59]
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1.2.3 Recent development of Fe-Co-B alloys

So far, Fe-Co-B alloys have been studied to some extent. The material composition,
preparation method, structure, properties and application were reviewed here, as shown in Table
1-3.

From the view point of fabrication, sputtering, ion beam deposition, electroless plating and
electrochemical deposition have been used to fabricate the Fe-Co-B alloys. Co7sFer1B11 [65] and
CosoFes0B2o [66] thin films have been prepared by the DC sputtering method on glass substrate.
CosoFes0B2o thin films were also deposited by DC magnetron sputtering on carbon thin films and
oxidized silicon layers [67]. CossFe2Bio, CosFes0B20, CosoFe20B20 and CoxFesoB2o thin films

were fabricated by DC magnetron sputtering on GaAs(001) substrate [68]. CoFeB thin films were
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sputtered from a (FessC035)90B10 target or co-sputtered from CoFe-35 and B targets on a Si(100)
wafer [69]. CozeFesBoo thin films were deposited by radio frequency (RF) sputtering on glass
substrates [70]. (Fe7C03)1-xBx [71] and Fes0Co040B20 [72] thin films were deposited by RF sputtering
on Si(100) wafers. Fe4Co40B2o thin films were also fabricated by RF sputtering on glass substrates
[73]. Corz2Fe1sBio thin films were fabricated by ion beam deposition on glass substrates [74].
Besides physical deposition methods, chemical methods such as electroless or electrochemical
deposition have been used to prepare Fe-Co-B alloys. CoFeB thin films were electrolessly
deposited on carbon steel substrates [75], surfaces patterned with photoresist [76], pure copper and
304 stainless steel [77]. Cos1Fe7B2 nanowires were fabricated on alumina membranes by DC
electrochemical deposition [78]. CogsFesB: thin films and nanowires were fabricated by pulse

current deposition on Cu foils and alumina membranes, respectively [79].
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Table 1-3 Recent studies of Fe-Co-B alloys

Prgf);ila(;czlon Materials Structure Properties studied Application Ref.
Amorphous with . Free layer in
CozsFenBii CoFe(110) maErllz:itilcarll) agsties magnetic [65]
crystalline phase & prop tunneling junction
. Magnetic memory
CosoFes0Bao Amorphous Magnetic property application [66]
Magnetic in-plane Magnetic tunnel
DC sputtering CosFesBa anisotropy junction [67]
CossFenBio Information
In-plane volume
CosoFeq0Bao . . storage and
Amorphous uniaxial magnetic . [68]
CogoFe20Bao Anisotro magnetic field
CoaFecoBao Py sensor
Magnetic property Inductors, write
(FeesCo3s)90Bi1o Amorphous and heads and soft [69]
magnetostriction underlayers
Co76FesBag Amorphous Anisotropy [70]
Amorphous for Resonant frequency
Fe49Co28B22, of thickness High frequency
(FerC03)1-Bx COFZELL?) for direction and electronic devices [71]
composition magnetic property
RF sputtering P
Resonant frequency Hich frequenc
Fe40Co40B20 in permeability gh irequency [72]
electronic devices
spectra
Resonant in
microwave Integrated
FewCow0Bzo permeability inductors [73]
spectra
Amorphous,
Ion beam Crystalline after Magnetization Magnetic tunnel
deposition ConFeisBio annealing at 280 damping junction [74]
°C
Microhardness and
Amorphous, magnetic property,
Electroless Converted into pH effect on the
depostion CoFeB CoFe and Co3B film composition [75]
phase at 464.9 °C and magnetic
property
DC Magnetic property
electrochemical r?;r?(l)l;lei?i: and magnetic [78]
deposition anisotropy
Magnetic
recording devices,
Pulse current CoosFesB . nanosensors and
deposition nanowires Amorphous Magnetic property magnetodielectrics [79]
for microwave
devices
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From the view point of structure, the amorphous or nanocrystalline structure of Fe-Co-B
alloys were reported. The major phase of CozsFe11Bi1 thin film was amorphous but minor
CoFe(110) crystalline phases also coexisted. To suppress the crystalline phase, the optimal
condition for sputtering was using Ar with a partial pressure of 5 X 1073 Torr [65]. Co4oFes0B20
was in amorphous state from the XRD patterns with the electrical resistivity being higher than 100
uQcm [66]. CossFe2nBio, CosoFes0B2o, CosoFe20B20 and CozoFesoB2o thin films on GaAs(001)
substrate exhibited amorphous structure [68]. Fe-Co-B thin films by co-sputtering CoFe-35 and B
were dominantly amorphous with the B content up to 10% [69]. CozeFesB2o thin films were
amorphous [70]. For (FezCo3)1-xBx thin films with B content variation of 1.5~22 at%, only
Fe49C028B2. film showed an amorphous structure, while other thin films exhibited a CoFe(110)
nanocrystalline structure. The width of the CoFe(110) peak increased with increasing the B content,
indicating the grain size reduced from ~20 nm (2 at% B) to ~10 nm (17 at% B) [71]. As-deposited
Corz2Fe1sB1o thin films by ion beam deposition were amorphous while the films were crystalline
after annealing at 280°C [74]. As-plated CoFeB alloy on carbon steel was amorphous, which then
were converted into CoFe and CozB phases at 464.9°C [75]. The CoFeB thin films that were
electroless deposited on pure copper and 304 stainless steel had CosFes phase at 26 of 69.6° and
107.5°. As Boron content increased to 5.5 at.%, the crystallinity of the thin films increased and
then decreased [77]. The CogsFesB1 thin films and nanowires prepared by pulse current deposition
were amorphous [79].

From the view point of properties, the electrical properties, magnetic properties and the
influence of deposition parameters of Fe-Co-B alloys were studied. The electrical resistivity of
Co7sFer1Bir thin film was larger than 100 pQcm. The saturation magnetization, saturation

magnetostriction and coercivity depended on the film thickness of Co7sFe11B11 layer and the CoOx
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layer played an important role on these three parameters[65]. The thickness of CosoFe40B20 was
between 100 A and 500 A. Thicker thin films showed larger grain distribution than thinner ones.
The saturation magnetization of CosoFes0B20 increased with increasing the film thickness. The
highest magnetic squareness ratio (M,./ M) occurred at a thickness of 100 A which was suitable
for magnetic memory application [66]. The origin of the induced magnetic in-plane anisotropy of
Co40Fe40B2o thin films was studied by reduced density function of electron diffraction patterns.
The nearest-neighbor bond lengths of TM-TM (TM: transition metal) and TM-B bonds were equal
in all directions. The coordination number of TM was about 8.6, similar to that of the bcc structure
in CosoFeso [67]. The in-plane volume uniaxial magnetic anisotropy of amorphous CoFeB thin
films on GaAs(001) substrate was attributed to the interface interaction through the thickness of
the films [68]. The saturation induction and coercivity of CoFeB thin films decreased with
increasing B content above 2 at.% and the X-ray diffraction (110) peak of the thin films broadened
with increasing Boron content. The magnetostriction of (FegsCoss)e0B1o Was 5 X 107> [69].
Anisotropy in the CozsFesB2o thin films was induced by growth under stress or post-deposition
annealing [70]. As-deposited Co7zFesBio thin films exhibited low magnetization damping.
However when annealed at 280°C both the magnetization and magnetization damping of the films
increased due to the crystallization [74].

FessCo28B17 exhibited a ferromagnetic resonant frequency of 3.1 GHz with a dispersion angle
of 0.5° at the skin depth of ~640 nm [71]. It also showed the high frequency characteristics with
the 4mM; of 19 kG, p of 150 uQcm, Hy of 65 Oe and H, of 4 Oe [71]. The influence of gas
pressure was studied with permeability spectra on the high-frequency magnetization dynamics of

Fe40Co040B2o thin films. Resonant frequency and anisotropy field showed minimums while the
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initial permeability had a maximum when increasing the pressure [72]. Excellent microwave
permeability of FesCo40B2o thin films were achieved at 0.4 Pa Ar pressure with the resonant
frequency of 3.32 GHz [73]. The resonant frequency mentioned in the above articles was measured
through characterizing the permeability with a shorted microstrip transmission-line perturbation
method [80].

The microhardness and magnetic performance of electroless plated Fe-Co-B alloys increased
with increasing the heat treatment temperature to 500°C and then decreased. The deposits treated
at 500°C exhibited optimal magnetic properties with nano-grains (20 nm) [75]. The extraneous
deposition of Fe-Co-B alloy on the photoresist decreased by agitation in a paddle plating system
during deposition and or by adding thiodiglycolic acid in the bath [76]. The pH value had an
obvious effect on the boron content of the electroless deposited CoFeB thin films while the
variation of iron, cobalt and DMAB concentration in the solution had little effects on the boron
content of the deposits. The tuning of the B content in the films enabled the controlling of magnetic
permeability and coercivity of the CoFeB thin films [77]. A large increase in saturation
magnetization and an induced magnetic anisotropy (MA) of Coq1Fe7B2 nanowires were found from
the hysteresis loop after magnetic annealing. The shape of the nanowires played a key role in the
persistence of induced MA in the nanowires after high temperature annealing [78]. CoesFesB1
nanowires exhibited high saturation magnetization and low remanence, which are manifested by
the superposition of the effects induced by the shape anisotropy of single nanowire and the inter-
wire magnetostatic interactions. The easy axis of magnetization of the nanowires could be parallel
or perpendicular to the wire, relying on the diameter and length of the nanowire [79].

As a whole, either Co-rich or Fe-rich Fe-Co-B alloys have been reported and fabricated by

different methods. However, studies on the real AC magnetostriction of Fe-rich Fe-Co-B
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amorphous soft magnetic magnetostrictive alloys are limited. In this research, the resonant
behavior of Fe-rich Fe-Co-B alloys is mainly characterized and used for sensor applications. The
reported thin films are on certain substrates where the resonant is in thickness mode, but for sensor
applications, free-standing materials are desired and the longitudinal mode can be utilized. In this
research, the thin films are free-standing and they can be used as wireless sensors. The resonant
frequency is in the longitudinal mode instead of the vertical mode. Among different fabrication
methods, electrochemical deposition is a convenient and economical way to fabricate films from
thin to thick compared with other methods and thin films deposited with electrochemical method
tend to be soft magnetic and amorphous. The thickness of Fe-Co-B alloys was controllable by
varying deposition time. For metal-metalloid amorphous alloys, Fe-rich alloys show positive
magnetostriction with the order of 10° while Co-rich alloys exhibit negative magnetostriction with
an order of magnitude of 10, and typical zero magnetostriction composition is (C0o.95F€0.05)100-
xMyx [8]. Fe-rich amorphous alloys with large magnetostriction are very suitable for sensing
applications.
1.3 The application of magnetostrictive particles (MSPs) as biosensors

Food safety is a major concern all over the world. Foodborne diseases caused by pathogens
have attracted a great deal of attention. Research has been dedicated to preventing the spreading
of pathogens. The pathogens can be everywhere in food, such as meat, vegetables, fruit and frozen
food and so on. The common pathogens include Salmonella, Shiga toxin-producing Escherichia
Coli (STEC) 0157, non-O157, Campylobacter, Listeria, Shigella, Vibrio, Yersinia and so on. It is
estimated by the CDC(Centers for Disease Control and Prevention) that each year 48 million
people (1 in 6 Americans) get ill, 128,000 get hospitalized and 3,000 die of foodborne related

diseases [81]. The Foodborne Diseases Active Surveillance Network has been tracking cases of
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infection with pathogens through food in 10 U.S. sites. So far, the reports have reported the
surveillance data from 1996 to 2012 and described the trends since 1996. It is reported that
foodborne diseases lead to 19,531 infections, 4,563 hospitalizations and 68 deaths in the U.S. in
2012 [82].

1.3.1 Conventional bacteria detection techniques

Conventional bacteria detection techniques include the standard plate count (SPC) method,
enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR).

The standard plate count method estimates the population of the bacteria by diluting a portion
of the sample with a phosphate buffer diluent or sterile saline and counting the colony number of
the sample, i.e,. the colony forming units (CFU). The number range of the colonies in the final
plate is between 30 and 300 [83]. The limitation of this method is the relatively narrow countable
range [84].

Enzyme-linked immunosobent assay (ELISA), also named as enzyme immunoassay (EIA),
is a biochemical method introduced by Pearlmann and Engvall in 1971 to detect antibodies or
antigens [85]. Briefly, ELISA consists of the process that an unknown amount of antigen is affixed
to a polystyrene microplate and the detection antibody is successively added to form a complex
with the antigen. The antibody can be linked to an enzyme covalently or can be detected by a
secondary antibody which is linked to the enzyme by bioconjugation. To remove the antibodies or
proteins not specifically bound, the plate is washed with a detergent solution at each step. Finally,
the enzymatic substrate is added to the plate and the plate is developed. The enzymatic substrate
can provide a visible signal indicating the quantity of the antigen in the target sample [86].
Although ELISA is a quick and convenient way, only monoclonal antibodies can be selected and

as monoclonal antibodies are harder to find, the enzyme and substrate reaction is short term so that
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the microwells must be read pretty soon.

The polymerase chain reaction (PCR) method is a current rapid and sensitive way to detect
pathogens in molecular biology. PCR method is based on the primers which can recognize the
conserved sequences of genes [87]. It amplifies one or some copies of a piece of DNA to several
orders of magnitude, forming thousands or up to millions of copies of DNA sequence [88]. PCR
has a broad range for detecting bacterial infection and is a valuable method in the diagnosis of
pathogens. The main limitation lies in the need for specific primers and the identification of target
bacteria from the exquisite sensitivity of the method. That is, a slight contamination of pipettes,
reagents or glassware can lead to the false positive results. And the technique can detect dead or
viable bacteria [89].

1.3.2 Biosensor based bacteria detection

Since Leland C. Clark developed the enzyme electrode in 1962, biosensor has found its
applications in biotechnology, medicine, agriculture, military and industry. Biosensors are
considered as the high efficient and low-cost devices for detecting contaminating bio-agents [90].
A biosensor is an analytical device combining a biological recognition element and a transducer
which translate the change of the analyte to a measurable parameter. Biosensors can be classified
by the biological element or transducing element. Biological recognition elements include the
antibody, enzyme, lectine, nucleic acid, hormone, cell structure, tissue and whole organisms [91,
92]. According to the transducing element, biosensors can be divided into different groups, such
as: electrochemical biosensors, optical biosensors, and acoustic biosensors [91, 93]. The principle

of biosensors is shown in Figure 1.14.
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Figure 1.14. The principle of biosensors

The principle of electrochemical biosensors is the chemical reactions between the target
analyte and immobilized biomolecule consume or produce ions or electrons, and cause the change
of the measureable electrical properties of the solution, such as potential or current [91].
Electrochemical biosensors mainly fall into the following categories: potentiometric,
amperometric and conductimetric biosensors.

Optical biosensors measure the change in phase, amplitude, polarization or frequency of light
in response to chemical or physical change formed by the biorecognition process. Optical
biosensors can be classified for fluorescence-based detection, luminescence-based detection,
absorption-based detection, refractive index detection, fiber bragg gratings and fiber-optic
biosensors [94, 95].

Acoustic wave biosensors are used in a wide array of high-sensitivity applications. Acoustic
wave biosensors can measure the change of mass, liquid viscosity, visco-elastic property, liquid
density, temperature, pressure and electrical conductivity of the material. Usually, the mass

increment of thin films due to the species accumulation is used for the sensing response [96]. When
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the analyte interacts with the sensing layer on the sensor, the mass changes can be measured by
analyzing the resonant frequency, velocity and attenuation of the sensor. Piezoelectric,
magnetostrictive and electrostrictive materials have been used to build acoustic wave devices.
Acoustic wave biosensors include different modes, such as surface acoustic wave (SAW), acoustic
plate mode (APM), flexural plate wave (FPW) and thickness shear mode (TSM) [96, 97]. The
smaller the size of sensor, the higher the sensitivity Sy is. In order to get a higher mass sensitivity,
acoustic wave sensors with small size are needed which can be achieved by combing
microelectromechanical systems (MEMS) technology.
1.3.3 Magnetostrictive particle (MSP) based biosensors

Magnetostrictive particle (MSP) based biosensors are magnetostrictive strips mostly made
from ferromagnetic amorphous alloys. Due to the magnetostrictive property, the application of the
external magnetic field makes the sensor vibrate longitudinally and generates elastic wave. The
elastic waves generated in the magnetostrictive material forms a magnetic flux. The resonant
frequency of the material can be detected as a result of the longitudinal vibration, which is a main
sensing parameter. The resonant frequency of magnetostrictive strip is related to the length L,
Young’s modulus E, Poisson’s ratio v and density p [98]:

=L [_E (1-13)

2L} p(1-v)

When there is mass loading on the MSP, the resonant frequency shifts to a lower value, as shown

in Figure 1.15. The peak shift is given by[98]:

A
Af = —foﬁ (1-14)

where, f, and m, are the initial resonant frequency and initial mass of the sensor, respectively, and
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Am 1s the mass load.
The acoustic velocity reflects the material property. It is determined as:
v =2fL (1-15)
The Q value also named as quality factor, represents the sharpness of the resonant peak,

which can be described as [99]:

_ _Jo )

Q= FWHM (1-16)
where, FWHM is the full width of the peak at its half maximum value. The Q value is also
dependent on the shape of the sample and the materials properties, such as, mechanical loss,

magnetic loss and electric loss.

The mass sensitivity of the MSP is described as [100]:

__AF 1 / E ]
Sm = Am ~ 4L2wt ] p3(1-v) (1-17)

where, L, w and t represent the length, width and thickness of the strip.
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Figure 1.15. The principle of MSP based biosensor

1.4 Magnetoelectric composite for M-E sensors
14.1 Magnetoelectric (ME) effect in single phase materials

Magneoelectric (ME) effect is the coupling between electric and magnetic field in materials,
which is termed as an induced electrical polarization with applying magnetic field or an induced
magnetization with applying electric field, i.e., direct magnetoelectric effect and converse
magnetoelectric effect [101]. ME effect is motivated by the potential application in spintronics,
information storage, multiple-state memories, current sensors, magnetic field sensors, resonators,
transducers, oscillators, filters, phase shifters, frequency multiplier, gyrators, tunable devices,
energy harvester and conversion devices, and so on [102-104]. The ME effect can occur both in
single phase materials and composites. The ME effect in single phase materials is a material

property, however, the ME effect in composites should be considered as a product property [101,
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105].
The ME effect in a single phase material can be described by the expansion of the Gibbs free

energy of the system in terms of applied electric field and applied magnetic field [101, 104].
G(E,H) = Gy — P’E; — M{H; — 5 €01 EiEj = = popyjHiH

1 1
—aEiH; — - BijcEiHiHye — S vijcHiEjEy =+ (1-18)
The polarization is given by differentiating with respect to free energy:

= aG 1
P(E H) = —o5 = P} + &o&;E; + a;jH; + > BijicHjHy + vijeHiEj — -+ (1-19)

The magnetization is also given by differentiating with respect to free energy:

M;(E,H) = T M7 + pomijHj + ajiEj + BijEiHy + S VijiEjEy — -+ (1-20)

where E and H are the electric field and magnetic field, respectively, PS and MS represent the
spontaneous polarization and magnetization, € and p are the electric permittivity and magnetic
permeability. The tensor a represents the induction of polarization by the magnetic field or
induction of magnetization by the electric field, which is termed as a linear ME effect, while for
higher order ME effect, tensor a is supplemented by tensors 3 and y.

The ME effect has been reported in single phase materials, such as, Cr203, BiFeO3, Cr.BeOs,
BaMeF4 (Me=Fe, Co, Ni, Mn), RMnO3 (R=Tb, Dy) [105, 106]. Single phase materials mostly
have a low ME coefficient with order of ~1-20 mV/cm-Oe, which limits their applications. Besides,
most single phase materials can only be used at very low temperature. These limitations can be
solved by using composites.

1.4.2 Magnetoelectric (ME) effect in composites

The ME effect in composites can be realized by proper combination of magnetostrictive and
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piezoelectric phases, combination of piezomagnetic and piezoelectric phases, or combination of
pyroelectric-pyromagnetic phases. For most ferromagnetic materials, the magnetostrictive effect
is obvious [105]. So the magnetostrictive-piezoelectric composites are favored for realizing ME
effect. The ME effect in composites depicts the interaction of different orderings of the two phases
in the composite. In other words, the ME effect in composites results from the magnetostrictive
effect in the magnetostrictive phase, piezoelectric effect in the piezoelectric phase, and the
coupling effect between the mangetostrictive phase and piezoelectric phase. The coupling between

magnetic and electrical property is through elastic interaction [107]:

Electric Mechanical

ME effect =

(1-21)

Mechanical Magnetic

If a magnetic field is applied on the composite, the piezomagnetic coefficient is described as

[108]:
oA
1=
(1-22)
and the piezoelectric coefficient is noted as [108]:
d=2 (1-23)

where, 1, H, P, q and d are the strain, applied magnetic field, induced electrical polarization,
piezomagnetic coefficient, and piezoelectric coefficient, respectively. The two-phase composite

can be expressed as [108]:

ap
A= kqd (1-24)

where, a is the ME coefficient of the composite, while k is the coupling factor between the two

phases (0 <k <1). It is obvious that high piezomagnetic coefficient, high piezoelectric
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coefficient and large coupling effect of the two phases make a large ME coefficient, which is the
key parameter to characterize ME effect. Since the ME effect in composites is extrinsic, it depends
on the microstructure of the composite and the coupling interaction across the interfaces of
magnetic-piezoelectric phases [102]. Thus, the structure of the composites influences the ME
coefficient.
1.4.3 Modeling of ME composites

Composites can be designed based on different connectivity. In general, the connectivity can
be given as [104]:

(n+3)!
3In!

(1-25)

where, n is the number of phases. There are ten types of connectivities for two-phase systems.
Among the various connectivity types of the ME composites, laminate or multilayer composites
of 2-2 connectivity have been widely reported. Other types, like particulate or nanoparticulate
composites of 0-3 connectivity and nanopillars of 1-3 connectivity have also attracted wide interest,

as shown in Figure 1.16.

(a) (b) (©)

Figure 1.16. The connectivity of 2-2 (a), 0-3 (b) and 1-3(c) [108]
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For 2-2 type laminate ME composites as shown in Figure 1.16(a), in the case of bilayer
magnetostrictive and piezoelectric composites, when the magnetic field is applied along the x3
direction, the longitudinal ME coefficient is described as [108]:

E3 2Kkf(1-f)d314931H10S
Es _ 1-26
Hy = (2 as—el, ) is+2kaZ A—)7] (1-26)

Og33 =

When the magnetic field is applied along the x; direction, the transverse ME coefficient is

described as [108]:

_ E3 _ —kf(1-/)(q11+921)d31 )
Og31 = H 5235—2kfd§1 (1-27)

where k is the interface coupling parameter, k=1 is for an ideal interface, while k=0 is for the
case without frictions; f is the volume fraction of magnetostrictive phase; s = f(sf1 + sfz) +
k(1 =)(s{t +s15), £ = fuo+ (A = Huls; 55 and s;} are the compliance of piezoelectric
phase and magnetostrictive phase; u, and u%y are the permeabilities of vacuum space and

magnetostrictive phase; d3 is the piezoelectric coefficient; gq;; is the piezomagnetic coefficient;

83’,’ 3 1s the the permittivity of the piezoelectric phase. For tri-layers or other multilayers, the ME
coefficient differs.

For 1-3 type ME composite with magnetostrictive rods aligned in the piezoelectric matrix,
when the piezoelectric phase is poled along x3 direction and the magnetic field is also applied

along x3 direction, as in Figure 1.16(c), the ME coefficient is given by [108]:

_ __f(-1)qs1ds; )
433 = T pmagraror-gm™ (1-28)

Inversely, if piezoelectric rods are aligned in magnetostrictive matrix, with same polarization
and magnetic direction as above, the ME coefficient is given by [108]:

_ __ f(-1)g31d3; )
433 = T pmagmiror—gm) (1-29)
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where, fis the volume fraction of the magnetostrictive phase; q3; and d3; are the piezomangetic
and piezoelectric coefficient, respectively; b = (¢4 + ¢12)/2, g = (¢11 — €12)/2, b and g are
the transverse in-plane bulk modulus and transverse shear modulus with the superscripts m and
p representing the magnetostrictive and piezoelectric phases, and ¢;; is the stiffness.
1.4.4 Recent reported ME composites

ME composites have been studied in different systems, including bulk ceramic composites
with ferrites and piezoelectric ceramic, two-phase composites with magnetic alloys and
piezomaterials, three-phase composites and nanostructured composite thin films with magnetic
oxides and ferroelectric materials [108]. To make magnetostrictive-piezoelectric composites,
magnetostrictive materials such as Terfenol-D, NiFe,Oa, Fe-Ga and Metglas 2605 can be used, and
piezoelectric materials such as BaTiOsz, PZT-4, PZT-5, PMN-PZT, PMNPT, PZNPT and PVDF
can be used. So far, the laminated composites like NiFe;O4/PZT[109, 110], Terfenol/PMN-
PT/Terfenol[111], Terfenol/PMN-PT[112], Gelfenol/PZT[113], Coi-xZnxFe>O4/PZT[114], Nii-
ZnxFex04/PZT[114], Ni-PZT-Ni[115], PZT/PVDF/Terfenol-D/PVDF[116],
FeBSiC/PZT/FeBSiC[117] Metglas/PVDF[34] have been reported. Particulate composites such
as NiFe;O4/PZT[118] and nanopillar CoFe204/BaTiO3[119] composites have been studied. The
ME coefficient of reported ME composites are summarized in Table 1-4. It was revealed that 1-3
connectivity structures might have larger ME coefficient than that in the bulk counterparts if no
leakage is considered [108]. However, in the 1-3 type composite, the top and bottom electrode is
already connected and form a short circuit. For the 2-2 type composite, currently, glue is used as a
binder for magnetostrictive layer and piezoelectric layer. There are some limitations with the use

of glue: glue works as an inactive layer which will reduce the coupling effect between
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magnetostrictive layer and piezoelelctric layer; it is not easy to miniaturize the device by using
glue; using glue would lead to low repeatability. To date, Fe-Co-B alloy/PVDF composites haven’t
been reported. In this research, Fe-Co-B/PVDF composites are fabricated by electrodepositing Fe-
Co-B magnetostrictive thin film on piezoelectric PVDF film. Glue is avoided. The goal with this

approach is to obtain a good coupling effect between the two phases.
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Table 1-4 The ME coefficient of some ME composites

.. . . ME coefficient At which
Connectivity ME Composites Size (mV/em-Oe) frequency Ref.
PZT fiber: 30 mm (L) X 350 pm (W) X 22,000 @ 1Hz
FeBSiC/PZT/Fe 100 um(T)
>l BSiC FeBSiC layer: 100mm (L) x 500,000 @ 20% 1§HZ (1171
350 um (W) x 25 um(T) T
D=9 mm
Ni-PZT-Ni T=0.18~0.8 mm (Disk shape, bonding with 400-450 [115]
0.01~0.02 mm epoxy)
CoFe04/PZT 75 [114]
Cé’:;fg:/ T( CoFe204)=20 nm, T( BaTiO3)=70 nm 66 @1kHz | [120]
NiFe;04/PZT T=10~200 pum 460~1,500 @ 100 Hz [110]
Nii- _
ZnFe>O4/PZT T=10~40 pm 1,500 [114]
Co1- _
ZnFeO4/PZT T=10~40 pym 280 @ 100 Hz [114]
NCZF-(0.9
NCZF:0.7 g
PZT-0.1 PZN)- PR 782 @ 1 kHz [121]
NCZF PZT-PZN: 0.3~0.8 g
Total:15 mm (L) X 2.5 mm (W) X
Terfenol-D/PZT 1.262 mm(T) 93,600 @ fr [122]
Gelfenol:12.7 mm (L) X 6 mm (W) x
Gelfenol/PZT 1mm(T) 345 @ 1 kHz [113]
2-2 PZT:14 mm (L) X 6 mm (W) X 1mm(T)
Terfenol/PMN- D=5 mm,
PT/Terfenol T=2.4 mm 10,300 @1 kHz [103]
PZT/ _ 80 @ 1 kHz
PVDF/Terfenol- DT‘ _125 r':r;” 3,000 @100kHz | [116]
D/ PVDF B ' £)
Terfenol- _ _
D/PVDF T(PVDF)=110 um, T(Terfenol-D)=3 mm 1,430 [123]
Metglas 2605SA1:30 mm (L) x
. (1~20) mm (W) x 25 mm(T),
FeBSiC/PVDF PVDE:10 mm (L) X 1 mm (W) X 21,460 @ 20 Hz [124]
25 mm(T)
Quartz: 45 mm (L) X 5 mm (W) x
0.5 mm(T), @ 53 kHz
Fe-Co-Viquartz | - po 06.v: 45 mm (L) x 5 mm (W) x 19,000 (EMR) [123]
0.2 mm(T)
3,100 @ 1 Hz
. T(AIN)=1800 nm, 2
CoFeSiB/AIN T( CoFeSiB)=1750 nm 737,000 @ 2;3) Hz [126]
.
CoFe204/P(VD D( CoFe204)=100 nm,
F-TtFE) T(total)=80 pm 40 @5 kHz [127]
CoFezO:/BaTlo 50 @f. [128]
0-3 BaTiOs-
CoFe,Os 130 @ 1 kHz [129]
NiFe204/PZT 130 [118]
Nio.sZno2Fe204/ o 2 @1 kHz
PZT . Pellet size: 12.7 mm(T) X 1.5 mm 155 (£) [130]
COF"ZO;‘/ BaTio D( CoFex04)=20~30 nm [119]
1-3 PZT/Terfenol- PZT:1 — 10mm (L) X 1 mm? 200 %gigzz (131]
D/ epoxy Terfenol-D/epoxy:10mm (L) X 4 mm? 18,200 £)
"
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Note: EMR stands for electromechanical resonant. L, W, T and D represent the length, width,
thickness and diameter of the sample. f, represents resonant frequency.
1.5 Research objectives

Fe-Co-B alloys have been identified as a potential candidate for the development of high-
frequency sensors and actuators. The key for using it is the preparation of Fe-Co-B thin film with
proper microstructure and composition. In this research, an electrochemical process was used to
prepare the Fe-Co-B thin film under different conditions. The microstructure and properties of the
thin films were characterized. Optimal Fe-Co-B compositions and deposition parameters were
determined. Current commercial Metglass or other magnetostrictive materials have been playing
an important role in the recent biosensor development. However, their size limitations especially
down to the micro or nano scale, hinders their application in high-frequency sensor devices. To
solve this problem, the miniaturized magnetostrictive sensors and actuators were prepared by
combining electrodeposition with microfabrication methods. The fabricated sensors were used for
bacteria detections. The other application of our magnetostrictive materials was embodied in the
magnetoelectric (ME) composites.
1.5.1 Objective I: Electrochemical deposition and property study of magnetostrictive Fe-

Co-B thin films

For sensor application, the materials with amorphous structure and soft magnetic property are
preferred due to their low anisotropy and easy magnetization. Fe-rich Fe-Co-B alloys tend to
exhibit soft magnetic properties with amorphous structure. The current method to fabricate thin
film materials are focused on the sputtering method. The films deposited from sputtering are

homogeneous and dense, however, it is hard to get a thicker film and the cost is usually high.

38



Electrochemical deposition is used to fabricate Fe-Co-B thin film alloys in which the film
thickness and deposition parameters are controllable to get desired films.

In this research, Fe-Co-B thin film alloys were fabricated by electrochemical deposition. The
effects of film composition on the structure, morphology, resonant behavior and magnetic property
were studied to get an amorphous-like Fe-Co-B thin film with good magnetostrictive properties.
The optimal solution composition FessCo2sB17 was determined for biosensor material. Then the
influence of Na Saccharin content and deposition time on the structure, morphology and resonant
behavior of thin films with solution composition of were also studied. The effect of current density
on the microstructure and properties of FessCo2sB17 thin films for same deposition time were
investigated. The influence of the current density on the thin film with similar thickness was
studied on the microstructure, composition in terms of Fe/Co ratio, magnetostrictive behavior and
magnetic properties. Fe-Co-B alloys with higher Fe/Co ratios were fabricated by reducing the Co
content. The properties of thin films with different Fe/Co ratios were compared. Then Fe-Co-B
thin films with two fixed feed ratios of Fe/Co but various amounts of Boron were synthesized. The
influence from Boron on the thin film structure and properties were determined.

