The Manufacture and Characterisation of Microscale Magnetic

Components

David Flynn

A dissertation submitted for the degree of Doctor of Philosophy

Heriot-Watt University
School of Engineering and Physical Sciences

March 2007

This copy of the thesis has been supplied on condition that anyone who consults it is
understood to recognise that the copyright rests with its author and that no quotation
from the thesis and no information derived from it may be published without the prior

written consent of the author or of the University (as may be appropriate).



Abstract

This thesis presents the work undertaken by the author within the Microsystems
Engineering Centre in the School of Engineering and Physical Sciences at Heriot-Watt
University, Edinburgh.

This research has focused on the manufacture and characterisation of microscale
magnetic components, namely microinductors and transformers for DC-DC converter
applications. The development of these components has involved an investigation into
manufacturing processes for microscale magnetic components, a study into suitable
magnetic materials and methods of tailoring their electric and magnetic properties, the
development of models within ANSYS to aid the understanding of current and flux
density distribution within components, experimental characterisation of fabricated

devices and the development of an optimal design process.

Micromachined inductors and transformers with solenoid and pot-core geometries
utilizing a variety of magnetic cores have been fabricated on glass using micromachined

techniques borrowed from the LIGA process.

Components were characterised over the 1-10MHz frequency range with a low
frequency impedance analyser. The performance of prototype components was then
improved via an optimal design process. Analytical, experimental and simulated data
was used to develop some of the most state-of-the-art components to date with
efficiencies in excess of 90% and high power densities greater than 100 W/cc. Results
have indicated that electrodeposited alloys out performed the commercial alloy for high
frequency operation. With the cost effective production of thin film laminate core layers
and magnetic material developmenyt fundamental to the success of future magnetic

components.
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Chapter 1

Motivation behind the miniaturisation of magnetic components and

thesis outline

1.1 Introduction, main objective and aims

There is an increasing demand for miniaturised power inductors and transformers that
can be operated at high frequency either on a chip or on a module [1.1-1.4]. These
power inductive components have applications in the area of powering hand-held
mobile electronic systems, locally disfributed Points of Load (PoL) or in power
conversion electronic systems. The trend towards the miniaturisation of these
components has resulted in developing surface-mount devices that are lower in profile
than traditional bulk components. However, since these surface mount devices are
inherently developed from existing conventional bulk technology, the ability to produce
further improvements is limited in terms of component profile, increased power density,
level of integration, etc. The intent of this work is to develop a fabrication technology
for high power density, low profile, and highly efficient passive inductive components

utilising MEMS (Micro-Electro-Mechanical-Systems) fabrication processes.

This chapter outlines the following:
(a) The main objective of this thesis;
(b) The motivation for microscale magnetic components;

(c) The thesis general layout.

The main objective of this thesis is to research and develop novel fabrication
processes for the assembly of microscale magnetic components. This work involves
design, manufacturing, assembly, packaging and test of the resulting micro-components.
In order to satisfy these objectives, the thesis has the following aims:

- to identify the main motivation of microscale magnetic components;

- to perform literature research into the state of the art microscale magnetic

components;
- to investigate suitable core materials for the !development of microinductors and

microtransformers;



- to research the effect of electrodeposition parameters on the magnetic and
electrical properties of magnetic thin film alloys;

- to study the loss mechanisms that affect the performance of transformers and
inductors

- to develop an optimal design procedure to produce microscale magnetic
components with maximised power density and efficiency;

- to perform the experimental characterisation of the fabricated microscale
magnetic component prototypes and discuss the experimental results with

modelled and analytical data.

1.2 Motivation of microscale magnetic component

While the physical size of digital and analogue electronic circuits has been drastically
reduced over the past 20 years, the size of their associated power supplies has been
reduced at a much slower rate. As a result, the power supply represents an increasing
proportion of the size and cost of electronic equipment. One of the main difficulties in
the miniaturization of power conversion circuits such as DC-DC converters is the
construction of inductors and transformers. As expressed as far back as 1988,
“magnetic design is the main bottleneck to the successful reduction of the overall

converter size and weight” [1.5] and remains a technological obstacle today.

Recent efforts to miniaturise the overall size of DC-DC power converters, has resulted
in an increase in switching frequency of the power circuit from the 100-500 kHz range
to the 1-10MHz range. This effort has led to a reduction of the size of the energy
storage components that dominate the converter volume, as demonstrated within Fig
1.1(a) & 1.1(b) [1.4]. Chapter 3 will expand on the theory behind the influence of
frequency on the size of passive components. Several problems arise when frequencies
are pushed into the MHz region. Core materials commonly used in the 20-500 kHz
region such as MnZn 'ferrites, have rapidly increasing hysteresis and eddy current losses
as the frequency is increased. Furthermore, eddy current losses in windings can also
become a severe problem, as the skin depth in copper becomes small in relation to the
cross section of wire used. Even if these problems are adequately dealt with, the
resulting transformer/inductor is still one of the physically largest and most expensive

components in the circuit.



Figure 1.1(a) Evolution of the size of telecommunication power modules. The modules
shown operate at the same power and voltage levels. Large energy storage elements
required at lower frequencies have given way to smaller elements as frequencies have

increased allowing reduced physical size.

Figure 1.1(b) The increase in frequency has reduced the size of the bulky passive
components.

In the magnetic recording head industry, thin-film metal alloys have replaced ferrites as
the material of choice for inductive read-write heads, particularly where high density

and high frequency are required. These materials have high saturation flux density and
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the use of thin films controls eddy current losses at frequencies up and above 100 MHz
[1.6-1.8]. Structures with very small feature size are fabricated with integrated-circuit-
like photolithography techniques [1.9-1.13]. The materials and the fabrication
techniques used for magnetic recording heads show much promise for high frequency
power conversion. The ability to fabricate very fine patterning can reduce eddy current
losses in both cores and windings. The higher saturation flux density of the magnetic
alloys, as compared to that of ferrites, allows high power density in small planar
devices. While costs may initially be high, batch processing techniques can bring the
cost down substantially, and mass-produced devices may be significantly less expensive
than conventional wound magnetic circuit elements. In any case the cost breakdown is
very different from that of conventional magnetic devices as it is related to the number

of layers and substrate area, rather than the number of turns.

To summarise, the motivation of this thesis is to investigate the issues involved in the
manufacturing of miniaturised magnetic components for DC-DC converters, employing
both theoretical analysis and experimental measurements. Gains in magnetic
component efficiency and power density with increasing switching frequency are
possible when a derived UV-LIGA fabrication process is employed for the manufacture

of the core and windings such as to reduce their associated losses.

1.2.1 Market trends of passive power components

All electronic devices have a power supply. The market place, until recently, did not
stimulate however the necessary development effort required for improved power
supply performance in terms of power density and efficiency since customers were
unwilling to pay a price premium for enhanced power supply. This behaviour is to be
contrasted with the strong investment made in high performance processors as a result
of market demand [1.3]. Hence the economic incentive to push for dramatically higher

power-supply densities was not there.

Today consumer products are driving the majority of the electronics industry growth.
The increasing functionality of electronic products and demands for increased operation
time have produced an insurgence in power density requirement. More and more,
portable electronic products prioritise power over performance due to their reliance on
battery operation. Physically small DC/DC converters may be the key enablers in

powering high performance loads, and there is now a growing economic incentive to
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invest in the needed technology improvements. Frost and Sullivan (F & S) predict that
the entire power supply industry will grow at a compound annual growth rate (CAGR)
of 6.5% through 2009, bringing revenues of $15.6 billion. By 2009 the revenue share of
the DC-DC modules within this market will grow to 41.7% from 35.6% in 2002 [1.14],

Addressing consumer needs will require price competitive components but initial
markets for miniaturised converters are in equipment whose size and weight must be
minimised, such as for satellites and aircraft. These aerospace products are produced in
low volume, and their performance and reliability take precedence over cost, especially

for military applications.

1.2.2 Technology drivers of passive power components

A number of scientific studies have addressed the question of the technological
requirements that changing market trends will have on the power supply of the future.
The findings of the Power Sources Manufacturers Association (PSMA) [1.15] are
presented in Fig 1.2. They concluded that solutions would lie in the categories of

packaging, circuits and technology, passive components and semiconductors.

TIME-TO-MARKET
{Custom Designs) POWER DENSITY

Figure 1.2 “A 5-Year Power technology Roadmap”, PMSA [1.16].



In reference to Fig 1.2, cost will be reduced through optimal topologies, more
integration, innovative design and manufacturing techniques. Time-to-market will be
shortened through integration and design software. Power density will increase with
higher frequency, more integration, lower losses, better components and thermal design.
The growth in switching frequency will be via better components, lower losses, thermal
design and development of new materials. Reliability will be improved with better
design, better components and thermal design. A clear resultant of this will be reduced
power loss, achieved with optimal topologies, better components and power

semiconductors.

Another study, the International Technology Roadmap for Semiconductors (IRTS
Roadmap), confirms a similar trend outlined by the PSMA in reference to the hand-held
electronic product sector [1.3]. Based on this roadmap, the graph in Fig. 1.3 plots the
estimated trends in output power, voltage and current for a single buck DC-DC
converter supplying power to the digital section of a handheld electronic product. The
general trend is an increase in power consumption up to 3W, with a decrease in voltages
(down to 0.8V in 2010) resulting in an increase in the output current from 2 to 5A [1.3].
For illustration purposes, given the estimates for DC-DC converter power, current and
voltage, it is relatively easy to determine, for a given switching frequency, the
inductance and capacitance values required to satisfy any given specifications for
current and voltage ripple. If the switching frequency of the converter remains constant
at 1 MHz then, given the voltage decrease and current increase in Fig 1.3, the
capacitance requirements will increase by a factor of 2.25 by 2010 while the inductance

will be reduced by a factor of 2.



Year

Figure 1.3 Estimation of the output power, voltage and current for a single buck
converter supply in handheld electronic products. All data is based on the ITRS2003
roadmap.

Clearly, to achieve miniaturization, a decrease in both the capacitor and inductor values
will address this increase in the converter switching frequency. Once suitable switches
are available, the next limitation in going to higher switching frequencies is the
magnetic components within the circuit. Since switching frequency stalled in the few
hundred kHz range [1.3, 1.4], magnetic core manufacturers focused their development
efforts on developing core materials with reduced loss in this frequency range. Ferrites
appeared to have reached maturity in terms of higher frequency operation at reasonable
loss levels. Therefore new core materials applicable at frequencies of 10MHz and
beyond need to be developed. Another concern in the area of magnetic components is
the windings. With increasing frequency the magnetic component becomes smaller, AC
resistance losses increase alongside the current handling capability that the windings are

being required to satisfy.



1.3  The challenges of miniéturising magnetic components

The efficiency of DC-DC power converters operating in the MHz frequency regime
depends on the choice of suitable core materials for inductors and transformers. New
core materials must have high resistivity, high saturation flux, permeability of 100-3000
and low coercivity. Moreover, these materials must be suitable for thin film deposition
such that core losses can be minimized. The development of cost-effective mass-
manufacturing of these thin films will be a key technological challenge. Also, to ensure
compatibility with other integrated components and accelerate the transfer of
technology from the laboratory to industry, these microscale magnetic components
would benefit if their fabrication was achieved with standard CMOS/BiCMOS

Processes.

The developed fabrication technology of inductors and transformers should allow
higher power density to reduce the total volume of magnetic components in compact-

power application with practical power handling (> 1), and low profile of devices

(< 1mm) with reasonable fabrication complexity.

14  Thesis layout
The layout of this thesis is presented schematically in Fig 1.4.

Chapter 1 outlines the main objective of this thesis, its aims and introduces inductor
and transformer operation. It also highlights the market trends driving the evolution of
magnetic components, provides an overview of the challenges encountered when
miniaturising magnetic components and introduces the proposed solution that is to be

pursued in this thesis.

Chapter 2‘presents the fundamental magnetic design equations and background theory
on magnetic materials outlining the desirable properties for power magnetic
components. An explanation of hysteresis and eddy current phenomena within thin

films is provided, along with a description of anisotropy within magnetic thin films,

Chapter 3 presents the requirements of magnetic components operating within DC-DC
converters and is accompanied by a description of how the three most common types of

DC-DC converters operate. A review of conventional components, including



component structure, materials and fabrication processes is also carried out. A study
into current state of the art techniques of fabricating microscale magnetic components is
presented.  Finally, the performance of conventional and prior micromachined
components is presented in order to assess the performance of the components

fabricated within this thesis.

Chapter 4 explains the theory behind the process of electrodeposition and the various
waveforms that can be applied. The composition of electrolyte solutions for the
deposition of nickel-iron alloys is provided and the theory behind magnetic field
annealing during electrodeposition is described. The preliminary experimental analysis
of nickel-iron alléys with a description of the analytical tools is presented. An

explanation of anomalous deposition is provided via modelled and experimental data.

Chapter 5 explains brieﬂy the Design Of Experiments (DOE) carried out in the
manufacturing of magnetic alloys and the parameters utilised within the DOE. The
effect of alloy properties generated via deposition conditions is examined in terms of the
electric and magnetic properties of the thin film. Other magnetic thin film alloys

incorporated into prototype magnetic components are introduced.

Chapter 6 examines the basic loss mechanisms of the cornpbnent and derives the
equations that impact on the performance. Various component geometries are described
and assessed since the design of the component is application specific. The impact of
the component’s performance on the operation of the converter is also reviewed in this

chapter.
Chapter 7 details the fabrication process of the microinductors and microtransformers.

Chapter 8 explains the experimental procedure used to characterise the components.
Results of the characterisation of all the fabricated components are presented, and

analysis of the data is provided.

Chapter 9 provides an overview of ANSYS and a description of the methodology of
the developed models. A comparison between analytical, experimental and simulated

data is performed and conclusions provided.



Chapter 10 gathers the collated data from prior chapters on the performance of the
prototype components. A comparison of the optimised component performance is made
with components from the literature review provided in Chapter 3. Conclusions are
presented covering the performance of the prototype components in comparison to prior
work, the fabrication processes used in their assembly and the deposition of the
magnetic alloys. A section on future work will describe areas for component

improvement and how this may be achieved.
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Chapter 2

Basics of power components Fundamental design equations and

material properties

2.1 Introduction

This chapter provides an introduction to magnetism and properties of magnetic
materials. Section 2.2 presents units and fundamental design equations that underline
transformer and inductor operation. The process of magnetization in a ferromagnetic
medium is outlined in section 2.3. Hysteresis, eddy current phenomena and residual
loss are reviewed. Magnetic anisotropy and its influence on the response of the
magnetic material is discussed. Lastly, section 2.4 compares the properties of ferrite

with thin film alloys, with particular reference to nickel-iron.

2.2 Fundamental design equations

Inductor and transformer operation are described by three fundamental equations:
Ampere’s Law, Faraday’s Law, and Lenz’s Law [2.1-2.5]. These three equations,
coupled with the core geometry, material characteristics, and the various conductors’
electrical characteristics, are used to derive the necessary equations for transformer and

inductor design. This section introduces the units and fundamental equations.

To assist in the understanding of inductor and transformer operation the basic units used
are explained by taking an electrical analogy. Magnetomotive force (mmf) is the

strength of a magnetic field in a coil of wire, illustrated in Fig 2.1.

|- Lengthl — —H [ Lengthl ——»
Magneticfield H Electricfield E
v — A A Y - _.'_)/[\V’
+ —
MMF # Voltage ~ W
(a) F = Hi (b) V=EI

Figure 2.1 (a) Uniform magnetic field of magnitude H, (b) Electrical analogy
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The mmf between points x;, and x,, Fig 2.1(a), is related to the magnetic field H

according to:
F=[H-d 2.1)

This is analogous' to an electric field strength, E, that induces the voltage (emf) V as
shown in Fig 2.1(b). Moving from the straight conductor of Fig 2.1 to a typical winding
geometry with turns, the mmf is dependent on the amplitude of current in the turns of
coil according to Eq (2.2). The more current, the stronger the magnetic field; the more
turns of wire, the more concentrated the lines of force. The current times the number of

turns of the coil is expressed in units called "ampere-turns":
F=NI 2.2)

The magnetic flux is a measure of quantity of magnetism and this quantity takes into
account the strength and the extent of a magnetic field. The total magnetic flux passing

through a surface of area A4, is related to the flux density B according to:

o= [B-as | @3)

surfaceS

The magnetic flux is analogous to electrical conductor current density of magnitude J,

which leads to total conductor current I. Fig 2.2 displays this comparison.

14



Surface S

with area Ac
Total Flux € /
Flux Density B
(@)
Surface S
with area Ac

Total Current |

Current Density J

(b)

Figure 2.2(a) Uniform flux density of magnitude B, (b) Electrical analogy

With the basic quantities defined an introduction to Faradays Law, Lenz’s Law, and

Ampere’s Law follows.

Faradays law of induction states that a magnetic field changing in time creates a

proportional electromotive force, illustrated in Fig 2.3

Figure 2.3 Faradays Law: a magnetic field changing in time creates a proportional emf.

Therefore the voltage v(/) is induced in a loop of wire by change in the total flux <P()

passing through the loop, according to:

(2.4)
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For a uniform flux distribution: 0 (/) = B(t)Ac, and hence:

= (2.5)
at

Lenz's law gives the direction of the induced emf resulting from electromagnetic
induction. The emf induced, v(t), in an electric circuit always acts in such a direction
that the current it drives around a closed circuit produces a magnetic field which
opposes the change in magnetic flux. Fig 2.4 displays Lenz’s law via a shorted loop of

wire.

Induced current

fiux~t)

Figure 2.4 Lenz’s Law: Induced flux opposing changing flux.

Changing flux <>0 induces a voltage v(t) around the loop. This voltage, divided by the
impedance of the loop conductor, provides the current /(/). This current induces a llux

<I>(0>which opposes changes in 0(/).

Ampere's law, states that the net mmf around a closed path is equal to the total current,

/, passing through the interior of the path:

(2.6)

In reference to Fig 2.5, consider a magnetic core with current carrying wire passing
through the core window. The dark region illustrates the main flux lines around the
interior of the core. Ampere’s Law relates the magnetic field strength, H(t), to the

winding current, /(/). Winding currents are sources of mmf, the total mmf around the
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core, F(t) is equal to the winding current mmf i(t). The total mmf around a

closed loop, accounting for winding current mmf, is zero.

Figure 2.5 Ampere’s Law: For any closed loop path, the sum of the length, Im times the

magnetic field, 11, in the direction of the length element is equal to the permeability
times the electric current enclosed in the loop.

The resistance that current experiences travelling through a conductive medium is
analogous to a magnetic field experiencing reluctance when travelling through a
magnetic medium. Magnetic reluctance is the resistance of a material to a magnetic

field. It is defined as the ratio of mmfto magnetic flux. The definition can be expressed

as:

.7)

where 91 is the reluctance in ampere-turns per Weber (a unit that is equivalent to turns

per Henry), F is the mmf in ampere turns and O is the magnetic flux in Webers.

The reluctance of a uniform magnetic circuit can be calculated as:

9a=—*— (2.8)
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Where [, is the length of the circuit in metres, x,is the permeability of free space

(47x107H/m), u, is the relative magnetic permeability of the material

(dimensionless), and A, is the cross sectional area of the circuit in square metres.

The three fundamental equations are summarized in Table 2.1. In the study of
magnetism there are two systems of units currently in use: the mks (metres-kilograms-
seconds) system, which has been adopted as the S.I. units and the cgs (centimetres-
grams-seconds) system, which is also known as the Gaussian system. These units and
conversion factors are contained in Table 2.2. The basic components of inductor and
transformer operation are displayed in Fig 2.6. Fig 2.6 relates the electric and magnetic
properties of the winding and core to the overall function of the device. The windings
are normally aligned to the core such that the induced magnetic field within the core,
generated by the flow of current through the winding, follows a closed magnetic path
within the core. The core, due to its relative permeability to free space, amplifies the

flux density therefore inductance. An introduction to magnetic materials follows in

section 2.2.
Equation Description
Faraday’s Law (t)— d(D(t) A magnetic field changing in time
W= dt creates a proportional emf.
Lenz’s Law (t)— d(D(t) The emf induced in an electric circuit
Wi===, always acts in such a direction that the
current it drives around a closed circuit
produces a magnetic field which
opposes the change in magnetic flux.
Ampere’s Law i.H'dl =] The net mmf around a closed path is
Flosed - path equal to the total current, I, passing
through the interior of the path

Table 2.1 The fundamental equations governing inductor and transformer operation:
| Faraday’s Law, Ampere’s Law and Lenz’s Law.
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Quantity Gaussian(cgs units) | S.I units Conversion Factor
(cgs to S.I)

Magnetic G T 107

Induction (B)

Applied  Field | O, Am-! 10°/4x

(H)

Magnetisation emu.cm=? Am-! 10°

(M,)

Permeability Dimensionless Hm-"! 47.107

Relative Dimensionless Dimensionless -

Permeability

Susceptibility emu.cm™ O, ! Dimensionless 4z

X

Table 2.2: Relationship between magnetic parameters in c¢gs and S.1I. units.
(Where: G = Gauss, O,= Oersted, T = Tesla)

Faraday's Law
v(t) - > B(t) &)

Terminal Characteristics .
Core Characteristics

it) <— > H),F)
Ampere's Law

Figure 2.6 Review of basic magnetic relationships

2.3 Introduction to magnetic materials

To optimize a magnetic component it is important to understand the process of
magnetization and the properties of the material that influence this process. A
description of the magnetization process and properties of ferromagnetic materials are
presented. When referring to ferromagnetic materials only magnetically soft magnetic
materials and not hard magnetic materials i.e. permanent magnets, are considered. The
magnetic characteristics of “soft” are superior to “hard” for this given application [2.6-
2.8]. The three magnetic core loss mechanisms, hysteresis, eddy current phenomena
and residual loss, are discussed. An overview of the thin film properties on the
magnetization process follows. Lastly, an equivalent circuit model summarizing

inductor and transformer operation is provided.
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2.3.1 Magnetisation and magnetic materials

Magnetic materials get their properties from the electrons of the atoms in the material.
The electrons in each atom, as governed by the rules of quantum mechanics, interact to
give rise to a magnetic moment for each atom [2.2]. Depending on the way these
magnetic moments interact with each other, a material can exhibit one of five different
types of magnetism: diamagnetism, paramagnetism, antiferromagnetism,
ferrimagnetism and ferromagnetism. Ferromagnetic materials present a magnetization
much larger than other materials. Ferromagnetism arises from the strong coupling

between the magnetic dipoles in the material [2.3].

Ferromagnetic materials get their xﬁagnetic properties not only because their atoms
carry a magnetic moment but also because the material is made up of small regions
known as magnetic domains. The theory of magnetic domains is integral to the
understanding of ferromagnetic materials and optimisation of film properties. The
concept of magnetic domains was proposed by Weiss in order to explain the fact that
ferromagnetic materials with spontaneous magnetisation could exist in the
demagnetised state [2.9]. Weiss built on earlier work carried out by Ampere, Weber
and Ewing suggesting their existence. The findings of this work revealed that within a

domain large numbers of atomic moments are aligned, typically 10'2-10%,

Ferromagnetic materials become magnetized when the magnetic domains are aligned.
This can be done by placing the material in an external magnetic field or by passing
electrical current through the material [2.1]. When all domains are aligned the material
is magnetically saturated. A uniformly magnetised material is shown in Fig 2.7 and has
large magnetostatic energy associated with it. A definition of magnetostatic is provided
in section 2.3.3. Magnetic domains exist in order to reduce the energy of the magnetic
material system. From the convention adopted for the definition of the magnetic
moment for a magnetic dipole the magnetisation within the specimen points from the
south-pole to the north-pole, while the direction of the magnetic field points from north

to south. Therefore, the demagnetising field, H,, is in opposition to the magnetisation
of the specimen. The magnitude of H, is dependent on the geometry and

magnetisation of the specimen. In general if the sample has a high length to diameter
ratio, and is magnetised in the long axis, then the demagnetising field and the

magnetostatic energy will be low.
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Figure 2.7 Schematic illustration of the break up of magnetisation into domains (a)
single domain, (a) single domain, (b) two domains, (c) four domains and (d) closure
domains.

The break-up of the magnetisation into two domains as illustrated in Fig 2.7(b) reduces
the magnetostatic energy by half. In fact if the magnetic material breaks down into N
domains then the magnetostatic energy is reduced by a factor of 1/N, hence Fig 2.7(c)
has a quarter of the magnetostatic energy of Fig 2.7(a). Figure 2.7(d) shows a closure
domain structure where the magnetostatic energy is zero; however, this is only possible
for materials that do not have a strong uniaxial anisotropy.

The introduction of a domain raises the overall energy of the system, therefore the
division into domains only continues while the reduction in magnetostatic energy is
greater than the energy required to form the domain wall. The energy associated with a
domain wall is proportional to its area. A minimum energy can therefore be achieved
with a specific number of domains within a specimen. This number of domains will
depend on the size and shape of the sample, which will affect the magnetostatic energy,
and the intrinsic magnetic properties of the material, which will affect the magnetostatic

energy and the domain wall energy.

In reference to domain alignment, Fig 2.7, when a ferromagnetic material is magnetized
in one direction, it will not relax back to zero magnetization when the imposed
magnetizing field is removed. It must be driven back to zero by a field in the opposite
direction. If an alternating magnetic field is applied to the material, its magnetization
will trace out a loop called a hysteresis loop, as illustrated in Fig 2.8. The hysteresis

loop is generated by the magnetic domains, for once the magnetic domains are
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reoriented energy is required to turn them back again. Therefore the area enclosed by

the hysteresis loop is regarded as lost energy.

Figure 2.8 The hysteresis loop of a ferromagnetic material [2.5],

The hysteresis loop is recorded by measuring the magnetic flux, B, while the
magnetizing force, H, is changed. A ferromagnetic material that has never been
previously magnetized or has been thoroughly demagnetized will follow the dashed line
as H is increased. As the line demonstrates, the greater the amount of current applied
(/1+), the stronger the magnetic field in the component (27+). At point "a" almost all of
the magnetic domains are aligned and an additional increase in the magnetizing force
will produce very little increase in magnetic flux. The material has reached the point of
magnetic saturation. When H is reduced back down to zero, the curve will move from
point "a" to point "b." At this point, some magnetic flux remains in the material even
though the magnetizing force is zero. This is referred to as the point of retentivity on
the graph and indicates the remanence or level of residual magnetism in the material due
to some of the magnetic domains remaining aligned. As the magnetizing force is
reversed, the curve moves to point "c", where the flux has been reduced to zero. This is
called the point of coercivity on the curve. The reversed magnetizing force has flipped

enough of the domains so that the net flux within the material is zero. The force
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required to remove the residual magnetism from the material, is called the coercive

force or coercivity of the material.

As the magnetizing force is increased in the negative direction, the material will again
become magnetically saturated but in the opposite direction (point "d"). Reducing H to
zero brings the curve to point "e." It will have a level of residual magnetism equal to
that achieved in the other direction. Increasing H back in the positive direction will
return B to zero. The curve does not return to the origin of the graph because some
force is required to remove the residual magnetism. The curve will take a different path

from point "f" back to the saturation point where it will complete the loop.

The hysteresis loop provides important information for the optimization of the magnetic
material. The following parameters are used in the design of inductors and transformers

within Chapter 6.

1.Coercive force, Hc - The amount of reverse magnetic field which must be applied to a
magnetic material to make the magnetic flux return to zero. Indicated by the value of H
at point C on the hysteresis curve. This value defines the width of the hysteresis loop
and as a result the area within the loop. This area is “hysteresis loss”; hence it is
advantageous to minimize this value. The formula for hysteresis loss is derived in

Chapter 6.

2.Relative permeability, pr- The permeability, p, is a material property that describes the
ease with which a magnetic flux is established in a magnetic medium. It is the ratio of

the flux density to the magnetising field, represented by Eq (2.9).

B
p= (29)

Eq (2.9) describes the slope of the curve at any point on the hysteresis loop. The
permeability value used to evaluate the material is the relative permeability. The
relative permeability, p,, is recorded as the slope of the B/H curve taken from the point

where a straight line from the origin is tangent to the B/H Curve, illustrated by Fig 2.9.
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J Flux Density )
Saturation

Magnetizing Force

Figure 2.9 Determination of relative permeability from the hysteresis response of a
magnetic medium.

The relative permeability is derived by taking the ratio of the medium’s permeability to

the permeability in free space, /i0 = 1.256 x 1CT6(H/m), as shown by Eq (2.10)

(2.10)

Relative permeability is used to determine the number of turns for a given inductance,

calculation of skin depth, therefore frequency of operation, and saturation current.

3. Saturation flux density, Bsal- for a magnetic medium, saturation is the state when

the material cannot absorb a stronger magnetic field, such that an increase of
magnetization force produces no significant change in magnetic flux density. Recalling
from Ampere’s Law that the current induces the magnetic field, the saturation point
along with the medium’s geometry determines the maximum current prior to saturation

or required core area. This is demonstrated in Chapter 6.

2.3.2 Eddy current phenomena within thin films
Besides hysteresis loss, the second type of core loss is due to eddy currents, which are

induced in the core material by time-varying flux, dO/dt. Recall from section 2.1,

according to Lenz’s Law a changing flux induces a current that itself induces a flux in
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opposition to the initial flux. The eddy current flows in the conductive core and

produces I2R or¥2/R power loss [2.10].

Faraday’s Law, section 2.1, can also be used to derive this effect. A core can be

modelled as a lumped resistive element with resistance R, then the voltage v'(¢)

induced across R, according to Faraday’s Law is

do dB
__-—A — = t 2.11

where 4, is the cross-sectional area of the core. The power loss in the core due to eddy

currents is
V()2
})eddy—current ~ é) (2.12)

Eq (2.12) indicates that a material with high resistivity will minimise eddy current
power loss [2.11]. With low resistivity materials such as magnetic alloys laminated
core structures are used [2.12-2.14]. This power loss is proportional to the square of the
rate of change of flux in the core. Since the rate of change of flux is directly
proportional to the applied voltage, the power loss due to eddy currents increases as the

square of the applied inductor voltage and directly with its pulse width:

V 2 ta ie
})eddy—current i 1; ! p;-lv : (2'13)

where ¥, is the voltage applied to the inductor, ¢ is the on or off time, and T'is the

applied
switching period. A detailed derivation of the eddy current loss is contained in Chapter

6.

Two forms of magnetic loss have so far been distinguished, namely hysteresis and eddy
current loss. When flux density and frequency are equal to zero the total loss of the

magnetic material is not zero. The remainder is called residual loss, sometimes referred
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to as excess loss. Recording residual loss requires a thin magnetic sample so that the
bulk of eddy current loss is negligible. The flux density must also be reduced so that
hysteresis loss is negligible, the remainder is then the residual loss. With the
requirement of high frequency operation at maximum flux density residual loss will be

omitted.

2.3.3 Origins of anisotropy

Magnetic anisotropy is an important property of magnetic materials. Magnetic
anisotropy affects the shape of hysteresis loops and controls the coercivity and
remanence [2.15]. Knowledge and understanding of the origins of magnetic
anisotropy is necessary if the properties of the magnetic alloy are to be tailored.” To
create a tailored magnetic material, which is the focus of Chapter 5, it is necessary to

minimize these intrinsic properties during manufacturing.

Several factors contribute to the anisotropy energy of the magnetic material. These

include exchange energyE,, Zeeman energyE,, magnetoelastic energyE,.,,

crystalline anisotropy energy E

ca?

and magnetostatic energy E, (demagnetisation

energy) [2.16-2.18]. Therefore the total energy, E, can be expressed as:
E=E, +E,+E, +E +E, (2.19)

These effects have been reviewed in depth for applications ranging from biology to data
storage e.g. magnetic random access memory (MRAM), magnetic tweezers [2.19-2.25].

Their findings are summarized below.

