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MEMS-Based Vibrational Energy Harvesting and
Conversion Employing Micro-/Nano-Magnetics

Saibal Roy 1’2, Dhiman Mallick 1’3, and Kankana Paul’

lMicro—Nano—Systems Centre, Tyndall National Institute, Cork, T12 R5CP Ireland
2Department of Physics, University College Cork, Cork, T12 YN60 Ireland
3Department of Electrical Engineering, IIT Delhi, New Delhi 110016, India

This paper discusses the current state-of-the-art, ongoing fundamental and technical challenges and potential roadmaps for micro-
scale vibration energy harvesting and power conversion devices employing micro-/nano-magnetics. Such devices are of paramount
importance as powering solution for autonomous and ubiquitous sensor nodes within the emerging ‘“Internet of Things (IoT).” In
this paper, we have reviewed the fundamental limitations, technological needs, and breakthroughs in the mentioned areas, including
materials, process integration, and device design issues. Particularly, current limitations in both the relevant soft and hard (or
permanent) micro-magnets, roadmaps for a complete “Magnetic MEMS” solution for energy harvesting and efficient low-power
conversion for “IoT” applications, are discussed.

Index Terms— MEMS, micro-/nano-magnetics, permanent magnets, power management, soft magnetic materials, vibration energy

harvesting (VEH).

I. INTRODUCTION

HE recent developments in low-power electronics and the

explosion of information and communications technology
technologies to provide exceptionally fast services that can
facilitate the regular lifestyle of citizens have boosted up the
paradigm of “Smart City,” the vision encircling a plethora of
connected objects exchanging information among each other
[1]-[3]. Here, the goal is to make our surroundings more
responsive, safer, and healthier while improving the energy
efficiency through bounded utilization of the resources. The
integral component in transpiring the vision of “Smart City”
is the “Internet of things (IoT),” which is considered as one
of the fastest growing technological platforms comprising of
a grid of spatially distributed wireless sensor nodes (WSNs)
that can sense and communicate information among each other
and with the end users. It has been quite aptly projected that
there will be over 50 billion of wirelessly connected devices
by 2020 [4], and it will be widely used in in sifu health
monitoring [5] and structural health monitoring of various civil
structures [6] and in other commercial and military applica-
tions [7], where it is very impractical to replace or replenish
the depleted energy in the batteries. Therefore, perpetually
powering these billions of deployed sensor nodes is actually
the critical bottleneck in the materialization and deployment of
the WSNs. In this predicament, harvesting energy from ubig-
uitous ambient mechanical vibrations to generate sustainable
electricity for powering the WSNs is gradually becoming an
attractive alternative to the conventional, energy-limited, and
environment polluting batteries due to their wide abundance
in nature.
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The vibration-based energy harvesters, consisting
of a mechanical oscillator, a transducer, and a power
conditioning circuitry, scavenges the ambient mechanical
energy and converts it into usable power employing suitable
transduction mechanisms, such as piezoelectric [8]-[11],
electrostatic  [12]-[15], triboelectric [16], [17], and
electromagnetic (EM) [18], [20], [21]. In piezoelectric
materials, the external mechanical excitation causes strain of
the active materials and an electric polarization proportional
to that strain arises at the boundaries of these materials,
which can be obtained as a usable voltage across the electric
load. Though these piezoelectric harvesters offer simplicity
in an implementation using the existing matured fabrication
techniques at both macro- and micro-scales along with
relatively higher power density [22], but the reliance of device
performance on the material properties does not allow easy
alterations of the different parameters controlling the device
performances. Moreover, the “electric fatigue” [23] resulting in
reduced switching polarization after a few cycles of operation
and the brittle nature [24] of the popular ceramic piezoelectric
materials (e.g., PZT) along with their inherently very high
impedance limit the performance of these piezoelectric
vibration-based energy harvesters. In the case of the electro-
static generators (also known as capacitive EHs), electrically
charged components move with respect to each other
performing work against the electrostatic forces, which can
be harvested in the form of varying potential. These harvesters
have good compatibility with the MEMS/CMOS fabrication
techniques [25], but the low output current and the need for
external dc bias or pre-charged electret membranes are few
of its major demerits. In the past few years, the triboelectric
effect-based mechanical EHs have drawn significant research
attention. It relies on the principle of charge generation on the
surface of a family of materials (organic or inorganic) after
contact (vertical contact or lateral sliding type contact), which
drives the flow of mobile charges and hence current between
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the electrodes under vibrations. This particular mechanism
has been proved to be providing highly efficient transducers,
especially in low-frequency domains (ideally for human
motion harvesting applications). The attractive attributes
are its immensely simple and cost-effective fabrication [26]
technique using the next-generation materials. However, such
techniques are difficult to implement for inertial vibration
energy harvesting (VEH) systems and suffer from very high
input impedance.

On the other hand, the EM vibration energy harvesters
utilize the relative motion between the permanent magnet
and the coil, which induces current into the coil, thereby
harnessing power from environmental vibrations. The EM
transducers are characterized by low internal (coil) resis-
tance, moderately low output voltage, and high output cur-
rent [27]. While the macro-/meso-scale implementation of the
EM VEH devices is well explored and provides better per-
formances among all the transduction mechanisms [28]-[33],
but the micro-scale implementation of such devices remains
a challenge. This could be mainly attributed to two facts—
an increase of coil loss at the micro-scale and a lack of
high-performance micro-magnets required for such devices.
These facts have restricted the number of reported works in
this particular area considerably compared with the piezoelec-
tric or electrostatic MEMS generators. On the brighter side,
EM generators do not require complex biasing mechanisms as
in the case of electrostatics. Also, the reliability/longevity of
this type of transducers is significantly better than the others,
which is extremely critical for any EH-based systems [34].
There have been a number of review papers published over
the years that have addressed the scaling issues associated with
the EM VEH devices [35]-[37]. Unfortunately, most of them
have dealt with the literature related to the conventional EH
devices only. However, in order to build a realistic roadmap,
it is essential to look beyond the state of the art of VEH
devices and to consider the tremendous advancements in the
field of micro-/nano-magnetics over the past few years. Such
technological advancements could potentially open up new
routes for developing highly miniaturized magnetic generators
with impressive power density, which is absolutely essential
in the context of the upcoming “IoT” era.

Hence, this paper discusses and scrutinizes the different
aspects of the magnetic EH devices and also addresses the
crucial limitations in the micro-scale development of such
devices in detail. Following that, outlooks and roadmaps
for improving the device performance at miniaturized scale
incorporating micro-/nano-magnetics are provided. Finally,
the important role of magnetics in efficient power conversion
of the EH devices is briefly discussed.