1.5.2 Objective II-Microfabrication of Fe-Co-B magnetostrictive particles (MSPs)

The influence from the cutting on the magnetostrictive behavior of magnetostrictive particles
were investigated. To diminish the cutting effect and increase the sensitivity or minimize the sensor,
a microfabrication process was combined with electrodeposition. Different sizes of sensors down
to the micro scale were fabricated. With the help of microfabrication, as-fabricated MSPs are
freestanding. Different sizes of MSPs can be made by changing the design of mask. Large
quantities of MSPs can be made through one fabrication sequence. Au/Fe-Co-B/Au MSPs with

the size of 500 umx100 um have been fabricated. The resonant behavior and the morphology of
39



MSPs were characterized. The resonant behavior of MSPs fabricated under different current
density and under the same current density for different time has been compared.
1.5.3 Objective III: The application of Fe-Co-B MSPs as in situ biosensors

Au/Fe-Co-B/Au MSPs with size of 500 umx100 um have been used as wireless biosensors.
The sensors were immersed in static Salmonella suspension for 1hr. The resonant frequency was
monitored before and after bacteria treatment to determine the peak shift. The surface morphology
was observed before and after bacteria treatment to see if bacteria were bound to the sensor. The
sensors were also measured in dynamic concentrations of Salmonella suspension at a fixed
pumping speed with 20 min for each population. The resonant frequency of the sensor in the
dynamic bacteria suspension was monitored in situ and real time. The limit of detection of
Salmonella was determined.
1.5.4 Objective IV: Fabrication and characterization of Fe-Co-B/PVDF magneoelectric

composites

Fe-Co-B/PVDF  magnetoelectric (ME) composites were synthesized. Fe-Co-B
magnetostrictive thin film was electrodeposited on commercial PVDF thin film. The piezoelectric
effect and magnetoelectric effect of the composites were characterized. The ME composites with
different lengths and different thicknesses of Fe-Co-B thin films were synthesized and compared.
The ME effect of the composites was measured both in cantilever mode and probe mode. The ME

coefficient of the composites were demonstrated.
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Chapter 2 Thin film Preparation and Characterization

Fe-Co-B thin films were fabricated by electrochemical deposition. The structure of the thin
films was characterized with D8 Discover X-ray Diffractometer (XRD). The composition of the
thin films was analyzed with Energy-dispersive X-ray Spectroscopy (EDS), Auger Electron
Spectroscopy (AES) and X-ray Photonelectron Spectroscopy (XPS). The morphology was
observed with JEOL JSM-7000F Scanning Electron Microscope (SEM). The resonant behavior
was measured with an Agilent 4294A Precision Impedance Analyzer. The magnetic properties of
the thin films were characterized with a Vibrating Sample Magnetometer (VSM) and a Physics
Property Measurement System (PPMS). In this chapter, the working principle of electrochemical
deposition, the characterization of resonant behavior and magnetic property are introduced.
2.1 The electrodeposition of Fe-Co-B thin films

The electrochemical deposition process was conducted with a three-electrode configuration
in galvanostatic mode by Epsilon™ Electrochemistry Analysis Network from Bioanalytical
System, Inc. The Cu/Cr/glass plate was served as the working electrode. The glass slides were cut
into 2.5 cmx2.2 cm and were used as the basic substrates. They were then sputtered with a 100 nm
Cr layer that acted as the adhesion layer and a 2 um Cu layer was placed on top of the Cr. The
sputtering parameters are displayed in Table 2-1. A Pt coil with an area of 2.5 cmx2.5 cm worked
as the counter electrode and Ag/AgCl electrode worked as the reference electrode. The three-
electrode configuration is shown in Figure 2.1. Thin films were deposited at the constant current

density.
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Table 2-1 Sputtering parameters of Cu/Cr on glass substrate

Target Cr Cu

Power mode RF DC
Pre-sputtering power (W) 200 250
Pre-sputtering power (sec) 300 300
Sputtering power (W) 200 250
Sputtering time (sec) 180 2400

Ar gas flow rate (sccm) 25 25
Substrate holder rotation (%) 50.1 50.1

Ignition pressure (mTorr) 50 50
Expected thickness 100 nm 2 um

‘Working electrode
(Cu/Crliglass) Counter electrode

(Ptelectrode)

Reference electrode
——— 1 (Ag/AgClelectrode)

Figure 2.1. Three-electrode configuration of Fe-Co-B electrochemical deposition

The basic bath solution was comprised of Na Citrate (C¢HsNazO7-2H20), FeSO4-7H>0,
CoCl'6H,0, H3BOs3, DMAB (BH3:NH(CHs3)2), Glycine(C2HsNO;) and Na Saccharin
(C7H40O3NSNa-2H>0). FeSO4-7H20, CoCl2-6H20 and DMAB provided sources of Iron, Cobalt
and Boron. DMAB also served as a reducing agent. Na Citrate prevented iron hydroxide from
precipitation. Glycine was a complexing agent. Na saccharin was used to reduce internal stress.
The chemicals were dissolved into distilled water to make a 100 ml solution as the order of Na

Citrate, FeSO4-7H20, CoCl-6H20, H3BO3, DMAB, Glycine and Na Saccharin. Then a resulting
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reddish solution was ready for use with a pH value of around 4~4.70 depending on the composition.
When a constant current is applied between the working electrode and counter electrode, Fe,
Co and B are codeposited on the working electrode. Fe and Co are reduced and B is oxidized from
the reductant DMAB. Based on the reaction mechanisms, there are three hydrogen atoms bonding
to the boron atom which can theoretically reduce three metal ions such as Fe?" and Co?" for each
DMAB molecule consumed [1].
The overall reduction reactions can be described as following equations [1]:
3[LM]?* + (CH3),NHBH; + 3H,0 - 3M + (CH3),NH; + H3BO3; + 5H* + 3L (2-1)
4[LM]?** + 2(CH3),NHBH; + 3H,0 - M,B + 2M + 2(CH3),NHS +H;B0; + 6H™* +
0.5H, + 4L (2-2)
where L and M represent the complexing agent and metal ions, respectively. Equation (2-1)
produces reduced metal deposits, while equation (2-2) produces the reduced metal with the Boron
compound which is from the codeposition of B and metal element.
The reactions involving DMAB in acid or neutral solutions are possibly preceded by the

cleavage of N-B bond, as following steps[2]:

(CH3),NHBH; - (CH;),NH + BH, (2-3a)
3H,0
BH; — BH,(OH) + 3H* + 20H" + H + e (2-3b)

(water dissociation 3H,0 = 3H* + 30H")
BH,(OH) + 20H™ - BH(OH), + OH™ +H + e (2-3¢)
BH(OH), + OH™ - B(OH); + H + e (2-3d)
Adding steps (3-3a) through (3-3d):
(CH3),NHBH; + H* S (CH3),NH, + B(OH)3 + 3H* + 3/2H, + 3e (2-4)
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2.2 The characterization of resonant behavior
2.2.1 Impedance analyzer

The as-peeled off thin films were cut into rectangular strips. The resonant behavior of the
rectangular strips was measured with Agilent 4294A Precision Impedance Analyzer. The
rectangular strip was placed in a testing chamber which was a glass tube wound with coil connected
to impedance analyzer. A permanent magnet served as the source of the external magnetic field.
The rectangular strip changed its length in the longitudinal mode under the applying magnetic field

and thus the resonant frequency was picked up by the impedance analyzer, as shown in Figure 2.2.
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—
Ol o=g | |[z=oeo /
- o8 oo
—
glE0o||aad
I | - (N I [

L
|

(o

Test chamber Magnetic field Coil

N\

Fe-Co-B thin film

Figure 2.2. Setup for resonant frequency measurement

The typical impedance and phase versus frequency curve are displayed in Figure 2.3. In the
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impedance versus frequency curve, there are two frequency shown in the peak value. When the
frequency of the applied magnetic field is same as the natural frequency of the magnetostrictive
strip, the strip undergoes resonant oscillation. This frequency is a so-called resonant frequency (f;-)
at which the strip has the strongest vibration, and hence the emitted magnetic flux and amplitude
show the maximum. If the frequency of applied magnetic field is continuously increased, the
vibration amplitude of the strip reaches its minimum, which results in a minimum in the impedance.
This frequency is the anti-resonant frequency (f,). In the corresponding phase versus frequency
curve, the characteristic frequency is the resonant frequency (f,), which is used as the parameter
for comparison among different samples. It should be mentioned that f,. < f, < f,. The resonant
frequency f,, in the phase curve was determined by adjusting the distance between the testing
chamber and permanent magnetic field to get the highest amplitude. Thus, at the resonant
frequency the DC magnetic field is near the H’ value when the magnetostriction reaches the highest

value as shown in Figure 2.4.

(b)

Impedance
Phase

f

0

Frequency Frequency

Figure 2.3. Impedance (a) and phase (b) versus frequency
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Figure 2.4. DC magnetic field dependence of magnetostriction

The resonant peak in the phase curve (Figure 2.3 (b)) was fitted with the Lorentz Area
function so that the FWHM (full width at half maximum) of the peak and the sharpness of the peak
or Q value could be obtained. The Lorentz Area function is described in equation (2-5), where a,
fo and FWHM represent the amplitude, center and full width at half maximum of the peak,
respectively. As shown in Figure 2.5, the background was leveled off with a linear function and

then the peak was fitted with the Lorentz Area function.

y = - (2-5)

T FWHM*[1+(F’;;£‘I’W)2]
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Figure 2.5. The fitting of the resonant peak

2.2.2 Network analyzer

An HP 8751A network analyzer with an HP 87511 S-parameter adapter was also used to
characterize the resonant behavior of the rectangular samples. The sample was also put in the same
test chamber wound by a homemade coil. The coil was connected with the network analyzer, as
shown in Figure 2.6. The network analyzer supplies an AC magnetic field in the coil to drive the
sample. A permanent magnet supplies the DC magnetic field which can be tuned by adjusting the
distance between the magnet and the test chamber. The resonant spectrum of the sample is obtained

by monitoring the magnitude and phase of Si1 parameter.
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Figure 2.6. Set up of network analyzer for measuring resonant frequency

A network analyzer provides a stimulus to the sample and measures the response which can

be a reflected response or a transmitted response, as shown in Figure 2.7.

Incident signal
Sample
G| under test
Reflected signal

Transmitted signal

Figure 2.7. A stimulus/response test in network analyzer

The network analyzer determines the ratio of incident signal to response signal in a certain

frequency range. The output of the network analyzer is the S-parameter. There are two output ports

for sample characterization in the network analyzer. Four S-parameters can be defined as shown
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in Figure 2.8.

Incident signal Sa1 Transmitted signal
Reflected signal
S PoiL Sample Port 2
11 O— — O
under test S
Reflected signal
Transmitted signal S, Incident signal

Figure 2.8. Definitions of S-parameters in network analyzer

The S-parameters are described as the letter S with two subscripts. The first subscript is the
port number where the response signal is measured; the second subscript represents the port
number where the incident signal is applied. In this research, one-port configuration was used and

the test parameter was the S11 parameter, which is expressed as [3]:

S . = Powerreriected __ Voltagerefiected- (2 6)
11 — - -
Powerincident Voltageincident

The Si1 parameter is a complex number including the real and imaginary part. The magnitude

of the S11 parameter (logarithm format is used) is described as [3]:

Log magnitude = 20log, o/ Real? + Imaginary? (2-7)
The phase of the S parameter, representing the phase difference between the reflected signal and

incident signal, is described as [3]:

_1 Imaginary

phase = tan
Real

(2-8)
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The typical magnitude and phase of the Si1 parameter is shown in Figure 2.9. The resonant
frequency is read in the magnitude versus frequency curve as in Figure 2.9(a). When the frequency
of the incident signal is equal to the natural resonant frequency of the sample, the sample undergoes
resonant oscillation. That is, the amount of incident power converted into elastic energy reaches
the maximum value, while the reflected power reaches minimum value and thus the magnitude of

S11 reaches a minimum.

(a) (b)

log(magnitude of S11) (dB)
Phase of S, (degree)

f f,

0

Frequency (Hz) Frequency (Hz)

Figure 2.9. Magnitude and phase curve of Si; parameter

2.3 Characterization of magnetic property

The magnetization and magnetic field (M-H) loop was measured with a Vibrating Sample
Magnetometer (VSM) and a Physics Property Measurement System (PPMS). A typical slim M-H
loop is shown in Figure 2.10 which indicates a soft magnetic characteristic. The saturation
magnetization is read at the applied maximum magnetic field, as shown in Figure 2.10 (a). At the
positive maximum magnetic field, the saturation magnetization is Ms;. At the negative maximum

magnetic field, the saturation magnetization is Ms. Then the saturation magnetization Ms is
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determined by:
1
M, = 3 (Ms; — Msy) (2-9)
By zooming in on the central area of the loop, the remanent magnetization and coercivity can

be determined as displayed in Figure 2.10 (b). With zero magnetization, coercivity He1 and Hez

are read at the positive and negative magnetic field, respectively. The coercitivty is determined by:

1

H. = E(Hcl — He,) (2-10)
When the magnetic field was zero, the remanent magnetization M1 and M;, were read at the

positive magnetization and negative magnetization, respectively. The remanent magnetization is

determined by:
1
M, = E(Mrl - M,,) (2-11)
The squareness is described as:

s=2 (2-12)
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Figure 2.10. The interpretation of magnetic parameters
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Chapter 3 Composition Selection of Fe-Co-B Alloy

3.1 Introduction

Fe-Co-B thin films have been considered as potential candidates for sensors and actuators
operated at high frequency. It is reported that the magnetostriction of Fe-rich Fe-Co-B alloys can
be higher than that of Co-rich Fe-Co-B alloys. To get sensors with better performance, it is very
crucial to control the composition of the thin films. In this chapter, different composition of Fe-
Co-B ternary alloys (CoyFei.y)100-«Bx either Co-rich or Fe-rich were fabricated under 3 mA/cm? for
6 hr, including the films deposited with solution composition of Coz¢FesB2o, Co7FeisBio,
Fe40Co040B20, FessCo2sB17 and FessCo16B2o thin films, which were reported for high frequency
device application or with resonant frequency in thickness direction. The deposition solution was
changed every 3 hr. The concentrations of each chemical for films with solution composition of
CozsFesBao, ConFersBio, Fe4a0Co40B20, FessCo28B17 and FeesCo16B2o are shown in Table 3-1. Fe-
rich Fe-Co-B thin films with the solution composition of Fexx.1CoxBy (x=25~29, y=14~26) were
fabricated by electrochemical deposition under the same deposition parameters. The
concentrations of the chemicals used for films with solution compostion of Fes7Co029Bi4,
FessCo2sB17, Fes3sCo27B2o, Fes1Co26B23 and Feq9Co25B2¢ are shown in Table 3-2. The structure,

morphology, composition, resonant behavior and magnetic property were characterized.
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Table 3-1 Composition of Co-rich, Fe and Co equaled and Fe-rich alloys

Solution concentration (M)

Chemicals Co7sFesBao ConFeisBio FesCo40B2o FessCo2sB17  FesaCoi16B2o
Na Citrate 0.07 0.07 0.07 0.07 0.07
FeSO4:7H20O 0.04 0.18 0.40 0.55 0.64
CoCly-6H,0 0.76 0.72 0.40 0.28 0.16
H3BOs 0.73 0.73 0.73 0.73 0.73
DMAB 0.20 0.10 0.20 0.17 0.20
Glycine 0.13 0.13 0.13 0.13 0.13
Na Saccharin 0.01 0.01 0.01 0.01 0.01

Table 3-2 Composition of Fe-rich Fe-Co-B thin films
Chemicals Solution concentration (M)

Fes7Co29B14 FessCo2sB17  FessCo27B2o  Fes1Co26B2s  Feq9Co25Bo2s
Na Citrate 0.07 0.07 0.07 0.07 0.07
FeSO4:7H20O 0.57 0.55 0.53 0.51 0.49
CoCly-6H,0O 0.29 0.28 0.27 0.26 0.25
H3BOs 0.73 0.73 0.73 0.73 0.73
DMAB 0.14 0.17 0.20 0.23 0.26
Glycine 0.13 0.13 0.13 0.13 0.13
Na Saccharin 0.01 0.01 0.01 0.01 0.01

3.2 Selection of the material

Films with deposited from solution composition of (Coo.9s5Fe0.05)30B20 (Co76FesBao),
(Coo.sFeo.2)90B10 (CoraFe1sBio), (Coo.sFeo.s5)s0B20 (FeaoCo40B2o), (Coos4Feoss)soB17 (FessCoxsBi7)
and (Coo.2Feo.8)s0B20 (FesaCo16B20) were cut into 5 mmx2 mm for resonant frequency measurement.
Co-rich films from solution composition of Co7sFesB2o and Co7FeisBio didn’t show noticeable
resonant behavior. This might be due to the Co-rich Co-Fe-B alloys tend to have negative
magnetostriction or zero-magnetostriction. Typically the non-magnetostrictive composition is
(Coo.95Fe0.05)100xMx. The film deposited from solution composition of FeesCo16B20 was very thin

and had weak bonding on Cu/Cr/glass substrate, since tiny pieces of film peeled off automatically
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from the substrate. Resonant behavior was found from the films with solution composition of
CosoFeq0B2o and FessCoxsBi7. This was to some degree consistent with the saturation
magnetostriction versus Fe/Co ratio in Fe-Co amorphous alloys reported in a review paper by C.D.
Graham et al, as shown in Figure 3.1 [1]. The saturation magnetostriction decreased with
decreasing the Fe/Co ratio.

The compositions of CozsFesBao, Cor2Fe1sBio, FeaoCo40B2o, FessCo2sB17and FessCo16B2o and
other Fe-rich compositions of Fes7Co29Bi4, Fes3Co027B20, FesiCo2sB2s and FeqoCo25Bas are
displayed in the Fe-Co-B ternary phase diagram as indicated with purple cross in Figure 3.2. In
this phase diagram, stable phases including Fe, Co, B, FeB, Fe;B, Fe11Cos, FegCo7, CoFe and CoB
are displayed as indicated with green diamonds. The phase diagram also indicates the alloys
reported with resonant frequency in thickness direction or for high frequency application, such as
Fe40Co40B20, FessCo2sB17, Fess sCo31.5B10, FegoB2o and Fe79B2; as indicated with a light blue circle.
Co-rich alloys such as Co7sFesB2o and Co72FeisB1o are within the triangle of stable phase CoB,
CoFe and Co, which did not exhibit evident resonant behavior as indicated with blue triangle.
Those equiatiomic Fe and Co and Fe-rich alloys including Fe40Co040B20, Fes7C029B14, FessCoxsB17,
Fes3Co27B20, FesiCo26B23 and Fes9Co25B26 alloys, which exhibit novel resonant behavior, are

mostly gathered in the triangle of stable phase Fe2B, CoFe and CoB.
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Figure 3.1. Saturation magnetostriction versus Fe/Co ratio in Fe-Co amorphous alloys[ 1]
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Figure 3.2. Fe-Co-B phase diagram
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The impedance versus frequency (black curve) and phase versus frequency (blue curve) curve
of one strip from films with solution composition of CosoFes0B2o and FessCo23B17 are shown in
Figure 3.3. The film from solution composition of FessCo2sB17 exhibits a sharper resonant peak
than that from solution composition of Co4oFe40B20. The resonant frequency from the phase curve
(blue curve) was fitted with the Lorentz Area function so that the amplitude of the peak, FWHM
of the peak, and Q value could be obtained. The amplitude and Q value were compared between

the films with solution composition of CosoFes0B20 and FessCo2sB17.
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Figure 3.3. The resonant behavior of strip with size of 5 mmx2 mm from films deposited with
solution composition of CosoFe40B2o (a) and FessCo2sB17 (b)

The resonant peak from five samples of films with solution composition of CosoFes0B2o and
FessCo2sB17 were fitted with the Lorentz Area function. The mean values of the resonant frequency,
amplitude, FWHM and Q value are displayed in Table 3-3. For films prepared under the same
conditions, the film with solution composition of FessCo2sB17 shows a larger resonant frequency,
higher amplitude and higher Q value than those of film with solution composition of CosoFe40B2o.

Although the film with solution composition of CosoFes0B2o has a larger thickness which should
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potentially have a higher amplitude, it shows a lower amplitude. In summary, the film with solution

composition of FessCozsB17 exhibits better resonant behavior.

Table 3-3 The fitting results of resonant peaks of thin film strip with solution composition of
Co4oFe40B2o and FessCo2sB17
Solution Size fo a FWHM =

composition  (mMm%qum) (kHz) () (Hz) q
FewCowBao  5x2x250 2694 08 24205 628
FessCoxsBiz  5x2x20.0 3688 6.8 30125 1344

3.3 Fe-rich Fe-Co-B thin films
3.3.1 Structure and morphology of the films

The XRD patterns of films with solution composition of Fes7Co29B14, FessCo2sBi7,
Fes3C027B20, Fes1Co26B23 and Fes9Co25Bas deposited at 3 mA/cm? for 6 hr are shown in Figure 3.4.
The thin films exhibits a nanocrystalline structure with a high amorphous background. The
nanocrystalline peak positions in each thin film are shown in Table 3-4. The peaks fit well with
those of CoFe phase (PDF#49-1567): CoFe (110) at 44.9°, CoFe (200) at 65.4°, and CoFe (211) at
82.7°. CoFe has a primitive cubic structure, which belongs to the lattice group of Pm3m. The
CoFe (110) peak is the dominant peak in those thin films. CoFe (110) peak was fitted with Jade
5.0 software and the crystal size of the peak could be calculated based on Sheller equation. The
crystal size from CoFe (110) peak of films with solution composition of Fes7Co29B14, FessCo23B17,
Fes3Co027B20, Fes1Co26B23 and Fe49Co25Bas 1s about 12.1 nm, 10.6 nm, 9.9 nm, 14.0 nm and 12.3
nm, respectively. The CoFe (110) crystal size decreases and then increases with increasing Boron
content. It seems that the film with solution composition of Fes3Co27B20 has smaller nanocrystals
than other thin films. It is believed that one of the glass forming ability parameters is eutectic point.

The eutectic composition of Fe-B alloy and Co-B alloy is 17 at% and 18.5% [2]. These eutectic
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composition in their own binary system could be the reference in the ternary Fe-Co-B alloy system.
CoFe (200) peak and CoFe (211) peak were also fitted with the Lorentz Area function. The area of
the three peaks were obtained. The intensity ratio of the I110/1200, l110/I211 and I211/I200 is displayed
in Table 3-4. The theoretical value of I110/I200, I110/I211 and I211/I200 of CoFe phase in the database
are 3.7, 1.5 and 2.4, respectively (Obtained from Jade 5.0 software database). Among the five thin
films, the ratios of I110/I200, I110/I211 and I211/I200 in FessCo2sB17 are more close to the theoretical
value of CoFe. For all of the five films, Ii10/l200 and Ii10/I211 are higher than those of CoFe,
especially for I110/I200. I211/1200 is somewhat close to that of CoFe. That is to say, CoFe (110) is the

preferred orientation shown in these films.

Fe57C029B14|

CoFe(110) —— Fe55C026B17|
Fe53C027B20|
‘ — Fe51C026B23
— Fe49C025B26
CoFe(200)  CoFe(211)

i W iy

n

Intensity (Counts)

20 40 20(°) 60 80

Figure 3.4. XRD patterns of thin films with solution composition of Fes7C029B14, FessCo2sB17,
Fes3Co027B20, Fes1Co26B23 and Fes9Co25B26
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Table 3-4 Peak position, peak area and intensity ratio among CoFe(110), CoFe(200) and

CoFe(211) peaks
Solution Peak position Peak Area Intensity ratio
OO ['CoFe | CoFe | CoFe | CoFe | CoFe | CoFe
composition

(110) | (200) | (211) | (110) | (200) | (211) Inolao0 | Tuo/Tonr | Bni/l200
Fes7Co0B14 | 44.8° | 65.2° [ 82.6° | 589 | 68 | 142 8.7 4.1 2.1
FessCox;sBi17 | 44.8° [ 652°(82.5°] 653 | 56 | 111 | 11.6 5.9 2.0

Fes3CoxBao | 44.7° | 65.0° | 82.4° | 212 | 29 | 124 | 73 1.7 42

FesiCoxBas | 44.7° | 65.2° | 82.5° | 233 | 41 | 96 57 2.4 2.3

FeasCo2sBas | 44.7° | 65.1° | 82.4° | 501 | 87 | 151 | 5.7 33 1.7

Reference: | 41 g0 | 6530 18272 | 100 | 27 | 66 3.7 1.5 2.4
CoFe

The surface morphology of films with solution composition of Fes7Co29B14, FessCo2sB17,
Fes3C027B20, FesiCo26B2s and Fes9Co25B26 1s shown in Figure 3.5. For each film, the surface
morphology with x2000 magnification is shown. The inset shows the magnified view of the
central area with the magnification of 40000. From the view of x2000 magnification, all these thin
films look dense and homogeneous. From the view of x40000 magnification, there are circular
and homogeneous nodules on the surface of films with solution composition of Fes7Co29B14 and
FessCo2sB17. However, there are irregular nodules on the surface of films with solution
composition of Fes3Co027B20, Fes1Co26B23 and Fes9Co25B2¢ where the nodules tend to pile up
forming some local domains. At x2000 magnification, those domains are homogeneously
distributed. At a lower magnification of x500, more micro cracks are observed with increasing
Boron concentration, especially for the film with solution composition of Fe49Co25B26. This is
attributed to the higher incorporated hydrogen that can cause the stronger internal stresses [3]; as
in equation (2-4) higher concentrations of DMAB (BH3NH(CH3)2) might lead to more amounts of

Ha. The cross sectional view of the thin films are displayed in Figure 3.6. All the films show
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homogeneous thickness. There is no obvious difference that can be seen from the cross section

features.

3.3.2 Composition of the films

The surface composition and cross section composition were conducted with EDS. Although
Boron content was not detectable with EDS, other elemental distribution conveyed the
homogeneity information. The surface composition is shown in Figure 3.7. Five areas with the
magnification of x40000 were detected and averaged. The surface of the thin films were oxidized
to some degree since 28.7 at.% ~35.4 at.% of oxygen was detected. The oxygen amount displays
a decreasing trend with increasing the Boron concentration as shown in the green column. 3.9
at.%~6.4 at.% sodium was detected on the thin film surfaces which could form certain sodium
compound with O, Fe or Co. Five point detections were conducted on the central line of the Fe-
Co-B thickness. Fe and Co were detected on the half thickness of the thin films, shown in Figure
3.8. The Fe content is among 60~65 at.% and Co content is among 35~40 at.%. The surface Fe/Co
ratio and cross section Fe/Co ratio of Fe-Co-B thin films with different composition are compared
in Figure 3.9. The surface Fe/Co ratio indicated as the red column increases with increasing the
Boron content. The cross section Fe/Co ratio increases and then decreases with increasing the
Boron content. There is some discrepancy between the surface Fe/Co ratio and cross section Fe/Co
ratio for the same thin film which may be due to the oxidation on the film surface. Generally the

cross section Fe/Co ratio is higher than the surface Fe/Co ratio.
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Figure 3.5. SEM images of films with solution composition of Fes7C029B14 (a), FessCo2sB17 (b),
Fes3Co027B2o (¢), Fes1Co26B23 (d) and Fesa9Co25B26 (€)

69



=4

X

g e

SEl_ 200kV_ X5.000 T

SEl 200KV 5,000

Tran . WD 1dmm 200KV X40,000  100nm WD 11.4mm

Figure 3.6. Cross section of films with solution composition of Fes7Co29B14 (a), FessCo2sB17 (b),
Fes3Co027B2o (¢), Fes1Co26B23 (d) and Fes9Co25B26 (€)
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Figure 3.7. The atomic percent of elements on Fe-Co-B thin film surface
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Figure 3.8. The atomic distribution on the cross section of Fe-Co-B alloys with different
composition
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Figure 3.9. The surface and cross section Fe/Co ratio of Fe-Co-B alloys with different solution
composition (S and CS represent for surface and cross section)

The atomic distribution was also conducted across the thickness of the thin films from near
the substrate to the top surface, as in Figure 3.10. Fe, Co and Cu were detected along the cross
section of the thin films. Near Cu layer, more Cu was detected. From about 1.5~2 pm away from
Cu layer to the surface of the thin film, the atomic concentration of the thin film is relatively stable.

That is to say, the thin films are homogeneous.
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Figure 3.10. The atomic distribution along the cross section of films with solution composition
of Fes7C029B14(a), FessCo23B17 (b), Fes3Co27B20 (¢), FesiCo26B23 (d) and Fe49Co25B2s (€)

3.3.3 Resonant behavior of the films
The resonant behavior of 5 mm x2 mm strip from films with solution composition of
Fes7Co29B14, FessCo23B17, Fes3Co27B20, Fes1Co26B23 and Fea9Co25Bag is displayed in Figure 3.11.

Figure 3.11(a) shows the impedance versus frequency curve. There is a resonant frequency and
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anti-resonant frequency on each curve. The phase versus frequency curve in Figure 3.11(b)
displays sharp resonant peaks from each condition. This resonant frequency was fitted with the
Lorentz-Area function and the parameters were compared. The averaged resonant peak fitting
result from five strips are summarized in Table 3-5. The thickness of these films are around 17.6
~20.0 pm. With similar size, the strip from thin film with solution composition of Fes7C029B14
exhibits strongest resonant amplitude, while that from the film with solution composition of
FessCo2sB17 exhibits the largest resonant frequency, largest Q value and relatively strong resonant
amplitude. For the application, sensors with a high Q value are favored. Based on both the structure
and resonant behavior, thin film with solution composition of FessCo23B17 is considered as the

candidate for sensor application.
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Figure 3.11. Impedance (a) and phase (b) versus frequency of films with solution composition of
Fes7C029B14, FessCo2sB17, Fes3C027B20, Fes1Co26B23 and Fes9Co25Bas
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Table 3-5 The average fo, amplitude, FWHM and Q value of MSPs of films with solution
composition of Fes7Co29B14, FessCo2sB17, Fes3Co27B20, Fes1Co26B23 and Fes9Co2s5Bas

Solution Size fo o FWHM
composition  (I(mm) xw(mm)xt(um)) (kHz) © (Hz) Q
Fes7Co29B14 5x2x17.6 3533  11.0 4463.4 81.6
FessCoxsBi17 5x2x20.0 368.8 6.8 3012.5 1324
Fes3Co27B20 5x2x20.0 332.8 3.2 4179.8 82.5
Fes1Co26B23 5x2x18.0 347.3 2.0 4822.0 76.9
Fe49Co025Bos 5x2x19.0 355.1 4.3 4984.0 79.7

From the resonant frequency and length of the strip, the acoustic velocity of the strips can
calculated as shown in Table 3-6. Thin film with solution composition of FessCo23B17 has the
highest acoustic velocity. The mass of Fe-Co-B thin film was determined by measuring the mass
of the substrate before and after the deposition. Since the depositing area is known and the
thickness of Fe-Co-B thin film can be measured, the volume of deposited Fe-Co-B can be
determined. The density of Fe-Co-B films from different solution compositions are also shown in
Table 3-6. The density of Fe-Co-B thin films decreases slightly with increasing Boron
concentration in the solution. With acoustic velocity and density of the film, the relation between
Young’s modulus and Poisson’s ratio E/(1-v) can be calculated. It is found that the film with
solution composition of FessCo2sB17 has the highest value of E/(1-v). The film with the highest
E/(1-v) shows the highest Q value. If using the Poisson’s ratio of 0.3 [4], Young’s Modulus of
films with solution composition of Fes7Co29B14, FessCo2sB17, Fes3Co27B2o, FesiCoxsB23z and

Fe49Co25B26 1s 62.0 GPa, 62.8 GPa, 50.4 GPa, 53.2 GPa and 52.1 GPa, respectively.
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Table 3-6 The velocity, mass, density and E/(1-v) of the films

Solution fo \ Mass Density E/(1-v)
composition  (kHz)  (m/s) (2) (kg/m?) (GPa)
Fes7Co9B14 3533 3533  0.0485 7.1 x 103 88.6
FessCosB17 368.8 3688 0.0519 6.6 X 103 89.8
Fes3sCo27B2o  332.8 3328 0.0511 6.5 x 103 72.0
FesiCoxBos  347.3 3473  0.0447 6.3 X 103 76.0
FesCo2sBas  355.1 3553 0.0443 5.9 x 103 74.4

In order to see the relation between the resonant behavior and sample length, the rectangular
strips from the film with solution composition of FessCo2sB17 with the size of 3 mmx2 mmx20.0
pum, 4 mmx2 mmx20.0 um, 5 mmx2 mmx20.0 pm, 6 mmx2 mmx20.0 um and 8 mmx2 mmx20.0
um were measured with an impedance analyzer. The resonant frequency is proportional to the
reciprocal of the strip length, as shown in Figure 3.12. It is consistent with the equation (1-13).