Exchange energy is a measure of the strength of electrons spin-spin exchange coupling,
which is ultimately responsible for ferromagnetism. Exchange coupling tends to keep
magnetic moments parallel to each other, which means that uniform magnetism would

have the minimum exchange energy. The exchange energy, E__, can be written as

ex

E,=-2) J,8%cosb, (2.15)
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where J, is the exchange integral, S is the spin associated with each atom, and 6; is

the angle between adjacent spin orientations. For ferromagnetic materials, J is

positive, and the minimum-energy state occurs when the spins are parallel to each other

(Hij = 0)'

The Zeeman energy E,, is often referred to as the magnetic potential energy, which is

simply the energy of the magnetization in an externally applied magnetic field. The
Zeeman energy is always minimized when the magnetization is aligned with the applied

field and can be expresses as
E,=-M-H (2.16)
where H is the external field vector and M is the magnetization vector.

The magnetoelastic energy E,, is used to describe the magnetostriction effect, which
relates the influence of stress, or strain, on the magnetization of a material [2.26].
Control of film composition can be used to avoid this [2.27]. Fig 2.12 displays the
saturation magnetostriction, A, as a function of composition for nickel-iron films.
Higher nickel content results in tensile stress with higher iron content producing
compressive stress. A composition of 80% nickel and 20% iron results in zero
magnetostriction. The varying material properties with composition, Fig 2.10, highlight

the importance of composition control during the manufacture of magnetic alloy.
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Figure 2.10 Plot of the saturation magnetostriction versus NiFe composition. Taken
from Bozorth [2.28].

The last two tenns in Eq (2.13), the crystalline anisotropy energy Ec and the
magnetostatic energy (or demagnetization energy) ED, describe the dependence of the

total free energy on the direction of the magnetization with respect to lattice orientation

and the shape of the sample, respectively.

Most magnetic materials have preferred magnetisation direction, which is called
magnetocrystalline anisotropy or crystalline anisotropy. The electron spin is coupled to
the electronic orbital (spin orbital coupling) and influenced by the local environment
(crystalline electric field). Due to the arrangement of atoms in crystalline materials,
magnetization along certain orientations is energetically preferred. Therefore
magnetocrystalline anisotropy is closely related to the structure and symmetry of the

material.

The magnetostatic energy, mentioned in section 2.2, can be referred to as shape
anisotropy of the magnetic material. If a rod-shaped object is magnetized with a north
pole at one end and a south pole at the other, the field lines emanate from the north-pole
and end at the south-pole. Inside the material the field lines are oriented from the north-
pole to the south- pole and hence are opposed to the magnetization of the material, since

the magnetic moment points from the south pole to the north pole. Thus, the magnetic
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field inside the material tends to demagnetize the material and is known as the

demagnetizing field H,. Stated formally, the demagnetizing field acts in the opposite

direction from the magnetization M that creates it, and is proportional to it, namely
H,=-N,M 2.17)

where N, is the demagnetizing factor. N, is dependent on the shape of the body, but

can only be calculated exactly for an ellipsoid where the magnetization is uniform
throughout the sample [2.16].

Magnetic field annealing is a process utilised in the fabrication of alloys to produce
films with desirable hysteresis properties. The annealing field must be of sufficient
strength to overcome the anisotropy energy, Eq (2.14), and align the magnetic moments
along the field direction. A theoretical description of this process is outlined in section
4.4, However, the interactions of stress and shape anisotropy can destroy the induced
film properties; therefore it is important to recall the anisotropy factors mentioned

within this section.

Another parameter that affects the magnetic response of the material is the Curie
temperature [2.28]. The Curie temperature is the temperature at which the exchange
energy between magnetic moments becomes smaller than the thermal energy and
ferromagnetic order disappears. Therefore the Curie temperature is the thermal limit of

operation.

Examples of magnetic materials and a comparison of their main electrical and magnetic

properties are given in the next subsection.

2.4 Magnetic materials for DC-DC converters operating in the MHz frequency
range

The point of reference for a discussion of magnetic materials for high frequency power
applications is ferrite. Its high resistivity makes it desirable for high frequency

applications as the high resistivity reduces eddy current losses to very low levels.
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However it is not the most desirable material for microfabrication. The high sintering
temperatures of standard high quality ferrites are difficult to combine with other steps of
microfabrication techniques [2.29]. Eddy current losses in magnetic alloys can be
controlled by using alloys in thin-film form. Furthermore ferrites can only be run at
relatively low flux levels, because they have low saturation flux densities (less than
0.1T) and rapidly increasing hysteresis losses at frequencies near 1 MHz or higher
[2.30]. Table 2.3 contains the details of various modern ferrite materials at high
switching frequencies [2.31-2.35]. Magnetic alloys used in recording heads have
saturation flux densities over 1T, and usually can be operated close to this level without
a disproportionate loss penalty. The ability to handle high flux is important in any

power application. However it becomes essential in a thin film microinductor or

transformer device.

There are a variety of thin film magnetic alloys but probably the most common and
best-understood alloy is permalloy, a NiFe alloy, in the range of about 79-82% Ni
concentration [2.37-2.38]. Table 2.4 compares the properties of thin film permalloy to a
typical MnZn power ferrite, Magnetics K. Perhaps the most important property is the
hysteresis loss. Whereas in ferrite, this is a salient limitation, the hysteresis loss in NiFe
films can be, in principle, zero with magnetic field annealing. This will be explained in
detail in section 5.3. Permalloy has a saturation flux density of approximately 1.0 T at
room temperature and due to the relatively high Curie temperature (500-520 °C) the
saturation flux density degrades little at high temperature. It decreases 10% at 130°C an
advantage compared to ferrites that typically have Curie temperature around 240°C
leading to a decrease in saturation flux density of about 35% at the same temperature.
NiFe has a resistivity of approximately 20uQ.cm and permeability similar to power
ferrites. In terms of manufacture, NiFe can be deposited by electroplating allowing the

substrate to be kept at a low temperature unlike the high sintering temperatures of

ferrite.
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Frequency

Material

Core loss, W/m? for various peak flux density, mT

200

100

80

60

40

20

10

100 kHz

Ferroxcube
3C96

370

45

22

Ferroxcube
3F4

200

100

40

Magnetics
K

700

95

42

20

200 kHz

Ferroxcube
3C96

170

95

42

Ferroxcube
3F4

430

230

100

30

Magnetics
F

2000

380

200

95

30

500 kHz

Ferroxcube
3C96

1400

800

380

135

Ferroxcube
3F4

1000

520

70

Magnetics
K

900

410

180

42

700 kHz

Magnetics
F

1850

750

180

40

Ferroxcube
3F4

2000

1000

350

53

Magnetics
K

2050

950

250

30

1 MHz

Ferroxcube
3F4

2000

400

85

Ferroxcube
3F45

1100

250

55

Magnetics
K

4200

500

70

3 MHz

Ferroxcube
3F4

2000

400

Ferroxcube
3F45

1100

250

Magnetics
K

4200

500

5 MHz

Ferroxcube
4F1

1200

300

10MHz

Ferroxcube
4F1

850

Table 2.3 Core losses for various commercial ferrite materials [2.31-2.35]
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Property Nickel-Iron (NiFe) Magnetics "K"

Hysteresis loss Near Zero 30 W/em?® at 1 MHz
0.2T*

Resistivity 20x10°%Q /m 20 Q/m

Relative Permeability 2000 1500

B, 1T 046 T

Bsat at High -10% -35%

Temperature

(130°C)

Useable flux density 1T 40 mT at 1 MHz

at High Frequency > 20 MHz*

Table 2.4 Properties of Permalloy, NiFe [2.15], and a Typical High Performance
MnZn Power Ferrite (Magnetics K [2.36])

The desirable characteristics of magnetic core materials for power inductor and
transformer components can be summarised as follows: high saturation flux density to
obtain a high power density device; reasonable relative permeability, 100-2000, to
obtain high inductance with reduced number of winding turns, limiting the contribution
of winding loss due to short wire length; high core resistivity to reduce eddy current loss
at high frequency; low hysteresis loss for improved efﬁciencyg ease of deposition; and
capability of integrated fabrication with ICs. The aforementioned material properties
indicate the potential advantages of electroplated alloys versus ferrite.  The
disadvantage of the alloys in comparison to ferrite is low resistivity. Potential solutions
to this problem in the form of deposition parameters and thin film lamination are

investigated in Chapters 5, 6, 8 and 9.

2.5 Summary

The fundamental design equations, quantities and units have been introduced. The
magnetic properties and behaviour of ferromagnetic materials has been outlined. Ferrite
and thin film alloys have been compared and it is apparent that thin films have the
necessary prerequisite to improve component efficiency. The limited operational flux
density of ferrite and increasing hysteresis loss restricts further increases in frequency of
operation. With limited flux density, <0.2T, relatively large core areas are required with

reducing power density.
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Eddy current loss is related to film resistivity and permeability, frequency of operation
and volts per tumn. Therefore, the ability to tailor the resistivity via lamination and
permeability via magnetic field annealing is an advantageous benefit of thin films

versus ferrite.
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Chapter 3

Literature review of power magnetic components

3.1 Introduction

This chapter presents a literature review of power magnetic components. Section 3.2
builds on the overview of Faraday’s law, Ampere’s Law and Lenz’s law and provides a
more detailed description of inductor and transformer operation using equivalent circuit
models. An introduction to Switch Mode Power Supply (SMPS) is presented in section
3.2. The operation of the most common forms of DC-DC converter, namely the buck,
boost, buck-boost and flyback are described in section 3.3. The fabrication of
conventional power magnetic devices is then preceded with a review of some of the
most recent research activities and developments in state-of-the-art microscale magnetic
components, section 3.4. Section 3.5 presents a summary of the deposition techniques
for fabricating thin film alloys and presents the case for electrodeposition. Lastly,

section 3.6 reviews the most recent high performance magnetic components.

3.2 Basics of passive power inductive components
This section builds on the overview of Faraday’s law, Ampere’s Law and Lenz’s law
and provides a more detailed description of inductor and transformer operation using

equivalent circuit models.

3.2.1 Inductors

An inductor is a circuit element that consists of an electrically conductive wire
commonly in the form of a coil. Coil-wound inductors usually possess a core around
which the wires are wound; the type of core and winding geometry categorises them
[3.1, 3.2]. The core material, reviewed in Chapter 2 for this particular application, is
ferromagnetic. The basic operating principles of inductors are as follows: a current
passing through a coil of wire will produce a magnetic field whose variation induces an
electromotive force (emf) that opposes the field producing current. Thus, the coil tends
to impede changes of current. The important parameters of inductors are reviewed
briefly [3.3-3.5]. The inductance (L) of inductors is defined as

L=7;_“ 3.1)
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where A is the flux linkage and i is time-varying current. Any inductor will have some

direct current resistance,R,., and induces ohmic losses in its coils.. When an

alternating current is passed through the inductor, an additional resistance, called

winding resistance R occurs from the skin effect inside the coils. As the core is

winding 3
also lossy, the resistance generated from hysteresis, R, . » €ddy currents R, .,rew »

and excess loss R, are present [3.6-3.8]. These losses can be explained by the

impedance measured across the coils in response to AC sinusoidal excitation. The

impedance of the inductor, Z;u.c0r, at any given frequency can be expressed as:

Z =R+ j2rnfL (3.2)

inductor

Where R is the real part of the impedance, which acts like resistance and contributes to
power dissipation in the form of Joule heating; fis the frequency of the excitation, and L
is the inductance. This single equivalent resistance (R), which represents the sum of all

losses in the inductor, is called the effective resistance R of the inductor, and is

effective

expressed as [3.9]:

Regicine = Roining * Reor | (3.3)

effective winding

Rcore = Red:lycurrent + Rresidual + Rhysteresis ' (34)

The quality factor, Q-factor, of an inductor is a measure of its relative losses and is

defined as:
o= _27/L 3.5)
Reﬁ"ective Reﬁ"ective

Where X, is the reactance of the inductor. Here, both X, and R are functions of

effective
frequency. At low frequencies, X, usually increases with frequency at a rapid rate, but
at high frequencies X} decreases rapidly due to the reduction of L by the eddy current,

parasitic capacitance, and other effects. On the other hand, at low frequencies, R

effective

increases with frequency at a slow rate due to a combination of effects from R and

winding
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Roore, and at high frequency Rdiedie increases at a rapid rate due to the dominant effects

ofRcore- Fig 3.1 displays the frequency response of the impedance of an ideal and

practical inductor.

Figure 3.1 Frequency response of the impedance of an ideal inductor and a practical
inductor.

In a real inductor, each turn of wire acts as a capacitor, and the combined effect of tum-
to-tum and winding-to-core capacitance can be represented as a single capacitance,
called distributed capacitance Q, in parallel with the inductor. The parallel

combination of inductance and distributed capacitance resonates at some frequency

called the self-resonant frequency, f 0, (SRF). At this frequency the inductor will act as

a pure resistor; beyond that frequency, the capacitive reactance becomes dominant.
Therefore, a high self-resonance frequency is desirable in order to increase the operating
frequency of the inductor. This can be achieved by reducing the distributed capacitance
through careful winding design.  The inductor equivalent circuit representing
inductance, effective resistance, and distributed capacitance is shown in Fig 3.2 [3.1].
Therefore, Q usually increases with frequency at low frequency and decreases at high
frequency. Figure 3.3 illustrates the Q-factor response of a practical inductor with
frequency. A detailed analysis of Q can be found in Chapters 8 and 9.
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Figure 3.2 General equivalent circuit of an inductor

Figure 3.3 Q-factor response of a practical inductor with frequency

As the current through the coil of the inductor is increased, the flux density within the
core increases until saturation is reached, at which point the inductance decreases. Once
the core starts saturating, the inductance drops off rapidly with further increase in

current. DC saturation current, 792 is generally defined as the current at which the

inductance value falls by 20% of the original inductance value from the measured
inductance without the applied DC current [3.10].

The power density of an inductor in a switching mode power supply is an important
parameter. This value can be determined via the magnetic energy stored in an inductor
in a steady magnetic field [3.11]. An alternative method is via Faraday’s law;



yor % , (3.6)

di
With, V, the induced voltage across the component, and I the time varying current

through the inductor windings. Taking the integral of each side of Eq (3.6), this

becomes;
VT = LI 3.7

With the interval, T, being proportional to the inverse of the frequency;

r=l1 - (3.8)

With known values of inductance, L, and applied current, I, the induced voltage at a
particular frequency of operation can be calculated. The optimal output power can be
obtained through the measurements of V,, and I, output voltage and current,

respectively:

P=V

out

I, - (3.9)

In order to determine the efficiency of the device, the dissipation of power due to core

loss and winding loss must be calculated. The power loss due to residual loss, R, .q » 1S

negligible within the frequency range under consideration [3.6]. Therefore core loss is
considered as the sum of the hysteresis and eddy current loss. Through the calculated
| winding resistance, R, and known applied current, the power loss due to the windings,

Pcy, can be found:
P, =I°R (3.10)

The overall efficiency, 1, of the microinductor is then given by:
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7)=, r (3.11)

(Pout + pcore +PCu )

3.2.2 Transformer

Transformers are inductors that are coupled by a shared magnetic circuit, that is, two or
more windings that link some common flux, shown in Fig 3.4. The input current
flowing through the primary winding generates a time varying magnetic flux, and this
time varying flux will induce an output voltage coming out from the secondary winding
of the transformer [3.11-3.17].

Primary Secondary
winding winding

Np turns Ns turns
Primary Secondary
current current

Primary

voltage

\P

Figure 3.4 Schematic Diagram of a Transformer

A transformer is an alternating-current device that transforms voltages, currents, and
impedances. For the closed path in the magnetic circuit, shown in Fig 3.4, traced by

magnetic flux, the magnetic circuit can be expressed as:

N pip - N sis =®W (3.12)
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Where @ is the magnetic flux, R is the reluctance for the magnetic path, N i, and

Ni, are the number of turns and the current in the primary and secondary windings,

respectively.

According to Lenz’s law, the induced magnetomotive force (mmf) in the secondary
winding, opposes the flow of the magnetic flux created by the mmf in the primary

winding [3.18]. The reluctance is defined as,

R= (3.13)

£
HA,

Where [/ is the length of the magnetic path, p is the permeability of the core material,
and A, is the cross sectional area of the path. Substitution into Eq (2.4):

N,i, =N, =(DZAIT" (3.14)

c

If 4 —> o, then
b N (3.15)
ii, N,

v, =Np%) (3.16)
v, =N,‘2;f (3.17)

then the ratio of the voltages across the primary and secondary windings of an ideal

transformer is equal to the turns ratio, i.e.
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i (3.19)

The coefficient of coupling, which is dependent on the portion of the total flux lines that
cuts both primary and secondary windings, is defined as:

K = (3.19)

Where L is the mutual inductance, Lsp is the primary self-inductance and Lssis the

secondary self-inductance. The coupling coefficient is equal to 1, if Lp = "L spLss , this

would only occur is there were no leakage inductance. The model of an ideal
transformer is shown in Fig 3.5.

Figure 3.5 Model of an ideal transformer

A practical model of a transformer is shown in Fig 3.6. In a practical transformer, there
are some additional elements, such as primary leakage inductance, secondary leakage
inductance, equivalent magnetising inductance of primary, primary winding resistance,

secondary winding resistance, and equivalent resistance corresponding to core losses.
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Figure 3.6 Model of a practical transformer

The voltages of the practical transformer can be expressed as:

di di
Vo P X 1S
dt dt
di di
Vi ip is
HT~ ss~dt

The coefficient of coupling, K, is less than 15asz,ICB <Ylgts -

(3.20)

(3.21)

For high frequency applications the equivalent circuit of a transformer becomes more

complex with the consideration of parasitic capacitances. Fig 3.7 shows the equivalent

circuit of a high frequency transformer.

Figure 3.7 Equivalent circuit of a high frequency transformer



C,, C, and Care the primary shunt and distributed capacitor, secondary shunt and

distributed capacitor, and primary to secondary inter-winding capacitance, respectively.
As with the inductor the power density of the transformer can be determined via Eq
3.11).

In summary, inductors and transformers operate based on the same fundamental
principles. Both incur DC winding resistance and induced AC resistive losses,
emanating from the winding and core, parasitic capacitance and leakage inductance as a
result of the winding configuration. Even though the focus of this thesis is on the
design of magnetic components, effective design requires an understanding of the

application that is considered in the following section.

3.3 Introduction to switch mode power supplies

A switch mode power supply (SMPS) is an electronic power supply unit that
incorporates a switching regulator. The switching regulator is an internal control circuit
that switches the load current rapidly on and off in order to stabilise the output voltage.
Dependent on the output waveform, SMPS are categorized under one of the four
headings [3.19-3.21];

(1) AC-DC also called rectifier;
(2) DC-DC or DC-DC converter;
(3) AC-AC or frequency changer,
(4) DC-AC or inverter.

There are two main types of regulated power supplies available, SMPS and linear. The

advantages and disadvantages are summarized as follows;

(1) Size and weight: linear power supplies use a transformer operating at the mains
frequency 50/60 Hz. This component is larger and heavier than the
corresponding transformer of the SMPS, which operates at a higher frequency.

(2) Efficiency: linear power supplies regulate their output by using a higher voltage
in the initial stages and then expending some of it as heat to improve the power
quality. This power loss is necessary to the circuit. Resulting in a typical

efficiency of 30%-60%. SMPS draw current at full voltage based on a variable
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duty cycle, and can increase or decrease their power consuimption to regulate the
load as required. Consequently, a well designed SMPS will be more efficient.

(3) Heat/power dissipation: A linear supply must generate more heat to power the
same electrical load. Therefore, a SMPS will produce less heat.

(4) Electronic noise: SMPS generally do have noisier outputs than linear PSUs; this

is due to their higher frequency of operation.

SMPS are the current state of the art in high efficiency power supplies. Conventional
series-regulated linear power supplies maintain a constant voltage by varying their
resistance to cope with input voltage changes or load current demand changes. The
linear regulator can, therefore, be very inefficient. The SMPS, however, uses a high
frequency switch with varying duty cycle to maintain the output voltage. The output

voltage variations caused by the switching are filtered out by an LC filter.

In general, there are four different types of magnetic components for the typical SMPS.
They include the output transformer, output inductor, input inductor and the current

sense transformer.

1. The output transformer or “main” transformer takes the input voltage that is supplied
to its primary winding and then transforms the input voltage to one or more voltages that
are the output of the secondary winding or windings.

2. The output inductor is used to filter the output voltage so that the load “sees” a filtered
DC voltage.

3. The input inductor filters out the noise generated by the sWitching transistors so that
this noise is not transmitted back to the source.

4. The current sense transformer is used to help regulate the SMPS so that when the load

changes, the SMPS adjusts the power it is delivering to the load accordingly.

The work in this thesis does not focus on a specific type of transformer or inductor but
aims to improve the primary functions of these components; maximise power density

and efficiency, optimise the achievable inductance for a minimal component foot-print.

DC-DC converters are important in portable electronic devices, such as mobile phones,
laptops, and satellites, which are supplied with power from batteries. Such devices

often contain sub-circuits that require varying levels of voltage from those supplied by
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the battery. Additionally, the battery voltage declines as its stored power is drained. DC-
DC converters offer a method of generating multiple controlled voltages from a single
variable battery voltage, thereby saving space instead of using multiple batteries to
supply different parts of the device. An overview of four configurations of DC-DC

converter is provided in section 3.3.1.

3.3.1 DC-DC converter configurations
DC-DC converters convert one DC voltage level to another by applying a DC voltage
across an inductor, or transformer, for a period of time which causes current to flow

through it and store energy magnetically, Eq (3.22).

E= %1:12 ' (3.22)

Where E is the stored energy, L is the inductance and 7 is the applied current.

When the current flow is constant, an ideal inductor has no effect on the circuit other

than to store energy in the magnetic field in the inductor, illustfated in Fig 3.8.

i = constant =0
jd_l; = 0 _m___' E = _I_LIZ
dt no effect 2

Figure 3.8 Inductor response to constant current

Whenever the current is increasing, an inductor acts like a choke in that it impedes the
flow of current by producing a back emf, Fig 3.9. In this case the inductor acts like a
resistance in a circuit in that it causes a voltage drop across the inductor. Some of the

energy of the current goes into creating a magnetic field in the inductor.
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I = increasing V<0

E increases
dt voltage drop

Figure 3.9 Inductor response to increasing current

Whenever the current is decreasing, an inductor acts like a source of emf, Fig 3.10. The
energy in the magnetic field is converted to a positive potential creating an additional
current flow.

i = decreasing

di
— <0 E decreases
dt emfsource

Figure 3.10 Inductor response to decreasing current

Transformers replace inductors when multiple outputs or isolations between the source
and the load are required. Multiple secondary windings with the required tums-ratio
can provide the various outputs.

The variation of the current being applied or removed by the switch leads to the
introduction of converter duty cycle. Duty cycle is the pulse duration divided by the
pulse period and is shown in Fig 3.11. For a pulse train in which the pulse duration is

1ps and the pulse period is 4ps, the duty cycle is 0.25.

Am

Time

Figure 3.11 The duty cycle is defined as the ratio between the pulse duration and the
period (7) of a rectangular waveform.
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All converters can operate in continuous current mode (CCM) or discontinuous current
mode (DCM) [3.11]. In CCM the current through the inductor never falls to zero. In
some cases the amount of energy required by the load is small enough to be transferred
in a time lower than the whole commutation period. In this case, the current through the
inductor falls to zero during part of the period and is termed DCM. The only difference
in comparison to CCM s that the inductor is completely discharged at the end of the
cycle. Chapter 6 highlights from a design perspective the impact of mode of operation

on inductor geometry.

The various topologies of DC-DC converter can generate voltages higher, lower, higher
and lower or negative of the input voltage [3.21], Four fundamental topologies are the
buck, boost, buck-boost and flyback converters. The operations of these converters are
explained in sections 3.2.1.1-3.2.1.4.

3.3.1.1 Buck converter

The circuit for the buck converter is shown in Fig 3.12. The buck converter consists of
an inductor and two switches (usually a transistor and a diode) that control the inductor.
The switch alternates between connecting the inductor to source voltage to store energy

in the inductor and discharging the inductor into the resistor, the load.

Resistor

Figure 3.12 Circuit diagram of a buck converter

When the switch is on the current through the inductor rises, as the source voltage
would be greater than the output voltage, whereas the capacitor current may be in either
direction, depending on the inductor current and the load current. When the inductor
current rises, the energy stored in it increases. During this state, the inductor acquires

energy. When the switch is off and the diode is on the inductor current free-wheels
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through the diode and the inductor supplies energy to the RC network at the output.
The energy stored in the inductor falls in this state. In this state, the inductor discharges
its energy and the capacitor current may be in either direction, depending on the
inductor current and the load current. When it has discharged all its energy, its current
falls to zero and tends to reverse, but the diode blocks conduction in the reverse
direction. In this state both the switch and diode are off, the capacitor discharges its
energy and the inductor is at rest, with no energy stored in it. The inductor does not
acquire energy or discharge energy in this state.

3.3.1.2 Boost converter
The circuit for the boost converter is shown in Fig 3.13. A boost converter is a power

converter with an output DC voltage greater than its input DC voltage.

Inductor Diode

Resistor

Figure 3.13 Circuit diagram of a boost converter
The basic operation principle of a boost converter consists in 2 distinct states:

(1) Inthe on-state, the switch is closed, resulting in an increase in inductor current.

(2) In the off-state, the switch is open and the only path offered to inductor current is
through the diode, the capacitor, and the load (R). This results in transferring the
energy accumulated during the on-state into the capacitor.

3.3.1.3 Buck-boost converter

The buck-boost converter is a type of DC-DC converter that has an output voltage
magnitude that is either greater than or less than the input voltage magnitude. It has a
similar circuit topology to the boost converter and the buck converter. The output
voltage is based on the duty cycle of the switch. The converter is shown in Fig 3.14.



_ Diode
Switch
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i —  Supply J  Inductor Resistor

r; capacitor

Figure 3.14 Circuit Diagram of the buck-boost converter

The operating principles of the buck-boost converter are as follows:

(1) In the on-state, the input voltage source is directly connected to the inductor.
This results in accumulating energy in the inductor. In this stage, the capacitor
supplies energy to the output load.

(2) In the off-state, the inductor is connected to the output load and capacitor, such

that energy is transferred from the inductor to the capacitor and to the load
resistor.

Compared to the buck and boost converters, the characteristics of the buck-boost
converter are mainly:

(1) Polarity of the output voltage is opposite to that of the input

(2) The output voltage can vary continuously from 0 to -go, for an ideal lossless

converter.

3.3.1.4 Flyback converter

The previous converters have all utilised an inductor but the role of a transformer in
DC-DC converters has not yet been demonstrated. In many DC-DC applications,
multiple outputs are required and output isolation may need to be implemented
depending on the application. The flyback converter, which is an adaptation of the

buck-boost converter, is used for this purpose; the circuit diagram is shown in Fig 3.15.

As mentioned in section 3.2.3 the buck-boost converter works by storing energy in the
inductor during the on phase and releasing it to the output during the off phase. With
the transformer the energy storage is in the magnetisation of the transformer core. If
increased energy storage is required an air gap is included in the core. The output of the
ideal transformer depends on the tums-ratio. All transformers provide DC isolation
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between isolated windings. Specific isolation transformers also include shielding and
tailored winding configurations to prevent capacitive coupling between the windings.
Capacitive coupling can carry high frequency noise from the primary to the secondary

and vice versa [3.22].

Diode

Resistor

Diode

Resistor

(b)

Figure 3.15 Flyback converter (a) The inductor of the buck-boost converter is replaced
with a transformer, (b) the isolated output is achieved by removing the common
reference of the input and output circuits.

Overviews of four basic DC-DC converters have been presented. The transformer and
inductor within the converters are typically the largest components on the printed circuit
board (PCB). The effect of increased switching frequency on the size of these magnetic

components is discussed in section 3.3.2.



3.3.2 Frequency effect on passive components
The correlation between the physical size of a converter inductor and its switching

frequency is as follows:

Size is a function of inductance. The inductance value of an inductor is a function of
the component physical parameters, Eq (3.23). The number of turns, magnetic path
length and core cross-sectional area is dependent on the inductance required. Therefore

the area of the component is decreased with a reduction in the required inductance.

_A_NO_NBA_NA Ni

L=- . — UM —
i i i i l

2
L= _/iz/_‘_r_l]_v_’.4£. (3.23)

The inductance required to produce a voltage is inversely proportional to the switching
frequency. For a given current and voltage the required inductance is determined from

Faradays Law.

di .
V=L— 3.24
& (.24)

Where, dt is the off-time and di is the ripple current going through the inductor. Ripple
current is normally fixed in a design as a certain percentage of the full-load output

current, typically 5%. Rearranging Eq (3.23) for the inductance;

L=r% (3.25)
di

For a given ripple current and output voltage V, the focus moves to bringing down the
necessary value of L by reducing the off-time df via a shorter switching period.
Therefore, a decrease in the switching period, increase in the frequency, is the
mathematical key to reducing the required inductance. The reduction in transformer

size is also demonstrated by Faraday’s Law;
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y=n22 ' (3.26)
dt

In a different form:

VT = NAB (3.27)

Rearranging Eq (3.27);

na, =Y (3.28)
B

Therefore the area of the component can be traded off against the number of turns. Eq

(3.28) also highlights the advantage of operating at increased flux density.

3.4 Fabrication of power inductive components

The power level, 1-20W, that micromachined inductive components need to handle is
approaching that of low-power conventional magnetic components in order to meet the
power requirements of compact power applications. This implies that some of the
technologies utilised in the manufacture of conventional devices could effectively be
combined with micro-machining technologies to realize micro-machined devices.
Within this section, a general overview of conventional fabrication is presented

followed by suitable micro-machining approaches.

3.4.1 Review of conventional fabrication

Conventional transformers and inductors consist of a wound bobbin and magnetic core.
A typical example of their assembly is illustrated in Fig 3.16. There are various core
structures that can be utilised such as toroidal, U and C shaped cores, E cores etc [3.23,
3.24), examples of which are displayed in Fig 3.17. If the core is not toroidal and
consists of more than one segment i.e. EI, ER, the core will require assembly with either
a clip or high temperature glue. Cost comparisons between clipping and gluing are
complex and involve numerous factors such as material cost, manual labour, curing and

batch processing of glued parts, repair-ability etc. In a high-volume production
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environment clipping can be automated and typically turns out to be the more cost-
effective solution.

Figure 3.16 Construction of an inductor using two ER cores, a plastic bobbin and two
clips. The bobbin has pins to be soldered to a printed circuit board (PCB).

The windings are typically hand wound insulated cylindrical copper wire. The
components can be integrated as stand alone components that are “off-the-shelf’ or
tailored for a particular application. The drive towards higher power densities and
overall lower profile in switch mode power supplies has however exposed a number of
limitations in the use of these conventional magnetic structures. As mentioned in
Chapter 1, to achieve higher power densities an increase in the converter switching
frequency was necessary to achieve passive component size reduction. The increase in
frequency has led to a problem of increased winding loss due to the skin and proximity
effects in the round conductors particularly at frequencies above 100 kHz.
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RM core Toroidal Core

U core ER Core

Figure 3.17 Examples of core geometries commonly utilised in wound magnetic
components.

Planar magnetics emerged as a solution to the problem of increased winding loss and
reduced profile. The base elements of a planar magnetic assembly consist of a low-
profile core set, thin printed-circuit-board (PCB) windings and mechanical hardware to
secure the PCBs in the core set and to hold the core pieces together. Fig 3.18 is an
exploded view of a typical planar transformer using E-I style cores. Flexible circuits,
copper and Kapton laminates, and stamped-copper foils are other popular techniques for
planar magnetic construction [3.25].

