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Abstract

Deep brain stimulation (DBS) has become a mainstream treatment for motor disor-
ders associated with neurodegenerative conditions such as Parkinson’s disease (PD).
The DBS device, often called the “pacemaker for the brain”, utilizes surgically im-
planted leads with 4-8 contacts points into the targeting area. The implanted elec-
trodes are then used to deliver high frequency (>85 Hz) electrical stimulation via
a pulse generator. In properly selected patients, DBS is proven to be remarkably
effective, alleviating motor symptoms that either do not fully respond to medica-
tion treatment (such as tremor) or are caused by it (levodopa-induced dyskinesia).
However, current DBS technology comes with inherent limitations and problems, in-
cluding: 1) the need of a large invasive foreign body (the electrode) which can cause
lead infections, 2) low coverage of entire movement-related territory in the target
nucleus, and 3) adverse side effects such as muscle twitches and sensory complaints
caused by diffused current into the tissues.

In this work, we propose to develop a new paradigm of electrical neuromodulation,
based on injectable micron-sized stimulator devices, which, once deployed, will allow
tunable stimulation of the injected territory. The individual stimulators will produce
highly localized stimulation effects, which will minimize current spread to neighboring
structures. Since the stimulator devices will be activated from an super-low-frequency
(SLF) external magnetic field source, the procedure would not require placement of
permanent wired leads in the brain. Additionally, given that a lightweight low-power
wearable coil array will power the stimulator devices, a continuous portable DBS
treatment of Parkinson’s disease will be unprecedentedly made possible.

Thesis Supervisor: Deblina Sarkar
Title: Assistant Professor
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Chapter 1

Introduction

In the modern century, we have witnessed tremendous advancements and success in

medical care, which enables human beings to live longer than ever. However, as a

lot of neurodegenerative diseases are age-dependent, we are also facing an unprece-

dentedly large population who are suffering from these diseases, such as AD, PD,

and dementia [1]. Neurodegenerative diseases have become a tremendous social and

economic burden. According to WHO, around 55 million people have dementia; This

number is expected to rise to 139 million by 2050 [2]. According to literature, This

type of disease cost the US healthcare system 655 billion US dollars in 2020 [3]. The

key problem is that there is currently no way to cure such diseases, but only ways to

improve the symptoms. One outstanding example is deep brain stimulation (DBS).

It has been clinically proven to be effective in improving the symptoms of some neu-

rodegenerative diseases such as Parkinson’s [4, 5, 6, 7]. Nevertheless, the current

approach to DBS is far from being ideal. It requires extremely complicated and high-

risk neurosurgical procedures that implant highly invasive wired electrodes deep into

the human brain [8, 8, 9, 10, 11, 12, 13]. None of the existing new techniques is a

truly viable alternative to conventional DBS methodology.

7



1.1 Non-invasive Brain Stimulation Modalities

Given the ease of use, non-invasive modalities have been popular in clinical trials.

Even though these technologies such as transcranial magnetic stimulation (TMS) and

transcranial direct current stimulation (tDCS) do not need any surgically implanted

devices or electrodes, they have significant drawbacks. For instance, TMS requires

a very large power to drive a pair of bulky heavy coils [14, 15]. Also, very critically

these types of techniques do not possess the spatial resolution required to stimulate

small targets (the-state-of-the-art spatial resolution is on the order of few millimeters),

cannot access deep brain regions and are significantly less effective and efficient than

conventional deep brain stimulation through implanted electrodes [16, 17, 18, 19, 20,

21].

1.2 Minimally Invasive Brain Stimulation

In prior literature, there are many attempts in solving the engineering problem of

conducting deep brain stimulation wirelessly by employing basically a minimally in-

vasive modality where the stimulators are injected into the brain and get remotely

actuated by a wave of different physical properties. Overal, the types of waves that

have been exploited for such biomedical applications include optical, acoustic, and

radiofrequency (RF) electromagnetic waves. These technologies also face several fun-

damental challenges:

• Optical waves suffer from high absorption and scattering in brain tissue, so

that wireless optical devices can only be used for stimulation of tissue elements

close to the brain’s surface [22, 23]. Similarly, acoustic waves poorly penetrate

through the skull and devices that use acoustic waves have only been used

to affect the peripheral nervous system [24]. The acoustic devices are also

physically large in dimensions, as reported in the prior literature.

• Devices based on RF EM waves have fundamental limitations as the device

size needs to be comparable to the EM wavelength, so that the devices are
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power efficient when operated in the reactive near-field range. Miniaturization in

device size requires the use of RF electromagnetic waves at very high frequencies

(tens of GHz and up), wavelength of which is relatively small [25]. However,

the waves at such frequencies have extremely poor tissue penetration.

• Another technology worth mentioning is the use of magnetic nanoparticles based

on low frequency magnetic fields, involving thermal stimulation. The key prob-

lem with the technology is that it requires genetic modification and cannot be

easily translated to application on humans [26, 27, 28].

1.3 Wireless Magneto-Electric Stimulators

In this work, we propose to inject wireless micron-sized stimulators deep into the

brain and 1 or 2 such devices will be placed in close proximity per neuron. After

we apply a low-frequency magnetic field, these devices can generate electric potential

across the top and the bottom to stimulate the degenerated neurons, by leveraging a

novel magneto-electric effect in the materials that we use. Fundamentally, a magnetic

field will cause a magnetostrictive film to stretch, which is coupled to a piezoelectric

film that in turn generates the electric potential.