II. REVIEW OF THE STATE-OF-THE-ART
MEMS-BASED EM VEH DEVICES

Unlike other transducers, MEMS-based EM VEH devices
can be divided into three categories according to their level of
integration: 1) fully MEMS integrated; 2) MEMS suspension
with micro-coil; and 3) MEMS suspension only. Most attempts
to incorporate permanent magnets using microfabrication tech-
niques, such as sputter deposition [38]-[40], electrodeposi-
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tion [41], [42], or magnetic powder bonding [43]-[46] in
EM VEH, have resulted in very low output power (few
pW to nW) level. Jiang et al. [38] reported a fully integrated
MEMS EM energy harvester by bonding a vibrator with
embedded micro-magnets and a stator with integrated micro-
coils. The micro-magnets are fabricated by using the sputtering
deposition of NdFeB/Ta multilayered magnetic films with a
thickness of 10 um. The maximum power output of the
energy harvester at 115 Hz is approximately 12 nW at an
input acceleration of 1.17g. Han et al. [41] reported an in-
plane moving MEMS EM generator where CoNiMnP hard
magnetic alloy is electroplated onto the vibration plate instead
of manually assembling bulk magnets. The in-plane device
with such an integration approach condenses the device’s vol-
ume to 67.5 mm?>. The proposed structure with an integrated
magnet array can generate 11.2 nW maximum output power
at a frequency of 48 Hz with a matched load of 15.8 Q. Wang
and Arnold [43] reported three different designs of integrated
EM harvesters that utilize embedded NdFeB powder micro-
magnet technology, whereas a polydimethylsiloxane (PDMS)
diaphragm acts as the resonator. The structures with among the
smallest volume (4—15 mm>) magnetic generators reported to
date produce a very little load power even at a reasonably high
acceleration. A novel fully integrated micro-scale EM device
using micro-patterning of bonded magnets was reported by
Tao et al. [44]. The magnetic material utilized is a polymer
composite, consisting of a commercially available NdFeB
powder dispersed in epoxy. The prototype (20 mm?) is fabri-
cated using the UV-LIGA technology and micro-electroplating
technology. The fabricated device can generate a maximum
peak—peak voltage of 20.9 uV at the device’s resonance
frequency of 365 Hz and an input acceleration of 1g.

In other approaches, the micro-coil is integrated into the
moving silicon paddle, which experiences a varying magnetic
field due to the relative motion with respect to static NdFeB
bulk magnets [47]-[55]. The output power is also found to
be low in such cases due to poor magnetic flux linkage and
smaller proof mass. Liu et al. [47] reported a micro-scale ultra-
wide bandwidth device, where the peak output power from the
device is significantly low due to the above-mentioned reasons.
The same group from the National University of Singapore
has reported a number of other topologies [48]-[51], where
in spite of the interesting device dynamics, the final output
power is quite low due to the similar drawbacks. Recently,
Zhang and Kim [53] developed two micro-fabricated devices
(one with a coil proof mass and the other with a magnet proof
mass) suspended by silicon springs. Rapid spatial variations of
the magnetic field are produced by alternate polarized NdFeB
magnet array and are coupled and aligned to an array of
multiple-turn spiral coils. Experimental results show that the
EH with a coil proof mass generates an induced peak—peak
voltage of 18.2 mV with 0.75 W power output (into 13.8 Q
load) when it is vibrated at 410 Hz with a vibration amplitude
of 6.7 um (corresponding to 4.5g acceleration). The other
device with a magnet array proof mass generates a voltage
of 16.8 mV with 0.82 ¢W power output (into 10.8 Q load)
when it is vibrated at 350 Hz with a vibration amplitude of 9.1
um (corresponding to 4.5g acceleration).
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Fig. 1. Comparison of the NPD of the state-of-the-art MEMS EM VEH
literature in terms of device volume.

It is quite straightforward to batch-fabricate the mechani-
cal suspension using the standard silicon MEMS processing.
However, the high Young’s modulus of silicon (resulting in
higher resonance frequency) has encouraged the researchers
to exploit other low Young’s modulus polymer materials, such
as parylene [56], [57] and PDMS [43], [58], for developing
the resonating spring structures. Other than polymers, metallic
mechanical structures have also been explored. These include
electroplated Ni spring [59], [60] and wet-etched copper
foil [61] to name a few. It can be concluded from this review
that high flux linkage through proper configurations of magnet
and coil, along with the development of suitable MEMS
components, is essential to improve the performance of micro-
EM EHs.

Comparing different VEH devices is not straightforward as
the amount of data presented in the published works varies
considerably in terms of their operating conditions, such as
input acceleration and frequency. Hence, just comparing the
output parameters, such as Voltage, current, or power, is not
justified. Beeby et al. [28] derived a figure-of-merit for res-
onant VEH devices called, normalized power density (NPD),
which is simply the output power (P) of the device normalized
with respect to input acceleration level (A) and volume (V)
of the device

Normalized Power Density(NPD) = VA (nH

In Fig. 1, the NPD of different MEMS scale EM VEHs
are compared with respect to their device volume. It is to
be noted here that we have compared different MEMS scale
EM VEH devices regardless of their operating principles,
including resonant, multifrequency, and nonlinear EHs. For
wideband nonlinear devices, the peak power generated at the
down jump frequency is considered, which is not fully justified
but makes the comparison easy. In terms of the level of inte-
gration, the fully integrated MEMS EM harvesters [38]-[46]
have the lowest NPD due to the low efficiency of the integrated
magnets. Thus, in most of the reported works [47]-[61], bulk
NdFeB magnets are used, whereas either or both of the spring

structure and the pickup coil are integrated using CMOS
compatible MEMS techniques. Coils are mostly integrated
with the vibrating elements, while a single or an array of
static magnets is used to create the varying magnetic field. The
output power is found to be low in such cases due to the poor
magnetic flux linkage and smaller proof mass. As the thickness
of the sputtered layers is quite low, the devices incorporating
such sputtered metallic coil have lower output. Silicon is the
most commonly used material in the MEMS devices due to
their suitability with CMOS compatible fabrication processes
and mechanical robustness. But due to its large elastic modulus
(Y = 170 GPa), the operational frequency becomes high
with miniaturization in size. Hence, many researchers have
exploited other polymeric materials for developing the spring
structure in order to reduce the frequency within the same foot-
print. The low Young’s modulus not only brings the resonance
frequency to a lower value but also increases the displace-
ment amplitude as the spring constant is reduced. However,
the reliability of these materials for long-term applications is
a concern, which is yet to be verified in the reported literature.