The earlier applications of planar magnetics demonstrated the use of flat wide
conductors to reduce skin and proximity losses in windings (compared to round wire)
[3.26-3.29], and illustrated the control of other parasitics such as leakage inductance.
The repeatability of component characteristics also proved of considerable importance,
particularly for use in resonant topologies being used for converters switching in the 1-
10 MHz range [5, 6]. The main advantages of planar components are summarised
within Table 3.1[3.30-3.34].
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Figure 3.18 Planar magnetic component. The windings are fabricated within the PCB
enabling a reduction in high frequency winding loss and reduced component profile in
comparison to wire wound bobbin components.

Planar magnetic advantages Description

High Power Density Higher surface area to volume ratio than
conventional components

High Current Capability 200A per PCB layer winding

High Efficiency Typically 98% for most medium power designs

Good thermal Conduction Greater surface area for thermal transfer

Low Leakage Inductance Interleaving of windings

High Parameter Repeatability ~ Precise fabrication

Low EMI Emission Possible Closed core designs with internal winding shield

Application Frequency Range  20kHz-2MHz

Table 3.1 Advantages of planar magnetic components
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To reduce increases in winding resistance conventional components are sometimes
wound with Litz wire [3.11, 3.35-3.37]. Litz wire consists of many thin wires,
individually coated with an insulating film and braided, thus increasing the surface area
of the conductor and thereby reducing the skin effect and associated power losses when
used with high-frequency applications. A detailed definition of skin depth is contained
in Chapter 6. In an analysis of different winding configurations involving the use of
solid wire, Litz wire and PCB at 500 kHz, PCB windings had lower AC resistance
(approximately 85 - 90 %) than similar solid wire windings but higher than Litz wire
windings (approximately 115%). A reduction in the AC resistance of the PCB windings
would be possible with reduced track thickness, and increased track width to
accommodate the same current value, at the expense of increased component footprint.
At lower frequencies the benefit of Litz winding is not preferred, as the ac losses are not
detrimental and the braided wires reduce the window-filling factor. Above some
frequency, the proximity effect losses induced by the strands compénsate for all the
advantages of the Litz winding over the solid conductor winding. Therefore, we can
only benefit from Litz winding in a specific frequency range. Leakage inductances of

the PCB implementations are lower than both the solid and Litz wire implementations.

Despite improvements with Litz wire, planar fabrication permits a level of integration
that is simply not possible with conventional components. For example, if the planar
magnetic is to be mounted to a user motherboard with other electronics, it often
becomes very cost-effective to place the windings of the magnetic in the layers of the
motherboard rather than an external multi-layer PCB to house the windings. Compared
to their conventional wire-wound counterparts, PCB planar magnetic components can

lead to a significant reduction in size while still meeting international safety standards.

Planar magnetics have however some drawbacks. Although improving thermal
performance, planar magnetics have larger footprint area. The fact that windings can be
placed close together thus reducing leakage inductance has the usually unwanted effect
of increasing parasitic capacitance. The repeatability of characteristics obtained from
PCB windings also comes at the price of having a greater portion of the winding
window filled with dielectric material, thus reducing copper fill factor and limiting the
number of turns. The window utilization factor can be quite low (typically 0.25 - 0.3
compared to 0.4 for conventional magnetics) due to a typical inter-turn spacing of 150
pm and minimum dielectric thickness of 100 pm. In summary, planar magnetic

components have superseded conventional magnetic components for high frequency,
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high power density, low profile DC-DC converter applications. The following section
introduces the typical magnetic core materials utilised in wire wound and planar

magnetic components.

3.4.1.1 Review of conventional core materials

Magnetic components are typically comprised of metal alloy tape wound cores,
composite powdered cores and ferrite cores [3.11]. Metal alloy tape wound cores, using
alloys such as nickel-iron, exhibit high relative permeability of 60,000, high saturation
flux density (0.9 T) and insignificant energy storage. Unfortunately, the resistivity of
these metal alloys is quite low, normally < 20uQcm? To minimise losses due to
induced eddy current, these cores are built up with very thin tape wound laminations
typically > 15um. These thin tapes are normally fabricated via a rapid solidification and

cold rolling process [3.38-3.40].

Tape wound core applications are for 50, 60 and 400 Hz frequencies. At today's SMPS
frequencies (=100 kHz), eddy current losses are too great even with extremely thin tape
thickness. However, in SMPS filter inductor applications, gapped tape-wound cores are
sometimes used. With their properties suited to low frequency applications they are

normally included within conventional wire wound components.

Powder cores are made in three varieties: molypermalloy, high flux and KOOL MU,
The manufacturing process is similar for all three types. An alloy material is first
ground to a fine powder. The powder is mixed with an insulating material that
separates each particle from the next, thus increasing resistivity. The powder is then

pressed into toroidal shapes; the cores are then annealed and painted.

Composite powdered-metal cores, such as powdered iron, Kool My, and permalloy
powered cores do store considerable energy, and are therefore used in inductor and
flyback transformer applications. However, energy is not stored in the very high
permeability magnetic metal portions of the composite, but in the non-magnetic regions
between the magnetic particles — in the binder that holds the cores together. Essentially,
these composite cores store their energy in a non-magnetic gap that is distributed
throughout the entire core. These cores are manufactured and categorised by their
effective permeability, defined as the permeability of a hypothetical homogenous core

material with the same characteristics as the actual composite. Different effective
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permeabilities in the range of 15-200 are achieved by varying particle size and the

amount of magnetically inert material in the composite mix.

Composite powered metal cores are not normally used in true transformer applications
because their relatively low permeability results in high magnetising current and energy
storage. Similar to tape wound cores, at SMPS frequencies powdered metal cores are
quite lossy. Rounding of the B-H characteristic is another problem of composite
powered cores, and ferrites [3.11]. An ideal magnetic material exhibits a square
hysteresis loop characteristic with very high permeability and insignificant stored
energy until finally driven into saturation. This is called a "sharp saturation™
characteristic. A rounded or soft saturation characteristic exhibits a gradual reduction of
incremental permeability until finally the core is completely saturated. In composite
powdered metal cores, non-magnetic gaps exist between the discrete magnetic particles.
Similar non-magnetic inclusions occur among the sintered particles in ferrite cores.
These distributed non-magnetic regions cause significant rounding of the B-H
characteristic and increasing the area between the y-axis and vertical component of the

hysteresis curve resulting in energy storage within the core, Fig 3.19.

Flux Density B Energy storage

Figure 3.19 Representation of the area indicative of energy storage within a
magnetic material

The particulate structure of these core materials has two main effects: First, the
distributed reluctance of these tiny "gaps" causes the flux and the flux change to be
distributed across the entire core, rather than as a discrete flux change boundary

moving from inside to outside as depicted in an airgap core. Second, at low flux

61



densities, flux tends to concentrate in the paths of lowest reluctance, where the
magnetic particles are in close proximity. As the flux density increases these paths
areas are the first to saturate. Those portions of the magnetic particles that saturate
first become nonmagnetic, making these paths less "easy". Only by reducing the

operational flux density of the core can these two effects be avoided.

Therefore, the incremental inductance decreases substantially as the DC operating point
is raised. Typically, the inductance may be halved at an operating flux density of 0.4T,
only half way to saturation. The much greater saturation flux density, By,, of the
powdered metal cores compared to ferrite (0.8T vs. 0.3T) would permit a much smaller
inductor as a gapped ferrite for the same application, but at 100kHz and above, this is
seldom fulfilled because of the restrictions imposed by losses and rounding. Composite

powered cores tend to be restricted to low frequency SMPS filter inductor applications.

SMPS typically have inductors and transformers with ferrite cores. Ferrites are
manufactured from oxides of various metals such as iron, manganese, and zinc. Oxides
normally act as insulators and, therefore, ferrites have higher resistivity than magnetic
alloys, permitting them to function at much higher frequencies. The raw materials are
mixed and fired in a presintering kiln. They are then broken up into uniform particles,
and pressed into one of the many shapes desired, as shown in Fig 3.17. Since sintered
cores are a hard ceramic, further processing has to be done with a diamond grinding
wheel. The sintering process involves raising the temperature to 1300°C in about 3
hours, with 15 percent oxygen present. The cores are cooled slowly without oxygen
present to about 200°C in 20 hours after entry. A 15% linear and 40% by volume

shrinkage occurs during sintering.

MnZn ferrites are used in applications up to 1 or 2 MHz and include the power ferrite
materials used in switching power supplies. NiZn ferrites have lower permeability and
greater resistivity, and are used for frequencies > 1 MHz [3.40,3.41]. The relative
permeability of power ferrite materials is in the range of 1500 to 3000. A ferrite core
will store a small amount of energy. This undesired magnetising energy must be
subsequently dealt with in a snubber or clamp [3.11]. Ferrites popularity in SMPS
applications is due to the lower cost and core loss than the materials previously
discussed. A disadvantage of ferrite is its ceramic core, which is less robust than other

materials and not suitable for high shock environments, such as space and military

applications. Saturation flux density, B,,, of ferrite is much less than tape wound or
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powdered metal cores: 0.3T vs. 0.8T approximately. The amount of current that can be
applied prior to saturation is therefore limited. An air gap may be required for increased
current or increased magnetic path i.e. core area. Until recently the low saturation flux

density, B_,, was not viewed as an actual disadvantage. Beyond 100 kHz core losses

sat
within tape wound or powdered metal cores dominated core material selection.
However, thin film deposition techniques can now restrict the onset of core loss via the
fabrication of thin film laminates. Another drawback of ferrite is the high sintering
temperature, 1300°C, which is not compatible with IC integration. The application of
tape wound alloys, composite cores and ferrite cores in transformers and inductors are

reviewed in the following section.

3.4.2 Review of micromachined fabrication approach

Previous attempts to develop microscale magnetic components utilizing thin film alloys
have demonstrated improvements in device performance. However, these development
efforts have suffered from the slow and expensive deposition of the magnetic alloy
[3.42], limited bandwidth of operation due to film thickness, high relatively
permeability [3.43] or low saturation flux density [3.44]. In the light of these
developments an investigation into efficient component design, fabrication issues and
challenges and desirable material properties is appropriate in order to aid future research

towards more effective and cost effective device manufacturing.

The deposition methods of previously developed micro-machined power inductors and
transformers can be categorised as follows: (1) Hybrid fabrication with ferrite plate, (2)
Screen-printing of polymer/ferrite composite, (3) Sputtering of magnetic alloys, (4)
electroplating of conductive metallic alloy. Each of these methods is explained and

examples referenced.

(1) Hybrid fabrication with ferrite plate

In 1993, a planar power inductor using NiZn ferrite thin plates as a magnetic material
was fabricated in the size of 10mm x 10mm x 2mm and was applied to a 10W DC-DC
buck converter operating at 2 MHz, Fig 3.20 [3.45]. NiZn plates fabricated by
conventional high temperature sintering were used as a magnetic substrate and were
combined with sputtered copper fabrication technology in a hybrid manner. The
efficiency of the component at 2 MHz was 82%. Windings of spiral or meander

geometry instead of toroid were used because this permitted direct deposition onto the
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magnetic substrate. Note that a spiral or a meander winding can be simply attached or
fabricated on top of a magnetic substrate, since it is basically a 2D structure, while a
toroidal winding is a 3D structure having a magnetic core inside. The ferrite core and
winding structure is similar to that commonly used in planar magnetic components.
However integrated fabrication with electronic circuitry is more difficult because of the

high temperature required for ferrite sintering. Furthermore, low magnetic saturation
flux density (Bsa =0.3T) of ferrite results in an overall large device volume. The

vertical profile of these components is typically > 2mm.

NiZn ferrite

Figure 3.20 A schematic of a planar meander wound inductor enclosed by two NiZn
ferrite thin plates. Component dimensions 10mm x 10mm x 2mm [3.45],

(2) Screen printing ofpolymer/ferrite composite

In 1997, a ferrite-based integrated planar inductor was fabricated using screen-printed
polymer/ferrite composites and electroplated copper coils, Fig 3.21 [3.44]. Screen-
printed ferrites were cured at <300°C, which is more compatible with 1C fabrication

than the sintering temperature of standard ferrite fabrication. However, magnetic

relative permeability (/.. = 33) and saturation flux density (Bsa = 0.3T) of these ferrites
are inferior to the properties of typical magnetic alloys, (pr >500, Bmt > 0.1T). In 2005

a similar approach was used to fabricate a magnetic core for a MEMS actuator [3.46],
The magnetic properties exhibited no marked improvement; relative permeability
ranged from 15-25 and saturation density range from 0.4-0.5T.
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Figure 3.21 A two layer vertically stacked spiral type micro-inductor with ferrite
composite core: (Dimensions 2mm x 2mm x 50mm) [3.44],

(3) Sputtering ofmagnetic alloys and lamination technology

Magnetic alloys have been more widely explored than ferrites in realising
micromachined magnetic components due to their high saturation flux density and
relative permeability as well as fabrication compatibility with IC. Sputtered alloys for
micromachined magnetic components include various Co-based and Fe-based alloys
such as CoNbZr [3.47], CoFeSiB [3.47], NiFe [3.13], FeTaN [3.48] and FeBN [3.49],
In 1990, an integrated planar microtransformer with a magnetic core of CoZrRe was
fabricated on a silicon substrate using a low temperature dry process [3.50], A 5 pm
thick CoZrRe layer was deposited by sputtering and patterned by nitrogen ion beam
etching. In 1996, this transformer was integrated monolithically with Schottky diodes
on a silicon substrate to be used in a switching converter [3.51], To reduce eddy current
loss at high frequency, the magnetic alloy core was laminated by sputtered thin SiOi
insulation layers. The fabricated switching converter operating at 15MHz showed 0.3W
output at 35% efficiency. In 2000, an integrated thin-film inductor with sputtered 9pm
thick CoHfTaPd was fabricated on a 4 x 5mm power IC that included a PWM controller
and MOSFETSs [3.52], The sputtered core was annealed in a vacuum at 400°C under a
48 kA/m DC magnetic field to introduce uniaxial magnetic anisotropy to reduce
hysteresis loss. An output power of 1W was achieved with 76% efficiency by the
DC/DC converter module. This method of thin film deposition has a critical
disadvantage. Since electrical resistivity of most of these alloys is not high enough,
lamination is required for thick cores to suppress eddy current. Vacuum deposition is
relatively slower than other deposition methods; this technique requires a long process
time resulting in possible high fabrication cost. In addition the internal stress of vacuum
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deposited thin films tends to be high which can result in mechanical stability problems.
Patterning multi-layered films into the required core shape presents difficulties such as
the delamination of each film during wet etching. lon beam etching can be used for
patterning films [3.51], however this is a slow and therefore expensive process for thick
films. Another consideration is the effect of typical high temperatures that ensue during
deposition that may degrade the magnetic properties of the film. A recent application of
the sputter deposition technique, shown in Fig 3.22, was used to fabricate a micro-
transformer with a race track winding sandwich between two nickel-iron layers. This
component operated with an efficiency of 40% at 2MHz with a power density of 1.2
W/cm2 Most sputtered alloy approaches for micromachined magnetics have reported
output power of less than 1.5 W and total thicknesses of magnetic core of less than 15

pm.

Figure 3.22 Cross section through a fabricated micro-transformer showing turns of
copper conductors sandwiched between a two-layer, laminated magnetic core of Nickel-
Iron. The inductor footprint is 5.7 mm2[3.53].

(4) Electroplating ofAlloys

Electroplating is a common fabrication technique in the manufacture of microscale
magnetic components because of advantages like precise dimensional control with a
patterned photoresist, high deposition rate, ease of deposition, cost effectiveness, and
ability to alter material properties via additives or waveform parameters/shape. In 1994,
integrated planar inductors with electroplated NiFe cores were reported, and have
inductances of 0.4-0.IpH and sizes of 4mm by 1mm, Fig 3.23 [3.54, 3.55]. In 1996
switching boost converters operating at 300 kHz were demonstrated using these
inductors with power output of less than ImW [3.56]. The performance of these
inductors degraded at higher frequencies due to eddy currents within the core. Better
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performance in the MHz switching frequency required lamination of the core. The
disadvantage of creating horizontal laminations is the repeated deposition of insulation
layers, seed layers, deposition and patterning of photoresist for the proceeding magnetic
layer. The fabrication time for such a process would be unacceptably long and with
numerous varying deposition steps would become problematic. In 2002 a sacrificial
layer approach was developed to overcome this problem. Alternating layers of nickel-
iron and copper were electrodeposited, the copper layers were subsequently wet etched
leaving the nickel-iron layers attached to a nickel-iron frame [3.57]. Use of this
inductor in a regulated DC-DC boost converter circuit (7-12 V) operating at 2.2 MHz
yielded 1.9 W power output at 71% efficiency [3.58],

Figure 3.23 Fabricated micromachined inductor with DC electroplated nickel-iron core.
The core is seen enclosed by the windings. The dimensions of the inductor are 4mm X
1mm x 0.13mm, length, width and height respectively [3.54],

3.5 Summary of deposition techniques

The important properties of the deposition methods related to the fabrication of

micromachined power inductive components are compared in Table 3.2.
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Properties Ferrite plate Ferrites- Electroplated | Sputtered
polymer alloys alloys
composite

Material cost Low Low Low High (1,2)

Deposition rate | - - 20 A/s 1-10 A/s

Deposition - - Few hundreds | Few tens of

thickness of microns microns (3)

Power density | Low Low High High

4

Integrated No Yes Yes Yes

fabrication

with IC

Lamination No No Yes Yes/No (5)

requirement

Table 3.2 A comparison of deposition methods for micromachined power magnetic
components

(1) The price of common base materials like cobalt is 4 times higher than that of
nickel

(2) There is material wastage through the patterning process

(3) Patterning difficulty in addition to film stress issues limits the thickness

(4) According to magnetic saturation of materials

(5) Some high resistivity sputtered material do not require lamination of core [3.59].

In reference to Table 3.2, electrodeposition is viewed as the more favourable fabrication

process and will be investigated within this thesis.

3.6 Review of state of the art power magfnetic components

Previous power magnetic components that have been developed for miniaturised DC-
DC converters are compared in Fig 3.24. The solid reference line shown in Fig 3.24
indicates a power density of 40mW/mm?. Largest power handling (10W) was achieved
in the case of the ferrite plate approach using a similar fabrication process to that of the
conventional technology for ferrite cores. However, the volume of the device tends to
be bulky due to the material utilised. The highest power density is observed in the
sputtered alloy approach. However, the material cost in this approach is generally
expected to be higher than other magnetic materials. Maximum deposition thickness is
also limited to few tens of microns due to patterning difficulty and internal film stress
issues. Components using electroplated alloy cores have suffered from high eddy

current loss resulting in poor power density. A resolution to the eddy current issue,
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electroplated alloys are expected to be a promising magnetic material for high power,
small volume magnetic components in high frequency DC-DC converter applications.

Device Volume (mm1)

Figure 3.24 Previous power magnetic components: power density vs. device volume.
The straight line indicates a constant power density of 40mW/mm3 Electroplated [3.56,
3.60], Sputtered [3.62, 3.61, 3.50, 3.13, 3.48], and ferrite [3.45, 3.64, 3.63],

Over the last 15 years, the majority of the research work on thin film magnetics, has
focused on the integration of inductors into low power, non isolated converters. Among
the most significant contributions to this research has been the work of Sullivan [3.12,
3.13,3.35,3.59] and Allen [3.14,3.54-3.58], Currently most of the research has focused
on the integration of magnetics for low power converters with currents typically less
than 1 A. With the predicted trends in power density growth as discussed in Chapter 1,
components will have to operate efficiently at far greater applied current levels.
Sullivan investigated the use of integrated inductors for the power supply of
microprocessors, where the overall current requirements may be of the order of
hundreds of amps. Single “V-groove” inductors were developed with an inductance of
6nH and designed to carry up to 7 Amps [3.59], Unfortunately the current handling
capability of this structure is offset by its low inductance value; many applications

within the 1-20 MHz range require inductance in the order of pH.
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It is clear that significant improvements are required in the development of microscale
magnetic components. To maintain compatibility with IC processing, fabrication
temperatures must be low (e.g., less than 450°C), which rules out the use of sintering
techniques, and thus ferrites, for the magnetic material. The main challenge for the
integration of magnetics is to find a cost effective means of developing a high power
density core. Two methods of achieving this are: (1) optimised core material or (2) a
cost effective method of constructing numerous thin film laminations. Therefore, this
thesis explores the influence of electrodeposition parameters on the electric and
magnetic properties of the alloy in Chapter 5. In addition, methods of producing thin

film laminations are investigated in Chapter 8 and discussed in Chapter 10.

The second challenge for the functional integration of magnetic components is to
achieve sufficiently low winding resistance. This requires the use of thick copper
conductors so the only feasible techniques for deposition of the conductors is
electroplating. There is a trade-off between the higher inductance and the higher
winding resistance that results from an increased number of turns; this will be explained
in detail in Chapter 6. The challenge is to achieve low winding resistance so that

current handling can be increased while at the same time achieving high inductance.

With an optimised microinductor or transformer fabricated via high volume batch
processing it may be cost effective to connect several components, in parallel or series

to meet current or inductance requirements for certain applications.

In summary, current capacity of microscale magnetic components must be increased,
but not at the expense of power density and achievable inductance. New core materials
and new fabrication techniques need to be investigated to enable power microscale
magnetic components. Component efficiency for transformers and inductors, in order
to rival planar components, must be in excess of > 90%. Electrodeposition has been
proven to be the favourable method of thin film deposition and will be described in the

next chapter.
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Chapter 4

Electrodeposition of Nickel-Iron

4.1 Introduction to Electrodeposition

This chapter introduces the process of electroplating. Electrodeposition is used for the
fabrication of the magnetic core and windings. Therefore, it is necessary to review the
theory of the electrodeposition process. Section 4.1.1 contains an overview of the
governing principles of electroplating and the analytical equations used to describe the
process. Prior electrolyte systems used to investigate the properties of Nickel-Iron are
covered in section 4.2. A review of anomalous co-deposition is provided in section 4.3.
An advantage of this alloy is the ability to tailor the films properties during deposition
via magnetic field annealing, a description of this process is provided in section 4.4,
Preliminary experiments using a DC waveform deposition are presented and results
discussed in section 4.5. The chapter concludes with a discussion of the preliminary

data presented, section 4.6.

4.1.1 Basics of Electrodeposition

The electrodeposition of metallic films has been known for a long time and used for
manufacturing a variety of products i.e. PCB tracks, mirrors, corrosion resistant
surfaces, etc. In its simplest form, the electrodeposition bath consists of an electrolyte
containing metal ions, an electrode or substrate on which the deposition is desired, and a
counter electrode, referred to as the anode. When a current flows through the
electrolyte, the cations and anions move toward the cathode and anode, respectively,
and may deposit on the electrodes after undergoing a charge transfer reaction [4.1]. The

simple electrodeposition system shown in Fig.4.1 consists of the following components:
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Power Supply

Catirode

Figure 4.1 Schematic representation of a simple electrodeposition bath.

Electrolyte. The electrolyte or bath provides the ions to be electrodeposited. It has to
be electrically conductive; it can be aqueous, non-aqueous, or molten but it must contain
suitable metal salts. Additives are sometimes included to improve the quality of the
electrodeposit. An ideal additive should not become incorporated in the film but should

lead to improvement of its adhesion, surface finish, uniformity etc.

Electrodes. At least two electrodes, cathode and anode, are needed. An applied electric
field across these provides the main driving force for the ions. The positive (M) and
negative (X) ions deposit on the cathode and anode respectively. Cathodic deposition is
more popular in the electroplating because (1) most metal ions are positive ions and (2)

anodic deposition has been found to give poor stochiometry and adhesion.
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Power Supply. The power supply can be (1) direct current at constant voltage which
leads to potentiostatic deposition; (2) direct current at constant current which leads to
galvanostatic deposition; or (3) a current or voltage wavefonn or pulse. There is a

variety of electrical wavefonns that can be used for electroplating but the three
considered in this thesis are shown in Fig.4.2.

A DC Waveform Pulse Waveform

current current

time

time

*

Pulse Reverse Waveform

current

time

Figure 4.2 Illustration of (a) Direct Current, (b) Pulse and (c) Pulse Reverse waveforms
used in electrodeposition.

The mass, Am, deposited over a unit area to the current densityj flowing for a time / are

given by the Faraday’s laws such that:

Am =const Xjt -C gjt (4.2)

Where Cc is the chemical equivalent. The rate growth of electrodepositcd material per

unit area can be written as

a,,=0 4.2,
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If z is the ionic charge, then j/zF gives the growth rate of the electrodeposit in gram
molecules of the substance. F is the Faraday constant or 96500 C. On the application

of an electric field, the ions M?* move to the cathode and the elemental

electrodeposition process can be written as

M* +ze> M 4.3)

If the electrolyte contains more than one ionic species that can be simultaneously
deposited, as in our Ni-Fe deposition system, then the electrodeposition process for two

types of ionic species can be written as

M*+e->M,N"+e—> N

or

M*+N*+2e>MN

The expression above provides a simplistic description of electrodeposition and in

reality the process is more complex [4.2].

4.2 Electrolyte Systems for Nickel-Iron deposition

This section provides an overview of prior work in the field of nickel-iron
electrodeposition. The results of various electrolytes are discussed and their primary
findings highlighted.

4.2.1 Sulphate and chloride electrolytes

Glasstone and Symes investigated the variation of the deposit composition with Fe
content of the bath, total metals concentration, current density, agitation, temperature,
pH, and type of buffer from buffered solutions of ferrous sulphate and nickel sulphate
[4.3, 4.4]. This first extensive and systematic study demonstrated that, with an initially
low but increasing current density, a rapid increase in iron content occurs until a peak-
maximum in iron content is reached. As the current density increased further, the iron

content of the alloy gradually decreased. This decrease in iron content with increasing
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current density was attributed to mass transfer limitations on the deposition of Fe. The
maximum in Fe content versus current density therefore indicated the value of current
density above which mass transfer effects become noticeable. Consistent with this idea
is the observation that for more dilute plating baths in this diffusion influenced region,
the Fe content of the alloy decreased more rapidly with increasing current density. The
maximum in Fe content versus current density was found to be highly dependent on the
relative amount of ferrous ions in the solution. The maximum Fe content was
independent of pH in the range studied (pH 3.2-5.2), but the pH had an effect on the

current density at which the maximum in Fe content occurred.

Dahms and Croll examined how the pH near the cathode surface affected the
composition of Ni-Fe alloys using a sulphate solution with no additives [4.5]. Through
use of a rotating disk, variation of metal ion concentration and polarization curves, an
explanation of anomalous deposition was developed. They concluded that a rise in pH
near the cathode surface caused formation of iron hydroxide species which inhibits Ni

deposition.

Horkans, using a rotating disc electrode system, with 0.5M Ni** and 0.01M Fe** studied
the current efficiency and deposit composition of Ni-Fe alloys as a function of plating
bath variables and boric acid content for both chloride and sulphate electrolyte systems
[4.6, 4.7]. This work led to a direct comparison between chloride and sulphate
electrolyte systems under similar conditions. Deposits produced from sulphate
electrolytes contained a higher percentage of iron than deposits produced form chloride
electrolyte. An explanation of these results was based on Dahm’s and Croll’s model of
Ni-Fe electrodeposition [4.5]. Weak complexation of Fe by chloride ion, hindering the
formation of surface iron hydroxides, was postulated as being responsible for the iron
content of deposits from chloride baths being less than that from sulphate baths. The
addition of boric acid resulted in an increase in the Fe content of the deposit at a pH of 3
for current densities less than 2 A/dm? for both sulphate and chloride baths. At pH=2,
addition of boric acid had only a small affect on composition and no affect at a current
density of 2 A/dm?2. Boric acid had little effect on current efficiency, but did result in an
improvement in the appearance of the deposit. Today it is common place for boric acid
to typically be used in various electrolytes as a brighter to improve the appearance of

deposits.
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4.2.2 Sulfamate electrolytes

A sulfamate electrolyte can be advantageous due to the high solubility, stability and
non-toxic nature of metal sulfamates. Sulfamate baths have also been reported to yield
deposits with low internal stress [4.8]. The first use of metal sulfamates for the
electrodeposition of Ni-Fe alloys was carried out onto a wire substrate for the purpose

of forming memory elements [4.9].

Rama Char studied Ni-Fe deposition from acetate buffered sulfamate baths at pH 3.5 for
a wide range of compositions [4.10]. The effects of current density on composition of
the alloy followed the same trends as for sulphate baths. Cathode current efficiencies
increased with current density. However, a rotating cylindrical cathode resulted in a

large decrease in cathode current efficiency.

Sadakov fabricated thick (0.1-0.2mm) Ni-Fe films of various compositions from a boric
acid buffered sulfamate electrolyte at 60°C and pH=2.5 with a total metal content of
1.8M [4.11]. Anomalous deposition was observed for alloys which contained less than
90% Fe. An electrolyte containing a low peréentage of Fe displayed decreasing Fe
content within the deposit with increasing current density. A high Fe deposit
composition was relatively independent of density from 3 to 15 A/dm?. The variation of
the composition versus current density is in accordance with the trends discussed for
sulphate baths. An increase in internal stress of the deposits occurred with increasing
Fe content. However, the inclusion of saccharine and increased bath temperatures

reduced the internal stress of the deposits.

A comparison of electrodeposited Ni-Fe alloys from sulphate, chloride, and sulfamate
electrolytes has been reported [4.12-4.14]. For electrolyte systems containing less than
24% Fe of the metals, the sulfamate solutions resulted in deposits with a higher
percentage of Fe than the other electrolyte systems. The deposit composition was also

less dependent on current dénsity than for other electrolytes.

In addition to the more common chloride, sulphate and sulfamate baths, other plating
baths have been examined for the electrodeposition of Ni-Fe alloys, such as

pyrophosphate-chloride electrolytes, cyanide containing solutions, acetate, fluoroborate
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baths and electroless deposition from a sulphate electrolyte with a large excess of

tartrate using sodium hypophosphite as a reducing agent has been reported [4.13].

4.2.3 Periodic deposition of Nickel-Iron Alloys

Most research on electrodeposition of Ni-Fe alloys has focused on DC deposition.
However, current waveform modifications in the deposition of metals and alloys have
been the object of increasing research in recent years. Periodic currents, such as pulse
plating (PP) and pulse reverse (PR) plating have been observed to alter deposit
characteristics such as hardness, porosity, surface topography, internal stress, and the
crystal structure of deposits. A review on the fundamentals and applications of periodic

waveforms in electrodeposition was edited by Puippe [4.14, 4.15].

The first systematic attempt at an explanation of periodic current waveforms was
performed by Kovac who superimposed an AC current on a cathodic DC current [4.15,
4.16]. Acidic sulphate/tartrate solutions and alkaline citrate solutions (pH=9.25) were
used. In the acidic solutions an AC superimposed on DC current waveform (iavg = 0.2
A/dm?) resulted in a reduction in anomalous deposition if the waveform frequency was
less than 3 kHz. This behaviour was explained in terms of oxidation of absorbed
hydrogen atoms. At frequencies less than 3 kHz the anodic pulse was of sufficient
duration that oxidation of absorbed surface hydrogen atoms could occur. This allowed
the pH and hence the amount of metal hydroxides near the electrode surface to decrease
during the anodic pulse to values closer to the bulk pH. With surface pH closer to the
bulk pH, the amount of metal hydroxide species formed near the cathode decreased

resulting in less anomalous deposition.

Shershadri studied Ni-Fe deposition from a dilute sulphate electrolyte system [4.17]. A
sinusoidal alternating current, either square or triangular, waveform was superimposed
on a direct current. The effects of pulse magnitude and frequency (10-50 Hz) on alloy
composition were studied. - If the magnitude of the superimposed alternating waveform
- was small enough such that no reversing waveform existed, then no effect on
composition was observed. When reversing current did exist, a reduction in Fe content
was seen. This was explained in terms of preferential dissolution of Fe during the

anodic pulse.
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Maksimovic described Ni-Fe deposition utilising a pulsed current, a pulse reverse
waveform and a superimposed alternating current at various frequencies up to 1 kHz
[4.18]. The PP waveform had no effect on composition. The PR waveform and the
superimposed alternating current both decreased the Fe content of deposits, with the PR

waveform having the most pronounced effect.