There are several advantages of our proposed technology compared to the existing

technologies. First and foremost, we achieve minimal invasiveness given the stimula-

tors’ size (on the order of tens of microns in diameter and half micron in thickness).

Secondly, since the low-frequency magnetic wave can penetrate deep through the tis-

sues and the skull, our stimulators can be placed very deep into the brain and get

remotely actuated. Given the high transduction efficient between magnetic field and

electric potential from our devices, the power usage for the external source is very

minimal. Also, electrical stimulation is universally applicable to many types of neu-

rons. Last but not least, we aim to scale this technology to distribute the stimulators

across multiple regions of the brain to achieve multi-region stimulation.
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1.4 Thesis Objectives

Given the scope of the project and the novelty of the idea, this thesis focuses on

investigating the fundamental physics and the material principles behind the proposed

technology. Preliminary experiments and results are demonstrated and discussed;

whereas, further in-depth electrical experiments on micron sized devices and in-vitro/

in-vivo experimental validations will be continued in author’s Ph.D. studies.

1.4.1 Multi-physics Simulation

To fully understand the physics behind the magnetoelectric effect, I have developed

a multi-physics simulation model in COMSOL and CST. It incorporates magnetic,

electric and mechanical properties of the magnetostrictive layer and the piezoelectric

layer in our bilayer device. I was able to validate the resonance frequency of the

structure, the mechanical mode of the operation, and the magnitude of the generated

voltage with results reported in the prior literature [29, 30]. It guided our fabrication

process for creating the optimized stimulator device structure. Also, I have designed

and validated the equivalent circuit model of a magnetostrictive thin film’s inductive

coupling with a nearby transceiver coil, which is robust and versatile enough to pro-

vide valueable insight to the advantages of magnetoelectric devices over conventional

electromagnetic antennas.

1.4.2 Material Characterization

To characterize the materials’ properties, I have utilized a wide range of characteriza-

tion tools. a vibrating sample magnetometer (VSM) is used to measure the magnetic

hysteresis loop of a 500 nm thick magnetostrictive thin film to validate the coercivity

and saturation magnetization of the material. X-ray diffraction (XRD) measurement

and piezoresponse force microscopy (PFM) are used to validate the piezoelectricity of

a 500 nm AlN thin film. I have built a custom mangetostriction measurement setup

with relies on the mechanical deflection of a mangetoelectric cantilever. Also, I have

build a custom probe station setup to measure the magnetoelectric coupling coeffi-
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cient of the micron sized devices with minimum physical contact to ensure minimum

mechanical clamping effect and a minimum electrical noise level.

1.4.3 Nano Fabrication Process

I have thus far designed and developed a nano-fabrication process that is reliable and

scalable to full-wafer scale. Transitioning from sub-mm devices to micron devices was

very challenging. Major hurdles we have managed to overcome include:

• Magnetostrictive film requires to have near-zero film stress during the sputter

deposition. The gun power and vacuum level need to be fine tuned.

• Inductively Coupled Plasma Etching (ICP RIE), that is typically used to dry

etch piezoelectric thin films, is not compatible with magnetic materials

• Mechanically suspended structures in prior literature is not possible to be scaled

to micron sizes [29]

• Alignment of photoresist mask in convectional instruments (such as MLA 150

aligner instrument) is difficult for micron resolution

• The low aspect ratio between the device size and the photoresist thickness makes

it difficult to maintain a good mask sidewall profile for dry etching

• Aluminum nitride (AlN) is not compatible with TMAH, which is common in

most of the standard developers

• Wet etchant of AlN, phosphoric acid, is a strong acid and can laminate and

contaminate photoresist and etch a few magnetostrictive materials

1.5 Thesis Organization

The rest of the thesis is organized in the following way:

Chapter 2 dives into the fundamental physics of magnetostriciton, piezoelectricity

and magnetoelectric effects. Multi-physics simulation in COMSOL and CST are
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discussed to show validation of the theorized device performance. Also, equivalent

circuit model is derived to elicit the quality factor of the magnetostrictive thin film

and its comparison with the conventional electromagnetic counterpart.

Chapter 3 details the nano-fabrication processes for making the devices required

in this work. A number of optimization steps for the development of the fabrication

processes are also further discussed in this chapter.

Methods used for the characterization of the material properties are demonstrated

in chapter 4. Finally, the device-level experiments and results to validate the magne-

toelectric performance of the fabricated devices are also presented in chapter 4.
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Chapter 2

Theory

2.1 Magnetostriction

Magnetostriction characterizes the property of a ferromagnetic material to either

expand or contract upon the application of a magnetic field [32]. This occurs in two

Figure 2-1: Demonstration of the effects of joule magnetostriction and Villari mag-
netostriction on a spherical object. Figure is cited from [31]

13



different ways: With volume magnetostriction, there is a uniform change in the shape

in all spatial directions, which changes the volume. However, this effect is relatively

small and can be neglected in most cases [33]. In contrast, Joule magnetostriction

is more prominent, where there is a longitudinal change in the thin film along the

applied field whereas the volume remains the same. As shown in Figure 2-1, the two

different magnetostriction effects are illustrated. The change in length ∆𝑙 in relation

to its original length is called the magnetostriction coefficient 𝜆 [33],

𝜆 =
∆𝑙

𝑡
(2.1)

