The Pennsylvania State University
The Graduate School
College of Engineering

MAGNETOELECTRIC AND OPTO-MECHANICAL MAGNETIC SENSING

A Dissertation in
Electrical Engineering
by

Eugene Freeman

© 2017 Eugene Freeman

Submitted in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

December 2017



The dissertation of Eugene Freeman was reviewed and approved* by the following:

Srinivas Tadigadapa
Professor of Electrical Engineering and Biomedical Engineering

Dissertation Advisor, Chair of Committee

Steven J. Schiff
Brush Chair Professor of Engineering Science and Mechanics

Jerzy Ruzyllo

Distinguished Professor of Electrical Engineering

Susan Trolier-McKinstry
Steward S. Flaschen Professor of Materials Science and Engineering and Electri-

cal Engineering

Kultegin Aydin
Professor of Electrical Engineering

Head of the Department of Electrical Engineering

*Signatures are on file in the Graduate School.

11



Abstract

Magnetic sensors are of ever increasing relevance to modern society. Magnetic sensors
have found practical applications in smartphones, aerospace, automotive, industrial and
biomagnetic sensing. Most applications are navigational owing the earth’s relatively
stable magnetic field, although rotational and speed sensors are found in automotive and
industrial settings. Availability of low-cost and reliable magnetometer technologies have
contributed their ubiquitous nature. However, the most sensitive magnetic fields emitted
from the brain can only be detected by superconducting quantum interference devices
(SQUIDs), which require cryogenic cooling to maintain a superconducting state and
require magnetic shielding. An inexpensive room temperature magnetometer technology
capable of magnetoencephalography (MEG) and other biomagnetic signals is an active
area of research.

This dissertation provides three significant contributions to this problem. First, a
detailed and comprehensive set of methods are explored and demonstrated in an effort
to optimize the magnetoelectric magnetometer, a promising magnetometer technology
that may replace SQUIDs in some applications. Second, a novel chip-scale whispering
gallery mode magnetometer is proposed, modeled using a finite element simulator and
experimentally demonstrated with a 6 x 10~® T/y/Hz limit of detection (LOD) and
the potential for much lower LOD is demonstrated. Third, a novel passively-powered
micromachined quartz magnetoflexoelastic magnetometer is experimentally demonstrated
and the effect of separation distance from a coupling antenna is quantified and modeled
using a modified Butterworth-van Dyke model. This device has the potential to be a
wireless implantable sensor that is much closer to the biomagnetic signal source.

Via optimization of the mechanical coupling, flux concentration, alignment of Metglas
magnetic domains, and a (1-x)[Pb(Mg;/3Nb,/3)O3]-x[PbTiO3] (PMN-PT) d33 macro
fiber composite to improve piezoelectric response; resulting in a magnetic field sensitivity
of 50 pT at 20 Hz for a d33 Metglas/PMN-PT laminate. Mechanical coupling is improved
by reducing the thickness and porosity of the epoxy. The Metglas residual stress reduction
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and easy axis alignment is accomplished by a 30 minute 400 °C anneal under a 160
mT magnetic field in an oxygen free environment. Resulting in the highest reported
magnetostriction coefficient of 79.3 . Finally, different piezoelectric materials and
configurations such as single crystal PMN-PT and macro fiber composite PMN-PT are
explored.

A novel magnetometer consisting of chip-scale whispering gallery mode resonators
with high-Q factors (>107) are realized using MEMs fabrication techniques. A permanent
magnet is elastically coupled to a whispering gallery mode borosilicate microbubble.
Magnetic forces from applied external magnetic fields induce deformation in the mi-
crobubble which can be sensitively monitored through changes in the optical resonance
characteristics. The force is calculated and the the resultant deformation is simulated in
the microbubble. The effect of different permanent magnet orientations and microbubble
shell thickness is experimentally investigated and modeled. A sensitivity of 1.9 GHz/mT
on a microbubble with 1.1 pm shell thickness is experimentally demonstrated along with
a limit of detection of 6 x 1078 T/ v/Hz at 30 Hz, which was limited by a noisy laser
system.

Finally, this dissertation demonstrates the passively-powered wireless operation of a
magnetoflexoelastic magnetometer. The wireless coupling is achieved using coupled near-
field resonant loop antennas, which excite the high Q-factor (~6000) micromachined
quartz resonator. Magnetostrictive curves are acquired both wired and wirelessly at
distances up to 45 mm to confirm the phenomenon is magnetoflexoelastic in nature. A
49.1 Hz/Oe sensitivity was achieved in wireless operation and the ultimate detectable
limit was 7 uT at 0.5 Hz. Highly sensitive, wirelessly powered, and maintenance-free
sensors are of great interest to the biomedical, geological, hazardous environment, and
traffic control communities.
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Chapter 1

Magnetometers

1.1 Introduction to Magnetometers

There are a plethora of ways to sense magnetic fields. Many methods are based on
the intimate relation between magnetic and electronic phenomenon, others are based
on force transduction, and the most sensitive methods exploit quantum phenomenon
to measure fields as low as a quanta of magnetic flux. No single sensor technology
has the dynamic range to measure the entire range of magnetic fields that may be of
interest. Magnetic fields from biological processes such as brain function can be as
low as 1 x 10~ T [1] and ultra high field magnetic research has been done on fields
on the order of 45 T [2]. A sensor with 1 x 10!® T dynamic range does not exist and
furthermore some sensors have limited frequency responses and others fundamentally
rely on time varying magnetic fields and have limited DC and low frequency responses.
Low field 1 x 10714 T to 1 x 107'° T sensing is of particular interest to the biomedical
community, however only superconducting quantum interference devices (SQUID) are
approved for use for magnetoencephalography (MEG), sensing of the magnetic field
from the brain, and magnetocardiography (MCG), sensing of the magnetic field from
the heart. Unfortunately, SQUIDs require a superconducting state to work and must
operate in liquid helium and the cost of a machine and facilities is 1 to 3 million USD [3],
making these tests inaccessible to many people. As a result there has been a strong push
to develop a low cost, room temperature magnetometer capable of probing MEG and
MCQG. Only in the last few years, spin exchange relaxation free atomic magnetometers

have proven to exceed the resolution of a SQUID sensors at room temperature in some



situations. However, it requires a near zero magnetic field environment, the device must

be heated to >100 °C and it requires optical probing and excitation.

1.1.1 Biomagnetic Applications

Magnetic signals emanating from the body have been characterized and collected from
several organs as seen in figure 1.1(a). This diagnostic technique is of particular interest
due to the non-contact remote monitoring capability as opposed to wired electrical
methods. These signals range from sub 1 Hz to the low 100’s of Hz range and can be
as low as 10’s of {T for cortical activity and up to approximately 80 pT for cardiograms.
Magnetoencephalography is being utilized in clinical applications to help diagnose
epileptic patients [4] and magnetocardiography is being used to diagnose coronary artery
disease and cardiac arrhythmias [5].

Figure 1.1(b) shows the sensitivity and dynamic range of select magnetometer techno-
logies. From the figure it is clear that SQUID magnetometers are the most sensitive,
yet several new technologies like magnetoelectric, atomic magnetometers and diamond
nitrogen-vacancy magnetometers are strong competitors to replace SQUIDs. Search coils,
also known as induction loops, are simply coils of wire wrapped around a ferromagnetic
core. These are among the simplest magnetic sensors and function based off of Faraday’s
law of induction V' = —n%, where the induced voltage V is equal to to the change in
magnetic flux over time Cil—(f times the number of turns in the coil, n. This also means the
sensor will not be as sensitive to low frequency magnetic fields. Despite this limitation,
Baule and McFee use two large search coils to perform the first magnetocardiogram.
However, the coils were large and could not map the heart [6].

The rest of this section is devoted the introducing various contemporary magnetometer
technologies. The technologies are separated into non-force sensitive and force-sensitive
technologies. Non-force sensitive technologies discussed in this chapter are SQUIDs,
magnetoresistance (anisotropic magnetoresistance, giant magnetoresistance, magnetic
tunnel junction), Hall sensors, fluxgate, diamond nitrogen-vacancy magnetometers, and
atomic magnetometers. Some of these magnetometers take advantage of the Lorentz
force, which is ofcourse a force, however if the sensor has no moving parts this dis-
sertation labels it non-force sensitive. Next, force sensitive technologies are discussed:

magnetoflexoelastic, magnetoelectric and Lorentz force magnetometers.
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Figure 1.1. (a) Approximate magnetic field strength and frequency range of common biomagnetic
signals with low temperature superconducting (LTS) and high temperature superconducting (HTS)
SQUID sensitivity limits. Adapted from [7, 1](b) Shows the sensitivity and dynamic range of
a select set of magnetometer technologies, including anisotropic magnetic resistance (AMR)
magnetometers, and magnetic tunnel junction (MTJ) magnetometers. Adapted from [8, 9]

1.2 Non-force Sensitive Magnetometers

1.2.1 SQUID Magnetometer

The superconducting quantum interference device (SQUID) is an extremely sensitive
magnetometer which is capable of sensing single digit fT/+/Hz magnetic fields [10]. The
noise is low on these sensors, in part because the entire device and accessory electronics
are cooled to cryogenic temperatures (liquid helium for the most sensitive applications)
because the sensor requires superconductors to operate and the low temperatures produce
minimal Johnson noise in the electronics. The DC SQUID device was first experimentally
demonstrated by Robert Jaklevic, et al. in 1964 [11]. The fundamental operating principle
is based on the Josephson effect, which was conceived by Brian David Josephson in 1962
[12] and was later awarded the Nobel prize for this discovery.

To understand SQUID magnetometers the Josephson junction must first be explained.
The Josephson junction is a device with two superconductors separated by a weak link,
like a thin tunneling insulator, through which Cooper pairs can tunnel through. Normally,
in a superconducting medium many Cooper pairs "condense" into an electron gas whose
wavefunctions are in phase. However, the weak link imposed by the tunneling insulator
allows separate out-of-phase wavefunctions to exist. Cooper pairs are a function of

electron-phonon interactions at low temperatures and are responsible for some of the



unique properties exhibited by superconductors. The interactions of many Cooper pairs
forms an energy gap in the continuous spectrum of the allowed energy states of electrons.
This means any excitation must have a minimum energy and small perturbations such as
those from phonon scattering is not permitted, hence enabling superconductivity.

Since the current inside of a superconducting ring is described as a wavefunction and
it can be shown that the phase (¢) of the wavefunction is described by (1.1) where n is
an integer, h is the reduced Plancks constant, e is the elementary charge of an electron
(1.6 x 107 C).

SO::l:Zﬂ'TLFL_ (h

5 =" %> ~n (2.07 x 107) Tm? (1.1)

This means the phase of a superconducting condensate will go through a full rotation
at one flux quanta ®; or ®y = (2) ~ (2.07 x 10~*) Tm?. Evaluating the wavefuncti-
ons at the insulating barrier yields an equation for the current through a Josephson
junction to be (1.2), where V is the applied voltage, ¢ is time and ¢ is a starting phase
offset. It should be noted that this is an excellent DC voltage to frequency transducer,
which is only dependent on the universal constants / and e and is therefore used as the

standardized definition of the Volt.

I = I sin (2—”%5 + go(O)) (1.2)
P
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Figure 1.2. Illustration of a DC SQUID device with two Josephson junctions. When biased near

or above the critical current an external magnetic flux produces an oscillatory voltage, where each

period of oscillation is one flux quanta. [13]

The DC SQUID magnetometer is constructed from two Josephson Junctions as seen
in figure 1.2, where two tunneling insulators separate a superconductor. The device is
operated just above the critical current (/.), meaning any additional screening current
produces a conventional resistive voltage. Therefore each external magnetic magnetic
flux quanta of ®, produces an oscillation of the voltage between the two tunneling
insulators, as illustrated in figure 1.2. The current in the DC SQUID device is shown in

(1.3) where ¢; and ¢ are the phases of the two supercurrents.

I =1I.siny; + 1.sin py (1.3)
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Figure 1.3. Screening current versus magnetic flux quanta relationship.

Using the relationship 5 — o1 = 271 + 2, (1.3) can be rewritten as (1.4), where

® is the external magnetic flux.

P d
I =21,cos ~ + I.sin | ¢1 + ™~ (1.4)
Dy P

The current in the SQUID device oscillation is illustrated in figure 1.3, where it is
clear that the current changes direction at at Lgo. By monitoring the number of voltage
oscillations on the SQUID the magnetic flux can be determined with extremely high
accuracy. As a result of this sensing method the SQUID magnetometer is fundamentally
a differential sensor as it naturally measures a change in the magnetic field as a new

biomagnetic signal is generated or decays away.

1.2.2 Magnetoresistance Magnetometer

There are many types of magnetoresistive sensors including anisotropic magnetoresis-
tance (AMR), giant magnetoresistance (GMR), spin valve, magnetic tunnel junctions
(MT]J), and colossal magnetoresistance (CMR). This chapter will focus on the more
popular technologies, AMR, GMR and MTJs.

1.2.2.1 Anisotropic Magnetoresistance

Anisotropic magnetoresistance sensors were first demonstrated by Lord Kelvin (Michael
Thompson). He measured an electrical resistance change ATR in iron and nickel, where
R is the resistance with no applied magnetic field and AR is the maximum resistance

change. The value is usually expressed as a unit-less percent change of resistivity per



Oe. In addition, it has been observed that the resistance is dependent on the angle of the
applied magnetic field relative to the current flow.
The magnetization direction in 2-D is given by (1.5):
H
sing = —— 1.5
7~ He+ H, (1)
where ¢ is the angle of magnetization relative to the anisotropy axis of the ferromag-
netic material (f). H, and H, are the x and y components of the external magnetic
field respectively. The change in resistance is given by (1.6) for current flow directed

along the anisotropy axis (¢ = /), where % is the magnetoresistivity coefficient. [14].

AR, _ ——sin®9

Ham P 1.6
AR,  Ap H (1.6)
Rom p (H,+ H,)’

Anisotropic magnetoresistance requires that a material be ferromagnetic and have
magnetic anisotropy. This can result in mobile electrons seeing a different scattering
cross-sections depending on the direction of current flow relative to the magnetization
of the ferromagnetic material. Permalloy (Ni,Fe;_,) and Ni gyCo 5 are popular choices
for anisotropic magnetoresistance devices because of their high resistivity ratios of 3.8
%% (for Ni 7¢Fe 54) and 6.5 %%, respectively. A select set of other materials is shown
in table 1.1. More comprehensive anisotropic magnetoresistance material overviews may
be found in [15, 16]

Material %%
NigyCoo [16] | 6.5
Ni¢Feos [16] | 3.8
NigsMn g, [16] | 2.9

Fe [17] 0.2
Co [15] 1.9
Ni [18] 2.0

Table 1.1. Room temperature anisotropic magnetoresistance of a select set of alloys and single

element ferromagnetic materials.



The % characteristics for an AMR sensor is shown in figure 1.4 for current oriented
parallel, perpendicular or + 45° to the anisotropic magnetization. As seen from figure
1.4 the response is approximately linear for small changes in magnetization angle if the
current travels 45° to the magnetization axis. Assuming a 45° to the magnetization axis,
(1.6) can be approximated as (1.7). Kuijk et al. [19] were able to demonstrate a device
where the current almost always travels 45° by using a set of angled "barber pole" like

conductors to force the current at an angle as illustrated in figure 1.5.

A AR/ARm

0.5

-1

Figure 1.4. % characteristics for an AMR sensor were current flowing parallel and perpendicu-
lar to the magnetization axis (0° and 90°) and with current flowing at & 45° to the magnetization
axis. The £ 45° is preferred because it has the better sensitivity at low magnetic field and has a

more linear response as compared to the 0° and 90° case. [14].
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Figure 1.5. Barber Pole AMR sensor, which results in + 45° current flow relative to the
magnetization direction. The striped areas are low resistance conductors and the background is
NiFe. The current will prefer the shortest path "d" in the NiFe. [19]

It is common to have AMR sensors connected into a bridge circuit, resulting a direct
conversion of differential resistance to a voltage. As for sensitivity, the Honeywell
HMC1001 sensor for example has a specified resolution of 27 nT and is commonly used

for compasses [20].

1.2.2.2 Giant Magnetoresistance

Giant magnetoresistance (GMR) was discovered by Albert Ferts and Peter Griinbergs
[21, 22]. Similar to other magnetoresistive phenomenon there is a change in electrical
resistance in response to a magnetic field. The AR/R in GMR is much larger than
in AMR (hence the term giant). The phenomenon is a result of two phenomenon in
ferromagnetic metals. First, electrical resistance in metal occurs largely through two
independent conducting channels, via spin-up and spin-down electrons and the probability
of scattering causing those spins to flip is relatively small compared to other scattering
processes, where the spin is conserved. Essentially this means that the two channels
do not mix and their conduction occurs in two parallel spin channels [23, 24]. Second,
in ferromagnetic metals the scattering probability of the two spins is not equal. This
occurs because the density of states between the two spins is not equal and the mobility is
inversely proportional to the density of states. Based off these principles, it is evident that
conducting electrons with spins perpendicular to the to the magnetization direction will
have less scattering and electrons with spins parallel will have more scattering. If a thin
conductor is formed from two ferromagnetic materials, one with a pinned magnetization

and one with a relatively free axis the electrons thin conductor can experience a state



scattering from either a state where both ferromagnetic materials are aligned and only one
spin is strongly scattered (low resistance state, Rp) or a state where the ferromagnetic
materials are misaligned and both spins directions strongly scatter (high resistance state,
R 4p) as illustrated in figure 1.6(a) [25]. Also, this phenomenon can be observed with a
thin non-ferromagnetic conductor sandwiched between two ferromagnetic materials. The
main problem with GMR sensors is that the anti-parallel state was obtained by strong
coupling of the two ferromagnetic layers and the sensitivity was poor. To address this
issue a third layer, an anti-ferromagnetic material, is used to pin one of the layers [23].
This is known as a spin-valve sensor. The GMR sensor can operate in fields as low as 10
nT and as large as 0.1 T [8]. The upper limit is because high fields can de-magnetize the
pinned layer.

R/ R(H=0)
1,0
(Fe 3nm / Cr 1,8nm) | L\

[osl | ~+80%

(Fe 3nm /Cr 1,2nm) 07 =

L

1 1 1 1 1 1 | 1 >
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Figure 1.6. (a) Illustration of AR/ R in response to the free ferromagnetic layer rotation relative
to the pinned layer. In the parallel state the resistance, R p, is minimum and in the anti-parallel
state the resistance, R 4 p, is maximum. (b) Experimental results of AR/ R for thin layers of Fe
and Cr superlattices at 4.2 K. Adapted from [25, 21]

1.2.2.3 Magnetic Tunnel Junctions

Magnetic tunnel junction (MTJ) magnetometers have demonstrated even higher AR/ R
than GMR devices. In conventional tunneling of carriers, through a thin barrier straddled
by non-ferromagnetic metals, there are approximately equal density of states available

for both spin up and spin down states for carriers to tunnel into. Similarly, there are

10



approximately equal amounts of both spins available for tunneling on the source side. In
direct tunneling, electrons must preserve their spin and can only tunnel into a subband
with the same spin orientation. Ferromagnetic metals have an imbalance in their spins
with a higher density of states available for the majority spin. This means a condition of
density of states mismatch may be produced where there are not enough states for the
majority carrier of the source electrode to tunnel into the drain electrode and there are not
enough minority spins on the source side to fill the available majority density of states on
the drain side. A MT]J is fabricated from two ferromagnetic materials straddling a thin
insulator. Figure 1.7(a) illustrates a device with parallel aligned magnetization resulting
in matched density of states on both sides and maximum tunneling current. Figure 1.7(b)
illustrates an anti-parallel magnetization with minimum tunneling current.

Significant advances in this field came when a series of theoretical papers which
predicted that coherently matching the MTJ electrodes crystal structures would result in
better spin-dependent matching of the tunneling states [26, 27]. Using MgO as the tunnel
barrier the MT]J electrodes can be crystallographically coherent. MgO readily orients
into an (001) texture and can used to coherently crystallize the MTJ electrodes during
post-deposition anneals, as has been demonstrated for (CoFe)goB2/MgO/(CoFe)goBag
multilayers [28]. Building on that work, Co/MgO/Co multilater MTJs with tunneling
ratios of 400% were achieved [29]. Commercial MTJ sensors can achieve approximately

1 nT/v/Hz [30].
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Figure 1.7. (a) Illustration with both ferromagnetic elements aligned parallel to each other
producing the maximum availability of density of states where tunneling can occur. (b) Illustration
of ferromagnetic elements with anti-parallel alignment where the majority spin on side 1 is lacking
states on side 2 to tunnel into. Similarly, the minority spins on side 1 do not have enough carriers

to satisfy all the of the majority spin states available to tunnel into on side 2. [31]

1.2.3 Hall Magnetometers

The Hall effect, discovered by Edwin Hall in 1879, is a common technique used for
determining free carrier concentration (/V;), carrier type (n or p), and mobility (1) with the
application of a known magnetic field. Conversely, if the material parameters are known,
an unknown magnetic field can be measured. The fundamental operating principle relies
on the Lorentz force, given by (1.8), where ? is the resultant force, ﬁ is the electric
field, ¥ is the particle velocity, g, is the magnitude of the charge of the particle, and §
is the magnetic field. The first term is not dependent on the magnetic field but the second
term 1s a cross product of the velocity vector and magnetic field vector, implying that
maximum force occurs when the particle velocity is perpendicular to the magnetic field.
A typical Hall bar structure is illustrated Fig. 1.8 with the electrodes labeled 1-4. Other

Hall structures which use from 4 to 8 electrodes are also commonly used [32].

F=gF+q7xB (1.8)
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Figure 1.8. Schematic of a typical Hall bar. A DC voltage is applied between electrodes 1 and 2.

The resultant Hall effect voltage is sensed on electrodes 3 and 4.

The induced Hall electric field along the length w can be expressed as E=Vy /w,
therefore for a magnetic field perpendicular to the Hall bar the Hall voltage V3 is given
by (1.9). The negative sign is a result of electrons, which are negatively charged, being
the fundamental charge carrier. Based on the right hand rule and assuming an n-type
material, a B field directed out of the page and with a current flowing from electrode 2 to
1 (electrons flowing 1 to 2), the voltage on electrode 3 relative to electrode 4 would be

positive as electrons accumulate on the side of the 4 electrode.

Vg = —vBw (1.9)

The drift velocity, v can be expressed as (1.10) where [ is the current between contacts
1 and 2, g is the elementary charge constant (1.6 x 1071% C), N is the number of carriers
per volume, A is the cross section (w X f), with 7 being the thickness of the hall bar. Some
popular Hall magnetometer materials are InSb and InAs, which have very high carrier
mobilities of 80,000 cm?/Vs [33, 34] and 33,000 cm?/Vs [34] respectively.

13



I

= — 1.10
U= ONA (1.10)
Finally, (1.10) is substituted into (1.9) to get (1.11).
IB
Vg =——— 1.11
= (L11)

The Hall magnetometers must be powered and the signal of the sensor is proportional
to the current. Typical sensors consume 100-200 mW of power and have a magnetic limit
of detection in the range of 100 nT and can sense AC and DC magnetic fields. Some

specially designed hall probes with large active areas can sense down to 2 nT [35].

1.2.4 Fluxgate Magnetometers

Fluxgate magnetometers consist of a ferromagnetic material wound by 2 coils, as illustra-
ted in figure 1.9. One coil, the drive coil, induces a sinusoidal magnetic field that pushes
the ferromagnetic material into saturation every half cycle as illustrated in the B-H hyste-
resis ferromagnetic loops in figure 1.9. As illustrated in the B-H curves, the reluctance
of the ferromagnet decreases and less external magnetic field enters the ferromagnet.
Thus the sense coil voltage is proportional to the external magnetic field, which due to
the symmetric nature of the B-H curves oscillates at twice the drive frequency and the

amplitude of this 2™ harmonic is proportional to the external magnetic field.
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Figure 1.9. Illustration of a fluxgate magnetometer composed of a ferromagnetic material defining
the core with a drive and sense coil. Out of saturation the external magnetic field is easily absorbed
in the high 1, material. As the drive coil pushes the ferromagnetic core into saturation the external
magnetic field is not concentrated into the saturated ferromagnetic core. B-H loops on the right

illustrate the two situations in the core. Adapted from [8]

It is common to find fluxgate devices connected in series as seen in figure 1.10(a) in a
bar configuration and figure 1.10(b) in a circular configuration, to cancel out the drive
and odd harmonics of the device. Assuming a frequency selective amplifier is used to
lock in to the second harmonic, the magnitude of the output signal can be estimated as
(1.12) as adapted from [36].

1-D
[1+D(:u7"_ 1)]2

V =~ NAp,poHp, f (1.12)

where N is the number of turns on the secondary coil, f is the frequency, i, is the
relative permeability of the ferromagnetic core, 1 1s the permeability of freespace and
H,, is the external magnetic field. It is typical to find fluxgate devices with limits of
detection of approximately 10 pT, owing to the fact that noise can be significantly reduced

using a lock-in amplifier due to the high frequency nature of the output signal.
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Figure 1.10. Illustration of dual fluxgate magnetometers in a (a) bar configuration or (b) circular
configuration where two ferromagnetic cores produce out of phase magnetic signals to cancel out

the drive and odd harmonics [36].