IITI. SCALING ISSUES OF MAGNETIC EH DEVICES -
CHALLENGES AND OUTLOOKS

EM energy harvesters have the advantages of low output
impedance and high output current levels, but the micro-scale
implementation is found to be challenging. It is well-known
facts in MEMS that surface-related phenomenon has a
favorable scaling effect compared with the volume-related
effects [62]. This is due to the fact that surface (S) scales as
the square of length (L), whereas the volume (V) scales as
the cube of length. Therefore, as L decreases, its S/ V ratio
increases. Unfortunately, the strength of the magnetic flux of a
magnet depends on its volume, even though the magnetic flux
density available from a permanent magnet is independent
of its size. Therefore, the EM force is less favorable to
scale down compared with the electrostatic or piezoelectric
forces. There are several reported works that have already
demonstrated the effect of scaling laws on the performance
of the EM generators [35]-[37]. Arnold [37] derived the
power scaling law for oscillatory resonant EM generators.
According to [63], the maximum load power at resonance for
optimized load value is given as

m2A?
8¢ (—Rgg'" + 1)
The source acceleration (A) is independent of the
device size, whereas the mass (m), mechanical damping co-
efficient (¢;;), EM coupling term (y ), and coil resistance (R¢)
are proportional to L3 L, L, and L7!, respectively
(L—Ilength). By assuming such dependences on L, Arnold

derived a generic rule for scaling of load power for
EM generators as

P = )

L7A%
P o ——— 3
O(L2+1 )
or
4
NPD o¢ ———— 4
O(L2+1 “)
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where NPD is the normalized power density. Two asymptotic
relations are obtained due to the summation in the denominator

NPD « L? for L — oo 5)
NPD o L* for L — 0. (6)

It is also explained that if electrical damping (c, ~
(y%/Rc)) dominates over mechanical damping (c,,), accord-
ing to (3) and (4), the NPD scales according to (5), whereas if
¢ 1s dominant over c,, then the power scales according to (6).
By comparing the dimension of the two damping terms, it was
concluded that the mechanical damping will be dominating
at very small scale (micro/nano) and electrical damping will
dominate at very large scale (macro/meso). Hence, the power
output from an MEMS scale oscillatory generator (a most
common type of MEMS transducer) is restricted by large
mechanical damping as the mass and the velocity decrease.
This indirectly owes to the inability to produce large EM
coupling at the MEMS scale. The electrical damping term for
EM generators are given as [28], [63]

n2 (4o :
dz
Ce = ; . (7
Rc + RL + joLc

The drastic drop of this damping value with size scaling
can be attributed to each term on the right-hand side of (7).
While the number of turns (), coil resistance (R¢), and coil
inductance (L) are related to the development of miniaturized
coils, the magnetic flux gradient ((d¢/dz)) is related to the
rate of change of magnetic flux with respect to the coil.
In Sections II-A-III-D, we will discuss the challenges and
possible approaches to improve the contribution from each of
these terms to enhance the electrical damping overall, which is
critical to the performances of EM generators. From Section II,
we have already seen that the advances in the MEMS technol-
ogy have resulted in a variety of micro-fabricated structures
that can be coupled with permanent magnets to develop
miniaturized MEMS-based EM VEH devices. But practical
implementation of an MEMS-based micro-power generator
involves a number of challenges, such as the realization of high
efficiency, multiple-turn coils, and permanent magnets. Also,
it is apparent from Fig. 1 that not only the device volume
but the level of integration is also a limiting factor for EM
generators. Fully integrated MEMS EM VEH devices have
much lower NPD compared with the semi-integrated devices
despite having the same or comparable volume. However,
as shown in Fig. 2 and as discussed in the following, it is
possible to achieve reasonable NPD from the MEMS-scale
EM VEH devices with a sophisticated and careful choice of
the technologies.

A. Challenges and Outlooks for the Micro-Coil Development

The specific coil parameters (n, Rc, and Lc¢) are strictly
dependent on the coil design and dimensions. For a fixed
volume of the coil, the coil resistance and inductance are
both the function of the number of turns. The resistance of
a single-layer micro-fabricated coil, with equal track width,
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Fig. 2. Vision of high NPD, MEMS EM VEH devices enabled by
micro-/nano-magnetics.

track spacing, and track thickness, is given as [64]

_ 8pculdo —di)

B (do + di)2
where p is the resistivity of the coil material, N is the number
of turns, and d, and d; are the coil outer and inner diameter,
respectively. For large values of N, the lower order terms in
N in (8) can be neglected. Then, the coil resistance is (1)
proportional to the cube of the number of turns (N3) and (2)
inversely proportional to the scaling factor. The number of
turns within a given area can be maximized by minimizing
the track width and spacing, which is, however, limited by the
limits of the standard optical lithography process. Again,
the reduction in the track width vis-a-vis coil cross-sectional
area effectively increases the coil resistance unless such an
adverse effect is compensated for developing very high aspect
ratio (HAR) coil structures. The coil inductance (L¢) is also
a function of the number of turns and coil geometry but
the impedance contribution due to the inductance at normal
operating frequencies (few Hz to few hundreds of Hz) of
VEH devices is negligible compared with that of the resistive
component. Hence, the rule of thumb for designing highly
efficient micro-coil for VEH application is to increase the
number of turns within a certain fixed footprint while main-
taining relatively low resistance.

In some of the reported works of EM VEH, the sputtered
metallic (Al, Au, and Cr) coil is used to induce an elec-
trical voltage. Liu et al. [50] reported in-plane moving EM
harvesters where two layers of Al coil are sputtered onto
the movable silicon structure. Similar sputtered, double-layer
coil is used in other works as well [47]-[49], [51]. Recently,
Tao et al. [52] have used a planar Cr/Au sputtered coil (350 nm
thick). Generally, the thickness of the sputtered metallic layers
is low due to the slow deposition rate, and the reported
sputtered metals such as Al or Au have higher resistivity
than copper. All these constraints affect the final output
significantly. Electroplated planar copper coils were previously
used [53], [54] as opposed to sputtered coils to develop thick

(4N3 —4N? + N) ®)
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conducting layers. Zorlu et al. [57] reported electroplated
double-layer copper coils with each layer having 41 turns,
integrated into a parylene cantilever. Mallick er al. [55] also
reported similar coil, where the track width, track spac-
ing, and track height of the coil turns are 10 um each,
with overall 144 turns and a coil resistance of 190 Q.
Zhang et al. [133] presented two micro-fabrication approaches
for multilayer coils for vibration energy harvesting appli-
cations. In the first conventional approach, 25 um thick
(aspect ratio (height/width) = 0.5) copper is electroplated
within photoresist mold where the resulting coil has similar
performances compared with the other photoresist molded
copper coils reported. However, the authors developed a novel
strategy to increase the aspect ratio vis-a-vis to reduce the coil
resistance in their second reported micro-fabrication process.
A silicon wafer is etched using deep reactive ion etching to
develop a silicon mold, which is then used for subsequent
copper electrodeposition. A 300 um thick (aspect ratio = 3)
coil is developed using that process resulting in a dramatically
lower resistance compared with that obtained from the coil
developed using the photoresist mold.