4.3 Anomalous Deposition

Nickel-Iron (Ni-Fe) alloys have been used in early magnetic recording head equipment
due to their magnetic properties and dimensional stability [4.19-4.24]. The main Ni-Fe
alloy of interest for microscale magnetic components applications within this thesis is

called permalloy and has a typically 80:20 composition.

Ni-Fe exhibits anomalous co-deposition phenomena. When Fe and Ni are deposited
individually from separate equivalent electrolyte systems at the same applied potential,
Ni deposits more rapidly than Fe due to the electrode potential of Fe*+/Fe (-0.45V vs.
Standard Hydrogen Electrode) compared Ni2+/Ni (-0.26V). However when Fe and Ni
are deposited from the same solution Fe deposits more rapidly than Ni. This
phenomenon of alloy deposits having an unexpectedly high amount of the metal with

the more negative reduction potential is called anomalous deposition.

For sulphate electrolytes, Dahms and Croll developed an explanation of anomalous
deposition. Using rotating disk electrodes with solutions containing 0.5M ferrous
sulphate, 0.5M nickel sulphate, and 0.01M H,SO,, Dahms and Croll investigated how
the pH at the cathode surface influenced the co-deposition of Ni-Fe alloys [4.5]. By
accounting for the net steady state diffusion of species normal to the rotating disk
cathode, an equation was derived which allowed the calculation of the pH at the surface
of the cathode as a function of the solution conditions and hydrogen evolution. The
theoretical pH at the electrode surface agreed well with experimental values determined
by the use of microelectrodes. It was assumed that hydrogen evolution at the cathode
resulted in an increase in the pH near the cathode. Dahms and Croll concluded that
anomalous deposition occurred only when the surface pH increased to values at which
metal hydroxide formation could occur (pH=6-7). When surface pH remained close to
the value in the bulk of solution, deposition was not anomalous i.e. the partial current

for Ni is greater than the partial current for Fe.
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The surface metal hydroxides suppress the deposition rate of Ni, but not Fe in solutions
that contained both Ni and Fe. According to prior work, when Ni and Fe are deposited
individually, this metal hydroxide formation near the cathode had no effect on the rate

of deposition.

In summary, electrolyte systems such as sulphates, chlorides, and sulfamates exhibit
anomalous deposition [4.25]. A collection of experimental results which illustrates the
anomalous nature of Ni-Fe alloy deposition is presented in Fig.4.3. In this figure the
percentage of Fe in the deposit is plotted as a function of the percentage Fe in the
solution. Under a variety of deposition conditions the Fe content of the deposit is
greater than in the solution. This is a universal trend observed in much of the literature
of anomalous co-deposition. Another characteristic of anomalous deposition concerns
the effect of deposition rate on the deposit composition, shown in Fig.4.4. This data
shows that with increasing current density the Fe content rapidly increases within the
deposit then levels off with further increases in current density. The levelling off of the
Fe content at high current densities is due to mass transfer effects. The current
efficiency for metal deposition increased with increasing current density or pH. The
increase in current efficiency with increasing deposition rate is illustrated in Fig.4.5 for
several electrolyte systems. This trend is attributed to the mass transfer effect on
hydrogen evolution due to the fact that the current efficiency for metal deposition is

similar for the various electrolyte systems.

A feature of the electrodeposition process of Ni-Fe not covered yet is the plating of
anisotropic as opposed to isotropic magnetic films. To fabricate the anisotropic Ni-Fe,
electrodeposition takes place in the presence of a magnetic field. With a small DC
magnetic field applied in the hard axis direction and equal to the anisotropy field of the
magnetic film, Hy (300 A/m), the easy axis permeability assumes a very large value
[4.26]. A description with illustrations and reference to an analytical model is contained

in the proceeding section.
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Figure 4.5 Current Density vs. Current Efficiency.

4.4 Magnetic field annealing during electrodeposition

Hysteresis loss in Ni-Fe films can in principle be eliminated if changes in
magnetisation proceeded by coherent rotation of the magnetisation in a single
domain as opposed to domain wall motion. This is achieved by controlling the

magnetic anisotropy [4.23, 4.26].

A film of Ni-Fe deposited in the presence of a DC magnetic field parallel to the plane of
the film, develops an "easy-axis" of magnetisation in the direction of the applied field.
With no applied field, the magnetisation of an anisotropic film will align with the easy
axis, as shown in Fig 4.6(a). If a small field is applied in the opposite direction (still
aligned with the easy axis), initially nothing will happen, since the magnetisation is
already in a stable equilibrium, Fig 4.6(b). If the applied field is further increased it
eventually reaches a threshold at which point the magnetisation suddenly flips to align
with the applied field, Fig 4.6(c). This switching behaviour is lossy and leads to a wider

hysteresis loop i.e. greater coercivity.

If the magnetic field is applied perpendicular to the easy axis, but still in the plane of the
film the behaviour is illustrated in Fig 4.7. Initially with no applied field, the
magnetisation still lines up with the easy axis, Fig 4.7(a). If a small field is applied in
the hard axis direction, the magnetisation immediately rotates slightly in the direction of
the applied field, Fig 4.7(b). As the field is increased the magnetisation rotates further,
Fig 4.7(c). This process is reversible; a decrease in the applied field will result in the

magnetisation rotating back to the smaller angle. This implies that it has a single value
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lossless hysteresis loop.
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Figure 4.6 Behaviour of magnetisation with field applied in the easy-axis direction.
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Figure 4.7 Behaviour of magnetisation with field applied in the hard-axis direction.

For MHz applications the hard axis loop is preferred. The performance of Ni-Fe films
at low frequency does not degrade with increasing frequency, with frequencies up to
100 MHz predicting similar performance [4.23, 4.27-4.28]. Thus, coherent rotation can

be used to almost completely eliminate hysteresis loss.
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4.5 Experimental results for DC Nickel-Iron electrodeposition
This section outlines the data recorded from the preliminary investigation into Ni-Fe
electrodeposition. The experimental set-up, description of analysis procedure and

discussion of results for the DC deposition of Ni-Fe are presented.

4.5.1 DC Plating Cell
The DC waveform is the simplest waveform with the only variable being the cathodic
current density. Ni-Fe samples with varying composition were fabricated with DC

deposition with the Niy,Fe,, composition the primary area of interest. Nig, Fe,, is the

film of interest due to its high saturation flux density of approximately 1T, good relative
permeability, low coercivity and near zero magnetostriction. A sulphate electrolyte was
selected due to its well documented properties during the extensive research into Ni-Fe
deposition covered in section 4.2. The composition of the electrolyte is provided in
Table 4.1.

The experimental set-up was custom made and consisted of two stationary parallel
planar electrodes. The plating cell was a 2 litre beaker containing the electrolyte, a high |
purity sacrificial nickel anode, at a positive potential, and a wafer holder cathode
constructed of tough-set plastic, at a negative potential. The anode and cathode are
approximately 7cm apart. The cathode is a 3 inch glass wafer with a highly conductive
seed layer of titanium and copper. A 10um thick layer of AZ 9260 photoresist is
applied and patterned to the seed layer. The exposed regions of the seed layer outline
the profile of the core geometry. The deposition of the seed layer and patterning of the
photoresist are covered in Chapter 7. The cathode holder was constructed from tough-
set as this material is chemically resistant to the electrolyte, therefore would not erode
and contaminate the electrolyte. The plating cell has a lid to limit environmental
contamination such as dust from entering the electrolyte. The constructed cell can be
viewed in Fig.4.8 (a) & (b). The plating cell of Fig 4.8 is sufficient for preliminary
experiments. However reliable and repeatable manufacturing would require monitoring
of the depleted iron, e.g. acoustic wave monitoring [4.29], filtration, controlled agitation

etc.

The influence of intrinsic thin film properties, discussed in Chapter 2, highlighted the

importance of performing the magnetic characterisation in-situ. Therefore the
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electrodeposits analysed are of exact dimensions to that incorporated into prototype

devices in Chapter 7.

Component: NiFe Quantity
NiS04.6H20 200 (g/1)
NiCl2.6H20 5 (g/1)
FeSOAIH 20 8 (9/1)
HiBOi 25 (9/1)
Saccharin 3 (g/1)

pH 2.5-3
Temperature 25-30°C
Current Density 13 mA/cm2

Table 4.1 Electrolyte composition of Nickel-Iron.

(@) (b)

Figure 4.8 Ni-Fe electroplating cell (a) Electroplating cell positioned on top of a hot-
plate and stirrer with a DC power supply, (b) Image of the cathode wafer holder,
background, and sacrificial nickel anode, foreground.

The nickel sulfate NiSOA6H?20 and nickel chloride NiCI2.6H20 each provide Ni2+

ions. The ferrous sulfate FeSOAJH 20 provides Fe2+ions. The Ni-Fe bath is prepared

by first weighing the various constituents of the electrolyte. The components are then
mixed in a glass beaker, and the beaker is filled with DI water to 2000 ml. A magnetic

stirrer is used to stir the bath overnight. In addition to the metal salts, the bath also

contains boric acid, HiBOi, and saccharin. Boric acid is a buffering agent that is used
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to stabilize the pH in the cathode film. The saccharin is added to the solution to reduce

the residual stress in the metals deposited.

During deposition the plating cell is removed from the hotplate and stirrer. The hotplate
and stirrer contain a magnet. The magnet could create undesired domain alignment
during deposition and affect the magnetic response of the alloy. Agitation was not
applied during deposition but reapplied when the plating cell was returned to the

hotplate and stirrer to help maintain a uniform distribution of Ni and Fe ions.

4.5.2 Experimental analysis of DC Ni-Fe

Firstly, the area of exposed seed layer for the cathode wafer was determined. Values of
applied current in accordance with prior work, section 4.2, were selected to produce a
current density in the range of 5-50 mA/cm? To apply this current to the cathode the
voltage of the power supply must overcome the ohmic resistance of the electrolyte.
With the anode and cathode connected to the positive and negative terminals of the
power supply, respectively, the voltage value was incremented until the required current
was applied. A voltage 10% greater than the minimum was applied to account for any

changes in resistance that may occur during deposition due to the depletion of ions.

The rate of deposition, or deposit growth rate, for the range of current density values

was estimated:

Thi = J.MW time (4.4)
oy, Faraday.n,,

Where Thk is the thickness of nickel deposited in cm; J is current density (A/cm?); MW
is molecular weight of nickel (58.71 g/mol); Time is the plating time in second; &, is
the density of nickel (8.9 g/cm3); Faraday is a constant (96488 C/mol);n,, =2 is the

number of electrons.

The Fe content of the electrolyte is less than 4% of the electrolyte composition
compared to Ni sulphate and chloride content, and, due to the anomalous codeposition
effect, a Ni rich alloy is anticipated. The molecular weight and density of Ni are

therefore used in Eq(4.4). The results of Eq(4.4) are displayed in Fig 4.9 which displays
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a trend of increased deposit thickness with time, and increased growth rate with

increased current density.

Figure 4.9 Deposition rate of Ni at varying values of current density. The deposition
rate of Ni is used as a guide to the deposition rate of Ni-Fe.

4.5.2.1 White light interferometer analysis

The actual deposition rate was recorded using white light phase shifting interferometer
Zygo Viewmeter 5200. Firstly, a reference measurement with the patterned cathode
wafer prior to any electrodeposition was recorded. The same measurement was then
performed at the mid-point of the estimated deposition period followed by a final
measurement at the end of the period. The recorded results for 5mA/cm2 and
10mA/cm2 exhibit a similar linear growth in deposit thickness with constant current
density and increasing time. The analytical error compared to the experimental data
was under 10%. This difference is attributed to the non-ideal values for Ni-Fe in

Eq(4.4) and chemical side reactions such as hydrogen evolution.

Fig.4.10 displays an image of the 3D plot obtained by the Zygo Viewmeter 5200 for an
electroplated Ni&Fe2 deposit. The surface profile of the thin film displays a deposit

surface with minimal pitting. The DC electroplated sample exhibits current crowding

effects in the comer of the deposit. The photoresist is an insulator and forms a mould
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for the electroplated structure, areas of unexposed seed layer results in a non-uniform

distribution of current and therefore of deposit. This is illustrated in Fig 4.11.

Figure 4.10 Zygo NewView images of DC electroplated NimFe20. The images display

the phenomenon of current crowding which is most prevalent in the comers of the
deposit.

Insulating
Photoresist

Figure 4.11 Illustration of the current crowding phenomena that occurs due to non-
uniform distribution of current density.

Micro-inductor and transformer applications require a core material with uniform cross
sectional area (c.s.a). Non-uniformity of the core c.s.a produces a non-uniform
distribution of magnetic flux. Areas of the core will become hot-spots due to flux
crowding and become prone to thermal failure. In addition, a non-uniform flux density

will generate errors in analytical predictions of inductance and core loss that typically

assume a uniform flux density.

92



4.5.2.2 SEM-EDX Analysis
Scanning Electron Microscope with Energy Dispersive X-ray analysis (SEM-EDX)
examined the surface profile and composition of the electroplated films. The SEM

image of the Ni&Fe2deposit is displayed Fig 4.12; the image shows the deposit to be

smooth and relatively defect free. Without the use of agitation during deposition there
was the possibility that hydrogen bubbles that evolve as side reactions within the
electrolyte could adhere to the surface of the cathode. In this circumstance the ions
cannot deposit on the surface of the cathode resulting in a pit or cavity forming in the
deposit. Pitting is undesirable as the overall core area is reduced and the pits act as

miniature air gaps increasing the levels of leakage flux.

Figure 4.12 SEM images of NiiOFe20 samples from the same wafer as Fig 4.10. The

samples exhibit a smooth morphology, high purity and minimal pitting. Pitting is
observable on the right hand side.

The output of an EDX analysis is an EDX spectrum as shown in Fig 4.13. The EDX
spectrum displays peaks corresponding to the energy levels of the X-rays released.
Each of these peaks is unique to an atom, and therefore corresponds to a single element.
The higher a peak in a spectrum, the more concentrated the element is in the specimen.
All of the samples fabricated exhibited a high level of purity, >99%. Hence the co-
deposition of species such as sulphur from the additives or environmental contaminates
was minimal. The variation of the current density with the DC waveform results in
anomalous co-deposition in Ni-Fe thin films as shown in Fig.4.14. The Fe content for
the DC deposition decreases with increasing average current density. Dahms and Croll

surmised that iron hydroxides, which form as a result of the rise in pH at the cathode
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during co-deposition of hydrogen, inhibit nickel deposition resulting in anomalous co-
deposition [4.5].

Figure 4.13 EDX spectrum of the Ni&Fe20. The Ni concentration is greater than that of

Fe indicated by the respective peaks of the EDX spectrum. Ifthe film contained
contaminants then this would have been indicated on the EDX spectrum.

In view of this a small sample of the electrolyte was withdrawn with a syringe in order
to measure the pFl. The pH increased from 2.5 in the bulk of the solution to 6 near the
cathode. The accuracy of the actual pH value is arguable since disturbing the
electrolyte affects the build-up of species at the cathode. As shown in Fig.4.14 a current
density of approximately 13mA/cm2 achieves the 80:20 composition for the DC
waveform. Composition variation of Ni-Fe films has a direct affect on the permeability,
coercivity, resistivity and saturation flux density of the Ni-Fe deposit [4.27], Therefore,
it is important to achieve a uniform current distribution to obtain the required film

composition and desirable film properties.
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Figure 4.14 Anomalous co-deposition effect of DC electroplated Ni-Fe

4.5.23 AFM and XDA Analysis

The grain size and crystal structure influence the magnetic properties of a ferromagnetic
material [4.30, 4.31]. Therefore, grain size and crystal structure of the various samples
were analysed to assess the influence of varying current density and composition. An
Atomic Force Microscope (AFM) and X-ray Dispersion Analysis (XDA) were used to
record grain size and crystal structure, respectively. The AFM has two common modes
of operation: contact and non-contact mode. In non-contact mode the AFM cantilever is
vibrated near the surface of the sample near its resonant frequency with amplitude of a
few tens of angstroms. The AFM then detects changes in the resonant frequency or
vibrational amplitude as the tip comes near the surface. The non-contact mode was
selected as it minimises damage to the measuring tip of the AFM and the sample being

analysed.

AFM data for a Ni-Fe sample fabricated at 13mA/cmz2is shown in Fig 4.15(a)&(b). The
AFM data indicates an average grain size of 57nm for a deposition composition

0iNi0Fe20. Initially it was surmised that a grain size reduction might occur with

increasing current density, as has been recorded for Ni and Cu grain size with increased
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DC waveform current density in prior work [4.8, 4.32]. However the results displayed
in Fig 4.16 do not indicate this trend. Fig 4.16 displays the variation in grain size with
Fe content of the film. The grain size decreases with increasing Fe content in the
electrodeposit, which is a result of reduced current density. The co-deposited Fe
produces a grain refining effect which is more profound at increased Fe content. The
influence of the Fe on grain size was confirmed by comparing the results of a pure Ni
electrodeposited from the same plating bath, without Fe sulphate, and fabricated at
13mA/cm?. The Ni sample consisted of grains with an average size of 100 nm, thus, the

reduction to an average grain size of 57 nm for the Nig Fe,, sample is attributed to grain

refining of the Fe.
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Figure 4.15 (a) AFM data of a Ni-Fe sample fabricated at 13mA/cm2 and (b) a 3D plot
of the surface profile ofa 10pm x 10pm area of the same sample.
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Figure 4.16 Grain Size vs. Fe content of the Ni-Fe samples. The grain size was
obtained with an AFM operating in non-contact mode.

The DC electrodeposited samples were sent to the Thin Film Centre at Paisley for X-ray
diffraction analysis (XDA), the results are displayed in Fig 4.17. The analysis was used
to primarily determine the crystal structure of the Ni-Fe samples. Compared with an
XRD database and by refining with software, the two peaks from 40 to 100 match the
Ni-Fe alloy phase very well, this phase is face centre cubic (FCC). Fig. 4.17 displays
that all three samples are all FCC in structure. Hence the variation of composition from

35-10% Fe and current density variation 6-30 mA/cm2produce FCC Ni-Fe deposits.
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Figure 4.17 XRD analysis of Ni-Fe samples ranging in composition from (1) 65:35, (2)
80:20, and (3) 90:10

4.5.2.4 Electrical and magnetic characterisation

Resistivity measurements were performed by Raytheon Systems Limited (RSL) at
Glenrothes, Scotland. The resistivity determines the maximum thickness of each
laminate. The laminate is typically no greater than one skin depth in order to reduce
losses via eddy currents. Therefore the resistivity is a vital parameter in determining the
frequency of operation of a magnetic film and the number of laminate layers required
for a given core area. The cost model of a micro-inductor/transformer is likely to be

related to the number of laminate layers.

The resistivity was determined using a four-point probe technique [4.33]. Fig.4.18
displays the results of the resistivity measurements for Ni-Fe alloys of varying

composition.
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Figure 4.18 Resistivity measurements

The resistivity of Ni is less than Fe, 7mf2.cm and 9.7mflcm respectively. The
reduction in Fe content from 25% to 20% resulted in a drop in resistivity of 23%. The
central factor in the variation of the resistivity may be due to the decreased grain size
and not necessarily the composition variation. Grain boundary electron scattering
effects become increasingly important in materials with very small grain size. In fact,
for nanocrystalline materials, considerable increases in the overall electrical resistivity
have been observed [4.34, 4.35]. The relationship between grain size and film

resistivity is examined in more detail in Chapter 5.

Two techniques were used for the magnetic characterisation of the DC samples; a
superconducting quantum interference device (SQUID) and vibrating sample
magnetometer (VSM). Any magnetic specimen in a uniform magnetic field produces a
distortion to that field, in-tum the flux distribution is affected and can be detected by an
inductive coil. This is the basic principle for VSM and SQUID magnetometer. The
VSM measurements were performed at the University of Leeds under the guidance of
Prof. Cywinski, and the SQUID measurements were performed at the University of

Edinburgh by Prof. Harrison.

The VSM method is based on the magnetic flux change in a coil when a magnetic
sample is vibrated near it, Fig 4.19. The sample is mounted to the end of a glass rod;

the electromagnet produces a uniform field to magnetise the sample and the field can be
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swept; the pick up coils are clamped to the magnet in order to avoid vibration of the

coils with respect to the magnet.

Figure 4.19 Schematic of the VSM. The sample is vibrated near a pick-up coil, and the
magnetic flux change is detected, which is proportional to the magnetic moment of the
sample.

During the measurement, the sample is vibrated at small amplitude with a frequency of
70 Hz, which produces a field distortion in an AC manner. The field distortion is
detected by pick-up coils and then computed with conventional AC processing
equipment. The sample’s magnetic moment is obtained according to Faraday’s Law of

induction, namely that a potential drop, V, is induced across the pick-up coils due to a

change of flux:

v=n9° (4.5)

where N is the number of turns in the detection coils and <>is the flux in the coils,

which is proportional to the magnetic moment of the sample.
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The Superconducting quantum interface device (SQUID) is the most sensitive device
available for measuring | magnetic fields. The basic element of a SQUID is a
superconducting loop interrupted in two places by Josephson junctions (a thin layer of
insulating material sandwiched between two superconducting layers). When a
sufficient electrical current is conducted across the SQUID body, a voltage is generated

proportional to the strength of any nearby magnetic fields.

The SQUID in the SQUID magnetometer is the source of the instrument’s sensitivity,
but it does not detect directly the magnetic field from the sample. During the
measurement, the sample moves through a set of superconducting detection coils, which
is illustrated in Fig 4.20. This detection coil is set to connect to the SQUID with
superconducting wires, and it is located outside the sample chamber and at the centre of
the superconducting electromagnet, which generates a uniform field perpendicular to
the coil. As the sample moves through the coils, the magnetic moment of the sample
induces an electric current in the detection coils. Because the detection coils and the
connecting wires form a closed superconducting loop, any change of magnetic flux in
the detection coils, which is proporﬁonal to the magnetic moment of the sample,
produces a change in the persistent current in the detection circuit. The SQUID sensor
is inductively coupled with the detection coils, so the SQUID electronics produces an
output voltage that is strictly proportional to the flowing current. Therefore, SQUID

essentially functions as an extremely sensitive current to voltage converter.
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Figure 4.20 (a) A schematic of three coils configured as a second-order gradiometer is
used as superconducting detection coils in SQUID magnetometer, (b) Edinburgh
University’s SQUID with the sample holder and detection coil chamber encircled.

The detection coil is a single piece of superconducting wire wound in a set of three coils
configured as a second-order gradiometer. In this configuration, the upper coil is a
single turn wound clockwise, the centre coil comprises two turns wound counter-
clockwise, and the bottom coil is a single turn wound clockwise. When the magnetic
field is changing uniformly though the entire coil, the flux change in the two-turn centre
coil will be exactly cancelled by the flux change in the single-turn top and bottom coils.
But when the sample is travelling through the coil, the coil set measures the local
changes in magnetic flux density produced by the sample, and the magnetic moment of

the sample can be obtained according to Faradays law of induction.

Results for the magnetic characterisation of the DC samples were identical for each
device. The SQUID measurement requires the sample to travel through the detection
coils; this incurs a time delay in the measurement cycle. In comparison, the VSM
produced results in under 15mins in comparison to 1 hour for the SQUID; therefore the

VSM was the method of choice for the rest of this investigation.

Fig 4.21 displays the hysteresis response of the DC electroplated Ni&Fe2sample.
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Figure 4.21 Hysteresis response of DC electroplated NiiOFe2 recorded from the VSM.
Image courtesy of Leeds University.

The data obtained from Fig.4.21 and the electrical characterization is contained in Table
4.2. The five parameters: resistivity, flux density, coercivity, relative permeability and
film thickness allow an analytical assessment of the film’s performance. Details are
contained in Chapter 6. The values of saturation flux density, Tesla, and coercivity, Oe,

of Ni-Fe alloys with varying Fe content, 5-30%, are displayed in Fig 4.22 & Fig 4.23,

respectively.

Material Ps gsat (T)  Hc(Oe) hr Film thickness (pm)
(pD.cm?
NiFe 20 0.8 3 2000 10

Table 4.2 Magnetic and Electrical Properties of DC NimFe

In Fig. 4.22 the saturation magnetisation increases linearly with increasing Fe content
due to the increased contribution of the Fe atoms to the overall magnetic moment
observed in each sample. This trend agrees well with prior work [4.27]. Fig 4.23
displays a reduction in coercivity with increasing Fe content, or decreasing grain size.

The reduction in coercivity was expected as Ni-Fe alloys in the 20-25% Fe range
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exhibit low coercivities as a result of low or zero magnetostriction and low values of

anisotropy constants [4.28],

Figure 4.22 Saturation Flux Density (T) vs. Fe content of the Ni-Fe samples. The
saturation flux density increases with Fe content of the film.

Figure 4.23 Coercivity vs. Fe content of the Ni-Fe samples. The 80:20 composition
displays a minimal coercivity value of 3 Oe.

In summary, good soft magnetic material is said to have a coercivity below 6 Oe, or
500A/m, and the nanocrystalline Ni-Fe in the range 15%-30% Fe satisfies this demand.

The saturation magnetization of the electrodeposited Ni-Fe increases linearly with

increasing Fe content up to 30% Fe. Currently, it is assumed that saturation is a
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compositional dependent parameter but the influence of grain size will be assessed in
Chapter 5. The coercivity of the Ni-Fe samples decreases with increasing Fe content
and decreasing grain size. It is believed that low magnetostriction combined with low
values of anisotropy constants, can account for this decrease in coercivity with
increésing Fe concentration in these Ni-Fe alloys. Overall, these Ni-Fe films exhibit

good soft magnetic properties and are viable for MHz applications.

4.5.2.5 Magnetic field Annealing

Recalling from section 4.4, the magnetization vector in Ni-Fe can rotate away from its
equilibrium position known as the easy axis. The degree to which the magnetization
vector rotates away from the easy axis is determined by the magnetic anisotropy energy
which is a function of physical and geometrical properties of the material and is a
minimum along the easy axis. The larger the total magnetic anisotropy the less the
magnetization vector will rotate away from the easy axis and the more the material will
act like a permanent-magnetic material. To fabricate magneticaliy anisotropic Ni-Fe,
electrodeposition takes place in the presence of a magnetic field. The magnetic field
must be strong enough to overcome the magnetic anisotropy. A DC magnetic field, 800
Oe, was applied in the hard axis direction, resulting in hard and easy axis formed in the
rectangular geometry of the film [4.26]. A uniform magnetic field was desired to ensure
uniform magnetic properties for each of the core samples. Each 3inch wafer contains
150 core samples; a schematic of the core geometry is shown in Fig. 4.24. Two ferrite
magnets, one behind the cathode and anode respectively, with dimensions 6”x 4°x 6”

were used.

The closed core displayed in Fig 4.24 is comprised of two hard and two eésy axes. If
the left and right sides of the cores are magnetised in a particular direction, the top and
bottom cores will be magnetised in the opposite direction. The easy axis is the in-plane
direction of the plated film parallel to the applied magnetic field during plating.  The
hard axis is the in-plane direction of the film perpendicular to the applied magnetic
field. The annealing field is of sufficient strength to overcome the anisotropy energy,
and aligns the magnetic moments along the field direction. With a composition of
80:20 and the addition of stress relieving additives magnetostricition is a minimum.
Therefore, the anisotropy energy is the dominant mechanism of magnetisation. This
remains for as long as the film operates under the Curie temperature, which would result

in thermal energy producing magnetic disorder.
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Figure 4.24 Schematic of the Core geometry with magnetic easy and hard axis
indicated.

Prior work has indicated that a variation of the magnetic field strength can produce a
variation in the relative permeability of the film while maintaining high saturation flux
deimsity and minimal coercivity [4.23]. Therefore the fabrication of a furnable thin film
is possible. Figure 4.25 displays the results of the VSM analysis of a DC anisotropic

Ni-Fe sample.
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Figure 4.25 Anisotropic Ni-Fe after magnetic field annealing in DC field of 300 A/m.
Image courtesy of Leeds University.

The properties of the anisotropic and isotropic NimFe2 are compared in Table 4.3.

M aterial Ps Bsat (T) Hc(Oe) hr Film
(piicm?2 thickness
(pm)
NiFe 20 0.8 3 2000 10
NiFe 20 0.8 Easy 0.4 Easy 2200 10
anisotropic Hard 0.635 Hard 1300

Table 4.3 Anisotropic and Isotropic NisoFe2 film properties.

The magnetisation rotation process has not produced the ideal response predicted by the
Stoner-Wolfarth (S-W) model i.e. Hc= 0. The S-W model considers only single domain
elements. It is almost impossible to produce a well defined ellipsoid single domain
element and as the film is polycrystalline, magnetisation orientation varies from grain to
grain due to magnetocrystalline anisotropy, so magnetisation is not uniformly

distributed throughout the volume, therefore not a true single domain particle [4.28].

The relative permeability of the easy axis is greater than the isotropic value. The
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permeability is determined by the magnetization of the film. The magnetization is
determined by two processes: domain wall motion and domain rotation. At low
frequencies domain wall motion is the dominant mechanism. An applied field causes
domain walls to shift, and the motion results in a change in magnetization and hence
flux density. Therefore, highly magnetized thin films will have larger low frequency
permeability. However, highly magnetized films (easy axis) will have very small
restoring forces and therefore are unable to follow rapidly varying fields. At high
frequencies, the domain rotation becomes dominant and is responsible for permeability.
The large domains of the easy axis cannot respond rapidly and struggle to rotate, while
the small domains of the hard axis can rotate much more easily. As the films will be
utilized at high frequency, 1-10 MHz, only films with the hard axis constituting the

majority of magnetic path length are considered.

4.6 Summary

The fundamentals of electrodeposition have been covered. Prior work into electrolytes
used to investigate the deposition process and properties of Ni-Fe have been reviewed.
The theory behind magnetic field annealing has been presented and applied to the DC
deposition of Ni-Fe. The anomalous co-deposition effect has been described and
experimentally verified. The DC deposition results have indicated a variation of grain
size with Fe content. Magnetic field annealing has been demonstrated to produce
magnetically anisotropic films with favourable film properties. A Design of
Experiment (DOE) is introduced in the next chapter that investigates more extensively

the influence of waveform parameters on deposit structure and properties.

109



References

[4.1] M.]J. Madou, “Fundamentals of Microfabrication,” 2" Edition, CRC Press,
2002.

[4.2] R.K.Pandey, S. N Sahu, S. Chandra, “Handbook of semiconductor
Electrodepositon,” CRC Press, 1996.

[4.3] S.Glasstone and T.E. Symes, “The electrodeposition of Iron-Nickel Alloys,”
Trans. Faraday Soc., vol. 23, p.213, 1927.

[4.4] S.Glasstone and T.E. Symes, “The cathodic behaviour of Alloys,” Trans.
Faraday Soc., vol. 19, p.574, 1924.

[4.5] H.Dahms and I. M. Croll, “The Anomalous Codeposition in Nickel-Iron
Alloys”, J. Electrochem. Soc., vol.112, p.771, 1965.

[4.6] J.Horkans, “On the Role of Buffers and Anions in NiFe Electrodeposition,” J.
Electrochem. Soc., vol.26, p.1861, 1979. |

[4.7] J. Horkans, “Effect of Plating Parameters on Electrodeposition of NiFe,” J.
Electrochem. Soc., vol. 128, Issue 12, pp.2604-2605, Dec. 1981.