1.2.5 Diamond Nitrogen-Vacancy Magnetometers

The nitrogen-vacancy (NV) center is a defect formed in diamond by one substitutional
nitrogen and a neighboring vacancy. This can be achieved by implanting diamond with
nitrogen ions and subsequently annealing to recombine the nitrogen with vacancies [37].
The spins and energy levels resulting from this defect are illustrated in figure 1.11(a). The
defect forms a ground state 3 A spin triplet (m, = 41 and m, = 0) that can be adjusted at
room temperature using electromagnetic fields (in the microwave region). Furthermore,
there is a triplet excited state 3£ and an upper singlet state ! A; which decays through a
1042 nm transition into a metastable ! F singlet state with a relatively long 200 ns lifetime,
which then further decays back to the ground state [38]. The ! A; state is populated by a
spin-nonconserving transition which occurs at a higher probability from the m, = £1
than the m, = 0 from the > excited state [39]. The ®E excited state is populated via
spin-dependent transitions from 'A;, where m, = 0 ground states are forbidden from
populating m, = +1 excited states [40].

In the presence of an electromagnetic field at the resonance of the my = 0 — my, = £1
transition (approximately 2.8 GHz) the m, = —1 and the m, = 0 energies in the ground
state will overlap and have spin-polarization, which strongly effects the optical absorption
and luminescence between those states enabling more m,; = +1 excited states. The
m, = £1 excited states in turn decay into more ' A, and subsequently more filled ' E
states, resulting in increased absorption at 1042 nm as seen in figure 1.11(b), which

shows two dips, one for the ms = —1 and the other for the m; = +1 spin in response to
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splitting from a 2.99 mT magnetic field.

In the presence of a magnetic field, Zeeman splitting occurs in the my = +1 states
resulting a shift of the resonance frequency [41] f,.s = D + vB cos0/(2m), where D is
the zero-field splitting of the NV ground state (2.87 GHz), v is the gyromagnetic ratio
for the NV center v = 2 x 28.0 GHz/T and @ is the angle between the NV axis and the
applied field. Fields as small as 2.4 nT/+/Hz have been demonstrated, but theoretical
predictions for larger ensembles of NV diamond defects predict resolutions as small as
240 fT/v/Hz [40].

— 1 b pump power = 1.0 W
(a) 3E - 1 0,". ( ) 1 b
c-- 0“’ 5
I—— 0 \\ "0 1 ]
~32 A § 0.98
N S
637 nm 1042 nm g /_\.U"”.
637-800 nm 30 |,
A =
. £
2 1 =
| 1 .- 7 E o 0.94
N4 a~ L c 2vBeosl/ (2w
A, E/ {2.87 ‘ 1y ’ /(2)
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N m = 0 2.8 2.85 2.9 2.95

microwave frequency [GHz]

Figure 1.11. (a) Transition levels of the NV defect center in diamond. Solid lines are radiative
transmissions, which are spin dependent. Dashed lines are spin-nonconserving transitions. (b)
Normalized transmission showing the microwave resonance of the ground state transitions one
for the my = —1 and the other for the mg = +1 spin in response to splitting from a 2.99 mT
magnetic field [40].

1.2.6 Atomic Magnetometers

Atomic magnetometers do not require cryogenic cooling and have been demonstrated
with sensitivities that rival and even exceed SQUID magnetometers in some situations
[42]. However, they do not scale well and require various optical components to operate.
Atomic magnetometers function by probing the allowable optical absorption frequencies,
which are magnetically coupled by Zeeman splitting. Alkali metals atoms are chosen
because of their lone valence electron which dominates the spin properties of the material.
The energy levels of an alkali metal is illustrated in figure 1.12(a) which has 2 possible
transitions D1, and D2 from the one s to two p levels. Each of the levels has two Zeeman

spin states m; = —1/2 and m; = +1/2. The the alkali metal is optically pumped with
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a circularly polarized laser imparting an angular momentum o which only allows the
28, s2m; = —1/2 to the ’p /2 mj = +1/2 transition to occur. The excited Zeeman
levels mix due to collisions with the buffer gas and quickly decay to the ground state
via radiative quenching into either ground state. Eventually, the 2S),, m; = +1/2
becomes saturated since those electrons can not be excited into the excited state and
the 25} /2 m; = —1/2 is emptied, resulting in nearly perfect m; = +1/2 polarization
of the gas [43] as illustrated in figure 1.12(b). This condition only occurs when the
circularly polarized light is resonant with with DI+m;__, s, transition. In this way the
exact Zeeman shift due to a magnetic field can be probed by carefully sweeping the
circularly polarized laser frequency and checking for an induced polarization in the alkali
gas, which may be probed by linearly polarized laser (off-resonance from the alkali gas)
[44]. It should be noted that o~ would result in a similar phenomenon by populating the
28, /2 mj = —1/2 state. Spin relaxation from the polarized state to the un-polarized state

reduces the response of the effect.
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Figure 1.12. (a) Transition levels of an alkali metal. Where the ground 2.5, /2 level and 2 excited
’p /2 levels each have two spin states m; = —1/2 and m; = +1/2. (b) Under o™ circularly
polarized light excitation only the 2.5, fomyj = —1 /2t0 %P, oMy =+1 /2 transition is allowed.
Collision mixing results in excitation in both 2 P, /2 spin levels, which quickly radiatively quench
into both 25, /2 levels. Eventually the 29, fomy=—1 /2 is depleted and the m; = +1/2 is full,
resulting in near perfect polarization which may be probed by linearly polarized laser. Adapted

from [44].

The Zeeman splitting in the alkali gas is similar in principle to the Zeeman splitting
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that occurs in the nitrogen vacancy center in diamond discussed earlier in section 1.2.5.

The Larmor precession frequency is given by w = + | B|, where B is the magnetic field.

The gyromagnetic ratio () is (1.13)

v = gup/M2I +1) (1.13)

where [ is the nuclear spin of the alkali metal (approximately zero), g is the dimensionless
magnetic moment and is approximately 2, and x5 is the Bohr magneton.

The shot noise limited sensitivity of the atomic magnetometer is given by (1.14) [45]

1
0B = W (1.14)
where n is the number density of atoms, 75 is the transverse spin relaxation time, V is the
measurement volume and ¢ is the measurement time.

The great breakthrough in enabling sub-fT sensing of magnetic fields using atomic
magnetometers was the demonstration of spin-exchange relaxation-free (SERF) magne-
tometers which enabled theoretical shot noise sensitivity to be reduced to 0.01 fT/Hz !/
ina 1 cm? cell [46, 47]. In a high density alkaline vapor in a near zero magnetic field the
rate of spin-exchange is much quicker than the Larmor frequency. When two polarized
atoms collide, the electrons can transition into the other hyperfine state and precess in the
opposite direction from the bulk of the ensemble, thereby causing de-coherence and loss
of signal. Spin-exchange relaxation is suppressed if the spin-exchange collisions happen
fast enough in a sufficiently low magnetic field. In such a regime, the spins do not have
enough time to precess and decohere between collisions. Therefor the 75 is significantly

increased and the magnetometer limit of detection is lower.

1.3 Force Sensitive Magnetometers

1.3.1 Magnetoelectric Magnetometers

Magnetoelectric magnetometers have recently become a bio-magnetic relevant technology
with authors reporting sub 100 pT sensitivity [48]. While not yet sensitive enough to
resolve MEG signals, the magnetoelectric magnetometer can potentially resolve MCG
and other biomagnetic sensing is possible [49]. Magnetoelectric magnetometers have

been researched heavily owing to the fact that they are inexpensive and relatively simple
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to fabricate. The PbZr,Ti;_,O3 (PZT) based devices described in this dissertation
cost approximately $10 USD each to manufacture and the (1-x)[Pb(Mg; /3Nby/3)03]-
x[PbTiO3] (PMN-PT) devices were on the order of $150 USD, offering a tantalizing
possibility of a highly accessible magnetometer technology with bio-magnetic sensing
capability at room temperature.

Magnetoelectric magnetometers utilize the magnetostrictive phenomenon of fer-
romagnetic materials and couple it to the piezoelectric phenomenon in ferroelectric
materials. Magnetostriction is defined as a change in dimension of a material in response
to an applied magnetic field. Or conversely, a change in magnetic field resulting from a
change in material dimensions. Magnetostriction has been observed in single elements
materials such as Ni and Co, amorphous compounds such as Metglas (FeSiB) and single
crystal materials like Terfenol-D (Tbg 3Dy 7Fe,). Magnetostrictive strain (\), measured
in unit-less quantity part per million (ppm) has been reported to be up to 2400 ppm
for Terfenol-D. Piezoelectric materials such as PZT and PMN-PT exhibit an induced
polarization due to an applied stress. Or conversely, a change in dimension resulting
from an applied voltage or electric field.

Typical magnetostrictive behavior is non-linear as illustrated on the left half in figure
1.13 showing a strain vs. magnetic field (B;.). Applying a DC magnetic field to bias the
magnetostriction film into the linear region allows for the sensing of weak AC magnetic
fields. This oscillating magnetic field translates into an oscillating mechanical strain.
That strain is then transduced into a charge or voltage by the piezoelectric material as
illustrated on the right half of figure 1.13. It is also clear from figure 1.13 that the largest
magnetostriction, does not necessarily mean the best magnetoelectric performance, but
rather the largest magnetostriction coefficient (0M0B) is the critical figure of merit
for the magnetostrictive material for magnetoelectric applications. Most importantly,
the operation of this device depends critically on good elastic coupling between the

piezoelectric and magnetostrictive materials.
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Figure 1.13. Illustration of magnetoelectric phenomenon transferring mechanical energy from

magnetostriction to piezoelectric phases [50].

The magnetostriction phenomenon is discussed in more detail in section 2.1.1 of chap-
ter 2 where the optimization of the magnetostriction coefficient is in Metglas 2605SA1 is
investigated. The piezoelectric phenomenon is discussed in more detail in section 3.2.1.

The magnetoelectric effect is discussed in more detail in section 3.2.2.

1.3.2 Magnetoflexoelastic Quartz Magnetometers

A magnetoflexoelastic quartz magnetometer is similar to the magnetoelectric magne-
tometer in the sense that it couples a magnetostrictive component with a piezoelectric
one. The magnetoelectric device directly transduces the strain of the magnetostrictive
material to the piezoelectric one, however the magnetoflexoelastic quartz device uses the

magnetostrictive material to change the resonance behavior of the high Q-factor quartz
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Figure 1.14. Illustration of Metglas material straining a quartz cantilever, causing a shift in the
quartz spring constant.

resonance by straining the quartz and shifting the spring constant [51]. Furthermore,
the microscale magnetoflexoelastic quartz Magnetometer performance improves as the
device is thinned down. A PZT/Metglas device can also potentially be operated in this
manner, however the low Q-factor of the Metglas and PZT resonance may limit it’s
sensitivity.

The thickness shear-mode resonance frequency in quartz is determined by (1.15)
n [ces

— (1.15)

fnzg P

where n is the mode number (1 for the fundamental mode), ¢ is the quartz thickness,
ces 1S the shear mode elastic constant and p is the density of the quartz. The bending
induced by the magnetostrictive material is illustrated in figure 1.14 where a quartz
cantilever is deflected and the strain causes a shift in the elastic constants, via the second
and third order elastic stiffnesses [51], resulting in a shift of resonance frequency. The
Magnetoflexoelastic quartz magnetometer is discussed in more detail in section 5.2.
Hotipaglu and Tadigadapa demonstrated 79 nT LOD at 0.2 mHz and predicted sub
nT LOD is possible with thinner quartz [52, 51]. It should also be noted that the force-
frequency effect has not been evaluated for many piezoelectric materials and much more

responsive materials may exist.

1.3.3 Lorentz Force Magnetometers

The MEMS Lorentz force magnetometer is a relatively complex device to manufacture
and it requires a vacuum seal to prevent squeeze film damping. Despite these drawbacks

these devices are studied because they may be built along side other MEMS sensors
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Figure 1.15. (a) Illustration of the operating principle of a Lorentz force magnetometer. The
current I 4; flows in a loop and when in the presence of a a perpendicular magnetic field B,
produces a force of equal but opposite strengths Fy,, on both beams causing the structure to twist
[54]. (b) Scanning electron micrograph of a typical Lorentz force magnetometer with capacitive
sensing combs. In this case, an out of plane magnetic field forces one set of combs to move
in-plane resulting in a change in capacitance [55].

that exist on consumer electronic and mobile-phones like gyroscopes and accelerome-
ters. More importantly, MEMS Lorentz force magnetometers have been demonstrated
with lower power consumption than conventional Hall magnetometers. Lorentz force
magnetometers have a LOD of 10’s to 100’s of nT which is sufficient to sense the earths
magnetic field [53].

The Lorentz force magnetometer uses the same underlying physics as the Hall
magnetometer described earlier in this chapter. Figure 1.15(a) shows the principle of
operation of a MEMS Lorentz force magnetometer, where current /4; flows along the
beams of a torsional structure and a perpendicular magnetic field B, produces a force of
equal but opposite strengths F7,, on both beams causing the structure to twist. A typical
Lorentz force magnetometer uses a comb structure as seen in figure 1.15(b) to increase
capacitive cross section, which is driven at its mechanical resonance frequency. The force
on the structure is proportional to the current and therefore also at mechanical resonance

to improve sensitivity.

1.4 Thesis Objectives and Outline

This dissertation aims to progress the field of magnetic sensing. First an overview of the
motivations for researching and developing magnetometers is presented, followed by an
overview of contemporary and relevant magnetic sensing technologies.

A thorough understanding of magnetostriction is developed and how it relates to the
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magnetoelectric phenomenon. The theory for magnetic domain alignment is discussed
and an optimized annealing procedure is experimentally developed which produces the
highest possible magnetostriction coefficient in Metglas 2605SA1 foils. Additionally
these optimized films are used to demonstrate a substantial improvement in magnetoelec-
tric magnetometers. Next, a comprehensive optimization process of the magnetoelectric
sensors is realized by utilizing the optimized magnetostrictive component, optimizing
the piezoelectric component, and investigating the elastic coupling between the two.

A novel chip-scale whispering gallery mode magnetometer is proposed and expe-
rimentally demonstrated. The concept of optical whispering gallery mode resonance
in dielectric mediums is explained and a brief overview of sensors employing this
phenomenon is presented. Next the chip-scale glassblowing process is explained and
modeled, followed by a detailed process of micro-magnet integration. The magnetometer
i1s modeled in COMSOL and experimentally demonstrated to explore the ideal magnet
orientation. The limit of detection is evaluated and the dominating source of noise in the
setup is identified.

Finally, a novel passively powered wireless magnetometer is demonstrated using
quartz and the magnetoflexoelastic effect. The resonance in quartz is modeled and
described using the Butterworth-van-Dyke circuit model and the force-frequency effect is
explained and derived. An understanding of near-field antennas and how they interact with
their environment is explained. The resonance characteristics and response are modeled
using a modified Butterworth-van-Dyke model to include an energy loss component
due to the separation distance. Finally, the magnetic limit of detection is measured and

compared to a wired version of the device.
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Chapter 2

Optimization of Magnetostriction
Coefficient in Metglas 2605SA1

2.1 Introduction

The magnetoelectric (ME) effect is the coupling of the magnetostrictive and the piezoe-
lectric phenomena. In multilayered laminate structures, magnetic sensing is achieved by
transduction of the magnetostrictive effect, where a strain induced by a magnetic field
is elastically coupled to the piezoelectric layer which in turn produces a charge. The
electrically induced magnetoelectric effect was first demonstrated in CroO3 by Astrov
[56] and shortly after the magnetically induced variety was observed by Rado and Folen
[57]. Philips Laboratories demonstrated that composites can greatly enhance the mag-
netoelectric effect over single-phase material, achieving a magnetoelectric coefficient of
0.13 MV/(m-T) [58, 59, 60]. The magnetoelectric coefficient is commonly presented in
CGS system of units of V/(cm-Oe). In this work the MKS system of units equivalent of
MV/(m-T) is used, which results in the same numerical value as the conventional CGS
units assuming the test is done in a medium of relative permeability, u,., very close to 1
(i.e., 1 V/(cm-Oe) (pour)_l =1MV/(m-T) for w, = 1, where L is the permeability of free
space). The strongest ME effects occur in laminates composed of materials exhibiting
strong magnetostriction without piezoelectricity elastically coupled to materials with
strong piezoelectricity without magnetostriction; this allows the two crucial phenomena
to be separately optimized [61, 62]. This chapter outlines efforts to optimize the magneto-

strictive component through a comprehensive analysis of the magnetostriction coefficient,
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domain imaging and magnetoelectric coefficient.

Understanding and optimizing the magnetoelectric coefficient is of great interest
to the biomagnetic community as a magnetometer [49], remote actuator [63], and im-
plantable pressure sensor [64]. Inexpensive room temperature magnetometers capable
of biomagnetic measurements have the potential to replace costlier superconducting
quantum interference devices (SQUIDs) and increase patient access to biomagnetic
diagnostics. Extensive work is also being done on ME devices for energy harvesting
[65, 66]. The soft magnetic properties of magnetostrictive amorphous alloys, like Fe-Si-B
[67], have been used in the development of highly sensitive room temperature magnetic
sensors. Magnetoelectric coefficients of up to 52 MV/(m-T) and 3 pT/v/Hz at 1 Hz
sensitivity for laminates of Metglas and (1-x)[Pb(Mg; ,3Nb,/3)O3]-x[PbTiO3] (PMN-PT)
have been reported [48, 68].

It has been generally established that annealing in the presence of a magnetic field
induces an anisotropy and increases magnetostriction in amorphous metallic glasses.
Several groups have explored the effect of annealing amorphous metallic glasses on the
elastic modulus (AE effect) [69, 70, 71, 72, 73], magnetostriction [72, 74, 75, 73], and
embrittlement [76]. Annealing optimization has been applied in a limited fashion for
magnetoelectric devices [77]. This is because despite the plethora of work in this field,
the effects of annealing on ME device performance from one material formulation of
amorphous metal does not necessarily translate to other material formulations (some
Metglas formulations have near-zero magnetostriction [78]) and, to complicate the
matter, the manufacturing of the amorphous metal foils is critical to their performance
and varies between suppliers. There is no comprehensive work on a single material
that provides clear guidance on how to optimize a Metglas 2605SA1 magnetoelectric
device. Furthermore, most work focuses on optimizing the saturation magnetostriction;
however it is the magnetostriction coefficient (peak of the slope of the magnetostriction
vs. applied magnetic field) which is the crucial figure of merit for a magnetostrictive
ribbon for magnetoelectric device applications.

To address these deficiencies the magnetostriction coefficient is calculated from
magnetostriction measurements under a variety of annealing conditions. In order to create
a comprehensive guide for optimization of Metglas 2605SA1/PZT (Pb[Zr,Ti;_,]O3) ME
sensors through field annealing 4 main factors are considered: 1) temperature 2) time
3) applied transverse magnetic field 4) oxygen in the annealing ambient. Also, these

results are correlated with magnetoelectric coefficient measured on Metglas 2605SA1 and
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PZT-5A laminates in d3; sensing mode. Furthermore, scanning electron microscopy with

polarization analysis (SEMPA) is performed to observe the surface domain alignment.

2.1.1 Magnetostriction

The origin of magnetostriction is rooted in the fundamental nature of ferromagnetic
materials. The cause of ferromagnetic properties in materials is quantum mechanical in
nature. The question of why do individual atoms have magnetic moments and why the
moments align must be addressed before the origin of magnetostriction can be explained.
As electrons fill the orbitals of an atom, Hund’s rule states that it is energetically favorable
to fill an orbital shell with the same spin, inducing a dipole moment. Completely filled
electron shells have no net dipole moment. However, the paired electrons will align
in a magnetic field, giving rise to paramagnetism. Only a few materials experience
spontaneous magnetization and can align without an external applied magnetic field.

Spontaneous magnetization occurs because of exchange interaction, which energe-
tically favors electrons of parallel spin over anti-parallel spin. This stems from Pauli’s
exclusion principle which allows for anti-parallel spins to have overlapping wavefuncti-
ons, and forbids parallel spin electrons from existing in the same quantum state. The
anti-parallel spins would exist closer together as compared to the parallel state and have a
larger coulombic repulsion energy. If the exchange energy extends to neighboring atoms
in a solid, and can overcome the magnetic dipole-dipole interaction, the atoms will align
and the materials behaves like a ferromagnet.

The spin-orbit interaction of an electron results in magnetization preferences along
a certain crystallographic axis. This is due to the electron orbital state being coupled
to the crystal structure, resulting in magnetocrystalline anisotropy. For polycrystalline
materials the effect may involve several crystallographic axes. Amorphous materials
like Metglas can be treated like polycrystalline materials with very small local structural
units (crystallites) with a random distribution of local symmetry axes [79]. This magneti-
zation alignment along a crystallographic axis, manifests itself as magnetic anisotropy
energy. This is the cause of magnetostriction, as the magnetization rotates so does the
crystallographic axis, causing a change in shape.

Magnetostriction is the property of all ferromagnetic materials to change dimensions
upon change in magnetization [80]. The magnetostriction effect was discovered by James

Prescott Joule when he noticed his materials changed shape when magnetized. The direct
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magnetostriction effect, where a material changes shape in response to a magnetic field
is called Joule magnetostriction. The inverse, where a stress produces a magnetic field, is
called the Villari effect after Emilio Villari. Volume conservation is a hallmark of Joule
Magnetostriction, however recent discoveries suggest a Non-Joulian magnetostriction
also exists [81].

Magnetostriction has been observed in single element materials such as polycry-
stalline Ni and Co, single crystals such as Terfenol-D (Tb, 3Dy 7Fes) and amorphous
compounds like Metglas 2605SA1 (FeSiB). Magnetostrictive strain (\), measured in
unit-less quantity part per million (wm/m) has been reported to be up to 2400 wm/m for
Terfenol-D [82]. The non-linear magnetostrictive response shown for Metglas 2605SA1,
seen in figure 2.1, has the typical response seen in many magnetostrictive materials. The
linear region of A has the largest slope and produces the largest change in strain per
change in magnetic field (ON/OB) and is therefore the region of highest sensitivity for
magnetic sensing. To maintain linearity and high sensitivity it is important to have a DC
magnetic field to bias a magnetoelectric device into its sensitive linear region.

Metglas 2605SA1 has a relatively small A\; of 27 um/m [83] when compared to
Terfenol-D and Fe-Ga based alloys, which show a g of 2400 um/m [84] and 325 pum/m
[85], respectively. While a large ), is preferable for actuation, sensing applications
require a high magnetostrictive coefficient. Metglas 2605SA1 has among the highest
reported with (g—g) = 36 == for thin films (magnetically poled in-situ during sputter

m-mT
deposition) [51], compared to 4.0

um
m-mT

striction coefficient results in a larger A\ for a given AB, and thus the «,,. will be

for Terfenol-D [86]. An increased magneto-
improved. Further improvements are likely by removing internal stresses which can act

as magnetic domain pinning centers preventing the domains from rotating in unison.The

As and ONOB for select magnetostriction materials is shown in table 2.1.
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Material As (um/m) | (ONOB) o
Cog gFey 204 -590 [87] -1.5 [88]
NiFe,0, -36 [87] -0.5 [88]
Terfenol-D 2400 [89] 4.0 [82]
Galfenol 1500 [89] 3.5 [85]
Metglas 2605SA1 (unannealed) 27 [83] 12

Table 2.1. Saturation magnetostriction, A\s and magnetostriction coefficient 9\/OB values for a
select set of materials. Metglas 2605SA1 has a very low A, but an exceptionally high OM\OB.

A (um/m)

Magnetic Field (mT)

Figure 2.1. Typical non-linear magnetostriction response from Metglas 2605 SA1 measured from

a 30 mm x 5 mm as-cast ribbon. \ saturates at approximately 23 wm/m. The right axis shows the

pm
m-mT*

magnetostriction coefficient 0 \/JB to be approximately 12

2.1.1.1 Magnetic Domain Alignment and Magnetostriction

Aligning the easy axis of a magnetostrictive film ensures that the domains produce the
largest amount of magnetostriction (\) in response to a magnetic field perpendicular
to the easy axis. The illustration in Figure 2.2(a) shows randomly oriented magnetic
domains in a magnetostrictive film after application of a saturation magnetic field to have
a strain of \,. For a film where the domains are forced to rotate 90° in response to an
applied saturation magnetic field, the maximum strain of \,,,, is produced, as seen in
Figure 2.2(b). The difference between the random and perpendicular alignment can be

understood by (2.1), where 6; and 6 are the initial and final magnetization angles relative
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(a) Random Orientation (b) Perpendicular Orientation

A

max

B=0 0<6,<n/2 B=0 6,=mn/2

B 6,=0 B 6,=0

Figure 2.2. Illustration showing magnetic domains initially in (a) a random orientation and (b)
perpendicular orientation before and after magnetic alignment, respectively. With random domain
alignment, a strain of \; is possible. When the domains are aligned perpendicular to the applied
magnetic field, B, a maximum amount of strain (\;,4,) can be achieved.

to the applied magnetic field [90].

Amax = ;)\8 (COSQHf — COSQQi) 2.1

A 18 the saturation magnetostriction for isotropically (randomly) distributed magnetic
domains. Assuming the easy axis is perfectly perpendicular to the applied field, (i.e.,
0; = m/2 and 0y = 0), then A, = %/\S; a maximum improvement of 50% in the
magnetostriction is possible. The magnetoelectric coefficient (cv,.) is defined in (2.2),
where V is the measured voltage, B is the applied magnetic field and ¢ is the electrode
spacing on the piezoelectric. The magnetoelectric coefficient is equivalent to the product
of the piezoelectric voltage coefficient (4% ) and the magnetostrictive coefficient (2% ) as

seen in (2.2), where E is the electric field and S is the strain.