Micro-coils are being used in a number of other
MEMS applications over the years, such as micro-inductors/
transformers [65], [66] and sensors [67], where the require-
ments are similar to that for EM VEH application. Hence,
micro-winding technology has evolved significantly in the
past decade or so. Unfortunately, most of such advancements
are yet to be exploited for VEH application. One way to
improve the micro-coil performance is by developing HAR
coil conductor structures. Most reported micro-coils in the
VEH literature have an aspect ratio between 0.2 and 1. The
main limitation for developing the HAR structure is in the
photoresist processing. Normally, the slow spin rate is needed
to develop a thick photoresist profile, which does not work so
well for smaller resolution pitch sizes. Also, multiple spinning
steps are needed to develop thick resist mold using most
positive photoresists, which further degrade the resist profile.
Recently, Anthony et al. [68] reported an optimized photoresist
process using negative tone THB-151N resist to achieve one
of the highest aspect ratio (17) and resolution (~5 um) resist
patterns for the fabrication of thick (~85 xm) micro-winding
in a single spin step. They showed a near-vertical (~91°)
electroplated copper side-wall profile.

Another way of improving the micro-coil efficiency for
VEH applications is to increase the number of coil turns/
packing density of conductors within a fixed volume. Ruffert
and Gatzen [69] developed a fabrication process by which
they developed the multilayer micro-coil with as many as four
vertical layers [see Fig. 3(a)] while the separation between
subsequent coil stacks is created by thin (500 nm) Si3Ny
deposition using plasma-enhanced chemical vapor deposition
(PECVD). However, the authors raised concerns regarding
the complexity of the process, as it required 13 mask steps
involving ten lithographic masks. While vertical packing den-
sity can be enhanced using the above-mentioned process,
it is advantageous to improve the lateral packing density as
the overall packing density can be improved by achieving
multilayers of such coil. Herrault er al. [70] reported such

Fig. 3. Methods to improve packing density of micro-coils. (a) High-density
vertical stacking [69] (courtesy: Springer Nature). (b) High-density lateral
stacking [70] (Copyright 2010 IEEE). (c¢) 3-D micro-coil [71] (courtesy: IOP
publishers).

a micro-fabrication process where the ultra-dense micro-coil
[see Fig. 3(b)] is developed by electroplating copper in the
gap between adjacent turns with all copper strips that are
separated from each other by a thin parylene coating. Usage
of parylene compared with SizN4 has a twofold advantage.
First, deposition of parylene is relatively low cost compared
with the PECVD deposition of Si3Ny, and second, parylene is
deposited in a conformal manner, allowing more reliability in
terms of insulation between two adjacent copper structures.
The authors also found out that the device with a 5 um
thick parylene layer exhibited a voltage breakdown of approx-
imately 1800 V or 360 V/um. Kratt et al. [71] reported the
MEMS compatible fabrication of 3-D micro-coils made with
an automatic wire bonder. Using UV lithography, HAR SU-8
posts with a diameter of 100 um are developed that serve
as mechanical stabilization yokes for the coils. Then, they
employed wire bonder to wind 25 um insulated gold wire
around the posts in a solenoidal path, yielding arrays of micro
coils. Each micro coil is bonded directly on-chip so that loose
wire ends are avoided. Arrays of such coils [see Fig. 3(c)]
can be developed in a very short time by serially driving the
wire bonder, and the process can maintain a high throughput.
However, even though a large number of turns can be achieved
using this method, the process is applicable for 3-D coils only,
whereas almost all the reported works on EM VEHs focuses
mainly on the planar coil. Therefore, it is necessary to consider
the impact of the geometry of the coil on the magnet—coil
interaction.

B. Challenges and Outlooks for the Micro-Magnet
Development and Integration

The difficulty in miniaturization and integration of the
high-performance permanent magnets in MEMS scale devices



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

hinders the continuous demand of increasing power density
(= power/device volume), as it is apparent from the literature
review of Section II. Permanent (or hard) magnets are ferro-
magnetic (FM) materials that possess strong magnetization in
the absence of an external magnetic field. Once magnetized,
they can provide a free source of magnetic fields without
any requirement of external power. The desirable properties
of permanent magnets are given by the high coercivity (Hc)
and high remanence (B,) values along with a high value of the
most common figure-of-merit—the energy product (BH)max—
which is area of the largest B—H rectangle that can be
constructed within the second quadrant of the hysteresis curve.
In general, CMOS compatible development of high energy
product (BHmax) permanent magnets with a thickness of the
order of microns to hundreds of microns is a key challenge
[72], [73]. Here, we will first discuss the recent developments
in the hard-FM alloys and compounds, also referred to as
permanent magnets for MEMS-related applications. Then,
we will go onto the specific design or integration challenges,
which play crucial roles in micromagnetic devices but are often
overlooked.

Most modern magnets are made from ferrites (typically
Sr or Ba ferrite) or rare-earth alloys (commonly
SmCo or NdFeB). However, the market of permanent (or hard)
magnets is dominated by sintered, bulk NdFeB (maximum
energy product BHp,x = 450 kJ/m3 based on the Nd,Fe 4B
phase) discrete magnets [74], which are manufactured from
magnetic powders using powder metallurgy techniques,
such as sintering. But the CMOS compatible integration of
these materials remains a key challenge due to the need
for high-temperature processing. Also, the dimensional
tolerance value of such powder processed magnets cannot
be precisely controlled below a certain level (1 mm or so).
As a result, bulk-manufactured magnets are often too big
for the intended micro-scale applications, and additional
complexity and cost add up in the precise assembly process.
Therefore, several fabrication techniques, including powder-
based chemomechanical fabrication methods [75]-[78] (dry
packing, screen printing, and so on), conventional thin-film
deposition techniques such as sputtering [79]-[84], pulsed
laser deposition (PLD) [85], [86], and -electrochemical
deposition [87]-[96], have emerged over the years depending
on the application requirements. Among the various techniques
currently being exploited for the integration of permanent
magnets in MEMS, electrochemical deposition is an attractive
choice due to its low cost and relatively high deposition
rate at CMOS permissible temperature. On the other hand,
sputtered rare-earth compounds, such as NdFeB and SmCo,
are among the best performing micro-magnets, which could
be deposited at a relatively high rate as well by optimizing
the growth process [79]-[81]. However, sputtering of those
alloys is often hindered by the requirements for specialized
deposition system and high annealing temperatures.

The growth of face-centered tetragonal L1¢ structure in
transition metal alloys Co/Fe—Pt with equi-atomic ratios has
received extensive attention due to the high uniaxial magne-
tocrystalline anisotropy (K; = 6.6 MJ/m?) and coercivity
as high as 800 kA/m or more. Ordered L1¢ structure of
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Fig. 4. Comparison between the magnetic properties of different permanent
magnets reported in the literature.

equi-atomic Co/Fe-Pt films with varying thicknesses has been
deposited by sputtering [79], [97], [98], PLD [85], [86], and
electrodeposition [99]-[101] techniques. However, the phase
transformation and the desired hard magnetic properties are
obtained at either elevated substrate temperature during depo-
sition (sputtering) or by high-temperature, post-deposition
annealing (electrodeposition). On the other hand, Co-rich
Co-Pt alloys with an atomic ratio of 80:20 exhibit good
hard magnetic properties without any requirement of high-
temperature annealing step making them a good candidate
for CMOS/MEMS integration [91]-[94]. Such magnetic prop-
erties can be availed in the as-deposited state due to the
high magnetic anisotropy induced by incorporating Pt in
the hexagonal closed-packed phase of Co and phosphorous-
segregated grain boundaries. But still, the hard-magnetic prop-
erties (such as coercivity and remanence) of this alloy are
inferior compared with the aforementioned materials. Apart
from FePt/CoPt/CoPtP, CoMnNiP [87], [90] and CoNiP [88]
hard-magnetic alloys have also been investigated and used
for magnetic MEMS. They have shown strong perpendicular
magnetic anisotropy up to reasonably large thickness but their
(BH)max is smaller compared with the other electrodeposited
alloys making them unsuitable for the target applications.