If there is an expansion along the magnetic field, 𝜆 a positive. This is called

positive magnetostriction. For a contraction along the field, 𝜆 is negative and there-

fore there is a negative magnetostriction. The inverse effect, i.e. the magnetization

caused by a change in shape, is called Villari magnetostriction. To characterize the

magnetostriction coefficient of a material, a relatively easy and cost-effective way is to

utilize the bending effect of a cantilever and deflection of laser beam [34, 35]. We can

deposit/ attach magnetostrictive thin films onto non-magnetostrictive substrates and

shape the thin films properly into a long cantilever. Due to the adhesion of the layer

to the substrate, the cantilever will bend, instead of expanding or contracting. By de-

termining the deflection 𝐷 during the bending process, the magneto-elastic coupling

𝑏 can be calculated according to the following equation[34],

𝑏 =
1

3

𝐷

𝑙2
𝐸𝑠

1 + 𝑣𝑠

ℎ2
𝑠

ℎ𝑓

(2.2)

where 𝑙 is the effective bending length, 𝐸𝑠 is the young’s modulus of the substrate,

𝑣𝑠 is the Poisson’s ratio of the substrate and ℎ𝑠, ℎ𝑓 are the layer thicknesses of the

substrate and the magnetostrictive thin film, respectively. The magnetostriction along

one axis can then be calculated to be,

𝜆 = 𝑏
1 + 𝑣𝑓
𝐸𝑓

(2.3)
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To calculate the total saturation magnetostriction, we can utilize the following rela-

tionship,
3

2
𝜆𝑠 = 𝜆‖ − 𝜆⊥ (2.4)

2.2 Piezoelectricity

The piezoelectric effect describes the property of some ceramics and a few polymers

to become electrically polarized when subjected to a mechanical force [36]. Only

materials whose crystal structures do not have an inversion center show piezoelectric

behavior. If a mechanical force is exerted on such a crystal, the crystal lattice is

distorted and the ions in this lattice are shifted in relation to one another. As a result,

dipoles form and polarization occurs. Conversely, if the material is polarized by an

electric field, mechanical deformation occurs. This is called the inverse piezoelectric

effect.

A measure of the strength of the piezoelectric effect is the piezoelectric coefficient

𝑑𝑖𝑗. It describes the dielectric displacement 𝐷 as a function of the applied mechanical

stress 𝜎 in the case of the direct piezoelectric effect or the strain 𝜖 as a function of

the applied electric field E for the inverse effect.

𝑑𝑖𝑗 = (
𝜕𝐷𝑖

𝜕𝜎𝑗

)𝐸 = (
𝜕𝜀𝑖
𝜕𝐸𝑗

)𝜎 (2.5)

The dielectric displacement 𝐷 is defined as the generated piezoelectric charge Q

per area [37]. The indices i and j are the tonsorial components of the piezoelectric

coefficient. In this work, the 𝑑31 is used. The first index indicates the direction of

the elongation and the second the direction of the electric field. This means that the

electric field and the strain generated are perpendicular to each other. The transverse

effect is therefore present [38]. Various materials have already been investigated

with regard to their use as a piezoelectric phase in thin-film composites for sensor

technology [38, 39, 40, 41]. The focus of this work is on two piezoelectric materials:

aluminum nitride (AlN) and Polyvinylidene fluoride (PVDF).

Aluminum nitride crystallizes in a hexagonal structure. As shown in Figure 2-
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Figure 2-2: (a) The wurtzite structure of AlN. The Al atoms are shown in gray and
the N atoms in blue. (b) Top view along the c-axis [42].

2, each aluminum atom is surrounded by four nitrogen atoms. A high piezoelectric

effect is achieved by a strong c-axis orientation of the AlN structure, so a (002)

orientation is preferable [42]. The production in the form of thin layers is done

by reactive sputtering. When aluminum is atomized under a flow of nitrogen, the

two components react to form aluminum nitride. While AlN has a comparatively low

piezoelectric coefficient of 𝑑31 = −3.5𝑝𝑚/𝑉 [40], it is characterized by its low dielectric

losses, which makes it interesting for high-frequency applications [43]. On the other

hand, PVDF is a piezoelectric polymer thin film, which is sold commercially in 30

um thick thin films. Bulk PVDF has very high reported piezoelectric coefficient of

𝑑31 = −18𝑝𝑚/𝑉 a relative electric permittivity of 10. However, PVDF as a polymer

is difficult to be deposited into very thin films (sub 1 um) with acceptable thickness

uniformity.

2.3 Magnetoelectric Effects

The magnetoelectric (ME) effect is defined as the change in electric polarization

caused by the application of an external magnetic field or vice versa as the change in

magnetization caused by an electric field. Few single-phase materials exist that ex-

hibit such behavior and show a comparatively small ME effect [28]. This problem can

be overcome by using composites that consist of at least two different phases. Mag-

netoelectric composites were first presented by Van Suchtelen [29]. ME composites

usually consist of piezoelectric and magnetostrictive materials that are mechanically
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coupled to one another [30]. An external magnetic field generates a deformation of

the magnetostrictive material, which is transferred to the piezoelectric material via

the mechanical coupling. This deformation ensures polarization of the piezoelectric

and leads to a measurable electric field. The principle described is expressed by the

magnetoelectric voltage coefficient 𝛼𝑀𝐸, which is a measure of the strength of the

ME effect in a composite. This is given by

𝛼𝑀𝐸 =
𝜕𝜆

𝜕𝐻

𝜕𝜎

𝜕𝜆

𝜕𝐸

𝜕𝜎
(2.6)

with 𝜆 as the magnetostriction caused by the magnetic field H, 𝜎 as the mechan-

ical stress caused by the magnetostriction and 𝐸 as the electric field caused by the

mechanical stress. Since the deformation of the ME composites occurs in the form of

vibrations, the ME coefficient can be increased many times over by using mechanical

resonance effects [31].