AV 9E O\

Ome = AB T 95 0B (2:2)
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2.2 Optimization of Magnetostriction in Metglas 2605SA1
Foils

2.2.1 Experimental Setup
2.2.1.1 Metglas Annealing

The 5 £ 0.5 mm x 30 £ 0.5 mm, 23 um thick Metglas 2605SA1 ribbons are annealed
on a custom built hotplate. The hotplate is built from non-ferromagnetic components
to minimize unwanted magnetic fields during the anneals. The heater is an alumina
metallic ceramic heating element held between two aluminum plates to ensure uniform
heat distribution. Metglas 2605SA1 ribbons are cut and clamped onto the aluminum
plates of the hotplate using a silicon piece and held down with aluminum clips. The
cutting of the ribbons is done prior to annealing because Fe-Si-B amorphous alloys like
Metglas 2605SA1 can undergo embrittlement from heat treatments, making it difficult to
cut after annealing. A K-type thermocouple is also inserted between an aluminum clip
and the silicon to monitor the temperature. A pair of SmCo high temperature magnets
are placed approximately 25 mm apart, with the north-south poles facing each other on
a glass fixture and secured with copper tape to provide a magnetization field along the
short axis of the ribbons. The heater and magnets are placed on a thermally insulating
ceramic slab. An air gap between the aluminum plates and the magnets ensures that the
magnets do not exceed their maximum operating temperature of 300 °C. The Metglas
placed in the center of the heater experiences approximately 160 + 20 mT magnetic field,
which was determined by a calibrated commercial magnetometer as seen in Figure 2.3 for
annealing temperatures up to 400 °C after 30 minutes. The uncertainty in the magnetic
field strength is due to the spatial variation of the magnetic field over the annealing area,
again determined by a calibrated commercial magnetometer. The strength of the magnetic
field was measured for anneals up to 400 °C and was found to be indistinguishable to its
room temperature strength, within the uncertainty of the measurement. Thermocouples
placed on the SmCo magnet show that the temperature of the magnet does not exceed,
230 °C during the 450 °C 30 minute anneal, well below it’s 300 °C maximum operating
temperature. The ribbons are allowed to cool until they reach 80 °C or lower before they
are removed from the annealing setup and used in the fabrication of a magnetoelectric

device, for SEMPA imaging, or for measuring magnetostriction.
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Figure 2.3. Distribution of the magnetic field across the width of the magnet holder. The
annealing area is 17 mm and in the center, has an average magnetic field of approximately 160 £+

20 mT, with little variation observed up to 400 °C.

2.2.1.2 Magnetostriction

After annealing the Metglas ribbons are clamped at one end and the strain on the free edge
is measured. The magnetostriction is measured using a 3-D laser Doppler vibrometer at
the tip of the free end of the Metglas ribbon. A benefit of this method is that it eliminates
the influence of a contact transducer like a strain gauge. Also, this system is capable
of directly measuring in-plane motion so a unimorph structure is not required. A pair
of Helmholtz coils, calibrated with a commercial magnetometer, are used to apply the
magnetic field in a controlled manner. The measurement is repeated 4 times and smoothed
to remove high frequency noise. The uncertainty of the saturation magnetostriction is

reported as =1 o (one standard deviation) determined from the repeats. A derivative with

32



respect to the applied magnetic field is performed to plot the magnetostrictive coefficient.
The magnetostriction coefficients reported in this dissertation refer to the peak value. The
uncertainty in magnetostriction coefficient is reported as +1 o (one standard deviation)

from values calculated from the repeats.

2.2.1.3 SEMPA Imaging

SEMPA [91, 92] is used to image the magnetic domain structure of the Metglas ribbons at
the surface and quantitatively assess the alignment of the domains induced by annealing.
SEMPA is a scanning electron microscopy technique which images all three components
of the magnetization vector of a ferromagnetic sample by determining the polarization
direction of the secondary electrons for each pixel of a scan. Metglas samples measuring
5+ 0.5 mm x 15 £+ 0.5 mm are used for this experiment. After annealing, the ribbons
are cleaned in situ with 1000 eV Ar ion etching immediately prior to SEMPA imaging.
Five 254 pm x 254 pm SEMPA images of different regions are taken for each annealing
condition in order to accurately determine the typical domain structure produced by each
anneal. Only the shiny side (the rough side is the face in contact with the roller during
the quenching process) of the Metglas ribbon is imaged.

2.2.1.4 Magnetoelectric Magnetic Sensing

To measure the magnetoelectric coefficient, laminate structures are fabricated using 3
mm X 13 mm x 200 pwm thick PZT-5A and a pair of 5 4+ 0.5 mm x 30 £ 0.5 mm, 23
um thick Metglas 2605SA1 ribbons. The PZT has 15 pm thick silver on the top and
bottom deposited by the manufacturer ("APC International" Pennsylvania, USA) and
is electrically poled in the d3; orientation (also by the manufacturer), resulting in a ds;
coefficient of -175 pm/V [93]. The final device structure is illustrated in figure 2.4(a).
First, a pair of Metglas ribbons undergo various annealing treatments, then the ribbons
are epoxied using EPO-TEK H20E conductive silver epoxy on the top and bottom of the
PZT. The laminate is mechanically clamped to ensure a thin and uniform epoxy layer
and is cured for at least 180 min at 90 °C. Simulations have shown that an epoxy with a
modulus of 5-10 GPa applied as thinly as possible is crucial for optimal stress transfer
between the laminates [94]. The exact reasoning and motivation for these fabrication
decisions are discussed in detail later, in chapter 3. Next, a small 3 mm X 5 mm section

of the bottom of the laminate is epoxied to a ceramic holder with a silver electrode trace,
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(a) 30 mm

EPO-TEK H20E Epoxy 3-9 pm

PZT-5A 200 pm

EPO-TEK H20E Epoxy 3-9 um

A

13 mm

Figure 2.4. (a) Cross section of the device structure showing the 3 mm x 13 mm, 200 um thick
PZT-5A with 15 pum silver top and bottom electrodes. The 23 pm thick 5 mm x 30 mm Metglas
ribbons are epoxied on the top and bottom by a conductive silver epoxy. (b) Camera image of the
finished device.

and the trace is connected to a copper wire. The top of the laminate is also connected
with a copper wire. Both wires are secured by H20E epoxy, and the assembly is cured
again for at least 180 min at 90 °C. A camera image of the final device is shown in figure
2.4(b).

The devices are tested in a custom designed box with three layers of magnetic
shielding. Two pairs of Helmholtz coils are used for DC and AC magnetic stimulation
inside the shielded box (Figure 2.5). An AC current source is used to automatically
adjust for impedance variations in the coil and provide a stable magnetic field strength
across a range of frequencies. The voltage generated by the PZT is measured by a
lock-in amplifier as seen in the illustration of the test setup in Figure 2.5. The peak
magnetoelectric voltage coefficient is determined by applying a DC magnetic bias to the
ME device in the steepest portion of the magnetostriction curve (peak magnetoelectric
coefficient), which is typically 500 puT to 1500 uT, and consistent with observations from
other groups [68, 77]. All magnetoelectric coefficient measurements are done with a 20

Hz sine signal at 5.6 uT.
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Figure 2.5. Diagram of the testing setup. A DC source and an AC current source are used for
stimulation. The ME device is directly connected to a lock-in amplifier. For noise measurements,

the lock-in is replaced with a digital spectrum analyzer.

2.3 Magnetic Alignment of Metglas 2605SA1 Foils by

Annealing in a Magnetic Field

To study the impact of temperature on magnetostriction, the Metglas ribbons are annealed
from 250 °C to 400 °C for 5 min in air without a magnetic field. The magnetostriction
is measured by laser Doppler vibrometer, shown in Figure 2.6. The magnetostriction
coefficient is calculated from the derivative of the magnetostriction, with respect to the
magnetic field. Two grouping of curves are observed; Group 1 shows no trend with
annealing temperature. Group 2 shows an increase in saturation magnetostriction and
magnetostriction coefficient from 16.7 + 1.6 = t0 21.0 + 0.7 -*=. It is not clear why

W
m-mT m-mT

these two groups are observed. Some other variable, possibly as-quenched stress from the

manufacturing process, is causing the samples to split into two groups of magnetostrictive

curves.
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Figure 2.6. Magnetostriction and magnetostriction coefficient (dashed lines) for 5 min anneals
without an applied magnetic field in air. Both A and j—g are difficult to control without an external
field present during annealing. Some other variable, possibly stress from the manufacturing

process, is causing the samples to split into two groups of magnetostrictive curves.

Next the effect of annealing the samples in a 160 mT transverse (along the short axis
of the ribbon) magnetic field is studied; The ribbons are again annealed from 250 °C to
400 °C in air. Figure 2.7 shows the knee of the magnetostriction curve increases with

increasing annealing temperature. As a result, the magnetostriction coefficient increases

pm
m-mT

77.5 £2.2 == for the 400 °C 5 min anneal in an applied magnetic field in air.

with increasing annealing temperature from 11.6 + 0.4 for the as-cast sample to
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Figure 2.7. Magnetostriction and magnetostriction coefficient (dashed lines) for 5 min anneals

with an applied magnetic field in air. The knee of the magnetostriction increases with increasing
annealing temperature. The magnetostriction coefficient also increases with increasing annealing

temperature.

To ensure that the dramatic magnetostriction coefficient increase observed in the
Metglas annealed at 400 °C for 5 minutes in an applied magnetic field translates into a
magnetoelectric coefficient improvement magnetoelectric devices are fabricate and tested.
The average peak «,,,. measured for each annealing condition is shown in Figure 2.8.
The average peak «,,. is determined by sweeping positive and negative DC magnetic
field where the uncertainty represents the entire range of measurements collected for
each sample (+ half range). The worst case repeatability range is = 0.05 MV/(m-T). The
resulting error bars are too small to be seen in the plot.
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Figure 2.8. Magnetoelectric coefficient a,,,. vs. annealing temperature for samples annealed
with and without an applied magnetic field. Up to 400 °C, the trends of the samples annealed with
and without a magnetic field are similar. For both cases the magnetoelectric coefficient increases
to approximately 5.0 &= 0.04 MV/(m-T). After 400 °C, the o, decreases for both cases. Lines
are added as a guide to the reader. The error bars described in the text are smaller than the point
markers. Note that 1 V/(cm-Oe) (o ur)fl =1 MV/(m-T) for u, = 1.

The magnetoelectric coefficient increases with increasing annealing temperature up
to 400 °C. However, the magnitude of improvement from as-cast to 400 °C is lower,
2.5-fold improvement in magnetoelectric coefficient versus 6.7-fold improvement the
magnetostriction coefficient observed earlier in section 2.3. Surprisingly, the magnetoe-
lectric devices fabricated using ribbons without an applied magnetic field during the
anneal improved by approximately the same magnitude as samples made with ribbons

that were annealed with a magnetic field. This suggests that annealing makes the domains
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more susceptible to influence from the magnetoelectric fabrication process, possibly from
compressive stress applied by the epoxy cure process.

To directly observe the domain alignment SEMPA imaging is done on Metglas
ribbons annealed for 5 min from 250 °C to 400 °C in air with and without a magnetizing
field. Figure 2.9 (a-e) shows the typical magnetic domains observed for Metglas strips
in the as-cast state (a) and after 250 °C to 400 °C, 5 min annealing in a magnetic field
along the x-axis (b-e). The histogram plot adjacent to each image shows the distribution
of domain direction after mirroring about the y-axis. Figure 2.9 (a-c) shows that stress-
induced striations are visible for the as-cast sample and for samples annealed up to 300
°C. These occur because out-of-plane magnetic domains induced by stress must rotate to
in-plane domains at the surface and curl back into the sample [95]. At 350 °C and higher,
the area of observed stress-induced striations is significantly reduced, which implies a

reduction in out-of-plane domains, and correlates to an increase in the a,.

As-Cast

(b) 250 °C - 5 min, Mag. Field, Atm. (c) 300 °C - 5 min, Mag. Field, Atm.
25 90° 02 o 3 ; -

250 ‘ -"».\\»\‘ £§ i L

Fi N P
Figure 2.9. Typical 254 um x 254 um SEMPA images and angle histograms of as-cast samples
(a), and samples annealed for 5 min in a 160 mT magnetic field. The magnetization direction is
coded to the color wheel, with red indicating magnetization pointing in the +x direction, green
indicating magnetization pointing in the +y direction, etc. Stress-induced striations are visible
in as-cast, 250 °C and 300 °C annealed samples. For samples annealed at 350 °C and 400 °C
the striations are rarely observed. The red bar in the polar histograms points to the average
magnetization direction. There is no evidence of an induced easy-axis alignment. The angle

distribution is not ideal for maximum magnetostriction.

Despite the dramatic improvement in saturation magnetostriction, and magneto-

striction coefficient observed in Figure 2.7, the SEMPA images, seen in figures 2.9
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(b-e), show the magnetic ordering did not align along the magnetizing field axis for any
annealing condition. The magnetization of the Metglas ribbons annealed without the
magnetizing field (not shown) had similar characteristics and did not show easy axis
alignment. SEMPA is a surface imaging technique and can not capture alignment that
is occurring in the bulk of the ribbon. The increase in saturation magnetostriction and
magnetostriction coefficient when annealing in an applied magnetic field implies that the
domains are aligning, and the lack of domain alignments observed by SEMPA suggests
that further optimization may be possible.

To optimize the magnetostriction coefficient, by inducing further transverse magnetic
alignment in the Metglas ribbons, the duration of anneals is increased. Magnetostriction
data is collected for Metglas ribbons annealed between 350 °C and 450 °C for 30 minutes
in various environments in an applied magnetic field. Oxygen is removed from the
annealing environment to prevent oxidation of the Metglas by annealing in a vacuum
chamber which is triple pump-purged with nitrogen and pumped to 1.33 x 10* Pa
(100 Torr) or by annealing in a continuous Ny purge. Figure 2.10 shows the that for
every annealing temperature a higher saturation magnetostriction and magnetostriction
coefficient are observed for anneals done in an oxygen-free environment. The highest

saturation magnetostriction of 50.6 + 0.2 wm/m and magnetostriction coefficient of

79.3 £ 1.5 = respectively, were measured for the 400 °C 30 min anneal with an
applied magnetic field in an Ny environment. The saturation magnetostriction and
magnetostriction coefficient decrease significantly for the 30 min 450 °C anneals and are

exceptionally poor for the sample annealed in atmosphere.
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Figure 2.10. Magnetostriction and magnetostriction coefficient (dashed lines) for 30 min anneals
with an applied magnetic field in varying environments. Both A\ and C‘l% increase for anneals done
in an oxygen-free environment for the same temperature. The optimized magnetostriction and
magnetostriction coefficient are found to be 50.6 4= 0.2 pm/m and 79.3 & 1.5 === respectively,

for the 400 °C 30 min anneal with an applied magnetic field in an Ny environment.

Increasing the anneal time from 5 min to 30 min at 350 °C in air results in a linear
decrease of the magnetoelectric coefficient from 3.8 4+ 0.04 MV/(m-T) to 2.0 + 0.03
MV/(m-T), as seen in Figure 2.11. Similarly, Figure 2.11 shows the «,,. decreases from
5.0 £0.04 MV/(m-T) to 4.1 £ 0.05 MV/(m-T) when the anneal time is increased from 5
min to 30 min at 400 °C.
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Figure 2.11. Increasing the anneal time from 5 min to 30 min decreases the magnetoelectric
coefficient for 350 °C and 400 °C annealed samples in air with an applied magnetic field. However,
annealing in vacuum resulted in a 1.2x improvement for a 400 °C 30 min anneal compared to
a 5 min 400 °C anneal in atmosphere with an applied magnetic field. A 60 min 400 °C anneal
in vacuum with an applied magnetic field did not result in further improvement, suggesting the
magnetic domain alignment had saturated at 30 min. The o, = 5.0 £ 0.04 MV/(m-T) for a
sample annealed for 30 min at 400 °C in Ny without an applied magnetic field is comparable
to that measured for samples annealed for 5 min at 400 °C in atmosphere with and without an
applied magnetic field. The ay,e = 6.1 £ 0.03 MV/(m-T) measured for a 30 min 400 °C anneal
in Ny with an applied magnetic field is comparable to the 30 min 400 °C vacuum anneal with
an applied magnetic field. This confirms oxygen plays a role in the o, degradation for anneals
longer than 5 min. The error bars are described in the text and are smaller than the point markers.
Note that 1 V/(cm-Oe) (uopqn)fl =1MV/(m-T) for u, = 1.

The SEMPA image in Figure 2.12(a) shows that a 30 min 350 °C anneal in air does

42



not result in domain alignment on the surface. However, SEMPA images taken after a
30 min 400 °C anneal in air reveal a strong magnetic domain alignment in the x-axes,
parallel to the magnetic field applied during the anneal as seen in Figure 2.12(b). SEMPA
imaging of ribbons annealed for 30 min in vacuum in an applied magnetic field shows
easy axis alignment along the magnetic field direction in Figure 2.12(c). To confirm
that the domain alignment is in response to the applied magnetic field, SEMPA imaging
is performed on a 30 min 400 °C vacuum sample annealed without a magnetic field.
Figure 2.12(d) confirms that the domains do not align without magnetic field present
during annealing. SEMPA imaging on 450 °C 30 min anneals in an applied magnetic
field reveals a fine magnetic domain structure that is heavily influenced by crystallization
on the surface. The 450 °C samples were clearly more polycrystalline when observed
under traditional scanning electron microscopy imaging (not shown) compared to the all
other samples. Visual inspection of Figure 2.12(e), the SEMPA image taken for the 450
°C 30 min anneal in an applied magnetic in vacuum, does show obvious signs of domain
alignment however the histogram shows an alignment in the x-axis with a large Gaussian
spread. The SEMPA image and histogram for the 450 °C 30 min anneal in an applied

magnetic in air show no preferred alignment.
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Figure 2.12. 254 um x 254 um typical SEMPA images and angle histograms. (a) Annealing at
350 °C with a magnetic field in atmosphere did not result in domain alignment on the surface.
Samples annealed for 30 min at 400 °C in a magnetic field applied along the x-axis shows strong
easy axis alignment for both the vacuum (b) and atmosphere (c) cases. Arrows are added to
indicate to the approximate domain direction. As expected, annealing for 30 min at 400 °C in a
vacuum without a magnetic field does not result in magnetic domain alignment (d). Annealing at
450 °C for 30 min in (e) vacuum results in fine magnetic domain structures with a weak alignment,

but annealing in (f) air shows no preferred domain alignment axis.

To quantify the magnetic easy axis alignment, a figure of merit is developed. The
average or standard deviation of the domain angle cannot be used as a useful figure of
merit. The average cannot distinguish between a set of domains that are approximately
mirrored about the x-axis and domains that are actually pointing in the x-axis. The
standard deviation only describes the variation of the angles and not their direction. To
capture both the variation and direction of the domain angle, the standard deviation
equation is modified to be the standard deviation (0y) around O degrees (parallel to
the magnetizing field), as shown in (2.3). N is the number of pixels in each image,
¢; 1s the magnetization direction of each pixel, and ¢,,, is the direction of the desired
magnetization direction (0 degrees in this case). A smaller o value indicates a higher

degree of alignment along the x-axis.

N

70 =\ 3 O (65— 6 23)

=1

Table 2.2 shows the average o for each annealing condition imaged by SEMPA. The
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ribbons showing the best qualitative domain alignment in Figure 2.12 also showed the
best quantitative alignment by having the lowest 0. The ribbons annealed in an applied
magnetic field at 400 °C for 30 min in atmosphere and vacuum have a oy = 37.9° and
42.2°, respectively. This is lower than the oy determined for samples that did not show
strong magnetic domain alignment, which were between 48.9° and 62.8°. Two notable
exceptions were the as-cast, and 350 °C 5 min atmospheric zero-field-anneal samples. In
the as-cast case, manufacturing induced stress may have contributed to a preferred domain
direction. Also, it should be noted that SEMPA does not provide detailed information
about the bulk domains magnetized out-of-plane, but there is observed evidence of closure
domains in the as-cast sample. For the 350 °C, 5 min atmospheric zero-field-annealed
case, one possible explanation is that the large domains that form at higher annealing
temperatures make it more difficult to get a good representation of the domain variation
in the sample within the field of view of the SEMPA images, resulting in a higher chance
of observing outliers. It should also be noted that while the o appears to be high for
aligned samples, it is not unexpected as significant moment canting has been observed
in Fe-Si-B amorphous metallic glass with standard deviations of moment spread of 12°
reported for an applied field of 0.5 T [96].
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Table 2.2. o for every set of SEMPA images. The lowest o achieved from samples annealed
for 30 min at 400 °C in an applied magnetic field in either vacuum or atmosphere. The as-cast
sample o of 39.0° is low, possibly due to stress-induced alignment. The uncertainty is calculated
as +1o (one standard deviation) of the o calculated from the set of five images collected for

each annealing condition.

Anneal Time ) )
Field (mT) | Environment o(°)
Temp. (°C) | (min.)

as-cast N/A N/A N/A 39.0 £ 15.7
250 5 0 Atm. 523 +5.6
300 5 0 Atm. 522 +7.5
350 5 0 Atm. 419+43
400 5 0 Atm. 51.5+7.0
250 5 160 Atm. 62.8 +5.7
300 5 160 Atm. 574+74
350 5 160 Atm. 55.7+9.0
400 5 160 Atm. 573 +12.3
350 30 160 Atm. 48.9 + 8.4
400 30 160 Atm. 379 £5.7
400 30 160 Vac. 422+ 4.8
400 30 0 Vac. 51.5+3.1
450 30 160 Vac. 46.5+ 1.0
450 30 160 Atm. 51.6 £0.3

The extent of oxidation in the Metglas is investigated. A thickness profile is conducted
by X-ray photoelectron spectroscopy (XPS) on a series of samples annealed for 30 min
and 60 min in Ny, vacuum, and atmosphere at 400 °C. No other elements besides Fe,
Si, B, and O were observed. Figure 2.13 shows the atomic concentration of oxygen as a
function of thickness. The oxide thickness, shown in Table 2.3, is taken to be the depth
at which the O concentration falls to half its original value and has an uncertainty of +
1 nm due to finite step size of the Ar etching. The samples annealed in atmosphere for
30 min and 60 min had the largest oxide layers of 6.7 nm and 7.6 nm, respectively. The
30 min and 60 min vacuum annealed samples had oxide thicknesses of 4.6 nm and 5.5
nm, respectively. In both cases, longer anneals resulted in a thicker oxide layer. The

thinnest oxide (3.3 nm) resulted from a 60 min N, anneal and was comparable to the 3.9
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nm oxide layer measured for the un-annealed as-cast sample. The oxide thicknesses are
very thin compared to the Metglas foil thickness, and it is not clear if the oxide layer is
impacting the magnetoelectric coefficient and by what mechanism. One possibility is that
the formation of the oxide layer leads to stress and deformation-assisted crystallization
which results in nanocrystallites forming, which has been observed in similar Fe-Si-
B amorphous ribbons [97, 98]. Oxygen is known to significantly increase the rate of

crystallization in this phenomenon [99].
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Figure 2.13. Thickness profile of oxygen atomic concentration for various 400 °C annealing
conditions. Annealing in atmospheric conditions results in thicker oxides compared to vacuum or
Ny anneals. The uncertainty is determined by measuring the percent standard deviation of the
boron atomic concentration below the oxide layer (which should be constant) for each sample

and applying the percent standard deviation to each data point of oxygen concentration.
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Table 2.3. Oxide thickness profile derived from XPS data. The oxide thickness has an uncertainty
of + 1 nm due to the finite step size of the Ar etching.

Anneal Time (min) | Environment | Oxide Thickness (nm)
0 (as-cast) N/A 3.9
30 Atm. 6.7
60 Atm. 7.6
30 Vac. 4.6
60 Vac. 5.5
60 N, 3.3

2.4 Optimization of Magnetostriction in Metglas Sput-
tered Thin Films

In this section the optimization of Metglas sputtered thin films is investigated. The
optimized thin film is later used in a passively-powered wireless micromachined quartz
magnetometer in chapter 5. Sputtered Metglas has been used for MEMS magnetoelectric
magnetometers [100], micro-actuation [101] and biosensors [102]. In this section the

effect of in-situ magnetization during deposition and the effect of thickness is investigated.

2.4.1 Experimental Setup

A semi-custom sputtering chamber is used to sputter Metglas 2605SA1 onto thin glass
substrates. The Metglas target is prepared by cutting a 25 mm diameter disk of Metglas
from the source ribbon and epoxying it to a target holder with thermally conductive
epoxy, EPOTEK H20E epoxy. The epoxy is cured for 15 minutes at 150 °C, then allowed
to slowly cool before being inserted into the sputter chamber, which is shown in the
camera image in figure 2.14(a). Each target can sputter approximately 350 nm before a
hole develops in the Metglas. To ensure this does not happen each target is only used
to sputter 250 nm of film. The sputter chamber hold up to 4 targets, including Ti and
Au meaning up to 500 nm of Metglas can be sputtered. Starting with a 70 pm thick
borosilicate substrate 20 nm of Ti is first sputtered as a stiction later, next the Metglas is
sputtered between 100 nm to 500 nm in thickness. Finally a thin 20 nm thick layer of Au

is deposited to prevent corrosion. The final device cross section is illustrated in figure
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2.14(b). The device dimensions are 5 mm x 20 mm as illustrated in 2.14(c). For some
devices, a 50 mT magnetic field oriented along the short axis of the cantilever is applied

using permanent magnets during deposition. The deposition parameters are detailed in
table 2.4.