Fig. 4 compares the different magnetic properties of recently
developed permanent magnets for MEMS applications. It is to
be noted that both Hc and B, depends on the thickness of
the developed magnets. Hence, it is not completely justifiable
to compare such properties straight away. However, we have
excluded the very thin, nano-scale thickness permanent mag-
nets in the literature, which are not ideal for MEMS-related
applications. From Fig. 4, we can clearly see that rare-earth
permanent magnets are superior in performance compared
with other reported alloys. While the state-of-the-art non-rare-
earth-based magnets may be sufficient in applications, such
as micro-actuators, higher values of Hc and B, are needed
to produce large flux densities required to generate a useful
amount of power.
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To overcome the challenges associated with bulk magnets
and limitations of the conventional “bottom-up” deposition
techniques, there has been a recent interest in utilizing
magnetic powders for the “top-down” development of
micro-magnets using wafer-scale processing techniques.
Polymer bonded permanent magnetic powders exhibit
magnetic performances comparable to their fully dense
counterparts. The goal of batch fabrication using the standard
photolithographic patterning technique can also be achieved
using this technique while exploiting the availability of
high-quality magnetic powders. Moreover, such a process
can easily be adjusted to accommodate different magnetic
powders. Previous micro-fabrication efforts were similar to
the bulk manufacturing of bonded magnets, where magnetic
powders were mixed in a liquid resin or polymer. This powder/
liquid mixture is then selectively dispensed, patterned, or
molded to form the magnetic microstructure. The major
limitation of such process is the significant degradation of the
magnetic properties of the bonded magnets compared with
the raw powder. This is because the net magnetization (and
hence B,) of a magnetic structure reduces proportionally
to the volumetric fill fraction of the magnetic particles in
the composite. On the other hand, if an excessively high
concentration of the powder is added to the composite mixture,
it would make it too viscous for spin coating, tape casting,
or screen-printing techniques. In addition, high-powder
concentration can inhibit successful photolithographic pat-
terning unless the particle size is relatively smaller compared
with the wavelength of the exposure light source (typically
300-400 nm). Other concerns for such technique include
agglomeration and settling of the powder in the mixture and
reproducibility issues. To overcome such issues, dry-pressed
bonded magnet technology has evolved noticeably over the
years [75]-[78]. Here, the pattern transfer is achieved using a
low-cost, mechanical doctor blade technique to pack the dry
powders in pre-etched cavities in a substrate instead of mixing
the magnetic powder into any liquid solution [75]. After
dry-pressing, the loosely bound powders are kept in place by
either using a polymer capping layer deposition or by using a
polymer matrix to strongly bind the powder. Various types of
polymer capping layers/matrixes have been developed, which
include polyimide, SU-8, polymethyl methacrylate, PDMS,
and wax. Recently, Jackson et al. [76] used a combination
of parylene C and parylene N to bind the thick embedded
magnetic film. The conformal coating obtained from the
hybrid parylene increases the particle concentration while
providing a strong binding, which results in Hc of 440 kA/m,
B, of 0.8 T, and (BH)max of 87 kJ/m3. In order to avoid
plasma-based or vacuum process for locking the particles,
Lisec et al. [78] recently utilized low-temperature atomic
layer deposition to develop rigid magnetic microstructures.

The advantage of such dry-pressed magnetic powder depo-
sition process is that very thick (> several hundreds of ym to
mm) micro-structures can be obtained in a low-cost manner.
Also, the magnetic properties (see Fig. 4) obtained using this
method is the closest to one can get to that of the bulk, sintered
magnets using various state-of-the-art techniques. However,
the use of lose particles are often not advisable in a cleanroom

environment but the process is rather compatible with common
back-end-of-line (BEOL) cleanroom environment.

Apart from magnetic alloys and powder-based structures,
the development of more advanced magnetic nano-structures
comprising two (or more) materials, such as bi-magnetic
core/shell particles [102] or multilayer structures [103], is cur-
rently being pursued extensively in order to gain a funda-
mental understanding and for useful applications. In these
systems, the exchange interaction between both constituents
introduces an extra degree of freedom to tailor the over-
all properties [104]. The behavior of these systems can be
understood as a combination of the intrinsic parameters of
the hard and soft phases. Usually, soft materials possess low
anisotropy K, which results in a small coercivity (Hc) with
a large saturation magnetization (Mg). On the other hand,
a hard material usually has a large K and moderate Mg
values. In exchange-coupled hard—soft thin-film systems, the
magnetization switching behavior and, consequently, the M(H)
loop depend strongly on the dimensions of the soft phase (in
thin films, the thickness of the soft layer, #of;). For a thin film,
there is a critical thickness (#sof;) below which the soft phase is
rigidly coupled to the hard phase, and the two phases reverse
at the same nucleation field, Hy, resulting in a rectangular
hysteresis loop. Such systems are considered as completely
exchange coupled where (BH)max of the heterostructure is
greatly improved due to contributing factors from both soft
and hard phases. By contrast, for thicker soft layers, the soft
phase demagnetizes at significantly lower fields, the switching
is characterized by an inhomogeneous reversal, and the system
is usually called an exchange-spring magnet. The value of
Hpy depends on the material parameters of both the hard
and soft phases. The critical f#f is found to be roughly
twice the width of a domain wall, dH, in the hard phase:
O0H = 7m(Anad/Knaa)'/?, wWhere Apaq and Kpgq are the
exchange stiffness and the anisotropy constants, respectively,
of the hard phase. Among different exchange coupled systems,
Co/CoO [102], SmCo/Fe [105], and NdFeB/Fe [106] are
popular. Jiang and Bader [107] utilized a micromagnetic model
to assess the potential of various exchange-coupled structures
for maximizing (BH)max and found out that the multilayer
geometry and the soft-cylindrical cores-in-hard-matrix-shell
geometry have the highest achievable (BH)max value. The
multilayer structure is also more suitable and achievable using
the current MEMS-related processes. However, developing
thick magnetic structures comprising of alternating layers
of soft and hard phases with precisely controlled thickness
remains a challenge.