The slope of the line is 1287 m/s. This relates to the material’s property including Young’s modulus,

density and Poisson’s ratio. Thatis 1/2,/E/p(1 — v) = 1287 m/s. The acoustic velocity is 2574
m/s, which is smaller than the value calculated in Table 3-6. That is due to the linear fitting of the

resonant frequency vs the reciprocal of sample length.
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Figure 3.12. The resonant frequency versus reciprocal of the length of samples from the film
with solution composition of FessCo2sB17

3.3.4 Magnetic property of the films

The thin film samples with area of 3 mmX1.5 mm was measured with a Quantum Design
VersalLab vibrating sample magnetometer (VSM). The magnetization-magnetic field hysteresis
loops of the films with solution composition of Fes7Co29B14, FessCo2sBi17, Fes3Co27B2o,
Fes1Co26B23 and Fes9Co25B2s are shown in Figure 3.13. Both the in-plane and out of-plane
magnetization exhibits a hysteresis loop. The films shows typical soft magnetic characteristics.
From the hysteresis loops, the in-plane direction is the easy saturated direction while the out of-
plane direction was not. The out of-plane magnetization is not saturated at the applied magnetic
field of 10,000 Oe. The magnetic parameters of in-plane magnetization hysteresis loop are
displayed in Table 3-7. The film with solution composition of Fes7Co29B14 exhibits the largest

saturation magnetization (Ms) and smallest coercivity (Hc). It is considered that the larger
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saturation magnetization the material has, the larger saturation magnetostriction it can achieve.
From the resonant behavior, the strips of film with solution composition of Fes7C029B14 shows the
highest resonant amplitude. That is consistent with the highest saturation magnetization. The film
with solution composition of Fes3Co27B20 shows the smallest remanent magnetization (M;). For a
soft magnetic material, a larger saturation magnetization, a smaller coercivity and a smaller
squareness are preferred. The film with solution composition of Fes7Co029B14 shows largest M,
smallest He and smallest S. Thus, the film with solution composition of Fes7C029B14 exhibits the
best soft magnetic property.

Table 3-7 The magnetic parameters of Fe-Co-B thin films (In plane magnetization)
Parameter Fes7Co029B1a  FessCo2sB17  FeszsCo27Bao  FesiCo26B2s  FesoCo25Bag

M; 1733.1 800.3 491.1 1160.4 730.2

M: 19.8 46.0 14.8 44.8 83.2

He 2.9 7.2 4.8 7.0 53
S(=M:/ M) 0.01 0.06 0.03 0.04 0.11
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The samples with dimensions of 2.5 mmx2.5 mmx20.0 pm from the film with solution
composition of FessCo2sB17 were measured by applying an out of-plane magnetic field at different
temperatures, i.e., SK, 50K, 100K, 150K, 200K, 250K, 300K, 350K and 400K. The out of-plane
magnetization at different temperatures is displayed in Figure 3.14. This figure indicates that up
to the applied magnetic field of 20,000 Oe, the magnetization starts to saturate. The loop changes
a little with increasing the temperature. The slope of the middle part of the curve increases with
increasing temperature and becomes more nonlinear, as shown in the zoom-in plot at the bottom
right of Figure 3.14. That is to say, the material is easier to be saturated under the magnetic field
with increasing temperature. The saturation magnetization decreases with increasing the
temperature, as also shown in Figure 3.15. M; decreases slowly from 5 K to 150 K and then

displays a sharp decrease between 150 K and 200 K.
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3.3.5 Conclusions

In order to determine whether Co-rich or Fe-rich Fe-Co-B ternary alloys have better
magnetostrictive property in terms of their resonant behavior, Co-rich, equiatomic Fe and Co, and
Fe-rich Fe-Co-B alloys were prepared and their resonant behavior was compared. Fe-rich alloy
shows better resonant behavior. Then Fe-rich Fe-Co-B alloys with different compositions were
studied.

Films with solution composition of Co7sFesB2o, Co72Fe1sBio, FeaoCo40B20, FessCo2sB17 and
FessCo16B2o were electrodeposited at the current density of 3 mA/cm? for 6 hr. It is observed that
films with solution composition of CozsFesB2o and Co72FeisBio do not show noticeable resonant
while the film with solution composition of FeeCoi6B20 does not have good adhesion to the
substrate. Resonant behavior is observed in the films with solution composition of Fe40Co40B20
and FessCo2sB17. The film with solution composition of FessCo2sB17 exhibits better resonant
behavior than that with solution composition of Fe4Co40B2o.

Fe-rich alloys with solution composition of Fes7Co29B14, FessCo2sB17, Fes3Co27B2o,
Fes1Co26B23 and FesoCo25B26 were deposited at 3 mA/cm? for 6 hr. It is found that those thin films
shows nanocrystalline structures with a dominant CoFe (110) peak. The surface of the thin films
has homogeneous circular nodules and those nodules tend to pile up with increasing the Boron
content. Based on the surface and cross section morphology, the thin films are homogeneous. The
surface of the thin films is oxidized to some degree and Na content is also detected. The elemental
concentration along the cross section is homogeneous. The film with solution composition of
Fes7Co29B14 shows the largest resonant amplitude and largest saturation magnetization. The film
with solution composition of FessCo23B17 exhibits the highest Q value. It also has the highest value

of E/(1-v). That is, the film with the highest E/(1-v) shows the highest Q value. It is concluded
82



that thin films from the solution composition of FessCo23B17 are considered to be the candidate

composition for sensor applications.
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Chapter 4  The Influence of Deposition Time, Na Saccharin and Current Density on the
Fe-Co-B Thin Films

In this chapter, the influence of the deposition time, the stress reliever Na Saccharin and the
current density on the microstructure, and the properties of Fe-Co-B thin films were investigated.
For time’s influence, films with solution composition of FessCo2sB17 were deposited at 3 mA/cm?
for 1 hr, 6 hr and 9 hr. For Na Saccharin’s influence, films with solution composition of and with
various concentration of Na Saccharin, i.e., 0 M, 0.01 M, 0.02 M and 0.025 M, were also fabricated
at 3 mA/cm? for 6 hr. For the deposition of more than 3 hr, the solution bath was changed every 3
hr. For current density’s influence, two groups of experiments were designed. First, films with
solution composition of FessCo2sB17 were deposited at different current densities for the same time,
i.e., under the current density of 0.5 mA/cm?, 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for
9 hr. The solution was changed every three hours. Second, the films with the same thickness, i.e.,
5 pum, 10 pm, 15 pm and 20 pm were deposited. Those films were fabricated at the current density
of 0.5 mA/cm?, 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for different times and each thin

film was deposited with one batch of solution.
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4.1 The influence of deposition time

The XRD patterns of thin films with solution composition of FessCo2sB17 were prepared
under 3 mA/cm? for 1 hr, 6 hr and 9 hr are displayed in Figure 4.1. A nanocrystalline structure
with a high amorphous background is found from these films. There are the nanocryatalline CoFe
(110) peak, and CoFe (200) peak and CoFe (211) peak. For thin film deposited for 1 hr, there are
also Cu signals from the Cu substrate. The thickness of films deposited for 1 hr, 6 hr and 9 hr is
about 5 pm, 20 um and 28 pum, respectively. Thus the film prepared for 6 hr is thick enough to
avoid substrate signals during XRD detection. The crystal size determined from the CoFe (110)
peak of thin films deposited for 1 hr, 6 hr and 9 hr is 12.1 nm, 10.6 nm and 14.1 nm. The growth
of nanocrystals varied a little at different deposition stages because the solution concentration
changed for different deposition times. CoFe (110), CoFe (200) and CoFe (211) peaks were fitted
with the Lorentz Area function. The intensity ratio among the three peaks are shown in Table 4-1.
It seems that the intensity ratio of I>11/I200 1s more close to that of CoFe in database, while I110/I200
and Ij10/lo11 are higher than those of CoFe in the database. This indicates that CoFe(110) is the

preferred orientation in those thin films.
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Figure 4.1. XRD patterns of the films with solution composition of FessCo23B17 prepared at 3
mA/cm? for 1 hr, 6 hr and 9 hr

Table 4-1 Peak position, peak area of CoFe (110), CoFe (200) and CoFe (211) and intensity ratio
among them

Peak position Peak Area Intensity ratio
CoFe | CoFe | CoFe | CoFe | CoFe | CoFe o/l o/l i/l
110y | 200) | 211) | (110) | 200) | 211 | H11/T200 | T/l Lan Lo
3mA/cm?® for 1 hr | 44.8° | 65.2° | 82.6° | 487 | 41 95 12.0 5.1 23
3 mA/cm?® for 6 hr | 44.8° | 65.2° | 82.5° | 653 56 111 11.6 59 2.0
3mA/cm® for 9 hr | 44.8° | 65.3° | 82.6° | 508 65 143 7.8 3.6 2.2

Reference:
CoFe

Deposition
condition

44.9° | 65.3° | 82.7°| 100 27 66 3.7 1.5 24

The surface morphology and cross sectional morphology of the films deposited for 1 hr, 6 hr
and 9 hr are shown in Figure 4.2 and Figure 4.3, respectively. The surface morphology of thin
films prepared under 3 mA/cm? for different times looks similar indicating they have similar

structure. From the view of 2,000x magnification in Figure 4.2, the films are dense and
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homogeneous. From the view of 40,000% magnification Figure 4.2, there are circular nodules piled
up on the surface of the films. The diameter of the nodules is smaller than 100 nm. From the cross
section view, the films display a homogeneous thickness. Fe-Co-B thin film was grown on Cu
layer. The left side is the Cu layer. From the view of 40,000% magnification in Figure 4.3, the

cross section of films for 6 hr and 9 hr is very similar and the films are pretty dense.
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Figure 4.2. Surface morphology of thin film with solution composition of FessCo2sB17 deposited
at 3 mA/cm? for 1 hr(a), 6 hr(b) and 9 hr(c)
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Figure 4.3. Cross section view of thin film with solution composition of FessCo2sB17 prepared at
3 mA/cm? for 1 hr(a), 6 hr(b) and 9 hr(c)

The surface composition is shown in Figure 4.4. For thin films deposited under 3 mA/cm?

for different times, Fe, Co, O and Na are detected on the surface. About 30.5~33.9 at.% O and

2.3~2.9 at.% Na are found. Thus, the surface of the thin films is oxidized to some degree. The Na

is from the additives of Na Citrate or Na Saccharin. However, there is no O or Na on the cross
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section of the thin films. Only Fe and Co are detected on the central zone of the cross section, as
in Figure 4.5. The Fe and Co content on the cross section are at similar levels for thin films with
different times. The surface and cross section Fe/Co ratios are depicted in Figure 4.6. The Fe/Co
ratio is around 1.60~1.85 which is smaller than the nominal Fe/Co ratio 1.96. The surface Fe/Co
ratio is smaller than the cross section value due to the surface oxidation. The surface and cross
section Fe/Co ratio are similar for the film deposited for 6 hr and 9 hr, while those values are higher
for the film of 1 hr. That is to say, at the beginning stage of film deposition, the Fe/Co ratio of the
deposit is closer to the feed Fe/Co ratio. With growing, the Fe/Co ratio in the deposit decreases
due to the consumption of the ions in the solution and at certain stage the consumption speed of

Fe and Co is similar.

45 B Fe

Atomic percent

Time

Figure 4.4. Surface atomic distribution of thin film with solution composition of FessCo23B17
deposited at 3 mA/cm? for 1 hr, 6 hr and 9 hr
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Figure 4.5. Central cross section of thin film with solution composition of FessCo2sB17 prepared
at 3 mA/cm? for 1 hr, 6 hr and 9 hr
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Figure 4.6. Surface and cross section Fe/Co ratio of thin film with solution composition of
FessCo2sB17 deposited at 3 mA/cm? for 1 hr, 6 hr and 9 hr
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The atomic distribution along the cross section thickness direction is displayed in Figure 4.7.
In the figure, the left layer is the Cu layer and the right layer is the Fe-Co-B layer. Point detections
were conducted along the cross section of the Fe-Co-B films. There is a slight amount of Cu near
Cu substrate. A point near the Cu layer was set as the starting point, and the atomic distribution
was then collected from this point to near the film surface. This indicates that the Fe and Co
contents along the cross section of the films are relative homogeneous. Along the cross section,
the average Fe content is 62.6 at.%, 62.1 at.% and 61.8 at.% and the average Co content is 33.5
at.%, 36.0 at.% and 37.8 at.% for films deposited for 1 hr, 6 hr and 9 hr.

The resonant behavior of the films deposited at 3 mA/cm? for 1 hr, 6 hr and 9 hr is shown in
Figure 4.8. This figure shows the resonant peak from one sample of each thin film. The resonant
frequency peaks from five strips were fitted with the Lorentz Area function. The averaged
parameters from five samples are displayed in Table 4-2. The average fo and average amplitude of
the peak from the thin film deposited for 1 hr is smaller than those for 6 hr and 9 hr, as also seen
in Figure 4.8. The low amplitude of the resonant peak from the film for 1 hr could be attributed to
a lower deposition of the magnetostrictive layer or thinner thickness. The Q value of the peak
decreases with increasing the deposition time. This is related to the sensitivity of the material, as
in equation (1-16). The strips from films deposited for different times have the same length and
width but different thickness. The smaller the thickness of the strip, the higher the sensitivity of

the strip.
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Figure 4.8. The resonant frequency of thin film with solution composition of FessCo2sB17
prepared at 3 mA/cm? for 1 hr, 6 hr and 9 hr

Table 4-2 The average resonant frequency, amplitude, FWHM and Q value of resonant peak
from the strips deposited at 3 mA/cm? for different time

Time size fo a FWHM

(hr) (mmx mmXpum) (kHz) ®) (Hz) Q
1 5%x2x5 339.57 0.89 2446.02 163.07
6 5%x2x20 368.75 6.80 3036.49 132.44
9 5 %2 x28 353.38 5.52 3832.57 973

4.2 The influence of Na Saccharin

Na Saccharin is used to reduce stresses in the solution. Actually, 0 M ~0.080 M Na Saccharin
was tried to fabricate thin films with solution composition of FessCo2sB17. And 0 M, 0.010 M,
0.020 M and 0.025 M four concentrations of FessCo2sB17 thin films under the current density of 3
mA/cm? for 6 hr already showed different structure and morphology. Thus, these four conditions
are compared in Figure 4.9. The films using 0 M and 0.010 M Na Saccharin all show a high
amorphous background with a nanocrystalline CoFe(110) peak, CoFe (200) peak and CoFe (211)

peak. The films using 0.020 M and 0.025 M Na Saccharin have CoFe (110) peak and CoFe (211)
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peak , while the CoFe (200) peak is not observed. It seems that the amorphous formability
increased with increasing the Na Saccharin concentration. The crystal size determined from the
CoFe (110) peak of films using 0 M and 0.010 M Na Saccharin is 10.4 nm and 10.6 nm. It is
reported that Na Saccharin acts not only as the stress reliever but also a grain refiner [1]. This is to
some degree consistent with the result that the thin film became more amorphous with increasing
the concentration of Na Saccharin from 0 M to 0.025 M. During electrodeposition, Na Saccharin
decomposes and incorporates S into the deposit. The incorporation of S influences the internal
stress state in the deposit: low concentration of S (0.02~0.04%) in the deposit leads to the
compressive stress, while a higher concentration of S (0.04~0.06%, possibly much higher) causes
a tensile stress in the deposit [2]. It is also reported that Na Saccharin can reduce the internal stress

by suppressing the hydrogen evolution reaction in a Fe-Ni alloy [3].

Intensity (Counts)

9/0Fe(11 )
CoFe(200)  CoFe(211)

20 40 . 60 80
20 ()

Figure 4.9. XRD patterns of Fe-Co-B thin films with different concentration of Na Saccharin
deposited at 3 mA/cm? for 6 hr

96



The surface morphology of the films with different concentrations of Na Saccharin is
displayed in Figure 4.10. Three magnifications of surface morphology are shown. From the view
of 500% magnification, micro cracks are observed on the film without Na Saccharin, with
increasing the concentration of Na Saccharin, less micro cracks are found. However, the film with
0.025 M Na Saccharin has some rhombohedral holes, with the shorter diagonal about 3 pm to 5
um and longer diagonal about 7 pm to 10 um as the left image of Figure 4.10 (d). In this case, the
hole releases the internal stress by those rhombohedral holes instead of micro cracks. How did
these rhombohedral holes form? The experiments proved that rhombohedral crystals formed
during deposition as shown in Figure 4.11 (a) and then rinsed by water when cleaning the film
after deposition as shown in Figure 4.11 (b). Results shows the rhombohedral crystals forms at the
Na Saccharin concentration of 0.025 M or large than that. Those water soluble crystals are
considered as Fex(SO4)s. Fe2(SO4); crystals have a rhombohedral structure belonging to R3 point
group [4]. As in Figure 4.11 (c) and Table 4-3, the rhombohedral crystal and the areas besides it
were analyzed with EDS. The crystal contains 9.1 at.% Fe, 4.55 at% Co, 15.2 at.% S, 68.0 at.% O
and 3.2 at.% Na. The atomic ratio of Fe:S:0 is about 2:3:15 which is close to the ratio in the
formula of Fex(SOa4)3. Although Co and Na are detected, so far no water soluble Co-containing
compounds are found with the rhombohedral structure, while Na3;Fe(SO4); with a rhombohedral
structure is normally a high temperature product and the atomic ratio detected is not consistent
with that in NazFe(SO4)3. From spectrum 2 and spectrum 3, only Fe and Co are found with 63.4
at.% Fe and 36.6 at.% Co in spectrum 2 and 66.2 at.% Fe and 33.8 at.% Co in spectrum 3. The
S0%™ in crystal can be found directly from chemical FeSO4-7H,0 or from the Na Saccharin
(C7H40O3NSNa-2H>0) where S and O are decomposed and then incorporate with Fe. Thus, Na

Saccharin does reduce the internal stress, but the concentration of Na Saccharin should be
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controlled to smaller than 0.025 M in order to avoid the formation of Fe2(SO4)s.

From the view of 2,000x magnification (Figure 4.10 middle image), the films are
homogeneous and dense. From the view of 40,000% magnification (Figure 4.10 right image), the
films with 0 M, 0.020 M and 0.025 M Na Saccharin looks similar; and there are very tiny nodules
on the surface. For the film with 0.01 M Na Saccharin (Figure 4.10 (b) right image), circular
nodules and larger nodules are observed.

The film with no content of Na Saccharin was hard to peel off from the substrate. That may
be due to the high internal stress which made the film break into small pieces and not continuously
enough to peel off. The resonant behavior was not measured. FessCo23B17 thin films with the other
three Na Saccharin concentrations were measured with an impedance analyzer. The geometry of
the 5 mmx2 mm samples from thin films with 0.010 M and 0.020 M Na Saccharin was used while
samples with dimensions of 3 mmx1 mm were used for the films with 0.025 M Na Saccharin due
to thombohedral holes in some area. As shown in Figure 4.12(a), The films with 0.010 M and
0.020 M Na Saccharin have an obvious resonant frequency and anti-resonant frequency in the
impedance-frequency plot while the film with 0.025 M Na Saccharin does not show an obvious
resonant frequency and anti-resonant frequency. The resonant frequency for 5 mmx2 mm samples
of films with 0.010 M and 0.020 M Na Saccharin is 372.18 kHz and 383.41 kHz while that of 3
mmx1 mm sample for the film with 0.025 M Na Saccharin is 532.31 kHz. The Q value of the
resonant peak of the films with 0.010 M, 0.020 M and 0.025 M in Figure 4.12(b) is 157.37, 109.36
and 61.03, while the amplitude of each peak is 6.99°, 2.87° and 0.53°, respectively. The film with
0.010 M Na Saccharin shows best the resonant behavior with largest Q value and largest amplitude

among the films with 0.01~0.025 M Na Saccharin.
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Figure 4.10. Surface morphology of Fe-Co-B thin films with 0 M(a), 0.010 M(b), 0.020 M (c)
and 0.025 M(d) of Na Saccharin deposited at 3 mA/cm? for 6 hr
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Figure 4.11. Rhombohedral hole formation: (a) thin film with 0.025 M Na Saccharin rinsed with
DI water after deposition then dried with N»; (b) thin film with 0.025 M Na Saccharin dried with

gctrum 1

Electron Image 1

20.0kV  X8,000 Tum WD 9.0mm

Spectrum 3

N> after deposition; (c) EDS analysis of rhombohedral crystal

Table 4-3 EDS result of rhombohedral crystal and area besides it

Spectrum Atomic %
Fe Co S O | Na
1 9.1 45 |152]68.0]3.2
2 634 | 36.6
3 66.2 | 33.8

100



1Z] (@)

55

50

45

32

28

87

(2)

—

0,(°)

84

81

78

(b)

——0.010M ——0.010 M
——0.020M ——0.020M
—0.025M 75 ——0.025M

1
360.0k

1
380.0k

1
520.0k

Frequency (Hz)

1
560.0k

1
360.0k

1
380.0k

520.0k
Frequency (Hz)

1
560.0k

Figure 4.12. Impedance (a) and phase (b) versus frequency of Fe-Co-B thin films with 0.010 M,
0.020 M and 0.025 M of Na Saccharin under 3 mA/cm? for 6hr

4.3 The influence of current density on the films deposited for same time

For electrochemical deposition, the main operating variables are: current density, solution
temperature and the agitation of the solution. Current density is one of the most important factors
for final deposits. Compared with other operating variables, the effect of current density is less
predictable or consistent in terms of sensitivity and magnitude in the composition of

electrodeposited alloys [5]. The current density is given by [6]:
(4-1)

where, z is the number of electrons across the electrode-electrolyte interphase for a particular

electrode reaction; F is the Faraday constant; and % is the number of moles [M] of Ox (oxidize

form of species) reacting per second on unit surface area of the electrode, which is also termed as

the rate of the reduction reaction, v [6].

(4-2)



In this solution system, the deposition rate can be given by [7]:

Rp = C;—r: = k, exp (%?‘) [Fe?*1%[Co?T|F[DMAB]Y[H*]°[L]"
= k[Fe?*]*[Co?**]#[DMAB]Y[H*]%[L]" 4-3)

d . —Egy -
where, d—T represents the deposit mass change per second; k = klexp(R—Tf‘) is a rate constant; E,,

is the activation energy; R is the gas constant; T is the temperature; «, 3, y, 6 and 7 are the reaction
orders of Fe**, Co?>", DMAB, H" and complexing agent L. For different ions or species, reaction
orders of corresponding species a, 3,y, 6 and 1 differ with increasing the current density. That is,
the final deposit differs with changing the current density. For an electroless Co-Fe-B alloy plated
from FeSO4-7H20, CoSO4-7H20 and DMAB added with an accelerator thiourea, the value of
a, B3,v, 6 and nare reported to be -1.31, 0.77, 1.01, -0.40 and 0, respectively [7].

The effect of the current density can be treated in two aspects: diffusion control and cathode
potential [5]. Based on the diffusion, the deposition rate of a metal has an upper limit at which the
ions can go through the cathode diffusion layer. From the electrode reaction as seen in equation 4-
4 and equation 4-5, Fe is less noble metal while Co is more noble metal. At a particular current
density, the upper limit of the more noble metal is easier to be satisfied than that of the less noble
metal [5]. That is, Co is much easier to be deposited than Fe at a particular current density. For the
regular type of codeposition, an increase in the current density may lead to the increase of the
deposition rate of the less noble metal (i.e., Fe). From the viewpoint of cathode potential, the
increase of current density make the cathode potential more negative (less noble). Thus, the plating
condition approaches more closely to the current density-potential curve of less noble metal. That

is, the increase of the current density result in the increase of less noble metal in the deposit [5].
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For the Fe-Co-B system in this research, Fe and Co are reduced and B is oxidized from the

reductant DMAB (BH3NH(CH3)2). The standard electrode potential for the Fe and Co are as

follows:
Fe?* + 2e™ 2 Fe(s),E, = —0.44V (4-4)
Co** +2e~ = Co(s),E, = —0.28V (4-5)
B +3e” = B(s),E, = —0.87V (4-6)

From above reactions, for a regular codeposition system, the less noble metal Fe will increase
with increasing the current density based on both the diffusion theory and cathode potential
principle. In the iron group deposition including CoNi, NiFe, and CoFe, there is also an anomalous
codeposition [8]. That is the deposition of pure ion A is faster than pure ion B, while during
codeposition the rates are reversed. The electrodeposition of CoNi, NiFe and CoFe alloys are
considered as anomalous codeposition [8]. The degree of anomalous codeposition among these
alloys decreased in the order of CoNi>NiFe>CoFe. Since the anomalous codeposition degree of
CoFe is low and B is participating in the Fe-Co-B ternary system, the codeposition type of Fe and
Co in this system is yet to be determined.

4.3.1 Structure of the films

The structure of the films are shown in XRD patterns as in Figure 4.13. The films prepared
under 0.5 mA/cm? have three phases: Cu phase (PDF#04-0836), CoFe phase (PDF#49-1567) and
Coo.72Feo.28 phase (PDF#51-0740). The Cu peak is from the Cu substrate. Coo.72Feo.2s phase is only
found on the film under 0.5 mA/cm?, which has a body centered cubic structure (143m). The films
deposited under 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for 9 hr all show the CoFe(110)

peak, CoFe (200) peak and CoFe (211) peak. The crystal size determined from the CoFe (110)
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peak of films prepared at 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for 9 hris 11.8 nm, 13.7
nm, 14.1 nm and 11.4 nm. The intensity ratio among CoFe(110), CoFe (200) and CoFe (211) peaks
is shown in Table 4-4 except for the ratios of thin film deposited at 0.5 mA/cm? due to the low
intensity of the CoFe (200) and CoFe (211) peaks. I110/I200 and I110/I211 from different thin films
are mostly higher than those CoFe theoretical values in the database. Ixoo/l211 more closely
resembles that of CoFe. It can be concluded that CoFe (110) is a dominant orientation in these thin

films.

Intensity (Counts)

Co__Fe . (444)

072" 50.28
4

20 40 60 80

Figure 4.13. XRD patterns of FessCosB17 thin films prepared at 0.5 mA/cm?, 1 mA/cm?, 2
mA/cm?, 3 mA/cm?, 4 mA/cm? for 9 hr
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Table 4-4 Intensity ratio among CoFe(110), CoFe (200) and CoFe (211) peaks from Fe-Co-B
thin films prepared at different current densities for 9 hr

Deposition Peak position Peak Area Intensity ratio
condition CoFe | CoFe | CoFe | CoFe | CoFe | CoFe Tiio/aoo | Tiio/Tout | To11/5a00
(110) | (200) | (211) | (110) | (200) | (211)
0.5 mA/cm? for 9 hr | 44.9° 178

1 mA/cm? for 9 hr | 44.9° | 65.4° | 82.8° | 563 | 140 | 174 4.0 3.2 1.2
2 mA/cm? for 9 hr | 44.8° | 65.2° | 82.5° | 300 35 99 8.5 3.0 2.8

3 mA/cm?® for 9 hr | 44.8° | 65.3° | 82.6° | 549 75 144 7.3 3.8 1.9
4 mA/ecm? for 9 hr | 44.7° | 65.1° | 82.5° | 460 49 99 9.3 4.7 2.0
Reference:

44.9° | 65.3° | 82.7° | 100 27 66 3.7 1.5 2.4
CoFe

4.3.2 Morphology of the films

The surface morphology of thin films with solution composition of FessCo2sB17 prepared at
different current densities for 9 hr were examined by SEM, as shown in Figure 4.14. In each figure,
a magnified image of the central area is shown on top right. The films deposited at 0.5 mA/cm?
show a different morphology from films deposited at larger current densities. It shows island like
or hemispherical nodule while other thin films shows circular nodules. It is reported that there are
four simple models of nuclei as shown in Figure 4.15: (1) a two-dimensional (2D) cylinder, (2) a
three-dimensional (3D) hemisphere, (3) a right-circular cone, (4) a truncated four-sided pyramid
[6]. It is assumed that in the initial stages nuclei grow independently of each other and overlap
between diffusion fields among the growing nuclei in the succeeding stages [6]. When charge-
transfer in the electrodeposition is fast, the growth rate of the nuclei is determined by either of two
steps: (1) the lattice incorporation step or (2) the diffusion of electrodepositing ions into the nucleus
(diffusion in the solution) [6]. The higher the current density is, the higher the diffusion in the
solution is. From the surface morphology shown in Figure 4.14, at a low current density (0.5

mA/cm?), the growth of the deposit dominates. At higher current densities (> 0.5 mA/cm?), the
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nucleation of the deposit dominates.

The film prepared at 1 mA/cm? looks more flat than those prepared at 2 mA/cm?, 3 mA/cm?,
and 4 mA/cm?. With increasing the current density, domains of nodule pile up. On the films
deposited at larger than 2 mA/cm?, small fibers in the micro scale are found on some areas of the
film surface. It is considered that the stress relieving additives such as Na Saccharin could promote
refinement of the deposit at high deposition rate [9]. These fibers are considered to be caused by
the refinement of deposit at a higher current density. With increasing the current density, more
fibers and longer fibers are found on some areas of the film surface, such as the films prepared
under 3 mA/cm? and 4 mA/cm? for 9 hr, as shown in Figure 4.16. The length of fibers is 5~20 pm.
The fibers of thin film deposited under 3 mA/cm? contain 26.3 at.% Fe, 16.3 at.% Co, 17.7 at.%
Na and 39.7 at.%. The fibers of thin film deposited at 4 mA/cm? contain 18.1 at.% Fe, 11.4 at.%
Co, 25.9 at.% Na and 44.6 at.%. This indicates that those fibers are certain compounds containing
the elements of Fe, Co, Na and/or O.