(b) Gold (25 nm)
Metglas (100 nm to 500 nm)
Glass (70 pm)
(c)
(/ &
< > o)@
20 mm

Figure 2.14. (a) Camera image of the semi-custom sputtering system used to sputter the Metglas
2605SA1. (b) Top-view schematic of the test devices with a 20 nm thick Ti stiction layer on 70 p
thick borosilicate glass, followed by 100 nm to 500 nm of magnetostrictive Metglas and finally

a thin 20 nm thick layer of Au on top to prevent corrosion. (c) Isotropic schematic of the test
devices which are 5 mm x 20 mm.

Table 2.4. Sputtering parameters for Metglas sputtering. Pressure, voltage, current and deposition
are listed.

Parameter [units] Value

Pressure [ Torr] 30-40
Gun Voltage [kV] 52
Gun Current [mA] 1.8
Deposition Rate [nm/min] | 0.5

The sample is then carefully clamped between glass slides at one end and placed

between two calibrated Helmholtz coils. The entire setup is surrounded by acoustic
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absorbers and a polytec OFV-534 vibrometer sensor head measures the tip deflection
of the cantilever in response to an applied field as seen in the camera images in figure
2.15(a-b).

|
L Sl

Figure 2.15. (a) Camera image of the test setup with a pair of Helmholtz coils to magnetize
the Metglas using DC current source. Acoustic absorbers are placed around the setup to reduce
noise. The vibrometer sensor head seen at the top of the image records the Z-deflection. (b)
Another camera image showing the sample clamped at one end and a laser on the tip to measure

the deflection.

2.4.2 Magnetostriction of Sputtered Metglas Thin films

The deflection (Z) measured by the vibrometer is related to the magnetostriction (\) by
Devoe’s equation (2.4)[103],

7 SAE; Egtpts(tm + ts)L?
COBE214 4 214 4 AE,, Byt (12, 4 t2) + 6E,, B2 12

(2.4)

where m and s subscripts refer to the magnetostrictive layer and the substrate, re-
spectively. E is the elastic modulus, t is the thickness, L is the length of the cantilever.

To test the effect of magnetic poling a 500 nm thick Metglas layer is deposited with
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and without a 50 mT magnetic field oriented along the short axis of the cantilever. The
magnetostriction for the poled sample and the non-poled sample saturate at about the

same value of 12.5 um/m as seen in figure 2.16(a) but the poled sample has a steeper

slope in the linear region and has a higher (OA/0B) of 31.0 "2~ versus 18.1 =2 for
the not-poled 500 nm Metglas as shown in figure 2.16(b).
20 T T v T v T v T T T v 40 LN B B S L S B R S B A R
(a) — 500 nm not-poled (b) — 500 nm Not Poled
- ——500 nm poled 4 - —— 500 nm poled

A (Lm/m)
d(A/B) (um/m-mT)

0 1 1 1 1 1 1
-20 -15 -10 -05 0.0 05 1.0 15 20

i/

1
Magnetic Field (mT) Magnetic Field (mT)

Figure 2.16. (a) Magnetostriction for a poled and unpoled 500 nm thick sputtered Metglas thin
film. Both samples have similar saturation magnetostriction, but the poled sample has a steeper

linear region. (b) The magnetostriction coefficient (OAMOB) for the poled and non-poled 500

L=+ for the poled sample versus 18.1 = for the

nm thick sputtered Metglas shows a 31.0

not-poled sample.

The effect of thickness on the sputtered Metglas film is explored by varying the
Metglas thickness 100 nm, 300 nm and 500 nm. Figure 2.17(a) shows the magneto-
striction for the varying thicknesses and it is clear that the 500 nm film has a much
sharper magnetostriction curve compared to the 100 nm and 300 nm films. This increased
steepness of the 500 nm film results in a much larger magnetostriction coefficient of 31.0

um

—E2= versus approximately 7.5 —=== for the 100 nm and 300 nm films as seen in Figure

(b).
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Figure 2.17. (a) Magnetostriction for 100 nm, 300 nm, and 500 nm Metglas films. The 100 nm

and 300 nm films have a similar response but the 500 nm film is significantly steeper. (b) The

wm
m-mT

magnetostriction coefficient reflects this steepness with a much larger coefficient of 31.0

versus approximately 7.5 m*f;lT for the 100 nm and 300 nm films.

The B-H loop of a 500 nm thick poled and not-poled sputtered Metglas is collected to
see the impact in situ magnetic poling has on the permeability. The permeability directly
influences the flux concentration and ultimately the sensing capability of the device. As
seen in figure 2.18 the saturation magnetization is comparable for both conditions, but

the poled sample has a much higher w,. of 4300 v. 165 for the not-poled sample.
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Figure 2.18. B-H loop of 500 nm poled and not-poled sample

-4000 4000

2.5 Conclusion

As stated earlier, in the introduction, there have been many publications regarding annea-
ling of magnetostrictive metallic glasses and how it impacts magnetostriction, AE effect,
and embrittlement. However, there are virtually no reports on the effect of annealing on
the magnetostriction coefficient. Some authors publish their magnetostrictive curves in
response to annealing treatments, however there are usually not enough data points to
accurately determine the slope and calculate the magnetostriction coefficient [104, 105].

To complicate matters, there are not only many compositions of metallic glasses, but
several commercial entities that fabricate them. The process of making fabricating the
metallic glasses is arguably as important as the composition because of the ultra-fast

cooling process used to maintain an amorphous state is critical for good magnetostrictive
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performance.

A select set of publications concerning magnetostrictive metallic glass is summarized
in table 2.5. Early work in the 70’s and 80’s has shown that magnetostriction improves
when annealing out as-cast stress and aligning the magnetic domains with a transverse
magnetic field [106, 90, 75], however these works did not report on the magnetostriction
coefficient. It should also be noted that ideal conditions for stress relief and magnetic
domain alignment depend on the material composition, so any conclusion in regards
to annealing treatments on one material does not necessarily carry over into to another
material. Later work involving magnetoelectric devices [107, 48, 108], used commerci-
ally available films with no end-user annealing reported the magnetostriction coefficients
of 22 (-12-) to 50 (-"2-). Yang et al. annealed Metglas 2605SA1 at 350 °C with no
magnetic field and showed an improvement in the magnetoelectric coefficient, but did not
attempt transverse magnetic field annealing and did not explore other annealing ambients
besides air [77]. Furthermore, they did not directly measure the magnetostriction and
magnetostriction coefficient.

The major contribution of the work presented in this chapter is a comprehensive asses-
sment of how to anneal and align magnetic domains in Metglas 2605SA1 to maximize the
magnetostriction coefficient and in turn optimize the magnetoelectric coefficient and the

sensitivity of magnetoelectric magnetometers. The resulting optimized magnetostriction

coefficient of 79.3 —E=- is, to the best knowledge of the author, the highest reported

value for any material to date.

Table 2.5. Select works on magnetostriction and magnetostriction coefficient of amorphous
metallic glasses. Several articles described improvements in magnetostriction due to annealing
and aligning magnetic domains for maximum strain. Some of the highest magnetostriction
coefficients reported to date have been from reports where authors used amorphous metallic

glasses for magnetoelectric applications showing 22 m‘sz to 50 m‘fﬁT. The optimized annealing

rocess in this chapter yielded an unprecedented 79.3 —E2—. N/R = not reported.
m-mT
Year | Material Dimensions Amae (Lm/m) | NOB (H25) Cﬁ::llii?;n Me:;:::;gem Ref.
1975 | FegoP13Cr 15 mm x 0.6 mm x 25 um 62 N/R N/R 3 capacitance method [109] | [105]
1979 | FegoBao 120 mm x 1 mm x 20 um 39 NR 250°C 1 hr, Small angle [106]
no mag field in vacuum magnetization rotation
1984 | Metglas 260552 7.5 mm x 25 mm x 25 um 40 N/R 01 m"l'z“?r(?anscv’eil;rannea] Piezoelectric Transducer [90]
. 400 °C, 1 hr Bulk-optic

1986 | Metglas 260552 25 mm > 13 mm > 25 pm 3 NR 120 mT transverse anneal Michelson interferometer 73]
2006 | FeBSiC (Metglas) | 100 mm x 7 mm x 25 um 40 none Strain gauge [107]
2011 | Metglas 80 mm x 10 mm x 25 pm 34 22 none Strain gauge [48]
2013 | Metglas 100 mm x 10 mm x 20 pm N/R 50 none N/R [108]

400 °C 30 min, . .
2017 | Metglas 2605SA1 | 30 mm x 5Smm X 25 pm 51 79 120 mT mag field in vacuum Laser Doppler vibrometer | This work

Easy axis alignment and stress relief in Metglas 2605SA1 ribbons is produced
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by annealing at 400 °C in an applied magnetic field of 160 mT, in a vacuum or Ny
environment. An improvement the magnetoelectric performance by more than a factor of
3 relative to untreated ribbons resulting in a magnetoelectric coefficient of 6.1 MV/(m-T)

is shown. An optimal magnetostriction of 50.6 um/m and magnetoelectric coefficient

of 79.3 == were measured. It is shown that the presence of oxygen degrades samples
annealed in air, so an inert or vacuum annealing environment is necessary for achieving
the optimal magnetoelectric performance in Metglas 2605SA1 based magnetoelectric
sensors. Using a laser vibrometer the direct measurement of magnetostriction in Metglas
films treated from 250 °C to 450 °C and in various environments with an without an
applied magnetic field during annealing is shown. SEMPA imaging of domain alignments
under various anneals and in various environments is used to confirm the domain rotation.

The magnetostriction coefficient is also investigated in sputtered Metglas thin films.
In situ poling of the Metglas with a 50 mT magnetic field during deposition resulted in
an improved permeability and magnetostriction coefficient. A 500 nm thick Metglas

film in situ magnetized had a permeability of 4300 vs. 165 for a no-poled sample. The

wm
m-mT

B for the poled sample. The magnetostriction coefficient increased from 7.5 === for
the 100 nm and 300 nm films to 31.0 === for the 500 nm film.

magnetostriction coefficient increased from 18.1 for the not-poled sample to 31.0
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Chapter

PZT/Metglas 2605SA1 Transverse
Magnetoelectric Magnetometer

3.1 Introduction

The three components of a magnetoelectric laminate are the piezoelectric, magnetos-
trictive, and epoxy phases. The magnetoelectric effect has been used extensively in
the design of room temperature magnetic sensors [48, 110]. The effect is highest in
laminate structures compared to composites [62, 61]. The magnetoelectric coefficient for

laminates can be expressed as (3.1)

_AE b AE AS
“MEZAB" T ASAB
where E is the electric field, S is the stress, and B is the magnetic field. The pie-

3.1

zoelectric component AE/AS is dependent on the piezoelectric coefficient and the
elastic compliance of the piezoelectric phase. The magnetostrictive (sometimes called
piezomagenetic) component AS/AB is dependent on the magnetostrictive coefficient
and the stiffness. K is the epoxy coupling coefficient which varies from O to 1.

The previous chapter optimized the magnetostriction coefficient due to magnetic dom-
ain alignment. The Metglas dimensions also play an important role. Zhao Fang showed
that magnetic flux concentration is occurring in high permeability (L1.) magnetoelectric
laminates leading to improved magnetoelectric coefficients for long and narrow devices
[50].

The force coupling between the magnetostrictive and piezoelectric phases is critical
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in transferring the mechanical stress energy, Liu et al. [111] and others [112] showed that
laminates with thinner epoxies and larger epoxy elastic stiffness increased the magnetoe-
lectric coefficient. The findings are in agreement with Nan et al. who further showed
that imperfections in the bonding layer reduce the coupling and the magnetoelectric
coefficient [113].

Commercially available PZT is well optimized and shows a large d3; coefficient.
However, the d3; coefficient can be temporarily increased by applying a DC electric field
during the sensing operating. The next chapter explores using a PMN-PT piezoelectric to
further improve the magnetoelectric response.

This chapter explores the consolidation and impact of optimized epoxy application,
Metglas domain alignmnet, magnetic flux concentration and DC electric field biasing of
the PZT to achieve an optimized magnetoelectric laminate. First a detailed introduction of
the piezoelectric effect and it’s atomic scale origins is introduced. A similar analysis was
done earlier for magnetostriction in section 2.1.1. Next, analytical models coupling the
magnetostriction and piezoelectric effect as a magnetoelectric phenomenon are derived.
In the experimental section, a mechanical clamp method is studied to achieve a thin and
non-porous bond layer between the magnetostrictive and piezoelectric laminate phases.
Furthermore, COMSOL is used to determine the optimal thickness and Young’s modulus
of the epoxy layer. The flux concentration effects of the magnetoelectric width, length and
thickness are investigated by 2D and 3D COMSOL models and experimentally verified.
Metglas domain alignment, studied earlier, is also included in the final optimized device.
Finally, a DC electric field is used to bias the piezoelectric and temporarily increase the
d3; coefficient. Finally, the new limit of detection achievable from the addition of each

optimization is compared.

3.2 Magnetoelectric Phenomenon

3.2.1 Piezoelectric Effect

The piezoelectric effect was first demonstrated in 1880 by the Curie brothers Jacques
and Pierre. By studying crystal symmetry they were able to predict piezoelectric crystal
classes and experimentally observed electric charge generation in a number of natural
crystals including quartz, tourmaline, and topaz in response to stress [114, 115]. The

brothers later demonstrated the converse piezoelectric effect, where an expansion and
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contraction is produced due to an applied field, and showed that the direct and converse
effect were equal in magnitude as predicted by Lippmann [116, 114].

Some piezoelectric materials belong to a class of materials called ferroelectrics, mea-
ning the material can maintain a local charge separation (electric dipole). Piezoelectricity
can only be observed in dielectric materials and in certain crystal structures. In poly-
crystalline piezoelectrics the effect is produced by aligning the ferroelectric domains.
Piezoelectrics require a non-centrosymmentric crystal point group. Of the 32 possible
crystal point groups 21 are non-centrosymmetric and 20 ((432) being exception) are
piezoelectric. Centrosymmetric crystals can not produce an electric dipole in response to
stress because their "charge centers of mass" move in unison. Figure 3.1(a) shows an
illustration of cubic centrosymmetric crystal where both the negative and positive charge
centers are in the center in the unstrained state. A uniaxial force is applied and the crystal
compresses in figure 3.1(b), however the negative and positive charge centers have not
separated and are both in the center so no polarization is developed. Figure 3.1(c) shows
non-centrosymmetric example under no applied force and has both positive and negative
charge centers overlapping, resulting in no polarization. However, with an applied force
the center of charges will not overlap and a polarization will develop as seen in figure
3.1(d).

Piezoelectric materials are mathematically described by a set of equations relating
the applied electric to an induced strain (3.2) and the converse effect relating an applied

strain (3.3) to an induced electric field,

S =sT +d,E (3.2)

where S is the strain (unitless ratio), s is the elastic compliance (m?/N), E is the electric
field (V/m), T is the stress (N/m?) and d is the piezoelectric strain constant (m/V).

E = 3D —hS (3.3)

where 3 is the dielectric impermeability (m/F), D is the electric displacement (C/m?), h is
the piezoelectric stress constant (V/m). h = gcP, where c? is the elastic stiffness (N/m?)
and g is the piezoelectric voltage constant (Vm/N). Quantities with superscripts means
that the quantity is measured while the physical variable described by the superscript
is held constant. The subscript ¢ implies that the matrix is transposed (rows/columns

interchanged). It should be noted that a number of other equations equivalent relationships
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Figure 3.1. (a) Centrosymmetric crystal with no applied force, resulting in overlapping charge
centers and no polarization. (b) Centrosymmetric crystal with an applied force, the charge centers
are still overlapping and there is no polarization. (c) Non-centrosymmetric crystal with no force,
where both charge centers overlap. (d) With an applied force the charge centers to move away
from each other resulting in a polarization.

can be derived and may be more convenient for certain applications than the equations
described above [114].

The piezoelectric constant d is typically expressed in matrix notation, where matrix
notation -> tensor notation 1->11; 2->22; 3->33; 4->23,32; 5->31,13; 6->12,21. The sign
convention assumes that the poling direction is always in the "3" direction (for ceramics).
For example a d3; coefficient means the field is applied in the "3" (parallel to the poling)
direction and strain is measured in the "1" (perpendicular to the poling) direction

The typical ferroelectric curve is illustrated in figure 3.2(a) showing the polarization
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Figure 3.2. (a) Typical ferroelectric hysteresis curve. The initial random polarization is aligned
with application of an electric field. Upon removal of the field a remanent polarization (+F,)
remains. To return the domains to null net polarization an opposite field of sufficient magnitude,
known as the coercive field + F. must be applied. (b) The typical piezoelectric strain curve shows
how the strain develops with an applied electric field.

vs. electric field. Initially the as-fabricated materials is assumed to have perfectly random
polarization (in real devices this is not always true). After initial application of a positive
electric field the polarization increases until saturation. Next, upon reversing the direction
of the electric field a remanent polarization + £, at O V/m until the polarization is zero at
the coercive field — .. Sweeping the electric positive again produces an analogous effect
with a negative remanent polarization +F, at 0 V/m and a +E.. A typical ferroelectric
piezoelectric curve, sometimes refereed to as a "butterfly curve", is illustrated in figure
3.2(b) showing the strain vs. electric field. Analogous to the ferroelectric curve, initial
application of a positive electric field increases the strain until it saturates and upon
removal of the electric field a remanent strain remains. Reversing the electric field
produces negative strain at first, then it will reverse direction and positive strain will
increase until it is saturated. It should be noted that while the step (inverse slope) is linear
at low electric fields at higher fields the step is larger (more voltage is needed produce
the same strain), conversely a differential strain produced on a biased piezoelectric will
produce a larger differential voltage making it a better strain to voltage transducer. The
effect has been experimentally demonstrated by Li et al. [117] and shown in figure 3.3.

Table 3.1 shows some contemporary piezoelectric materials and their piezoelectric
coefficients. Quartz is commonly used for sensing due to it’s high quality factor resonance
modes. Despite having a lower piezoelectric coefficient PZT is relatively inexpensive

and exhibits good temperature stability with piezoelectric properties observable up to
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approximately it’s phase transition to S-quartz at 573 °C [118]. Where as the Curie
temperature of PMN-32PT is 150 °C [119] and PZN-4.5PT has a ferroelectric phase

transition at 130 °C [120].

Table 3.1. Piezoelectric constants and their permittivity for several commonly used materials:
x-cut quartz, Pb[Zr, Ti; —;]03 (PZT), polyvinylidene difluoride (PVDF), 0.70Pb(Mg; /3 Nb /3)O3-
0.30PbTiO3 (PMN-30%PT), 0.93Pb(Zn /3 Nby /3)O3 -0.08PbTiO3 (PZN-8%PT)

Material ds; (pm/V) | ds3 (pm/V) €331€11
Quartz X-cut [121] - 2.3 4.6:4.6
PZT-5A [122] -171 374 1700:1730
PZT-5H [122] -276 630

PVDF 21 [123] | -32.5[123] | 7.6:6.9 [124]
PMN-30%PT [125] -921 1981 7800:3600
PZN-8%PT [126] -1455 2890 7700:2900

61



Figure 3.4. (a) Illustration of an in-plane longitudinal ME device [48]. The magnetic field (H) is
applied in-plane and the electric field is measured in-plane. (b) Illustration of a transverse ME
device. The H field is in-plane and the electric field is measured out of plane.

3.2.2 Magnetoelectric Effect

The magnetoelectric effect was introduced earlier in section 1.3.1. Applying a DC
magnetic to bias the magnetostriction film allows for the linear sensing of weak AC
magnetic fields. This oscillating magnetic field translates into an oscillating mechanical
strain. That strain is then transduced into a charge/voltage by the piezoelectric material.

Two commonly reported methods of fabricating a magnetoelectric device are to use
the in-plane longitudinal, as illustrated in figure 3.4(a), or the transverse piezoelectric
effect, as illustrated in figure 3.4(b). The in-plane longitudinal device has the benefit
of higher in-plane piezoelectric constant that exists for PZT and PMN-PT, but requires
interdigitated electrodes and has a more complex construction process.

The magnetoelectric phenomenon can be modeled by relating the strain between the
piezoelectric and magnetostrictive phases as first demonstrated by Harshe et al. [127].

The strain from the phases can be modeled as (3.4) and (3.5):

"Si=" 8" A" qr " Hy 3.4)

PS=Ps; P Ti4+Pdy" Ey, (3-5)

where m and p denote the magnetostrictive and the piezoelectric phases respectively. ¢
is the pseudo-piezomagnetic coefficient (also known as the magnetostrictive coefficient), d
is the piezoelectric coefficient, T is the stress, H is the magnetic field, s is the compliance
matrix, and S is the strain. The prefixes m and p refer to the magnetostrictive and
piezoelectric phases respectively.

A general strain equation, which takes into consideration the contributions from the
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stress field, electric field (piezoelectric) and magnetic field (magnetostrictive) can be

written as (3.6):

S =sT +dE + qH (3.6)

The electric displacement (D) for a piezoelectric is

D=dT +c<cE (3.7)

Assuming some boundary conditions, the magnetoelectric voltage a(E/H) can be
solved analytically. For example, first consider the case of a magnetoelectric device in
free space with a piezoelectric and a magnetostrictive layer stacked on each other, with
the piezoelectric electrodes along the out of plane (3 - axis) direction and the magnetic
field applied in the out of plane direction. In this case the H field is applied out of plane
and the FE field is measured out of plane av(E3/Hj3) the following boundary conditions can
be established (3.8), (3.9), (3.10):

Assuming free body conditions with no stresses present there will be no out of plane

stress

"T=PT5 =0 (3.8)

Assuming in plane stresses are equal: PT1=Ty & ™11 =""T,

mTlmU = —pTlpU
3.9
mTQmU = —pTng
where v = volume fraction.
The strain in plane is equal for both materials
S="5,="S
. (3.10)
SQZmSQZPSQ

Using (3.6), a general strain relationship for each phase is written as (3.11)
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TS =" T A" 519 To A 513" T3 4" 31 H 3
PS8 =L s P14+ 519  To+P 513 T3+ d31 B

(3.11)

Since 15 = 0, ™17 = ™15, and P17 = PT5, the equations in (3.11) can be equated to
get (3.12).
("Ms11+"s12) " T4 q31 Hy = (Ps11+P512) PT14-Pds1 Es (3.12)

substituting "7} = —PT1Pv/™v one gets (3.13)

(Ms114+"s12) — P11 (Pu/™v) +"gs1 Hs = (Ps11+7s12) PT1+Pds1 Es (3.13)

Assuming open circuit conditions (D=0):

D3=d31"T1 +Pd3o" To+P d33" T3+ e33 03 = 0 (3.14)
Using P17 = PT;, and Pd3; = Pd3o in (3.14), results in (3.15)

pT

and now P77} can be substituted out using (3.15) and rearranged, resulting in (3.16)

Py = — (3.15)

By —2"qs1Pd3 v

O Hsy o (msyy+ms1) (PER) Pu + (Psyy + Pso) (Pely) Mo — 2(pd31)2”8 16)

For the case of the piezoelectric electrodes along the out of plane (3 - axis) direction

Q(E)33

and the magnetic field applied in the in plane direction such as the device in figure 3.4(b),
the solution is similar, only the " ¢33 value is swapped for ™q;; + " ¢o1 (3.17). Bichurin
et al. included a coupling factor, k making the equation (3.18) [88, 128]. For the special
case of k=1, (3.18) = (3.17).

64



_ & =2("q11+"qo1) ds1 ™V

o — —
(E)3L = (Ms11 + Ms19) (Pedy) PU + (P11 + Psig) (Pedy) ™o — 2(Pd3;)* ™o
(3.17)
a kB3 —2k("qi1+" 21 ) dg v
E)p3l = —— =
()31 Hy o (msyy + ™s10) (Pedy) kPu + (Psyy 4 Psyo) (Pedy) mo — 2(rdg) k™o
(3.18)

3.3 Experimental Setup

3.3.1 Magnetoelectric Device Fabrication and Sensing

To measure the magnetoelectric coefficient, laminate structures are fabricated using the
same method described earlier in section 2.2.1.4, figure 2.4(a-b). However, a number of
parameters are varied to test their effect on the magnetoelectric coefficient. The three
components of the PZT-5A/Metglas 2605SA1 magnetoelectric device are optimized.
PZT-5A is chosen for these sets of experiments because of it’s low cost ($10 USD
for 3 mm x 13 mm x 200 pm plate) and commercial availability. First the effect
of Metglas dimension in regards to flux concentration is investigated by COMSOL
simulations and by experimentally varying the Metglas length from 15 mm to 50 mm.
Next, the coupling efficiency of the epoxy is investigated by modeling the average stress
transfered for varying epoxy thicknesses and epoxy modulus. Based on the simulation
results an appropriate epoxy modulus is chosen and the magnetoelectric coefficient is
measured using an epoxy layer cured without a clamp (thicker epoxy) and a device
using an epoxy layer cured while mechanically clamped. Finally, the domain aligned
Metglas is incorporated and the effect of DC voltage biasing the PZT-5A during sensing
to temporarily increase the d3; coefficient during sensing. The limit of detection is
compared for all of the optimizations.

The devices are tested in a custom designed box with three layers of magnetic
shielding as described earlier in section 2.2.1.4. Two pairs of Helmholtz coils are used
for DC and AC magnetic stimulation inside the shielded box. An AC current source is
used to automatically adjust for impedance variations in the coil and provide a stable

magnetic field strength across a range of frequencies. The voltage generated by the PZT
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is measured by a lock-in amplifier as seen in the illustration of the test setup in figure 2.5.