In summary, all the integratable approaches to develop
permanent magnets have both pros and cons. Electroplated
magnetic alloys (whether heat treated or not) possess
many inferior magnetic properties such as lower coercivity
and energy product compared with the rare-earth-based
counterparts. Rare-earth magnets are prone to oxidation and
corrosion, and it is difficult to pattern them, employing the
standard lithography techniques. Most of the better performing
sputtered or electroplated films are limited in the range of few
to few tens of um in thickness due to the intrinsic stresses
that develop during deposition and/or thermal mismatch
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stresses that arise during annealing steps. Also, the magnetic
properties degrade with thickness as the grain size and
shape varies. To overcome this problem, magnetic lamination
techniques [108] are used where the alternative layers of ferro-
magnet and non-magnet (such as Cu) are deposited to increase
the thickness while retaining the magnetic performance level.

C. Micro-Scale Magnetic Pole Patterning Techniques

Another important aspect from the device application point
of view is the necessity to develop differently polarized
permanent magnets in a single substrate for maximizing the
flux gradient [i.e., to increase the term (d¢/dz) in (7)]. This
challenge plays a very important role in the poor performances
of the completely integrated EM VEH devices as there is
hardly any scope to alter the magnetic flux lines rather than
using an omni-directional micro-magnet. Yamaguchi et al. [40]
developed an EM VEH device by utilizing a bipolar mag-
netic array. They developed a fine-patterned (pole intervals—
200 pum) alternating magnetized bipolar magnetic structure.
The batch fabrication process of the bipolar magnet array
is composed of processing of two wafers with interdigitated
comb structures having S-pole and N-pole magnetizations
and finally wafer bonding of two diced pieces of S-pole
and N-pole magnets. Oniku ef al. [109] proposed a novel
methodology to develop a fine-scale micro-magnetic pattern
with alternate polarity [see Fig. 5(a)] using a magnetization
mask. First, the hard-magnetic film was pre-magnetized to
induce a magnetic polarization everywhere on the layer. Then,
the magnetizing mask (which has the desired pattern) is
brought in contact with the developed magnetic film, and
a pulsed magnetic field is applied in the opposite direction.
Because of the differences in relative permeability created by
the features on the mask, the external reversal magnetic flux
is concentrated in the areas of the soft magnetic mask. Conse-
quently, the magnetization of the selected regions is reversed,
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and the desired pattern is transferred to the hard-magnetic
layer. The authors later successfully magnetically patterned
stripes with widths of 50 xm into 15 xm thick electroplated
CoPt films and 5 gm thick NdFeB films using a 7 um thick,
electroplated CoFe magnetizing masks. A major challenge that
could arise in this process is that the magnetic flux lines
might diffract from the soft magnetic mask and that could
possibly change the magnetization map. Hence, the process
needs to be optimized before it can be taken to the device
fabrication level. Dumas-Bouchiat ef al. [110] reported a ther-
momagnetic patterning (TMP) technique producing spatially
modulated stray fields. The idea behind this approach is to
exploit the temperature dependence of coercivity to switch the
magnetization. In the TMP process [see Fig. 5(b)], the hard-
magnetic film to be patterned is initially saturated in one
direction. The film is then locally heated by laser irradiation
through a mask. During irradiation, a magnetic field is applied
in opposite to the direction of the initial magnetization. The
strength of the applied field (z0Happlied) is such that the total
field, uoHotal (applied field + demagnetizing field), acting on
the magnetic film is less than zo Happlied (at room temperature).
The temperature at the film’s surface rises quickly, and the
heat diffuses through the film. When the exposed regions
heated up to a certain temperature (say 7') above the room
temperature, poHioa overcomes poHc(T). This causes the
switching of the magnetization in these regions. The resultant
structure consists of an array of oppositely magnetized micro-
magnets. Uniaxially magnetized chessboard and stripe patterns
with lateral feature sizes in the range of 50-100 um were
produced using this method up to a depth in the range of
1.1-1.2 um. Thus, just like the magnetization mask method,
the TMP technique is promising but the potential is yet to be
proved for thick magnetic micro-structures as needed for the
EM VEH applications.

D. Design Challenge for Micro-Scale Magnetic EH Device
and Proposed Design Strategies

The problem with permanent micro-magnets for EM VEH
or most MEMS applications extends beyond just high energy
product material development or process integration and
relates to the lack of intelligent design strategies. When a
relatively thin film/block of the permanent magnet is used
in the MEMS device as a source of magnetic field, the stray
magnetic field appears only from the edge of the magnet, and a
large part of the material is wasted. This is due to the presence
of the shape-dependent demagnetization field that acts to
demagnetize the magnet in a direction, which is opposite to the
direction of the magnetization reducing the overall magnetic
flux density [111]. Hence, the magnetic flux density also
diminishes due to the demagnetizing field. In a magnet of finite
length, demagnetizing field arises because of the free magnetic
poles at the terminating ends of the magnet. This strength of
the demagnetization field is dependent on the magnetization
and the physical magnet shape. A commonly used approxima-
tion is to assume that the demagnetizing field H; is uniform
and opposite in direction to the magnetization

H;=—-DM 9)
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where D is the demagnetization factor, which has a value
between 0 and 1 depending on the shape of the magnet. Also,
the energy product is a shape-dependent property of a magnet
and can be expressed as [111]

(BH) = uoD(1 — D)M3. (10)

Thin films with perpendicular and parallel magnetizations
have D =~ 1 and D =~ 0, respectively, and both correspond to
vanishing energy products. Hence, uniformly magnetized thin
films produce no stray field outside the magnet, except at the
edges, and most of the magnetic material is wasted. Hence,
when a uniformly deposited magnetic block/film is used as
a flux-source, the magnetic flux intensity is greatly reduced,
which affects the performance of the integrated magnetic
transducers.

However, if we replace a block of the permanent magnet by
a micro-patterned array of magnets, the demagnetization effect
can be minimized significantly, and the magnetic stray field
can be enhanced [93]. Hence, the magnetic flux density can be
intensified over a small space due to the increase of the edges
of magnetic elements. In order to demonstrate the substantial
advantage of optimized, micro-patterned magnetic structures
compared with a block of the integrated magnet, a novel
device topology of micro EM VEH is adopted, as shown
in Fig. 6(a). The device consists of a micro-fabricated silicon
spring structure (natural frequency—500 Hz) with an inte-
grated double-layer electroplated copper (144 turns and 190 Q
internal resistance [55]) and a separate substrate containing
different micro-patterns of NdFeB magnets. The two substrates
can be bonded with required alignments to develop a complete
micro-scale EM VEH device. The magnetic arrays are placed
only above one side of the coil so that the later can move from
a region of high magnetic flux density to zero flux density,
generating large flux gradient vis-a-vis induced voltage. The
generated voltage can be expressed as

V = Niv(Ba — Bp) (11)

TABLE I
DIFFERENT PARAMETERS FOR THE PROPOSED TOPOLOGIES
Components Parameters Values
Resonance 500 Hz
Mechanical Frequency
Spring Inertial Mass 6.14x10° kg
Footprint 6x6 mm’
Number of 144
Micro-coil Turns
Coil Resistance 190 Q
Micro- Magnetic 06T
magnets Remanence
Magnetization Perpendicular
Shape Dimensions
Block Lower Higher
Thickness Thickness
Block 1600x700%50 1600x700%250
pm’ pm’
Square Patterns | 50x50x200 pm® | 50x50x1000 pm’
Interspacing: 50 | Interspacing: 50
pm pm
Circular 350255 pm’ @50x1273 pm?
Patterns Interspacing: 50 | Interspacing: 50
pm pm
Stripe Patterns 1600x50%100 1600x50%500
pm’ pm’
Interspacing: 50 | Interspacing: 50
pm pm

where N is the number of coil turns, / is the length of each
rectangular coil, v is the velocity of the magnet, and B, and
By, are the magnetic flux densities in the coil plane above
the magnetic arrays and in the no magnet region, respectively.
The electrical power that can be transduced is given by Py =
(V2/2Rr) (R is the matched load resistance).