The cross section view of the films prepared at different current densities for 9 hr is shown in
Figure 4.17. The films are comprised of two layers. The left side is the Cu layer and right side is
Fe-Co-B layer. The films displays a homogeneous thickness. With the same deposition time, the
thickness of the film increases with increasing the current density. The magnified view of the cross
section is shown in the inset at the bottom right of each image. From the magnified image, the

films deposited at different current densities for 9 hr have similar cross section morphology.
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Figure 4.14. SEM images of Fe-Co-B thin films prepared at 0.5 mA/cm? (a), ImA/cm? (b),
2 mA/cm? (c), 3 mA/cm? (d), 4 mA/cm? (e) for 9 hr

&
{a) (B)
[
(c) ()

Figure 4.15. Models of surface nuclei [6]
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Figure 4.16. Fibers on FessCo2sB17 thin films deposited at 3 mA/cm? (left) and
4 mA/cm? (right) for 9 hr

Figure 4.17. Cross section view of Fe-Co-B thin films prepared at 0.5 mA/cm? (a), ImA/cm? (b),
2 mA/cm? (c), 3 mA/cm? (d) and 4 mA/cm? (e) for 9 hr

4.3.3 Composition of films

Five area detections were conducted on the surface of the films and five point detections were
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conducted on the central area of the cross section by EDS. Fe and Co were detected on the surface
of film deposited at 0.5 mA/cm? for 9 hr, while Fe, Co, O and Na were detected on the surface of
the films deposited at 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for 9 hr. The content of O
is about 27.4 ~31.8 at.% and Na is about 3.05~8.0 at.%. Na content could be from Na Citrate or
Na Saccharin. The Na content tends to increase with increasing the current density. Fe and Co are
found on the central area of the cross section. The surface and cross section Fe/Co ratio from the
films deposited at different current densities for 9 hr are shown in Figure 4.18. The nominal Fe/Co
ratio is 1.96 (55/28). The final deposits contain a lower Fe/Co ratio than the nominal solution Fe/Co
ratio. This indicates that both the surface and cross section Fe/Co ratio first increase and then
decrease slightly with increasing the current density. The surface Fe/Co ratio is smaller than the
cross section ratio due to the oxidation of the surface. The Fe/Co ratio of the film deposited at 0.5
mA/cm? is smaller than 1 indicating it is Co-rich alloy while the Fe/Co ratio of the films deposited
at larger than 0.5 mA/cm? are all Fe rich alloy. The deposits tends to contain more Fe content with

increasing the current density.
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Figure 4.18. Surface and cross section Fe/Co ratio of Fe-Co-B thin films prepared at different
current density for 9 hr

Point detections were conducted along the thickness direction of the films, as in Figure 4.19.
A slight amount of Cu is found near the Cu substrate. After about 2 um from Cu layer, the content
of Fe and Co shows a relative stable distribution along the cross section of the film. The average
Fe and Co content were calculated based on the points after 2 um from Cu layer. For the film
deposited at 0.5 mA/cm? as shown in Figure 4.19(a), Co content is slightly more than Fe. The
average Fe content is 49.4 at.% and Co content is 50.6 at.%. This film is a Co rich alloy. The
average Fe and Co content along the cross section of the film deposited at 1 mA/cm? for 9 hr is
57.1 at.% and 42.9 at.%, as in Figure 4.19 (b). For the films deposited at 2 mA/cm? for 9 hr, 3
mA/cm? for 9 hr and 4 mA/cm? for 9 hr, the average Fe and Co content along the cross section is
61.8 at.% and 38.2 at.%, 62.1 at.% and 37.9 at.%, and 62.1 at.% and 37.9 at.%, respectively, as in

Figure 4.19 (¢), (d) and (e). This figure depicts that the composition of Fe and Co of Fe-Co-B thin
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films fabricated at the current density of 2 mA/cm? and larger are relatively stable as in Figure
4.19 (c), (d) and (e) and also in Figure 4.18. Besides, the Fe/Co ratio of first point in films
deposited at 0.5~4 mA/cm? for 9 hris 1.00, 1.41, 1.62, 1.62 and 1.67, respectively. Compared with
a nominal solution Fe/Co ratio 1.96, the films deposited at lower current densities show higher
initial Fe/Co ratio deviation from the solution Fe/Co ratio, as shown in Figure 4.19 (a) and (b).
The films deposited at higher current densities have lower initial Fe/Co ratio deviation from the
solution Fe/Co ratio, as shown in Figure 4.19 (c), (d) and (e). And these three thin films have
similar initial film composition. It is understandable that, as deposition proceeds, the depositing
solution concentration changes slightly with depositing time. The final film surface composition

may vary slightly from the initial film composition.
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Figure 4.19. The atomic distribution along the cross section of Fe-Co-B thin films deposited 0.5
mA/cm? (a), ImA/cm? (b), 2 mA/cm? (c), 3 mA/cm? (d) and 4 mA/cm? (e) for 9 hr

The surface of the films deposited at 0.5 mA/cm? and 1 mA/cm? for 9 hr were also
characterized using Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy
(XPS), as shown in Figure 4.20. The samples were pretreated with Ar sputter cleaning for 5
minutes which removed about 125 A of the surface and eliminated the adventitious, adsorbed C
and O. Based on XPS spectra, The film prepared at 0.5 mA/cm? for 9 hr has the composition of
Fes3.2Cos6.8, which does not contain measureable B. It is Co rich alloy which is consistent with the
surface detection by EDS. The film prepared under 1 mA/cm? for 9 hr has the composition of
Fes6.9C0203B10s. As a metalloid element, B needs a larger potential to be reduced than those of Fe

and Co, as in the standard electrode equations. The plateau potential between the working electrode
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and reference electrode (potential vs Ag/AgCl) was monitored with time during deposition. Thus,
the relation of current density and monitored potential is displayed in Figure 4.21. The monitored
potential becomes more negative with increasing the current density, i.e., the absolute value of the
monitored potential increases with increasing the current density. The red line indicates the
standard electrode potential -0.87 V for depositing B. The monitored potential of 1~4 mA/cm? are
all more negative than -0.87 V while that of 0.5 mA/cm? is less negative than -0.87 V. So, it is
possible that at the current density of 0.5 mA/cm?, the working potential of the electrode is not

high enough to deposit B, as seen in the electrode reaction of equation (4-4)~(4-6).
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Figure 4.20. AES and XPS result of FessCosB17 thin films under 0.5 mA/cm? (a) and 1 mA/cm?
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4.3.4 Resonant behavior of the films

The resonant behavior of the strips with size of 5 mmx2 mm is shown in Figure 4.22. Since
at different current densities for same deposition time, the thickness of the films differs and the
composition the films also differs, the resonant frequency of films deposited at different current
densities may differ slightly. As shown in Figure 4.22, the peak position of strips from different
current density shifts. In Figure 4.22(a), each impedance vs frequency curve has a maximum
and minimum corresponding to the resonant frequency and anti-resonant frequency. In Figure
4.22 (b), the phase vs frequency curve has a peak which is defined as the resonant frequency of
the magnetostrictive strip. The strip from film deposited at 1 mA/cm? for 9 hr exhibits the largest
amplitude, while the one from film deposited at 0.5 mA/cm? for 9 hr exhibits the smallest
amplitude. The average resonant behavior parameters from five strips are summarized in Table

4-5. From the view of resonant frequency, the strips from film deposited at 2 mA/cm? for 9 hr
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exhibits the largest value of 377 MHz while those from film deposited at 1 mA/cm? for 9 hr
shows the smallest value. The Q value decreases with increasing the current density for same
deposition time. The highest Q value of 224 is achieved at 0.5 mA/cm?. For applications, the
strips with high resonant frequency, large amplitude and high Q value are preferred. Besides,
considering the structure and morphology from the previous analysis, the films prepared at 1
mA/cm? and 2 mA/cm? for 9 hr exhibit a better trade off between the structure, morphology and

resonant behavior.
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Figure 4.22. Impedance (a) and phase (b) versus frequency of FessCo2sB17 thin films under 0.5
mA/cm?, ImA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for 9 hr with the size of Smmx2mm

Table 4-5 Average resonant frequency, average Q value and average amplitude of five samples
from Fe-Co-B thin films deposited at different current densities for 9 hr

Current density size fo (kHz) Q a(®)
(mA/cm?) (mmxmm
Xpm)
0.5 5%x2x7 345.80 224.00 0.29

1 5%2x%9 341.80 139.73 10.54
2 5%2x20 377.60 95.24 2.31
3 5%x2x28 353.38 97.30 5.52
4 5x2x40 352.76 69.64 4.05
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4.3.5 Magnetic property of the films

The out of-plane magnetization of the films deposited at different current densities for 9 hr is
measured using a Multi-functional Instrument Cryogen-free Cryocooler-based Physical Property
Measurement System Evercool-II (Quantum Design, PPMS EverCool-II). The samples with an
area of 2.5 mmx2.5 mm were utilized. The magnetic field of up to 90,000 Oe was applied to the
sample. The unit volume magnetization hysteresis loop is shown in Figure 4.23. It is observed
that the films are saturated at the magnetic field of around 20,000 Oe, as shown in Figure 4.23.
From the zoomed-in view, the loops are very slim. Thus, the coercivity and remanent
magnetization of the films are very small. The normalized magnetization in terms of unit volume
is shown in Figure 4.24. The unit volume saturation magnetization of the film decreases and then
increases and decreases back with increasing the current density with the maximum value shown
in the film under 3 mA/cm? for 9 hr. The unit mass magnetization hysteresis loop and the
corresponding saturation magnetization are displayed in Figure 4.25. The unit mass saturation
magnetization of the thin film increases and then decreases slightly with increasing the current
density with a maximum at 3 mA/cm?. The slight difference between the unit volume saturation
magnetization and unit mass saturation magnetization may be attributed to the error of mass

measurement or volume measurement.

118



1600

—— 0.5 mAlcm’
$21200 F —— 1 mAicm’
—— 2 mAicm’
800 —— 3 mAlcm’

4 mAlcm’ f

gnetization (emu/cm
-y
o
o o
T T T

-400 |

-800 -

1200

Noermalized ma

120

-400 200 0 200 400

1 L 1 L 1 L 1 L 1
-80000 -40000 0 40000 80000
Magnetic field (Oe)

-1600

Figure 4.23. Out of-plane unit volume magnetization of Fe-Co-B thin films deposited at 0.5
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1400

1300

1200

1100

1000

900 -

Ms (emu/cms)

800 |
|

700 + \

600 | l/-

1 1 1 1 1 1 1 1 1 1 1 1 1 1
00 05 10 15 20 25 30 3.
Current density (mAIcmz)

1 1 1
5 40 45

Figure 4.24. The unit volume saturation magnetization of the films under different current
density for 9 hr

119



250

B 00| [—0.5mAicm2-9hr 200
2 —— 1 mAlcm2- 9hr ./.\.
@ 150 |—— 2mA/cm2-9hr
g —— 3 mAlcm2- 9hr 180 -
S 100~ | — 4mA/cm2- 9hr
8 sl < 160
g T
c =]
0+
g E, 140 - B
E 5ol «
3 =
S o0l 120
©
g 150 | 100
Z 200 (a) = (b)
_250 1 1 1 1 1 80 1 1 1 1 1 1 1 1
-80000  -40000 0 40000 80000 00 05 10 15 20 25 30 35 40 45
Magnetic field (Oe) Current density (mA/cm?)

Figure 4.25. The out of plane unit mass hysteresis loop (a) and saturation magnetization (b) of
the films deposited at different current densities for 9 hr

The out of-plane hysteresis loops of thin film prepared at 1 mA/cm? for 9 hr for different
temperatures were measured, as displayed in Figure 4.26. As temperature increases from 5 K to
400 K, the saturation magnetization shifts to lower values and the middle area of the curve becomes
less linear. The slope dM/dH near the origin, i.e., in the range of -200 Oe to 200 Oe was obtained,
as displayed in Figure 4.27. dM/dH increases gradually with increasing the temperature. The out
of-plane saturation magnetization first increases to the maximum value at 200 K and then decreases
with increasing the temperature as in Figure 4.28. It is possible that Fe-Co-B alloy undergoes a
phase change at 200K. The phase change at 200K needs further study. It is considered that the
saturation magnetization is temperature-dependent. The ferromagnetics become paramagnetic
above the Curie temperature, Tc. The Curie temperature of Fe, Co and Co rich (CogoFe10)9sB2 alloy
1s 1043 K [10], 1404 K [10] and 1313 K [11], respectively. Thus, it could be estimated that the T.

of Fe rich Fe-Co-B alloy is higher than the temperatures used here.
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Figure 4.26. Temperature dependence of hysteresis loop of Fe-Co-B thin film deposited at 1
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Figure 4.27. Temperature dependence of dM/dH near origin of hysteresis loop
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Figure 4.28. Out of-plane saturation magnetization of Fe-Co-B thin film prepared at 1 mA/cm?
for 9 hr

4.3.6 Mechanical property of the films

In order to determine the mechanical property such as Young’s Modulus and hardness of the
films, the films deposited under the current density of 0.5~ 4 mA/cm? for 9 hr were measured by a
Nano-indenter. 25 points in 5x5 square with the displacement of 5 um were selected for detection,
as displayed in Figure 4.29. The depth of about 2 um was indented from the top surface of the
film. Data were collected from a complete cycle of loading and unloading, as shown in Figure
4.30 [12]. The unloading data were analyzed based on a model for the deformation of an elastic
half space by an elastic punch, which is related to the contact area at peak load to the elastic
modulus [13]. In Figure 4.30, Pmnax is the maximum load; hmax 1s the maximum displacement;
S=dP/dh is the elastic unloading stiffness defined as the slope of the upper portion of the unloading
curve at the initial stages of unloading; hris the final depth representing the permanent penetration

depth after the indenter is completely unloaded. The unloading stiffness is described as [12]:
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S = 3%15@]7«/2 (4-7)

where, f is a dimensionless parameter taken as 1.05; A is the contact area; E,f is the effective

elastic modulus defined as [12]:

1 _ 102 N 1-v?
Eeff E E;

(4-8)

The effective elastic modulus considers that elastic displacements occur in both the sample with
Young’s Modulus E and Poisson’s ratio v, and the indenter with Young’s Modulus E; and
Poisson’s ratio v;. Thus, the Young’s Modulus of the specimen can be obtained from eq. (4-8) and

in this research, the Poisson’s ratio of the specimen is assumed as 0.3. The hardness is estimated

from [12]:

Pmax
H = me (4-9)

Young’s Modulus vs displacement into surface (E vs d) of the films prepared at 0.5~ 2
mA/cm? for 9 hr is shown in Figure 4.31. There are large error bars in the “E vs d” curve of the
films deposited at 3 mA/cm? and 4 mA/cm? for 9 hr due to the non-uniformity of soft fibers on the
surface. The Young’s Modulus of thin films deposited under 0.5 mA/cm?, 1 mA/cm?and 2 mA/cm?
for 9 hr is 70.0 GPa, 66.9 GPa, and 63.7 GPa, respectively. The corresponding hardness of these

films 1s 3.5 GPa, 6.4 GPa and 6.2 GPa, respectively.
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Figure 4.29. Microscope image of indenter area
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Figure 4.30. Illustration of indentation load-displacement data indicating important measured

parameters [12]
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Figure 4.31. Young’s Modulus versus displacement into surface of thin films prepared at 0.5
mA/cm? for 9 hr (a), 1 mA/cm? for 9 hr (b) and 2 mA/cm? for 9 hr (c)

4.4  The influence of current density on the films with same thickness

The films with solution composition of FessCo2sB17 were prepared with similar thicknesses
at different current densities. The information is given in Table 4-6. For preparing the films with
different thicknesses, thin films with the thicknesses of 5 pm, 10 pm, 15 um and 20 um were
deposited. All these films were deposited with one batch of solution. At the same thickness, the
influence of current density on the structure, morphology, composition, resonant behavior,

magnetic property and optical property of the films are investigated.
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Table 4-6 The deposition time (hr) for thickness controlled Fe-Co-B thin film
m)

I(mA/cm 5 10 15 20
0.5 10 20 30 40

1 5 10 15 20

2 2.25 4.50 6.75 9.00

3 1.00 2.70 4.40 6.00

4 0.73 1.31 1.90 2.48

4.4.1 Structure of the films

The XRD patterns of Fe-Co-B thin films fabricated under the same current density are plotted
in Figure 4.32. Thin films with the same thickness deposited at 0.5 mA/cm? exhibit extremely
different structures from those deposited at 1~4 mA/cm?. The thin films deposited under 1 mA/cm?,
2 mA/cm?, 3 mA/cm? and 4 mA/cm? have a similar structure. Thin films deposited 0.5 mA/cm?
for different times have Coo.72Feo.28 phase, which has a body centered cubic structure. The peaks
are Coo.72Feo.28 (222) peak at 35.5°, Coo.72Feo.28 (332) peak at 48.7° and Coo.72Feo.2s (444) peak at
75.2°, as shown in Figure 4.32 (a). The crystal size determined from the Coo.72Feo.28 (332) peak
and Coo.72Feo.28 (444) peak both increases with increasing the deposition time. From the thin films
deposited at 1 mA/cm? for different times in Figure 4.32 (b), CoFe (110) plane is dominated in the
films deposited for 5 hr and 10 hr, while a weak Coo.72Feo.28 (332) peak appears besides the CoFe
(110) peak in the films deposited for 15 hr and 20 hr. The crystal size determined from CoFe (110)
peak is similar in the thin films deposited at 1 mA/cm? with increasing the time, i.e., 11.3 nm, 11.1
nm, 12.3 nm and 11.1 nm, respectively. For the thin films prepared at a current density of 2 mA/cm?,
3 mA/cm? and 4 mA/cm? as in Figure 4.32 (c), (d) and (e), CoFe (110) peak, CoFe (200) peak and
CoFe (211) peak are appeared. The crystal size determined from the CoFe (110) peak is similar in
the thin films deposited at 2 mA/cm? with increasing the time, i.e., 12.3 nm, 12 nm, 11.7 nm and
12.1 nm respectively. Similar sizes determined from the CoFe (110) peak are also found in films

deposited at 4 mA/cm? with increasing the time, i.e., 10.1 nm, 11.4 nm, 10.3 nm and 10.2 nm,
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respectively. The crystal size determined from CoFe (110) peak in thin films prepared at 3 mA/cm?
first increases then decreases slightly with increasing the depositing time. The d-spacing of
Coo.72Feo2s (332) plane in the films deposited at 0.5 mA/cm? is about 1.87A, while that of CoFe
(110) plane in the films deposited at 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? is about 2.02
A,2.02A,2.02 A and 2.03 A, respectively.

The peak position, peak area of Coo.72Feo25(332) and Coo.72Feo.28 (444) peaks and the intensity
ratio between them in films deposited at 0.5 mA/cm? for different times are shown in Table 4-7.
1332/1444 is much smaller than that of Coo.72Feo2s in database (PDF#51-0740). The peak position,
peak area of CoFe (110), CoFe (200) and CoFe (211) peaks and intensity ratios among them from
the films deposited at 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for different times are
displayed in Table 4-8. 1(110)/1(200) and I(110)/I(211) of the Fe-Co-B thin films are mostly much
higher than those of CoFe in data base (PDF#49-1567). 1(211)/1(200) is mostly closer to or lower
than that of CoFe. It indicates that CoFe (110) the preferred orientation in most of the films
deposited under 1~4 mA/cm?.

The XRD patterns of Fe-Co-B thin films with thicknesses of 5 pm, 10 um, 15 pm and 20 um
are shown in Figure 4.33. Most of the XRD patterns have a high amorphous background and some
nanocrystalline peaks. At the thickness of 5 um in Figure 4.33(a), thin film deposited at 0.5
mA/cm? for 10 hr has a Coo72Feo2s (332) peak at 48.7°, Coo72Feo2s (444) peak at 75.2°, and two
weak Cu peaks from the Cu/Cr/glass substrate. The crystal size determined from Coo.72Feo.28 (332)
peak is about 19.6 nm. The thin films with 5 um deposited at 1~4 mA/cm? all have a main
nanocrystalline CoFe (110) peak, CoFe (200) peak and CoFe (211) peak. By fitting the CoFe (110)
peak, the crystal size is about 11.3 nm, 12.3 nm, 10.7 nm and 10.1 nm for the thin films deposited

at 1 mA/cm? for 5 hr, 2 mA/cm? for 2.25 hr, 3 mA/cm? for 1 hr and 4 mA/cm? for 0.73 hr,
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respectively. At the thickness of 10 um in Figure 4.33(b), thin film deposited at 0.5 mA/cm? for
20 hr has Coo.72Feo2s phase, while the films deposited at larger current densities (1~4 mA/cm?)
have CoFe phase. The crystal size determined from the Coo.72Feo2s (332) peak and Coo.72Feo.28
(444) peak is 21.2nm and 15.2 nm, respectively. The crystal size determined from the CoFe (110)
peak is about 11.1 nm, 12.0 nm, 12.6 nm and 11.4 nm for thin films prepared at 1 mA/cm? for 10
hr, 2 mA/cm? for 4.50 hr, 3 mA/cm? for 2.70 hr and 4 mA/cm? for 1.31 hr, respectively. At the
thickness of 15 um (Figure 4.33(c)) and 20 um (Figure 4.33(d)), the thin films deposited at 0.5
mA/cm? for 30 hr and 40 hr again have the Coo.72Feo2s (332) phase. The crystal size determined
from Coo.72Feo.28 (332) peak and Coo.72Feo.25 (444) peak is 26.0 nm and 20.0 nm for thin film under
0.5 mA/cm? for 30 hr, while it is 26.3 nm and 20.1 nm for thin film under 0.5 mA/cm? for 40 hr.
A weak Coo72Feo2s (332) peak is also found on the films deposited at 1 mA/cm? for 15 hr and 20
hr. The thin films with the thickness of 15 um and 20 um deposited at 2 mA/cm?, 3 mA/cm? and
4 mA/cm? all show CoFe (110) peak, CoFe (200) peak and CoFe (211) peak. The crystal size
determined from CoFe (110) peak is about 11.7 nm, 9.3 nm, and 10.3 nm for thin films prepared
at 2 mA/cm? for 6.75 hr, 3 mA/cm? for 4.40 hr and 4 mA/cm? for 1.90 hr. And the crystal size
determined from CoFe(110) is about 12.1 nm, 10.8 nm, and 10.2 nm for thin films prepared at 2
mA/cm? for 9.00 hr, 3 mA/cm? for 6.00 hr and 4 mA/cm? for 2.48 hr, respectively.

The crystal size of dominating peak, i.e., Coo.72Feo2s (332) for films under 0.5 mA/cm? and
CoFe (110) for those under 1~4 mA/cm? exhibit some dependence on the thickness and current
density, as shown in Figure 4.34. In Figure 4.34 (a), the crystal size determined from Coo.72Feo .28
(332) peak increases with increasing the film thickness. In the films prepared at 1~4 mA/cm?, the
crystal size determined from CoFe (110) peak changes back and forth slightly with increasing film

thickness. In Figure 4.34 (b), the dominating peak of films changes from Coo.72Feo.28 (332) to CoFe
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(110) with increasing the current density from 0.5 mA/cm? to 1 mA/cm? and further. The crystal
size determined from the Coo.72Feo.25 (332) peak is around 20~26 nm. The crystal size determined
from the CoFe (110) is around 9~13 nm in the films deposited at 1~4 mA/cm?. The crystal size
determined from the CoFe (110) peak in the films remains similar as the current density increases

from 1 mA/cm?to 4 mA/cm?.
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Figure 4.32. XRD patterns of Fe-Co-B thin films deposited at 0.5 mA/cm? (a), 1 mA/cm? (b), 2
mA/cm? (c), 3 mA/cm? (d) and 4 mA/cm? (e) for different times
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Table 4-7 Intensity ratios of Coo.72Feo.28 (332) and Coo.72Feo.25 (444) peaks in Fe-Co-B thin films
deposited at 0.5 mA/cm? for different times

.. Intensit

Deposition condition Peak position Peak area ratio !

Coo.12Fe0.28(332) | Coo.roFeo28(444) | Coo.naFeo2s(332) | CoonFeoos(444) | I330/laag
0.5 mA/cm? for 10 hr 48.8 75.1 268 114 2.4
0.5 mA/cm? for 20 hr 48.7 75.1 448 153 2.9
0.5 mA/cm? for 30 hr 48.8 75.2 512 296 1.7
0.5 mA/cm? for 40 hr 48.7 75.1 454 436 1.0
C00‘72Feolzg 48.8 75.2 30 7 4.3

Table 4-8 Peak position, peak area of CoFe (110), CoFe (200) and CoFe (211) peaks and
intensity ratios among them from films deposited at 1~4 mA/cm? for different times

Deposition condition Peak position Peak area Intensity ratio
(110) | (200) | (211) | (110) | (200) | (211) | Lito/Tao0 | Tiio/Tann | Toni/Ta0o
1 mA/cm? for 5 hr 449 | 653 | 82.7 | 504 38 63 13.2 8.0 1.7
I mA/cm?for 10 hr | 449 | 653 | 82.8 | 473 82 96 5.8 4.9 1.2
1 mA/cm? for 15hr | 44.9 203
1 mA/cm? for 20 hr | 45.0 60
2mA/cm? for225hr | 44.8 | 652 | 82.7 | 487 62 106 7.9 4.6 1.7
2mA/cm?for45hr | 448 | 65.1 | 82.7 | 464 36 151 13.0 3.1 4.2
2mA/cm? for 6.75hr | 44.8 | 652 | 82.6 | 553 71 144 7.8 3.8 2.0
2 mA/cm? for 9 hr 448 | 65.1 | 82.7 | 303 96 178 3.1 1.7 1.8
3 mA/cm? for 1 hr 447 | 65.0 | 824 | 463 64 91 7.2 5.1 1.4
3mA/cm?for2.7hr | 448 | 653 | 82.6 | 474 71 125 6.7 3.8 1.8
3mA/cm?for44hr | 45.1 | 654 | 82.8 | 475 104 120 4.6 4.0 1.2
3mA/cm? for6.0hr | 448 | 65.1 | 82.5 | 573 84 139 6.8 4.1 1.6
4 mA/cm? for 0.73 hr | 44.7 | 65.0 | 82.5 | 376 62 96 6.0 3.9 1.5
4mA/cm?for 1.31 hr | 44.8 | 65.2 | 82.5 | 521 67 139 7.7 3.8 2.1
4mA/cm? for 1.90hr | 44.8 | 652 | 82.6 | 566 72 156 7.9 3.6 2.2
4 mA/cm? for2.48hr | 44.8 | 652 | 82.5 | 488 117 180 42 2.7 1.5
Reference: CoFe 449 | 65.3 | 82.7 100 27 66 3.7 1.5 2.4

1
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Figure 4.34. Thickness (a) and current density (b) dependence of crystal size from dominating
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4.4.2 Morphology of the films

The surface morphology of Fe-Co-B thin films with 5 pm deposited at different current
densities is shown in Figure 4.35. In each image the magnification of 2,000% is used and on the
top right a magnified view with magnificaiton of 40,000% is showing the central area. The thin
films are dense and homogeneous. With the same thickness, the current density determines the
growth rate of the thin films. The thin films deposited at 0.5 mA/cm? displays island like and large
nodules while the films deposited at larger current densities displays more circular and finer
nodules. It seems that the nodules becomes smaller with increasing the current density for the same
thin film thickness. Similar characteristics are shown for thin films with the thickness of 10 pm,
15 um and 20 pum with different current densities, as in Figure 4.36, Figure 4.37 and Figure 4.38.
That is to say, the growth rate is dominated at low depositing rate while nucleation rate is
dominated at higher depositing rate. The thin films deposited at the same current density for
different times exhibits similar mophology for thin films prepared at 0.5 mA/cm?, 2 mA/cm?, 3

mA/cm? and 4 mA/cm?, which are consistent with the sturcture characteristic in Figure 4.32 (a),
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(¢), (d) and (e). As in Figure 4.39, the films all display the island like or hemi-spherical nodules
when deposited at the current density of 0.5 mA/cm? for different times. The films deposited at 2
mA/cm? (Figure 4.41), 3 mA/cm? (Figure 4.42), and 4 mA/cm? (Figure 4.43) for different times
show circular and smaller nodules compared with those of films deposited at 0.5 mA/cm?.
However, the films prepared at 1 mA/cm? for different times show a different morphology with
time. The thin films deposited at 1 mA/cm? for 15 hr and 20 hr display a different morphology
from those deposited for 5 hr and 10 hr, which have larger and half spherical nodules as shown in
Figure 4.40. This might be due to the new phase B formed in the thin films for longer time, as

depicted in Figure 4.32 (b).

Figure 4.35. The morphology of Fe-Co-B thin films with 5 um prepared at 0.5 mA/cm? for 10 hr
(a), 1 mA/cm? for 5 hr (b), 2 mA/cm? for 2.25 hr (c), 3 mA/cm? for 1.00 hr (d) and 4 mA/cm? for
0.73 hr (e)
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Figure 4.36. The morphology of Fe-Co-B thin films with 10 um prepared at 0.5 mA/cm? for 20
hr (a), 1 mA/cm? for 10 hr (b), 2 mA/cm? for 4.5 hr (c), 3 mA/cm? for 2.70 hr (d) and 4 mA/cm?
for 1.31 hr (e)

Figure 4.37. The morphology of Fe-Co-B thin films with 15 um prepared at 0.5 mA/cm? for 30
hr (a), 1 mA/cm? for 15 hr (b), 2 mA/cm? for 6.75hr (c), 3 mA/cm? for 4.40 hr (d) and 4 mA/cm?
for 1.90 hr (e)
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Figure 4.38. The morphology of Fe-Co-B thin films with 20 um prepared at 0.5 mA/cm? for 40
hr (a), 1 mA/cm? for 20 hr (b), 2 mA/cm? for 9 hr (c), 3 mA/cm? for 6 hr (d) and 4 mA/cm? for
2.48 hr (e)

Figure 4.39. The morphology of Fe-Co-B thin films prepared at 0.5 mA/cm? for 10hr (a), 20 hr
(b), 30 hr (c) and 40 hr (d)
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Figure 4.40. The morphology of Fe-Co-B thin films prepared at 1 mA/cm? for 5 hr (a), 10 hr (b),
15 hr (c) and 20 hr (d)

“““““““

Figure 4.41. The morphology of Fe-Co-B thin films prepared at 2 mA/cm? for 2.25 hr (a), 4.5 hr
(b), 6.75 hr (c) and 9 hr (d)
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Figure 4.42. The morphology of Fe-Co-B thin films prepared at 3 mA/cm? for 1 hr (a), 2.7 hr
(b 4dhr(andohr(d)

Figure 4.43. The morphology of Fe-Co-B thin films prepared at 4 mA/cm? for 0.73 hr (a), 1.31
hr (b), 1.90 hr (c) and 2.48 hr (d)
The cross section view of the films with 10 um are shown in Figure 4.44. The films shows

good homogeneity from the cross section view. Good homogeneity is also observed in the films
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with other three thickness. The films are comprised of bilayers. The left side is Cu layer and right
side is Fe-Co-B layer. Small gap might be observed between the two layers in some thin films due

to the internal stress or lattice mismatch.

Figure 4.44. Cross section view of Fe-Co-B thin films with 10 pm prepared at 0.5 mA/cm? for
20 hr (a), 1 mA/cm? for 10 hr (b), 2 mA/cm? for 4.5 hr (c), 3 mA/cm? for 2.70 hr (d) and 4
mA/cm? for 1.31 hr (e)

4.4.3 Composition of the films

The surface and cross section composition of the films were detected using EDS. Five area
detections were conducted on the film surface and five point detections were conducted on the
central of the cross section. The Fe/Co ratio on the surface and cross section of Fe-Co-B thin films
with four different thicknesses are shown in Figure 4.45. The surface Fe/Co ratio and cross section
Fe/Co ratio are averaged from the corresponding five areas. The small descrepancy of the Fe/Co

value between the surface and cross section might due to the oxidation or contamination of the

surface. At a particular thickness, both of the Fe/Co ratio on the surface and cross section increases
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with increasing the current density. The nominal Fe/Co ratio is about 1.96. Most of the measured
Fe/Co ratio is smaller than the nominal value indicating that the deposition rate of Fe and Co are
different at certain current densities. The Fe/Co ratio of the films deposited at 0.5 mA/cm? is
smaller than 1, while that of films deposited at higher than 0.5 mA/cm? is larger than 1. At low
current density, i.e., 0.5 mA/cm?, the deposition rate of Co is extremely faster than Fe so that the
final deposits are Co-rich alloys. Among the five current densities used the largest current density
4 mA/cm? gives the closest Fe/Co ratio to the nominal value. Thus, at 4 mA/cm? film composition
is close to the solution composition. The dependence on thickness and current density of cross
section Fe/Co ratio is displayed in Figure 4.46. This indicates clearly that at a particular thickness,
Fe/Co ratio increases with increasing the current density. At the current density of 0.5~2 mA/cm?,
Fe/Co ratio remains similar as the thickness increases while at the current density of 3 mA/cm?
and 4 mA/cm?, Fe/Co ratio varies somewhat with increasing the film thickness.