3.4 Force Coupling Optimization

The coupling between the magnetostrictive component and piezoelectric must be as ideal
as possible to realize the full potential of the ME laminate. The effect of epoxy thickness
and Young’s modulus is studied in COMSOL 5.2 Multiphysics software. It can be seen
from figure 3.5(a) that as the thickness of epoxy is reduced, the stress coupling to the PZT
becomes better as the average stress increases for an epoxy Young’s Modulus of 1 GPa
to 12 GPa. However, the average stress is seen to peak for an epoxy Young’s modulus
between 5 GPa to 10 GPa, depending on the epoxy thickness as seen in figure 3.5(b), due
to a trade-off between the epoxy absorbing strain when it is too compliant and reduction

in strain transfer when the epoxy is too stiff.
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Figure 3.5. (a) Average stress coupling as a function of epoxy thickness with varying Young’s
modulus of the epoxy from 1-12 GPa shows thinner films are more effective at stress coupling.
(b) Average stress coupling versus epoxy Young’s modulus shows an optimal Young’s modulus

of 5 GPa to 10 GPa, depending on epoxy thickness.

A conductive silver epoxy with a Young’s modulus of 6 GPa is chosen for these
experiments [129]. Applying the epoxy without clamping during the cure results in a
relatively thickness of 10 pm to 17 um and porous film as seen in the scanning electron
micrograph (SEM) cross section shown in figure 3.6(a). Applying a clamp during the
cure reduced the thickness to 3 um to 9 um with clearly reduced porosity in the epoxy

layer as seen in figure 3.6(b). This resulted in a significantly improved «,,. of 2.02
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MV/(m-T) compared to 0.32 MV/(m-T) for non-clamped curing. All further tests in this

thesis uses the clamped curing method.
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Figure 3.6. SEM cross sections of devices: (a) constructed with manual application of H20E
without clamping results in a 10 pm to 17 pm thick and porous interface. (b) Constructed with
clamping during the cure results in a thinner, 3 um to 9 um thick and non-porous H20E epoxy
interface. (c) The experimental a,,. difference between the clamped and unclamped curing
process, showing a large improvement from 0.32 MV/(m-T) to 2.02 MV/(m-T).

3.5 Flux Concentration of Metglas 2605SA1

Flux concentration occurs in high permeability materials like Metglas. The ferromagnetic
material "draws in" magnetic flux lines because these lines have a strong preference
for high permeability materials over air/vacuum. A 2D COMSOL simulation is used
to investigate how length and width effect the flux concentration and offer insight into
trends one may expect when defining the shape of the Metglas ribbons. A 3D COMSOL
simulation is also carried out to investigate the thickness trend. In the 2D COMSOL
model the width is varied from 1 mm to 8.5 mm and the length from 5 mm to 30 mm,
while the W, 1s kept constant at 10,000. There are reports of Metglas with much higher p,
values, but the goal of this work is to see the trend and it is only important that the material
being modeled have a much higher permeability than the surrounding medium(p,. » 1)

to investigate the trends. For consistency, the surrounding air in the medium is also
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scaled by the same factor as the high u, material dimensions scale. Figure 3.7(a) shows
a 1 mm x 5 mm high p, strip in air with a background 25 pT magnetic field. As can
be seen by the streamlines of the magnetic field, strong magnetic flux concentration is
occurring. A cutline measuring the magnetic field along the length is used to compare the
flux concentration effect. Figure 3.7(b) shows that the magnetic field scales directly with
length and inversely with width. The trends in the simulations are in good agreement
with similar analysis done by Zhao Fang [50].

W=0.001, L=0.005 _Surface: Magnetic flux density norm (T) Streamline: Magnetic flux density

o
.
(a) B (b) e — 1:W=0.001, L=0.005
) *[ —— 3:W=0.001,L=0.015 \
b 45} —— 6! W=0.001, L=0.03 \
19: W=0.0085, L=0.005 [ 1\
) R — 21:W=0.0085, L=0.015 [ 1)
[1] |
€ . = s 24:W=0,0085, L=0.03 ‘(\“o‘(\ | |
: [
kel | |
E . i \e [
= o w | |
| |
5 . = 2 ) ] \
=" o ¢ Increasing ww‘dth ‘
. B s from 1 mm to 8‘.5 mm
: = R
25 | ‘
o5 | \
: I |
= = T A
OD 20 40 60 80 100 120 140 160 180 200 220 240
Length (mm) Length (mm)

Figure 3.7. (a) 1 mm x 5 mm 10,000 u, permeability material in air, with a background 25
uT field along the length of the ribbon. The streamlines show the effect of flux concentration
into the high permeability material. The magnetic field along the cutline is evaluated in (b),
showing a summary of the trends observed by varying length and width. The internal magnetic

field increases directly proportional to length, but inversely proportional to the width of the high
permeability material.

Experimental verification of the length trend is done by making magnetoelectric
devices from PZT 5A/Metglas 2605SA1 with varying Metglas lengths of 15 mm, 30 mm
and 50 mm. As predicted, the magnetoelectric voltage scales directly with length as seen
in figure 3.8, where a 20 Hz, 5.6 pT AC magnetic field is applied, while the DC magnetic
field is varied. It should also be noted that the magnitude of the DC magnetic field
corresponding to the peak magnetoelectric response decreased as the length increased,

consistent with what one would expect from magnetic flux concentration.
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Figure 3.8. Flux concentration experiment showing significant improvement in the magnetoelec-

tric voltage by increasing the length of the Metglas.

To investigate the effect of thickness a 3D COMSOL model must be used. A 5 mm
x 80 mm x 500 pm to 2000 wm thick high permeability (1, = 10, 000) film is placed
between a pair of Helmholtz coils as seen in figure 3.9(a). To keep the model simple
the thickness is made much larger than the actual Metglas ribbon thickness (25 pm),
but the observed trends will still be valid. The magnetic field in the material is probed
along the length using a cutline placed in the center of the ribbon. As the thickness
increased the magnetic field decreased as seen in figure 3.9(b), meaning there was less
flux concentration. Some authors have reported higher magnetoelectric response when
epoxying multiple Metglas ribbons together [130], but this may be because the improved
magnetostriction to piezoelectric volume ratio has a stronger effect than the reduced flux
concentration in some cases. Authors also report an increase in the magnitude of the DC
magnetic field required to reach peak magnetoelectric voltage as the number of Metglas

layers is increased, consistent with reduced flux concentration.
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Figure 3.9. (a)3D COMSOL model used to study the thickness effects on Metglas. A 5 mm x 80
mm X 500 pm to 2000 wm thick high permeability (p,, = 10, 000) film is placed between a pair
of Helmholtz coils. (b) A cutline taken through the center of the ribbon shows the magnetic field
inside the Metglas decreases at the thickness increases, meaning there is less flux concentration

with increased thickness.

3.6 Piezoelectric Optimization via Active Biasing

Electric field biasing of the PZT-5A modifies the ds; coefficient and thus improves
Qme. A 30 minute vacuum annealed and magnetically poled Metglas-PZT device is
DC electric field biased to alter the d3; coefficient. Varying electric fields are applied
by series connected DC batteries to minimize unwanted noise. Figure 3.10 shows the
magnetostriction curve as a function of the applied magnetic field for applied DC electric
fields from -2 to +2 kV/cm (limited by the maximum DC voltage permitted on the lock-in
amplifier). At +2 kV/cm «,. increases by 59 % to 9.52 MV/(m-T) from the no electric
field o, of 5.98 MV/(m-T) and at -2 kV/cm «,,,. decreases 50 % to 3.02 MV/(m-T).
The increased a,,,. of 9.52 MV/(m-T), enables an improved lower detection limit in
ME magnetic field sensing. The improvement in sensitivity due to the optimization is

measured in the next chapter.
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Figure 3.10. Magnetostriction curves under a DC electric field bias measured under a 2.8 uT AC
field at 20 Hz. A 59% improvement is observed with a +2 kV/cm electric field.

3.7 Optimized Magnetometer Limit of Detection

The sensor resolution is compared for the various optimization methods. All of the
optimizations improve the signal and unless the sensing setup is limited by magnetic
noise the signal to noise ratio should improve and result in improved sensitivity. To
evaluate the sensitivity the sensors are biased in their optimal DC magnetic field and
a 20 Hz AC magnetic field is gradually reduced until the response becomes non-linear
signaling a limit of detection. Figure 3.11 shows the limit of detection (LOD) for the
optimizations discussed in this chapter. The initial un-clamped and un-annealed device
had a 6 n'T LOD. After curing in a clamp the LOD improves to 1 nT. The addition of an
annealing step to remove residual stress with a 5 minute 400 °C anneal in atmosphere
without a magnetic field improved the LOD to 350 pT. Next, by aligning the magnetic

domains perpendicular to the sensing axis the maximum amount of magnetostriction
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coefficient the LOD is reduced to 250 pT. This alignment is achieved by a 30 minutes
400 °C anneal in nitrogen with a 160 mT magnetic field aligned along the short axis of
the Metglas ribbon. At the time of these experiments the annealing setup could only
accept a maximum length of 30 mm and the strip width was limited to 5 mm for ease
of handling. Finally the PZT-5A is biased with a +40 V DC bias along the remanent
polarization direction to temporarily improve the ds; coefficient and provide a further
improvement in the LOD to 150 pT.
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Figure 3.11. Measured lock-in voltage for decreasing 20 Hz AC magnetic showing an impro-
vement in sensitivity from 6 nT in the un-optimized sample to 150 pT in the optimized sample

with no observable change in the noise floor.
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3.8 Conclusion

Thinning the epoxy and reducing the porosity using a mechanical clamp resulted in a 6.7 x
improvement in the magnetoelectric coefficient from 0.3 MV/(m-T) to 2.0 MV/(m-T).
Annealing the Metglas without a magnetic field improved the magnetoelectric coefficient
by 2.5x from 2.0 MV/(m-T) to 5.0 MV/(m-T). Annealing the Metglas with a 160 mT
magnetic field to align the domains along the short axis of the ribbon and limit crystalli-
zation by using an oxygen free environment resulted in a further 1.2 X improvement from
5.0 MV/(m-T) to 6.1 MV/(m-T). Finally a 2.0 kV/cm DC electric field is used to increase
the d3; resulted in a 1.6 improvement from 6.1 MV/(m-T) to 9.5 MV/(m-T). The limit
of detection at 20 Hz improved from 6 nT to 150 pT due to the optimizations. Further
improvements by using PMN-PT in d33 sensing mode with interdigitated electrodes and

longer domain aligned Metglas strips to improve flux concentration is discussed later.
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Chapter I

PMN-PT/Metglas 2605SA1 In-plane
Magnetoelectric Magnetometer

4.1 Introduction

The magnetostriction component of the magnetoelectric device has been optimized in
chapter 2. The piezoelectric component can be replaced with a more sensitive ele-
ment, namely (1-x)[Pb(Mg;/3Nb;/3)O03]-x[PbTiO3] (PMN-PT). Furthermore the large
d33 component can be exploited using interdigitated electrodes. PMN-PT is commerci-
ally available and PMN-PT macro fiber composites with interdigitated electrodes are
commercially available.

In the first part of the chapter COMSOL finite element modeling is used to investigate
the electric field distribution due to the interdigitated electrodes. Nelson et al. showed
that dead spots and the electric field is non-uniform [131] in PZT based interdigitated
electrode devices. The displacement is simulated for various electrode configurations.
Poling procedures are evaluated to pole the PMN-PT and optimized. Finally, Metglas
2605SA1 is epoxied to the piezoelectric and the magnetoelectric response was compared
and modeled by COMSOL.

4.2 Finite Element Modeling

A COMSOL simulation was done to evaluate the electric field lines produced by the

interdigitated electrodes. The displacement was simulated for various electrode configu-
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rations. A COMSOL model using PMN-PT sections was created with 1 mm PMN-PT
sections and 0.2 mm electrodes. The final dimensions are 27 mm long, 4 mm wide and
0.4 mm thick. 1 V is applied between each 1 mm section and one end surface is fixed
as a hard point. Figure 4.1(a) shows the simulated displacement of the device. Figure
4.1(b) is the y-component of the electric field taken as a cut-line near the surface, where
the field is approximately 600 V/m or 60% of the ideal value expected based on the
electrode spacing due to the longer path the field lines take. This is consistent with other
simulations and experiments done with interdigitated electrodes [132]. Figure 4.1(c) is
a cut-line of the displacement showing a linear response with small breaks due to the
deadzones induced by the electrodes. Equation (4.1) is the analytical expression used to
calculate displacement (\) in a piezoelectric, where d33 is the piezoelectric constant, E is
the electric field and / is the length. Using the 600 V/m electric field simulated earlier,
and the length of the active length is subtracted by length lost to the electrodes (4.8 mm),

the displacement was calculated to be 27 nm, close to the 25 nm simulated.
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Figure 4.1. (a) Displacement of a PMN-PT cantilever with 1 V applied to the electrodes. (b) The
electric field is approximately 600 V/m or 60% of the ideal value. (c) Total displacement was

simulated to be approximately 25 nm.
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Now that the model has been validated the non-ideal nature of practical electrodes
is simulated. Figure 4.2 shows the displacement for a realistic configuration where
electrode rails running along the length of the sample are 0.3 mm from the edges and the
interdigitated fingers lengths go up to 600 pum from the edge of the opposite electrode
rail. The reduced piezo-active area results in a reduced displacement of 14.5 nm.
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Figure 4.2. Using a realistic electrode configuration the deflection is reduced to approximately
14.5 nm.

4.3 Fabrication of In-plane PMN-PT/Metglas 2605SA1

Magnetoelectric Devices

Magnetoelectric devices based on the ds3 mode of PMN-PT are fabricated. Shadow
masks are used to evaporate 50 nm Cr and 150 nm Au on each side of a 4 mm x 15
mm or 30 mm wide and 400 nm thick [001] PMN-0.3PT X2B single crystal sample,
purchased from TRS Technologies (Pennsylvania, USA). Due to pseudo cubic structure
of the material near identical performance can be expected when poling in either X,Y or
Z axes. The electrodes are 300 wm wide and 2.4 mm long and spaced 1 mm edge to edge.
A ceramic package (Spectrum Semiconductor CBS01652) was cut using a diamond saw
to form the anchor of the cantilever. A 5 mm X 3 mm ceramic insert with 2 electrodes is
epoxied, using Epotek H20E silver epoxy, to the ceramic package. Epotek H20E silver
epoxy is again used to epoxy the PMN-PT to the conducting electrodes and is used to
make the bottom connection of the PMN-PT. The silver epoxy is then used to epoxy a 3D
printed plastic piece to help secure the sample in place. Finally epoxy is used to carefully

connect ceramic insert contacts to the top electrode and to the package electrode. The
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sample is cured at 90 °C for 3 hours. This is near the rhombohedral phase transition
temperature of the PMN-PT, meaning it must be poled after this step. The package
was inserted into a mini breadboard to form the final electrical connection and poling.
Various poling procedures are explored in this chapter and ultimately a 30 second, 250 V
poling in silicone oil at 60 ° is used. When poling the field is reported at the "ideal" field,
meaning the electric field is V/d, where V is the applied voltage and d is the electrode to
electrode gap. It will be explained in this chapter that the actual field felt by the PMN-PT
is only a fraction of the ideal field. 5 mm x 30 mm x 23 um thick Metglas 2605SA1
is magnetically poled and aligned in a nitrogen atmosphere under a 160 mT magnetic
field for 30 minutes at 400 °C. The Metglas ribbon was epoxied to the sample using a
non-conductive room temperature curable epoxy, Devcon 10 minute epoxy. The epoxy
was applied to the Metglas and excess epoxy is carefully removed by a single edged steel
razor blade. The sample was left to cure for 12 hours in a mechanical clamp.
Alternatively, commercially prepared ds;3 mode PMN-PT macro fiber composites
(MFC) can be purchased from Smart Materials, who also use single crystal [001] PMN-
PT X2B from TRS technologies. The MFC is composed of similar in dimensions to the
monolithic PMN-PT samples 27 mm x 3 mm x 180 pm thick using 350 um in-line
PMN-PT fibers to form the composite. Similar to the monolithic case, magnetically poled
and aligned 5 mm x 30 mm x 23 pum thick Metglas 2605SA1 was epoxied to the sample
using a non-conductive room temperature curable epoxy, Devcon 10 minute epoxy and

allowed to cure for 12 hours in a mechanical clamp.

4.4 Interdigitated Electrodes on Monolithic PMN-PT Sin-
gle Crystal

4.4.1 Poling Procedure

To determine the appropriate poling procedure a 500 nm thick PMN-PT plate is poled
through its thickness from 5.0 to 8.0 kV/cm and the d33 is measured using a Piezotest
PM?200 piezoelectric testing unit. Figure 4.3 shows saturation at 2000 pm/V at 6.0 kV/cm
and another sample saturating at 1700 pm/V at 7.0 kV/cm. Poling was done in a silicone
oil bath for 10 minutes. Conversations with engineers at TRS technologies, the PMN-PT
manufacturer, suggest that poling for only 30 seconds is sufficient to induce a remanent

polarization.
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Figure 4.3. Poling through the thickness of a 500 nm thick PMN-PT shows d33 saturation at
2000 pm/V at 6.0 kV/cm and another sample saturating at 1700 pm/V at 7.0 kV/cm.

The 7.0 kV/cm poling field presents a problem for the interdigitated electrodes,
because only approximately 60% of the electric field is expected to drop across the
channel meaning the applied voltage must be high enough to compensate for the lower
electric field due to the interdigitated electrodes. COMSOL simulations (not shown)
suggest that there is not a significant deviation in the electric field along the thickness of
the channel. Poling at 1100 V produced a significant number of cracks in the PMN-PT
crystal and occasionally resulted in catastrophic cleaving of the sample. The cracking is
most prominent in the regions of highest electric field, which are between the edge of the
interdigitated electrode and the opposing rail electrode. The length of the electrode can
be shortened at the expense of piezoelectric actuation and sensing. Figure 4.4(a) shows
the effect of piezoelectric deflection in response to reducing the electrode to rail gap from
300 um to 1300 pum, clearly showing a decrease in piezoelectric deflection as the gap
is increased. Figure 4.4(b) shows the electrostatic voltage across the electrodes for the
two extremes of electrode gap, where it is evident that as the gap increases, less of the
piezoelectric channel sees a voltage differential. A compromise must be made to prevent
high fields and cracking while enabling sensing and through as much of the channel as
possible. A 600 um gap is chosen because it only reduces the active area by 10%, yet

decreases the electric field by a factor of 2x compared to 300 wm, which is the smallest
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gap that can be realistically realized by our shadowmasking method. Also, to reduce the
poling field, the temperature is increased to 60 °C. Shadowmasking is chosen because
it offers quicker prototyping turnaround time and the technique was able to achieve the
minimum desired resolution of 600 um. Furthermore, by avoiding lithography we can
reduce the number temperature cycles the PMN-PT sees during processing, reducing the

potential of cracking due to thermal stresses.
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Figure 4.4. (a) Simulation of deflection with 1 V applied to the electrodes for a range of electrode
to rail gap of 300 um to 1300 wm, showing a decrease in active piezoelectric area with increased
electrode to rail gap. (b) The electrostatic voltage for the two extremes of electrode to rail gap

highlighting the reduced piezoelectric active area.

Figure 4.5 shows the X-Y-Z displacement is measured using a Polytec 3D MSA-100
laser Doppler vibrometer from a 15 mm x 4 mm 400 pwm thick PMN-PT with 1 mm
electrode to electrode gap and 600 pwm electrode to rail gap. The deflection, and by
relation the piezoelectric coefficients, saturate at 2.5 kV/cm. It should be noted that there
is significant X and Z axis motion meaning that the poling is non-uniform in magnitude
and/or at an angle to the Y-axis, which is expected given the complex field lines created

from interdigitated electrodes.
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Figure 4.5. Experimental X-Y-Z displacement in versus poling field showing saturation of
piezoelectric response at 2.5 kV/cm. The displacement in the X and Z axes is non ideal and is

indication of non-uniform poling magnitude and/or an angle to Y-axis.

Figure 4.6(a) shows the electric field in the mid-plane of PMN-PT simulated on
COMSOL with 1 V applied to the electrodes with the scale set to highlight the high field
regions. As expected the gap between the electrode edge and the opposing electrode
rail is the area of highest electric field. It should be noted that the opposing rails can
be bulged out near the electrode edge to prevent high fields, however this would also
create some dead area in the device. The current design already puts the rails very close
to the edge of the PMN-PT material. Furthermore, it should be noted that the region
between the interdigitated electrodes has some high field regions near the electrodes and
a diagonal shape to the high field region is observed. Figure 4.6(b) is a camera image
of the experimental device after poling with 250 V (2.5 kV/cm), showing a change in
transmittance after poling that is consistent with the high-field regions predicted in the
mid-plane by COMSOL. Figure 4.6(c) shows the high-field regions in the top plane of
the PMN-PT sample to be near the electrodes and have a triangular shape between the
electrode edge and opposing rail gap. Observing the sample under a microscope and

limiting the depth of focus to the top plane confirms this phenomenon experimentally
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as seen in Figure 4.6(d). The excellent agreement between the COMSOL simulated
high electric field regions and experimentally observed change in optical transmission

confirms the COMSOL model is accurately simulating the electric field.
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Figure 4.6. (a) COMSOL simulation of the electric field at 1 V applied to the electrodes scaled
to show the regions of high electric field at the mid plane. (b) Camera image after poling at
250 V; the transmittance of the PMN-PT is slightly changed and the same high-field regions are
visible. (c) COMSOL simulation of the electric field highlighting high field region at the top plane.
(d) Camera image under a microscope with the depth of field limited to the top plane showing
reduced light transmission in areas predicted to have high fields by the COMSOL simulation.

One visible crack is was found across the entire sample.

4.5 Magnetoelectric Magnetic Sensing

Magnetoelectric devices are fabricated from 4 mm x 15 mm or 30 mm long, 400 um
thick PMN-PT crystals and magnetically poled and aligned Metglas 2605SA1. The
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magnetoelectric sensitivity is reported for these devices instead of the magnetoelectric
coefficient. This is because the magnetoelectric coefficient is fundamentally normalized
to the electric field in the piezoelectric, which is not simple to determine in interdigitated
devices. Furthermore, the sensitivity is arguably a more important metric since it ultima-
tely determines sensing capability. Figure 4.7(a) shows the magnetoelectric sensitivity for
the 15 mm long monolithic PMN-PT device for 1 layer of Metglas on each side (50 wm
total) and 3 layers on each side (50 um total). Some authors have reported improvements
by optimizing the Metglas to piezoelectric volume ratio. However, simulations in chapter
3 show that flux concentration is worse for thicker films of Metglas. This explains why
the 3 layered magnetoelectric device performed poorly as compared to the single layered
device. This is also evident from the increased DC magnetic field required to bias the
device confirming the flux concentration is worse. The sensitivity is 0.9 V/mT for the
single layer device and 0.7 V/mT for the 3 Metglas layered 15 mm long device. A longer
30 mm monolithic PMN-PT device is also fabricated with 1 Metglas layer on each side
and the sensitivity improved to 1.3 V/mT.

(a) PMNPT single crystal 15 mm (b) PMNPT single crystal 30 mm
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Figure 4.7. (a) 4 mm x 15 mm, 400 um thick monolithic PMN-PT magnetoelectric device with 1
(50 um) layer and 3 (150 um) layers of Metglas on each side. The single layer device performed
better with a 0.9 V/mT sensitivity compared to the 3 layer device which has 0.7 V/mT sensitivity
due to the reduced flux concentration. (b) A longer 30 mm device is made, which demonstrated
better performance of 1.3 V/mT due to a larger sensing area and increased flux concentration
effect. All testing is done at 20 Hz

The MFC based device has several advantages. The PMN-PT in the MFC is 180 pm
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thick, compared to the 400 um thick monolithic devices. The epoxy matrix provides
mechanical compliance to the structure and helps reduce cracking and damage from
handling. Also, the non-conductive epoxy matrix helps the poling maintain a more ideal
direction by limiting electric field strength in the short axis of the device. However, the
polyimide interface reduces coupling and the epoxy matrix contributes to dead space in
the device. The effective ds3 achievable with interdigitated electrodes is lower than what
is realizable with parallel plate poling [133]. Figure 4.8 shows the magnetic sensitivity of
the 27 mm x 3 mm X 180 wm thick MFC based device with 1 layer of Metglas (50 um
total thickness) showing a large improvement in sensitivity of 6.5 V/mT compared to the
monolithic sample. The sensitivity of the d3; device fabricated in chapter 3 is 1.1 V/mT
is also plotted for comparison. As with the monolithic case, adding layers of Metglas

reduces the flux concentration and reduces performance.

(oo}

v L) v L) v L)
—a— PMNPT MFC 50 um Metglas =
- PMNPT MFC 150 um Metglas ..."i
—e— PZT d,, Monolithic 50 um Metglas

PMNPT MFC 30 mm

1 2 3 4
DC Magnetic Field (mT)

4 3 2 -1 0

Magnetoelectric Sensitivity (V/mT)

Figure 4.8. Magnetic sensitivity of the 27 mm x 3 mm x 180 pm thick MFC based device with
1 layer of Metglas (50 um total thickness) shows a large improvement compared to the d3; PZT
device. The reduced flux concentration from adding more Metglas layers is evident when with
the PMN-PT device with 3 layers (50 pum total thickness).

The limit of detection and noise characteristics, measured using a Stanford Research
SR760 spectrum analyzer, of the ds3 PMN-PT MFC based magnetoelectric device
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are evaluated. Figure 4.9(a) compares the noise characteristics of the d3; PZT device
using as-cast Metglas, the optimized d3; PZT device using domain aligned Metglas and
the PMN-PT-MFC device with domain aligned Metglas. The PMN-PT-MFC device
with domain aligned Metglas has the best sensitivity and as a result the best magnetic
equivalent noise floor of approximately 200 pT/v/Hz. Figure 4.9(b) compares the limit of
detection at 20 Hz using PZT d3; optimizations done in chapter 3 with the PMN-PT-MFC
device with 1 layer of Metglas built in this chapter. The limit of detection decreased
further to 50 pT at 20 Hz by taking advantage of the higher piezoelectric coefficient of
PMN-PT.