By changing the magnetic structure from block to square
patterns to circular patterns to stripes, we have studied,
using the COMSOL MultiPhysics solver, the maximum output
power that can be obtained. One important point about our
simulation study is that we have kept the total magnetic
volume constant in each case even if the pattern shapes
are altered. We have considered two different thicknesses
for the magnetic block/film—50 xm (which is achievable
using conventional thin-film deposition processes) and 250 xm
(which can be obtained using powder-based bonded mag-
nets). The thicknesses of the patterned structures are altered
accordingly to keep the total volume the same as that of
the block/film magnet. The details of the design parameters
are listed in Table I. It is observed from Fig. 6(b) that the
maximum power is generated for the stripe patterned structures
for lower thickness of the magnets. This is due to the fact that
the number of edges parallel to the coil direction is maximized
with the stripe patterns compared with the square or circular
ones, which have edges in perpendicular to the coil directions
producing detrimental effects. For thicker magnets (which can
be developed using powder bonding methods), the maximum
power is, however, obtained for magnetic block structure than
any other patterns [see Fig. 6(c)]. This can be attributed to the
fact that demagnetization effect is reduced with the increase of
magnet thickness, whereas the interference between the stray
fields of adjacent relatively thicker patterns plays a destructive
role in the overall flux density for the patterned structures.
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TABLE II
COMPARISON OF DIFFERENT TOPOLOGIES IN TERMS OF FABRICATION COMPLEXITIES AND IMPROVED PERFORMANCES
Topology Manufacturing Complexities Output Power
Lower Thickness Higher Thickness
flip-chip i e  Micro-patterned  permanent  magnet 0.06 pW 0.15 uW
bondi muiti-layer e .
pri R e Do on dencity micro-coil deposition  (conventional ~or  dry-
Wafer-1 paCk}ng)' . L
e  Precise bonding of wafers containing
micro-magnets and micro-coil.
Wafer-2 I I I I
\ =)
silicon spring movement direction
flip-chip — e  Micro-patterned  permanent  magnet 0.2 uW 0.7 pW
bondi - e .
N bttt G micro-coil deposition  (conventional or  dry-
Wafer-1 paCklng): . )
. Developing oppositely polarized
I I — I I magnets in the same substrate.
Wafer-2 . . ..
. Precise bonding of wafers containing
\ — micro-magnets and micro-coil
silicon spring movement direction *
flip-chip o . Micro-patterned ~ permanent  magnet 0.7 uW 2.5 pW
bonding multi-layer L .
bump +";f‘g‘"§;:;{fy _";ff;g;:;@’ Tilcroeoll deposition  (conventional —or  dry-
packing).
Wafer-1 . . .
. Developing oppositely polarized
magnets in the same substrate.
Wafer:2. Precise bonding of multiple wafers
containing micro-magnets and micro-
Wafer-3 . .
coil. Alignment of top and bottom
silicon ey e entay  silicon wafers with the middle one is
spring spring .
challenging.
movement direction
flip-chip Soft magnetic layer i e Deposition of soft magnetic layer. 1.25 pyW 3.3 uW
bonding multi-layer .
burip Tineraray. | ToEnchary micro-coil . Mlcro‘—pattemed permanent  magnet
deposition (conventional or dry-packing)
Wafer-1 .
on top of the soft magnetic layer.
. Developing oppositely polarized
Wafer-2 magnets in the same substrate.
e  Precise bonding of multiple wafers
Wafer-3 containing micro-magnets and micro-
silicon R ey | HeGendny  silicon coil. - Alignment of top and bottom
spring Soft magnetic layer spring wafers with the middle one is
challenging.
movement direction

The above-mentioned topology [see Fig. 6(a)] can be further
improved by adding additional manufacturing complexities.
Such improvements and the required manufacturing complex-
ities are shown in Table II. We have magnetic structures only
on one side of the coil in the topology of Fig. 6(a). However,
magnetic structures with completely opposite polarity can be
deposited on the other side of the coil, and these multiple
polarities of the magnet on the same substrate can be induced
using any of the methods described in Section III-C. The
similar substrate containing differently poled magnetic struc-
tures can be wafer bonded on the back side of the coil wafer,
which will further improve the flux linkage in the coil. Similar
topology has been used previously for macro-scale EM VEH
devices by assembling the discrete components. This, however,
will require highly precise multiple wafer bonding for accurate
placing of the magnets with respect to the coil. Finally,
the magnetic flux loss on the outer sides can be reduced by
adding a soft magnetic layer, such as permalloy (which can be
easily deposited using MEMS compatible processes [127]) of

5 um thickness. Through all these additional steps, the output
power can be improved over an order of magnitude, which is
summarized in Table II. We have calculated the output power
for the most optimized magnetic structures of 50 um (i.e.,
stripes) and 250 um (i.e., block) thicknesses as obtained from
Fig. 6. We found that the maximum output power for our
proposed topology is 3.3 W at an acceleration of 1g, which
is significantly higher than other reported fully integrated
MEMS EM VEHs mentioned in Section II. However, this is
just an estimation, and certain parameters will vary according
to the real experimental conditions. Also, the output can be
further enhanced through material improvements, topology
modifications, and required optimizations. While our analysis
is mainly focused around the planar coils, the utility of micro-
patterning for a serpentine coil topology was demonstrated
experimentally by Yamaguchi er al. [40].

The above-mentioned analysis definitely shows a bright road
ahead for micro-/nano-magnetics-enabled EM VEHs. Hence,
we can conclude that one must be careful while designing
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integrated EM VEH devices. The combined knowledge of
materials, process technologies, and design rules can improve
the overall performance dramatically.