The potential between working electrode and Ag/AgCl electrode was monitored during
deposition. From Figure 4.47, it depicts that with increasing the current density, the monitored
potential becomes more negative, i.e., the absolute value of the potential increases with increasing
the applied current density. In this system, Fe is less noble metal and Co is more noble metal. For
regular codeposition system, an increase of the current density should lead to the increase of the
deposition rate of the less noble metal, i.e., Fe. From the viewpoint of cathode potential, the
increase of current density makes the cathode potential more negative (less noble). From the result
of Figure 4.47, as the current density increases, the cathode potential becomes more negative
which is in favor of the more Fe content in the deposits. This is also indicated in Figure 4.45.
Besides, it can be concluded that, this Fe-Co-B alloy solution system is a regular type codeposition

system.
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Figure 4.46. The dependence of thickness and current density of Fe/Co ratio in 3D view
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and 20 pm under different current densities
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The atomic distribution on the cross section of the films with different thicknesses were
detected by EDS. About 3 to 7 point detections were conducted on the cross section of Fe-Co-B
layer depending on the film thickness. Figure 4.48 shows the cross section atomic distribution of
films with thickness of 20 um. A slight amount of Cu is found near the Cu substrate. Along the
thickness direction, Fe and Co content shows a relatively stable distribution. The average Fe and
Co content was calculated based on the points after 2 um from Cu layer. The average Fe content
along cross section of films deposited at 0.5 mA/cm? for 40 hr, 1 mA/cm? for 20 hr, 2 mA/cm? for
9 hr, 3 mA/cm? for 6 hr and 4 mA/cm? for 2.48 hr is about 46.3 at.%, 51.4 at.%, 60.8 at.%, 64.2
at.% and 66.3 at.%, respectively. The average Co content along cross section of films prepared at
0.5 mA/cm? for 40 hr, 1 mA/cm? for 20 hr, 2 mA/cm? for 9 hr, 3 mA/cm? for 6 hr and 4 mA/cm?
for 2.48 hr is about 53.7 at.%, 48.6 at.%, 39.2 at.%, 35.8 at.% and 33.7 at.%, respectively. This
depicts that at a similar thickness the Fe content of the thin film increases while Co content
decreases with increasing the current density or deposition rate. This trend is easily shown in
Figure 4.48 where at the same thickness the line with green circles (representing Co concentration)
moves downwards and the line with red squares (representing Fe concentration) moves upwards
gradually with increasing the current density. It is also observed that the film deposited at 0.5

mA/cm? is a Co-rich alloy while those deposited at higher than 0.5 mA/cm? are Fe-rich alloys.
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Figure 4.48. The atomic distribution along the cross section of 20 um films prepared under 0.5
mA/cm? for 40 hr (a), 1 mA/cm? for 20 hr (b), 2 mA/cm? for 9 hr (c), 3 mA/cm? for 6 hr (d) and
4 mA/cm? for 2.48 hr (e)

The relation of Fe/Co ratio in the thin film and the Fe**/Co?" ratio in the solution are displayed
in Figure 4.49 at a particular current density for different deposition time. This figure depicts the

kinetic process of the Fe-Co-B deposits with regard to the changing of Fe**/Co?" concentration in
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the solution. The initial Fe/Co ratio in the film and initial Fe**/Co?" ratio in the solution is assumed
as the nominal ratio 1.96. The following Fe/Co ratio in the plot was determined by EDS as Figure
4.45. The following Fe?*/Co*" ratio in the solution was calculated from initial ion concentration
minus the reacted ion concentration. As in Figure 4.49(a), for the thin films deposited at 0.5
mA/cm?, the surface Fe/Co ratio of thin film decreases with increasing the Fe?*/Co?" ratio, while
the cross section Fe/Co ratio decreases then increases slightly and decreases again with increasing
the Fe?"/Co?" ratio. For thin films deposited at 1 mA/cm?, the surface Fe/Co ratio decreases then
increases slightly with increasing the Fe?*/Co*" ratio, while the cross section Fe/Co ratio decreases
with increasing the Fe?"/Co*" ratio as in Figure 4.49 (b). For thin films deposited at 2 mA/cm?,
both the surface and cross section Fe/Co ratio decreases then increases slightly with increasing the
Fe?*/Co?" ratio as shown in Figure 4.49 (c). For thin films deposited at 3 mA/cm?, both the surface
and cross section Fe/Co ratio decreases then increases with increasing the Fe**/Co?" ratio as shown
in Figure 4.49 (d), while there is a larger discrepancy between the surface and cross section Fe/Co
ratio due to the surface oxidation or contamination of thin film surface. For thin films deposited at
4 mA/cm?, the Fe**/Co?" ratio in the solution changes back and forth and Fe/Co ratio of the surface

and cross section changes inversely with the changing of Fe?*/Co*" ratio.
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Figure 4.49. The Fe/Co ratio in the thin film versus the Fe?*/Co*" ratio in the solution of the Fe-
Co-B thin films deposited at 0.5 mA/cm? (a), 1 mA/cm? (b), 2 mA/cm? (c), 3 mA/cm? (d) and 4
mA/cm? () at the thickness of about 5 um, 10 pm, 15 pm, 20 pm

The films with thicknesses of 15 um deposited at 0.5 mA/cm? for 30 hr, 1 mA/cm? for 15 hr,
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2 mA/cm? for 6.75 hr, 3 mA/cm? for 4.40 hr and 4 mA/cm? for 1.90 hr were measured with XPS.
In Figure 4.50, the Fe 2p, Co 2p and B 1s core-level photoemission of the film deposited at 1
mA/cm? for 15 hr are shown. Fe 2ps at 711.4 eV and Fe 2pi2 at 725.5 eV shows that Fe is in the
oxide state of Fe>O3. Co 2p32 at 780.4 eV and Co 2pi2 at 796.4 eV shows that Co is in the CoO
state. Co 2p3/2 satellite peak and Co 2p1. satellite peak are also observed at 786 eV and 802.5 eV,
respectively. B 1s peak is observed at 191.6 eV. By fitting the peaks with XPSPeak 4.0 software,
the composition is about Fese sC037.7B2s 5 for thin film deposited at 1 mA/cm? for 15 hr. B content
is not found on the films deposited under 0.5 mA/cm? for 30 hr and 3 mA/cm? for 4.40 hr which
might be due to the non B rich area which was characterized. The composition for films deposited
at 2 mA/cm? for 6.75 hr and 4 mA/cm? for 1.90 hr is about Fes99Co035.5B243 and Fess sCo31.1B20.1.,
respectively. The Fe/Co ratio on the surface detected by XPS is slightly smaller than that measured
by EDS could be attributed to the detection area difference. For XPS, the analysis depth is about
50 A, while for EDS the analysis depth is about 1~2 pm depending on the elements. On the outer

layer of the thin film, the material tends to be more oxidized compared with the inner layer.
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Figure 4.50. Fe 2p, Co 2p and B 1s XPS spectra in Fe-Co-B thin films deposited under 1
mA/cm? for 15 hr

4.4.4 Resonant behavior of the films

The resonant behavior of thin films with size of 5 mmx2 mmx>10 pm and 5 mmx2 mmx15
um was characterized, as in Figure 4.51 and Figure 4.52. In each figure, the impedance and phase
versus frequency are plotted. The black line represents the impedance curve, while the blue line
represents phase curve. In the impedance curve, there are two strong peaks: one the resonant
frequency (f;) and the other anti-resonant frequency (fi). In the phase curve, a strong resonant
frequency (fo) is displayed. The resonant frequency (fo) of five 5 mmx2 mmx10 pm strips were

fitted with the Lorentz Area function. The fitted resonant frequency and Q value are shown in
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Figure 4.53. The averaged resonant frequency of the 5 mmx2 mmx10 pm strips is about 350 kHz,
as in Figure 4.53 (a). The averaged Q value of 5 mmx2 mmx10 pm strips is around 120~160. The
fitted resonant frequency and Q value of 5 mmx2 mmx15 um strips are displayed in Figure 4.54.
The averaged frequency is about 350 kHz and Q value is around 70~200. The amplitude of both 5
mmx2 mmx10 pm and 5 mmx2 mmx15 pm strips from the current density of 1 mA/cm? and 2
mA/cm? are relatively larger than that from other condition, as in Figure 4.55. However, the films
deposited at 3 mA/cm? exhibits a good tradeoff between the Q value and amplitude. Hence, from
the view of resonant behavior, thin films with same thickness under different current densities of

0.5 mA/cm? ~4 mA/cm? can be used for sensor application.
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Figure 4.51. Resonant behavior of MSPs with size of 5 mmx2 mmx10 um from Fe-Co-B thin
films prepared at 0.5 mA/cm? for 20 hr (a), 1 mA/cm? for 10 hr (b), 2 mA/cm? for 4.50 hr (c), 3
mA/cm? for 2.70 hr (d) and 4 mA/cm? for 1.31 hr (e)
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Figure 4.52. Resonant behavior of MSPs with size of 5 mmx2 mmx15 um from Fe-Co-B thin
films prepared at 0.5 mA/cm? for 30 hr (a), 1 mA/cm? for 15 hr (b), 2 mA/cm? for 6.75 hr (c), 3
mA/cm? for 4.40 hr (d) and 4 mA/cm? for 1.90 hr (e)
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Figure 4.54. The averaged resonant frequency (a) and Q value (b) of MSPs with size of 5 mmx2
mmx15 pm from Fe-Co-B thin films prepared at 0.5 mA/cm? for 30 hr, 1 mA/cm? for 15 hr, 2
mA/cm? for 6.75 hr, 3 mA/cm? for 4.40 hr and 4 mA/cm? for 1.90 hr
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For the films with the thickness of 10 um and 15 pm, the acoustic velocity were calculated
based on the resonant frequency and length of the sample, as shown in Table 4-9 and Table 4-10,
respectively. The mass of the film was determined by measuring the mass of substrate before and
after deposition. Based on the mass and volume of the film, the density of the films were calculated.
The relation between Young’s Modulus and Poisson’s ratio E/(1-v) was determined based on
acoustic velocity and density of the film. It is found that the acoustic velocity of the films is
3470~3660 m/s. The density of the film is 4.3 X 103~7.1 x 103 kg/m>. The films deposited at the
1 mA/cm? and 2 mA/cm? for different time have similar densities. The films deposited at 0.5
mA/cm? and 4 mA/cm? for longer time has a smaller density than those deposited for shorter time.
The film deposited at 3 mA/cm? for longer time has a higher density than that deposited for shorter
times. The discrepancy is due to the solution concentration change with increasing the deposition
time. For the films with thickness of 10 um, the film deposited at 1 mA/cm? has the highest value
of E/(1-v). For the films with thickness of 15 um, the film deposited at 3 mA/cm? has the highest

value and the film deposited at 1 mA/cm? has the second highest value of E/(1-v). This indicates
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that at the same thickness the films with the highest E/(1-v) have the highest or relatively high Q
value.

Table 4-9 The velocity, mass, density and E/(1-v) of films with thickness of 10 um

Deposition condition fo \ Mass Density E/(1-v)
(kHz)  (m/s) (8) (kg/m’) (GPa)
0.5 mA/cm? for 20 hr 3572 35719 0.0210 6.0 x 103 76.5
1 mA/cm? for 10 hr 361.0 3610.2 0.0257 6.7 X 103 87.3
2 mA/cm? for 4.50 hr 347.4 34740 0.0226 6.2 X 103 74.8
3 mA/cm? for 2.70 hr 3549  3549.1 0.0216 6.1 x 103 76.8
4 mA/cm? for 1.31 hr 3655 3655.5 0.0184 5.2 x 103 69.5

Table 4-10 The velocity, mass, density and E/(1-v) of films with thickness of 15 um

Deposition condition fo v Mass Density E/(1-v)
kHz)  (m/s) () (kgm’)  (GPa)
0.5mA/cm? for20 hr 3545 35454  0.0259 4.5 % 103 56.6
1 mA/cm? for 10 hr 346.7  3467.1 0.0390 6.8 x 103 81.7
2mA/cm? for4.50 hr ~ 350.6  3505.7 0.0347 5.9 x 103 72.5
3mA/ecm? for 2.70 hr  358.6  3585.8 0.0397 7.1 x 103 91.3
4mA/cm? for 1.31 hr  356.5 3564.9 0.0240 4.3 %103 54.6

445 Magnetic property of the films

The in-plane and out of-plane magnetization hysteresis loop of the films with the thickness
of 5 um, 10 um, 15 pm and 20 um prepared at different current densities were measured with VSM.
The magnetic field with magnitude with up to 10,000 Oe was applied to the 3 mmx1.5 mm sample.
The out of-plane magnetization of the films are not yet saturated under the applied magnetic field
of -10,000 Oe to 10,000 Oe. The in-plane unit volume magnetization of the films is shown in
Figure 4.56. Under the magnetic field, the films starts saturation at the magnetic field of about
2,000 Oe. The films all exhibit typical soft magnetic characteristic. By zooming in the near origin
part of the curve, slim loops are observed as the inset of each figure in Figure 4.56. At each
thickness, the films prepared at different current densities show a slight different hysteresis loop

in terms of saturation magnetization (M;s), coercivity (Hc), remanent magnetic field (M;) or
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squareness (S). Those parameters for thin films from different deposition condition are
summarized in Table 4-11.

For the films with the thickness of 5 pm, the M; is around 900~1,600 emu/cm?, the H. is
around 10~31 Oe, the M; is around 140~250 emu/cm® and the S is around 0.10~0.27. Thin films
with higher Mg, lower Hc, lower M; and lower S are desired for better soft magnetic property. For
thin films of 5 um in thickness, the film deposited under 1 mA/cm? for 5 hr exhibits a relatively
better soft magnetic property. For the films with the thickness of 10 pm, the M; is around 300~1330

3 and the S is around

emu/cm’, the Hc is around 7~30 Oe, the M; is around 46~177 emu/cm
0.12~0.20. Among the films with 10 um, the film deposited under 1 mA/cm? for 10 hr exhibits a
slightly better soft magnetic property than that of other condition. For the films with the thickness
of 15 pum, the M is around 450~850 emu/cm?, the H, is around 6~23 Oe, the M; is around 38~90
emu/cm’ and the S is around 0.05~0.17. The film deposited under 2 mA/cm? for 6.75 hr exhibits
relatively better soft magnetic property than that of other condition amongst the films with
thickness of 15 um. For the films with the thickness of 20 pm, the M is around 520~1435 emu/cm?,
the H is around 1~15 Oe, the M, is around 12~137 emu/cm? and the S is around 0.01~0.10. Among
the films with 20 pum, the film deposited under 1 mA/cm? for 20 hr exhibits slightly better soft
magnetic property than that of other condition. Generally speaking, the films with 5 um exhibits
highest saturation magnetization, while the films with 20 um exhibits the lowest coercivity and
squareness. It is also observed that the thicker the films, the lower the coercivity and lower

squareness. Among all the films deposited at different current densities, the films prepared at 1

mA/cm? shows the best soft magnetic property.
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Figure 4.56. The in plane unit volume magnetization hysteresis loops of Fe-Co-B thin film with
thickness of 5 um (a), 10 um (b), 15 um (c), 20 um (d)
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Table 4-11 The magnetic parameters of thin films with different thickness

Thickness (um) | Deposition condition | Ms (emu/cm?) | He (Oe) | M; (emu/cm?) | S(My/Ms)

0.5 mA/em*-10 hr 924.2 29.6 245.1 0.27

I mA/em’-5 hr 1472.4 10.8 144.6 0.10

5 2 mA/em?-2.25 hr 1573.9 13.7 152.7 0.10
3 mA/em?*-1 hr 985.6 20.8 142.4 0.14

4 mA/cm?-0.73 hr 1257.3 30.8 176.3 0.14

0.5 mA/em*-20 hr 780.0 29.8 90.2 0.12

1 mA/cm?-10 hr 1328.0 6.9 176.5 0.13

10 2 mA/cm?-4.5 hr 684.0 77 109.7 0.16
3 mA/em?-2.7 hr 1123.0 7.5 225.4 0.20
4mA/cm?-1.31 hr 299.1 8.3 458 0.15

0.5 mA/em?-30 hr 530.8 22.6 87.8 0.17

1 mA/em?-15 hr 450.4 14.3 37.8 0.08

15 2 mA/em?-6.75 hr 852.2 6.3 38.4 0.05
3 mA/cm*-4.4 hr 709.1 5.6 59.7 0.08

4 mA/em?-1.90 hr 740.0 5.9 89.4 0.12

0.5 mA/em*-40 hr 1434.3 15.3 136.7 0.10

1 mA/em?-20 hr 1201.7 1.4 12.2 0.01

20 2 mA/em?-9 hr 1117.5 5.0 62.8 0.06
3 mA/em®-6 hr 519.5 11.3 32.0 0.06

4 mA/em?-2.48 hr 574.1 5.2 58.0 0.10

The in-plane unit volume magnetization hysteresis loops of Fe-Co-B thin films deposited at
same current density for different times is shown in Figure 4.57. For the films deposited at the
same current density, the M-H loop difference of the films is from the thickness difference. The

loops are zoomed in at bottom right of each image, so that a small area of each loop is observed.
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At each current density, the M-H loops of the films for different deposition time vary slightly in
the loop area or saturation magnetization. The saturation magnetization, coercivity and squareness
are compared at the same current density for different time, as displayed in Figure 4.58. M; first
decreases and then increases with increasing the thickness for the films deposited at the current
density of 0.5 mA/cm?, 1 mA/cm? and 2 mA/cm?. For the films deposited at 3 mA/cm?, M first
increases and then decreases with increasing the thickness. For the films deposited at 4 mA/cm?,
M; first decreases, then increases and decreases with increasing the thickness. Hc first increases
and then decreases with increasing the thickness for the films deposited at 0.5 mA/cm?. For films
prepared at the current density of 1 mA/cm?, H first decreases, then increases and decreases as the
thickness increased. Hc decreases with increasing the thickness for the films deposited at 2 mA/cm?
and 4 mA/cm®. For the films prepared at 3 mA/cm?, Hc decreases and then increases as the
thickness increases. M; decreases and then increases with increasing the thickness for the films
deposited at 0.5 mA/cm? and 2 mA/cm?, while it increases and then decreases with increasing the
thickness for the films prepared at 1 mA/cm? and 3 mA/cm?. For the films deposited at 4 mA/cm?,
M: first decreases, then increases and then decreases as the thickness increases. S shows a zig-zag
trend for the films deposited at the current density of 0.5 mA/cm?, while it shows a counter zig-
zag trend for the films prepared at 2 mA/cm?. For the films deposited at 1 mA/cm?, 3 mA/cm? and

4 mA/cm?, S first increases and then decreases with increasing the thickness.
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Figure 4.57. The in plane unit volume magnetization hysteresis loops of Fe-Co-B thin films
prepared at the current density of 0.5 mA/cm? (a), I mA/cm? (b), 2 mA/cm? (c), 3 mA/cm? (d)
and 4 mA/cm? (e) for different times
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Figure 4.58. The Ms, He, M and S of the thin films deposited at the same current density for
different times

4.4.6 Optical property of the films

Generally speaking, the films deposited at the current density of 0.5 mA/cm? shows a metallic
silver color while those deposited at higher current densities shows a black color. That might be
attributed to the more Fe content of the films at higher current density. Hence it is interesting to
study the optical property of the films. The optical property of films were characterized using
Raman Spectroscopy. A green laser light with the frequency from 100 to 1,500 cm™ was shone on
a piece of thin film. From the Raman spectra, there are peaks at about 600 cm™ and 1,060 cm™.

These peaks might be Fe-B-Fe or Fe-B bond vibration at 600 cm™, and B-B bond vibration at
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1,060 cm’!. The peak at about 470 cm™! might be Fe-O bond motion. It is observed that at the
thickness of 5 um, 10 um, and 20 pum, the Fe-B-Fe or Fe-B bond vibration in the film shifts to
higher vibration frequency with increasing the current density from 0.5 mA/cm? to 2 mA/cm? and
then shifts back to lower frequency from 2 mA/cm? to 4 mA/cm?, as shown in Figure 4.59 (a), (b)
and (d). At the thickness of 15 um, the Fe-B-Fe or Fe-B bond vibration in the film shifts to a higher
vibration frequency with increasing the current density, as in Figure 4.59 (c). At each thickness,
the film deposited at 0.5 mA/cm? shows a weaker the Fe-B-Fe or Fe-B bond vibration compared
with those deposited at higher current densities. This could be resulted from the low Fe content for
thin films deposited at 0.5 mA/cm?, since it is Co-rich alloy at the current density of 0.5 mA/cm?

as depicted previously.
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Figure 4.59. Raman spectra of Fe-Co-B thin films with the thickness of 5 um, 10 pum, 15 pm and
20 pm

4.5 Conclusions

Thin films with solution composition of FessCo2sB17 prepared at 3 mA/cm? for 1 hr, 6 hr and
9 hr exhibits a CoFe nanocrystalline structure and shows circular nodules on the surface. The films
shows good surface nodular homogeneity and thickness homogeneity. The surface and cross
section Fe/Co ratio decreases slightly with increasing the deposition time. The resonant frequency
increases slightly and the Q value decreases with increasing the film thickness.

The films with solution composition of FessCo2sB17 prepared using different concentrations
of Na Saccharin at 3 mA/cm? for 6 hr show a high amorphous background with some
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nanocrystalline CoFe phase. The surface morphology of film using 0.010 M Na Saccharin has
circular nodules while those using 0 M, 0.020 M and 0.025 M Na Saccharin have finer circular
nodules. As the concentration of Na Saccharin increases, less micro cracks are found in the thin
film indicating the internal stress is relieved with the addition of Na Saccharin. However, when
the concentration of Na Saccharin reaches 0.025 M, Fex(SO4); crystal forms and leaved
rhombhedral holes after the film rinsed with DI water. The film with 0.010 M Na Saccharin
exhibits best resonant behavior.

The films with solution composition of FessCo2sBi17 were deposited at 0.5 mA/cm?, 1
mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm? for 9 hr, where the solution bath was changed
every 3 hr. The film prepared at 0.5 mA/cm? for 9 hr has Coo.72Feo 25 phase, while those deposited
at current density higher than 0.5 mA/cm? have CoFe phase. All the films display a
homogeneous surface and thickness. The film deposited at 0.5 mA/cm? for 9 hr shows island
nodules on the surface, while those deposited at higher than 0.5 mA/cm? show finer and circular
nodules on the surface. The Fe/Co ratio on the surface and cross section first increase and then
decrease slightly with increasing the current density. The films deposited at 1 mA/cm? and 2
mA/cm?for 9 hr exhibit a good tradeoff among the structure, morphology and resonant behavior.
Out of-plane magnetization hysteresis loops of the films were characterized. The films shows
typical soft magnetic characteristics. The film deposited at 3 mA/cm? for 9 hr shows the highest
unit volume and unit mass saturation magnetization. The saturation magnetization of the film
prepared at 1 mA/cm? for 9 hr first increases then decreases with increasing the temperature
from 5 K to 400 K.

The films with solution composition of FessCo23B17 with the same thickness of 5 um, 10 pm,

15 pm and 20 um were deposited at 0.5 mA/cm?, 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4 mA/cm?
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with one batch of solution for each film. At each thickness, the film deposited under 0.5 mA/cm?
has a different structure from those deposited at higher current densities. For thin films prepared
at 0.5 mA/cm? a nanocrystalline structure of Coo.72Fe 25 is observed, while in thin films prepared
deposited at higher current densities a CoFe nanocrystallne structure is observed. Thin films
prepared at the same current density for different times show similar structure except for the films
deposited at 1 mA/cm?. The films prepared at 1 mA/cm? for 15 hr and 20 hr have Coo 72Feo 25 phase
while those prepared at 1 mA/cm? for shorter time do not. At each thickness, the film deposited at
0.5 mA/cm? shows hemispherical nodules while those prepared at higher current densities show
circular and finer nodules. The films deposited at the same current density display similar structure
except for the films prepared at 1 mA/cm? which undergoes a morphology change. All the films
show homogeneous and dense surface and thickness. The atomic distribution along the thickness
direction is relatively stable. At each thickness, the Fe/Co ratio increases with increasing the
current density. For thin films prepared at same current density, the Fe/Co ratio in the deposits
changes with the varying of the Fe?*/Co?" ratio in the solution. For strips with size of 5 mmx2
mmx10 pm and 5 mmx2 mmx15 um, the average resonant frequency is both around 350 kHz,
and the average Q value is 120~160 for the former and 70~200 for the latter. The films deposited
at 3 mA/cm? exhibit a good tradeoff between the Q value and amplitude. It is found that at the
same thickness the films with the highest E/(1-v) have the highest or relatively high Q value.

The films with the same thicknesses prepared at different current densities show soft magnetic
properties. Generally, the films prepared at 1 mA/cm? show the best soft magnetic property. The
films with thickness of 5 um have the highest saturation magnetization, while the films with
thicknesses of 20 um have lowest coercivity and squareness. It is also observed that the thicker the

films, the lower the coercivity and lower squareness. For the films with different thicknesses
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deposited at the same current density, the loop changes slightly with the thickness. From the Raman
spectra, the films deposited at the current density of 0.5 mA/cm? have weaker Fe-B-Fe or Fe-B
vibration peak than those deposited at higher current densities due to the lower Fe content. For the
films with the thicknesses of 5 pm, 10 um, and 20 pum, the Fe-B-Fe or Fe-B vibration peak position
first shifts to higher values and then shifts to lower values with increasing the current density. For
the films with thicknesses of 15 pm, this peak shifts to higher vibration frequencies as the current

density increases.
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Chapter 5  The Effect of Fe/Co Ratio and B Content on the Properties of Fe-Co-B Thin
Films

In the ternary Fe-Co-B alloy as shown in last chapter, the Fe/Co ratio increases with
increasing the current density for the films with the same thickness. In order to better understand
the co-deposition of Fe and Co, it is important to know the pure deposition of Fe and Co. In this
chapter, binary alloys with solution composition of FessBi7 and Co2sB17 were fabricated with the
same deposition parameters as ternary alloy with solution composition of FessCo2sB17, as shown
in Table 4-6. The understanding of Fe deposition in Fe-B alloy and Co deposition in Co-B alloy
can be beneficial for better understanding the co-deposition of Fe and Co in ternary Fe-Co-B alloy.

The molar number of Fe and Co in their binary alloy was characterized. Then Co amount was
reduced to increase the final Fe/Co ratio in the deposit. The structure and properties of films with
different Fe/Co ratios were compared. The influence of B content on the structure and properties
of the films was studied by fixing the Fe and Co amount and varying the B content from 0~29 at.%

deposited at 1 mA/cm? for 10 hr and 3 mA/cm? for 2.70 hr.

167



5.1 Binary alloys with solution composition of FessB17 and Co28B17

Binary alloys with solution composition of FessB17 and Co2sB17 were deposited at the current
density of 0.5~4 mA/cm? for various times as the ternary alloy with solution composition of
FessCo28B17. To determine the amount of the thin films prepared, the mass of the FessB17 thin film
and Co2sB17 thin film at different condition is shown in Table 5-1. It is obvious that at the same
depositing condition, thin films with solution composition of Co2sB17 had larger mass than those
with solution composition of FessB17. At the same current density, the mass of both the films with
solution composition of FessBi7 and Co2sB17 increase with increasing the depositing time. The
molar amount of Fe and Co was calculated based on the mass of the deposits and ignoring the mass
of B in the deposit. The molar number of Fe and Co at the same current density for different times
are displayed in Figure 5.1. For all the used current densities, i.e., 0.5~4 mA/cm?, Co has a larger
molar number than that of Fe although the applied Fe molar number is about twice of Co molar
number. Thus, in the binary alloy with B, Co** deposits faster than Fe?* at the current density of
0.5~4 mA/cm?. At same current density, the molar number of both Fe and Co increase with
increasing the depositing time. Hence, the thin film with a higher Fe/Co ratio as the nominal

solution Fe/Co ratio can be achieved by reducing the input of Co concentration.
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Table 5-1 The mass of thin films with solution composition of FessB17 and Co2sB17 at variant

conditions
Deposition condition | FessBi7 (mg) | Co2sBi7 (mg)

0.5 mA/cm?-10 hr 1.0 20.9
0.5 mA/cm?-20 hr 4.8 40.7
0.5 mA/cm?-30 hr 9.6 58.6
0.5 mA/cm?-40 hr 10.0 73.2
1 mA/cm?-5 hr 7.1 22.8

1 mA/cm?-10 hr 9.4 31.3
1 mA/cm?-15 hr 13.3 66.8
1 mA/cm?-20 hr 15.5 91.1
2 mA/cm?-2.25 hr 9.7 21.7
2 mA/cm?-4.5 hr 13.2 44 .4
2 mA/cm?-6.75 hr 18.3 61.3
2 mA/cm?-9 hr 20.2 86.1
3 mA/cm?-1 hr 8.2 14.1
3 mA/cm?-2.7 hr 16.5 39.3
3 mA/cm?-4.4 hr 25.0 65.0
3 mA/cm?-6 hr 40.3 83.3
4 mA/cm?>-0.73 hr 10.7 14.8
4 mA/cm?>-1.31 hr 12.7 26.6
4 mA/cm?>-1.90 hr 18.5 38.6
4 mA/cm?>-2.48 hr 20.5 50.1
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Figure 5.1. The mole number of Fe in Fe-B thin films and Co in Co-B thin films deposited at 0.5
mA/cm? (a), 1 mA/cm? (b), 2 mA/cm? (c), 3 mA/cm? (d) and 4 mA/cm? (e) for different times (the
same depositing parameters as used for ternary Fe-Co-B thin films in Table 4-6 )
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5.2 Adjusting of Fe/Co ratio
5.2.1 Composition of Fe-Co-B thin films

As discussed in Chapter 4, the Fe/Co ratio in the final deposit with solution composition of
FessCo2sB17 is smaller than 1.96 (55/28) at the current density of 0.5~ 4 mA/cm?. To get the deposit
with the Fe/Co ratio close to 55/28, the Co content in the solution could be reduced. Thus, the
content of CoCly-6H>O was reduced while the amount of the other chemicals involved in the
electrodeposition process were kept the same based on previous EDS Fe/Co ratio. It should be
stated that the Fe/Co ratio was determined on the central portion of the thin film cross section. It
is found that by reducing the Co amount, the final Fe/Co ratio of the film is increased. The new
Co molar number was calculated based on the following equation:

(Real film % ratio)q

n2q, = 0.28 X mole (5-1)

] - F ]
(Nominal solution % ratio),

For comparison, the depositing parameters of thin films with solution composition of
FessCo28B17 with the thickness of 10 pm and 15 um were used for the adjusted Fe-Co-B thin films,
as in Table 5-2. The real Fe/Co ratio in the deposit and thickness of the films with two
compoistions are shown in Table 5-3. In the table, the adjusted solution composition of the Fe-Co-
B thin film C; was calculated based on the previous solution composition C; and previous film
Fe/Co ratio Ry according to equation (5-1). It is found that the adjusted film Fe/Co ratio in the
deposit Ry is larger than R; and much closer to 55/28 (1.96). That is to say, the desired Fe/Co ratio
in the deposit could be achieved by adjusting the solution concentration. The adjusted solution
compoisition C of thin films under the same current density for different times is close to each
other or the same. After adjusting, the thickness of the thin film changes due to a lowered amount

of Co in the solution. Most of the films with a higher Fe/Co ratio (R2) have thinner thickness (T2)
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than those with a lower Fe/Co ratio (R1), except for the films deposited under 3 mA/cm? for 2.7 hr

and 4.4 hr, which have a slightly larger thickness than those with a smaller Fe/Co ratio.

Table 5-2 The depositing parameters of Fe-Co-B alloy with adjusted Fe/Co ratio

Current density Deposition time
0.5 20 hr 30 hr
1 10 hr 15 hr
2 4.5 hr 6.75 hr
3 2.7 hr 4.4 hr
4 1.31 hr 1.90 hr

Table 5-3 Real Fe/Co ratio and thickness of the films (from cross section of thin films)

Composition 1 Composition 2
Depositing Noml‘nal Film Thickness Adjugted Film Thickness
. solution solution
condition composition Fe/Co (um) composition Fe/Co (um)
%’Cl) ratio (R1) | (T1) ?cz) ratio (R2) | (T2)
0.5
mA/cm?-20 | FessCoxBi7 0.87 10.0 FessCoi12B17 2.03 3.2
hr
0.5
mA/cm?>-30 | FessCoxBi7 0.92 15.0 FessCoi3B17 1.71 34
hr
2—
I n’ig/gn FessCossBiy | 1.12 10.7 | FessCoBrr | 2.27 6.8
2—
I ni?/}f;n Fes5Co028B17 1.09 15.0 Fes5Coi16B17 2.02 6.9
2—
2 rzlé/f;n Fes5Co028B17 1.58 10.3 Fes5Co2B17 1.97 7.8
2
2 1611?5/2?1"1 " | FessCosBi7 1.51 15.3 Fes5Co021B17 2.02 11.7
b}
3 112“7” }Clrrn " | FessCoxsBi7 | 1.66 10.0 | FessCoxuBi7 | 1.98 10.4
2—
3 MO | FessCoxBry | 172 147 | FessCouBrr | 181 15.5
4 1 310;1; FessCo2sB17 1.77 10.0 FessCoasB17 2.00 8.9
2—
4 111“9”00}?; FessCoxsBi7 | 1.76 147 | FessCoxsBi7 | 2.01 11.0
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5.2.2 Structure of Fe-Co-B thin films

The XRD patterns of the Fe-Co-B thin films with different composition prepared at the
current densities of 0.5~4 mA/cm? for different times as in Table 5-3 are displayed in Figure 5.2
and Figure 5.3. In each figure, the black line represents the films with C; composition while the
red line represents the films with C2 composition. The films with higher Fe/Co ratio shows
prominently different structure from those with lower Fe/Co ratio at low current densities such as
0.5 mA/cm? and 1 mA/cm? as in Figure 5.2. The films with different Fe/Co ratios exhibit a similar
structure when deposited at the current density of 2~4 mA/cm? as in Figure 5.3. For the films
deposited at 0.5 mA/cm? for 20 hr and 30 hr, the films with lower Fe/Co ratio have a Coo72Feo.2s
phase, while the films with a higher Fe/Co ratio have a CoFe phase and a Cu phase from the
substrate, as seen in Figure 5.2(al) and (a2). The crystal size determined from the Coo.72Feo.25 (332)
peak in the films prepared at 0.5 mA/cm? for 20 hr and 30 hr is 21.2 nm and 26.0 nm, respectively.
The crystal size determined from CoFe (110) peak in the films deposited at 0.5 mA/cm? for 20 hr
is 18.7 nm while that of film deposited at 0.5 mA/cm? for 30 hr is 16.8 nm. As shown in Figure
5.2(b1), the film deposited under 1 mA/cm? for 10 hr with lower Fe/Co ratio displays a CoFe
structure with the preferred orientation of (110) plane, while that with higher Fe/Co ratio has a
preferred CoFe (211) plane. The crystal size of the former is 11.1 nm and that of the latter is 14.7
nm. In Figure 5.2(b2), the film deposited at 1 mA/cm? for 15 hr with lower Fe/Co ratio has a B
(311) peak at 39.3° and a B (304) peak at 48.8° besides the preferred CoFe (110) peak, while that
with a higher Fe/Co ratio has a dominant CoFe (211) peak and some Cu peaks from the substrate.