~N —PZT d,, - As-Cast 1E-4 | PZT - Initial Device
< 1E-6 —— PZT d,, - Domain Aligned L PaT-Thin Epony
< =0 F -~ ~ . . 3 —— PZT - Mag Aligned
e PMNPT-MFG - Domain Alignedy —e— PZT - Mag Aligned +2kV/cm
g \>-/ 1 E_5 | —=— PMNPT - Mag Aligned (EF103)
© 1E-7F °
= o))
u% S 50 pT
o 1E-8} © 1E6¢
u \ <
S F AR TN
=z H (-
2 1E9} M S 1ETE
2 Pk e ""\ mw 8
2 | Approx. Noise Floor
Z1E-10 b . s 1E-8 . . .
1 10 100 100p in 10n 100n
Frequency (Hz) AC Field (T)

Figure 4.9. (a) Magnetic noise equivalent noise spectrum for the d3; PZT using an as-cast Metglas
film and a d3; PZT using a magnetic domain aligned Metglas film with the d3; PMN-PT-MFC
with magnetic domain aligned Metglas. The PMN-PT-MFC device has the best sensing magnetic
noise floor of approximately 200 pT/v/Hz (b) The limit of detection evaluated at 20 Hz shows the
PMN-PT-MFC device has the lower limit of detection at 50 pT compared to the d3; PZT devices.

4.6 Conclusion

A select set publications detailing various performance achievements and configurations
over the last 20 years of laminate magnetoelectric magnetometer development is shown
in table 4.1. Early work on laminate magnetoelectric development used terfenol-D and
galfenol based magnetostriction materials. However, the high DC magnetic bias point of
those materials and the relatively low magnetostriction coefficient compared to Metglas
2605SA1 and other magnetostrictive amorphous metallic glasses has resulted in less

magnetoelectric magnetometer publications using terfenol-D and galfenol. The most
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sensitive magnetoelectric magnetometers use PMN-PT over PZT, due to the higher ds3
coefficient in PMN-PT. The limit of detection has improved from hundreds of pT to
single digit and tens of pT for modern magnetoelectric magnetometers. Likewise, the
magnetoelectric coefficient has increased from single digit MV/(m-T) to 52 MV/(m-T)
in the most sensitive devices [48].

In this work, using an annealed and domain aligned Metglas 2605SA1 ribbon as
the magnetostrictive phase, an impressive 9.7 MV/(m - T) was achieved for an PZT
device in d3; configuration and 18.6 MV /(m - T) for a PMN-PT MFC device in d33
configuration. This is lower than the 52 MV /(m - T) achieved by Wang et al., despite

wm
m-mT’

having an extraordinarily large magnetostriction coefficient of 79.3 compared to
40 = reported by Wang et al. The lower magnetoelectric coefficient may be due to
several factors. First the Metglas used in [48] was 80 mm long, compared to 30 mm
in this work, and flux concentration improves for longer Metglas ribbons. Second, the
thinner 0.1 mm thick PMN-PT used by Wang et al. experiances more strain than the 0.18
mm thick PMN-PT used in this work. Finally, the larger area PMN-PT MFC used by
Wang et al. may be producing more charge/voltage due to the increased charge collection

area.

Table 4.1. Comparison of some previous magnetoelectric devices and their configuration. Where
possible the electrode spacing is used to determine the sensitivity or vice versa. N/R means not
reported.

Magnetostrictive Piezoelectric Magnetoelectric

N Dimensions [¢ x T] ONOB N . N Sensing | Electrode Qe Sensitivity
Year | Material or [LxWxT]| (":.K,L) Material Dimensions Mode Spacing (em) | [MV/(m - T)] (V/mT) LOD Ref.
2001 | Terfenol-D 4127 x Tmm PZT 42 12.7 X 0.5 mm a5 0.05 47 23 NR 1611
2005 | Fe-20%Ga 12.7 mm x 6 mm x 1 mm PMN-PT 14mmx 6mmx 1 mm | dy 0.7 1 7 @12{]&; [134]
2006 | FeBSIC (Metglas) 100 mm x 7 mm x 25 pm 30 | PZT5A 30 mm x 7 mm x 0.1 mm_| d 0.05 ) T NR 1071
2006 | Terfenol-D 14 mm x 6 mm x 1.2 mm PZT [6mm x 6mm x 2mm__| dy 038 3 0.66 20pT @ 1 Hz | [135, 136]

Metglas 2605SA1 & | Met: 15 mm x 15 mm x 0.2 mm
2 .
2010 Tofercl D Terts 13 mm e 13 mm 4 mim PMN-PT 10mm x 10mm x 1 mm | dy 0.1 5 5 500 nT [137]
80 mm x 10 mm x
2 )
2011 | Metglas 25 wan (12 lagersy PZT (MFC) 40 mm x 10 mm x 0.1 mm | dys 0.085 8.5 8 20pT @ 10Hz | [138]
2011 | Metglas 80 mm x 10 mm x 25 pm 22| PMN-PT (MFC) | 40 mm x 10 mm x 0.1 mm | dgs 0.10 5 5 Spr@ibtz | [48]
2011 | Metglas (anncaled) 80 mm x 10 mm x 25 um PZT (MFC) 42 mm x 10 mm x 0.2 mm | dys 0.085 72 6.1 - 771
2012 | Metglas 80mm > 10 mm x PMN-PT (MFC) | 40 mm x 10 mm x 0.2 mm | d NR 35 N/A TOTVHZ - 13g)
gas 25 pm (6 layers) - w @1 Hz
2013 | Metglas 80 mm > 10 mm x PZT (MFC) 40 mm x 10 mm x 0.1 mm | ds 0.18 9.7 17.5 - [140]
25 pm (6 layers)
Metglas .
L @ 2

2017 | J0ssAT Camealed) 30 mm x 5 mm x 25 pm 793 | PZT:5A 13mm x 3mm x 02mm | dy 0.02 9.7 19 150 pT @ 20 Hz | this work

Metglas B @2 .
2017 | J0ssAT (ammealed) 30 mm x 5 mm x 25 pm 79.3 | PMN-PT (MFC) | 27 mm x4 mm x 0.18 mm | dy3 0.035 18.6 65 50pT @ 20 Hz | this work

In conclusion integrating a PMN-PT d33 macro fiber composite piezoelectric greatly
improved the magnetic sensitivity from 1.1 V/mT to 6.5 V/mT. The electric field profile
produced by the interdigitated electrodes produces non-uniform poling and deadspaces
in the piezoelectric, which do not contribute to sensing. The macro fiber composite
limits electric fields along the short axis of the piezoelectric and reduces cracking due

to the pliable epoxy matrix enabled thinner piezoelectric films to be used and handled.
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Ultimately the magnetic noise floor is approximately 200 pT/v/ Hz between 5 Hz and 300
Hz. The limit of detection measured by a lock-in amplifier is 50 pT at 20 Hz.
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Chapter

Passively-Powered Wireless
Micromachined Quartz
Magnetoflexoelastic Magnetometer

In this chapter a passively-powered wireless magnetometer based on the magnetoflexoe-
lastic effect is demonstrated and the wireless interaction is incorporated as a component
of the Butterworth-van-Dyke (BVD) model as a resistive loss element.

Highly sensitive, wirelessly powered, and maintenance-free sensors are of great
interest to the biomedical, geological, hazardous environment, and traffic control com-
munities. The wireless coupling is achieved using coupled near-field resonant loop
antennas, which excite the high Q-factor (~6600) of a micromachined quartz resonator.
Magnetostrictive curves are acquired both wired and wirelessly at distances up to 45 mm
to confirm the phenomenon is magnetoflexoelastic in nature. A 49.1 Hz/Oe sensitivity

was achieved in wireless operation and the ultimate detectable limit was 7 uT at 0.5 Hz.

5.1 Introduction

High Q-factor quartz crystal resonators (QCR) have been demonstrated as highly sensitive
(bio)chemical, infrared, and physical sensors [141, 142, 143]. The surface of quartz can
be modified to adsorb a wide variety of substances resulting in viscosity and mass changes
which influence its resonance frequency characteristics. The frequency and Q-factor

changes can be used to determine viscoelastic properties of adsorbed substances using
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detailed analysis using Butterworth-van-Dyke (BVD) model or in the case of thin, rigid,
elastic layers the adsorbed mass using Sauerbrey’s equation [144]. Furthermore, the
temperature insensitivity of AT and BT cut quartz substrates allow them to be operated
at room temperature for low noise measurements. Recent efforts have developed a
magnetoflexoelastic quartz magnetometer with a 79 nT limit of detection using a 10 Hz
signal [51]. Hatipoglu et al. predicted that a limit of detection of 28 pT is possible for
180 nm thick quartz, making it relevent for biomagnetic measurements. Furthermore, a
passively powered implantable magnetic sensor may be placed close to the biomagnetic
source and not require a low limit of detection. This phenomenon has been modeled by
combining Lee’s theory and magnetostrictively induced Euler-Bernoulli beam bending
theory [51].

Thompson et al. first described wireless interaction with an AT-cut QCR and measured
protein adsorption wirelessly [145]. This was accomplished without electrodes by
exciting an electric field from a spiral coil into the piezoelectric and then detecting the
resonant signal from the quartz. Ogi et al. demonstrated 170 MHz electrodeless quartz
operation using a similar mechanism [146]. However, both implementations require high
power amplifiers and the antenna was just 30 um from the QCR. Line antennas were
used to increase this gap to larger than 3 mm [147]. Long range wireless communication
with electronics which interact with QCRs has been exploited before [148], however this
requires actively powering the QCR and its electronics locally.

This work demonstrates the wireless operation of a magnetoflexoelastic QCR magne-
tometer. The magnetometer is made of a micromachined quartz resonator plate with one
of its faces coated with magnetostrictive Metglas (Feg;B5Siy() thin film. The resulting
quartz-Metglas unimorph plate is clamped at one end and free on all other sides. The
strain generated in the magnetostrictive layer, in response to externally applied magnetic
field, is elastically coupled to the QCR and thus results in an out-of-plane bending of
the laminate plate structure. This results in a shift of the QCR resonance frequency and
consequently changes its at-resonance admittance characteristics and is the principle of
operation of the quartz magnetoflexoelastic magnetometer. Since the QCR resonates at
RF frequencies such that remote magnetic field detection can be achieved without any
actively powered electronics on the magnetometer. Resonance is remotely excited in the
magnetometer through a coupled loop antenna. The limit of detection is evaluated for

this device and the wireless loss is modeled as a component in the BVD model.
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General Definition Electrical Mechanical Fluidic Thermal
Effort (e) e = %’ Voltage, V Force, F Pressure, P Temp. Difference, AT
Flow (f) f= d—: Current, I Velocity, V Vol. flow rate, Q Heat Flow
Displacement (x) X Charge, Q Displacement, x Volume, V Heat, Q
Momentum p® - Momentum, p Pressure Momentum, I -
Resistance (R) R=e/f Resistor, R Damper, b Fluidic Resistance, R Thermal Resistance, R
Capacitance (C) C=e/x Capacitance, C Spring, k Fluid Capacitance, C Heat Capacity, mcp
Intertance (L) L=e¢ / % Inductor, L Mass, m Inertance, M -
Node Law =0 KCL Continuity of space Mass conservation Heat energy conservation
Mesh Law e= L% KVL Newton’s 2™ law Pressure is relative Temperature is relative

Table 5.1. Mechanical, fluidic, thermal and electrical analogs. Adapted from [150]

5.2 Theory

Mechanical, fluidic and thermal effort-flow relations can be analogously modeled as
electrical components as shown in table 5.1. In general terms, flow is the displacement
per unit time and effort is momentum per unit time. This transformation can lead to a
more intuitive representation of the physics and the ability lump many energy domains
into one. This allows one to model the electrical components of quartz along with the
mechanical components. This flexibility has helped enabled the commercial success
of the quartz crystal microbalance which provides accurate thickness monitoring [149]
for in many deposition systems. Furthermore an extensive amount of research has been
conducting using quartz for chemical, biological, physical (viscoelastic, temperature,

mass, magnetic fields, etc) sensors have been demonstrated [143, 141, 51].

5.2.1 Butterworth-van-Dyke Model

A piezoelectric plate can be modeled as a 3-port Mason circuit which has electrical and
mechanical components, which are coupled by a transformer. Furthermore the model has
2 mechanical ports allowing for a substrate and electrode loading to be included into the
model. If the piezoelectric slab is monolithic with the electrodes only in contact with air
on both sides, a more convenient equivalent circuit may be used [144]. This circuit must
have an electrical capacitance Cy and be mechanically described as a having a damper
component with a resistance R,,, a spring component with capacitance C,,, and mass
component inductance L,,,. The circuit must also meet the requirement to have a series
and parallel resonance. The equivalent circuit used to achieve these criteria is seen in
figure 5.1 and is known as the Butterworth-van-Dyke model [144].

The mechanically analogous electrical components can be related back to the acoustic
properties of the quartz and are detailed below in (5.1), (5.2), and (5.3) for R,,, L.,
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Figure 5.1. Butterworth-van-Dyke equivalent circuit model of a quartz resonator.

and (), respectively. w is the excitation frequency, w, is the resonance frequency, p
is density of the piezoelectric, 1 is the acoustic viscosity, A is the surface area of the
resonator, v, is the particle velocity, c? is the stiffness constant at zero displacement, e is
the piezoelectric constant and £ is the dielectric permittivity. A detailed derivation can
be found in [144]

e
F = 8kZpAwu,
2
2 _ € 5.1
k2 = 5P (5.1)
L — T3,
8kZw3e, g0 A
_ 1 (5.2)
TN LuCn
8 9
Con = —5ECo (5.3)
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The series resonance condition occurs when L,,, and C,,, reactance cancel each other,
defined by (5.4). Similarly, the parallel resonance condition occurs when the reactance of
the L,, and C,, leg cancel out the reactance of the C of the circuit as seen in (5.5). The
Q for a oscillating circuit is defined as () = %f, which from the BVD model operating at

series resonance can be re-written as (5.6).

1
fs= 27/ L,,C,,

1

LnCinCo
2”\/ Cmt+Co
_ 2nLnfo
-

(5.4)

fo= (5.5)

Q (5.6)

5.2.2 Force Frequency Effect Coupled with Magnetostriction

Quartz is a piezoelectric which exhibits a high f~-Q product and room temperature com-
pensated cuts like AT-cut and BT-cut offer high stability. The high quality factor (Q) and
frequency (f) stability make are why Quartz has been widely use for precision timing
application, clocking for electronics [151] and is found in nearly every commercial wrist
watch. The force-frequency effect was first confirmed by Bottom in 1947 [152] and was
generally considered a non-ideality in terms of time keeping. Later it was exploited for
sensing applications [153, 154] and well quantified by EerNisse et al., who performed
variational calculations on doubly rotated quartz resonators (AT, FC, IT and X cuts) to
determine the force-frequency effect constants [155].

To analytically couple the force-frequency effect with the magnetostriction phenome-
non Hatipaglu et al. [51] integrated Lee and Markenschoff’s model of quartz frequency
shift [156] due to force-frequency effect with Devoe’s et al. model of unimorph tip
deflection [103] with the magnetostriction material acting as the active element instead
of the piezoelectric.

The cantilever structure used in this work is illustrated in figure 5.2. The electrodes are
circular but focused ion beam (FIB) cutting is used to define a square shaped cantilever,
illustrated as the white lines in figure 5.2. The structure can not bend unless it is released
and no magnetic sensitivity was observed before the FIB cut. The resonance in quartz

is confined to the center of the electrode due to energy trapping, with energy decaying
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\Xl

Quartz
2L

Figure 5.2. Illustration of the fabricated quartz cantilever. The gold regions are the electrodes
and the white lines are the release points for the quartz. The dashed lines are a guide for the eye
to help define the cantilever region of interest. The width of the cantilever, W and the half length
(L) are labeled.

with a Gaussian shape towards to edges of the electrodes. Therefore the device area is
estimated to be the shape of a rectangle shown as the dash lines in figure 5.2. A detailed
fabrication process is discussed in 5.3.1 and appendix A. The cantilever deflection (9,) is
calculated from the stress induced by the Metglas/quartz unimorph using 5.7, where ¢
is the thickness C, is the elastic modulus, )\, is the magnetostriction deflection in ppm.
The subscripts m and g refer to the magnetostrictive layer and quartz layer, respectively.
The Y subscript refers to the appropriate modulus tensor.

Next, the ¢, is used to calculate the equivalent point load (P) on the cantilever using
(5.8), where L is the half length, W is the width, and / is the second moment of inertia.

Btuty(ty + tm)CygCym(2L)2Am

0,(L) =
(L) O th + Oy Oy (483, + 61262, + 4t t3) + C3 th)

(5.7
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0 3Cy,
,_enws (5.8)
12

Once the point load is known, the stress components (7') can be calculated. The
non-zero components have been determined by Wang et al [157] and are shown in (5.9).
It should be noted that there is an azimuthal angular component v/, the angle between the

crystallographic axis and the applied force.

Tio) = —Psin(¢)/w

Téo) = —Pcos(v)/w

Tl( ) = Pcos? (V) (L — cos(v)xy — sin(y)xs) /w

Tél) Psin?(1) (L — cos(vp)x; — sin(vp)z3) /w

T5(1) P(Lcos(1) sin() — cos?(1) sin(p)a; — cos(¢)sin®(¢)x3) /w

(5.9)

Next, the strain (S) is calculated from from the stress using (5.10). Finally, the
change in resonance frequency ( ff ) is calculated using (5.11). The force frequency
effect depends on the zeroth and first order strains and the first order strain gradients, via

the second and third order elastic stiffnesses.

T = Ciji o + 0.5Cktmn Skl Smn (5.10)
Af 1
f BYomm (2Cs6E1 + Crg651 + Cae6592 + C366.53 + ClageSa)
OLQ/\/_ i (5.11)

Cos (016555(,11) + 05615 + 056353(,132>
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5.2.3 Wireless Interaction

The coupling effect demonstrated in this chapter to wirelessly probe the QCR magneto-
meter relies on near field antenna interactions. The difference between far field and near
field area is a function of radiation wavelength (\) and distance. The far field is defined
as 2\ and further from the radiation source. The a transition region between 1\ and 2\
from the antenna. The near field is defined as the distance within 1\ of the antenna. The
near field is further split into a reactive region (%) and a radiative region between % and
1\. For this experiment the frequency used is approximately 86 MHz, meaning the near
field reactive region is approximately 55 cm.

In the reactive region electromagnetic waves are reactive to the surrounding medium
and the field is sensitive to electromagnetic absorption in the region. The origin of this
can be understood by considering the self-capacitance and self-inductance of the antenna.
For example, when current moves in an antenna it generates a magnetic field, and when
the current reverses the magnetic field changes direction inducing a voltage in the antenna
and returns the stored magnetic energy in a regenerative manner. Similarly, electrons
building up in one section of the antenna results in an electric field from the antenna’s
self-capacitance. When the electrons oscillate to another section of the antenna the e-field
assists the motion, again returning energy. If there is a nearby electromagnetic absorber
not all of the energy is returned (or extra energy is returned) to the antenna, producing
an energy change in the primary antenna that is seen as a change in impedance by the
generator. This changes the matching characteristics of the antenna, resulting in a change
in reflected power.

The electric field (E) and magnetic field (H) as a function of distance (D) is given by
(5.12) and (5.13), respectively:

9 . ] 1 e IPD |
npIA) st ( jﬂD) 47D (.12)
H, = BQ([A) ind |1+ ! L ¢’ (5.13)
v St jﬁD (32 D? 47D '

where n = \/p/e and = \/%, 1 1s the permeability of the medium and ¢ is the
permittivity of the medium, / is the current, A is the area of the loop and 6 is the phase.
In the near field the £ o« D=2 and H oc D~ where as in the far field region the higher

order terms in the parenthesis can be ignored and £ o« D! and H o< D~!. The E and H
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Figure 5.3. Illustration of the £ and H fields in the near and far field regions for a perfect loop
conductor. In the near field the £ o« D~2 and H o D~3 where as in the far field £ o D! and
H oc D71 [158]

fields across the near and far field are illustrated in figure 5.3.

5.3 Experimental Setup

5.3.1 Device Fabrication

The sensor is fabricated from a 100 wm thick AT-cut quartz substrate as shown in figure
5.4(a), which is micromachined to form a 500 wm x 500 wm cantilever on 19 um thick
plate QCM. Thinning of the QCM area is achieved by Ar/SFg reactive plasma etching
using 15 pwm nickel as a hard mask as illustrated in figure 5.4(b-c). A 20/100 nm Cr/Au
signal electrode is evaporated and patterned onto the top surface of the QCM as seen
in figure 5.4(d). Next, a ground electrode of 20/100 nm Cr/Au is evaporated and the
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(a)
Quartz AT-cut — 100 pm (e) (Cr & Au) evaporation +
Ti/Metglas 2605SA1/Ti/Au Sputtering

l Lithography + Ni electroplating
15 Krm thick Au—20 nm

(b) Meg—;z!l;sz—osrz)na nm
Ti—20 nm
Au—150 nm

Quartz — 100 pum

Au—150 nm

1 (Ar & SF;) dry etch + Ni Strip
(c)

Quartz Quartz

Quartz 19 um

(Cr + Au) evaporation +
(d) patterning

Au—150 nm
Quartz TR Quartz
Quartz 19 pm

Figure 5.4. (a) Starting with 100 um AT cut quartz, the a metallic seed layer is deposited on the
quartz (not shown) and (b) lithographically patterned and electroplated with 15 pm thick Ni and
the photoresist is stripped away. (c) An Ar & SFg dry etch is used to thin the quartz down to 19
pum using the Ni as a hard mask, followed a strip of the hardmask. (d) Cr/Au is evaporated and
patterned using a spray coat lithography process followed by a wet etch and a photoresist strip.
(e) The back electrode Cr/Au is evaporated and patterned using a lift-off lithography process,
followed by mask-less sputtering of 20/300/20/20 Ti/Metglas (FegsSisB1g)/Ti/Au on the backside
electrodes.

device is tested for resonance. Then, 20/300/20/20 nm Ti/Metglas (Fegs;Si5B10)/Ti/Au is
deposited onto the bottom surface of the QCM sputter deposition resulting in the device
illustrated in figure 5.4(e). The Metglas is in situ poled, parallel to the cantilever width
axis, during sputter deposition using permanent magnets with a uniform field of 50 mT
at the sample location. The sputtering target is a 25 wm thick, 25 mm diameter disc
of Metglas 2605SA1. The 20 nm Au capping layer is used to prevent oxidation of the
magnetic film in atmosphere and the Ti and Cr layers are to enhance stiction. Complete
details of the fabrication process can be found in appendix A. Finally, the plate is released
to form a cantilever using focused ion bean milling, as seen in the scanning electron

micrograph in figure 5.5.

97



Cantilever
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Figure 5.5. Scanning electron micrograph of the micromachined QCR. The red dashed lines
indicate the FIB cut regions.

5.3.2 Wireless Setup

The device is packaged onto a patterned Rogers RO4360G?2 substrate and connected to
a 2.2 cm diameter near field coupling loop printed onto an FR4 substrate. An 11 cm
diameter loop is used as the detector antenna with a series air-dielectric variable capacitor
which is used to tune the resonant frequency of the loop such that it coincides with
the fundamental resonance mode of the QCR. A camera image of the final constructed
wireless device is shown in figure 5.6(a). An Agilent 8720ES vector network analyzer is
used to excite the coupled antenna/QCR system and collect the reflection (S;;) parameter.
A Lakeshore MH-12 Helmholtz coil and a GPIB controlled Agilent E3632A power supply
are used to apply DC and low frequency AC magnetic fields to the sample during testing
as is illustrated in figure 5.6(b). Wireless components were constructed by University of
California, Los Angeles (UCLA) and wireless testing is performed at the University of
California Los Angeles Near Field System Incorporated anechoic chamber.
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Figure 5.6. Schematic of wireless testing setup. (a) The packaged QCR is attached to the coupling
loop. The detector antenna along with an air gap tuning capacitor is connected to an Agilent
8720ES network analyzer, which collects the S;; parameter. A Helmholtz coil powered by an
Agilent E3632A current source magnetically stimulates the QCR. (UCLA)

5.4 Remote Magnetic Sensing

5.4.1 Wireless Coupling

The wireless interaction is determined by the antenna and the QCR. However, the QCR
has a much higher quality factor than the broadband resonance of the antenna system,
allowing the two to be easily distinguished from each other. The recorded S;; magnitude
and phase of the coupled system, obtained from the detector antenna, are shown in figure
5.7. The S;; parameters demonstrate a relatively large bandwidth resonance originating
from the resonant loop antenna superimposed onto a high Q-factor (6617) resonance
from the thickness shear mode of the QCR centered at 86 MHz.

Next, the device response to a magnetic field is observed for the wireless (at 0 mm
separation) and wired case. For the wired test, the network analyzer is connected via an
SMA cable to the SMA port on the board housing the device, bypassing the antennas.
Figure 5.8 shows the center frequency shift extracted from both wireless and wired
connection methods over a range of applied DC magnetic fields from 0 to 19 Oe. The two
interfaces are in good agreement and the characteristic magnetostriction curve associated

with Metglas is clearly observable, confirming the phenomenon is magnetostrictive in
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Figure 5.7. S1; magnitude and phase obtained wireless from the QCM and near field antenna. The
large bandwidth loop resonance is superimposed on the 6617 Q-factor QCR 86 MHz resonance.

nature. The device has a sensitivity of 49.1 Hz/Oe in the linear region.