IV. ROLE OF MAGNETICS IN MICRO-SCALE
POWER CONVERSION AND MANAGEMENT

Efficient energy conversion and management is as impor-
tant as the energy generation for the development of the
autonomous sensor nodes. The amplitude of the generated
voltage (ac or dc) from any EH device varies with time,
whereas most of today’s circuitry operates under a regulated dc
power supply. Therefore, the power electronics is an integral
part of any EH system to enable a complete autonomous
energy source. Challenges in the power management of har-
vested energy vary according to the utilized energy conversion
technique due to different output impedances (a few Q to
tens of MQ), voltage levels (mV to tens of V), and oper-
ating frequencies (1 Hz to 10 kHz). Szarka et al. [112]
provided a detailed review of different rectification and power
conditioning techniques. Apart from these design challenges,
a major task is related to the development of micro-magnetic
components compatible with integrated circuit (IC) processes
with performance similar to the discrete counterparts [113].
This is important not only to cope up with the continuous trend
of miniaturization of solid-state devices but also to improve
the overall efficiency of the conversion circuit. However, most
of the reported interface circuits use off-chip inductor or trans-
former, which results in increased size and cost [114]-[116].
Hence, the development of on-chip magnetic passives while
maintaining higher efficiency is a major bottleneck toward the
realization of monolithically integrated power management IC.
Recently, a group from the Massachusetts Institute of Technol-
ogy demonstrated first fully functional integrated power con-
verter designed to interface an MEMS-based EM VEH [117].
Their IC performs the conjugate impedance matching for
maximum power extraction along with resonant frequency
tuning and ac-to-dc voltage conversion. Also, a cold startup
from 150 mV ac is accomplished using an on-chip Meissner
oscillator with an off-chip transformer, clearly showing the
requirement of high-performance integrated magnetic passives.
A number of review papers [113], [118], [119] have been
published over the years discussing the state of the art for on-
chip magnetic passives targeting power supply-in-package and
power supply on-chip applications. In the following paragraph,
we summarize the role of MEMS-based thin-film magnetics
for improving the efficiency of the passives along with the
different challenges and outlooks.

In pursuit of miniaturization, magnetic device integra-
tion can be achieved at various levels: wafer, package, and
board [113]. At very high switching frequencies (>50 MHz),
the required inductance value is compatible with the air-core
inductors but there are several technical challenges involved.
The absence of magnetic core worsens the overall power
system efficiency, as the magnetic field of an air-core inductor
can couple with the substrate of an IC at very high frequency,
causing a latch-up or an unpredictable behavior of the under-
lying circuit [120], [121]. In general, air-core inductors have

low coupling and low inductances, whereas the magnetic-
core components permit higher energy storage and higher
inductances with the drawback of higher power losses due
to hysteresis and eddy currents, and core saturation [118].
To achieve a reasonable enhancement of the air-core induc-
tance, soft magnetic materials are used as the core. It helps to
provide high magnetizing inductance and good coupling factor
between the primary and secondary windings for transform-
ers/coupled inductors. The following characteristics are ideally
needed out of the magnetic material, at frequencies in the
range of 10—100 MHz and higher for further miniaturized and
efficient magnetic passives: lower core loss, higher saturation
flux density, higher anisotropy field, lower magnetostriction,
and higher permeability [113], [118]. Core losses, which
consist of eddy current losses and hysteresis losses, can be
reduced by using high-resistivity and low-coercivity soft mag-
nets. Particularly, core material with high resistivity is needed
to control the eddy current effects. Eddy currents account for
the dissipative energy loss in the core and define the maximum
frequency of operation for the inductor. Additionally, a high-
resistivity material increases the skin depth to ensure that the
magnetic field intensity does not vary with the thickness of the
magnetic film. In order to minimize the hysteresis loss at high
frequencies, low coercivity is needed. High saturation magne-
tization is required to enhance the current handling capability
of the inductor, while relatively high, constant permeability at
high frequencies along with high anisotropy field is desired for
increased inductance and stable high-frequency performance.
In order to maintain the above-mentioned properties, it is
also important to develop processing techniques that are cost-
effective and compatible with MEMS/CMOS fabrication for
the incorporation of magnetic materials in the micro-magnetic
devices. Various techniques have been investigated over the
years to deposit soft magnetic materials, such as electrode-
position, sputtering, and screen printing. Screen printing is
low cost and ideally suited for non-metallic thin-film (soft
ferrites—NiZn, MnZn, and so on) deposition [122]. However,
the requirement of high-temperature, post-processing anneal-
ing is not suited for MEMS applications. Sputtering has
the advantage of depositing a wide range of magnetic
materials, including alloys and oxides, such as CoZrNb,
FeCoBC, FeCoBN, FeCuNbSiB, CoZrTa, CoP, and permalloy
[123]-[126], [134], [135]. Sputtered magnetic alloys have the
advantage of higher saturation flux density and permeability at
CMOS compatible temperatures providing uniform and con-
trolled deposition. Low-cost, electroplated magnetic films are
good for achieving thick core layers, and the process is ideal
for building 3-D device structures. The most commonly used
electrodeposited magnetic material is permalloy (FegiNij9),
which has a combination of relatively high permeability, low
hysteresis losses, and near-zero magnetostriction [127]. Other
electrodeposited core materials include NigsFess, CoNiFe,
CoP, and so on [128]-[130]. However, no single material can
have all the required properties of high resistivity, high flux
density, high permeability, and low coercivity, and can be
used as the core in micro-inductors for all dc/dc converters.
At low frequencies (1 MHz), ferrites are most commonly
used, while at higher frequencies (>5 MHz), magnetic thin
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films with higher flux density and lower coercivity are better
suited. As the switching frequencies go up to 100 MHz,
magnetic thin films can provide an efficient solution as the core
material for passive technology. However, eddy current losses
become a significant concern at such switching frequencies.
Then, techniques such as magnetic laminations become crucial
to develop thick films while maintaining high resistivity to
counter the eddy current losses [131].

In terms of topology, spiral, toroidal, and solenoidal
micro-inductors are widely used. The relative advantages
and disadvantages of each topology are discussed by
Mathuna et al. [113]. With the continuous advancement of
magnetic technologies, the efficiency of micro-magnetic pas-
sives is increasing rapidly. Such a trend would be ideally suited
for the drive toward miniaturized, monolithically integrated
power conversion circuits leading to the system integration of
EH-powered systems.

V. CONCLUSION

Micro-scale energy harvesting has advanced rapidly in
the two decades owing to the advancements in MEMS and
microsystem technologies. However, magnetics-based systems
have faced several challenges in both fundamental and techni-
cal fronts, which have restricted the number of reported works
in this area significantly compared with its other counterparts.
However, magnetic MEMS/micro-systems technologies have
progressed equally but focusing on other application areas.
These two parallel streams of advancements must be merged in
order to gain the most from the promising magnetic VEH and
power conversion technologies, which are of paramount impor-
tance as powering solution for autonomous and ubiquitous
sensor nodes within the emerging “loT.” The purpose of this
paper is to develop a roadmap based on micro-/nano-magnetics
for building high-performance energy harvesting and power
conversion devices. While doing so, we also addressed the
current status in this field, the fundamental limitations and the
technical challenges that have emerged. Based on our analysis,
the prospect of micro-scale EH devices are quite bright,
and such devices along with miniaturized power conversion
circuits can potentially lead to system integration of complete
EH system leading to autonomous “IoT.”
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