The structure of the films with different compositions deposited at 2~4 mA/cm? for varying
time all display similar structures, as seen in Figure 5.3. In each figure, the black line represents

the films with a Ci composition while the red line represents the films with a C> composition. They
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all have CoFe (110) peak, CoFe (200) peak, and CoFe (211) peak. The dominated orientation is
CoFe (110). The crystal size determined from CoFe (110) peak of the films with higher Fe/Co ratio
is either larger or smaller than those with lower Fe/Co ratio depending on the deposition condition
as listed in Table 5-4. It should be stated that the crystal size of each film was determined from
the corresponding dominant crystalline plane. The crystal size of the Coo.72Feo.2s phase in films
deposited at 0.5 mA/cm? for 20 hr and 30 hr is more than 20 nm, which is larger than the CoFe

phase in other thin films. The crystal size of CoFe phase is 9~19 nm.
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Figure 5.2. The XRD patterns of Fe-Co-B thin films with different compositions deposited at 0.5
mA/cm? for 20 hr (al), 0.5 mA/cm?-30 hr (a2), 1 mA/cm?-10 hr (bl) and 1 mA/cm?-15 hr (b2)
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Figure 5.3. The XRD patterns of Fe-Co-B thin films with different compositions deposited at 2
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Table 5-4 Structure comparison of thin films with different solution compositions

Nominal Adjusted
it . Crystal . Crystal
Depositing solution ) solution '
- . Phase size .. Phase size
condition composition (nm) composition (nm)
1 (C1) 2(C2)
2 -

- rSOA I/;m FessCoxsBi7 | Coo.72Feos 21.2 FessCo12B17 | CoFe 18.7
2—

0> gn(;AXﬁiEm FessCozsB17 Coo.72Feo.28 26.0 FessCoi13B17 CoFe 16.8
2 -

1 mf?)/fllsl FessCo2sB17 CoFe 11.1 FessCoisB17 | CoFe 14.7

CoFe
2 -
1 mA/}(;n P FessCoasBi7 (with 10.0 FessCoisB17 | CoFe 17.0
Coo.72Feo.23)

2 -

? T?(/)CIIE FessCoasBi7 CoFe 11.9 FessCox»Bi17 | CoFe 13.6
2—

? I6n¢5/clirrl FessCo2sBi7 CoFe 11.7 FessCo21B17 | CoFe 13.2
3 mA/cm? -

2.70 hr FessCoxsBi7 CoFe 12.6 FessCo24Bi7 | CoFe 10.6
2 -

’ Tﬁ(/)clrll; FessCo2sBi7 CoFe 93 FessCo24B17 | CoFe 11.0
2 -

* T?{CIIE FessCoxsB17 CoFe 11.3 FessCoxsB17 | CoFe 10.2
2 -

) r?/;(/)cgi FessCozsBi7 CoFe 10.3 FessCo2sB17 | CoFe 14.2

5.2.3 Morphology of Fe-Co-B thin films

The surface and cross section morphology of the films with different Fe/Co ratios prepared
at the current density of 0.5~4 mA/cm? for various times are shown in Figure 5.4~Figure 5.8. In
the surface image, the magnified view of the central area is shown on the top right of the image.
The films with higher Fe/Co ratios deposited under 0.5 mA/cm? for 20 hr (Figure 5.4 (2”)) and 30
hr (Figure 5.4 (b’)) display a much thinner thickness than those with lower Fe/Co ratio (Figure

5.4 (a) and (b)) from the cross section view. The films with lower Fe/Co ratio have continuous
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semi-spherical nodules on the surface while those with higher Fe/Co ratio had partial semi-
spherical nodules.

In Figure 5.5, the films with lower Fe/Co ratio deposited at 1 mA/cm? for 10 hr (Figure
5.5(a)) have circular nodules on the surface while that deposited at] mA/cm? for 15 hr (Figure 5.5
(b)) have semi-spherical nodules on the surface. This is due to the new phase of B for the latter.
The films with higher Fe/Co ratios display flatter surface morphology than those with a lower
Fe/Co ratio. Fewer semi-spherical nodules are seen on the surface. From the view of the cross
section, the films with a higher Fe/Co ratio have much thinner thicknesses than those with a lower
Fe/Co ratios.

In Figure 5.6, it is observed that the surface morphology of the films with a lower Fe/Co ratio
deposited at 2 mA/cm? for 4.5 hr and 6.75 hr are circular nodules while those with higher Fe/Co
ratios are semi-spherical nodules. In Figure 5.7 and Figure 5.8, the films with different Fe/Co
ratios fabricated at the current density of 3 mA/cm? and 4 mA/cm? for different times all display
circular nodules on the surface. There is no obvious difference between the films with different
Fe/Co ratio prepared at the current density of 3 mA/cm? and 4 mA/cm?. For those thin films, some
fibers are seen on top of the surface which might be certain Na compound due to the co-deposition

of Na at high deposition rate.
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Figure 5.4. Films with solution composition of FessCo2sB17 deposited at 0.5 mA/cm? for 20 hr
(a), FessCo12B17 deposited at 0.5 mA/cm? for 20 hr (a’), FessCo2sB17 deposited at 0.5 mA/cm?-30
hr (b), and FessCo13B17 deposited at 0.5 mA/cm?-30 hr (b’)

178



Figure 5.5. Films with solution composition of FessCo2sB17 deposited at 1 mA/cm? for 10 hr (a),
FessCo16B17 deposited at 1 mA/cm? for 10 hr (a’), FessCo2sB17 deposited at 1 mA/cm?-15 hr (b),
and FessCo16B17 deposited at 1 mA/cm?-15 hr (b’)
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Figure 5.6. Films with solution composition of FessCo2sB17 deposited at 2 mA/cm? for 4.5 hr (a),
FessCo22B17 deposited at 2 mA/cm? for 4.5 hr (a”), FessCo2sB17 deposited at 2 mA/cm?-6.75 hr
(b), and FessCo21B17 deposited at 2 mA/cm?-6.75 hr (b’)
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Figure 5.7. Films with solution composition of FessCo2sB17 deposited at 3 mA/cm? for 2.7 hr (a),
FessCo024B17 deposited at 3 mA/cm? for 2.7 hr (a’), FessCoasB17 deposited at 3 mA/cm?-4.4 hr (b),
and FessC024B17 deposited at 3 mA/cm?-4.4 hr (b”)
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Figure 5.8. Films with solution composition of FessCo2sB17 deposited at 4 mA/cm? for 1.31 hr
(a), FessCo25B17 deposited at 4 mA/cm? for 1.31 hr (a’), FessCo2sB17 deposited at 4 mA/cm?-1.9
hr (b), and FessCo25B17 deposited at 4 mA/cm?-1.9 hr (b’)

5.2.4 Resonant behavior of Fe-Co-B thin films

The resonant behavior of Fe-Co-B thin films with different Fe/Co ratios deposited at the
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current density of 1~4 mA/cm? for different times is displayed in Figure 5.9~Figure 5.12. The
rectangular samples with size of 3 mmx 1 mm were measured using an impedance analyzer. In
each figure, the resonant behavior of thin films with two different Fe/Co ratios prepared under the
same conditions is compared. The slight difference between the resonant frequencies of the films
with different Fe/Co ratio is attributed to the combination of slightly different thin film structures
and different thicknesses. The resonant peak is fitted with the Lorentz Area function. The
parameters of the resonant peak are shown in Table 5-5. The results are averaged from three
samples. The films with a lower Fe/Co ratio is indicated as “C,” while the ones with higher Fe/Co
ratios are indicated as “C,”, same meaning as shown in Table 5-3. For the films deposited under
0.5 mA/cm? for 20 hr and 30 hr with higher Fe/Co ratio as indicated with “C5”, the film thickness
is so small that the resonant behavior is not prominent. The resonant frequency shows no obvious
trend between the films with different Fe/Co ratio. The films with lower Fe/Co ratios show a higher
amplitude than those with higher Fe/Co ratios prepared at the current density of 0.5 mA/cm?, 1
mA/cm?, 2 mA/cm? and 4 mA/cm? except that under 3 mA/cm? for certain times. The films with
lower Fe/Co ratios exhibit a higher Q value than those with higher Fe/Co ratio when deposited at
0.5 mA/cm? for 20 hr and 30 hr, 3 mA/cm? for 4.4 hr, and 4 mA/cm? for 1.31 hr and 1.90 hr, and

reverse when deposited at other condition.
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Figure 5.9. Resonant behavior of the films with solution composition of FessCo28B17 deposited
at 1 mA/cm? for 10 hr(a), FessCo16B17 deposited at 1 mA/cm? for 10 hr(a’), FessCo2sB17
deposited at 1 mA/cm?-15 hr(b), and FessCo16B17 deposited at 1 mA/cm?-15 hr(b”)
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Figure 5.10. Resonant behavior of the films with solution composition of FessCo2sB17 deposited
at 2 mA/cm? for 4.50 hr(a), FessCo22B17 deposited at 2 mA/cm? for 4.50 hr (a’), FessCo2sB17
deposited at 2 mA/cm?-6.75 hr(b), and FessCo1B17 deposited at 2 mA/cm?-6.75 hr(b’)
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Figure 5.11. Resonant behavior of the films with solution composition of FessCo2sB17 deposited
at 3 mA/cm? for 2.70 hr(a), FessCo24B17 deposited at 3 mA/cm? for 2.70 hr (a’), FessCo2sB17
deposited at 3 mA/cm?-4.40 hr(b), and FessCo0,4B17 deposited at 3 mA/cm?-4.40 hr(b’)
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Figure 5.12. Resonant behavior of the films with solution composition of FessCo2sB17 deposited
at 4 mA/cm? for 1.31 hr(a), FessCo25B17 deposited at 4 mA/cm? for 1.31 hr(a”), FessCo2sB17
deposited at 4 mA/cm?-1.90 hr(b), and FessCo2sB17 deposited at 4 mA/cm?-1.90 hr(b’)
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Table 5-5 The averaged resonant frequency, amplitude, FWHM and Q value of 3 mmx1 mm

MSPs
Deposition fo (kHz) | Amplitude(®) [ FWHM(Hz) Q value
condition Ci G G G Ci G C G
2
0.5 mA/cm 664.1 * 0.1 * 4056.4 * 167.5 *
-20 hr
2
0.5mAfem™ | g3 1| wx | o | e | 44430 | **+ | 1363 |
30 hr
2.
A0 669 | 602.9 | 11| 0.7 | 61148 | 4779.8 | 104.1 | 1426
2.
A 6400 | 660.9 | 08 | 0.5 | 87311 | 4383.9 | 743 | 1536
2.
2 mA/em 636.1 | 604.5| 1.0 | 02 |7873.8 | 8358.6 | 82.0 | 99.7
4.50 hr
2.
2mAfem™ | 6504|6193 | 1.0 | 0.8 | 80453 | 7838.7 | 79.8 | 79.9
6.75 hr
2_
3mAem™ | 6189 | 6265 | 0.5 | 0.8 | 5050.0 | 47234 | 127.1 | 142.8
2.70 hr
2_
3mAem™ | 6616|6114 | 04 | 0.7 | 66519 | 11022.6 | 1024 | 58.8
4.40 hr
2_
dmAMem | 6284 6979 | 08 | 0.1 [3734.1| 76940 | 169.7 | 90.7
2_
dmAent 15740 | 590.6 | 0.7 | 04 | 53826 64712 | 108.6 | 95.1

* and ** : The adjusted thin films under 0.5 mA/cm? for 20 hr and 30 hr were very thin and the
resonant were very weak.
5.2.5 Magnetic property of Fe-Co-B thin films

The in-plane and out of-plane magnetization of the films with different Fe/Co ratios prepared
at the same depositing condition were measured with VSM. The films exhibit typical soft magnetic
property. In-plane magnetic parameters of the thin films with different Fe/Co ratio deposited at the
same depositing condition are summarized in Table 5-6. The saturation magnetization, coercivity
and remanent magnetization do not show a prominent trend between the films with different Fe/Co
ratios. The films with lower Fe/Co ratios have smaller squareness than those with higher Fe/Co
ratio prepared at the current density of 0.5 mA/cm?, 1 mA/cm?, and 2 mA/cm? for certain times,
while having higher squareness when prepared at the current density of 3 mA/cm? and 4 mA/cm?

for certain times. It is to some degree indicated that the films with lower Fe/Co ratios are softer
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when deposited at 0.5~2 mA/cm?, and harder when deposited at 3 mA/cm? and 4 mA/cm?.

Table 5-6 In-plane magnetic parameters of thin films with different Fe/Co ratios

.. .. Solution M; M;
Depositing condition composition (emu/em’) Hc (Oe) (emu/em®) S(M+/M)
FessCo2sB17 780.0 29.8 90.2 0.12
0.5 mA/cm? - 20 hr
FessCo2B17 353.9 21.3 86.8 0.25
FessCo2sB17 530.8 22.6 87.8 0.17
0.5 mA/cm? - 30 hr
FessCoi3B17 540.0 27.9 131.7 0.24
Fes5Co023B17 1328.0 6.9 176.5 0.13
1 mA/cm? - 10 hr
Fes5Co16B17 813.2 13.9 151.0 0.19
FessCo2sB17 4504 14.3 37.8 0.08
1 mA/cm? - 15 hr
FessCoi6B17 757.6 14.4 79.8 0.11
FessCo2sB17 684.0 7.7 109.7 0.16
2 mA/cm® —4.5 hr
FessCo22B17 714.3 13.7 136.8 0.19
FessCo2sB17 852.2 6.25 38.4 0.05
2 mA/cm? —6.75 hr
FessCo21B17 899.2 6.25 159.6 0.18
Fes5Co023B17 1123.0 7.5 225.4 0.20
3 mA/ecm®—2.7 hr
FessCo24B17 668.5 4.8 54.5 0.08
Fes5Co023B17 709.1 5.6 59.7 0.08
3 mA/cm® —4.4 hr
Fes5C024B17 573.4 2.6 43.1 0.08
Fes5Co023B17 299.1 8.3 45.8 0.15
4 mA/cm? — 1.31 hr
FessCo2sB17 44277 5.9 61.4 0.14
FessCo2sB17 740.0 5.9 894 0.12
4 mA/cm® —1.90 hr
FessCo2sB17 817.4 2.6 65.0 0.08

5.2.6 Mechanical property of Fe-Co-B thin films

The Young’s Modulus and hardness of thin films with different Fe/Co ratios deposited at the
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same depositing condition were measured with a Nano indenter. 25 points in 5x5 square with the
displacement of 5 um between the points were measured for each sample. The results were from
the unloading of the indenter from the sample surface, as shown in Table 5-7. Young’s Modulus
and hardness display similar trends between the films with different Fe/Co ratios deposited at the
same conditions. The films with lower Fe/Co ratios show larger Young’s Modulus and larger
hardness than those with higher Fe/Co ratio deposited at 0.5 mA/cm? for 30 hr, I mA/cm? for 15
hr, and 3 mA/cm? for 4.4 hr, while showing a smaller Young’s Modulus and smaller hardness when
prepared at 2 mA/cm? for 6.75 hr and 4 mA/cm? for 1.90 hr. In general, the Young’s Modulus of
the films is around 69~93 GPa and the hardness of the films is around 2.9~4.7 GPa. The value in

the bracket indicates the error.

Table 5-7 Young’s Modulus and hardness of thin films with different Fe/Co ratios

Deposition condition | Solution composition Young( (Sﬂl:\;[ ;) dulus Hardness (GPa)
FessCo23B17 89.4 (£3.8) 4.4(£0.4)
0.5 mA/cm? - 30 hr
FessCoi3Bi7 78.6 (£19.6) 3.0 (=1.3)
FessCosBi7 90.0 (+13.9) 4.5 (= 1.4)
1 mA/cm? - 15 hr
FessCoi6B17 85.8 (x6.1) 45(+0.5)
FessCosBi7 75.6 (£6.9) 3.4(x1.1)
2 mA/cm? - 6.75 hr
FessCo21B17 93.0(£7.2) 4.7 (£0.9)
FessCosBi7 81.4 (£7.1) 3.9(+0.6)
3 mA/cm? — 4.4 hr
FessCo24B17 69.1 (+ 18.8) 32 (*1.3)
FessCoxsB17 76.0 (= 6.3) 2.9 (0.6
4 mA/cm? — 1.90 hr
FessCo25B17 78.2 (£ 6.1) 3.2(+0.9)
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5.3 Adjusting of Boron content

In order to know the role of boron in the ternary alloy, the films with solution composition of
FessCo16Bx (x=0~29) and FessCo024Bx (x=0~29) were deposited at 1 mA/cm? for 10 hr and 3
mA/cm? for 2.70 hr, respectively. The structure, morphology, Fe/Co ratio, resonant behavior and

magnetic properties of the films were characterized.

5.3.1 Alloys with solution composition of FessCo16Bx (x=0~29)

Thin films with solution composition of FessCo16Bx (x=0~29) were deposited at 1 mA/cm?
for 10 hr. The XRD patterns of the films are shown in Figure 5.13. The peaks at about 43.3°, 50.5°
and 74.3° are Cu(111), Cu(200) and Cu(220), respectively, which are from the Cu substrate. The
film exhibits a nanocrystalline structure. There is a CoFe (110) peak at 44.9°, a CoFe (200) peak
at 65.3°, and a CoFe (211) peak at 82.7°. It is depicted that the CoFe (110) plane is the preferred
orientation for the film with B content of 5 at.% while the CoFe (211) plane is dominant in the
films with other B concntrations. The crystal size determined from the CoFe (110) peak in the film
with solution composition of FessCo16Bs film is 16.9 nm. The crystal size determined from the
CoFe (211) peak is around 13.2~15.3 nm in the films with solution composition of FessCo16Bx
(x=0~29). The crystal size increases to the boron percent of 15 at.%, then decreases and then

increases with increasing B content, as in Table 5-8.
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Figure 5.13. XRD patterns of thin films with solution composition of FessCo16Bx (x=0~29)

Table 5-8 The crystal size determined from CoFe (211) peak in films with solution composition

of FessCoi6Bx (x=0~29)

Deposition Solution Crystal
condition composition | size (nm)
FessCoie 13.3
FessCo16Bs 13.2
FessCoi16Bio 14.3
) FessCoi16Bis 15.1
I mA/em” - 10 hr FessCoi6B17 13.2
FessCoi6B2o 14.5
FessCoi6Bos 15.3
FessCoi6B2y 15.3

The surface morphology and cross section morphology of the films with solution composition
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of FessCoisBx (x=0~29) are displayed in Figure 5.14. The surface image with a 2,000x
magnification is shown and a magnified view of the central area is displayed on the top right.
Generally, the top surface of the films are comprised of semi-spherical nodules which are
homogeneously distributed. With increasing the B content, less semi-spherical nodules are
observed. It is indicated that the surface roughness is varied with increasing the B content. In the
cross section view, a double layer thin film is seen. The left layer is Cu layer and the right layer is
Fe-Co-B alloy layer. The film thickness varies with different B concentrations to around 4.26~
6.36 um. The thickness decreases with increasing the B content to 15 at.%, then increases with B
content up to 17 at.% and then decreases with B content up to 20 at.%, and then finally increases

with increasing B content to 29 at.%.
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Figure 5.14. The surface and cross section morphology of films with solution composition of
FessCoig (a), FessCoi6Bs (b), FessCoi6B1o (¢), FessCoi16B1s (d), FessCoi16B17 (e), FessCoi16B2o (f),
FessCoi6B2s (g), and FessCoi6Bag (h)
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The surface and cross section composition of the films with solution composition of
FessCoi16Bx (x=0~29) were analyzed with EDS. Five area detections were conducted on the film
surface and five point detections were conducted on the central cross section of the FessCo16Bx
thin film layer. The averaged Fe/Co ratio of the surface and cross section are generated as in Table
5-9 and Figure 5.15. The surface Fe/Co ratio is smaller than cross section Fe/Co ratio due to the
surface oxidation. The surface Fe/Co ratio is around 2.0~2.1 and cross section Fe/Co ratio is around
2.1~2.2. 1t is depicted that the change of B content does not influence much on the Fe/Co ratio
when the films are deposited at I mA/cm? for 10 hr. In Figure 5.15, the Fe/Co ratio of surface and
cross section exhibit a relative stable column distribution with increasing the B content.

Table 5-9 Thin films with various Boron content prepared under 1 mA/cm? for 10 hr

coii);l)lézi(:?on Surface Fe/Co Cro;ifégtlon Thickness (um)
FessCois 2.1 2.1 6.4
FessCoi16Bs 2.1 2.2 4.9
FessCoi6Bio 2.1 2.2 4.7
FessCoi6Bis 2.1 2.2 4.3
FessCo16B17 2.1 2.2 6.2
FessCo16B2o 2.1 2.2 4.6
FessCoi16Bas 2.1 2.1 4.9
FessCo16Ba9 2.0 2.2 5.9
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Figure 5.15. The surface and cross section Fe/Co of films with solution composition of
FessCoi16Bx (x=0~29)

The resonant behavior of MSPs with dimensions of 3 mmx1 mm from thin films with solution
composition of FessCo16Bx (x=0~29) were characterized as in Figure 5.16. For each concentration,
three MSPs were measured. Figure 5.16 shows the resonant behavior of one MSP from each film.
In each figure, the impedance and phase versus frequency are plotted. The films with different B
content display an obviously different resonant amplitude. The resonant peaks were fitted with the
Lorentz Area function. Generally, the resonant frequency is 583.2~692.1 kHz; the amplitude of the
resonant peak is 0.1~0.7°; the Q value of the resonant peak is 68.2~304.4. Table 5-10 shows the
resonant parameters of one of the best samples. The resonant frequency difference of the MSPs is
attributed to such factors like thickness difference and density difference. The resonant amplitude
of the peaks decreases with increasing the B percent to 15 at.% and increases to 20 at.% and then
decreases to 29 at.%. The sharpness of the peak or Q value decreases with increasing the B content

to 10 at.%, then increases to 17 at.% and then varies with increasing the B content. In summary,
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the films with the B content of 17 at.% and 20 at.% exhibit relatively better resonant behavior than

those with other composition in terms of large amplitude and Q value.
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Figure 5.16. Resonant behavior of MSPs with size 3 mmx1 mm from films with solution
composition of FessCoie (a), FessCo16Bs (b), FessCoisBio(c), FessCoisBis(d), FessCoi6B17 (€),
FessCoi6Boo (), FessCoi6B2s (g), and FessCoi6Baog (h)
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Table 5-10 Resonant parameters 3 mmx1 mm MSPs of the films with solution composition of
FessCoi6Bx (x=0~29)

coi(l)ll)lcl)tsli(;?on fo (kHz) Amplitude(®) | FWHM(Hz) Q value
FessCois 659.4 0.7 3440.3 191.7
FessCoi6Bs 655.3 0.4 4561.9 143.6
FessCoi16Bio 625.8 0.4 6757.7 92.6
FessCoi6Bis 583.2 0.1 6184.2 94.3
FessCoi16B17 644.0 0.5 2895.6 2224
FessCo16B20o 601.1 0.6 3770.5 159.4
FessCoi16Bas 685.6 0.2 2252.5 304.4
FessCo16B29 610.2 0.1 3086.1 197.8

The in-plane and out of-plane magnetization hysteresis loops of the films were measured with
VSM, as shown in Figure 5.17. The hysteresis loops exhibit prominent soft magnetic
characteristics. The in-plane magnetization displays the saturation magnetization value which is
saturated at about 2,000 Oe, while the out of-plane magnetization does not show saturation
magnetization. By zooming in on the curves, pretty slim loops are shown as in the bottom right of
the plots in Figure 5.17. Saturation magnetization (Ms), squareness (M/M;s) and coercivity (Hc)
are obtained from the in plane magnetization loops, as in Figure 5.18. The saturation
magnetization shows an “M” shape trend as the B content increases. The squareness decreases as
B content increases to 10 at.%, then increases as it increases to 20 at.%, and then decreases as it
increases to 29 at.%. As seen in Figure 5.18(b), the coercivity decreases as B content increases to
5 at.%, then increases as it increases to 10 at.%, then decreases as it increases to 25 at.%, and
finally increases a little bit when it increases to 29 at.%. Thus, the film with solution composition
of FessCo16B15 exhibits the best soft magnetic property amongst the composition of FessCoiBx

(x=0~29) when deposited at 1 mA/cm? for 10 hr.
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Figure 5.17. The in plane (a) and out of plane (b) magnetization hysteresis loops of films with
solution composition of FessCo16Bx (x=0~29)
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Figure 5.18. The saturation magnetization (a), squareness (a) and coercivity (b) of thin films
with solution composition of FessCo16Bx (x=0~29)

5.3.2 Alloys with solution composition of FessCo024Bx (x=0~29)

Thin films with solution composition of FessC024Bx (x=0~29) were deposited at 3 mA/cm?

for 2.70 hr. The XRD patterns of the films are shown in Figure 5.19. The films show a CoFe (110)

peak at 44.9°, a CoFe (200) peak at 65.3° and a CoFe (211) peak at 82.7°. The CoFe (110) plane

is the dominant plane in FessCo24Bx (x=0~29) films. The crystal size determined from the CoFe

(110) peak varies for different B contents, as displayed in Table 5-11. The crystal size of the CoFe
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(110) peak increases as B content increases to 10 at.%, then decreases as it increases to 15 at.%,

and then increases as it increases to 29 at.%.
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Figure 5.19. XRD patterns of thin films with solution composition of FessCo024Bx (x=0~29)

Table 5-11 The crystal size determined from CoFe (110) in films with solution composition of

FessCo24Bx (x=0~29)

Deposition Solution crystal size
condition composition (nm)
FessCons 9.9
Fes5C024Bs 10.3
FessCo024B1o 11.2
3 mA/cm? —2.70 FessC024B1s 10.5
hr F655C024B17 10.6
Fes5C024B20 10.9
Fes5C024B2s 12.1
FessC024B29 13.6

199



The surface and cross section morphology of the films are displayed in Figure 5.20. The
films show a pretty dense and homogeneous surface. Different from the films with solution
composition of FessCo16Bx (x=0~29) deposited at 1 mA/cm? for 10 hr, the films with solution
composition of FessCo24Bx (x=0~29) have finer surface nodules. If zoomed in as in the inset of
surface image, circular nodules are observed. It seems that films deposited at a larger current
density tend to from finer nodules which might be due to the larger nucleation rate at larger current
density. The cross section view shows the bilayer structure of the films which are grown on the Cu
layer. From the cross section, the film thickness are homogeneous. In some films such as the film
with solution composition of FessCo024B1o in Figure 5.20 (c), some fibers are observed on top of
the film surface which are attributed to the combined refinement effect of the larger deposition rate
and additives including Na Citrate and Na Saccharin. As seen in the cross section view, the films
have obviously different thicknesses although they are grown under the same deposition condition.
The thickness of the films were averaged from three measurements as listed in Table 5-12. The
thickness of the films increases as B content increase to 15 at.%, then decreases as it increases to

20 at.%, and then increases somewhat as it increases to 29 at.%.
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Figure 5.20. Surface and cross section morphology of the films with solution composition of
FessCo24 (a), FessCo024Bs (b), FessCo24B1o(c), FessCo24B1s(d), FessCo24B17 (€), FessCo24Bao (f),
FessCo024B2s (g), and FessCo24Bo2og (h)

The surface and cross section composition of the films with solution composition of
FessCo024Bx (x=0~29) were measured by EDS. Five area detections and five point detections were
conducted on the surface and central of cross section, respectively. As seen in Table 5-12 and
Figure 5.21, surface Fe/Co ratio and cross section Fe/Co of the thin films display a larger variation
with changing the B concentration compared with those films with solution composition of
FessCoi16Bx (x=0~29) in Figure 5.15. That is, boron plays a larger effect on the deposition of Fe
and Co in the films with solution composition of FessC024Bx (x=0~29) when deposited at 3

mA/cm? for 2.70 hr than that of the films with solution composition of FessCo16Bx (x=0~29) when
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prepared at 1 mA/cm? for 10 hr. In most of the films with solution composition of FessCo024Bx
(x=0~29), surface Fe/Co ratio is smaller than cross section Fe/Co ratio except for the films with
solution composition of FessC024B10 and FessCo24B2o.

Table 5-12 Surface and cross section Fe/Co ratio of thin films with solution composition of
FessCo24Bx (x=0~29)

Solution Cross section .
composition Surface Fe/Co Fe/Co Thickness (um)
FessCoa4 1.8 1.8 7.8
FessCo024Bs 1.8 1.8 9.1
FessCo24B1o 2.0 1.9 10.9
FessCo024B1s 2.0 2.2 11.8
FessCo24B17 2.0 2.0 10.4
Fes5C024Boo 2.0 1.9 6.9
Fes5C024B2s 1.8 2.0 8.8
Fes5Co024B29 1.8 1.9 8.2
2.5
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Figure 5.21. Surface and cross section Fe/Co ratio versus B content in thin films with solution
composition of FessCo24Bx (x=0~29)

The resonant behavior of the films with solution composition of FessCo24Bx (x=0~29) were
characterized by measuring the impedance behavior of MSPs with dimensions of 3 mmx1 mm.
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Three samples of each concentration are measured. The impedance and phase versus frequency
curve of one sample from each thin film are plotted in Figure 5.22. The resonant behavior of the
MSP from different films varies due to the composition, structure and film thickness. The resonant
peaks were fitted with the Lorentz Area function. Generally, the resonant frequency is 563.3~682.9
kHz; the amplitude of the resonant peak is 0.2~2.2°; the Q value of the MSP is 77.4~200.1. The
resonant frequency, amplitude, FWHM and Q value of one of best samples are shown in Table 4-
13. In a word, the films with solution composition of FessCo24B17, and FessCo24B2o exhibit
relatively larger Q values and stronger amplitudes than other compositions when films are

deposited at 3 mA/cm? for 2.70 hr.
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Figure 5.22. Resonant behavior of MSPs with size of 3 mmx1mm from thin films with solution
composition of FessCo24Bx (x=0~29)
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Table 5-13 Resonant parameters of MSPs with size of 3 mmx1mm from thin films with solution
composition of FessCo24Bx (x=0~29)

coi(l)ll)lcl)tsli(;?on fo (kHz) Amplitude(®) | FWHM(Hz) Q value
FessCon 600.7 0.6 4756.0 1263
FessC02Bs 602.9 17 5348.6 112.7
FessCo2B1o 632.9 0.5 7858.8 86.9
FessCo2B1s 6133 22 6235.9 93 4
FessCozB17 613.6 0.5 3066.2 200.1
FessCozBao 587.4 0.5 41143 1428
FessC024Bas 640.9 0.3 3540.5 181.0
Fes5Co024B29 618.1 0.2 4789.0 129.1

The in-plane and out of-plane magnetization hysteresis loops of thin films with solution
composition of FessCo24Bx (x=0~29) were measured with VSM. The films all exhibit prominent
soft magnetic properties with slim hysteresis loops, as shown in Figure 5.23. It is indicated that
the in-plane magnetization is saturated at the magnetic field of about 2,000 Oe while the out of
plane magnetization is not saturated until the applied magnetic field reaches 10,000 Oe. In-plane
magnetization parameters are displayed in Figure 5.24. As B content increases, the saturation
magnetization increases until B content increases to 25 at.% and then decreases. The squareness
shows a zig-zag trend as B content increases. The saturation magnetization achieves its maximum
at B content of 25 at.% and the squareness achieves its minimum at 10 at.%. The coercivity
decreases as B content increases to 5 at.%, then increases as it increases to 15 at.%, then decreases
as it increases to 20 at.%, and then increases as it increases to 29 at.%. The coercivity achieves its
minimum at a B contentration of 5 at.% and its maximum at 29 at.%. Hence, it is not easy to get a
conclusion at what B concentration the films with solution composition of FessCo024Bx (x=0~29)

exhibit best soft magnetic property when they are deposited under 3 mA/cm? for 2.70 hr.
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Figure 5.23. The in plane (a) and out of plane (b) magnetization hysteresis loops of thin films

with solution composition of FessCo24Bx (x=0~29)
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Figure 5.24. The saturation magnetization (a), squareness (a) and coercivity (b) of thin films
with solution composition of FessCo24Bx (x=0~29)
5.4 Conclusions
In this chapter, the deposition rate of Fe and Co in binary alloys with solution composition of
FessB17 and Co23B17 was studied. The binary alloys were deposited using the same parameters as
used for ternary alloys with solution composition of FessCo2sB17. Co displays a larger molar

number in Co-B alloys than that of Fe in Fe-B alloys.
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By reducing the Co amount, new Fe-Co-B thin films with higher Fe/Co ratio were obtained.
Thin films with two different Fe/Co ratios were fabricated using the same depositing condition.
Thin films with different Fe/Co ratios have different structures when deposited at the current
density of 0.5 mA/cm? for 20 hr and 30 hr and 1 mA/cm? for 10 hr and 15 hr. Thin films with
different Fe/Co ratios show similar structure when deoposited at 2 mA/cm?, 3 mA/cm? and 4
mA/cm?. The films with different Fe/Co ratios either form semi-spherical nodules or circular
nodules on the surface depending on the current density or deposition time. Generally speaking,
the films with higher Fe/Co ratios show thinner film thicknesses. The films with different Fe/Co
ratios exhibit a different resonant behavior depending on the deposition condition. All the films
with different Fe/Co ratios exhibit soft mangetic characteristics. Films with lower Fe/Co ratios are
softer when deposited at 0.5~2 mA/cm?, and harder when deposited at 3 mA/cm? and 4 mA/cm?.
Films with lower Fe/Co ratios have a larger Young’s Modulus and larger hardness than those with
higher Fe/Co ratio at certain conditions while the reverse is true in other condition. The Young’s
Modulus of the films is around 69~93 GPa and the hardness of the films is around 2.9~4.7 GPa.