[4.8] M. Schlesinger and M. Paunovie, “Modern Electroplating,” 4™ edition, John
Wiley & Sons, 2000.

[4.9] L. T.Romankiw, ‘“Thirty Years of Thin Film Magnetic Heads for the Hard Disc
Drives—The Challenges and Solutions of Problems 30 Years Ago and
Today,”” J. Magn. Soc. Jpn. vol.24, no. 1, pp.1-4, 2000.

[4.10] T.L.Rama Char, “Electroplating and Electrorefining of Metals from the
Sulfamate Bath,” Electroplating and Metal Finishing, vol.11, p.343, 1958.

[4.11] G. A. Sadakov, A. A. Mazin, V. V. Gordienko, V. V. Kovalev and N. T.
Kudryavstev, “Electrodeposition of Ni-Fe Alloys from Sulfamate Electrolytes,
and their Structure and Properties,” J. Applied Chem. U.S.S.R., vol. 53, pp.
2038-2042, 1980.

[4.12] D.L. Grimmet, M. Schwartz, and K. Nobe, “Electrodeposition of Iron-Nickel
(Invar) Alloys,” Plating Surface Finishing, vol.75, p.94, Jun. 1988.

[4.13] P. C. Andricacos and L. T. Romankiw, ‘‘Magnetically Soft Materials in Data
Storage: Their Properties and Electrochemistry,”” Advances in Electrochemical
Science and Engineering, vol. 3, Heinz Gerischer and Charles Tobias, Eds.,
VCH, New York, pp. 227-321, 1994.

[4.14] C.K. S. Cheung, “Synthesis and Micro structural Characterisation of
Electrodeposited Nanocrystalline Soft Magnets,” PhD thesis, Queens |
University Kingston, Ontario, Canada, Aug. 2001.

110



[4.15] J.C.Puippe and F.Leaman, “Theory and Practice of Pulse Plating”, AESF, 1986.

[4.16] S.S. Djokic, M.D. Maksimovic and D.C. Stefanovic, “The effect of a.c.
superimposed on d.c. and pulsating potential on the coercivity of
electrodeposited Ni-Fe alloy thin films,” vol. 19, pp.802-805, Nov. 1989.

[4.17] B.S. Sheshadri, “Cathodic Inhibition Effects during NiFe and ZnNi Alloy
Deposition,” Transaction Institution of Metal Finishing, vol. 73, pp. 66-68,
1995, | |

[4.18] M.D. Maksimovic and S.S. Djokic, “Modern Aspects of Electrochemistry,”
Plenum Press, New York, 1992,

[4.19] L. T.Romankiw and D. A. Thompson, ‘“Thin Film Inductive Transducer,”” U.S.
Patent 4,295,173, Oct. 13, 1981,

[4.20] O. Kohmoto, Recent Developments of thin film materials for magnetic heads.
IEEE Trans. On Magn., vol. 27, pp.3640-3647, July 1991.

[4.21] A.S.Kao and P. Kasiraj, “Effebt of Magnetic Annealing on Plated Permalloy
and Domain Configurations ih Thin-Film Inductive Head,” IEEE Trans.
Magn., vol. 27, no. 6, Nov, 1991,

[4.22] R.F. Soohoo, “Magnetic Thin Films,” Harper and Row, 1965.

[4.23] C.R. Sullivan and S.’ Sanders, “Design of Microfabricated Transformers and
Inductors for High-Frequency Power Conversion,” IEEE Trans. Power
Electron., vol. 11, no. 2, March 1996.

[4.24] T. Jagielinski, “Materials for future high performance magnetic recording
heads”, MRS Bulletin, vol.15, pp.36-44, March, 1990.

[4.25] E. I Cooper et al, “Recent developments in high-momeht electroplated materials
for recording heads,” IBM. J. Res. & Dev. vol. 49, no. 1, Jan. 2005.

[4.26] D.Flynn, A. Toon, M.P.Y. Desmulliez, “Microscale magnetic components for
the application of DC-DC converters operating in the 1-10 MHz range,” IEEE
Proc. of Electronic Materials and Packaging (EMAP) Conference, Tokyo,
Japan, pp. 192-198, 2005.

[4.27] R. M. Bozorth, Ferromagnetism, IEEE Press, New York 1978.

[4.28] L. Sun, “Tuning the properties of magnetic nanowires”, IBM J. Res. & Dev.,
vol. 49, no. 1, Jan., 2005.

[4.29] F.R. Williams, “Monitoring and Control of Semiconductor Manufacturing
Using Acoustic Techniques,” PhD Thesis, Georgia Institute of Technology,
Nov. 2003. '

111



[4.30] J. L. McCrea, “Properties and Applications for Electrodeposited Nanocrystalline
Fe-Ni Alloys,” Rev.Adv.Mater.Sci.5, pp.252-258, 2003.

[4.31] A.J.Martin, “Magnetic Properties of Nanocrystalline Transistion Metals”, PhD
thesis, Queen’s University, Canada, 1999.

[4.32] W. C. Grande and J. B. Talbot, "Electrodeposition of Thin Films of Nickel-
Iron," J. Electrochem. Soc., vol.140, p.675, 1993.

[4.33] M. Brown and E. Jakeman, “Theory of the four-point probe technique as
applied to the measurement of the conductivity of thin layers on conducting
substrates,” J. Appl. Phys., vol.17, pp.1143-1148, 1966.

[4.34] Hitachi Metals, “Nanocrystalline soft magnetic material-FINEMET’, Jun. 2004.

[4.35] G. Herzer, “Amorphous and Nanocrystalline Soft Magnets”, NATO ASI Series,
vol. 338, 1997.

112



Chapter 5

Design of Experiments for electrodeposition of nickel-iron

5.1 Introduction

This chapter investigates the influence of pulse reverse (PR) deposition on the
structural, magnetic and electrical properties of Ni-Fe, by using a Design of
Experiments (DOE). Section 5.2 outlines the rationale behind this investigation and
introduces the concept behind the development of DOE. The experimental set-up and
waveforms used in the investigation are contained in section 5.3. The deposits are
examined in terms of pitting, grain size and composition and the resulting experimental
data are presented in section 5.4. In section 5.5 the alloys are assessed in terms of their
electrical characteristics. The magnetic characteristics of the films are assessed in

section 5.6. The chapter concludes with a discussion of the presented data in section

5.7.

5.2 Rationale for using DOE for nickel-iron electrodeposition

The demand for improved magnetic materials to operate efficiently at high frequencies
was discussed in Chapter 2. The development of such materials could be achieved in
three ways: (1) a combination of different materials forming new alloys, (2) the
manufacturing of a novel material or (3) the tailoring of the film properties during
deposition. The development of new alloys and materials would require an extensive
investigation beyond the scope of this Ph.D. thesis. Hence, the alteration of the
properties of known alloys is the approach adopted in this thesis. Magnetic field
annealing during deposition as presented in Chapter 4 was one method of optimising
film propertiés during deposition for high frequency operation. However, this method
only concerned the alteration of the magnetic properties of the Ni-Fe film. In Chapter 2
the low resistivity of alloys was outlined as the primary loss mechanism in thin film
alloys at high frequencies. Therefore, the ability to tailor the electrical as well as the

magnetic properties during deposition is desired.

Resistivity can be altered during deposition with the inclusion of more resistive
materials to the alloy composition at the expense however of potentially damaging the
magnetic response of the alloy. To avoid altering the composition of the film, the

influence of grain boundary engineering on the resistivity was explored. A reduction in
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grain size is accompanied by an increase in grain boundaries and a consequent increase
in resistivity in nanocrystalline materials [5.1,5.2]. The nucleation and growth of
electrodeposits is discussed in detail in [5.3-5.5]. In this reference the relation of grain
size with overpotential is also discussed. The overpotential is the difference in the
electrode potential of an electrode between its equilibrium potential and its operating
potential when a current is flowing. It represents the extra energy needed to force the
electrode reaction to proceed at a required rate (or its equivalent current density). The
overpotential increases with increasing current density, as indicated by the Tafel

equation [5.3].

The overpotential also controls whether the deposition is limited by diffusion, activation
or both. At low overpotentials a small number of nuclei form and grow independently.
It is therefore expected that a large-grained deposit will be obtained under these
conditions. As the overpotential is increased, a large number of nuclei may be formed
leading to a decrease in the grain size. Fig 4.14 demonstrated that an increase in current
density alters the composition of the film and, as a result, its magnetic prdperties. Pulse
Reverse (PR) waveforms were investigated as a solution to this challenge. PR
waveforms offer an increased number of variables during deposition, namely, anodic
current density, cathodic current density, cathodic pulse duration, anodic pulse duration,
and pulse off-time. For example, PR waveforms allow increased cathodic current
density, deposition cycle, whilst maintaining the same average current density as its DC
equivalent due to the anodic current density, dissolution cycle. Hence, films with

identical composition but with altered grain structure can be compared.

The aims of this DOE are to record the influence of the PR variables on deposit
composition, electrical and magnetic properties through the implementation of a few
critical experiments. The primary objective is the assessment of the influence of grain
size on the magnetic and electric properties of the alloy. With the increase in deposition
variables it is necessary to use statistical principles in the DOE to ensure that
experiments are economical, allow the user to measure the influence of one or several

factors on a response and enable the estimation of the magnitude of experimental error.

Experiments designed without adhering to statistical principles usually violate one or
more or the aforementioned goals. Without using statistical principles in experimental

design economy is often achieved by severely limiting the number of factors whose

114



effects are to be studied, and the sequence of tests may require that only one of the
factors of interest may be varied at a time, thereby preventing the evaluation of any joint
effects of the experimental factors. The waveforms developed by the DOE and

experimental set-up are described in section 5.3.

5.3 Experimental Set-up & Waveforms Generated by the DOE
The plating cell and electrolyte composition are identical to the investigation carried out
in Chapter 4 using DC waveforms. The only alteration to the experimental apparatus is

the inclusion of a pulse rectifier to generate the PR waveforms, Fig 5.1.

Figure 5.1 The Pulse Rectifier is connected to an oscilloscope displaying a pulse reverse
waveform (PR).

During the DOE the background conditions kept constant are: concentration of metal
salts, conductive salts & buffering agents, concentration of impurities, electrolyte
temperature, electrolyte pH, plating cell geometry, composition and condition of the
anode, anode/cathode surface area ratio and the nature and condition of the substrate as

well as its conductive seed layer.

In an attempt to minimise the variation in the background conditions over time, all
waveforms to be assessed were done in quick succession over a two-day period. All
cathodes (samples) were prepared with conductive seed layer and patterned photoresist

prior to the start of the DOE.
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Figure 5.2 Pulse Reverse Waveform with the 5 factors highlighted; (a) cathodic current
intensity amplitude, (b) cathodic pulse duration on time, (c) anodic current intensity
amplitude, (d) anodic pulse duration on time, and (e) represents the off-time of the
pulse. The electrochemical reactions associated with the pulse parameters are also

highlighted.

The definitions of the PR parameters of the waveform are outlined in Table 5.1.

Pulse Reverse Waveform Parameter Equation
Frequency E =
where, A=b+d +e A
Average Current Density i (X +y)
where, x =a*b and y =c*d A
Current Ratio R =n
a
Off-time Kff ~ e
Positive duty cycle ,
Y& d+=—Xi00%
A
Negative duty cycle 4 = —x100%
A
On duty eycle dm = (14K\00% = 4 ++5"

Table 5.1 Pulse Reverse waveform parameters and associated equations

116



Once the constant and variable parameters are determined, the next stage in the DOE
involves assigning the number of levels to the variables [5.6]. The simplest approach is
adopted here, with 2 levels being selected, 1 maximum and 1 minimum. This means
that, in any combination, a factor would be in its high or low state generating maximum

25=32 waveforms. The values for the maximum and minimum are now determined:

e > 1Hz, the frequency should be greater than 1Hz. Literature states that no
benefit is gained over DC plating at or below 1 Hz [5.5].

e f < 500 Hz, the frequency should be less than 500 Hz which is the maximum
operating point of the pulse rectifier

e Id > 10 mA/cm?, the average current density should be more than 10 mA/cm?.
Preliminary experiments with DC deposition indicated that below a current
density of 10 mA/cm? the film composition lead to a film with high
magnetostriction if sulfate is used as the electrolyte.

e Id<60 mA/cmz, the average current density should be less than 60 mA/cm?.
DC deposition beyond this value leads to poor quality deposits.

e c/a >1, the anodic to cathodic current ratio should be greater than 1. This
parameter is reported to be the most influential in obtaining conformal
depositions [5.5].

e x >y, cathodic current density greater than the positive current density. This

condition is required for metal deposition on the cathode.

Certain combinations of variables lead to invalid waveforms. An excel spreadsheet
utilising a macro was used to generate the valid and invalid waveforms. From the
potential 32 waveforms, 25 valid waveforms were generated. The values of each of the
parameters were altered until the maximum number of valid waveforms was generated
by the macrocode in the spreadsheet. The parameters of the 25 waveforms are
contained in Table 5.2. The experiments, Doe01-Doe25, were conducted in a
randomised order to reduce the influence of experimental error. In reference to Table
5.2, the anodic amplitudes are greater than the cathodic values. High anodic amplitudes
tend to lead to preferential dissolution of deposit in areas that typically over-plate. Thus,

an improvement in deposit cross sectional area (c.s.a) is anticipated.
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With the anodic amplitude greater than the cathodic amplitude, the maximum and
minimum anodic pulse durations have to be less than the cathodic maximum and
minimum. Off-time maximum and minimum values were selected as 10ms and Oms,
respectively. With zero and 10ms off-times, it was hoped that this would provide an
insight into the distribution of Fe. With no agitation and depletion of Fe ions at the

cathode surface, Fe content may become limited due to the lack of mass transfer effects.

a b c d e
Seconds Seconds | Seconds
Amps [ (mS) Amps | (mS) (mS)

Exp.

No. a b c d E
Doe0l 0.5 20 -0.6 2 0
Doe02 0.5 20 -0.6 2 10
Doe03 0.5 10 -0.8 10 0
Doe04 0.5 100 -0.6 10 10
Doe05 0.5 100 -0.8 2 10
Doe06 0.5 100 -0.8 10 10
Doe07 0.3 100 -0.6 2 0
Doe08 0.3 100 -0.8 10 0
Doe09 0.5 200 -0.6 10 0
Doel0 0.3 100 -0.6 2 10
Doell 0.5 100 -0.6 2 0
Doel2 0.3 100 -0.6 10 0
Doel3 0.5 20 -0.8 2 10
Doel4 0.3 100 -0.6 10 10
Doel5 0.3 20 -0.8 2 10
Doelb6 0.3 20 -0.6 2 10
Doel7 0.5 20 -0.6 10 10
Doel8 0.3 100 -0.8 10 10
Doel9 0.3 100 -0.8 2 0
Doe20 0.3 100 -0.8 2 10
Doe21 0.5 100 -0.8 2 0
Doe22 0.3 20 -0.8 2 0
Doe23 0.5 100 -0.6 10 0
Doe24 0.5 100 -0.6 2 10
Doe25 0.5 20 -0.8 2 0

Table 5.2 DOE PR waveform parameters.

The following section presents the analysis and discussion of results for the DOE

waveforms.
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5.4 Structural properties of DOE samples

The composition of the samples produced from the DOE was determined by SEM-
EDX. The composition of the DOE deposits is displayed in Table 5.3. The exposed
area of patterned seed layer is approximately 9.12cm? which is 20% of the overall
wafer area. In Chapter 4, Fig 4.15 displayed a trend of decreasing Fe content with
increasing current density for the DC deposition. However, the results of the DOE
contained in Table 5.3 displays that Fe content for the PR waveforms is not solely
determined by current density. Data for Doe 8, 10, 15, 18 and 22 has been omitted due
to the poor quality of deposits. Fig 5.3 displays the data of Table 5.3 in comparison to
the DC deposition of Chapter 4.

Average current

densit? {(mA/cm?) Fe %
Doe11 47.84 10
Doe21 47.45 7
Doe24 43.57 6
Doe05 43.21 8
Doe23 40.00 15
Doe01 40.00 27
Doe03 38.18 26.3
Doe25 38.18 25
Doe04 36.66 5.2
Doe06 35.00 - 35
Doe07 28.23 17.5
Doe19 27.84 16
Doe02 27.50 20
Doe13 26.25 5
Doe20 25.35 15
Doe12 21.81 4
Doe14 20.00 2
Doe16 15.00 31
Doe09 13.33 9
Doe17 10.00 6.5

Table 5.3 SEM-EDX analysis results for PR waveform deposits fabricated from the
DOE. The results are presented in descending order of average current density.
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Figure 5.3 Fe content in percentage as a function of average current density.

The composition of interest that provides a low magnetostriction and favourable
magnetic properties is for 15 to 22% Fe content. The DOE, according to Fig 5.3, has
successfully produced deposits within this range. In Fig 5.3 the anomalous co-
deposition effect is not visible as in the case of DC deposition with varying current
density. The results indicate that the additional variables of the PR waveform have a
definite influence on the iron content of the deposits. Fig 5.4 displays a 3-dimensional
representation of the Fe content in percentage as a function of cathodic and anodic pulse
densities. The data in Fig 5.4 indicates that a low cathodic and anodic pulse density are
both required for a high Fe content, demonstrating thereby that the PR waveforms can

monitor the anomalous co-deposition effect.
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Figure 5.4 Fe Content as a function of cathodic pulse density and anodic pulse densities

expressed in mA/cm2

The influence of the off-time on the composition of the deposits appears to be minimal.
The influence of the off-time is expected to be more prevalent when the Fe
concentration at the cathode becomes minimal. In that regime, the Fe ions are solely
dependent on the mass transfer from the bulk of the electrolyte. An adequate off-time
permits the replenishment of Fe near the cathode surface. Increases in agitation would

be expected to yield an increase in Fe deposition.

No relation between the frequencies of the pulses, ranging from 8-45 Hz, and the
composition could be determined. Prior work has found that no difference in PR and
DC deposition occurs when the only variable is frequency, when lower than 500 Hz
[5.5],

Another important parameter is pitting. As mentioned earlier, pitting reduces the

effective core area of the magnetic component increases its leakage inductance,



resulting in unwanted stored magnetic energy in transformer applications etc. Fig 5.5

displays the results of pit count as a function of average current density and off-time.

Figure 5.5 Pit count as a function of the off-time and average current density expressed
in mA/cm2

The pit-count increases when the off-time is 10ms and the average current density is in
the 35-47.84 mA/ cm2range. This increase in pit count is a result of the mass transfer
limited nature of hydrogen evolution [5.3]. At increased current densities, i.e.
deposition rates, plating efficiencies tend to increase. The increase in off-time permits
the transfer of H +reduction from the bulk of the electrolyte to the surface of the
cathode. An example of the effects of pitting on the deposit surface of Doe4 is shown
in Fig 5.6.
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Oblique Plot

Figure 5.6 Zygo image of the deposit generated by waveform Doe4. Pitting has resulted
in pit/cavities on the surface of the deposit.

Uniform core c.s.a is generated by minimal pitting and reduction of current crowding
effects. Current crowding typically occurs in the comers of deposits, as shown in Fig
5.7. The deposit in Fig 5.7 was fabricated by DC deposition at an average current
density of 13mA/cm2 The amplification of the current crowding effect in comparison
to Fig 4.10 is due to a reduction in exposed seed layer. A higher concentration of field

lines in the comer of the deposit results; this effect is demonstrated by Fig 4.11.

Figure 5.7 Zygo image of current crowding effects on deposit profile. The peak of the
deposit is in the comer of the deposit where current crowding is prevalent.



Zygo images of the surface profile of a deposit fabricated by Doe 2 using the same

photomask as the DC deposition are shown in Fig 5.8.

Figure 5.8 Profile of deposit surface generated by PR waveform Doe 2. The deposit
shows a reduction in current crowding in the comer of the deposit.

Fig 5.8 displays the improvement in c.s.a with a reduction in current crowding. The
variation in film thickness from the comer, prone to current crowding, to the centre of
the deposit is less than 3%. The improvement in c.s.a in comparison to Fig 4.10 is due
to preferential dissolution of the deposit during the anodic cycle. The improvement in
deposit c.s.a compared to Fig 5.7 is due to an improvement in current density
distribution, due to increased seed layer exposure, and anodic cycle dissolution.
Samples of Doe 6 exhibit a minor variation of only 2% which is attributed to the large

anodic pulse density, 8mA.

With the increase in PR control variables it is possible to fabricate a deposit of 80:20

Ni-Fe at a current density of 27.50mA/cm2 Doe02 Table 5.3. The DC current density
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for a similar composition was 13.5mA/cm2 Fig 5.9 displays the grain size for the PR

waveform.

Whole Image
Area Ra: 1.3770 rm
Area RMS:  8.8555 nm
Avg. Height 11.2870 nm
Max. Range: 12.1730 nm

Ex |

12.1 nm

10 pm

U Loan

Figure 5.9 (a) AFM data of a Ni-Fe sample fabricated at 50mA/cm2 and (b) A 3D plot
of the surface profile ofa 10pm x 10pm area of the same sample.

The average grain size for the PR waveform, of identical composition, is 11,28nm. Fig
5.10 displays the average grain size of DC and PR deposits as a function of Fe content.
As discussed in Chapter 4 the DC grain size reduces with Fe content. Such behaviour is
not observed with the PR deposits. The variation in grain size is minimal and
considering experimental error, the influence of increasing Fe content on grain size

could be regarded as negligible.

125



80

70 -

60 -

50 -

40 -

s SEnotnin,

20 -

10 -

0- 4 i S— —
0 5 10 15 20 25

Fe Content (%)

Figure 5.10 DC and PR grain size vs. Fe content.

The grain size of PR deposits is plotted as a function of cathodic pulse density and Fe
content, Fig 5.11. The finer grain structure occurs at the highest cathodic pulse density

irrespective of film composition.

Figure 5.11 Grain size (nm) as a function of Fe content and cathodic pulse density. The
finer grains are generated in the upper range of cathodic pulse densities.
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5.5 Electrical Properties of DOE samples

Using the four point probe technique, resistivity measurements were recorded for the
PR DOE samples. Fig 5.12 displays the values of resistivity in comparison to the DC
values. An increase in resistivity was recorded for the PR samples in comparison to the
DC samples and is attributed to the reduction of grain size. Reduced grain size
produces an increase in volume fraction interfaces, such interfaces are known to

produce electron scattering at the grain boundaries [5.1, 5.7],

0 5 10 15 20 25
Fe Content (%)

Figure 5.12 Resistivity of PR DOE and DC deposits vs Fe content. The increase in
resistivity of the PR deposits is attributed to the reduced grain size.

In nanocrystalline materials with grain sizes smaller than the electron mean free path,
the main contribution comes from electron scattering at the grain boundaries. The
summation of the volume fractions of grain boundaries and triple junctions is defined as
the total intercrystalline volume fraction. It is then reasonable to explain this increase in
electrical resistivity in terms of the intercrystalline volume fraction in the material. The
following expression derived by Palumbo et al. describes the relationship between
intercrystalline volume fraction (Vt,) and grain size in a crystalline material, assuming a
regular tetrakaidecahedron as the grain shape, where A is the width of the grain

boundary (which is approximately 1 nm), and d is the grain size [5.2, 5.8].

Fi=I-[(J-A)A/]3 (5.1)
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The relationship between grain size and intercrystalline volume fraction, according to
Eq (5.1), is plotted in Fig 5.13.

Figure 5.13 Intercrystalline Volume Fraction as a function of Grain size. A reduction in
grain size produces an increase in intercrystalline volume fraction.

Figure 5.13 highlights that the overall quantity of grain boundaries (intercystalline
volume fiaction) in nanocrystalline materials increases with reducing grain size.
Nanocrystalline materials represent a novel class of materials with grain sizes less
than 100 nm resulting in significant increases in grain boundary and triple junction
volume fractions. As the grain size reduces the material becomes densely packed with
fine grains resulting in an increase in the overall number of grain boundaries. Hence,

there are many more 1nm grain boundary walls, A

In order to determine the relationship between the intercrystalline component and
resistivity, Fig 5.14 illustrates the excess resistivity as a function of the intercrystalline
volume fraction at room temperature. The excess resistivity is defined here as the total
resistivity minus the resistivity of the DC deposits. It can be seen that the excess
resistivity increases almost linearly with the intercrystalline volume fraction. This
behavior indicates that the observed increase in resistivity is mainly controlled by

scattering events on intercrystalline defects.
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Figure 5.14 Excess resistivity vs intercrystalline volume fraction.

In summary, the electrical resistivity of DC fabricated Ni-Fe increases with Fe content.
PR deposits display an increase in resistivity in comparison to the DC equivalents. The
difference is attributed to the decreasing grain size of the PR deposits which led to
electron scattering at grain boundaries. At room temperature, the resistivity of the
80:20, permalloy composition, with a grain size of 1lnm is enhanced by a factor of 2
over the resistivity value observed for a DC deposit that has an average grain size of

56nm.

5.6 Magnetic Properties of DOE Samples

The DOE samples were magnetically characterised with the VSM. The magnetic
saturation flux density and coercivity of the PR DOE samples are shown in Fig 5.15 &
5.16, respectively. The saturation flux density of the PR deposits follows the same
increase in flux density with Fe content as in the DC deposit. The flux density of the
PR deposits is typically 2 to 5% lower than their DC equivalents. This result
demonstrates that the influence of the grain size on the flux density is minimal and that

the composition of the film determines primarily the flux density.
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Figure 5.15 Saturation flux density of DC and PR deposits vs. Fe content.

Fig 5.16 displays a reduction in coercivity for the PR deposits in comparison to the DC
deposits. The reduction in coercivity is attributed to the reduction in grain size of the
PR films. 1t is well known that the microstructure, noticeably the grain size, essentially
determines the hysteresis loop of a ferromagnetic material. Fig 5.17 summarises the

present understanding of coercivity in relation to grain sizes, D [5.8].

DC
PR

Figure 5.16 Coercivity of DC and PR deposits vs Fe content.
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Figure 5.17 Coercivity, He, vs. grain size, D, for various soft magnetic alloys [5.8], The
grain size and coercivity of the PR permalloy, Doe2, is indicated by the red circle.

In reference to Fig 5.17, from nanometer regime up to macroscopic grain sizes, the
permeability is essentially inversely proportional to He. The 1/D dependence of He for
large grain sizes reflects the conventional rule that good soft magnetic materials
properties requires very large grains (D>100pm). Thus the reduction of particle size to
the regime of the domain wall width increases the He towards a maximum controlled by
the anisotropies present. Accordingly, fine particle systems have been mainly discussed
for hard magnetic material applications. However lowest He are again found for the
smallest grain sizes in amorphous alloys with grain sizes in the order of atomic

distances, and in nanocrystalline alloys for grain sizes D<20nm.

Obviously, from Fig 5.17, the nanometer regime fills the gap between amorphous and
typical polycrystalline materials. The transition from hard to soft magnetic properties
occurs when the grain size becomes smaller than the ferromagnetic exchange length
[5.9], In this case the local anisotropies are randomly averaged out by exchange

interaction so that there is no anisotropy net effect on the magnetisation process.

The ferromagnetic exchange length, Lo, the determinant of magnetic softening, is

calculated as follows [5.8]:
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Lo=,|— (5.3)

A is the exchange stiffness constant and K1 is the local anisotropy constant. Typical
values for A and K1 for permalloy are 10! J/m and 10° ¥/m, respectively. Exchange
interactions are inherently short-range and can be described in terms of the exchange
stiffness constant A. The exchange stiffness is a measure of the force acting to keep the
spins aligned. Lo represents the minimum length scale over which the direction of the
magnetic moments can vary appreciably and, for example, determines the order of the
domain wall width. For permalloy this value is typically less than 100nm. Thus if the
grain size, D, is reduced below, Lo, the magnetisation will not follow the randomly
oriented easy axis of the individual grains, but increasingly is forced to align parallel by
exchange interaction. As a consequence, the effective anisotropy is an average over
several grains and, thus considerably reduced in magnitude. This is the essential
difference between small and large grained materials, the magnetization follows
randomly oriented easy axes of the individual grains and, accordingly, the
magnetisation process is controlled by the full magnetocrystalline anisotropy of the

grains i.e. if there FCC, BCC preferential axis.

The reduction in grain size has been advantageous in terms of reduced coercivity and
increased resistivity, however the superparamagnetic regime when reducing the grain
size of materials must be avoided [5.10]. Coercivity disappears but large magnetic
fields are required due to the low permeability of the films. In the present case the small
ferromagnetic crystallites are assumed to be well coupled by exchange interaction as
indicated by the low coercivity, Fig 5.16, and simultaneously by the high permeability
of the films as shown in Fig 5.18. Verification of this assumption requires an
assessment of the magnetic response as a function of temperature. Equipment was not

available to perform this analysis.

The relative permeability increases with Fe content, shown in Fig. 5.19. Further
increases in Fe content produce however a reduction in permeability [5.11]. The
increase in permeability is due to the reduction of magnetostriction and anisotropy
constants in the permalloy composition. It is assumed that the increase in the PR DOE
relative permeability is a result of reduced anisotropy constants due to the reduction of

grain size.
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Figure 5.18 Relative permeability vs. Fe content. The relative permeability is
maximised at 20% Fe as this region has minimal magnetostriction and anisotropy
constants.

Amorphrous alloys, such as Vitrovac and FINEMET, with grains smaller than the
nanometer regime, typically fabricated via cold rolling, can exhibit relative permeability
on the order ofa 100,000 [5.12, 5.13].

In Chapter 4 the influence of magnetic field annealing on the hysteresis loop was
explained in terms of the magnetic anisotropies. Understanding the influence of
microstructure on film properties requires a similar explanation. Coercivity, He,
increases with anisotropy energy density, K, and the permeability, shows the inverse
behaviour. Thus the basic conditions for good soft magnetic properties are in low or
vanishing magnetic anisotropies. The angular distribution of the anisotropy axis finally

controls the shape of the hysteresis loop.

5.7 Summary

The impact of microstructural features on the anisotropy contributions and the
associated magnetic properties have been discussed. The properties of Ni(80)Fe(20)
fabricated via DC and PR are summarised in Table 5.4. The prerequisite for soft
magnetic behaviour is that the effective magneto-crystalline anisotropy is low. Superior

properties additionally require a low magnetostriction which reduces magneto-elastic

133



anisotropies. Once thes.e contributions are sufficiently suppressed, the magnetic
properities are determined by uniaxial anisotopries induced during field annealing,
which, if properly controlled, allow the tailoring of the hysteresis loop to the demands
of the application. The variation of grain size via pulse waveform is advantageous over
the process utilised by Herzer. The analysis approach by Herzer involved thermal
annealing and the introduction of elements to produce grain refining [5.8]. With the
increase in grain size, associated with thermal annealing, and composition alteration the
effects of grain size are ambiguous. The PR approach permits more clarity when

assessing the effects of grain size.

Material ps (nQ.cm?) Bt (T) | Ho(Oe) | pe Film thickness (um)
NiFe (DC) | 20 0.8 3 2000 | 10
NiFe (PR) | 46 0.76 1.9 3130 | 10

Table 5.4 Comparison of DC and PR Ni(80)Fe(20) pfoperties.
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Chapter 6

Design of Microscale Magnetic Components

6.1 Introduction

This chapter describes in detail the design process used for the microscale magnetic
components manufactured within this thesis. Basic geometry considerations and
manufacturability issues are discussed in section 6.2. The layout of the windings is
reviewed in section 6.3. Parameters affecting the performance of the magnetic core are
covered in section 6.4. The sequence of analytical equations used to predict the
performance of the prototype components is contained in section 6.5. Thermal and
electromigration issues are discussed in section 6.6. The impact of converter operation
on the design of the magnetic component is demonstrated in section 6.7. The
importance of efﬁciént magnetic components is emphasised with a review of the
component parasitics and losses and their influence on the conw)erter performance in
section 6.8. Lastly, this chapter concludes with a summary of the main design

considerations.