Conventional electromagnetic (EM) antennas operate based on the principle of

electromagnetic wave propagation from an electrical current flowing through a metal-

lic conductor. One significant drawback of conventional EM antenna is that the

size of the antenna needs to be comparable with one-tenth of the wavelength, oth-

erwise the antenna is very inefficient in radiating outwards and harvesting energy

[44, 45, 46, 47, 48]. Magnetoelectric antennas, however, relies on strain-mediated

transfer from the incident electromagnetic wave into electrical polarization. The

wavelength that magnetoelectric antennas radiation or energy harvesting relies on is

not the EM wavelength but the acoustic wavelength. Since for a given frequency

the acoustic wavelength in the magnetostrictive material is about five orders of mag-

nitude smaller than the EM wavelength, sub-mm magnetostrictive antennas can be

resonantly operated at low MHz frequencies [49].

2.4 Antenna Theories

Electrically small loop antennas are commonly used for electromagnetic field probing

in the microwave frequency range and amateur radio in the HF (3 – 30 MHz) and
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the VHF (30 – 300 MHz) bands [50]. A distinguishing feature of electrically small

loops is that they are coupled to the magnetic field of the radio wave in the near-field

region, as opposed to the electric field that dipoles are coupled to. More specifically,

according to the Faraday’s law of induction, the oscillating magnetic field of the in-

coming radio wave induces a current around the receiving loop antenna. This feature,

along with their compactness, are the primary reasons why small loops are desirable

for measuring the dielectric properties of a medium [51]. For example, in a 3-Tesla

magnetic resonance imaging system, electrically small RF-coils are used to generate

an oscillating and rotating magnetic field to excite the water protons within a human

body, and to receive the reflected magnetic resonance (MR) signals [52]. Similarly,

electrically small loop antennas are also the wining candidates for the transmitting

and receiving antennas on the dielectric spectrometer used for underground water

detection [53].

However, most electrically small antennas’ sizes are on the order of tenth of wave-

length, which prevents the usefulness of such an antenna at sub MHz. Biomedical

implantable electromagnetic antennas based on RF EM waves have fundamental lim-

itations as the antenna size gets too big to fit in any localized treatment/ diagnosis

application. Miniaturization in device size requires the use of RF EM waves at very

high frequencies which have low tissue penetration. Even though there are papers

reporting antennas of tens of micron sizes, these antennas have very limited efficient

RF transmitting/receiving range (on the order of few tens of microns) that make

them barely useful in biomedical applications [54].

2.5 Multi-Physics Simulation

multi-physics simulations using COMSOL and CST have been conducted to guide

our fabrication process for creating the optimized device structure.

For COMSOL simulations, We utilize the magnetostriction module, and the piezo-

electricity module coupled through the mechanical strain transfer between the two

layers. The magnetostrictive materials’ parameters are obtained from the resonance
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measurement of the centimeter-sized cantielvers; whereas the piezoelecric materials’

parameters are based off the literature [29]. Figure 2-3 and Figure 2-4 show the

simulation results of two difference device structures. Figure 2-3 is considering a cir-

cular structure with a nearly zero mechanical support. Figure 2-4 shows a resonator

structure that has two sides anchored onto the substrate. We can see that the ideal

case has a lot less noise spectrum than the drum structure does. Also, the z-axis

mechanical displacement is dominant among the xyz axes, even though the field is

only applied along the y axis, in-plane.

For the CST simulation, the magnetostrictive device’s permeability profile is de-

rived from an analytical MATLAB model. Figure 2-5 shows the schematic of the

simulation interface. The device size considered is 500 um by 200 um by 28um. In

simulation, the Q factor is much higher than what is seen in the measurement, which

is expected when the sensor (a resonator) is present and the Rx coil is at the middle

of the Tx coil, the coupling is not minimal (signified by a small valley in S12). It

needs to be offset by a small distance to achieve minimal coupling.
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Figure 2-3: COMOSL simulation of a circular structure with nearly zero mechanical
support. The device is under an in-plane magnetic field bias along the y-axis. The
displacement on the left y-axis is that of the maximum displacement within the
piezoelectric film. The voltage on the right y-axis is the electrical potential created
by the top and the bottom electrodes of the piezoelectric AlN layer upon application
of the incident magnetic field.

Figure 2-4: COMOSL simulation of a "drum" structure that has two ends anchored
to the substrate while the middle is suspended in the air. The device is under an
in-plane magnetic field bias along the y-axis. The displacement on the left y-axis is
that of the maximum displacement within the piezoelectric film. The voltage on the
right y-axis is the electrical potential created by the top and the bottom electrodes
of the piezoelectric AlN layer upon application of the incident magnetic field.
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Figure 2-5: CST full-wave electroamgentic simulation of a magnetostrictive resonator.
The permeability of the material is derived from an equivalent resonance model. The
S21 data is acquired from the receiving coil.
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Chapter 3

Nano-Fabrication

The fabrication process of the proposed micron sized devices requires a wide range

of specialized techniques that are detailed in the follow subsections. Centimeter and

millimeter devices are also fabricated to validate the quality of the deposited films

and the results of the simulation.