The films with solution composition of FessCo16Bx (x=0~29) and FessC024Bx (x=0~29) were
deposited at 1 mA/cm? for 10 hr and 3 mA/cm? for 2.70 hr, respectively. The films exhibit a
nanocrystalline structure. Most of the films with solution composition of FessCo16Bx have a CoFe
(211) dominant orientation, while all the films with solution composition of FessCo24Bx have CoFe
(110) dominated orientation. The films with solution composition of FessCoisBx show semi-
spherical nodules on the surface, while those with solution composition of FessCo24Bx display
circular nodules on the surface. Films with solution composition of FessCo16Bx show a more stable
surface Fe/Co ratio and cross section Fe/Co ratio distribution with changing B content than those

with solution composition of FessCo24Bx. The films with solution composition of FessCo16Bx
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exhibit the best resonant behavior with B content of 17 at.% and 20 at.% when deposited at 1
mA/cm? for 10 hr. The film with solution composition of FessCo16B15 shows the best soft magnetic
property amongst the compositions of FessCo16Bx. Films with solution composition of FessCo024B17
and FessCo024B2o exhibit better resonant behavior than other compositions when films are deposited
at 3 mA/cm? for 2.70 hr. The films with solution composition of FessCo024Bx does not show any

obvious trending in the hysteresis parameters.
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Chapter 6  Fabrication of Free-standing MSPs and Characterization of Real Time
Biosensors

For an acoustic sensor, a smaller size is needed to achieve higher sensitivity. The smaller the
size of the sensor, the higher the frequency the sensor has. In this chapter, two types of
magnetostrictive particles (MSPs) in micro scale (500 umx100 pm) are prepared by combing
electrodeposition and microfabrication methods. The resonant behavior of the MSPs was mainly
studied. The influence of current density and deposition time on the resonant behavior of MSPs
were determined. The response of MSPs in the dynamic and static Sa/monella suspension was
monitored. In Chapter 3, it is mentioned that the films with solution composition of FessCo2sB17
has good resonant behavior among different compositions, thus, Au/Fe-Co-B/Au MSPs using the
solution composition of FessCo2sB17 are fabricated and used as potential biosensors for high-

frequency applications.

6.1 Microfabrication of Fe-Co-B MSPs
6.1.1 Microfabrication of Fe-Co-B/Cu/Cr MSPs

Glass with the geometry of 2.5 mmx2.2 mm was used as the bottom substrate. A Cr layer
with thickness of 100 nm was RF sputtered as an adhesion layer. Cu layer with thickness of 2 pm
was DC sputtered on top of Cr layer. Cu/Cr/glass substrate was adhered to a Si wafer with thermal
resistant tape. 5 mL AZ9245 positive photoresist was spin coated on Cu/Cr/glass substrate at 1000
rpm for 30 sec with an increment of 500 rpm/s. After spin coating, the sample was soft baked at
110°C for 2 min. Then, the sample was exposed with UV light for 30 sec with the designed mask
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patterned with 500 pum>100 pm rectangles. The sample was developed in diluted AZ 400K solution
(AZAOOK: DI water=1:3) for 2 min. The as-patterned substrates were separated from the Si wafer
and the thickness of photoresist was measured with a Profilometer. Then, another
Cu(2um)/Cr(100nm) layer was sputtered on the patterned substrate. After that, a thin film with
solution composition of FessCo23B17 was deposited on top of Cu. Finally, AZ9245 photoresist was
dissolved with 20 ml acetone and the Fe-Co-B/Cu/Cr MSPs were ready for use. The flow chart of

the fabrication process is shown in Figure 6.1.
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Figure 6.1. The fabrication of Fe-Co-B/Cu/Cr MSPs
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6.1.2 Microfabrication of Au/Fe-Co-B/Au MSPs

For the application of MSPs to detect bacteria and work in liquid, the MSPs need to resist
oxidation. Au is also beneficial for the adhesion of phage or antibody immobilization. So Au was
used to cover the surface of Fe-Co-B strips. A new fabrication process was developed to make
Au/Fe-Co-B/Au MSPs, as shown in Figure 6.2. The glass with an area of of 2.5 mmx2.2 mm was
used as the bottom substrate. 100 nm Cr layer was RF sputtered as an adhesion layer. A 2 um Au
layer was DC sputtered on top of Cr layer. The Au/Cr/glass substrate was adhered to a Si wafer
with thermal resistant tape. 5 mL AZ9245 positive photoresist was spin coated on Au/Cr/glass
substrate at 1000 rpm for 30 sec with an increment of 500 rpm/s. After spin coating, the sample

was soft baked at 110°C for 2 min. Then, the sample was exposed with UV light for 30 sec with

the designed mask patterned with 500 umx100 um rectangles. The sample was developed in
diluted AZ 400K solution (AZ400K: DI water=1:3) for 2 min. The as-patterned substrates were
separated from the Si wafer and the thickness of photoresist was measured with a Profilometer.
Then, a 410 nm Au layer was sputtered on the patterned substrate. After that, a thin film with
solution composition of FessCozsB17 was deposited on top of Au. Then Au layer with the thickness
of 130 nm was sputtered on top of Fe-Co-B thin film. Finally, AZ9245 photoresist was dissolved
with acetone. The lifted off samples were then sputtered with a Au layer of 130 nm to cover the
edge of the strips. The Au/Fe-Co-B/Au MSPs were ready for use. In this process, Au was used
instead of Cu due to the final need of Au for resisting oxidation as well as it has a good adhesion
to phase/antibody in bacteria detection. By using Au in the previous steps, only one layer of Cr is

necessary for the adhesion between Au and glass substrate compared with Figure 6.1.

213



UV light

11l

HEEENR -

Dissolved photoresist

— NN = 0= = = 3 FessCoxByy
—-.-. 5 5 © 5 & m
» [ ] AZ9245
Au
=3 Cr
Glass

Figure 6.2. The fabrication of Au/Fe-Co-B/Au MSPs

6.2 Characterization of Fe-Co-B MSPs

The morphology of the thin films was characterized by a JEOL JSM-7000F Scanning
Electron Microscope (SEM). The resonant behavior of the rectangular strips (i.e., MSPs) was
measured with an Agilent 4294 A Precision Impedance Analyzer or HP 8175A Network Analyzer.

The rectangular strip was put in a capillary wound with a coil connected to the impedance analyzer

or network analyzer.
6.3 Resonant behavior of Fe-Co-B/Cu/Cr MSPs
500 umx100 umx5.3 pm Fe-Co-B/Cu/Cr MSPs were deposited at 2 mA/cm? for 3 hr. The

samples were also annealed in a vacuum oven at 225°C for 1.5 hr. The resonant behavior of as-

deposited and annealed were measured with impedance analyzer. The resonant peak was shown in
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Figure 6.3 for as-deposited and annealed MSPs. The peaks were fitted using the Lorentz Area
function. The parameters are listed in Table 6-1. The resonant frequency shifts to lower value
compared with that of as-deposited sample. The amplitude, FWHM and Q value of the peak from
annealed samples may increase or decrease compared with those of the peak from as-deposited
samples. However, the averaged values of resonant frequency, amplitude and FWHM of annealed
samples are lower than those of as-deposited samples, while the averaged Q value of the annealed
samples is higher than that of as-deposited samples.

Fe-Co-B/Cu/Cr MSPs with the size of 500 umx100 um were also deposited under 3 mA/cm?
for 3 hr. The resonant behavior of these samples was measured with both an impedance analyzer
and a network analyzer. From the SEM images in Figure 6.4, the strips have good rectangular
shape but micro cracks might form on the surface of some samples due to the internal stress.
Normally, the samples with good edge and good rectangular shapes exhibits stronger resonant

frequency.
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Figure 6.3. Phase versus frequency of four as-deposited and annealed samples measured by
impedance analyzer

Table 6-1 Fitting result of resonant peak of four samples when as-deposited and annealed
fo Amplitude FWHM

Treatment Samples (MHz) (°) (Hz) Q value
1 4.18 0.19 17,477.04 238.96

2 3.67 0.58 21,596.81 169.76

As-deposited 3 3.66 0.14 27,156.30 134.93
4 3.95 0.10 30,098.22 131.13

Average 3.86 0.25 24,082.09 168.70

1 3.57 0.06 16,187.19 220.78

2 3.48 0.24 21,896.32 158.83

Annealed 3 3.57 0.05 13,801.16 258.54
4 3.79 0.14 16,481.25 230.05

Average 3.60 0.12 17,091.48 217.05
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Figure 6.4. SEM images of Fe-Co-B/Cu/Cr MSPs deposited at 3 mA/cm? for 3 hr

The resonant behavior of sample 1 measured with the impedance analyzer and network
analyzer is shown in Figure 6.5, respectively. Impedance and phase versus frequency were
characterized using the impedance analyzer, while phase of S1;1 and log(magnitude of S11) versus
frequency were characterized by the network analyzer. The resonant frequency measured from the
two devices are similar, as shown in Figure 6.5. The resonant peak from both devices were fitted
with the Lorentz function, with the parameters shown in Table 6-2 and Table 6-3. The average
values of resonant frequency, amplitude, FWHM and Q value of four samples measured with
impedance analyzer are 3.70 MHz, 0.46°, 27,511.85 Hz and 137.99, respectively. The average
values of resonant frequency, amplitude, FWHM and Q value of four samples measured with
network analyzer are 3.68 MHz, 0.01 dB, 26,257.46 Hz and 143.12, respectively. The average
value of the resonant frequency and Q value of the resonant peak measured with the two methods

are similar.
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Figure 6.5. The resonant behavior of sample 1 measured with impedance analyzer (al and a2)
and network analyzer (b1 and b2)

Table 6-2 Resonant parameters of the four samples from impedance analyzer result
Amplitude FWHM

Samples fo(MHz) (°) (Hz) Q value
1 3.72 0.24 26,109.29  142.36
2 3.64 0.34 24,930.59 146.19
3 3.68 0.75 35,419.03  103.99
4 3.76 0.52 23,588.49  159.40
Average 3.70 0.46 27,511.85 137.99
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Table 6-3 Resonant parameters of the four samples from network analyzer

fo Amplitude FWHM
Samples (MHz) ((%B) (Hz) Q value
1 3.70 0.0025 22,687.42  163.02
2 3.63 0.0049 26,902.98 134.83
3 3.69 0.0084 32,273.77  114.38
4 3.71 0.0054 23,165.66  160.25
Average 3.68 0.0053 26,257.46  143.12

6.4 Resonant behavior of Au/Fe-Co-B/Au MSPs
6.4.1 The MSPs deposited at 3 mA/cm? for 3 hr

The Au/Fe-Co-B/Au MSPs were fabricated using the FessCo2sB17 deposited under 3 mA/cm?
for 3 hr. The SEM images of Au/Fe-Co-B/Au MSPs are shown in Figure 6.6 and Figure 6.7. The
strips are rectangular with frames on the edge surrounding the edge from the top-down view. Some
strips show a top-down view and others show a bottom-up view. From the SEM images of sample
1 in Figure 6.6, the top surface is smoother than bottom surface which might be due to the growing
of the bottom layer on top of Au coated photoresist. Only from the top-down view can the frames
on the edge be seen. There are some defects at the edge of the rectangular strips which might or
might not influence the resonant behavior of the strips. Such as for sample 5 in Figure 6.7, though

there is extrusion at the edge of the length direction, the strip still exhibits good resonant peak.
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Figure 6.6. The morphology of Au/Fe-Co-B/Au MSP: Sample 1 with top-down view (a) and
bottom-up view (b)
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Figure 6.7. The morphology of Au/Fe-Co-B/Au MSP: sample 2(a) (top view), sample 3(b) (top
view), sample 4(c) (bottom view), and sample 5(d) (top view)
The impedance and phase versus frequency of five samples are shown in Figure 6.8. All of
the five samples exhibit an obvious resonant frequency and anti-resonant frequency in the

impedance-frequency curve (black curve), and an obvious resonant frequency in the phase-
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frequency (blue curve). The resonant peak from phase-frequency curve of each sample was fitted
with the Lorentz Area function. The resonant frequency, amplitude, FWHM, Q value, length of the
sample and velocity are summarized in Table 6-4. The length of the sample was measured under
SEM. And the velocity of the vibration was calculated with:
v=2fL (6-1)
The average values of the resonant frequency, amplitude, FWHM, Q value, length of the
sample and velocity from five samples are 3.28 MHz, 2.26°, 27,668.26 Hz, 119.09, 493.1um and

3236.15 m/s.
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Table 6-4 Resonant parameters of the five Au/Fe-Co-B/Au MSPs

Amplitude FWHM Length  Velocity
Samples fo(MHz) (°) (Hz) Q value (um) (m/s)
1 3.33 0.87 26,095.93  127.41 495.0 3291.75
2 3.30 4.33 28,476.26 11594 4979  3287.63
3 3.25 2.55 27,193.58 11948  489.9 3183.37
4 3.22 1.75 30,448.87 105.59  500.7  3219.70
5 3.32 1.81 26,126.66  127.01  481.9  3198.27
Average 3.28 2.26 27,668.26 119.09  493.1 3236.15

6.4.2 The influence of current density

The Au(410 nm)/Fe-Co-B/Au(130 nm) MSPs were fabricated by electrochemical deposition
and microfabrication with the Fe-Co-B layer deposited at 1 mA/cm?, 2 mA/cm?, 3 mA/cm? and 4
mA/cm? for 3 hr, and under 0.5 mA/cm? for 6 hr. For each condition, the morphology of the
samples was observed using SEM and their resonant behavior was measured by an impedance
analyzer. Five samples of each condition were compared. The resonant peaks of the MSPs were
fitted with the Lorentz Area function in PeakFit software. The SEM image and resonant peak of
one sample from each condition are shown in Figure 6.9. The resonant peak of the strip from 0.5
mA/cm? for 6 hr is weak compared with those from larger current density, which may be due to
the small thickness. The thickness increases with increasing current density if considering 0.5
mA/cm? for 3 hr, as shown in Figure 6.10. The fitting results of the resonant peaks from five
samples of each condition are summarized in Table 6-5. The resonant frequency increases with
increasing the current density. The Q value decreases with increasing current density. The
amplitude of the resonant peak and the velocity of the MSPs first increase and then decrease with
increasing the current density with the maximum value at the current density of 3 mA/cm?, as in
Figure 6.11. It seems that the MSPs fabricated at the current density of 3 mA/cm? show the best

resonant behavior in terms of large amplitude and high Q value. However, based on the magnetic
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property study of Fe-Co-B thin film in Chapter 4, the films deposited at 1 mA/cm? have the best
soft magnetic property. Thus, to make MSPs with a more soft magnetic property, smaller current

densities such as 1 mA/cm? were used for the different depositing time study.
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Table 6-5 Summary of resonant behavior from different depositing condition

Izzﬂ(c)l?gg;g fo Amplitude FWHM Q value L (um) Velocity Thzcl;rll)ess
(A by (MH2) (°) (Hz) (SEM)  (m/s) "
0.5-6 2.65 0.15 10,766.55 281.18  464.0  2455.35 2.87
1-3 2.85 0.62 16,522.46 19639  501.7  2863.86 1.91
2-3 3.14 0.78 19,285.98 163.94 5009  3141.10 5.30
3-3 3.28 2.26 27,668.26 119.09 493.1  3236.15 5.98
4-3 3.33 1.46 39,179.66  85.26 485.1  3231.92 10.31
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Figure 6.11. The resonant frequency (a), Q value (b), amplitude (c) and velocity (d) versus
current density

6.4.3 The effect of deposition time

The Au(410 nm)/Fe-Co-B/Au(130 nm) MSPs with dimensions of 500 pumx100 um were
fabricated under 1 mA/cm? for different deposition times, i.e., 1 hr, 3 hr, 5 hr, 7 hr and 9 hr. The
samples fabricated for 1 hr were so soft and thin that the resonant behavior was not easy to
characterize. The samples deposited for 3 hr, 5 hr, 7 hr and 9 hr were measured with the impedance
analyzer. The resonant peaks of five samples from each condition were fitted with the Lorentz
Area function and compared. Figure 6.12 shows the resonant peaks of a strip from 1 mA/cm? for
3 hr, 5 hr, 7 hr and 9 hr. It seems that the amplitude of the peak is not proportional to the deposition

time. The peak position does not show an obvious trend with regard to time. The thickness of the
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strips increases with increasing the deposition time, as in Figure 6.13. The average value of the
resonant frequency, amplitude, FWHM, Q value and thickness of five samples are displayed in
Table 6-6. The resonant frequency first decreases and then increases with increasing the deposition
time with the minimum reaching at the deposition time of 5 hr. The amplitude first decreases and
then increases with increasing the deposition time with the minimum at 7 hr and maximum at 9 hr.
Normally, the thicker the film is, the higher the amplitude of the resonant peak is. The lower
amplitude of MSPs deposited for 5 hr and 7 hr than that of MSPs deposited for 3 hr may be related
to the geometry deficiency of the MSPs for 5 hr and 7 hr. The Q value decreases with increasing

the deposition time, as in Figure 6.14.
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Figure 6.12. The resonant behavior of a strip deposited at 1 mA/cm? for 3 hr (a), 5 hr (b), 7 hr (c)
and 9 hr (d)
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Table 6-6 Summary of resonant behavior from MSPs under 1 mA/cm? for 3 hr, 5 hr, 7 hr and 9

hr
Depositing fo Amplitude FWHM 1 Thickness
Time (hr) (MHz) (°) Mz QA
3 2.85 0.62 16,522.46  196.39 1.91
5 2.73 0.45 17,546.45 169.33 2.59
7 3.12 0.42 23,235.60  135.00 4.89
9 3.27 0.86 28,172.28 117.91 7.06

6.5 The application of Fe-Co-B MSPs as in-situ biosensors
6.5.1 The setup of measurement

Au/Fe-Co-B/Au MSPs deposited at 1 mA/cm? for 9 hr were measured in a dynamic
population of Sa/monella suspension, as shown in Figure 6.15. The sensor was in the middle of
the testing tube which was connected to the network analyzer. The magnetic field was provided by
a permanent magnet. The bacteria suspension was pumped from a container through the testing
chamber and then led out to a waste container. The inside diameter of the tube was about 0.28 mm.
The fluid speed was about 30 ul/min. Each concentration of bacteria suspension was conducted
for 20 min. Before the bacteria treatment, samples were observed with SEM and the resonant
frequency of the samples in air was measured with an impedance analyzer. E2 phage was used as
the recognition element of Salmonella bacteria. 3 ml of E2 phage with a population of 1.01x10'?
vir/ml was diluted to 510" vir/ml with a 3 ml diluted TBS solution. 10x TBS solution was
obtained from the Department of Biological Science and 1 ml 10x TBS was diluted with 9 ml
filtered DI water. The sensors were immersed in the E2 phage solution and rotated for 1 hr and
then washed with DI water for twice. 1 mg/ml BSA solution was prepared as a blocking agent
from 38 mg solid BSA and 38 ml DI water. The sensors were immersed in BSA solution and rotated
for 45 min and then washed with DI water for twice. Different populations of bacteria suspension

were prepared from the Salmonella typhimurium suspensions with the population of 5x10® cfu/ml
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which was prepared by the Department of Biological Science. Then the sensors were ready for
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Figure 6.15. Setup of dynamic measurement for bacteria suspension with different population

6.5.2 In situ detection of Salmonella with dynamic population and in static suspension
Ten sensors (M1, M2 and S1 ~S8) were immersed in the E2 phage solution and rotated for 1

hr. Then each sensor was washed with DI water in a 330 pl microcentrifuge tube by removing a
magnet outside of the tube for twice. 1 mg/ml BSA solution was prepared as a blocking agent.
Eleven sensors (C1, M1, M2 and S1~S8) were immersed in BSA solution and rotated for 45 min.
Then the sensors were washed with DI water in a 330 pl microcentrifuge tube by removing a
magnet outside of the tube for twice. Then eight Salmonella typhimurium suspensions with the
population of 5x10! cfu/ml, 5x10? cfu/ml, 5x10° cfu/ml, 5x10* cfu/ml, 5%10° cfu/ml, 5x10° cfu/ml,

5x107 cfu/ml and 5%10® cfu/ml were prepared.
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Sensors C1, M1 and M2 were measured with dynamic bacteria suspensions from 0 to 5x108
cfu/ml with sensors held in each population for 20 min. The treatment of the sensors for dynamic
measurement is shown in Table 6-7. Sensor S1~S8 were immersed in 510! cfu/ml, 5x10? cfu/ml,
5x10° cfu/ml, 5x10* cfu/ml, 5x10° cfu/ml, 5x10° cfu/ml, 5%107 cfu/ml and 5x10% cfu/ml
suspensions for 1 hr, respectively. The volume of the static suspension was 330 pl .The resonant
behavior of Sensor S1~S8 was measured after BSA treatment, but before bacteria treatment (fo)
and then again after bacteria treatment (f;). After the bacteria treatment, all of sensors were dried
with OsOs for 45 min and observed with the SEM. The treatment of sensors for static measurement
is shown in Table 6-8.

For the dynamic measurement, the resonant frequency of the measurement sensor M1 and
M2 decreases gradually with increasing the population of bacteria suspension as a function of time
with the total peak shift of M1 103 kHz and M2 41 kHz. The mass sensitivity is higher than that
reported for Metglass 2826MB sensor with the size of 1 mmx 300 mm X 15 pum [1]. The limit of
detection of measurement sensor M1 with the size of 500 umx100 umx 7 um is about 5x10? cfu/ml,
as in Figure 6.16. The reported Metglass 2826MB sensor with size of 5 mmx1 mmx 15 pum, 2
mmx400 umx 15 pm, and 1 mmx 300 mm x 15 pm show a limit of detection of 10° cfu/ml [2],
5x10% cfu/ml [2], and less than 10% cfu/ml [1], respectively. A sputtered FesoB2o sensor with the
size of 500 umx 100 um X% 4 um shows a detection limit better than 50 cfu/ml [3]. Compared with
those reported sensor materials, Fe-Co-B is a potential sensor candidate material with a better mass
sensitivity and detection limit if the quality and size of the sensor are well controlled.

The SEM images in Figure 6.17 display the Salmonella binding on the surface of the sensor
MI. The bacteria are randomly distributed in most areas and accumulated in certain other areas.

The length of most of the cells is about 1 um while some cells had the length longer than about 10
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um. This might be due to the multiplication and combination of the bacteria during the process.
The resonant frequency of the control sensor C1 remains unchanged until added to the population
of 5x10° cfu/ml and then it starts to decrease. The total peak shift of C1 is 32 kHz, as shown in
Figure 6.19. There are not much bacteria observed on the surface of control sensor C1 after
dynamic response, as seen in Figure 6.18. The resonant frequency shift of both control sensor C1
and measurement sensor M1 with increasing the population of Salmonella suspension was plotted
in Figure 6.20. The data was fitted with a sigmoid function, which is a logistic dose response in

pharmacology/chemistry. The sigmoid function is described as [4]:

A _A max
Af = Doy + L5 max (6-2)

1+(5)*
where, C is the population of the suspension; Af (= f — f,) is the peak shift between the stable
resonant frequency f of the sensor in the suspension with population of C and the resonant
frequency f, in the water; C, is a fitting constant which represents the population or infection point
in the dose response curve; « is a fitting constant; Afs is the value of Af when the population C
is zero (In this study, Afs = 0); Afpnax 1s the saturated value of Af when the population C is
infinitely high. As expected, the measurement sensor has a higher peak shift than the control sensor

at each population. The limit of detection of measurement is 5x10% cfu/ml.
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Table 6-7 Treatment of sensors for dynamic measurement

Sensors SEM E2 phage Blocking Bacterla. (Salmonella Dry SEM
agent typhimurium)
Immerse
1 No dinl In DI water, 5x10!
mg/ml | cfu/ml, 5x10% cfu/ml,
Immersed | pga | 5x10° cfu/ml, 5%10°
in 5x10" . s Dried
Ml Observed i solution | cfu/ml, 5x10° cfu/ml, .
the vir/ml E2 for 45 55106 ofu/ml. 5x107 with Observed the
morphology phageforl | . and ofu/ml and 5x108 | O304 for | morphology
hr and 45 min
washed cfu/ml each
M2 ziihg} with DI | concentration for 20
¢ .
waer | T min
twice
Table 6-8 Treatment of sensors for static measurement
Sensors SEM E2 phage Blocking Bacterlq (Salmonella Dry SEM
agent typhimurium)
S1 Immerse | 5x10' cfu/ml for 1 hr
S2 din 1 5x10? cfu/ml for 1 hr
S3 Immersed | mg/ml | 5x10° cfu/ml for 1 hr
S4 in 5x10" BSA | 5x10* cfu/ml for | hr
. . Dried
S5 vir/ml E2 | solution | 5x10° cfu/ml for 1 hr with
S6 Observed | phage for 1 for 45 5%10° cfu/ml for 1 hr 0504 for Observed
the hr and min and | 5x107 ¢fu/ml for 1 h . the
S7 cfu/ml for 1 hr | 45 min £,
morphology | washed washed morphology
with DI | with DI Was
water water g measured
S8 twice twice. fo 5x10° cfu/ml for 1 hr
was
measured
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Figure 6.16. The response of sensor M1 in dynamic population of Sa/monella suspension
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Figure 6.17. The SEM images of measurement sensor M1 before (a) and after (b) bacteria
treatment
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Figure 6.18. The SEM images of control sensor C1 before (a) and after (b) bacteria treatment
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Figure 6.19. The response of control sensor C1 in dynamic population of Sa/monella suspension
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Figure 6.20. Resonant frequency shift changes with increasing population of culture

For static measurements, the peak shift increases with increasing the population of bacteria
suspension except for some poor binding conditions, as shown in Table 6-9. The poor binding of
S4 and S5 led to the small peak shift. With the same magnification of SEM images in Figure 6.21,
sensor S8, immersed in 5x108 cfu/ml suspension for 1 hr, shows denser bacteria than S2 and S4.
S4 shows fewer bacteria than S2 due to poor binding for some reason. The bacteria on these sensors
shows a black color that may be due to the deformation of the bacteria or the different surface

roughness of the sensor that causes different contrast of the image.
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Table 6-9 The peak shift of S1~S8 before and after bacteria treatment

Sensor fo (MHz) f: (MHz) Af (kHz)
S1 3.2975 3.2570 40.5
S2 2.7313 2.6900 41.3
S3 2.6113 * *
S4 3.0500 3.0260 24
S5 3.0538 3.0485 5.3
S6 2.9525 A A
S7 2.9975 2.8408 156.7
S8 3.0425 2.6990 343.5

% and /\: not available
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Figure 6.21. SEM images of sensor S2 (a), S4 (b) and S8 (c) before (left) and after (right)
bacteria treatment
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6.6 Conclusions

The resonant behavior of the as-deposited and annealed Fe-Co-B/Cu/Cr MSPs with size of
500 um>100 pm are compared. The annealed samples exhibit a higher Q value than that of the as-
deposited samples. The resonant frequency of Fe-Co-B/Cu/Cr MSPs measured with an impedance
analyzer and network analyzer show similar values.

The Au/Fe-Co-B/Au MSPs with the Fe-Co-B thin film deposited at 3 mA/cm? for 3 hr have
the averaged resonant frequency, amplitude, FWHM, Q value, length of the sample and velocity
of 3.28 MHz, 2.26°, 27,668.26 Hz, 119.09, 493.1 um and 3236.15 m/s, respectively.

Au(410 nm)/Fe-Co-B/Au(130 nm) MSPs were fabricated at 1 mA/cm?, 2 mA/cm?, 3 mA/cm?,
4 mA/cm? for 3 hr. The resonant frequency increases with increasing the current density. The Q
value decreases with increasing current density. The amplitude of the resonant peak and the
velocity of the MSPs first increase and then decrease with increasing the current density with the
maximum obtained at a current density of 3 mA/cm?. The thickness of the MSPs increases with
increasing the current density with same deposition time.

The MSPs were fabricated at 1 mA/cm? for 3 hr, 5 hr, 7 hr and 9hr. The resonant frequency
first decreases and then increases with increasing the deposition time with the minimum reaching
at the deposition time of 5 hr. The amplitude first decreases and then increases with increasing the
deposition time with the minimum at 7 hr and maximum at 9 hr. The Q value decreases with
increasing the deposition time. For the application of the MSPs as biosensors, the MSPs with a
strong resonant peak or large peak amplitude is preferred.

The Au/Fe-Co-B/Au MSPs fabricated at 1 mA/cm? for 9 hr were used as sensors to detect
Salmonella Typhimurium. For dynamic measurement, measurement sensor shows a limit of

detection of 5x10? cfu/ml with a total peak shift of 107 kHz while the control sensor exhibits a
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smaller peak shift. For static measurements, the peak shift of the sensor increases with increasing

the population of Salmonella suspension.
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Chapter 7 Fabrication and Characterization of Fe-Co-B/PVDF Magnetoelectric
Composites

In previous chapters, Fe-Co-B magnetostrictive alloys have been demonstrated as good
sensor materials. They exhibit prominent resonant behavior. In this chapter, the Fe-Co-B alloy is
combined with a piezoelectric polymer PVDF to form a magnetoelectric composite. Commonly,
an epoxy or glue is used to bond the magnetostrictive material with the piezoelectric material to
form a 2-2 type magnetoelectric composite [1-6]. In that case, the coupling effect between the
magneostrictive and piezoelectric layer may be reduced by the inactive epoxy. The using of
epoxy/glue leads to a low repeatability. Furthermore, by using an epoxy in the magnetoelecric
composite, it is a challenge to miniaturize the composite for high-frequency applications and
integration into MEMS devices. In this research, the magnetostrictive layer is directly
electrodeposited on the piezoelectric layer so that influence from epoxy is avoided. The bonding
between the magnetostrictive layer and piezoelectric layer is a chemical bonding. The
magnetoelectric effect was characterized and magnetoelectric coefficient was determined.
Moreover, the influence of the sample length and thickness, DC magnetic field and test device
impedance on the magnetoelectric coefficient are studied.
7.1 Fabrication of Fe-Co-B/PVDF magnetoelectric composites

PVDF polymer with a thickness of 28 um was obtained from Measurement Specialties, Inc.
PVDF was pre-stretched along a certain direction. The PVDF polymer was cut into 2.5 cmXx2.2

cm. Then a 100nm Cr layer and 300nm Au layer were sputtered on both sides of the PVDF polymer.
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Cr works as an adhesive layer. Au works as the electrode. The sputtering parameters of Cr and Au
on PVDF are shown in Table 7-1. Au-coated PVDF was taped to a glass sheet with an area of 2.5
cmx2.2 cm, which worked as the working electrode. Pt sheet with an area of 2.5 cmx2.5 cm
worked as the counter electrode. Ag/AgCl worked as the reference electrode. The solution with a
composition of FessCo23B17 was prepared and used to prepare the magnetostricitive thin films. A
constant current density of 1 mA/cm? was applied between the working electrode and counter
electrode. The Fe-Co-B thin films were deposited for 1 hr, 2 hr, 3 hr, 4 hr, 10 hr and 14 hr with the
expected thickness of 1 um, 2 um, 3 pm, 4 um, 10 pm and 14 pm, respectively. After the deposition,
the film was rinsed with DI water and dried with N> immediately. Then, rectangular shape Fe-Co-
B/PVDF composite was cut into the size of 16 mmx2 mm, 12 mm*2 mm, 10 mmx2 mm and 8
mmx2 mm. The length direction was along the stretching direction of PVDF, as shown in Figure
7.1. In Figure 7.1, to represents the thickness of Fe-Co-B thin films (to=1 pm, 2 pm, 3 pum, 4 um,
10 um and 14 um), while t; represents the thickness of PVDF (t;=28 um).

Table 7-1 Sputtering parameters of Cr and Au

Parameters Cr Au
Power type RF DC
Pre-sputtering power (w) 200 100
Pre-sputtering time (sec) 300 300

Sputtering power (w) 200 100
Sputtering time (sec) 300 | 1200
Gas (Ar) 25 25

Substrate holder rotation (%) | 50.1 | 50.1
Ignition pressure (mTorr) 50 50
Expected thickness (nm) 100 300
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Figure 7.1. Schematic of Fe-Co-B/PVDF composite

7.2 Characterization of Fe-Co-B/PVDF magnetoelectric composites

A PMMA clamp was fabricated to hold the Fe-Co-B/PVDF composite as a cantilever. Two
pieces of transparent PMMA sheet were coated with an Au pattern on the edge of one side, as
shown in Figure 7.2. The Au pattern serves as the circuit. The width of Au was about 2 mm. The
side was also coated with Au. Cu tape was adhered to the side as a wire for connection. Then these
two pieces of PMMA sheet were assembled with the Au circuit facing each inside. They were fixed
with plastic bolt and nut as shown in Figure 7.2. A real image of PMMA clamp holding a Fe-Co-
B/PVDF composite sample is displayed in Figure 7.3.