5.4.2 Separation Distance

To investigate the effect of separation distance between the antennas, the magnetostriction
curve is measured for varying separation distances. Figure 5.9 shows the frequency shift
measured wirelessly with detector antenna to coupling loop separation distances of 0, 7,
21 and 45 mm. The characteristic magnetostrictive behavior is distinctly observed at all
distances. As the separation distance is increased, the magnitude and quality factor of
the reflected QCM peak falls. Beyond separation distances of 45 mm, the 86 MHz peak
observed in the reflected signal is no longer discernible from the measurement system
noise. In this proof of concept the power on the transmitter was only 1 mW, and this can
readily be increased by several orders of magnitude to increase the signal to noise ratio.
In principle the near-field would extend to approximately 555 mm at 86 MHz defining
the theoretical limit of this interface. These sort of separation distance limits are still
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Figure 5.8. Measured center frequency shift for the wired and wirelessly (0 mm separation)
obtained signal are in good agreement. Sensitivity in the linear region is approximately 49.1
Hz/Oe.
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very useful, for example as an implantable sensor which would only need to pass a few
millimeters of tissue to be used as a remote sensor and is a preferred alternative to having
wires and ports imbedded in ones skin.

The S;; magnitude response near the QCR resonance frequency for separation distan-
ces 7,21, and 45 mm shown in figure 5.10 shows that the resonance frequency does not
change, however the magnitude of the reflected power from the QCR device decreases as
the separation distance increases. The extra loss results in a decrease of the measured
Q-factor, but does not fundamentally change the quartz mechanical Q-factor. To be im-
plemented in the BVD model the wireless energy loss component must cause a decrease
in the observed Q-factor, but does not effect the resonance frequency. A wireless loss

resistance R, is the only component that fits this criteria. A inductance or capacitance
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Figure 5.9. Center frequency shift versus applied magnetic field acquired at vertical separation
distances from 0O to 45 mm. The magnetostrictive trend is observed at all distances. Beyond 45
mm the signal is no longer discernible from the noise with this setup.

would influence the resonance frequency, which is not observed in experiment. The
modified BVD model with the R, loss resistance is shown in figure 5.12(a), where C, is
the electrical capacitance, C,, L,, and R,,, are the motion capacitance, inductance and

resistance used to describe the mechanical properties of the quartz.
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Figure 5.10. S;; magnitude response near the QCR resonance frequency at 7, 21 and 45 mm
separation distances. The dashed line shows the location of the resonance frequency. As the
separation distance increases the observed quality factor decreases but the resonance frequency is

unaffected.

To extract the R,, value the device must first be measured and modeled in it’s wired
state and F,, must be determined. The traditional, wired BVD model is illustrated
in figure 5.1. The real (conductance) and imaginary (suseptance) components of the
impedance are shown in figure 5.11(a). R, can be determined from this data as the
inverse of the maximum conductance (G,x) as seen in (5.14). G.x can be seen in the
impedance circle shown in figure 5.11(b) and R,, is determined to be 392 (2. Next, L, is
be extracted from the Q factor using (5.16), where fj is the resonance frequency. The
L,, is calculated to be 3.9 mH for a f; of 85.962689 MHz.
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Figure 5.11. (a) The admittance vs. frequency measured with the device connected by an SMA
cable. A Q-factor of 6617 is measured for the wired case. (b) The admittance circle clearly

showing the G4, resulting in a R,,, of 392 ().

1
R, = 5.14
Gmax ( )

Finally, the wireless loss parameter R,, can be extracted from the S;; collected for

the 0 mm to 45 mm separation distance. The S;; is modeled as two three-parameter
Lorentzian functions shown in (5.15) to separate the loop resonance and the QCR
resonance, / is the magnitude, f, is the antenna resonance frequency, f, is the quartz
resonance frequency and ~, and ~, are the half width half max of the antenna and QCR
respectively. Once the g-factor is determined from the QCR resonance Lorentzian, (5.16)
is used to extract R, for the different separation distances as plotted in figure 5.12(b).

The Q-factor decreases linearly with distance and R,, increases linearly with distance.

(5.15)

S I 10y I a0
ma — 1 — 1g a + q +
Himas] {(f—fa)2+7j [(f—fq)2+7q
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Figure 5.12. (a) Modified BVD model with an R,, component representing wireless losses. (b)
Extracted R,, values versus distance showing an exponential increase as the separation distance

increases.
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Q= R TR, (5.16)

5.5 Magnetic Sensitivity

The limit of detection for the wirelessly coupled magnetometer system is measured
by recording the time based phase shift at the fundamental resonance resulting from
excitation of the QCR with a low frequency AC magnetic field of incrementally decreasing
amplitude. A 0.5 Hz AC magnetic field is applied to the QCR with amplitudes ranging
from 7 uT to 130 uT at O mm separation distance. Figure 5.13(a) shows progressively
smaller phase shifts as the AC field amplitude is decreased with signals down to 20
uT being visually observable. Using a fast fourier transform (FFT), a 7 uT signal is
resolvable by using both wired and wireless connection (0 mm separation distance) to
the sample as is shown in figure 5.13(b). The wireless connection has approximately 4 x
lower signal magnitude than the wired connection with comparable noise. The addition
of the wireless energy loss does not shift the resonance frequency, however the full phase

shift (0) of 180° cannot be achieved due to the large 1, due to the phase being inversely
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Figure 5.13. (a) The phase shift as a function of time during perturbation by 0.5 Hz square
wave magnetic signals. (b) Phase shift as a function of frequency for the wired and wireless
configurations collected with a 7 uT 0.5 Hz signal. The signal magnitude for the wireless case is
approximately 4 x lower than the wired connection with comparable noise.

proportional to the total the real resistor components as seen in (5.17), where X and X¢
are the inductive and capacitive components of the reactance.
X — Xco

tanf = —— 5.17
arctan R TR, ( )

5.6 Conclusion

In conclusion, a resonant loop antenna and coupling loop are used to wirelessly interface
with and resonate an 86 MHz magnetoflexoelastic quartz magnetometer. Experimental
observations demonstrate clear magnetostrictive behavior at antenna separations of up to
45 mm. The limit of detection for the coupled wireless system is determined to be 7 uT at
0 mm separation distance and is comparable to the 1.5 pT limit of detection observed in
the wired system. The frequency shift is similar in the wired and wireless case; however
increasing separation distances reduces the phase shift sensitivity. The passively powered
wireless quartz coupling system discussed in this chapter can be adapted to virtually
any quartz sensor, since it simply requires changing the typical wired connector to an
antenna. The fundamental frequency shifts of the quartz due to an external influence were
not effected, but the extra loss factor due to the wireless coupling must be quantified,

especially if phase shift is monitored. The wireless coupling can be improved with highly
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directional horn antennas to increase the maximum separation distance and optimize the
resolvable sensitivity of the sensor. For practical implementation of a biosensor only a
few millimeters of separation distance is required to pass through tissue near the skin.
With short separation distances, directional antennas and higher transmission power the
limit of detection of these sensors may be very close to their wired counterparts making
this a very promising development for many applications, including those requiring high
sensitivity.
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Chapter

Chip-Scale Whispering Gallery
Mode Magnetometer

6.1 Introduction

There has been extensive research into low cost room temperature magnetometers with
the goal of replacing superconducting quantum interface devices for biomagnetic sensing.
Whispering gallery mode (WGM) optical resonators can tightly confine optical fields to a
small mode volume and exhibit a very high quality factor, resulting in an extremely high
sensitivity for a variety of sensing applications. WGM resonator sensors have shown
exceptional promise for temperature [159], pressure [160], biomedical [161], and other
applications.

Optical fiber-based interferometers have been studied for magnetic sensing appli-
cations [162, 163, 164]. The main concept of this kind of device is to immerse the
interferometer into a magnetic fluid, and then quantify the spectral response while ap-
plying an external magnetic field. However, the full-width at half-maximum (FWHM) of
resonances in most of the fiber-based interferometers is relatively large, thus hindering
the resolution of the magnetic field sensing. Zu et al. demonstrated a sensitivity of 167
pm/mT with a resolution of 60 uT with a magneto-optical fiber [163]. Chen et al. used
an optical fiber and magnetic fluid system to demonstrate a 905 pm/mT sensitivity, but
did not report a limit of detection [162]. Luo et al. demonstrated an impressive 1918
pm/mT using a magnetic fluid and optical fiber, but did not report a limit of detection

[164]. Recently, Amil et al., demonstrated a silicon micro-ring with a magnetic fluid
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cladding with a sensitivity of 16.8 pm/mT; however the Q-factor of the device suffered
significantly after application of the magnetic fluid [165]. Forstner et al. implemented
a cavity optomechanical magnetometer using a toroidal whispering gallery mode reso-
nator that is deformed by a magnetostrictive Terfenol-D epoxied to the micro-toroid
and demonstrated a limit of detection down of 400 nT/v/Hz at mechanical resonance of
approximately 9.5 MHz [166].

In this work, a new type of WGM magnetic sensor is proposed that is capable of
retaining high Q-factors during the sensing process, and thus can perform as a high
sensitivity magnetic sensor at low frequency. The basic configuration of the proposed
design is a dome-like microbubble resonator with a rare-earth magnet attached on the
top. When a magnetic field is applied, the attractive/repulsive force deforms and stresses
borosilicate microbubble and results in a shift in the spectrum. It is worth mentioning
that the Q-factor of the resonator does not show a significant change since the attachment
of the magnet on the spherical shell does not induce any significant dissipation channels.
Owing to the on-chip structure, the proposed device exhibits great potential for lab-on-

chip applications using integrated photonic circuits.

6.2 Theory

The initial mathematical analysis of whispering gallery modes was done on acoustic
waves by John William Strutt (Lord Rayleigh) when he studied sound waves propagating
around the dome of St. Paul’s Cathedral in London [167]. He discovered that the sounds
waves were guided by reflections from the curved dome walls. The acoustic wave cross-
section normally expands as it propagates in free space and the amplitude of decreases
with the square of the distance from the source. However, in a whispering gallery the
acoustic wave is not allowed to expand as much and the amplitude of the wave decreases

only proportionally to the distance from the source.

6.2.1 Total Internal Reflection

The concept of reflecting waves can be applied to electromagnetic waves as well as
acoustic waves like Lord Rayleigh did. To achieve resonance the electromagnetic wave in
the dielectric medium must experience a total internal reflection. Total internal reflection

originates from Snell’s law seen in (6.1)
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nq sin 6; = no sin 6, 6.1)

where 1, and n, are the index of refraction of the material with the incident ray and
the adjacent material, respectively. 6; and 6, are the incident and transmitted ray angles,
respectively. It is clear from the equation that if n; > ny there are incident angles for
which 6, has no solution. The critical angle (6.)for when this occurs is defined as the
6. = 0; expressed as (6.2), for which 6, = 90° and therefor sin 6, = 1

8, = arcsin (ﬂ) (6.2)

no

6.2.2 Electromagnetic Analysis of WGM Resonators

The optical modes of a WGM resonance must match to constructively interfere so the
resonance condition is (6.3)
&m =271 Ry (6.3)
n
where )\, is the O™ order resonant wavelength, n is the index of refraction, R is the
radius of the microbubble and m is the mode index, an integer.

For the 0™ and 1% order modes are (6.4) and (6.5) respectively:

N = 2ton (6.4)
m
2w Rgn
— 6.5
! m+1 6.5

The successive orders can be rewritten as (6.6) and the spacing between the modes,
also known as the free spectral range (FSR) can be written as (6.7). If Ry » A\ then the

FSR is relatively small compared to the radius so Ay ~ ;.

N—A 1
)\0)\1 N 27TR071

(6.6)

Ao Ao’
2T Rgn - 2r Rgn

The Helmholtz equation is the fundamental basis of the methods used to describe

FSR=X— )\ =

(6.7)
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spherical electromagnetic wave behavior inside and outside a dielectric medium. A
comprehensive derivation is given by Oraevsky [168]. The compact version of the

equation is (6.8)

(V> +E*n*) ¥ =0 (6.8)

where k = 27“ the angular frequency and W is the amplitude of the wave. Transfor-
ming to spherical coordinates and assuming the E-type waves (TE modes) have H,=0
and H-type waves have E,=0. The Helmholtz equation can be formulated (6.8).

10 (200 L0 (0 1 0% 5,
r2 Or (T 8r) + r2sin(f) 00 (sm(Q) 89) + r2sin?(0) O¢? kot =0 (69)

By applying the separation of variables method R, 6, and ¢ three sets of equations
can be produced (6.10),(6.11),(6.12).

d2 r 2d [ l l 1
af; +F(§:ﬁ [Tznskg - (; )] r =0 (6.10)
1 d d m2
cos(0) 46 (005(9)@%) - W% +1(l+1)p=0 6.11)
= L +imp 12
de) \/%6 (6 )

The solution for vy is 1y = P (cos(f)), where P/ are the Associated Legendre
Polynomial.

Of particular interest is (6.10), which is the spherical Bessel function and can be used
to determine the field inside and outside of the microbubble. The general solution is

given by

U, = cri(kr) + coyi(kr) (6.13)

where j; and y; are the first and second kind of spherical Bessel functions, respectively,
of the order 1 and defined by the ordinary Bessel functions J; and Y; by (6.14) and (6.15):

Ji(x) =4/ %Jl—i-l/Q(I) (6.14)

111



w(e) = 5-Yip(e) = (-1 [ T (@) (6.15)

When the radial solution given by equation (6.13) is evaluated for » — 0 the spherical
Bessel functions for x«1 are j;(x) — (mf—ll),, and y;(z) — (Q:ilfl)” and it is clear that y;(r)

becomes divergent as 7 — 0 so the field distribution inside the sphere is 6.16

Wy = cji(nskor) for r < Ry (6.16)

To evaluate the electric field outside of the microsphere the local coordinate system
must be adjusted so that the coordinate transform » = Ry(1+ x/Ry) and r_; is expanded
as Ry'(1 — 2/ Ry)

d*p,  2diy,
Ve 2dYy

I(1+1) N 2¢(l(1+1)+2
dr? r dr

B3 R

This is the familiar Airy equation. We can assume that the evanescent wave only

o - [0 @)

extends a few wavelengths out of the microsphere and that the radius of the sphere is

much larger than the wavelength (x/Ry « 1), the Airy equation reduces to (6.18)

d*i, N 2 di, I(l+1)
dr? r dr R%

The solution to (6.18) is ¢, ~ e~ ** where o, = /3 — kindand 5, = \/I(l + 1)/ Ry
b N, { Gilkongr)  (r < Ro)

%—{nﬁké—— } Y =0 (6.18)

(6.19)
Bhy(konor) (r > Rp)

where 1V, is the normalization constant (6.20),
2 1 !
N, = I ((1 + —> Ji (kons Ro) — jll(kOnsRO)lerl(kOnsRO)) (6.20)
0 &SRO

B is a constant determined from boundary conditions. The electric field at the
boundary should be continutues so the equations can be equated at » = Ry leading to
Jilkonsr) = Bhy(konor), so (6.19) can be rewritten as (6.21)

77/} N jl(konsT) (7’ < Ro) 621)
Ly (konor) (r > Ry)

112



6.2.3 Force Applied by the Permanent Magnet

The force applied by a magnetic field on a permanent magnet can been analytically
evaluated. For the case of a permanent magnet axial to an electromagnetic coil Shiri and
Shoulaie’s filament method is adapted [169]. They proposed a filament method to break
up the problem into circular conducting filaments was originally design for 2 conducting
electromagnetic single turn coils, but can be adapted to 1 electromagnet and 1 cylindrical
permanent magnet, magnetized axially [170]. First the case for axial force felt by a free
coil in the 2-coil system is considered, then the adaptation for 1 coil and 1 permanent
magnet will be explained.

The force felt on a free electromagnetic coil in response to another electromagnetic

coil is given by (6.22)

m m/2—1
F(ri,19,2) = polilz2 11, [K(m) — %E(m) (6.22)

where L is the permeability of free space, [; and [, are the currents in the fixed
and floating coils respectively, r; and r, are the radius of the fixed and floating coils
respectively, m is given by (6.23). E(k) and K(k) are the first and second order elliptical
integrals give by (6.24) and (6.25) respectively. k = m?

m— AT (6.23)
(T’l -+ 7’2)2 + 22 .
w/2
K(k) = 40 (6.24)
(1- kzzsin29)1/2
/2
E(k) = / (1 — k?sin6)""*d6 (6.25)

0

Using the filament method, the force from any arrangement of coaxial coils can
be calculated by summing the force from each turn of a multi-turn coil system as a
superposition of forces using the result of every pair of equations (6.22) and (6.23). To
adapt the equation for the case of 1 electromagnetic coil and 1 permanent magnet, the
permanent magnet is written as an equivalent electromagnetic coil where the current
of the "floating coil" is determined by Iy = B,l,,/ (N,,j10) where B, is the permanent
magnet strength, /,,, is the number of psuedo turns assigned to the permanent magnet.
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This value should be sufficiently large so that the force converges to a stable value. (6.26)
is the equation of the force using the filament method, were r(n,.) is (6.27) and L (n,,,n.)
is (6.28),

Nm  Np N

Foo= > > Fr(r(m)), R,z + L (ng,n2) (6.26)

nm=1nr,=1n,=1

1
r(n,) = R + X[ — [Re 7 (6.27)

1 -1 1
L(nm,nz):—ﬁ[lm—l—lc]—l—x _1zc+;\l] — I (6.28)

where R, is the magnet radius, . and R, are the inner and outer coil radii, /,,, and .
are the magnet and coil lengths respectively. N, and /N, are the number of tuns in the
coil in the radial (thickness) and axial direction (length), /V,, is the number of turns in
the psuedo coil representing the permanent magnet. z is the axial distance between the
coil and permanent magnet.

For the case of orthogonally magnetized permanent magnets Janssen et al. have
proposed an analytical model to calculate the interaction forces [171]. The definition of

the dimensions, coordinate system of the problem is defined in figure 6.1.

AZ % «\Z»b"

X

2¢y
¢

Figure 6.1. Dimensions and coordinate system of the orthogonal oriented magnets considered in
the analytical derivation. Magnet / is magnetized along the +Z axis and magnet // is magnetized

along the +Y axis. Adapted from [171].

The force is given by (6.29) where the magnetic field strength of the orthogonal

magnets are B,, and B,,, for the floating and fixed magnet respectively. Similar to

TII
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the axial force case, a coil can be written as an equivalent permanent magnet where
B, = ”\ZI—T“O The floating cuboid magnet dimensions are defined to approximated the
volume of the cylindrical magnet used in this experimental. Referring back to the axes
defined in figure 6.1, the diameter of the cylindrical magnet defines the sides in the x
and y axes of cuboid I and the side with the magnetized axes (z) is defined by the length
of the cylindrical magnet. Similarly, the sides of fixed cuboid magnet (cuboid II) are
defined to approximate the electromagnetic coil used in this experiment. Where 2 axes of
the fixed cuboid (y and z) are defined by the diameter of the electromagnetic coil and the
length of the coil defines the the side in the y axes. Robertson et al. shared their matlab

code for this methodology and it was adapted for this work [170].

BTI BTII T i+j+k+i+p+q
Fr==pt2.2.2.2.2 2 (1) vr (6.29)

The force in x, y and z are (6.30), (6.31), and (6.32) respectively. S, 7, U and R are

(6.33) and are composed of the dimensions defined in figure 6.1.

Vg, = % { (tan_l (%) + tan™" (%)) S?

+27TS —3US — 25T log (U + R) — 9T?tan " (;)

(6.30)
+U [U (Qtanl <§> + tan ! (%) +tan ! (%))
—2T'1og (S + R) +2Slog (R — T)] + T*tan™! (i—[}é) }
Yy, = L [U(R—QS)—{— (T2—52)10g(U+R)
2
(U L /SU (6.31)
+25 (T (tan (T) + tan (ﬁ%)) +Ulog (R — 9))]
Vs = ! [T (R —25)+ (U* = S?)log (T + R)
2
(T (ST (6.32)
+2S5 (U (tan <ﬁ) + tan (ﬁ)) +T'log (R — 95))]
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T H ©»
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6.3 Experimental Setup

6.3.1 Chip-scale Whispering Gallery Mode Fabrication

Microbubbles are fabricated using a chip-scale glassblowing process inspired by a method
pioneered by Eklund et al. [172]. First, 380 um diameter circles are patterned using
positive photoresist on silicon. A deep reactive ion etch process is used to etch 250 um
of silicon. The photoresist is stripped away with RemoverPG at 70 °C for 15 minutes,
followed by a piranha etch (H2SO4:(30%)H20; 3:1) to remove any remaining photoresist.
Next, the etched silicon is anodically bonded to a 100 um thick Pyrex 7740 wafer at
133 kPa (~1000 Torr), trapping air inside the cavity. The wafer is diced and a 49% HF
etch is done to thin the borosilicate glass to (75, 50 and 37.5) um thickness to achieve
a range of microbubble shell thicknesses after glassblowing. The etched die is placed
in a 13.3 kPa (~100 Torr) vacuum and heated on a silicon nitride ceramic heater to 775
°C for 30 seconds and rapidly cooled to approximately 550 °C, followed by a gradual
reduction in power to prevent thermally shocking the thin glass microbubbles. During
this process, the borosilicate softens and begins to expand into a spherical shell due to the
pressure differential between the sealed cavity and the outside pressure. Finally, Devcon
5 minute epoxy is used to carefully attach a N48 grade 1.5 mm diameter and 1.5 mm long
neodymium magnet to the top of the microbubble. It is critical to keep the epoxy from
contaminating the equator of the microbubble, which is crucial for the optical resonance.

The finished devices with the magnet oriented parallel or orthogonal to the sample
surface are shown in figure 6.2(a) and (b), respectively. To determine the shell thickness
the microbubbles are broken after the experiment and the thickness is measured by
scanning electron microscopy near the equator. It should be noted that the shell thickness

varies along the height of the microbubble [172].
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Figure 6.2. Completed devices with the magnet oriented (a) orthogonal and (b) parallel to the

sample surface.

6.3.2 Magnetic Testing

The experimental setup used to apply the magnetic field and probe the optical resonance
is illustrated in figure 6.3. A 25 mm diameter, 17 mm long, 23 turn coil is wound and
the device is placed 8 mm from the edge of the coil. A 760 nm tunable laser (Thorlabs,
TLK-L780m) evanescently couples to the microbubble through a tapered fiber. A fiber
polarization controller (3 waveplates) is used to control the polarization to optimize
the coupling efficiency. The transmission is measured using a photodiode (Thorlabs,
DET36A). The magnetic field produced by the coil is calibrated using a commercial
magnetometer (Lakeshore 475, HMMA-2504-VR). To test the magnetic sensitivity, the
magnetic field is swept from 0 puT to +630 uT and then back to O uT, then to -630 uT
and again back to 0 puT. The sample is secured to a stage to minimize motion perturbation
and potentially de-coupling from the fiber. To test the limit of detection and noise
characteristics of the setup, the laser is held to the steepest portion of a WGM resonance
peak and a Stanford Research SR760 is used to analyze while a signal of a known
frequency is applied. Figure 6.4 shows a camera image of the test setup. The pulled fiber
and sample are separated to take the picture, during testing the fiber touches the equator

of the sample to evanescently couple the light.
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Figure 6.3. Illustration of the test setup which tracks the resonance frequency shift due to an
applied magnetic field from an electromagnetic coil. For limit of detection testing, a Stanford

Research SR760 is used to analyze the noise characteristics of the device.
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Figure 6.4. Camera image of the magnetic test setup. To take the photo the sample and fiber
are separated, during test they are touching. The coil closest to the sample is energized, the coil

further away is not used for this experiment.

6.4 Results and Discussion

6.4.1 Optical Resonance

Since the integration of the permanent magnet at the top of the microbubble does not
introduce significant scattering losses near the equator of the device where the optical field
is confined, a high Q-factor can be maintained. The typical transmission vs. detuning
sweep for a microbubble and an attached neodymium magnet with a 1.1 um shell
thickness is shown in figure 6.5(a). Owing to the atomically smooth surface from the
glassblowing process [173], very high optical resonant Q-factors in the range of 0.9 x
10% to 1.1 x 107 are realized for the devices used in this work. Figure 6.5(b) shows the
sensor method of action where an applied magnetic field shifts the resonance frequency.
It should also be noted that there was no significant change in the Q-factors of the devices

for the range of magnetic fields applied in this work.
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Figure 6.5. 7.2 x 10% Q-factor resonance for a 1.1 pum shell thickness microbubble with an
attached neodymium magnet. The inset shows other resonant peaks and their Q-factors for
this microbubble. (b) Resonance frequency shift due to an applied magnetic field, showing no

significant change in Q-factor for at least 630 uT

6.4.2 Magnetic Sensing

Figure 6.6(a) shows the magnetometer sensitivity measured for 3 devices with 2.4 um,
1.5 pm and 1.1 pm shell thickness with a neodymium magnet epoxied orthogonal to the
microbubble sample plane. As expected, the sensitivity is inversely proportional to the
shell thickness. The device shows little hysteresis and the frequency shift switches from
a red-shift (negative Af) to a blue-shift (positive Af) when the magnetic field direction
goes from negative to positive. This confirms that the phenomenon is due to the magnetic
forces and not heat from the coil, which would have caused only a red shift. The best
sensitivity was measured to be 1.9 GHz/mT from the 1.1 um shell thickness device

Figure 6.6(b) shows the magnetometer response measured for devices with 1.8 pm,
and 1.2 um shell thickness with a neodymium magnet epoxied parallel to the sample
plane and coaxial to the coil central axis. The sensitivity is measured to be 0.2 GHz/mT
and 0.1 GHz/mT for the 1.8 um and 1.2 pum shell thickness devices, which were much
lower than the orthogonal case and does not increase inversely to shell thickness. This
suggests the devices are operating through the non-ideal alignment of the magnet and
coil, which is imparting some orthogonal forces. The observed hysteresis is within the
natural drift in the laser.
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Figure 6.6. (a) Up to 1.9 GHz/mT sensitivity and a trend inversely proportional to shell thickness
is observed for devices with the magnet oriented normal to the device place and orthogonal to the
coil. (b) Lower sensitivity of up to 0.2 GHz/mT is observed for devices with the magnet oriented

parallel to the device plane and axial to the coil. Illustrations are not to scale.