3.1 Magnetron Deposition

Magnetron Sputtering is one of the methods of physical vapor deposition (PVD) and

is used to produce a variety of thin layers of materials and alloys in the range from a

few nanometers to several micrometers. The deposition takes place in an evacuated

chamber. A non-reactive gas (usually argon) is introduced into the vacuum chamber

and ionized in a strong electric field, forming a plasma of positive argon ions and

electrons [?]. The argon ions are accelerated towards the cathode by the electric field.

The material to be deposited, the target, is located there. The argon ions hit the

target with high kinetic energy and knock out particles of the target material, which,

due to the transferred residual energy, move in the direction of the substrate and are

deposited there in the form of a thin layer. Magnetron sputtering is a modification

of the traditional sputtering process in which permanent magnets are placed over the

target. A bar magnet is placed in the center above the target and at the outer edge

of the sample chuck. For depositing magnetostrictive and piezoelectric materials, it
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is very crucial to control the vacuum pressure, gun power, background pressure and

the deposition rate to ensure a suitable stress level in the as-deposited thin films to

produce optimal piezomagnetic and piezoelectric coefficients respectively. The seed

layer of the deposited piezoelectric material is also an important factor to affect the

epitaxial growth of the material.

3.2 Annealing

Annealing of magnetic materials is a common technique in prior literature to in-

crease the permeability of amorphous magnetic materials by eliminating edge do-

mains caused by intrinsic stress [55]. For the magnetostrictive METGLAS thin film

materials (28 um), the annealing is typically done by the manufacturer. Whereas, for

the annealing of FeCoSiB, we need to anneal the samples after deposition, which can

alter the film’s stress level from compression to tensile as seen in prior literature. It

is critical to heat the samples at a high enough magnetic field. We are using 2 kOe,

which large enough to reinforce the shape anisotropy of the proposed magnetostric-

tive thin films in this work. The magnetic field is also crucial when the annealing

chamber is cooled down.

3.3 Photo Lithography

Photo lithography process is one in which photoresist is spin coated across the wafer

and patterned through light exposure at a certain wavelength and of a certain dosage.

We are utilizing the maskless aligner (MLA) 150 tool at MIT.nano to pattern the

wafer. Key parameters to tune include: pattern exposure precision, thickness, unifor-

mity, side wall profile, developer chemistry and heat resistance. A successful photo

lithgraphy process can ensure good subsequent dry etching qualities. Dosage test

needs to be conducted for every material to ensure the resolution and the integrity

of the patterned photoresist. Positive photoresist gets removed when shined by UV

light, whereas a negatie photoresist gets hardened when shined. Developers are used
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Figure 3-1: SEM images of photoresist fabricated for the ion-beam etching (IBE)
processes. (a) without photoresist reflow, (b) with photoresist reflow.
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after exposure to remove any unwanted photoresist. As shown in Figure 3-1, circular

patterns are well developed on the positive photoresist. The size tolerance is about

+/- 1 %, which is very reasonable. The reflow process ensures a skewed enough side

wall profile of the photoresist to minimize redeposition in the subsequent dry etching

process.

Figure 3-2: Demonstrations of the sample’s prepared for the AlN shorting test. (a)
Diesawed AlN samples, with the top gold layer deposition through a PDMS hard
mask. (b) and (c) photoresist mask for lift off of the top gold layer deposition.
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3.4 AlN Shorting Test

The piezoelectric material AlN is deposited through a sputter. Sputtering is a relative

fast deposition method with a worse film uniformity than other deposition methods

such as chemical vapor deposition (CVD). Sputter is typically used for manufacturing

hundreds to thousands of nanometers; whereas, CVD is typicalled used for manufac-

turing few tens of nanometers. Early on in the project, one important task is to

determine the electrical leakiness of the AlN material and characterize the electric

permittivity/conductivity. Figure 3-2 lists some examples of the fabrication schemes

to investigate the leakiness of the 500 nm thick AlN film. We have concluded the

following:

• Diesawing through multiple metallic layers will likely short the layers electrically

and should be avoided in the fabrication processes

• PDMS mask or metallic covering mask usually does not have a good enough

adhesion to the substrate for lift off processes

• Conductive epoxy is consisted of nanoparticles that can penerate through holes

in the thin films

• Photoresist mask should be used for depositing "islands" of the top electrodes

and can prevent excessive shadowing effects of the sputter depositions

• Aluminum nitride (AlN) is not compatible with TMAH, which is common in

most of the negative photoresist developers. So for the lift-off deposition pro-

cesses on AlN, only positive photoresist can be used

• The AlN films that is deposited with 0.5 A/s deposition rate show very dense

cross section that ensure a minimum electrical leakages with a relative electrical

permittivity of around 6. This is consistent with the prior literature [29].
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Figure 3-3: SEM images of photoresist fabricated for the ion-beam etching (IBE)
processes. (a) without photoresist reflow, (b) with photoresist reflow.