The parallel capacitance versus frequency (C, — f), loss versus frequency (D — f), serial
capacitance versus frequency (Cs — f), and serial resistance versus frequency (Rg — f) of the Fe-
Co-B/PVDF composite was measured with an Agilent 4294 A Precision Impedance Analyzer. The
four-terminal pair with Im length of the impedance analyzer was connected with the Cu tape of

the PMMA clamp using alligator wires.
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Figure 7.2. Fabrication of PMMA clamp

Figure 7.3. PMMA clamp holding Fe-Co-B/PVDF composite as a cantilever (a) and (b)
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The magnetoelectric (ME) effect of Fe-Co-B/PVDF composites was measured by the setup
in Figure 7.5. The composite sample was placed in two pairs of Helmholtz coil. One pair of the
Helmbholtz coil supplied an AC magnetic field, which was connected to a Model 100A AC Power
Amplifier and then SR830 Lock-in Amplifier (frequency range: 1 mHz~102 kHz). The other pair
of the Helmholtz coil supplied a DC magnetic field, which was connected to a DC power supply.
Both Hac and Hpc were applied along the length of the composite. The Lock-in Amplifier
generated a sine wave current with an amplitude of 0.5V through the AC Power Amplifier to the
Helmholtz coil, and subsequently measured the output voltage and phase of PVDF film. During
the process, the Fe-Co-B magnetostrictive thin film vibrated in an AC and DC magnetic field, the
strain was transferred to PVDF piezoelectric film. The PVDF generated the electric signal in terms

of voltage and phase. The ME coefficient oy is calculated based on:

E
Hpcxt

(7-1)

amME =
where, E, Hac and t represent the induced electric field of the PVDF layer, the applied AC magnetic
field and the thickness of PVDF film, respectively. AC current was measured in the whole
frequency range of the Lock-in Amplifier by putting a Keithley 2001 Multimeter in serial with the
AC Power Amplifier. AC current was transferred to AC magnetic field according to the Helmholtz
coil calibration data.
Similar to the magnetostrictive behavior, the induced electric field E from the ME effect will
achieve a maximum value at certain DC magnetic fields, as shown in Figure 7.4. Thus, it is

necessary to tune the DC magnetic field to get a maximum value of induced electric field.
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Figure 7.4. DC magnetic field dependence of induced electric field

The composite in the Helmholtz coil was measured in two ways: cantilever mode and probe
mode as shown in Figure 7.6. In cantilever mode, the composite was clamped by two pieces of
PMMA sheets as mentioned previously in Figure 7.2 and Figure 7.3. The output Cu tape was
connected to the input of Lock-in Amplifier. In probe mode, a Cu probe was perpendicularly placed
on top of the composite laminate, which worked as the top electrode, as shown in Figure 7.7. A
Cu tape was fixed in the central of the stage in Helmholtz coil, which served as the bottom
electrode. The top electrode and bottom electrode were then connected to the input wire of Lock-
in Amplifier. The Cu probe was fixed at one end of the composite or in the middle of the composite,
as displayed in Figure 7.8. The probe measured the longitudinal vibration of the whole length and
half length of the laminate by placing the probe at one end and in the middle of the sample,

respectively.
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Figure 7.5. Setup of characterizing the magnetoelectric effect of Fe-Co-B/PVDF composite

Figure 7.6. Setup for testing the voltage and phase in Helmholtz coil: (a) Cantilever setup; (b)
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Figure 7.7. Setup of probe mode

Figure 7.8. The probe fixing at the end (a) and in the middle (b) of the strip

7.3 Piezoelectric effect and magnetoelectric effect of Fe-Co-B/PVDF composite
A 16 mmx2 mmXx(1 um FeCoB/28 um PVDF) composite was clamped with PMMA sheets
with 2 mm in the clamped area. The parallel capacitance C, and loss tan § versus frequency of

the laminate was measured with the impedance analyzer, as shown in Figure 7.9. Using a
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piezoelectric material of PVDF, the top was covered with a FeCoB/Au/Cr layer and the bottom
was covered with a Cr/Au layer. The impedance analyzer provides an AC signal to the sample in
a certain frequency range, the piezoelectric material will generate a strain and the resonant
behavior will reflect on the capacitance. In the C, — f curve, both resonant frequency and anti-

resonant frequency are observed in the range of 10 kHz~100 kHz. In tan § — f curve, a resonant
frequency is observed at 31.0 kHz. The resonant frequency is from the longitudinal vibration, i.e.,
length vibration. 2fL of the longitudinal vibration is 992 m/s, where f and L represent the resonant
frequency and length of the sample, respectively.

Assuming that the composite is comprised of an ideal resistor in serial with an ideal capacitor,
the serial capacitance C; and resistance R versus frequency can also be measured by the
impedance analyzer. In the C; — f curve, both the resonant frequency and anti-resonant frequency
are observed in the range of 10 kHz~100 kHz. In the Ry — f curve, a resonant frequency is
observed at 31.0 kHz, which is from the longitudinal vibration. Generally, the resistance decreases

with increasing the frequency.
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Figure 7.9. Frequency dependence of parallel capacitance C,, (a) and loss tan é (b)
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Figure 7.10. Frequency dependence of serial capacitance C (a) and resistance R (b)

A cantilever with dimensions of 16 mmx2 mmx(1 pm FeCoB/28 um PVDF) was placed in
the Helmholtz coil. The output voltage and phase were measured as the DC bias increased from
0V to 9V, as displayed in Figure 7.11. The output voltage achieves the lowest value at the resonant
frequency of 31.4 kHz, which might be due to the vibration in “2f” mode. The amplitude of the
output voltage increases with increasing the DC bias. The corresponding resonant frequency and
anti-resonant frequency are observed in phase versus frequency curve. The same sample was also
measured in probe mode. The output voltage and phase versus frequency measured in probe mode
are shown in Figure 7.12. Different from those measured in cantilever mode, the resonant
frequency peak of the composite measured in probe mode is upwards. That is, at the resonant
frequency the output voltage of the composite has the highest amplitude. The reason of the
downwards resonant peak that was detected in cantilever mode could be attributed to the
nonflatness or curvature of the laminate in cantilever mode. In the magnetic field, the
magnetostrictive layer of the laminate is vibrating and then transferring the stress to the
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piezoelectric layer. Due to the nonflatness, the laminate needs to conquer the nonflatness first then
it can vibrate freely. In order to avoid this problem, a shorter laminate is preferred for cantilever
measurement as discussed later. In probe mode, the laminate is flatly placed on the stage and can
vibrate immediately in the magnetic field. It is also observed that the amplitude of the output
voltage increases with increasing the DC bias. An ayz of 2.1 V/cm-Oe is obtained for the 16
mmx2 mmx(1 um FeCoB/28 um PVDF) composites measured in probe mode at the resonant
frequency of 33.1 kHz, Hpc=55.8 Oe and Hac=0.7 Oe. For both cantilever mode and probe mode,
it is found that the composite laminate has a resonant behavior at 0V DC bias. That is to say, the

magnetostrictive Fe-Co-B thin film has a remenant magnetization after fabrication.
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Figure 7.11. Frequency dependence of output voltage (a) and phase (b) measured with cantilever
mode at different DC bias
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Figure 7.12. Frequency dependence of output voltage (a) and phase (b) measured with probe
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7.4 Magnetoelectric effect of Fe-Co-B/PVDF with different lengths

Based on the physics of magnetostrictive particles, the smaller the size, the higher the
resonant frequency. In the composite case, it is expected to have a similar trend. Fe-Co-B/PVDF
composite with dimensions of Lx2 mmx(4 um FeCoB/28 um PVDF) and Lx2 mmx(10 um
FeCoB/28 um PVDF) (L=16 mm, 12 mm, 10 mm and 8 mm) were examined without an applied
DC magnetic field. These samples were tested in probe mode. As shown in Figure 7.13, the
resonant frequency of the Lx2 mmx(4 pm FeCoB/28 uym PVDF) composites increases with
diminishing the length of the sample. The ay of the composite with the length of 16 mm, 12 mm,
10 mm and 8 mm at corresponding resonant frequency and Hpc=0 Oe is 2.7 V/em-Oe, 3.9
V/em:-Oe, 4.7 V/ecm-Oe and 6.1 V/ecm-Oe, respectively. It is observed that at the frequency around
45 kHz of 12 mm X2 mmx(4 pm FeCoB/28 um PVDF there is strong background noise, which is
also found in other samples at similar frequency position. The cause of the noise signal is still

unclear.
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The voltage and phase of the 16mm x2 mmx(4 um FeCoB/28 um PVDF) composite with the
probe at the end and in the middle of the sample were tested, as shown in Figure 7.14. It is found
that the resonant frequency of the composite with probe placed in the middle of the sample is about
twice that compared with the probe at the end. This indicates that the probe picks up the vibration
signal of whole length and half length of the sample when placing at the end and in the middle,

respectively.
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Figure 7.13. Voltage (a) and phase (b) of Lx2 mmx(4um FeCoB/28 um PVDF) (L=16 mm, 12
mm, 10 mm and 8 mm)
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Figure 7.14. Voltage (a) and phase (b) of 16mmx2 mmx(4pm FeCoB/28 um PVDF) with probe
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For Lx2 mmx(10 um FeCoB/28 um PVDF) composites, the output voltage and phase versus
frequency at different lengths at Hpc=0 Oe are shown in Figure 7.15. This figure also depicts that
the resonant frequency of the laminate increases with reducing the length of the sample. At the
resonant frequency, ay g of the composites with the length of 16 mm, 12 mm, 10 mm and 8 mm is
3.1 V/em-Oe, 5.9 V/cm-Oe, 7.0 V/cm-Oe, 7.3 V/cm-Oe, respectively. Those values are higher than
those of the Lx2 mmx(4 pm FeCoB/28 pm PVDF) composites. The voltage and phase of the
16mm %2 mmx*(10 pm FeCoB/28 um PVDF) composites with the probe at the end and in the

middle of the sample are displayed in Figure 7.16. The resonant frequency obtained with the probe

at the end and in the middle

in the middle is about twice of that obtained with probe at the end of the sample.
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7.5 Influence of DC magnetic field on the output voltage

It is found that the peak direction of output voltage changes with DC magnetic field or DC
bias. For each composite laminate, the output voltage was measured without DC bias, at 4V DC
bias and then OV bias again. As shown in Figure 7.17, the output voltage of 8§ mmx2 mmx(10pum
FeCoB/28 pm PVDF), 10 mmx2 mmx(10um FeCoB/28 pm PVDF) and 12 mmx*2 mmx(10pum
FeCoB/28 um PVDF) were collected with changing the DC bias measured in probe mode. At the
beginning, the voltage peak is downwards without the DC bias. When 4V DC bias is applied, the
voltage peak becomes upwards. Once the DC bias tuned back to 0V, the voltage peak remains
upwards. Without the DC bias, the composite has a resonant response due to the remanent
magnetization in the magnetostrictive Fe-Co-B layer. Thus, the remanent magnetization is
generated and then transferred to the piezoelectric PVDF layer. When a DC magnetic field is
applied to the composite, the domains in the magnetostrictive layer are rearranged and aligned to
the external DC magnetic field. The composite generates a strain due to the external DC magnetic
field. After the DC magnetic field is removed, the magnetostrictive layer keeps a remanent
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magnetization. It should be mentioned that the upwards voltage signals are all measured after a 4V
of DC bias is applied once.

Furthermore, the composite measured in cantilever mode also has this behavior. As shown in
Figure 7.18, the output voltage of 8 mmx>2 mmx(10pm FeCoB/28 um PVDF) measured in both
cantilever mode and probe mode were monitored with varying the DC bias. Although the peak
amplitude of the composite in cantilever mode is not strong without DC bias, the peak is
downwards. Similarly, when the 4V DC bias is applied, the voltage peak changes to upwards and

can remain upwards if DC bias is removed again.
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Figure 7.17. Peak direction of output voltage changes with DC magnetic field measured in probe
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PVDF), (¢) 12 mmx*2 mmx(10pm FeCoB/28 pm PVDF)
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7.6 Magnetoelectric effect of Fe-Co-B/PVDF with different thicknesses

The output voltage and phase of 8 mmx2 mmX(t FeCoB/28 um PVDF) composites (t=3 pm,
4 um, 10 um and 14 pm) were measured both in cantilever mode and probe mode. DC bias from
0V~9V was applied to the sample, which was corresponding to the DC magnetic field of 0 Oe~55.8
Oe. The output voltage and phase of 8 mmx2 mmx(t FeCoB/28 pm PVDF) composites measured
in cantilever mode at Hpc=0 Oe and their maximum amplitude are shown in Figure 7.19. It is
observed that for at Hoc=0 Oe, the voltage amplitude of the composite increases and then decreases
with increasing the thickness of the magnetostrictive layer, as seen in Figure 7.19 (a). Also, the
maximum voltage amplitude of the composites increases and then decreases with increasing the
magnetostrictive film thickness, as seen in Figure 7.19 (c). The maximum amplitude is obtained
in § mmx2 mmx(10 FeCoB/28 um PVDF) composites. This also indicates that the resonant
frequency of the composite increases with increasing the magnetostrictive film thickness. It can
be understood in this way: the increasing of the thickness of magnetostrictive film leads to the

increasing of the Young’s modulus of the material and thus leads to the increasing of resonant
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frequency of the material.
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Figure 7.19. Voltage and phase of § mmx2 mmx(t FeCoB/28 pm PVDF) composite (t=3 um, 4
pm, 10 um and 14 pm) at 0 Oe Hpc ((a) and (b)) and at maximum amplitude ((c) and (d))
measured in cantilever mode

As in Figure 7.20, the voltage and phase of the 8 mmx2 mmx(t FeCoB/28 um PVDF)
composites (t=3 pm, 4 pm, 10 um and 14 pm) at Hpc=0 Oe and at maximum amplitude were
measured in probe mode. It also depicts that the maximum amplitude of the composite is achieved
in 8§ mmx2 mmx(10 FeCoB/28 um PVDF) composites, as seen in Figure 7.20 (a) and Figure 7.20
(c). In this case, it is a little strange that the voltage amplitude at Hoc=0 Oe and maximum voltage

of § mmx2 mmx(3 pm FeCoB/28 um PVDF) composites are slightly higher than those of § mmx2
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mmx(4 um FeCoB/28 um PVDF) composites, which may be due to the top probe position
difference between these two samples. That is to say, the probe might be placed further away from
the edge of 8 mmx*2 mmx(3 pm FeCoB/28 pm PVDF) than that for 8§ mmx2 mmx(4 um FeCoB/28
um PVDF). The shorter effective length was measured for 8 mmx2 mmx(3 um FeCoB/28 um
PVDF) than for 8 mmx2 mmx(4 um FeCoB/28 um PVDF). There is a discrepancy between the
resonant frequency measured in cantilever mode and probe mode. That is because that in cantilever
mode 2 mm length of the composite was clamped with PMMA sheets, while in probe mode the
probe is placed very close to the edge of the composite. Generally, the resonant frequency detected

in the probe mode is lower than that detected in cantilever mode.
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Figure 7.20. Voltage and phase of 8 mmx*2 mmx(t FeCoB/28 pm PVDF) composite (t=3 um, 4
um, 10 um and 14 um) at 0 Oe Hpc ((a) and (b)) and at maximum amplitude ((c) and (d))
measured in probe mode

The voltage and phase of the 8 mmx2 mmx(10 FeCoB/28 um PVDF) composites at different
DC bias measured in cantilever mode are shown in Figure 7.21. The maximum voltage amplitude
is obtained at a DC bias of 3V or Hpc=18.6 Oe¢ as displayed in Figure 7.21 (a). Frequency
dependence of ayr at Hpc=18.6 Oe and Hac=0.5 Oe is shown in Figure 7.21 (c¢). The maximum
ayg 1s observed at resonant frequency of 90.4 kHz. It is found that a,,; has a DC magnetic field
dependence, as displayed in Figure 7.21 (d). It first increases and then decreases with enhancing
the DC magnetic field. The maximum value of ag is 5.3 V/cm-Oe at Hpc=18.6 Oe. Among the

DC magnetic field of 0 Oe~55.8 Oe, the minimum a;g is 4.0 V/em-Oe at Hpc=0 Oe.
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um PVDF) composite at different DC bias; frequency dependence (c) and DC magnetic field (d)
dependence of its ay measured in cantilever mode

Figure 7.22 shows the voltage and phase of 8§ mmx2 mmx(10 FeCoB/28 pum PVDF)
composites at different DC biases measured in probe mode. The maximum voltage amplitude is
obtained at a DC bias of 4V or Hpc=24.8 Oe as displayed in Figure 7.22 (a). Figure 7.22 (c)
depicts the frequency dependence of ayr at Hpc=24.8 Oe and Hac=0.6 Oe. The maximum a g is
achieved at the resonant frequency of 83.4 kHz. As the DC magnetic increases from 0 Oe to 9 Oe,
ayg first increases and then decreases with the maximum value of 8.4 V/cm-Oe at Hpc=24.8 Oe.

Among the applied DC magnetic fields, the minimum a,z of 7.3 V/ecm-Oe is also observed at
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Hpc=0 Oe. Compared with the ayy obtained in cantilever mode, a,,; detected in probe mode

shows a higher value for each composite.
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Figure 7.22. Frequency dependence of voltage (a) and phase (b) of 8 mmx2 mmx(10 FeCoB/28
um PVDF) composite at different DC bias; frequency dependence (c) and DC magnetic field (d)
dependence of its ayr measured in probe mode

7.7 Influence of test device impedance

Compared with reported ayp values, the ME composites fabricated in this study can be
operated at higher frequency levels, which is an advantage over other materials. The a,,g is higher
than some work (1.43 V/cm-Oe [4]) but lower than other work (21.46 V/cm-Oe [5]). On one hand,
the lower ayg could be attributed to the smaller strain of Fe-Co-B alloys compared with

commercially available materials such as Metglas. On the other hand, there is a concern that the
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impedance of the measuring device could affect the testing output voltage and then the ME
coefficient. In this case, the ay s tested from one team’s work may not be comparable to the other
team’s work depending on the device they used.

If we consider our Fe-Co-B/PVDF composite as an ideal resistor (Rp,ypice) in serial with an
ideal capacitor (Cpeyice)- Then the Lock-in Amplifier with the input resistance of R; is connected
to the resistor (Rpepice) and capacitor. It collects the output voltage and phase signal of the
composite. Assume the charge of the capacitor Cpepice is Q@ = Qpe'®t. The simplified measuring
circuit is displayed in Figure 7.23. In the circuit, the ideal capacitor Cp,.y;c. generates a voltage
Vy due to the ME effect. V; acts as the power source and is consumed by Rpeypice and R;. The
Lock-in Amplifier is actually detecting the voltage V at two ends of R;. Therefore, depending on
the value of Rp.ypice and R;, the tested V can be different from the open circuit voltage V. In my
previous study and other researchers’ work, V is used to calculate the ME coefficient. Actually,
Vy should be used for the calculation of ME coefficient. Based on the above assumption, the
relation between V, and V can be derived from the following equations. There is a phase difference

between them as shown in eq. (7-6).
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\Y [] RL

Figure 7.23. Simplified measuring circuit

Vo = I(R, + Rpevice) = 5 (Ry, + Roevice) (7-2)
v =22R, (7-3)

Vo=V + =2 Rpevice (7-4)

Q= Qoeiwt = CDeviceVOBiwt (7-5)

Vo =V + iwCpeiceVoRpevice€™" (7-6)

Vo = . (7-7)

~ 1-iwCpeviceRpevicee™®®

In order to see the influence of R; on Vy, 10 mmx2 mmx(10 um FeCoB/28 um PVDF)
composites are set up in probe mode and measured with a Tektronix TDS 1001B Digital Storage
Oscilloscope. Instead of using the Lock-in Amplifier in the circuit, the oscilloscope is used. The
probe of oscilloscope is connected to the composite to measure the output voltage. The voltage
was measured by setting input impedance of the probe at 1 MQ and 10 MQ. The voltage at the
frequency of 60.0 kHz, 72.7 kHz and 85.0 kHz was measured. 72.7 kHz is the resonant frequency
of 10 mmx2 mmx(10 FeCoB/28 pm PVDF) composite.

In Figure 7.24, when the impedance of the probe is set at 1 MQ, the peak voltage of the
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composite at 60.0 kHz, 72.7 kHz and 85.0 kHz is 0.024 V, 0.019 V and 0.026V, respectively.
However, when the impedance of the probe is set at 10 M€, the peak voltage of the composite at
60.0 kHz, 72.7 kHz and 85.0 kHz is 0.046 V, 0.042 V and 0.048 V, as shown in Figure 7.25. In
these two configurations, the capacitance in the probe should be considered. A capacitance of 95
pF and 16 pF is in parallel with the resistance of 1 MQ and 10 MQ, respectively. The impedance
is 23 kQ and 137 kQ for the capacitance of 95 pF and 16 pF, respectively. The total resistance of
the probe when set at 1 MQ and 10 MQ is 22 kQ and 135 kQ, respectively. If SR830 Lock-in
Amplifier is used to measure the voltage of the ME device, the input impedance and input
capacitance should also be considered. It is found that the input impedance and input capacitance
of Lock-in Amplifier is 10 MQ and 25 pF, respectively. It is found that from the oscilloscope
measurement, the voltage changes with the probe impedance, which indicates that the input

impedance of the measuring device is very important.
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Figure 7.24. Voltage of 8 mmx*2 mmx(10 um FeCoB/28 um PVDF) composite in probe mode
detected with 1 MQ Oscilloscope: at 60.0 kHz (a), 72.7 kHz (b) and 85.0 kHz (c)
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Figure 7.25. Voltage of 8 mmx*2 mmx(10 um FeCoB/28 um PVDF) composite in probe mode
detected with 10 MQ Oscilloscope: at 60.0 kHz (a), 72.7 kHz (b) and 85.0 kHz (c)

7.8 Conclusions

Fe-Co-B/PVDF composites were fabricated by directly electrodepositing the
magnetostrictive Fe-Co-B thin films onto Au/Cr coated piezoelectric PVDF thin films. This
method avoids the use of epoxy and can be used to fabricate miniaturized ME composites for
higher frequency applications.

The composite exhibits a piezoelectric effect in cantilever mode and exhibits an ME effect in

AC and DC magnetic field. From the piezoelectric test, the resonant behavior from both thickness
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direction and longitudinal direction were observed. In ME testing, the longitudinal resonant
behavior was studied. The 16 mmx2 mmx(1 pm FeCoB/28 pum PVDF) composites have a
longitudinal resonant frequency of 31.0 kHz from the piezoelectric detection. This shows a
resonant frequency of 33.1 kHz from ME detection, and the ayz is 2.1 V/cm-Oe at the resonant
frequency and at Hpc=55.8 Oe and Hac=0.7 Oe.

The ME effect of Lx2 mmX(4 um FeCoB/28 um PVDF) and Lx2 mmx(10 pm FeCoB/28
pum PVDF) (L=16 mm, 12 mm, 10 mm and 8 mm) composites without DC magnetic field were
compared in probe mode. With the same thickness, the ay; of the composite increases with
decreasing the length of the sample. It is found that voltage peak direction changes with DC
magnetic field and that the samples can retain the external magnetization after the DC magnetic
field is removed.

The ME effect of 8§ mmx2 mmx(t FeCoB/28 pm PVDF) composites (t=3 pm, 4 um, 10 uym
and 14 um) were measured both in cantilever mode and probe mode. The maximum voltage
amplitude and maximum ay are found at the resonant frequency for § mmx2 mmx(10 FeCoB/28
pum PVDF) composites. The maximum app of 8§ mmx2 mmx(10 FeCoB/28 pm PVDF)
composites is 5.3 V/em-Oe at a resonant frequency of 90.4 kHz and Hpc=18.6 Oe tested in
cantilever mode and 8.4 V/cm-Oe at the resonant frequency of 83.4 kHz and Hpc=24.8 Oe tested
in probe mode. Compared with other work, our ME device can be potentially used for high-
frequency application based on our previous MSPs’ result.

The input impedance of the measuring device can affect the output voltage of the composite
and thus influence the ME coefficient of the composite. It is necessary to establish a new circuit

model for considering the input impedance effect of testing device.
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Chapter 8  Conclusions and Future Work

8.1 Conclusions

Fe-Co-B alloys were chosen to conduct tests for high frequency sensor applications. For this
type of use, it is very important to fabricate the materials with proper composition, microstructure
and resonant behavior. To determine whether Co-rich or Fe-rich Fe-Co-B alloys have better
resonant behavior, thin films prepared from solution composition of CozsFesB2o, Co72Fei1sBio,
Fe40Co40B20, FessCo2sB17 and FeeaCo16B2o were electrodeposited at 3 mA/cm? for 6 hr. It is found
that film deposited from solution composition of Co7sFesB2o and Co72FeisBio alloys do not show
noticeable resonant behavior, and that the film from solution composition of FessCo16B20 has poor
adhesion to the substrate. Both films deposited from solution composition of FesCo40B20 and
FessCo2sB17 have obvious resonant behavior, and that from solution composition of FessCo2sB17
exhibits better resonant behavior. Fe-rich Fe-Co-B alloys are found to be good candidates for
sensor applications. Among the solution composition of Fes7Co029B14, FessCo28B17, Fes3Coz27B2o,
Fes1Co26B23 and Fe49Co25B26, the film deposited from solution composition of Fes7Co29B14 shows
the largest resonant amplitude and largest saturation magnetization. The film deposited from
solution composition of FessCo2sBi7 shows the largest Q value, which is good for sensor
applications.

The influence of deposition time was studied. Films with the solution composition of
FessCosBi7 were deposited at 3 mA/cm? for 1 hr, 6 hr and 9 hr. The films have a CoFe

nanocrystalline structure and show circular nodules on the surface. The films deposited for 6 hr
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are thick enough to avoid Cu signals from X-ray diffraction and has a relatively good resonant
behavior. Na Saccharin works as a stress reliever. The influence of Na Saccharin was demonstrated.
Films with solution composition of FessCo2sB17 and the concentration of 0 M, 0.010 M, 0.020 M
and 0.025 M Na Saccharin were prepared at 3 mA/cm? for 6 hr. Less micro cracks are observed
with increasing the concentration of Na Saccharin. Thin films with 0.025 M Na Saccharin formed
rhombhedral holes due to the water dissolvable Fex(SO4); crystals. The films with 0.010 M Na
Saccharin has best resonant behavior.

Current density plays an important role in the film deposition. It influences the dynamic of
deposition and subsequently influences the structure and properties of the deposits. The influence
of current density was studied from two aspects. One is the influence of current density on the
films deposited at different current densities for same time, where the solution was changed every
3 hr. The other is the influence of the current density on the films deposited at different current
densities with same thickness, where only one batch of solution was used. Films with solution
composition of FessCosB17 were electrodeposited at current densities of 0.5 mA/cm?, 1 mA/cm?,
2 mA/cm?, 3 mA/cm? and 4 mA/cm? for 9 hr, with changing the solution every 3 hr. The films
prepared at 0.5 mA/cm? show a Coo72Feo2s nanocrystalline structure, while other films show a
Coo.sFeo s (CoFe) nanocrystalline structure. The films deposited at 1 mA/cm? and 2 mA/cm? for 9
hr exhibits a good trade off among the structure, morphology and resonant behavior. Films from
solution composition of FessCo2sB17 with thicknesses of 5 um, 10 pm, 15 pm and 20 pm were
deposited at 0.5~4 mA/cm? for different times with one batch of solution. At each thickness, the
films prepared at 0.5 mA/cm? have different structures and different morphologies from those
prepared at other current densities. At each thickness, the Fe/Co ratio increases with increasing the

current density. For thin films prepared at the same current density, the Fe/Co ratio in the deposits
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changes with the varying of the Fe?"/Co?" ratio in the solution. With the same thickness, the films
deposited at 3 mA/cm? exhibit the best resonant behavior. This indicates that at the same thickness
the films with the highest E/(1-v) have the highest or relatively high Q value. At each thickness,
films deposited at 1 mA/cm? shows the best soft magnetic property. From the Raman spectra, the
films deposited at the current density of 0.5 mA/cm? have weaker Fe-B-Fe or Fe-B vibration peaks
than those deposited at higher current densities due to the lower Fe content.

To better understand the co-deposition of Fe and Co in Fe-Co-B ternary alloys, binary alloys
from solution composition of FessBi7 and Co2sB17 were deposited with the same parameters as
ternary alloys with solution composition of FessCo2sB17. It is found that Co deposited faster in the
solution system of Co2sB17 than Fe in the solution system of FessB17. By reducing Co amount, Fe-
Co-B thin films with two different Fe/Co ratios were prepared at different current densities. Films
with different Fe/Co ratios have different structure at the current density of 0.5 mA/cm? and 1
mA/cm?, while having similar structure when deoposited at 2 mA/cm?, 3 mA/cm? and 4 mA/cm?.
The films with different Fe/Co ratios exhibit different resonant behavior depending on the
deposition condition. Based on the hysteresis loops, films with a lower Fe/Co ratio are softer when
deposited at 0.5~2 mA/cm?, and harder when deposited at 3 mA/cm? and 4 mA/cm?.

To study the influence of Boron on the films with fixed Fe/Co ratio, films with solution
composition of FessCo16Bx (x=0~29) were prepared at 1 mA/cm? for 10 hr and those with solution
composition of FessCo24Bx (x=0~29) were prepared at 3 mA/cm? for 2.70 hr. Most of the films
from solution composition of FessCo16Bx thin films have a CoFe (211) orientation, while all of the
films from solution composition of FessCo24Bx show a CoFe (110) orientation. Films from solution
composition of FessCo16Bx have semi-spherical nodules, while those from solution composition of

FessCo24Bx show circular nodules on the film surface. Both of the films deposited from solution
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composition of FessCoisBx and FessCo24Bx exhibit best resonant behavior with Boron
concentration of 17 at.% and 20 at.%.

To miniaturize the magneotstricitive particles (MSPs) for higher frequency application and
obtain a higher sensitivity, Au/Fe-Co-B/Au MSPs with micro size were prepared by combing
electrodeposition and microfabrication techniques. The influence of the current density and
deposition time were also investigated for the MSPs. The MSPs were deposited under 1 mA/cm?,
2 mA/cm?, 3 mA/cm?, 4 mA/cm? for 3 hr. The resonant frequency increases while the Q value
decreases with increasing current density. The amplitude of the resonant peak and the velocity of
the MSPs first increases and then decreases with increasing the current density with the maximum
value at the current density of 3 mA/cm?. The MSPs were also fabricated at 1 mA/cm? for 3 hr, 5
hr, 7 hr and 9 hr. The resonant frequency first decreases and then increases with increasing time
with the minimum at 5 hr. The amplitude first decreases and then increases with increasing time
with the minimum at 7 hr and maximum at 9 hr. The Q value decreases with increasing the
deposition time. MSPs with a strong resonant peak was preferred for sensor application.

The application of MSPs as a biosensor platform was demonstrated. Au/Fe-Co-B/Au MSPs
were fabricated at 1 mA/cm? for 9 hr and were used for detecting Salmonella Typhimurium. In the
dynamic measurement, a limit of detection of 5x10? cfu/ml with a total peak shift of 107 kHz is
found for the measurement sensor. In static measurement, the peak shift of the sensor increases
with increasing the population of Salmonella suspension.

The other application of Fe-Co-B magnetostrictive thin films is as an Fe-Co-B/PVDF
magnetoelectric composite. Magnetostrictive Fe-Co-B thin films were electrodeposited on Au/Cr
coated piezoelectric PVDF thin films. This methodology avoids the use of epoxy and is potentially

useful for fabricating miniaturized ME composites for higher frequency applications. The
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composites exhibit a piezoelectric effect in cantilever mode and exhibit the ME effect in an AC
and DC magnetic field. A 16 mmx2 mmx(1 um FeCoB/28 um PVDF) composite has a
longitudinal resonant frequency of 31.0 kHz from the piezoelectric detection. It has a resonant
frequency of 33.1 kHz from ME detection, and the a ¢ is 2.1 V/cm-Oe at the resonant frequency.
The ME eftect of Lx2 mmx(4 um FeCoB/28 um PVDF) and Lx2 mmx(10 pm FeCoB/28 um
PVDF) (L=16 mm, 12 mm, 10 mm and 8§ mm) composites without a DC magnetic field were
compared in probe mode. With the same thickness, the ay; of the composite increases with
decreasing the length of the sample. The ME effect of 8 mmx*2 mmx(t FeCoB/28 um PVDF)
composites (t=3 pm, 4 um, 10 pm and 14 pm) were measured both in cantilever mode and probe
mode. The maximum ;g is found at the resonant frequency of 8 mmx2 mmx(10 FeCoB/28 um
PVDF) composites. The maximum ay of 8§ mmx2 mmx(10 FeCoB/28 pm PVDF) composites is
5.3 V/em-Oe tested at the resonant frequency of 90.4 kHz in cantilever mode and 8.4 V/cm-Oe at
the resonant frequency of 83.4 kHz tested in probe mode. Based on the resonant frequency of MSP
and the ME device, our ME device can push the application into higher frequency range than other
work. The input impedance of testing device affects the magneoelectric coefficient. It is of great
importance to establish a theoretical mode to combine the effect of testing device impedance and
the ME coeftficient.
8.2 Future work

As one application of magnetostrictive Fe-Co-B thin films, fabrication of Au/Fe-Co-B/Au
MSPs of varying sizes and even smaller sizes is of great interest. The response of Au/Fe-Co-B/Au
MSPs as real time sensor platforms should be characterized. The limit of detection of different
bacteria is desired to be found for Au/Fe-Co-B/Au MSPs.

Fe-Co-B/PVDF composites with smaller size will be fabricated and characterized for higher
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frequency applications. More thicknesses of the magnetostrictive layer should be tried to get the
optimized thickness. A new circuit model of the ME test needs to be established. Fe-Co-
B/PVDF/Fe-Co-B sandwich structure will be fabricated by electrodepositing Fe-Co-B thin film on
both sides of the PVDF film. The magnetoelectric coefficient of Fe-Co-B/PVDF/Fe-Co-B

sandwich composite will be demonstrated.
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