6.2 Microfabricated component design

The design of microscale magnetic componeﬁts has typically involved either research |
into material development or component design and fabrication. This thesis focuses on
all these aspects. A preliminary requirement is that the devices to be manufactured
must provide a clear evaluation of the magnetic core material. Hence, irrespective of
component geometry, an enclosed magnetic path is required to assess the suitability of
the magnetic material. A closed magnetic path confines the majority‘,of the flux to the
magnetic core fully utilizing thereby the relative permeability of the material. As a
result, the leakage flux is minimized and the inductance is maximized. The winding
loss occurring as a result of induced eddy currents by leakage flux is also reduced and
the electromagnetic Interference is minimized. The importance of a closed magnetic
path for determining the suitability of a given material can be demonstrated by
considering the solenoid geometry in Fig 6.1. The flux path passes partly through the
magnetic core and partly through the air.
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Figure 6.1 Solenoid inductor with a magnetic core. The solenoid component design
parameters and flux path are indicated.

The reluctance of the flux through the core is defined as:

R= (6.1

The reluctance of the return flux path through air is defined as:

(6.2)

/10is the permeability of free space (approx 1.256x107"Hm), //,.is the permeability of
the core material (e.g. for permalloy 2000), Ac= Aar is the cross-sectional area, and Ic

is the magnetic path length.

The reluctances are in series therefore the total reluctance is:
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The inductance of the component is then calculated as follows;
AN?
Inductance L = —— 6.7

4

Eq (6.7) demonstrates that the relative permeability of the core becomes insignificant
and the structure behaves similar to an air cored winding. The suitability of the core
material cannot be evaluated when its relative permeability is made redundant.
Therefore, the core should contain a closed magnetic path in order for the relative

permeability to be effective.

Another consideration is the influence of the core geometry on the properties of the core
material, and, as a result, the impact on component performance. Consider a core

material for a one-turn micro-inductor. The saturation flux density, B,

B=m7M

[+

138



is a predetermined constant for a given material. In the same way, the current applied to
the component would be known for a given application. Therefore, the only free

parameter left will be either the relative permeability or the flux path length, since

K =let
M B

The core, typically a rectangle, triangle or a circle, has a certain perimeter. A simple
rectangular component is shown in Fig 6.2. With increasing frequency the skin depths
of the magnetic material and winding decrease. Therefore, to minimise skin depth
losses and maintain the inductance value i.e. overall magnetic core area, the device
becomes thinner and wider. The resulting increase in flux path length requires an
increase in relative permeability for the inductance value to be maintained. An increase
in relative permeability for the same resistivity value will make the material susceptible

to skin depth losses at reduced frequency.

"E E| Magnetic

core
Flux c
opper
Path Winding

Figure 6.2 Simple rectangular one-turn micro-inductor.

If, for the same area and core material, the rectangular geometry was changed to a
triangular geometry, the perimeter is reduced by one third, see Fig 6.3. The required
permeability is then reduced by 1/3 and greater skin depth is achieved for the same

resistivity.
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Oxide
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Figure 6.3 (a) Top view displaying the exposed copper contacts & (b) Side view
showing the enclosed magnetic path. The illustration of a VV-groove micro-inductor is
similar to the component fabricated by Sullivan et al [6.1].

A one turn micro-inductor with a triangular trench structure was fabricated by Sullivan
et al [6.1]. The fabrication of this VV-groove micro-inductor required sputter deposition.
As discussed in Chapter 3, sputtering is a slow and costly process, and due to
delamination can only be used for small core areas. Chapter 9 will demonstrate that

limited laminate layers can have an adverse effect on component performance.

A circular component would suffer from the same technical disadvantages as the
triangular component. Moreover, a circular component fabricated by micromaching
methods would require non-planar construction. Minimal footprint and low profile are
prerequisites for present and future magnetic components. Therefore, a circular
component was not investigated. Due to the aforementioned complications of triangular
and circular geometries, the investigated components herein are of rectangular planar
form. Disadvantages of this geometry will be overcome via tailored core properties and
optimal component design. The following section highlights the design and fabrication

issues encountered in the selection of micro-inductor and transformer geometries.

6.2.1 Basic geometry
Any closed core micro-inductor or micro-transformer made by a process of alternately
depositing conductor or magnetic material must have at least two steps of conductor

deposition or two steps of core deposition in order to interlink the core and winding.
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Designs in either category may be considered as variations or combinations of the basic

constructions termed pot-core or solenoid [6.2].

A decision on which design approach is optimal requires a comparison across a variety
of factors such as power handling, efficiency, practicality of fabrication, inductance
requirement etc. Sullivan et al demonstrated that analytically the pot-core design can
handle more power for the same area as the solenoid geometry [6.3] by using a
simplified model as shown in Fig 6.4. Winding and core layers were interchanged to
represent the two different configurations. Each component was modeled with the same
layer thicknesses. At low power density the two designs have the same efficiency,
given that the ratio of flux density and current density in each is set to maximize
efficiency. However with the same power density, the solenoid has a higher flux

density. This concept can be simply demonstrated by Eq (6.8).

magnetic core

Conductor I he

Y /

d

A
v

Figure 6.4 Simplified pot-core component. When adapted to solenoid component
the magnetic layer and conductor layer are interchanged [6.3].

V

B, =
P KNA f

(6.8)

The constants K, N, f and V represent the waveform parameter, number of turns,

frequency and voltage, respectively. The pot-core structure has a greater 4, , therefore,

areduced peak flux density.

Sometimes an important issue in choosing a core shape is the magnitude and
distribution of external magnetic fields generated by the transformer or inductor. The

conventional pot-core is regarded as performing more favorably in minimizing external
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magnetic fields, as the core encloses and so shields the windings. The result is low
external fields regardless of the distribution of primary and secondary windings inside
the core. Solenoid components also have low extérnal fields due to the winding
distribution. In transformer applications the primary and secondary windings are
customarily distributed evenly around the core, lying on top of each other with little
space between. Thus the currents cancel each other, so little external field results. In
micro-fabrication the ability to finely pattern windings makes it relatively easy to
arrange the windings so that primary and secondary currents locally cancel. Hence,

external fields are not a primary concern in component development within this thesis.

Perhaps the most important factor in comparing the pot-core and solenoid designs is the
ease of manufacture. This parameter is the most difficult to quantify and obviously
dependent on fabrication capability. In the solenoid case, a difficulty often encountered
is the interconnection of the top and bottom winding layers to encircle the core. This
requires accurate alignment between the layers to insure proper connections, requires
low-resistance contacts and connection over a vertical distance greater than the
thickness of the core. A novel flip-chip bonding procedure introduced in Chapter 7

developed by the author overcomes the aforementioned difficulties.

In the pot core design, the inter-layer connection requirerhents are less severe because
the windings are planar and manufactured in a single deposition process. A
complication arises if the inductor winding is spiral as access to the output pad is
required. This typically requires a fourth deposition step, or the use of external
connections such as bond wires. The thickness of the conductor layers is also typically
larger than the thickness of the core layers, therefore, the vertical distance over which
connections must be made is larger in the pot-core design. Furthermore, to form a
closed magnetic core the upper and lower sections of the core have to be joined, as
shown in Fig 6.5. The points where the two layers join is within the main flux path and

can generate an unfavorable leakage flux.
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Figure 6.5 Pot-core with magnetic core enclosing the windings. The points of
potential leakage flux due to core assembly are circled.

Another consideration is the tailoring of magnetic film properties with magnetic field
annealing. Both geometries can be used with magnetic field annealing; therefore, this is
not a design restriction. As mentioned in Chapter 4 the solenoid core can have the
majority of the length oriented in the favorable hard axis. In the pot-core design, the easy

axis orientation is not difficult if, again, the shape is long and rectangular.

There are advantages and disadvantages to both fundamental configurations. A
decision on which is optimal cannot be made without consideration of the winding
geometry. The following section outlines the attributes of various windings and their
influence on both configurations.

6.3 Winding design

Micromachined magnetic components have different fabrication approaches and
characteristic properties depending on their winding geometries: (1) Spiral, (2)
Solenoid, and (3) meander [6.4],

(1) Spiral Geometry
The spiral inductor is typically considered as a set of connected microstrips [6.5]. Fig
6.6 displays a basic spiral winding made of 5 connected microstrips. The spiral winding

belongs to the pot-core configuration.
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Figure 6.6 Layout of a spiral winding. The arrows indicate the path of the applied
current.

Based on Grover’s formulas Greenhouse developed an algorithm for computing the
inductance of planar rectangular spirals. The Greenhouse method states that the overall
inductance of a spiral can be computed by summing the self-inductance of each winding
segment and the positive and negative mutual inductance between all possible winding
segment pairs. The mutual inductance between two sections depends on their angle of
intersection, length, and separation. Two sections orthogonal to each other have no
mutual coupling since their magnetic flux is not linked together. The direction of
current flow in the respective sections determines the sign of coupling. The coupling is
positive if the currents in the two sections are in same direction and negative for

opposite currents [6.5].

For an individual section with a rectangular cross section area, the DC self inductance

can be expressed as follows:

+0.5+—
w+t 3/

2] w4+ t) 69)

L, = 21(1}1

where Ly is the self inductance in nH; and / w and ¢ are the length, width and

thickness of the section in centimetres.

Since the inductance is primarily determined by the magnetic flux external to the

winding, the variation in the wire cross-section dimensions has little effect on the
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inductance. In general, the windings with a smaller cross-section area have a slightly
larger inductance because they generate more magnetic flux external to the wire. Eq
(6.9) is not valid for windings with cross-section dimensions greater than approximately

twice their length.

The mutual inductance between two parallel sections can be calculated using

M (i,m)=21Q (6.10)

where Mis the inductance in nH between sections i and m, the multiple of two is simply
used to indicate the equivalent M(m,i) is the same, / is the wire length in cm, and Q is

the mutual inductance parameter, which is calculated as follows

fl feMpV  omD
Q=lIn w1+ 1+ (6.11)
GMD GMD \VAN/ |

In Eq(6.11), GMD denotes the geometric mean distance between sections, which is
approximately equal to the pitch of the sections. In most cases, indicated by Fig 6.6 &
6.7, the mutual inductance calculation is performed for two segments of different

lengths (/ and m, where i>m).

Figure 6.7 The parameters for the calculation of mutual inductance between two
sections of windings.

In this situation, the mutual inductance is calculated as follows
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oM (iym)=(M,,, +M,,, )-(M,+M,) (6.12)

m+p

and the individual M terms are calculated using Eq (6.10) and the lengths corresponding

to the subscripts
M,y =20y = 2Am+ p)Ope, | (6.13)

Where Q,,, is the mutual inductance parameter Q for GMD /(m + p). The overall

+p

inductance of the spiral windings, as depicted in Fig 6.8, is determined as follows;

L

total

=L +L,+L;+L,+Ls —2(M1,3 +M,, +M3,s)+2M1,s (6.14)

The total inductance of the device with a magnetic core in the pot-core configuration

becomes the summation of the inductance of the windings and the core contribution,

Lyt = Lyinding + Leore (6.15)

Where

L, = i‘—”—li@— (6.16)
(2) Solenoid Geometry

Fig 6.8 illustrates a typical solenoid component [6.4]. Conventional macro-inductors
usually have a solenoid shape as they can be simply fabricated by wrapping coils
around magnetic cores. However, the three-dimensional winding structure presents a

significant fabrication challenge in micromachining.
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Figure 6.8 Solenoid winding. The winding turns enclose a magnetic that would pass
through the centre of the windings [6.4].

Due to the 3D nature of the solenoid geometry and for a given footprint area, a higher
number of turns can be fabricated in comparison to a planar winding. However, with
increased turns the parasitic capacitances between windings increase and the SRF
reduces. As with the spiral windings, the total device inductance is the sum of the
inductances of the windings and the core. Eq (6.16) is used to determine the

inductance.

(3) Meander Geometry
A schematic diagram of meander windings with the magnetic core is shown in Fig 6.9
[6.4]. In this device a magnetic core is wrapped around a planar conductor. As with the
spiral windings, the meander geometry has an advantage over the solenoid geometry in
that the windings are planar, requiring no interconnection vias that may increase the

overall resistance.

M  Gxe

Winding

Figure 6.9 Meander windings. The arrows indicate the path of the current through the
winding [6.4].
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The meander windings are simple to fabricate but because of the negative turn-to-turn
mutual inductance, suffers from lower overall inductance in comparison to the spiral
approach [6.4, 6.5]. Therefore, to obtain the same inductance as an equivalent spiral
component, when the only variable is the number of winding turns, more winding turns
are required which increases the component footprint. A reduction in power density of

the meander component would then follow.
The following points are common to all three winding configurations:

(1) When assessing potential core materials within a component, the individual
windings must be able to carry the saturation current in order to fully utilise the
core material and maximise the power density.

(2) Winding inductance is a minor contributor to the overall inductance value. This
is due to the high relative permeability of the alloys as explained in Chapter 2.

(3) Common to all of the winding geometries discussed is the model shown in Fig
3.2. This model displays the universal parasitic losses that must be minimised if
efficient operation is to occur. The total winding resistance of the component,
which produces joule losses, is in series with the inherent winding inductance,
with total parasitic capacitance in parallel. |

(4) All of the windings fabricated within this thesis will be single layer, not multi-

layer.

The spiral and solenoid winding geometries are studied in the next chapter. The
meander geometry was not investigated due to the potential reduction in power density
in comparison to the spiral configuration. The following section describes the losses

incurred in the windings of transformers and inductors.

6.3.1 Skin and proximity effect
The optimization of a micro-inductor or transformer in terms of the winding loss begins
with an assessment of the DC resistance. The DC resistance is minimized by increasing

the cross-section of the windings and reducing their number. Therefore, it is not simply

a case of reducing R but rather R/ n’ , where n is the number of winding turns.

Simple DC, R/n* minimization would dictate that the conductor should be as wide as
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possible and the spacing between the conductors as narrow as possible. The DC

resistance is calculated as follows
R, =p— (6.17)

where p is the resistivity of the winding, / is the length of the winding and A4, is the

total cross-sectional area of the windings. For high frequency currents skin effect
becomes important and when the conductor is large compared to its skin depth, it is not
effectively utilized [6.6]. At low frequencies all conductor dimensions are small
compared with skin depth i.e. the current density is homogeneous over all conductor
cross-sections. At high frequencies, the opposing fields created by eddy currents are
strongest in the centre of the conductor, causing the current density in this region to
decrease sharply. Most of the current flows much more strongly near the surface of the
conductor, causing the apparent cross-sectional area of the current-carrying conductor
to decrease, and consequently causing the AC resistance to increase. The skin depth
can be calculated using the magnetic permeability, 4, and the electrical conductivity,
o, of the material, as well as the frequency of operation, @, using the following
equation [6.7-6.9]:

5= |—2 (6.18)

O, 1,0

The proximity effect is another manifestation of eddy currents, in which nearby
conductive material experiences induced eddy currents due to the magnetic field of a
separate conductor. Due to the close proximity between windings, the current in each
winding can induce eddy currents in other segments and cause the resistance to increase

[6.10].

As a rule of thumb, the thickness of the Windings, must be twice the skin depth [6.6].
There is also an optimal width for the windings: narrow windings waste inter-winding
space, and large widths encounter large skin effect and proximity effect losses. Fig 6.10

illustrates this trade-off.
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Figure 6.10 Optimum width of windings (a) the width of the winding is far greater than
the skin depth. The current flows in the shaded region of the winding wasting the
majority of the area, (b) When the width of the winding is too small a lot of the
component footprint is lost on insulation between the turns.

The skin effect and proximity effect losses can be described by an AC resistance,

determined by multiplying the DC resistance by a factor Fr,

F =1+5P~~V (6.19)
' 45

where p is the number of winding layers and o is the ratio of conductor thickness to

skin depth [6.6]. To minimize AC resistance for transformer and inductor applications
the width of the individual turns, W, is adjusted to minimize the resistance factor, Fr,

that takes into account the reduction in conductor area due to spacing between

windings;
W, +5, (6.20,

where Stis the spacing between turns.

Eq (6.19) is based on two important approximations. Firstly, (6.19) represents the first
terms of a series of expansion of the hyperbolic trigonometric terms in the exact one

dimensional solution,

Fr = Rea/ acoth(ar) +y(/?2-l)atanh(a/2) (6.21)
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where

a=01+j)p (6.22)

A comparison between the total resistance factor Fr' based on the exact one-dimension
solution (6.21) with the approximation (6.19) at 1MHz, with 90 um thick copper
windings and 20 um spacing between turns, an optimal width of approximately 200 um
was determined by both sets of equations. The variation in F; is negligible, and the

choice of Wt is not significantly affected by the approximation.

The second important approximation is that the field is one-dimensional. Experimental
and simulated resuits in Chapters 8 and 9 demonstrate that the one-dimension field
approximation is adequate for the pot-core and solenoid geométries investigated. The
purpose of the optimization is primarily to insure that possible means of implementing
large performance improvements can be achieved quickly by adjusting the design
parameters. In that context, complex 3D analysis based on finite element methods is

not necessary at this stage.

6.4 Core loss in micro-inductors and transformers
Core losses, as discussed in Chapter 2, consists of hysteresis and eddy current power

losses. The shape of the hysteresis loop is shown in Fig 6.11,

151



Flux
Density

Peak flux
Density

Mu cuerising
Forre

Figure 6.11 Hysteresis loop of a magnetically soft material. The peak flux density and
coercivity are highlighted as they are used in the power loss approximation.

The area within the hysteresis loop is representative of the power loss of the hysteresis
curve. A quarter of the overall area of the loop is found by multiplying the peak flux
density and the coercivity. The volume of the core (length x width x height), V, is then
multiplied by the number of times the loop is cycled, f i.e. frequency. Eq (6.23)

represents the power loss incurred by hysteresis;

(6.23)

The correction factor 3/4 is used to approximate the actual area of the hysteresis loop

[6.2, 6.11].

Eq (6.23) highlights that reducing coercivity reduces the hysteresis loss. A reduction in
flux density also reduces the hysteresis loss; however, this is undesirable from a power

density perspective.
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Eddy current losses in the core can be minimized by consideration of skin depth. Instead
of one solid core layer, the core is constructed of numerous laminations approximately
one skin depth thick [6.2]. The onset of eddy currents not only results in Joule heating,
reducing efficiency, but also creates a cancellation flux that reduces the main flux and,
therefore, the inductance of the component. In macro-scale manufacture the fabrication
and assembly of laminations is not a complex process, the same cannot be said for micro-
manufacture. Constructing the core of fine laminations sacrifices core cross-sectional
area and so increases flux density, this increases losses and can lead to saturation. An

appropriate compromise must be found.

The induced voltage driving the eddy currents is determined by Faraday's law:

y=2
dt
o : _ d¢
for a winding with N turns this becomes; V' = N_‘_J_t_

LV _ds
N dt

And using the power loss relationship

Then

(6.24)

The eddy current core resistance is obtained through a one-dimensional analysis of the
electromagnetic diffusion in a stack of laminations for sinusoidal excitation [6.12]. In
order to find an analytical solution for the resistance and inductance of a laminated core
as a function of frequency, assume that a winding is uniformly wound around a
laminated magnetic core of length / as shown in Fig 6.12. The magnetic core material is
assumed to be linear, isotropic, and homogeneous. Therefore it has a constant
conductivity, o, and a constant permeability . In this model, it is assumed that (1) the

length of the magnetic lamination stack is much larger than either of its cross-sectional
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dimensions (2) the cross-sectional thickness is much smaller than the cross-sectional
width. Under these assumptions, the edge effects of the film can be neglected. In other
words, the field is penetrating only from the top and bottom sides (i.e. one-dimensional
analysis), and the fringing field effects of the front end and the back end are neglected,

as shown in Fig 6.12.

y X
Field H
z
]
2b < ,

W

\ 4

Fig 6.12 An illustration for a core model (1 >> w and w>> 2b) and: (a) a sheet and its
thickness, and (b) stack of laminations and its dimensions.

Finally, resolving this expression into its real and imaginary parts, the inductance, Ly, is

1 sinh%é + sin%l‘)—
Fee e %" coshg—lZ + cos% (629
o o) o
And the resistance, Rac, representing the eddy current loss is
. 2b
1 sinh %lz —sin 5
R =L, =5 5 % - (6.26)

— cosh-2—— +CO0S —
o b)) o

Appendix A details the derivation of Eq (6.25) & (6.26).

The cost and ease of fabrication will depend on the number of laminates. The results of
the one manufactured core layer will be assessed and compared against improvements
in performance via multiple layers at one skin depth thick. This optimisation is

performed in Chapter 9.
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Irrespective of the number of laminates it is important that the maximum flux density is
utilised. For example, in a design thought to be optimal with the flux below the

maximum allowable, the voltage and current are scaled up by a factor s = B, / B, where
B, is the saturation flux density or other maximum allowable flux and B, is the

maximum flux density in the original design. The I’R loss increases by a factor of s°.
The eddy current loss in the core also increases bys®. Thus, assuming minimal
hysteresis loss, the total loss scales bys®. The power handled, approximately VI, also
increases by s and so the efficiency remains constant. Thus, the power handling has
been increased without affecting efficiency proving that the original design was not

optimal.

Section 6.4 applies the aforementioned winding and core theory to the design of the

prototype.

6.5 Component design: the solenoid approach

Inductors and transformers are designed for a specific application. The application
typically specifies parameters such as inducfance, frequency of operation, current etc.
However, the only design constraints at this stage of prototype development are
manufacturability and capability of assessing various core materials. Due to the
complications of multi-layer alloy deposition, the initial objective is to attain high

operating efficiency of a single layer magnetic core component.

As discussed, the geometries encountered can be spiral, meander or solenoid. The
solenoid approach is favored because of the higher number of turns that can be obtained
for a given area [6.13]. The solenoid also permits the inclusion of the core prior to
interconnecting the lower and upper layers of the winding. The electrodeposited
magnetic core can then be characterized magnetically and electrically prior to inclusion
within the component. A novel fabrication process is explained in detail in Chapter 7.
Fig 6.13 displays an illustration of the profotype. The overall width, length and height
of the component are 2mm, Smm and 250um, respectively. The windings surround the
magnetic core made, in the first instance, of the permalloy NigoFezd, 10pm thick. The

core is positioned between an upper and lower insulation layer of Sum thick AZ 9260.
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(b) 1.5mm

Figure 6.13(a) Illustration of the solenoid micro-inductor of size 2mmx5mmx250pm
(WxLxT). 33 windings wrap around the core, (b) The closed magnetic core dimensions.

The windings are optimised for operation at 1 MHz; the physical parameters of the

solenoid micro-inductor are contained in Table 6.1.
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Parameter Solenoid prototype
component

Number of turns, N 33

Turn thickness, H, 90 um

Turn width, 17, 200 pm

Turn spacing, S, 20 pm

Number of core laminations, n 1

Core Lamination thickness, h 10 pm

Lamination width 500 pm

Lamination insulation 5 um

Component footprint 2mm x Smm

Magnetic path length,l. ~l1lmm

Table 6.1 Physical parameters of the solenoid micro-inductor.

The following design procedure brings together the main conclusions and formula of
sections 6.3 and 6.2. A flow chart, Fig 6.14, outlines the analytical assessment
procedure. Normally, the input parameters to the design of an inductor would include
inductance, frequency, applied current, voltage etc. However, the design in this thesis is
for an inductor that is an assessment vehicle of the core material. Hence, the component
is fabricated and the only parameter of significance heré relates to the properties of the

magnetic core.
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Calculation of winding power loss:

Ru=I2R
Calculation of Isat to maximise Calculaten of core power loss:
flux density & avoid core R
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meA PCddy-n- 24 P; Calculation o.fcomponente.fficiency for
given frequency:
N Tvt=-iVfa+H")
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Calculation of optimal output
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Calculation o winding skin depth:
power:

1 P(lt: V(nXiﬂI Calculation of component power

density for given frequency:
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Ixwxh

Winding height limited to 2xskm -
depth. Calculation of winding width
to carry Isat.
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Rac and optimal inter-winding
spacing determined by:
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W

Y=
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Figure 6.14 flowchart of analytical equations used to determine component efficiency
and power density. The flowchart indicates that anisotropic and cores with an air-gap
require their respective reluctances values to be calculated.

Table 6.2 summarises and describes the analytical equations used in defining

component performance.
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Equation Description

L N2) N2 Using the physical parameters of the core the DC inductance
n R is determined.
The reluctance ofthe core is determined using the dimensions
of the core.
To ensure that the highest flux density, BSat of the core is
J B salr A ) ) ) )
N being used the saturation current is calculated. This also
avoids saturating the core.
Core and winding skin depth is calculated to assess the point
1 in frequency when ac losses occur. 2x5 is the typical optimal
s, 1 . . . . :
winding thickness. With a typical current density of 10
A/mrn2the winding width can be determined.
.. W, +S, r, 5p2-\ 4 Winding AC resistance and optimal inter-winding space is
F =F —a Fr=1+ . < .
r roow, 45 determined.
n/20 o (200
i i 3 v SmhyT : V& 7 The frequency response ofthe inductance due to the magnetic
L*c - L°c 2b (2b\ f2b core.
+cos —
7 coshl7 j Uz
_ . (2b7]
1 SiMG sinU | The frequency response of the resistance due to the magnetic
Kdj, = 04 dc 2b X (26 7 (21 core
— cosh :
U  +cosU ,
c x Optimal output power is determined.
tfB jX Y hl
¢ ! Power loss due to core eddy currents
24p,
P, y,=\fy"B pkH c) Power loss due to hysteresis
Fcu= Q2K Power loss due to windings
P
out E fficiency
{PM +Pm +P¥*)
n Power density

I'xhxh

Table 6.2 Summary of analytical equations used to define the performance of the micro-
inductor.

Magnetically anisotropic Ni-Fe and Ni-Fe with the inclusion of a finely patterned air-

gap are discussed briefly in sections 6.5.1 and 6.5.2, respectively.

6.5.1 Solenoid anisotropic core

The value of the DC inductance of the fabricated micro-inductor utilizing an anisotropic
Ni-Fe core is provided by equation (6.27), where N is the total number of coil turns and
Riotai is the total reluctance of the magnetic film. As indicated in Chapter 5, the relative
permeability of the electroplated alloy is derived from the linear portion of the
magnetization curve of the plated materials. However, the reluctance value of the

anisotropic permalloy film requires the summation of the reluctance values along the
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easy and hard axes accdrding to equations (6.29) & (6.30) [6.14].

NZ

Ly = 6.27
pe Rtoral ( )
Rtotal = Reasy—axis + Rhard -axis (6.28)

2L .

R s = e—axis
- ﬂoﬂr,e—axisAc (629)

2L, .
R ard—axis =—-_h:-aj£— 630
hard ﬂo:ur,h—axisAc ( )

In Eq(6.29) & (6.30) Li-axis and Le.ayis are the lengths of the closed magnetic path along
the hard and easy axes. The two easy axes and hard axes are 1.5mm and 5mm
respectively, see Fig 6.13(b). The constants po and . are the permeability of free space

and the relative permeability of the magnetic core. The same evaluation procedure of

section 6.3 then follows.

6.5.2 Solenoid air-gap

The inclusion of an air-gap in the core or the flux path increases the reluctance of the
core. The effective relative permeability decreases and, as a fesult, the inductance is
decreased. The increase in reluctance leads to an increase in saturation current, as

indicated in Fig 6.14.
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A 50pm

Figure 6.15 The inclusion of an air-gap in the flux path of the core.

An illustration of the air-gap within the electrodeposited and commercial alloy is shown
in Fig 6.15. The inclusion of an air gap, either one single air-gap or a series of finer
gaps, provides a method of tailoring the relative permeability of the film. This is useful
if the film has not been tailored during deposition or if post thermal annealing was not
possible. The calculation of inductor performance follows the same procedure as before
with the relative permeability being replaced by the effective permeability. The
effective penncability is calculated as follows [6.4]

(6.31)

With Igand Icthe gap length and magnetic path length respectively. The air-gap length

fabricated in electrodeposited and commercial alloys is 50pm. A disadvantage of the
air-gap is that large fringing effects may induce additional winding loss and
unacceptable EMI to neighbouring components. Therefore, it is advantageous to tailor
the film properties during deposition. However, if fringing is minimal and the reduction
in inductance acceptable, there will be an increase in power density due to greater Isal.
With an increasing power density requirement, knowledge of thermal and

electromigration issues is required.
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6.6 Thermal dissipation & electromigration

An important parameter in the design of magnetic passive power component is the
allowable temperature rise that is determined by the power dissipéted and heat removal
capability of the component. Typical power semiconductors are rated to dissipate about
500 W/cm? [6.3]. In practice this data-sheet value is typically reduced 50% or more
depending on the type of heat sinking used. 500 W/cm? represents an upper bound for
aggressive heat sinking such as liquid cooling. With similar mounting and heat-sinking
techniques to those used for semiconductors similar power dissipation should be
possible for microfabricated magnetic components. The upper bound of 500 W/cm? is
far above the typical dissipation of our designs of approximately 5-150 W/cm?  Only
very low efficiency, high power density many layered core designs would exceed this

limit.

Another concern whén trying to maximise the power handling of metallic conductors is
electromigration effects. Electromigration is the transport of rhaterial caused by the

gradual movement of the ions in a conductor due to the momentum transfer between
conducting electrons and diffusing metal atoms. Fortunately electromigration will not
be a problem for our devices, copper is less susceptible to electromigration than
aluminium, current densities are within typical PCB limitations, and the conductor line

widths are relatively large.

Section 6.7 presents a description of the pot-core components fabricated and tested

within this thesis.

6.7 Pot core micro-inductors and transformers

A 4-turn spiral micro-inductor, a pot-core “race-track” 3 turn micro-inductor and a 1:1

pot-core transformer, were also designed and manufactured. The three components are
‘planar and have a Ni-Fe permalloy magnetic core of 10um thickness. The only variablé,
being the winding layout. The details of the pot-core components are displayed in
Table 6.3. o
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Type Description

4 turn spiral micro-inductor Number of turn: 4

Winding width: 300um

Winding Thickness: 30um
Component footprint: Smmx15mm
Core layer Thickness: 10um

1:1 “race-track” micro-transformer Number of Primary & Secondary Turns: 3
Winding width: 300pum

Winding Thickness: 30pm

Component footprint: 15Smmx10mm

Core layer Thickness: 10um

3 turn“race-track” micro-inductor Number of Turns: 3

Winding width: 300um

Winding Thickness: 30pm
Component footprint: 15mmx15Smm
Core layer Thickness: 10pm

Table 6.3 Details of the pot core microscale magnetic components.

The assessment of efficiency and power density of the pot-core magnetic components
follows the same procedure outlined in section 6.3. The micro-transformer, as
mentioned in Chapter 3, is simply two inductors that are coupled through a shared
magnetic circuit, that is, two or more windings that link some common flux. The
important parameter that defines this relationship, the coupling factor, K, can be

calculated by:

L s
K= (6.32)

‘\/ Lsp L:s

Where L s is the mutual inductance, L,, is the primary self-inductance and L, is the

secondary self-inductance. The coupling coefficient is equal to 1,if L, =,/L L ; this

spss >
would only occur if there were no leakage inductance. As with the solenoid component,

analytical and experimental results will be compared in Chapter 8.
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6.8 Review of circuit parameters on component design

One of the main parameters to specify is the switching frequency of the converter. The
higher the frequency the smaller the flux carrying demand is, therefore the components
can be made smaller. Once the circuit topology is known and the operating frequency is
selected, in this case 1 MHz, the next influence on component size is the mode of
operation. For example, a buck converter in Continuous Current Mode of operation
(CCM), with the same specification, will then be altered into a Buck converter with

zero-voltage switching (ZVS), to demonstrated this fact.