3.5 Wet Etching of AlN

chemical etching is a method for removing material and is used primarily where high

selectivity is required. This means that in the case of structures made of several dif-

ferent materials, if possible only one of them should be removed in the areas specified

by the masking. Wet chemical etching processes typically have higher etch rates than

dry etching methods. A disadvantage of wet-chemical etching is the high isotropy of

this etching method [56]. As a result, effects such as undercutting occur, in which

etching takes place under the masking and the quality of the desired structure is

reduced. In the case of composites with AlN as the piezoelectric layer, the AlN is

etched to expose the bottom platinum electrode and prevent die-sawing through the

AlN layer for big device fabrications. In order to prevent undercutting, this is done in

several steps. First, a positive photoresist is spin coated and patterned in MLA 150.
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Then, a gold hard mask is deposited on top of the wafers, followed by lift off. Finally,

the actual etching of the AlN with the hard mask as protection of the wanted area

happens in phosphoric acid for approx. 40 minutes at 80 ∘𝐶. The isotropic etching

results in undercutting under the mask layer.

Shown in Figure 3-3 is an example of phosphoric etching AlN. The AlN shows a

unique cross sectional structure that indicates <002> growth. The FeCoSiB on the

top layer is contaminated by the phosphoric acid, which is a known effect. Therefore,

in the process development, AlN needs to be pre-etched before the magnetostrictive

material is deposited.

It is worthwhile to note that AlN is not compatible with strong acids such as

TMAH. However, TMAH is often a constitute component in many photoresist devel-

opers, especially in all negative photoresist developers. Therefore, we can only use

positive photoreists for the lift off processes on AlN. This can lead to dirty side wall

and potential rip off of the top electrode layer.

3.6 Ion-Beam Etching (IBE)

Ion-beam etching (IBE) is a material removal technique and is one of the dry etching

processes. Argon is first generated in a separate chamber by means of a voltage differ-

ence between two electrodes. The plasma ions are bundled by a coil and accelerated

by a third electrode in the direction of the sample holder. However, before the ions hit

the sample, the ion beam is neutralized. This is done using a highly heated wire from

which electrons are emitted using a strong electric field, which then combine with

the ions. To increase the etch rate, the beam strikes the sample at an acute angle.

In addition, the sample is in constant rotation to ensure uniform etching. The great

advantage of ion beam etching is the high anisotropy of this process, which means

that there is no undercutting. However, it is also highly non-selective, which means

that strict control of the etching time is necessary in order to prevent the photoresist

from being removed or overheated.

As shown in Figure 3-4, the optimized IBE results are shown. There are no
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visible re-depositions on the side walls of the devices and photoresist residuals on the

cleaned devices. Each corresponding layer is easily differentiable by the different colors

in SEM. The optimized parameters include: photoresist heating time, photoresist

profile, photoresist reflow time, thicknesses, beam current, beam voltage, sample

chuck vacuum, IBE etching rate, substrate rotating angles, scanning etch time and

angles, and on/off time tables.
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Figure 3-4: Scaning electron microscopy (SEM) images of the optimized ion-beam
etching (IBE) processes results. (a) photoresist mask before dry etching. The side
wall of the photoresist is very clean and smooth. (b) half way through an IBE process.
(c) as-etched stack of materials. The bottom silicon substrate is exposed. (d) cleaned
and optimized devices. This proves that the there is no significant photoresist mask
residuals.
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3.7 XeF2 Etch

XeF2 etch is a vapor etch technique that uses the selective etching of silicon by XeF2

vapors. It is a highly isotropic etch and typically has a much higher etch rate than

wet etchants. We use XeF2 to release device stacks from the bottom silicon substrate.

There are three different use scenarios for XeF2 etch in our process flow: 1) to release

the device fully from the substrate for device retrieval and in-vitro experiments, (2)

to make a structure for discs devices to have a pillar support underneath. This is for

the ease of single-device characterization as the electrical contact is made through the

landing of a probe onto the top electrode. (3) to make big suspended structure. XeF2

vapor has an etch rate that depends on the device size, vapor quantity and feature’s

aspect ratios. For precise control of the etch rate, a large sample size is required to

ensure consistent release of devices. Full device release is done through submerging

the chip in liquid and retrieved with iterative pipetting.

As sown in Figure 3-5, the devices are released from the substrate. However, the

FeCoSiB layer’s sidewall is also contaminated. This is because the silicon component

in the FeCoSiB alloy gets etched very rapidly by XeF2 vapor. Therefore, a protec-

tion layer is used during the XeF2 etch and properly removed through oxygen asher

afterwards in the final fabrication process. It is worthwhile to note that because of a

small thermal contact to the bottom substrate with the wedge structure, removal of

the photoresist at the end of the process is nontrivial. It requires a suitable pressure

and plasma power to sufficiently clean the photoresist residuals on the layer surface.
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Figure 3-5: Scaning electron microscopy (SEM) half-suspended devices through XeF2
vapor etch. A curling effect is visible on the devices. This is because of the stress
introduced in each layer during the sputtering process.
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3.8 Centimeter and Millimeter Device Fabrications

To characterize the quality of the materials and validate the results from the multi-

physics simulation, large centimeter and millimeter devices are also fabricated and

tested.