6.4.3 Modeling

The filament method is used to determine that an axial force (x-axis) of 310 uN/mT is
applied to the magnet axially aligned to the coil (parallel to sample plane). The matlab
code for this solution is found in appendix C. The solution for a magnet orthogonal to
the coil calculates a 226 uN/mT in the z-axis (orthogonal to the sample plane). Using
these forces as an input to a COMSOL model, the deformation for an axial force on the
bubbles is seen in figure 6.7(a). For this axial case, where the sphere deforms in unison, it
results in minimal radius change. The Ar per mT is extracted from the COMSOL model
by finding the difference in circumference between the deformed microbubbles and an
unperturbed device. Ar is determined to be very low for the axial case, just 1.8 fm and 1.2
fm, resulting in a very small shifts of 3.8 kHz/mT and 2.5 kHz/mT. The COMSOL model
effectively predicts no sensitivity in this case. The small effect seen experimentally may
be from non-ideal alignment between the coil and axial permanent magnet imparting a
z-force. For the orthogonal case seen in figure 6.7(b), the deformation causes a bulging
out of the equator, which is extracted from the COMSOL model. The Ar is determined to
be 180 pm, 230 pm and 270 pm, for the (2.4, 1.5 and 1.1) um shell thickness respectively,
which is much higher than the axial case. Table 1 shows a summary of the theoretical

and experimental sensitivity, which explains the poor performance of the axially aligned
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magnet samples. The discrepancy between model and theory may be because the non-
uniform shell thickness, which is thinner near the top of the microbubble is causing more
strain to transfer to the equation than COMSOL predicts. Another possible cause of the
discrepancy is that the contribution of the photoelastic effect may need to be included in
the analysis. For more accurate modeling both the non-uniform shell thickness and the

photoelastic effect need to be considered.

(a) 1.8 um shell thickness , (b) 1.1 um shell thickness X
310 pN X force A B 226 uN Z force = Ros
= 16 = 0.8
€ . 1= 0.7
GE) 1.2 GE) o
S 1 g 05

L 0.8 o

% o % 0.4
'-5 ) '.6 0.3
< 04 = 0.2
|9 0.2 |9 0.1

0 0

Figure 6.7. Typical deformation observed for (a) axial magnet orientation (b) orthogonal magnet

orientation.

6.4.4 Limit of Detection

To test for the limit of detection a device with the highest measured Q-factor was chosen.
The microbubble was fabricated from borosilicate glass etched down to 37.5 um thick
and is measured to have an approximately 1.8 um thick glass shell at the equator. The
frequency shift for this device is shown in figure 6.8(a) and the sensitivity is determined
to be 1.43 GHz/mT.
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Figure 6.8. (a) Sensitivity of the WGM is evaluated by tracking the frequency shift. (b) Frequency

shift is linear with a sensitivity of 1.43 GHz/mT and shows little hysteresis.

The device has an exceptional Q-factor of 1.1 x 107 as seen in figure 6.9(a) with
a full width half max of 35 MHz. The laser is detuned by approximately -11.6 GHz
to operate the device at the sharpest point of the WGM resonance. While applying a
known 1.6 uT signal the response is monitored on the digital spectrum analyzer and a
limit of detection of 60 nT/v/Hz is measured at 100 Hz as seen in figure 6.9(b). The
dominant noise is evaluated by measuring the noise of the laser without any coupling
to the WGM. The green line in figure 6.9(b) shows that the laser itself is the dominant
source of noise, not the WGM magnetometer. Next, the photodetector noise is valuated at
maximum gain, typical gain, and minimum gain. As expected there is more dark current
in the photodetector as the gain increases, producing more noise. Operating at minimum
gain on the photodiode and assuming a perfectly stable laser and environmental noise
compensation on the WGM the LOD of this setup can be as low as 100 pT/v/Hz. A
photodetector operating off a DC battery may offer even lower noise, pushing the noise

floor lower.
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Figure 6.9. (a) Normalized transmission of a 1.1 x 107 Q-factor WGM mode, with the bias
point highlighted. (b) Magnetic equivalent noise from the WGM magnetometer (black line), laser
(green line), photodiode at max gain (red line), typical gain (dark blue line) and minimal gain
(light blue line). LOD of the device is 60 nT/y/Hz, which is limited by laser noise. In an ideal
situation the ultimate limit of this setup is set by the photodetector noise at 100 pT/y/Hz

The theoretical limit of detection can be determined using (6.34). Substituting for the
best sensitivity (%), 1.9 GHz/mT, the slope of the high-Q WGM resonance <ﬁ—‘;>, 213
V/GHz, and the resolution a high quality photo detector R,,q is 40 uV [174], resulting in
a theoretical limit of detection of 98 pT.

Af AV

-1
_ | ==Y -1
LOD = { AT A7 (Rya) } (6.34)

6.5 Conclusion

In conclusion, a novel chip-scale high-Q WGM magnetometer has been demonstrated
and modeled. Modeling and experimental results show that the device is most sensitive
when the magnet is applying force orthogonal to the plane of the sample. By utilizing this
configuration, a WGM resonator with Q-factor up to 1.1 x 107 has been demonstrated
and a maximum magnetometer magnetic sensitivity of 1.9 GHz/mT (5.7 pm/mT) was
experimentally demonstrated. An experimental limit of detection of 60 nT/v/Hz, which is
limited by laser noise, and a theoretical limit of detection of 98 pT. Owing to the on-chip
physical structure, the proposed device exhibits great potential for future lab-on-chip

applications of with integrated photonic circuits.
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Chapter 7

Conclusions and Future Work

Magnetic sensing is a quickly evolving field with novel technologies being developed and
current technologies being improved. Biomagnetic sensing being a major motivator for
many of these advances. Three major contributions to the field of magnetic sensing were
presented in this dissertation: A comprehensive optimization strategy for magnetoelectric
magnetometers, including annealing and magnetic domain alignment to optimize the
magnetostriction coefficient. A novel passively powered wireless interface to a quartz
magnetoflexoelastic magnetometer was demonstrated, the limit of detection was evaluated
and compared to a wired version, and the effect of separation distance modeled using
a modified Butterworth-van Dyke model. A novel high-Q whispering gallery mode
magnetometer based off a chip-scale glassblowing process was demonstrated, modeled

using COMSOL and the limit of detection was evaluated.

7.1 Magnetoelectric Optimization

The sub-100 pT limit of detection achieved in magnetoelectric magnetometers offers a
tantalizing possibility of realizing magnetocardiography using relatively cheap, room
temperature magnetometers. Just recently, Reermann et al. used complex averaging
techniques to make cardiological measurements using a magnetoelectric sensor [175].
Persistent optimization of magnetoelectric sensors will be critical to push the technology
"over the finish line" so to speak and into practical biomagnetic applications.

An optimized annealing process for Metglas 2605SA1 of 400 °C for 30 minutes under

a 160 mT transverse magnetic field in an Ny ambient resulted in an exceptionally high
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magnetostriction coefficient of 79.3 =% and a saturation magnetostriction of 50.6 um/m.
Using SEMPA the magnetic domains were imaged and their alignment was quantified to
confirm magnetic alignment in response to the applied magnetic field. The effect of flux
concentration is evaluated for length, width and thickness of the Metglas ribbon. The
epoxy used to couple the strain between the piezoelectric and magnetostrictive phases is
optimized in terms of thickness, stiffness and porosity. Finally, implementing a PMN-PT
macro fiber composite along with the other optimizations resulted a magnetoelectric
coefficient of 18.6 MV /(m - T) and 6.5 V/mT with a limit of detection of 50 pT at 20 Hz.

For future work the annealed and aligned Metglas 2605SA1 ribbons should be made
longer to take advantage of the flux concentration effect. Thinner PMN-PT should be use
to maximize strain in the piezoelectric. Finally, more biomagnetic experiments need to

be performed to move this technology into practical medical applications.

7.2 Passively Powered Quartz Magnetoflexoelastic Mag-

netometer

The passively powered wireless quartz magnetoflexoelastic magnetometer has potential
applications in biomagnetic interfaces, magnetocardiography, magnetoencephalography,
and traffic sensing. Furthermore, the wireless interface developed in this dissertation
can be used on quartz or other resonant piezoelectrics that have been functionalized
for (bio)chemical and physical force sensing. Currently, quartz magnetoflexoelastic
magnetometers have been demonstrated with a limit of detection of 79 nT at 10 Hz [52].
Hatipoglu et al. predicted that 28 pT limit of detection would be possible for very thin,
180 nm thick, quartz resonators [52]. Implanting the magnetometer would allow it to be
extremely close to the biomagnetic source and the sensitivity requirements would not be
so stringent.

In this work, a passively powered wireless quartz magnetoflexoelastic magnetometer
based on near-field coupling was experimentally demonstrated. The wireless interface is
compared to a wired interface version of sensor. The resonant characteristics and wireless
energy transfer are modeled using a modified Butterworth-van Dyke model to understand
the effect of separation distance. The wireless probing of the quartz was demonstrated up
to 45 mm using only 1 mW of power. A limit of detection of 7 uT was demonstrated at O

mm separation distance.
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The wireless interface developed in this work does not fundamentally depend on the
sensor being a magnetometer. As a result this can be used to realize passively powered
wireless sensing using any of the multitudes of functionalizations developed for quartz
sensors. Also, the phenomenon is not limited to quartz, but can be utilized for any
resonant piezoelectric based sensor. The wireless interface can be improved by using
highly directional antennas and the power can be increased. Multiple sensors can be
simultaneously addressed so long as their resonant frequencies do not overlap. The
separation distance limits demonstrated in this work are very practical for biological
implants, for example as an implantable glucose sensor for diabetics, which would only

need to pass a few millimeters of tissue to be used as a remote sensor.

7.3 High Q-factor Chip-scale Whispering Gallery Mode

Magnetometer

A novel novel optomechanical magnetometer was demonstrated by taking advantage
of the high Q-factor (>107) of the MEMS whispering gallery mode resonance realized
by a chip-scale glassblowing process. The integration of a micromagnet on the top of a
borofloat microbubble enabled magnetic force sensing without compromising the ultra
high Q-factor. The perpendicular micromagnet orientation (relative to the sample plane)
with the thinnest (1.1 pm) shell thickness microbubble yielded the highest sensitivity of
1.9 GHz/mT. A COMSOL model and experimental data determined that forces acting
parallel to the sample plane have minimal radial deformation of the microbubble and
have poor magnetic sensing capability compared to perpendicular applied force to the top
the microbubble. The experimental limit of detection was determined to be 60 n'T/ VHz at
25 Hz, which was found to be limited by laser stability. The theoretical limit of detection
for the device fabricated in this work is determined to be 98 pT.

Several avenues of improvements should be explored for this sensor. If the micro-
bubble can be made more compliant without sacrificing the Q-factor the sensitivity can
be improved. Replacing the borosilicate with fused silica can improve the Q-factor.
Other work has shown that fused silica can be glassblown on a chip-scale using a similar

process [176].
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Appendix A

Thin Quartz Crystal Resonator
Process Flow

1. Initial Clean

(a) Start with 100 wm thick, 25 mm diameter AT-quartz

(b) Dip the quartz into Piranha cleaning solution (4:1 H,SO4:H50 for 30 minutes.
Note that Cyantek’s Nanostrip at 70 °C can also be used.

(¢) Rinse in DI water (15 s)
(d) Ngdry

2. Mount on Dummy Glass

(a) Apply drop of S1805 photoresist on glass and place 1 inch quartz wafer to
spread the photoresist.

(b) Bake 115 °C for 3 minutes.
3. Evaporate Cr/Au seed layer using Semicore evaporator

(a) Deposit 20 nm Cr. Note: Avoid Ti as it sometimes does not stick well to

Quartz.

(b) Deposit 150 nm Au.
4. 1% Lithography: Quartz Etch Pattern

(a) Bake 97 °C for 60 s to dehydrate.
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(b) Spin HMDS at 4000 RPM for 40 s.

(c) Bake 97 °C for 60 s.

(d) Spin SPR 220-7 at 1000 RPM for 40 s. Expected thickness is 15 ym

(e) Bake 115 °C for 300 s.

(f) Multiple exposure: 15s exposure (at 8.0 mW/cm?) for 6 cycles (720 mJ/cm?),

15s wait time.

(g) Wait 30 minutes before developing
5. Develop in CD-26 for 12 minutes.
6. Nickel Electroplating

e Current: 7 mA (20 ms on / 80 ms off)

Time: 11 Hours
* Spinner Speed: 250 RPM
» Expected Thickness: 15 um

* Rinse with DI water and N5 Dry
7. Demount and strip Photoresist using MicroChem RemoverPG at 70 °C

8. Indium Mount on 100 mm Si Wafer. Heating gradually increase temperature to
180 °C. Note: Indium melts at 155 °C.

9. Quartz Etching Alcatel AMS 100

* Gas Flow Rates Ar: 49 SCCM / SFg: 7 SCCM

¢ Source Power: 2000 W, Substrate Power: 400 W

» Stagger the etching to prevent overheating: Etch for 5 min, cool 10 min.

* Etch rate is ~0.3 wm/min. Total etch time is 8-10 hours.

* The individual dies are defined in this process by etching a large square

causing the quartz to easily cleave along the etched edges.

10. Release Indium submount from 100 mm Si Wafer. Heating gradually increase
temperature to 180 °C and remove the Quartz dies by sliding them off the melted
Indium. Note: Indium melts at 155 °C.
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11.

12.

13.

14.

15.

16.

17.

Wet etch seed layer and Indium

(a) Etchin Aqua Regia (HNO3:HCI 1:3) until all metal is visually gone
(b) Rinse in DI water (3 cycles)
(¢c) Ny dry

Evaporate Cr/Au Top Electrode layer using Semicore evaporator

(a) Deposit 20 nm Cr. Note: Avoid Ti as it sometimes does not stick well to
Quartz.

(b) Deposit 150 nm Au.
Mount Quartz die on Dummy Glass

(a) Apply small drop of S1805 photoresist on glass and place quartz die to spread
the photoresist.

(b) Bake 115 °C for 3 minutes.
2" Lithography: Top Electrodes

(a) Spray coat S1805 as evenly as possible using a handheld sprayer
(b) Bake 115 °C for 60 s.
(c) Typical thickness: 200 nm to 400 nm.
(d) Exposure:
Develop CD-26 120 s

Etching Top Electrodes

(a) Au Etch: Transene TFA, 30 s
(b) Rinse in DI water (15 s)

(c) Cr Etch: Transene 1020, 10 s
(d) Rinse in DI water (3 cycles)
(e) Ny dry

Demount and strip photoresist
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(a) Heat MicroChem RemoverPG to 70 °C
(b) Insert sample for 15 minutes
(c) Rinse with acetone (15 s)
(d) Rinse with IPA (15 s)
(e) Rinse with DI water (15 s)
() Ny dry
18. Mount Quartz die on Dummy Glass, etched side down
(a) Apply small drop of S1805 photoresist on glass and place quartz die to spread
the photoresist.
(b) Bake 115 °C for 3 minutes.

19. 3" Lithography: Bottom Electrodes. Backside Alignment

(a) Bake 97 °C for 60 s to dehydrate.
(b) Spin HMDS at 4000 RPM for 40 s.
(c) Bake 97 °C for 60 s.

(d) Spin LOR 5A at 2000 RPM for 40 s.
(e) Bake 170 °C for 180 s.

(f) Spin S1805 at 4000 RPM for 40 s.
(g) Bake 115 °C for 60 s.

(h) Expose

20. Develop CD-26 60 s
21. Oxygen Descum PT720

¢ 0,: 50 SCCM
e Power: 75 W
¢ Pressure: 10 mT

e Time: 7 s
22. Evaporate Cr/Au seed layer using Semicore evaporator
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(a) Deposit 20 nm Cr. Note: Avoid Ti as it sometimes does not stick well to

Quartz.

(b) Deposit 150 nm Au.
23. Demount and strip photoresist

(a) Heat MicroChem RemoverPG to 70 °C
(b) Insert sample for 15 minutes
(c) Rinse with acetone (15 s)
(d) Rinse with IPA (15 s)
(e) Rinse with DI water (15 s)
(f) Nadry
24. Package
(a) Device is epoxied on one corner using EPOTEK H20E conductive epoxy.
Epoxying all 4 corners creates stress in the sample and lowers the Q-factor
(b) Epoxy is cured at 150 °C for 5 min
(c) Chip package is Spectrum Semiconductor’s CSB02491 24 pin DIP, with a

hole cut via waterjet in the center.

(d) Al wire is wedge-bonded between the device electrodes and the package.
25. Metglas Deposition

(a) 25 um thick Metglas 2605SA1 foils are cut into circles ~25 mm in diameter
and epoxied to a target holder using EPOTEK H20E.

(b) The sample is placed between two neodymium magnets applying a magnetic
field of ~50 mT perpendicular to the cantilever (to be defined in the next step

by focused ion beam) of the device.

(c) Ti/Metglas/Ti/Au (20/500/20/20 nm) is sputtered using a custom built sput-
tering system on the backside of the QCR through the backside hole in the

package. The thickness is monitored using a quartz crystal monitor.

(d) Pressure: 40 uTorr, Gun voltage: 5.2 kV, Gun current: 2.2 mA for all

meterials.
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26. Focused Ion Beam Cut

* Dimensions: 500 x 500 x 19 um
e Beam Current: 60 nA
e Dwell Time 1 uS

e Cut Time 4 hrs
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Appendix B

Whispering Gallery Mode
Magnetometer Fabrication

1. Lithography: Gas Cavity

(a) Start with a single side polished 400 p thick 100 mm silicon wafer. Lightly
doped with boron and a 1-10 €2 - cm resistivity (doping is not expected to be

a factor in process, any doping is probably OK)
(b) Bake 97 °C for 60 s to dehydrate.
(c) Spin HMDS at 4000 RPM for 40 s.
(d) Bake 97 °C for 60 s.
(e) Spin SPR 220-7 at 4000 RPM for 40 s. Expected thickness is 7 um
() Bake 95 °C for 90 s.
(g) Bake 115 °C for 45 s.
(h) Bake 95 °C for 90 s.

(i) Multiple exposure: 15 s exposure (at 8.0 mW/cm?) for 6 cycles (720 mJ/cm?),

15 s wait time.

() Wait 30 minutes before developing
2. Develop CD-26 120 s

3. DRIE Gas Cavity: Acatel AMS 100, Etch 250 um etch
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(a) Pulse 1: SFgz 300 SCCM, 3.0 seconds, Source Power: 1500 W, Substrate
Power 100 W, Throttle Position: 20.4

(b) Pulse 2: C,Fs 300 SCCM, 1.5 seconds, Source Power: 1500 W, Substrate
Power 100 W, Throttle Position: 43.8

(c) Pulse 3: Oy 100 SCCM, 1.0 seconds, Source Power: 1500 W, Substrate Power
120 W, Throttle Position: 10.4

(d) Etch rate: approximately 5.2 pm/min
(e) Etch for 48.1 minutes, and check thickness by profilometer
4. Wet Bench: Clean Silicon
(a) Particles on the silicon will prevent a high quality bond. It is critical to keep
the silicon as clean as possible.
(b) RemoverPG 75 °C for 15 min
(c) DI rinse
(d) N3 Dry
(e) Nanostrip 75 °C for 10 min
(f) Spin Rinse Dry

5. Anodic Bond: EVG 520

(a) Clean the bonding face of the wafer bonder with isopropyl alcohol.

(b) Precise alignment is not required, but excess hanging glass off the silicon

may easily crack and the crack may propagate before bonding is complete.
(c) Carefully align a 100 wm thick Pyrex 7740 or Borofloat 33 100 mm wafer
(d) Do not pump down the chamber! Set purge on and the pressure to 1000 mBar
(e) Heat to 400 °C and wait for temperature to stabilize
(f) Apply 50 N of force on the wafers.
(g) Silicon side of the wafer is grounded and the glass side is biased negative.

(h) Apply -200 V to -600 V to the glass slide in -200 V steps. Hold the voltage
at each step until the current stabilizes to a low constant value. Current will

initially exponentially decay and settle at approximately 0.8 mA.
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(1) Remove voltage and cool the tool to room temperature.

(G) IMPORTANT: Remove the purge pressure and vent the tool. Failure to
do this will cause the lid to jump up when opening and may cause injury

and/or damage to tool.
6. Wafer Dice Provectus 7100

(a) Due to the limited size of the heater, the bonded wafer must be diced.
(b) Use 0077-1045-010-QKP hubless blade for the bonded wafer

(c) Dicing speed 2 mm/s
7. Glass Etch

(a) Etch glass using 49% HF.
(b) Etch rate 6.2 pum/min
(¢) Etchto 75 pm, 50 wm or 37.5 pum.
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HF Based Borofloat Etching

190.0
1700 |
6.2 um /min

Measured by profilometer

Borofloat Thickness (Lm)
w
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0 5 10 15
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Figure B.1. Etch rate determined from etching a 175 pum thick borofloat 33 bonded to silicon
with 49% HF and tracking the thickness by profilometer

Target = 100 um Target =75 um Target = 50 um

Figure B.2. Optical images of etch progression of 49% HF etching on borofloat 33. A 100 um

gas cavity is seen in some images. The etch is repeatable and controllable

8. Glassblowing
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(a) Sample is placed inside of a VWR 1410 vacuum oven on a 55 mm x 23
mm x 4 mm 26 2 silicon nitride ceramic heater purchased from Induceramic
(Waterloo, Canada).

(b) Pump down chamber to -25 in Hg, or approximetly 100 Torr.

(c) Using a Volteq 3 KVA variac transformer 0-250 V, 110 V Input to control the
heat.

(d) Set variac to 110 V and hold for 90 s.

(e) Increase variac to 130 V until the microbubble is "almost the desired size".
This usually takes 30 seconds =+ 5 s.

(f) Decrease variac to 110 V and hold for 60 s. Bubble will keep increasing in

size for a few more seconds during this step.
(g) Decrease variac to 75 V and hold for 30 s.
(h) Decrease variac to 50 V and hold for 30 s.
(i) Decrease variac to 25 V and hold for 30 s.
() Decrease variac to O V.
(k) Wait 5 minutes for the sample to cool.

(1) Close the vacuum line and increase the pressure as slowly as possible (this
usually takes approximately 2 minutes). Going too fast may thermally and

mechanically shock the bubble causing it to shatter.
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Figure B.3. Camera image of the microbubble being formed on the silicon nitride heater inside

of the vacuum oven. Macor is used to thermally insulate the heater. A high temperature polyimide

tape is used to hold some components together.

9. Micro-magneto Integration
(a) Mix part A and part B of Devcon 5 minute epoxy (ITW Polymers Adhesives
North America. Danvers, Massachusets, USA.

(b) Apply the mixture using a needle to the surface of the N48 grade neodymium

magnet, on the face that will be bonded to the microsphere.

(c) Wait 3 minutes 30 seconds for the epoxy to become "tacky". This way, when

it is placed on the microsphere it will not slide off.

(d) Carefully place the magnet on the microsphere using a plastic tweezer and

carefully adjust the magnet into it’s optimal position.

(e) Ensure that no epoxy goes near the equatorial plan of the microsphere, other-

wise the whispering gallery mode resonance will be destroyed.
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(f) Allow at least 1 hour for the epoxy to cure before testing.
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Appendix C

Axial Magnetic force via the
Filament Method

clc;

clear all;

uo=4xpi*10"(=7); SN/A"2

mag_rad = 0.75E-3;
mag_length = 1.5E-3;
mag_Br = 1.5;

Nm = 50;

mag_i=mag_Brxmag_length/ (Nmxuo) ;

coil_rad = 12.5E-3;

coil_thick = 2E-3;

coil_length = 17E-3;

coil_outer =coil_rad+coil_thick;
coil_turns_r=2;

coil_turns_z=12;

coil_i = 2/0.628;

z = linspace (0,40E-3,30);
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calcs = length(z)*coil_turns_rxcoil_turns_z;
textprogressbar (' calculating outputs: 7);
for disp=1l:length(z)
Ff(disp)=0;
textprogressbar (disp/length(z)«100) ;
for nr=1:coil_turns_r
for nz=1l:coil_turns_z
for i = 1:Nm
L=-0.5%(coil_length+mag_length)+(nz-1)/
(coil_turns_z-1)*coil_length+ (i-1)/ (Nm-1)+mag_length;
r=coil_outer+ (nr-1)/(coil_turns_r-1)
(coil_outer-coil_rad);
m=4+r*mag_rad/ ( (r+mag_rad) “2+ (z (disp) +L) *2) ;
[K,E]l=ellipke(m);
Ff(disp)=uoxcoil_ixmag_ix* (z (disp)+tL) *
sgrt (m/ (dxr+mag_rad) ) * (K- ((m/2)-1)/ (m-1) xE) +Ff (disp) ;
end;
end;
end;
end;
textprogressbar (' terminated’);

plot (z,Ff);
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