The circuit specifications are contained in Table 6.4 and the CCM Buck is shown in Fig

6.16. These specifications were provided to us by the company sponsoring the project.

Vi 28 Volts
Vou. 5 Volts
Switching frequency 1 MHz
lout 5 Amp

Average ripple current 0.5 Amps

Table 6.4 Buck specifications

The procedure for calculating the value of inductance, L, is as follows. The ripple
current is calculated as a typical rule of thumb to be around 5 to 10% of the applied

current. With a switching frequency of 1 MHz, the period, T, is calculated as 1ps.
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The Duty cycle at 28V is:

D = \\/’ 0.17 (6.33)
The off 7nais then 0.83 Amps

The on and off duty cycle times, D and Doff respectively, are as follows:

Do =0.3jLis & Doff = 1.7/l.v

But

L= V/T (6.34)

With the current taken as 1/5thof the applied current:

= 5VvT 5x55x1.7 _g.5///

Now, the circuit is altered to its ZVS equivalent, as shown by Fig 6.17

In approximately 1ps the current through the inductor will fall to zero, plus some value

as it draws current from the capacitor and load. Using equation (6.6) the inductance is

calculated as:

165



L="2=2""=05uH

VT _5x1
I 10

This configuration requires an inductance that is only 6% of the previous one.

Consider a component fabricated with Ni,Fe,,, the permalloy characteristics are

contained in Table 6.5.

Property | Value

Resistivity | 20uQ2.cm

Bsat 0.8 Tesla
ur 2000

Table 6.5 Permalloy characteristics

V=N % | (6.35)
or

VT = NA.B | (6.36)
And from equation (6.6.5)

LI =NA,B (637)

Therefore the core area of the component can be computed via:

The inductance of the two applications has been calculated, the current is known and

saturation value of 0.6T, which is less than B, in order to avoid saturation, is selected. |

Therefore:
ABN=%I-=53.12mm2 ccn 0 & AeN=%=6.25mm2(ZVS)
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Note the dramatically reduced area of the core for the inductor with the ZVS operation.

Now that the area of the inductor is set a design trade off between the numbers of turns
begins. The skin depth at 1 MHz is Sum, the core laminate will be restricted to one skin
depth and the number of laminations is restricted to 10 (an expenditure factor). Table
6.6 and Table 6.7 display the values for the CCM and ZVS mode buck converter,

respectively.

Core height (mm)

N (turns) Ae (53.12/N) mm?> | Core width (mm)

1 53.12 1062.4 0.05
2 26.56 530.6 0.05
3 17.70 354 0.05
4 13.28 265.6 0.05
5 10.62 2124 0.05
6 8.85 177 0.05
7 7.58 151.6 0.05

Table 6.6 Buck (CCM) converter

N (turns) Ae (0.83/N) mm? Core width (mm) Core height (mm)
1 0.83 16.6 0.05
2 0.42 8.4 0.05
3 0.27 54 0.05
4 0.20 4 0.05
5 0.16 3.2 0.05
6 0.13 2.6 0.05
7 0.11 2.2 0.05

Table 6.7 Buck (ZVS) converter

With the effects of increased turns on dimensions it is then possible to consider possible

inductor structures. The advantage of the ZVS mode of operation is apparent with the
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reduction in core area displayed in Table 6.7. Table 6.7 provides an indication of the
influence of digital control schemes on the development of high power density

microscale magnetic components.

6.8 Influence of magnetic component on circuit operation

This thesis is primarily concerned with the design of microscale inductors and
transformers. However, it is important to mention that to achieve an efficient DC-DC
converter utilising microscale magnetic components, the magnetic design engineer
should not design such components as stand alone components. In other words he/she

must be aware of the effects of component parasitics on overall converter performance.

There are numerous aspects of the inductor that should be considered in conjunction
with the converter such as footprint, heat sinking etc. The following effects will be

discussed:

(1) inductor DC resistance on converter performance
(2) inductor AC resistance on converter performance

(3) effect of stray inductance on efficiency and performance.

(1) Effect of inductor dc resistance on converter performance v
One important source of loss in a converter is the DC winding resistance, Rdc, of the
output inductor. This parameter defines the minimal loss condition of the inductor. For

example, if R,= 1 mQ, and DC output current of /=100 Amps the inductor

DC power loss is

P, =I'R, =10(W)

If the converter is to provide 100 Amps at 0.75 Volts, the loss in efficiency due to the

inductor R, would be 11.76 %. This result demonstrates that the converter would be
less than 89% efficient due to R, alone. As can be seen from Fig 6.18, the impact of
just ImQ of R, becomes unacceptable in a 100 Amp or greater converter. A winding
construction technique that minimizes R, Mis a crucial requirement in output inductors

operating at microprocessor current handling levels.
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Figure 6.18 Efficiency drop in converter performance as a result of DC winding
resistance, Rdc.

(2) Inductor Recloss and its effect on converter performance
The AC winding resistance, Rac, is a function of the voltage, current, and frequency

imposed on the inductor. The higher the inductor voltage, current and frequency are in
the application, the more important the winding AC loss and core loss become. For
example, the core loss increases with the square of the volts per turn. In a 48 Volt input

bus the core loss would be 4 times greater than in the comparable 24 Volt input bus.

Although core loss is relatively independent of frequency, AC winding loss is totally
dependent on frequency. This fact is demonstrated by the skin effect and proximity
effect. Therefore there is a limit in the gains made by increasing operating frequency,
for the higher the frequency of operation the greater the Rac is compared to the Rdc.
The greater the ripple current magnitude and frequency are in the application the greater

the winding loss.

(3) Effect of stray inductance on efficiency and performance
There is an increasing demand for Point Of Load (POL) converters that maintain good
regulation in the presence of fast transient loads i.e. (di/dt). For example, Arysten

recently introduced POL converter capable of handling transients up to 300 A/ps. Load
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regulation can be defined as the ability of the power supply to control the output voltage
level as the load on the power supply increases or decreases. Faraday’s law
demonstrates that the leakage inductance could result in poor regulation. When a
dynamic load is placed on the converter the stray inductance slows down the rate of
current change, resulting in a delay. Also, the energy in the stray magnetic field is lost
energy. Magnetic components are not the only source of stray inductance in a converter
e.g. PCB tracks, mosfet switches etc. Advantages of decreasing component size via an
increase in frequency, only achieve an efficient and effective result when the magnetic

component is designed with consideration to the aforementioned factors.

6.9 Summary

In summafy, the importance of a closed magnetic path irrespective of component
geometry has been explained. The influence of core shape on component performance
and material characteristics was presented. Manufacturing issues of the pot-core and
solenoid have been discussed. The solenoid component has been selected due to its
small footprint, high number of windings and due to its flip-chip 3D winding assembly
capability permitting the inclusion of various core materials. The analytical equations
used to estimate component performance have been outlined. The issues of thermal
dissipation and electromigration have been covered. The impact of converter operation
on the design of the magnetic component was demonstrated. The importance of
efficient magnetic component design was emphasised through the discussion of

converter performance in the presence of stray inductance, AC loss and DC loss.
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Chapter 7

Microfabrication of Power Inductors and Transformers

7.1 Introduction

This chapter presents the fabrication process of the microinductors and transformers
investigated within this thesis. All components fabricated within this thesis require a
photomask. The importance of the photomask is discussed in Section 7.2. Section 7.3
presents a detailed fabrication process of the solenoid microinductor. Within this
section the novel flip-chip bonding process of the microinductor winding is described.
The manufacturing processes of the solenoid microinductor are transferable to the
fabrication of the pot-core inductor and transformer. The assembly of the pot-core
inductor and transformer is documented in section 7.4. Section 7.5 summaries the
properties of the electrodeposited and commercial alloys investigated. Section 7.6

concludes the chapter summarising the main aspects of the fabrication process.

7.2 Mask Design

Design of photo-masks has been carried out using the L-Edit mask desighing software
from Tanner Research, Inc. Conversion of L-Edit data format to other data format (such
as GDSII or Gerber) is carried using LINKCAD software from BAY Technology. The
solenoid component requires 6 masks each designed to the dimensions of the 3-inch
wafers used in the fabrication (1:1 exposure magnification). Fig 7.1 displays the mask
used in the fabrication of the core for the solenoid component. The photomask was
designed for use with a positive photoresist, AZ 9260. The masks are fabricated on an
acetate sheet approximately A4 in size, with one sheet containing six masks. Since the
fabrication process is an additive procedure, each mask has alignment marks on its
perimeter to allow accurate alignment with subsequent layers. The solenoid component
is fabricated on three separate wafers for the lower winding layer, upper winding layer
and core, respectively. The magnetic core is etched free from the wafer, magnetically
and electrically characterised, and then positioned onto the lower winding insulation

layer prior to assembly. Appendix B outlines a summarised fabrication procedure.
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Figure 7.1 Acetate mask for the fabrication of the core of the solenoid micro-inductor.
The four cross-hairs on the perimeter of the mask are the alignment.

There are approximately 150 samples per wafer. The number of devices was
determined based on simply achieving a well distributed pattern to promote uniform
current density during electroplating. The high number of components increases the
probability of an operational sample after production. Also, with a reasonable yield, the
characterisation of more than one core material within a device can be performed after a

single production run.

The photo-masks of the pot-core inductors and transformers are also produced on
acetate. There was no alignment marks on these photo-masks as each layer is
selectively etched and then assembled. Section 7.3 explains this fabrication process of

the pot-core components in details.

The acetate photo-mask is relatively cheap, approximately £85 for 6 3-inch masks i.e. 1
A4 acetate sheet. The 20pm wide spacing between windings is the smallest feature size
on the mask. Such a feature size could be lost during the exposure due to diffraction

caused by the non-perfect transparency of the acetate mask or a minor air-gap between
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the photomask and photoresisit during exposure. To minimise these diffraction effects,
the acetate mask is used in contact exposure mode. A disadvantage of that method is
the rapid deterioration of the mask. The following section describes a solution to this

problem by transferring the acetate pattern onto a titanium glass mask.

7.2.1 Transferring acetate mask to titanium on glass

This section describes a process that was originally developed to alter the polarity of the
mask. The masks were designed with the intention of using a positive photoresist.
However if thick film structures were required, negative photoresists such as SU-8 are
more suitable. However, the mask is the wrong polarity for negative photo-resists. The
polarity can be reversed by transferring the photomask onto glass. The fabrication

process for transferring the acetate mask onto Ti/glass mask is presented in Fig 7.2.

| Substrate |

H H H H H H UV exposure with acetate mask

Substrate with 3pm thick photoresist

Development of photoresist

Deposition of Ti by  F---1 Substrate
E-beam evaporation ED Tij
Photoresist

Removal of photoresist
and excess Ti layer.

Figure 7.2 Fabrication process of transferring acetate mask on to Ti/glass mask.

The suitability of the acetate mask can only be determined when the wafer surface is
analysed after photoresist development. The transfer process provides an alternative

mask if the acetate mask fails.
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7.3 Micro-fabrication & assembly of solenoid microinductor
The solenoid microinductor requires the manufacturing of three separate wafers that
correspond to the upper, lower winding layers and the magnetic core of the component.

The following sub-sections detail each stage of the fabrication process.

7.3.1 Preparation of the substrate

3-inch soda lime glass wafers are used for the substrate as glass is cheaper than silicon,
therefore is more cost effective when generating prototypes. Moreover the substrate is
used mainly as a support and is sacrificed at the end of the process. When developing
the fabrication processes, the need to transfer production onto silicon for assembly into
integrated circuits is not neglected. The processes developed on the glass wafers are
transferable to silicon. The size of the wafer was selected due to its compatibility with

the majority of the equipment within the MISEC cleanroom.

The first stage of the fabrication is substrate preparation and wafer cleaning. Wafer
cleaning and surface preparation have always been very important in achieving high
yields in semiconductor and MEMS fabrication [7.1]. First, the wafers are inspected to
ensure that the surface is defect free e.g. scratches. Subsequent processes such as
electroplating will not conceal pe-existing surface blemishes. It is likely that surface
defects will result in the conductive path of a seed layer being impeded or electroformed
structure being fractured. After inspection thé glass waférs are placed in a wafer holder;
a biodegradable decontamination liquid (Decon 90) together with deionised water are
added to a glass container and the wafer holder is placed in the ultrasonic bath, as
shown in Fig 7.3. The purpose of the cleaning process is to remove micro-particles and
contaminants present on the surface of the wafer. After approximately 45 minutes in
the ultrasonic bath, the diluted decon cleaning solution is replaced with 100% deionised
water and returned to the ultrasonic bath for a further 45 minutes. The purpose of this
stage of the cleaning cycle is to remove traces of the cleaning agent from the surface of
the wafer. Any trace of contamination or grease from the cleaning solution will result in
poor adhesion of the subsequent deposited layers. In the final stage of the cleaning
process the wafers are removed from the ultrasonic bath. A final inspection for visible
~ defects is performed; the wafers are then dried with pressurised nitrogen. Once dried

the wafers are ready for fabrication.
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Figure 7.3 A wafer holder containing 5 3-inch glass wafers is placed within a beaker of
Decon 90 cleaning solution diluted with deionised water. The wafer holder is then
placed within an ultrasonic bath.

7.3.2 Deposition of sacrificial layer

The completion of the solenoid micro-inductor structure requires the flip-chip bonding
of the windings. To access the pads of the lower winding layer the glass substrate of the
chip must be removed. Therefore, a sacrificial layer is applied to assist in the release of

the component from the substrate after bonding.

Initially a photoresist sacrificial layer approach was contemplated. The photoresist
would be a thin layer of less than 10pm thickness, of AZ 9260, [7.2], applied prior to
the conductive seed layer. After the wafer is dried, deposition of the sacrificial layer is
done by means of spin coating. The thickness of the photoresist coating layer is
primarily determined by the viscosity of the resist, the rotational speed, the ramping rate
and the duration of the spin. For the thickness of photoresist considered, the amount of
resist has little effect on the thickness of the final deposition layer. The rule of thumb
for the amount of photoresist to be deposited is 1 ml per wafer inch, thus 3 ml were
deposited onto the centre of the 3” wafer. While depositing the photoresist, care is
taken to avoid the creation of air bubbles that would create surface defects. Fortunately
air-bubbles can be removed from AZ with a pipette before the spinning cycle

commences. The photoresist process is covered in more detail in section 7.3.4.
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At the end of the whole manufacturing process, the under-side of the wafer, the side of
the wafer with no deposited layers, would be exposed to UV light and subsequent
development would remove the AZ, freeing thereby the completed device. The original
AZ layer suffered however from cracking during deposition of the Ti and Ni seed layers
within the E-beam as shown in Fig 7.4. This phenomenon was attributed to thermo-
mechanical stress due to the mismatch of thermal coefficients of expansion between the

glass and the resist.

Figure 7.4 Isotropic thermal cracking of a wafer with 10pm thick AZ 9260 layer after
the deposition of Ti within the E-beam.

The thickness of the AZ layer was reduced to 5pm and the baking cycle was increased.
The baking cycle reduces the solvent content of the resist. A high solvent content
within the resist makes the resist soft [7.3]. A thinner layer, baked for longer was
anticipated to be harder and thermally more resistant. The 5pm AZ layer did not crack
during the deposition of the metal seed layer within the E-beam. The second AZ layer
was deposited on top of the seed layer; this layer is patterned to form the winding layer.
During the baking cycle of the second layer, thermal isotropic cracking occurred. This
was attributed to the three different thermal expansion coefficients of the respective
layers. Fig 7.5 displays the thermal cracking and the effect on the structure to be

fabricated.
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Figure 7.5 Isotropic thermal cracking of a wafer consisting of a sacrificial AZ layer, Ti
seed layer and patterned photoresist layer.

The photoresist sacrificial layer would have required a DOE of baking times and
temperatures to resolve the thermal cracking problem, not only at the first
manufacturing steps but also at all stages of the process. This was not possible due to
time constraints. To resolve this issue, a metal sacrificial layer was instead selected.

The following section describes the deposition of the metal layer.

7.3.3 Deposition of a titanium seed layer

The seed layer is a conductive layer, which, in this design, is the first layer to be
deposited onto the glass surface. The seed layer also acts as an adhesion layer. Metals
such as copper and nickel, that are less resistive than Ti, do not adhere well onto glass
or silicon and require an adhesion layer prior to deposition. The final purpose of the

adhesion layer in this fabrication process is to be used as a sacrificial layer.

The deposition of the seed layer is done in a high vacuum chamber using electron beam
evaporation [7.4], Fig 7.6(a) and (b) display the E-beam and auxiliary equipment, and a

schematic of the E-beam chamber, respectively.
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Electron G
Valves Power Supply
@
(b) Woafer holder

Crucible
containing metal
to be evaporated

Electron beam

Figure 7.6(a) E-Beam Evaporation with control unit and power supply, (b) Schematic of
E-beam evaporation chamber

The glass wafers are loaded, five at a time, into the wafer holder of the E-beam
evaporation chamber. The wafer holder is approximately 100mm above a Ti slug of
material that is contained in a crucible. The Ti slug is the target of the electron beam, as

shown in Fig 7.6(b).

In the vacuum chamber pressure must be low prior to deposition to prevent the Ti metal
oxidising when heated to melting point. Also, if a metal is heated to melting point in

air, not much happens due to the heavy bombardment of air molecules. If the same
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metal is melted in a high vacuum, the vapour travels until it encounters a cold surface,
where it condenses. For this to happen effectively, the pressure has to be in the region
of free molecular flow. This is when the molecules in the residual gas are so few that
although they strike the walls of the vacuum chamber, they rarely collide with each
other. This occurs at pressures below about 10 bar. The process of pumping

down/degassing the chamber would normally take about 2-3 hours.

The electron beam is created from a tungsten filament, which is heated up by a high
alternating voltage of about 10kV through the anode and cathode. Electrons are emitted
from the filament and are directed by an arrangement of permanent magnets and
electromagnets onto the target metal to be evaporated. The target material is then
heated to the point of evaporation and the vapour condenses on the wafer place above it,
line of sight deposition. The power of the electron beam is effectively controlled by the
AC power through the filament, which in turn controls the amount of energy directed to
the target metal. Typical beam current used for the deposition of Ti was 60mA for a

duration of 3 minutes, which produces approximately a 300nm thick deposition.

The E-beam contains a crucible holder for five different metals. Once each glass wafer
has a 300nm thick deposit of Ti, Ni is then deposited on each wafer. The deposition
parameters of Ni within the E-beam are identical to that of Ti. The purpose of the Ni
layer is to reduce the resistivity across the wafer surface. Ti is highly resistive and
cannot be used as the seed layer. A Ti seed layer would produce an uneven current
density distribution, which would be reflected by electroplated structures that exhibit
non-uniform thickness. Therefore, the Ni layer, approximately 200nm in thickness, is

the seed layer for subsequent electrodeposition.

7.3.4 Photoresist deposition and UV photolithography

The glass wafers with adhesion/sacrifical layer of Ti and seed layer of Ni, now require a
deposition of photoresist. Three wafers are coated with AZ 9260, one for the lower
winding layer, upper winding layer and core layer, respectively. Fig 7.7 displays an

overview of the photoresist deposition and UV photolithography processes.
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Coating of AZ 9260 using a spin
coater. 3min delay after spin.
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Hard bake of AZ 9260 on a
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Figure 7.7 Overview of AZ 9260 deposition and UV photolithography

The photoresists available were SU-8 and AZ9260. With the manufacture of the -
solenoid component requiring the deposition and removal of several photoresist layers,
SU-8 was immediately ruled out, as its removal is well known to be extremely difficult
to achieve. In comparison, AZ9260 is easier to apply and remove than SU-8. Also, AZ
is a very transparent photoresist, resulting in reduced processing times and capability of
producing thick, as well as thin, layers with good alignment to prior layers. The
suppliers of the AZ, Clariant, advise that optimum conditions may vary with the
substrate type, equipment and environmental conditions. Therefore the AZ process
required fine tuning based on initial tests. The sequences that were programmed into

the spinner to achieve a variety of thicknesses are displayed in Table 7.1.
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30 pm 20 pm Sum
Distribution of the AZ | 70 rpm 70 rpm 70 rpm
30 Rev/s 30Rev/s | 30 Rev/s
20sec 20sec 20sec
Spread cycle for 400 rpm 400rpm | 400 rpm
uniform wafer coverage | 100 Rev/s | 100 Rev/s | 100 Rev/s
20 sec 20 sec 5 sec
Cycle for final 1000 rpm 1000 rpm | 5000 rpm
photoresist thickness 200 Rev/s | 200 Rev/s | 200 Rev/s
10 sec 20 sec 30 sec

Table 7.1 Spin cycle parameters for various AZ9260 thicknesses.

Once the spin cycle is complete there is a delay prior to baking the AZ to allow the layer
to settle on the wafer. The Spum, 20um and 30um layers are delayed for 90sec, 180sec
and 300sec respectively. Depending on the thickness of the AZ layer the baking cycle

varies, as indicated in Table 7.2.

30 pm 20pm S um

Temp: 110°C | Temp: 110°C Temp: 110°C
300 Sec baking | 180 Sec baking 90 Sec baking
duration duration duration

1 hour delay 1 hour delay 1 hour delay

Table 7.2 Baking procedures for various AZ thicknesses.

After coating, the photoresist contains a thickness that depends on the concentration of
solvent, mostly PGMEA. The baking process serves to reduce by 75-80% the
concentration of solvent through evaporation and diffusion in order to avoid several
effects [7.3]: mask contamination through the sticking to the mask, popping, bubbling
or foaming of the resist by nitrogen created during exposure. The baking also improves
resist adhesion to the substrate, minimises dark erosion during development and

prevents dissolving one resist layer by the following during multiple coat processing.
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Prior to baking the wafers at 110°C, each wafer is baked on an additional hot-plate for

30sec at 65°C to minimise the degree of thermal shock. Thermal shock effects include
the resist contracting, retreating from the wafer perimeter due to the sudden elevation of
temperature, creating an uneven distribution of photoresist. During the baking cycle the
resist must not be over-baked as this will lead to problems during the development of
the photoresist. The baking process facilitates the cross linking of the photoresist,
making it less soluble to the developer. An increase in development time would result,
with the potential for some sensitive structures to be lost during the over-development

time period.

After the baking process there is a delay before exposing the wafers to permit
rehydration. Re-hydration is important for resist films thicker than Sum as after baking
they are almost H,0 free. During the photoreaction when exposed to UV light a certain
amount of water is required for the creation of carboxylic acids. The thicker the film
the longer the re-hydration period required. A period of lhour was sufficient for the
thicknesses used within the thesis. AZ layers greater than 100um can require several
hours. Besides an improvement in development rates due to sufficient re-hydration, re-

hydration also improves the resist profile by attaining a homogeneous development rate
through the resist film.

When producing the 90um thick windings, two layers of AZ are applied. After the
30um thick spin and bake cycle, the 30um spin cycle is repeated. The second AZ layer
adheres to the AZ surface better than the original AZ layer did to the glass surface
resulting in less AZ being removed during the spin cycle. The baking time is doubled to
600 sec and the resist is left for one hour to re-hydrate. After the delay period contact
UV exposure is carried out with the acetate photomask. The wafer is positioned on the
chuck of the Tamarack UV aligner. Fig 7.8 shows the Tamarack UV aligner. The hard

contact between the wafer and photomask is maintained by vacuum.
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UV shield

Figure 7.8 Tamarack UV aligner.

AZ9260 is photosensitive to the i and h line (419-329nm). The UV light is filtered so
that the resist is exposed to the i-line (365nm). The lateral light intensity distribution is
measured prior to exposure; a 5-6% reduction in intensity from central to edge regions

is measured over the 3” illumination area.

The energy dose is set via the control unit. For approximately 2000mJ for 90pm thick
AZ, the exposure is complete in 40 secs. The energy dosage is reduced to 1200, 1000,
and 800mJ respectively for the 30pm, 20pm and 5pm thick AZ layers.

After exposure, the wafer is developed using AZ developer for approximately 3-5
minutes and rinsed with deionised water. The ratio of AZ developer, AZ400K, to
deionised water is 1:3. During development the carboxylic acid formed during UV
exposure switches from the hydrophobic to the hydrophilic part of the cresolresin and
promotes the degradation or deprotolysis, of the OH-group defining the resist solubility
in aqueous alkaline developers [7.5], Compared to the unexposed DNQ, the carboxylic
acid yields a development rate of the resist several orders of magnitude higher. The
wafer surface is cleaned with deionised water and dried with pressurised nitrogen; the
surface of the wafer is examined with white light interferometry. Fig 7.9 displays the
surface profile of a developed AZ9260 90pm thick.
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Figure 7.9 AZ9260 patterned with UV photolithography.

The minimum feature size of this component is the 20pm spacer separating the
windings as shown in Fig 7.10. This feature size is well within the capabilities of AZ
where aspect ratios of 6:1 have been achieved [7.6]. Hence, the 90pm thick resist with

20 pm spacers, an aspect ratio of4:1, is a practical and repeatable process.

7.3.5 Electrodeposition of copper and nickel

After UV photolithography, DC electrodeposition of the winding layers and core
follows. The electrodeposition of the Ni-Fe core is covered in detail in Chapter 5. The
windings are fabricated with either nickel or copper. Copper is preferred due to its
higher conductivity minimising winding resistance. However, due to contamination and
component failure issues the dedicated copper plating bath, was not operational for
prolonged periods and Ni was used a suitable alternative. The compositions of the Ni
and Cu bath cells are shown in Tables 7.3 & 7.4.

Composition Concentration Total amount
Nickel sulphamate solution 320 ml/1 6.4 litres
Boric acid 40 g1 800 gram
Lectro-nic Anode activator 65 ml/1 1.3 litres
Lectro-nic addition agent 12 mil/1 240 ml

Non pitter 62 A 2 mi/1 40 ml

Table 7.3 Nickel plating solution composition
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Composition Concentration Total amount

Sulfuric acid, H2S04 100 mi/1 2.5 litres
Copper Sulfate, CuS04.5H20 40 g1 1 kilogram
Electrodeposit 1200M 40 ml/1 1 litres
Electrodeposit 1300S 1ml/1 25 ml
Hydrocholoric acid, HC1 (S.G. 1.18, 5ml

37%)

Cupronal BP Carrier 5ml

Table 7.4 Copper plating solution composition

The current density during the deposition of Ni and Cu is 0.6A/dm2 initially for
approximately 10% of the deposition time; this is ramped to 1.7 A/dm2 for the
remaining 90% of the plating period. The reduced plating density produces an increase
in grain size. It was hoped that this would assist with the release of the glass substrate
during etching of the sacrificial layer. The electrodeposition of the 90pm thick
windings was approximately 5 hours. Fig 7.10 displays the patterned AZ after the

electrodeposition.

AZ 9260 is then deposited onto the electroplated Ni or Cu windings. The AZ is
processed as before and spun to a thickness of approximately 30pm. The AZ is
patterned and developed to produce cavities, 150pm in diameter, at opposite ends of the
winding section. Fig 7.11 displays a Zygo 3D plot and intensity image of the

component with the patterned cavities.

Figure 7.10(a) The patterned AZ 9260 prior to electroplating, and (b) after DC
electrodeposition of 90pm thick Ni.
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Figure 7.11(a) 3D plot of AZ 9260 patterned to form electroplating cavities for
electrodeposition of Cu:Au interconnection bumps, and (b) intensity image of the
winding layer.

The cavities are filled with electroplated Cu, or Ni, and capped with 5pm of gold. The
electroplated winding layers form the seed layer for the electrodeposition of the

interconnection bumps. The following section describes the electrodeposition of Au.

7.3.6 Electrodeposition of gold
5pm of Au is plated onto the Cu or Ni posts of the lower and upper winding layers to
connect the layers during flip-chip bonding. After Ni or Cu plating of the posts the

wafer is rinsed with deionised water to remove any residue of Ni or Cu plating solution.
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The Au plating cell is custom made as shown in Fig 7.12. The electrolyte is a
potassium sulphite based gold plating solution. The supplier of the gold plating solution
is Metalor R Technologies (UK) Limited. The electrolyte is a cyanide free solution

making it less hazardous and easier to maintain.

Figure 7.12 Potassium sulphite based gold plating bath set-up.

The gold plating bath consists of:

1 Anode (Platinised Titanium)

2. 2 litre beaker as the plating bath

3. Hot plate with magnetic stirrer, temperature probe with close loop control
4. DC power supplier with resolution up to 1 mA

5. Wafer holder as cathode.

The gold plating system set-up is simple and inexpensive. On the other hand the
filtration system is poor and maintenance of the gold solution e.g. replenishment of gold
and brighteners is frequently needed. Agitation is achieved through the magnetic
stirring at 260 rpm with a 60mm magnetic stirrer. Since potassium sulphite is readily
oxidised air agitation could not be used. Optimum speed of rotation has to be used to
transport the ions whilst avoiding a turbulent flow that generates bubbles, causing
undesired pitting in the sample. Other factors that cause pitting are the use of excessive

current density or temperature during electrodeposition. The optimum operating
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conditions for gold plating are presented in Table 7.5. Usually the system is turned on
2-3 hours before plating commences to allow the electrolyte to condition itself prior to
use. With operation at 46°C deionised water is added to replenish loss of solution

through evaporation. The deposition rate for current density of 0.2 A/dm?®is 1 pm in 8

minutes.

Composition Unit Optimum | Range
Gold Concentration g/l 10 8-12

pH - 9.5 8-10
Solution Temperature °C 46 40-60
Current Density A/dm? 0.2 0.1-0.5
Potassium Sulphite g/1 35 25-50
Agitation pm 280 200-360

Table 7.5 Operation condition for gold plating

7.3.7 AZ stripping and seed layer etching

After the deposition of Sum of gold, all of the AZ layers are removed‘with acetone.
Another stripping agent is AZ 400T photoresist stripper, a product of Clarient. Both are
effective for AZ removal, however, acetone operates quicker. The wafer is cleaned in

deionised water to remove any residue of acetone and dissolved AZ.

Part of the seed layer and adhesion layer is etched with a Ti etchant to remove the
electrical connection that forms an effective short across the windings. The
composition of the Ti etchant is displayed in Table 7.6. The etching process is
completed in Sminutes, no agitation is applied during the etch process. Agitation and
prolonged etch periods result in under-etching which is undesirable at this stage of
fabrication as the windings are required to remain on the glass substrate. The Ti etchant
preferentially etches the Ti layer and removes the thin Ni seed layer effectively. A
Ti/Cu seed layer was tested but proven not to be effective. The etchant does not erode
the thin Cu layer and begins eroding the permanent structures e.g. the windings.

Therefore, only a Ti/Ni layer was used.
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Composition Amount/Unit
Sodium Fluoride powder 209
Deionised Water 380 ml
Hydrochloric Acid 100 ml

Table 7.6 Composition of Ti etchant

A 5pm thick layer of AZ9260 is applied and patterned to form an insulation layer across
the upper and lower windings. The Ni-Fe core is conductive and would form an electric
short across the windings. AZ9260 is a good insulator with a dielectric constant of 1.4
and dielectric strength of 1.8kV/mil [7.7]. Fig 7.13 displays fabricated lower windings
and a 3D image of the lower windings. Fig 7.14 displays the upper winding layer.

Figure 7.13(a) A 3D plot of the lower winding layer, (b) The lower winding layer with
90pm Cu windings, Cu:Au bumps 25pm and 5pm respectively, etched Ti/Ni layer, and
10pm AZ insulation layer.
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Figure 7.14 The upper winding layer with 90pm Cu windings, Cu:Au bumps 25pm and
5pm respectively, etched Ti/Ni layer, and 10pm AZ insulation layer.

Fig 7.13 shows that the DC deposition of the gold has produced uniform deposit
thickness and surface area. If the gold bumps varied in height or in surface area the

bonding process would be affected, and the conductive winding path impeded.