The techniques for fabricating large devices are entirely different from those for

micron device fabrications. First, pre-cut 5-mm-long by 2-mm-wide METGLAS films

(magnetostrictive) are used along with PVDF (piezleoectric material). The bonding

between the two materials are through conventional epoxy (Figure 3-6 (a)). To get an

electrical contact from PVDF for the capacitve measurements, a thin 40 nm gold layer

is sputter deposited. Then, the cantilever is mounted onto a 3D printed support (made

by foamlab 3D printer in clear resin) with epoxy and bonded to the bottom custom

PCB through soldering. Another fabrication strategy is also investigated as shown

in Figure 3-6 (b). It uses a PVDF film (17-mm-long and 3-mm-wide) sandwiched

between two top and bottom METGLAS films. Therefore, a gold deposition is no

longer required as METGLAS is conductive. The 17-mm long cantilever is suspended

in air and only physically soldered to the two wires for the voltage measurements.

Additionally, for nano-fabricated cantilevers it requires ICP etch to "shape" the

AlN resonator, and wire bonding to create the electrical contact. Figure 3-7 shows

a montage of devices fabricated through the fabrication processes developed with

the tools at MIT.nano. It is made from 500nm FeCoSiB and 500 nm AlN sputter

deposited blanket thin films.
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Figure 3-6: Diagrams and images of the fabricated centimeter METGLAS/PVDF
cantilevers. (a) a 5-mm-long cantilever made of gold/PVDF/Epoxy/METGLAS is
bonded onto a 3D printed structure and a custom PCB. (b) a 17-mm-long cantilever
is suspended in air and electric bonded to two 22 AWG wires for the top and the
bottom METGLAS layers that serve as the electrodes.

34



Figure 3-7: Diagrams and images of the fabricated centimeter cantilever and sub-
millimeter devices.

35



Chapter 4

Material and Device Characterization

The magnetostrictive material and the piezoelectric material are characterized mainly

by the magnetic hysteresis loop and the rocking curve measurement respectively. The

material qualities were improved by optimizing the fabrication parameters. We have

seem soft magnetism in the magnetostrictive FeCoSiB material and strong piezoelec-

tricity in the pieozelectric AlN material. The main figure of merit for our devices is

the magnetoelectric coupling coefficient, which is the transduction efficiency between

the applied AC magnetic field and the generated electric voltage from the devices.

4.1 Vibrating Sample Magnetometer

Vibrating Sample Magnetometer (VSM) is an instrument that measures the magnetic

hysteresis loop of a magnetic material based on the Faraday’s Law of Induction. VSM

typically has a pair of giant electromagnets, which generates a DC magnetic field that

can align the magnetization in a sample along the direction of the applied field. Then,

a piezoelectric crystal is attached to the end of the sample holder that vibrates the

sample up and down rapidly. This leads to the magnetic dipole moment in the sample

radiating an outgoing magnetic field that can be picked up from a receiving coil near

the samples in the VSM. The current in the coil is proportional to the magnetization

in the sample. Finally, a hysteresis loop is plotted out in the software with the

applied field on the x-axis and the magnetization on the y-axis. Figure 4-1 shows
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Figure 4-1: Measured hysteresis plot of 250 m thick FeCoSiB devices on AlN.

the measured hysteresis loop. We can see that the coercivity of the material is fairly

low. This means that the material a very soft magnetic material and can be easily

magnetized.

4.2 Magnetic Force Microscopy

Magnetic force microscopy (MFM) is a type of atomic force microscopy (AFM). MFM

uses a magnetic tip that has an inherent magnetic moment, very close to the surface of

the sample but not in contact. Any deflection of the tip caused by the magnetic sample

underneath is measured through a position sensitive detector (PSD). The resolution

of such deflection is conventionally on the order of few nanometers. Typically, the

length of the cantilever that holds the tip is around 200 um long and the measured

force from a magnetic sample is around 30 pN.
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Figure 4-2: Measured phase of a 250 nm thick FeCoSiB material from magnetic force
microscopy (MFM). The edge of the field-of-view is at the edge of the structures.

MFM only generates results of the surface magnetic properties and is often limited

to the out-of-plane magnetization. This is because the tip that contains the magnetic

moment is easy to be placed perpendicular to the plane of the sample, rather than

in parallel. As seen in Figure 4-2, images of the out-of-plane magnetic domains

are acquired on the AFM at the Harvard.CNS with the as-deposited 250 nm thick

FeCoSiB devices. We can observe a radiant magnetic domain pattern that is mixed

with some noise signals from the tip. We can spot the domains curved when they

get to the edges of the magnetic material, which is consistent with our expectations.

Further MFM experiments can validate the patterns obtained.

4.3 X-Ray Diffraction

X-ray diffractometry (XRD) is a method for determining the crystalline and chemical

composition of materials using X-rays. To ensure a good <002> growth of the piezo-

electric AlN material, it is important to measure a less than 3 degree full width half

max (FWHM) value. The AlN’s quality is also largely dependent on the bottom seed
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Figure 4-3: X-ray diffractometry (XRD) results of a 100 nm Pt seed layer for AlN
depositions. The "HR" in the figure stands for high-resistivity and the "LR" stands
for low-resistivity.

Figure 4-4: X-ray diffractometry (XRD) results of a 500 nm AlN.

platinum layer. We first measure the XRD results of different platinum materials, as

shown in Figure 4-3. The results change slightly between the high-resistivity and the

low-resistivity wafers but both are acceptable. We have processed the silicon sub-
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strate with strong acid before depositing the platinum to ensure minimum substrate

debris. The AlN deposition is carried out by the fabrication team at the Carnegie

Melon University with their dedicated sputter for AlN. A high enough temperature

is needed during the substrate heating to ensure a strong <002> growth in film. The

stress in the film is also critical to ensure a large enough activity of the piezoelectric-

ity. Further experiment with a four-point piezoelectricity measurement setup would

be important to ensure a good piezoelectric coefficient.

Figure 4-5: Measured phase of a 250 nm thick AlN from the piezoresponse force
microscopy (PFM). The line plot shows a 2D curve of the data along the middle line
in the field of view.
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4.4 Piezoresponse Force Microscopy

Piezoresponse force microscopy (PFM) is a type of atomic force microscopy (AFM).

PFM uses a conductive tip that gets in contact with the ferroelectric sample surface.

It applies an alternating current at a particular frequency to the tip so that the sample

is deformed through the piezoelectric effect. Consequently, the deflection of the tip

is measured through a photodiode array.

Ass shown in Figure 4-5, from the phase image we can observe the piezoelectric

domains across field of view in the sample. The domain sizes are consistent with

the data reported in the prior literature [42]. It shows the piezoelectric activity of

the AlN film, although the exact piezoelectric coupling coefficient is difficult to be

determined from the PFM measurements. This should be done in a professional PE

measurement setup such as the Aixacct Double-beam laser interferometry (DBLI).
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Figure 4-6: Measurement setup of a METGLAS PVDF magnetoelectric device. There
are two sets of coils - a DC coil and a AC coil. The top and the bottom electrodes of
the device are connected to a lock in amplifier directly.

4.5 Device Characterization

The fabricated devices have been measured on the bench. Centimeter devices are

connected to a lock in amplifier to measure the generated voltages, when an AC coil

is generating the AC excitation field. The current through the AC coil is also fed

into the lock in amplifier as the reference signal. A DC bias field is required to align

the magnetization of the magnetoelectric devices. Figure 4-6 shows the measurement

setup that is used for the device characterization. Given that the centimeter devices

are fairly large, the DC bias field is around 16 Oe. The DC bias field is inversely

proportional to the dimension of the device. A resonance is measured in the magne-

toelectric (ME) coupling coefficient with respect to the frequency (Figure 4-7). The

maximum ME coupling coefficient is measured to be 25 V/(cm*Oe) at a resonant
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Figure 4-7: Measured magnetoelectric coupling coefficient of a 17-mm resonator de-
vice.

frequency of 120 kHz. The ME coefficient is defined to be the generated voltage per

centimeter of the device along the field direction times the applied AC magnetic field.

To demonstrate a modulation capability of the fabricated magnetoelectric devices,

we have done amplitude modulated AC excitation field and observed a corresponding

voltage waveform of the same amplitude modulation with a slight phase delay (Fig-

ure 4-8). Additionally, a 5-mm long cantilever made of METGLAS and PVDF from

Figure 3-6 (a) is also measured. The resonance is also measured at around 4 kHz

with a measured voltage of 50 uV (Figure 4-9). A cantilever structure has a lower

mechanical resonant frequency than that of a structure in the same size suspended

fully in the air.

On the other hand, micron device characterization requires a much more compli-

cated process flow and dedicated custom setup to measure the voltage off the micron

sized devices under a certain magnetic field. This method is under investigation right

now and will be included in author’s Ph.D. thesis.
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Figure 4-8: Measured voltages from the 17-mm resonator device under an amplitude
modulated AC magnetic field.
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Figure 4-9: Measured voltage from a 5-mm magnetoelectric METGLAS PVDF can-
tilever.
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Chapter 5

Discussions and Future Work

In this work I have investigated the physics principles of the magnetoelectric effects

and how to design the device architecture to ensure good scalability and coupling

efficiency. I have validated theorems through analytical modeling and multi-physics

simulation. I have explored a variety of fabrication techniques of magnetoelectric de-

vices from centimeter scale all the way to the micron scale. A number of interweaving

challenges have been overcome, such as material compatibility and etching consis-

tency, and a mature fabrication process has been developed. Additionally, materials

have been individually characterized and validated through a wide range of charac-

terization techniques of high precision. I have validated the magnetic properties, and

the magnetostriction of the mangetostrictive material. The piezoelectricity and the

piezoresponse of the piezoelectric material are also quantified. Finally, device-level

experiments have been done on the large-scale centimeter sized and millimeter sized

resonating devices. The optimal mechanical response in the frequency spectrum is

thoroughly investigated with respect to an optimal magnetic field bias. Various cus-

tom experimental setups have been designed and buit from scratch.

Future work involves optimization of the micron devices’ fabrication and strain

measurement techniques. We have theorized that the stress in the as-deposited mag-

netostrictive films and the piezoelectric films are of utmost importance. The next

step is to develop a strain measurement technique that can validate the piezomag-

netic and the piezoelectric coefficients of the deposited thin films. This is a crucial
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step especially for micron device manufacturing as the signal would be signficantly

smaller than that of the large-scale devices. Also, once the devices are fabricated,

the single-device characterization and bio-experiments will follow to further verify

the magnetoelectric coupling efficiency in a biomedical medium. Challenges to over-

come very small electric contact point on the micron devices and the necessity to

mechanically suspend the devices to generate enough strain in the magnetostrictive

thin film so that the piezoelectric layer can be effectively actuated. Future work will

be continued into author’s Ph.D. studies.
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