The lower and upper winding wafers are mounted onto a UV sensitive film and are
diced with a diamond saw. The yield of the upper and lower winding layers was
approximately 80%. This provided 120 operational samples out of a potential 150. Fig

7.15 displays a wafer of fabricated windings after dicing.
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Figure 7.15(a) Glass wafer with 120 functional lower winding layers. The winding
layers are now chips that can be flip-chip bonded together with alternative core samples,
and (b) a released chip positioned on a 5 pence coin.

A summary of the fabrication process of the electrodeposited core samples is displayed

in Fig 7.16.
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Fabrication of 10um thick AZ9260 pattern
via UV photolithography.

r
DC electrodeposition of

magnetic alloy 10pm thick.

. J

8 . )
Removal of AZ and Ti/Ni seed
layer.

\. /

A

Core sample removed from wafer. Sample
characterised prior to inclusion within the
winding

Figure 7.16 Summarised fabrication process of the electrodeposited core samples.

Once the core samples are released from the glass wafer, they are positioned on the
insulation layer of the lower windings. The core samples are fabricated under
conditions to promote low stress. Stress can influence the magnetic properties of the
alloys, as discussed in Chapters 4 & S, and can also complicate the manual positioning
of the alloy. Under stress the alloy will twist and contort. The insulation layer is coated
with a light spray of non-conductive adhesive. The insulation layer becomes tacky and
the Sum approx adhesive layer provides a level of control when positioning the alloy.
After a period of 10 minutes the adhesive sets and the alloy is held in a permanent

position.

Commercial alloys, fabricated via a cold rolling process, were purchased as a roll of
film. The alloys were degreased with acetone and secured to a glass wafer., The wafer
was patterned with AZ9260 and wet etched to the desired dimensions. As etching is a
subtractive process, the patterning of the AZ used a glass titanium mask with the
reversed polarity of the core acetate mask. The etchant consisted of HNO3;:HCL:H,O,

2:1:3. The etchant was very aggressive and the etching was completed in less than 60s.

194



After 60s under-etching would occur and the AZ photoresist also became susceptible to
the etchant. The glass wafer was then cleaned in deionised water, the AZ stripped and
the core samples released. Dimensions of the sample were verified with Zygo and then

placed within an identical solenoid component.

Dry etching of the commercial samples was also investigated. The commercial alloys
were secured to the wafer as before, and a CO2 laser was used to ablate the alloy to the
required dimensions. However, this was a slow process and produced a poor quality
finish. The ablation process created a ripple type edge effect, which would have

generated flux density crowding.

7.3.8 Flip-chip assembly of the micro-inductor
Flip-chip bonding of the inductor windings shown in Fig 7.13 & 7.14 was carried out
using the flip chip bonder, Karl SUSS, FC6, shown in Fig 7.17. .

The FC 6 system comprises of the following components:

(1) Chuck XY stage — This is at fixed height but is capable of being manipulated in
the X-Y plane with a resolution of 1 micron. The substrate holder, lower
winding layer, can be heated (up to 500°C) and holds the substrate in place by
vacuum.

(2) Bonding arm — This is fixed in the XY plane but can move in the Z plane to
bring the two components together once aligned. The chip, upper winding layer,
is loaded onto the stage. This stage is also independently heated (up to 500°C)
and can be manipulated with a resolution of 1 micron. The applied force range
is 0-5000g. The chip is held in position by vacuum.

(3) Microscope — The optics are situated between chuck and bonding arm during the
alignment step and are moved out of the way just prior to the bonding step. The
image of the substrate and chip are superimposed on the same screen, but are
differentiated by image colour: blue for chip and red for substrate. The
microscope can move in XY plane with a resolution of 1 micron and focus in the
Z plane. The microscope has a fixed magnification and provides a 375 x 280

pm field of view.
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(4) User controls - These consist of two joysticks to control substrate, chip and
microscope movement, a keyboard for menu selection and programming and a

screen to display parameters.

Microscope Monitor Program
Monitor

Bonding Chuck
Stage

Optical Microscope

Control for optical Control for Chuck
microscope.

Keyboard for

Input of bonding

Parameters.

Figure 7.17 Flip-chip bonding machine Karl SUSS FC6

Bonding of the gold capped interconnection bumps of the upper and lower winding
layers was achieved using thermo-compression bonding. The process of thermo-

compression flip-chip bonding of the gold capped bumps is illustrated in Fig 7.18.
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Pressure

gold

* copper glass wafer

Figure 7.18 Cross-section of the thermo-compression flip-chip bonding process.

First, the lower winding layer with the magnetic core attached to the insulation layer is
loaded onto the chuck. The upper winding layer, the chip, is placed onto the bonding
arm and held in place by a vacuum. The chip is then flipped over facing downwards,
towards the substrate, and the optical microscope is moved in-between the chuck and

the bonding ann. The alignment of the bumps to its counterpart is then carried out.

The next stage of the bonding process is the pre-heating of the substrate. As the
bonding temperature for Au bumping is around 250°C, both the arm and the chuck are
pre-heated to a temperature of 120°C before bonding commences. This is to shorten the
ramping time taken to reach the bonding temperature. If the temperature increases from
25°C to 250°C undesirable thermal shock is likely to occur due to rapid expansion of
both chip and substrate, especially the carrier chip, because the mass of the holder on

arm is much smaller as compared to the chuck substrate.
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The bonding profile is then entered covering the parameters of temperature, timing and
force shown in Fig 7.19. During bonding the optical microscope is moved aside, and
the bonding arm holding the carrier chip, aligns and approachs the chuck and the
bonding profile is activated. Both arm and chuck temperature start to rise from 120°C
to bonding temperature as illustrated in Fig 7.19, at temperature of 240°C, bonding force
of 80g per bump is applied to the chuck for a 20 second period. While the temperature
rises to 250°C and remains there for 10s, cooling is then applied for 10s. After 30s, the
force in the bond arm drops to zero and the chip is released from the bonding arm. The
bonding is completed. At this moment the temperature on the chuck is still at around
120°C, compressed air is then used to force cool the bonded device to around room

temperature. Fig 7.20 displays the bonded component.

Figure 7.19 Pre-set bonding profile for temperature and force as a function oftime.
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Figure 7.20 Flip-chip bonded solenoid microinductor. The view is through the upper
glass substrate displaying the dark Ti adhesion layer.

The parameters displayed in Fig 7.19 are the result of initial flip-chip bonding tests.
The temperature for bonding gold, 250°C, was sourced from prior work [7.8]. The
minimum force was determined to be 40g/bump, any lower than this and a bond was not
formed. The timing was also important; if the force was released while the Au was still
soft, at 250°C, then a bond would not be made. Hence, the gradual reduction of

temperature to 120°C was followed by the force being removed.

After the bonding profile is complete, the bonding arm returns to its original position
and the chuck vacuum releases the component. The glass substrate of the winding layer
must be removed to access the input/output pads of the completed inductor winding.
This was achieved by immersing the assembled inductor devices in Ti etchant with
strong agitation to remove the remaining Ti adhesion layer and seed layer. It takes 5
minutes to ensure a good quality of under-etch, tweezers are then used to remove the
glass substrate. When nickel windings are used the windings are not affected by the

etchant as they are 450 times thicker than the Ni seed layer.

Fig 7.21 shows a released solenoid microinductor and Fig 7.22 shows a dissected

sample displaying the interconnection between windings.
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Figure 7.21 Released solenoid micro-inductor of size 2Zmmx5mmx 250pm (WXLXT).
The diagonal nickel windings are clearly visible. The Ni(80)Fe(20) core of O-shape is
assembled between the windings by flip-chip bonding.

Cu:Au
Bump

Input/Output pads

Figure 7.22 Solenoid micro-inductor showing the interconnection between the upper
and lower winding layers. The dark material on the nickel is the residual Ti from the
adhesion.

7.4 Fabrication of other microscale magnetic components

Three other microscale magnetic components were fabricated on glass using the
fabrication method described in section 7.2. The components were a spiral
microinductor, pot-core “race-track” wound micro-inductor and a pot-core transformer.
The three components are planar and pot-core in structure with the only variable being
the winding layout. The fabrication process is presented in Fig 7.23. The winding
structures are fabricated on a 25pm thick aromatic polyamide film, Kapton. Kapton is a

strong, tough, transparent and adhesive tape. Kapton exhibits excellent physical and
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chemical properties over a wide range of temperatures. The electrical dielectric
constant is 3.1 and the bulk resistivity at 23 C is about 2x10 ohm/cm. The windings
are fabricated on Kapton for two reasons: (1) to release the winding structure from the
glass substrate and (2) insulate the windings from the lower core layer. The pot core
geometry requires magnetic layers surrounding the windings. Successive deposition of
the core layers built on the winding layer is not practically realistic with the
electrodeposition process. Therefore, manual assembly of winding and core layers is

required. The windings are fabricated on a 10mm x 15mm footprint.

Glass wafer with aromatic polyamide film (Kapton)

AZ 9260 45pm thick

HUUUUU UV photolithography with acetate mask

AZ 9260 developed

E-beam deposition of Cu

; O Substrate
Jjgn Electrodepositon of Cu

30pm thick. ® AZ
| Cu-E-beam
_ Cu
pin pm iiizvizlstnpped and excess Cu !U <apton

Figure 7.23 Fabrication process of the pot-core planar windings.
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The assembly process of the pot-core components is shown in Fig 7.24.
Electrodeposited and commercial core layers are fabricated using the same fabrication
procedure described in section 7.2. Table 7.7 displays the dimensions of the pot-core

planar windings and component.

Magnetic Alloy
Kapton
Cu-E-beam

Kapton tape is cut to Cu plated
release the winding

Kapton tape is attached to lower core layer

A 5-10pm thick non-conductive adhesive is applied.
The upper core layer is attached

Figure 7.24 Assembly process of the pot-core spiral inductor. The pot-core “race-track”
microinductor and transformer follow the same assembly process.

The magnetic path is closed when the upper and lower core layers are attached. The
adhesive used in the assembly of the core layers acts as an air-gap. The magnetic path
crosses the laminate and accurate alignment of the laminate is therefore required to
minimise leakage flux. Due to the manual assembly this method provides a potential

source of error between analytical and experimental results.
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Type Pictorial View Description

4 Turn Spiral Number of turn: 4
_Micro- Winding width: 300|rm
inductor - .
Winding Thickness: 30pm
Component footprint: 10mmxI5mm
Laminate core layer thickness: 10pm
Number of Primary & Secondary Turns: 3
Winding width: 300pm
Winding Thickness: 30pm
Component footprint: 15mmxIl0Omm
Laminate core layer thickness: 10pm
3 Turn Number of Turns: 3
“race-track” Winding width: 300pm
ir’\l/clillfcri)o-r Winding Thickness: 30pm

Component footprint: 15mmxIOmm
Laminate core layer thickness: 10pm

Table 7.7 Pot-core components and dimensions.

A consideration when fabricating the "race-track” component is that the magnetic core
IS not continuous over two sets of windings. The two core halves are shown in Fig 7.25.
If the core was one continuous layer it could form an effective shorted turn with the

onset of eddy currents.

Figure 7.25 Pot-Core 3T “race-track” micro-inductor. The core area is comprised of
two sections. Ifthe core was constructed of one segment, induced currents within the
core could form a short across the windings.
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The pot-core components are labour intensive to construct in comparison to the solenoid
component. Direct electroplating of horizontal laminations offers the possibility of
fabricating structures of sufficient overall thickness, but the repeated switching of
substrates between plating baths, vacuum system and photoresist development becomes
unmanageable as the number of layers increases. A mechanical lamination process of
fabrication could overcome many of the aforementioned difficulties. A potential

mechanical lamination fabrication process is described in Chapter 10.

The following section introduces other magnetic alloys that were investigated for the

solenoid micro-inductor.

7.5 Other magnetic alloys investigated

The structure of the solenoid component permits the comparison of various magnetic
alloys. The properties of the tailored Ni-Fe, Vitrovac, and CoFeCu magnetic alloys are
detailed in Table 7.8. The electrolyte composition and deposition parameters of the
CoFeCu alloy are outlined in Table 7.9 [7.9, 7.10].

Bsat(T)

pQ.cm Hc pur
Electrodeposited
NiFe 0.8 20 3 2000
NiFe(PR) 0.78 46 13 3130
CoFeCu 1.4 18 1 300
NiFe(Aniso) 0.8 20 0.4, 0.63 2200, 1300
Commercial
Vitrovac 0.5 130 3 100000

Table 7.8 Properties of electrodeposited and commercial alloys incorporated into the
solenoid micro-inductor.
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Component: CoFeCu | Quantity
CH,CooNa.3H,0 11.05(g/D)
CoS0O,.7TH,0 57(g/)
FeSO,.TH,O 5.5-8(g/D
CuSO, 5H,0 0.1-0.7(g/)
Saccharin 4(g/)
pH 2.5-4
Temperature 25-30°C
Current Density 8 mA/cm?

Table 7.9 Electroplating solution and conditions of CoFeCu

CoFeCu is another alloy of interest from the magnetic recording head industry. Low
resisitivity and poor corrosion resistance which have held back CoFeCu in the magnetic
recording field are not as disabilitating in power magnetic applications. The CoFeCu
alloy exhibits high saturation flux density, low magnetostriction, low coercivity and low

internal stress. Therefore, CoFeCu was investigated within the solenoid component.

7.6 Summary
A solenoid micro-inductor fabricated with techniques borrowed from the UV-LIGA

- process has been presented. The novel flip-chip bonding of the upper and lower
windings provides a simple method to fabricate a traditional difficult 3D geometry. The
details of the manufacturing process of pot-core components was also introduced.
Different magnetic cores have been fabricated on glass using electrodeposition and wet
etching techniques. The assessment of the various core materials and component

geometries is presented in Chapter 8.
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Chapter 8

Characterisation of Micro-Inductors and Transformers

8.1 Introduction

This chapter presents the measurement procedure used to characterize the components
manufactured. Comparisons of the experimental and analytical results of the prototype
micro-inductors and micro-transformers are also provided within this chapter. An
introduction to the measurement method and procedure is contained in section 8.2. The
results of the solenoid micro-inductor are presented and discussed in section 8.3.
Analysis of the pot-core micro-inductor characterization results is carried out in section
8.4. The assessment of the micro-transformer is detailed in section 8.5. Conclusions

based on the theoretical and recorded data are summarized in section 8.6.

8.2 Low frequency impedance measurement

A Hewlett Packard 4192A LF-impedance analyser was used to record the inductance,
resistance, Q-factor and impedance over a frequency range of 1 kHz-10MHz. The
4192A LF impedance analyser measures the real and the imaginary parts of the
impedance vector and then converts the value to the desired parameters such as |Z|, 6,
[Y], R, etc. The analyser is calibrated through the measurement of ““etalons” with known
values. The 4192A has a zero offset adjustment function to eliminate the residual

impedance and stray admittance of the test fixture and test leads.

Factors to control during measurement include test signal level, DC bias and
environmental conditions such as temperature, humidity, etc. Magnetic core inductors
depend on the current of the test signal due to the hysteresis of the core material. The
inductance of magnetic core inductors varies according to the DC bias current due to the
magnetic flux saturation characteristics of the core material. For example, DC bias
current remains constant during the measurement of inductance as a function of
frequency. All measurements are performed at room temperature and under standard

atmospheric conditions.
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8.3 Measurement results of the microinductors

The analytical and experimental results of the solenoid microinductor are presented and
discussed in section 8.3.1. The solenoid component is characterised with the following
magnetic alloys: electrodeposited Ni-Fe(DC), Ni-Fe(PR), Ni-Fe(anisotropic), CoFeCu
and the commercial alloy Vitrovac. The effect of increasing the laminate layers is
assessed for Ni-Fe(DC) and Vitrovac. In addition, single core layers of Ni-Fe(DC) and

Vitrovac are characterised with a 50pum air-gap included in the flux path.

8.3.1 Solenoid micro-inductor: winding & dielectric assessment

The solenoid micro-inductor was initially flip-chip bonded as an air-core component.
The purpose of omitting the magnetic core was to characterize the winding resistance as
a function of frequency. Omitting the magnetic core removes any resistance due to
induced eddy currents in the core. Hence, when the resistance of the winding becomes
greater than the low frequency DC value, the increase in resistance is representative of

the skin depth and proximity effect of the winding structure.

The AC resistance value for copper windings of varying thickness, 60pm, 90um and
200um, is shown in Fig 8.1. The 200um thick winding was fabricated with SU-8 due to
the limitations of AZ9260 film thickness. The spacing between windings was
maintained with a 4:1 aspect ratio resulting in spacings of 15um, 20um and 50um,
respectively. The windings have a low resistance, Rpc, at low frequency. However,
when the operating frequency increases, the skin and proximity effects induce a greater
resistance. The analytical predications obtained in Chapter 6 agree well with the
experimental results plotted in Fig 8.1. An analytical error of 10% in the upper
frequency range occurs for the 200um thick winding. This result is an indication of a

potential limitation of the analytical model.
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Figure 8.1 Winding Resistance versus Frequency. Analytical and experimental results
for winding resistance of 60pm, 90pm and 200pm thick copper windings.

Fig 8.2 displays the increase in winding resistance with frequency in more detail. The
90pm and 60pm thick windings exhibit improved resistance-frequency response in the
upper frequency range. With the inter-winding distance determined by the 4:1 aspect
ratio for each winding, it is assumed that the skin effect, and not the proximity effect, of
the 200pm thick winding is the primary cause of the resistance difference. The skin
effect of the 200pm is evident at 1 kHz, in comparison to 750 kHz, approximately, for
the 60pm and 90pm thick windings. The advantage of the low DC resistance of the
200pm windings, due to greater cross-sectional area, is superseded with increased
resistance, Rac , at about 505 kHz. When calculating ROz and resultant RAc values of
the winding resistance, no attempt was made to model the via interconnections. Direct
measurement of the vias after bonding was not possible. However, due to the good
agreement between experimental and analytical values, the via resistance has been
proven to be minimal justifying the use of electroplating and flip-chip bonding as a

viable assembly process.
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Figure 8.2 Winding resistance versus frequency. Analytical and experimental results
for winding resistance of 60pm, 90pm and 200pm thick copper windings.

With the increasing demand for high power density and reduced voltage operation the
applied current obviously has to increase. Due to the higher current handling capability
of the 90pm windings in comparison to the 60pm windings, and the low winding
resistance in the 500 kHz-1,250 kHz range, the 90pm windings have been used in the

assessment of the core materials.

AZ9260 serves as an insulation layer and a photosensitive resin for the
electrodeposition of structures. The electric field strength of a material represents the
value of voltage at which the material breaks-down. The breakdown of the material is
indicated by the sudden increase of detected current. The inrush current creates a
pit/cavity on the insulator surface. The electric field strength can be determined using a
holiday probe [8.1]. The electric field strength of AZ is approximately 1.8kV/mil or
70.86 V/pm [8.2]. The voltages applied to the investigated components will not exceed

1-2 V; therefore, AZ9260 serves as a good insulator for this application.
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8.3.1.1 Solenoid microinductor: resistance test
Fig 8.3 displays the resistance, of the solenoid micro-inductors with their
electrodeposited magnetic core. The total resistance measured is the sum of the AC

resistance due to the winding turns and the core.

Figure 8.3 Micro-inductor resistances as a function of frequency.

The profile and values of the resistance curve within Fig 8.3 is different to that of Fig
8.1 due to the contribution of AC core resistance. The core resistance is the result of the
hysteresis and eddy current effects within the core. Although the analytical model
omits the contribution of the hysteresis resistance, the results of the analytical model are
in good agreement with the experimental values. The results of Fig 8.3 demonstrate
that eddy currents within the core increase rapidly with frequency. For example, the air-
core resistance of the 90pm winding at 2MHz is 0.160, inclusion of the NiFe(DC) core
increases this value to over 20. The increase in resistance results in increased power

loss via Joule heating.

Fig 8.4 displays the resistance contribution of the 90pm winding and eddy current
resistance of the Ni-Fe and Vitrovac core, as a function of frequency. The Vitrovac

alloy with high relative permeability, Jur «100,000, is highly susceptible to the skin
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effect and as a result the effective resistance of the core increases more rapidly with
frequency. In comparison, the eddy current resistance of Ni-Fe, with a relative

permeability ofnr « 2,000, is 23 times smaller at 1 MHz. The dependence of the eddy

current resistance on skin depth and core thickness is indicated by Eq (6.26).

250i
200.
a
F 150
0 -¢-Rac
-smNiFe(Reddy)
Vit(Reddy)
&) 100.
0
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50 .
0A
1 10 100 1000 1000

Frequency (kHz)

Figure 8.4 Comparison of core and winding resistances as a function of frequency.
Vitrovac and Ni-Fe core resistance are compared with 90pm thick copper windings.

At 1 MHz the skin depth of the copper winding is 66pm. The 90pm thick winding,
being under twice the skin depth, appears not to be affected by the onset of skin effects.
Fig 8.5 displays the recorded resistance of the 90pm windings and analytical value of
the eddy current resistance within the Ni-Fe core material in more detail. The winding
resistance maintains its DC value at low frequency due to low skin and proximity
effects. However, the eddy current core resistance increases linearly with frequency.
Fig 8.5 highlights two fundamental facts: the eddy current loss is always present and
increases rapidly with frequency. Therefore, it is import to minimize eddy current loss

at high frequencies.
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Figure 8.5 Winding resistance and core eddy current resistance as a function of
frequency. The increasing eddy current resistance is due to skin effects. The AC
winding resistance, Rac, maintains its DC resistance, Rdc, value.

The Rac value has been optimized through the consideration of skin and proximity
effects. Winding thickness was restricted to less than twice the skin depth and the
proximity effect was minimized by selection of the optimal winding spacing. Another
factor in the reduction of the proximity effect is the single layer winding structure of the
solenoid. Design engineers typically use multi-layer windings when trying to maintain
a certain inductance level with reduced component footprint. —However, the AC
resistance of the multi-layer winding structure increases at high frequencies. Fig 8.6
displays the values of RAc generated by the analytical model for 1, 2 and 3 winding
layers. The difference in RAc between the 1,2 and 3 layer winding is attributed to the
proximity affect. The increase of winding layers would also reduce the SRF of the
inductor due to the increase in parasitic capacitance. An increase in the number of

winding layers would also render the fabrication more complex and more expensive.
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Figure 8.6 Analytical winding resistance as a function of frequency and number of
winding layers.

Single-layer solenoids provide near optimal performance, as demonstrated in Fig 8.6.
However, the number of turns per single layer of traditionally wound solenoid inductors
is limited by the core’s inner diameter and how tightly you can pack the turns together.
Thus, to increase the inductance a larger core or multiple layers of windings would
normally be needed. However, the ability to finely pattern inter-winding spacing e.g.
20pm for the fabricated solenoid permits a higher density of winding turns for a given
area, which demonstrates the advantage of the UV photo-lithography process over

conventional manufacture.

It is understood that the resistance due to hysteresis is normally greater in the low
frequency range but as frequency increases eddy current resistance is more
predominant. This transition typically occurs at a few kHz for thin film alloys [8.4].
The largest deviation between experimental and analytical results, 6% underestimation,
occurred in the low frequency range e.g. <10kHz. The increase in the experimental
resistance value could be an indication of the hysteresis resistance that is not included

within the model.
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8.3.1.2 Solenoid micro-inductor: inductance & Q-factor test

The experimental and analytical inductance values are displayed in Fig. 8.7 as a
function of frequency for the solenoid component utilizing the commercial alloy,
Vitrovac. The bandwidth of operation of the Vitrovac alloy is restricted to the low kHz
range (<10kHz) due to the inductance tail-off at increasing frequency due to the change
of the permeability of the magnetic film that is determined by the magnetization of the
film.  The magnetization is dominated by two processes: domain wall motion and
domain rotation. At low frequencies domain wall motion is the dominant mechanism;
an applied field causes domain walls to shift and the motion results in a change in
magnetization and hence flux density. Therefore, highly magnetized thin films will
have larger low frequency permeability. However, highly magnetized films have very
small restoring forces and therefore are unable to follow rapidly varying fields. At high
frequencies, the domain rotation becomes dominant and is responsible for permeability.
It is hard for the large domains to rotate therefore the relative permeability and therefore

the inductance is reduced.

Figure 8.7 Analytical and commercial values of the inductance of the commercial alloy
Vitrovac.

Although the commercial alloy has a resistivity 6.5 times greater than the
electrodeposited alloys, the thickness of the film, 20pm, and its high relative
permeability of around 100,000, make it sensitive to skin depth effects. The skin effect

arises due to the presence of eddy currents flowing in the magnetic core. Eddy currents
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form because a voltage is induced around the core periphery equal to the volts/tum
applied to the windings. The core material has a finite resistivity, which translates into
a resistance value around the core periphery. The voltage induced around the core
forces a current, the eddy current, to flow through this resistance. By Lenz’s law, the
swirling eddy current moves in such a way as to create a magnetic field opposing the
change; this generates a cancellation flux. Therefore, the overall flux becomes reduced

and since inductance is a function of flux linkage, the inductance decreases accordingly.

The inductance versus frequency response of the electrodeposited alloys is shown in Fig
8.8.  Whereas the inductance of the commercial alloy tails off at 10 kHz the

electrodeposited alloys maintain a constant inductance value beyond 500 kHz.

2.5 i
2.0
NiFe:Theo
X CoFeCu :Theo
3 1.5 .
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Figure 8.8 Electrodeposited alloys inductance vs. Frequency. NiFe* indicates the
anisotropic Ni-Fe.

The results of Fig 8.8 indicate that the relative permeability and resistivity values of the
electrodeposited alloys are better suited to the increased frequency range of the
application. The high relative permeability concentrates the flux density inside the core
and enhances the inductance. Moreover the film thickness and reasonable electrical

resistivity reduces the formation of undesirable eddy currents. As with the commercial
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alloy the reduction in inductance with frequency is due to skin effects and the magnetic
domains not rotating as readily at higher frequencies. The combination of these two
factors results in a reduction of effective relative permeability of the core material. Fig
8.9 displays the effective relative permeability of the Ni-Fe alloy as a function of
frequency.

The self resonant frequency (SRF) of an inductor is defined as the frequency at which
the reactance becomes zero (zero Q-factor). The impedance measured here increases
linearly with frequency; hence the SRF induced by parasitic capacitance effects does not

occur in the frequency range of interest [8.5]. The impedance of the solenoid with a Ni-
Fe core is shown in Fig 8.10.
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Figure 8.10 Impedance vs. frequency for the solenoid microinductor with NiFe core.

The Q-factor of the electrodeposited and commercial alloys is displayed in Fig 8.11.
The maximum Q-factors of the electroplated alloys occurred in the 500 kHz-1MHz
frequency range indicating that the thin film dimensions are acceptable for operation
within this range. The Q-factor response of the commercial alloy demonstrates the
susceptibility of this particular film to skin depth effects. The high Q-factor in the low

frequency range is greatly reduced at 1 MHz in comparison with the CoFeCu film.

NiFe(PR)
m - Vit
CoFeCu

-x- NiFe*
NiFe

Figure 8.11 Q-Factor vs. frequency for commercial and electrodeposit alloys.
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8.3.1.3 Solenoid microinductor: anisotropic test
The inductance and Q-factor responses of Ni-Fe cores with predominant EASY and

HARD magnetic path lengths are displayed in Fig 8.12 & Fig 8.13, respectively.

Hard
Easy

Figure 8.12 Inductance vs. frequency for magnetically anisotropic Ni-Fe with HARD
and EASY axes. The reduction of L ac at 1MHz for the HARD axis is 23%, whereas the
EASY axis has a 40% reduction.

Hard
Easy

Figure 8.13 Q-factor vs. frequency for magnetically anisotropic Ni-Fe with HARD and
EASY axis. The HARD axis has a higher maximum Q-factor.
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Components fabricated with the easy axis induced in the predominant length of the
alloy exhibit increased inductance at lower frequency. However, the inductance tail-off
occurs also at reduced frequency. It is hard for the large domains of the highly
magnetised easy axis to rotate, while the small domains of the hard axis can rotate more
easily at high frequencies. Thus, the inductance reduction at high frequency is less and
the resultant Q-factor is higher. Hence, the HARD axis is preferred for the frequency

range of interest.

8.3.1.4 Solenoid micro-inductor: air-gap & core area tests

It is common to integrate an air-gap into the flux path to increase the saturation current
of a magnetic component. A 50pm air-gap was fabricated into core samples of Ni-Fe
and Vitrovac cores. Fig 8.14 displays the inductance as a function of frequency for the
Ni-Fe and Vitrovac components with an air-gap.
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Figure 8.14 Inductance vs. frequency for Vitrovac and NiFe with a 50pm air-gap.

In comparison to Fig. 8.7 & 8.8 the inductance values of the Vitrovac and Ni-Fe
samples have been reduced. The air-gap has increased the total reluctance of the
magnetic path and reduced the effective relative permeability of the core. Due to the
reduction in the relative permeability, the films are not as susceptible to skin effects,
hence, the inductance value is maintained across a broader frequency range. This is
clearly evident for the Vitrovac alloy. The difference between the experimental values
and analytical values is attributed to fringing field effects. Fringing flux at the air-gap

reduces the effective length of the air-gap, thereby, increasing the overall inductance.
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The effects of fringing flux are examined in detail in Chapter 9 with models developed
in ANSYS.

The influence of the core area was assessed with Ni-Fe and Vitrovac components
assembled with 3 laminate layers. A similar analysis is performed with ANSYS in
Chapter 9. Fig 8.15 and Fig 8.16 show the inductance versus frequency values for the

Vitrovac and Ni-Fe laminated core layers, respectively.

Vit(x3)
Vit

Frequency (MHz)

Figure 8.15 Inductance vs. frequency for a single Vitrovac layer and a three-layer
laminated core.

Fig 8.15 and Fig 8.16 display an increase in inductance for both core materials. This is

in agreement with the fundamental DC inductance equation as presented in Chapter 6.
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4.0

NiFe
NiFe(x3)

Figure 8.16 Inductance vs. Frequency for a single Ni-Fe layer and a three layer
laminated core.

8.3.1.5 Solenoid micro-inductor: DC bias test

The influence of the air-gap on the saturation current was assessed by monitoring the
change in inductance as a function of the DC bias. The DC saturation current of the
inductor was measured with a Wayne Kerr 3245 precision inductor analyzer. The
saturation current is defined as the current that results in a20% reduction of L ac prior to
the applied current. Fig 8.17 and Fig 8.18 display the results of the DC bias test on the
Ni-Fe core with and without an air-gap, respectively. Both cores exhibit a similar trend
in inductance tail-off, however, the saturation current of the inductor with an air-gap is 9
times greater than the closed magnetic core. To obtain the saturation current for the air-
gap component conventional wire wound windings were used. The maximum current
to be applied to the 90pm thick windings, in accordance with a current density of
10A/mm2, is 180mA.
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Figure 8.17 Inductance as a function of DC bias for NiFe with a 50pm air-gap.

Figure 8.18 Inductance as a function of DC bias for NiFe with a closed magnetic path.

The results of the air-gap component indicate three general trends: the larger the air-gap
(1) the greater the saturation current, (2) the lower the inductance and (3) the greater the
frequency ranges of constant inductance. Table 81 displays the theoretical and

measured values of saturation current for the various core materials.
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Material I, Experimental (mA) | Analytical (mA)
Bsatlc

" N

Vitrovac 1.3 1.3

Ni-Fe 100 106

CoFeCu 1,110 1,230

Ni-Fe* 137 140

Ni-Fe(PR) 66 67

Vitrovac (Gap) 600 602

Ni-Fe (Gap) 1,000 1069

Ni-Fe(laminated) 100 106

Vitrovac(laminated) | 1.32 1.32

Table 8.1 Measured and analytical saturation current values for the alloys investigated.
The maximum applied current to the device is the saturation current or maximum
winding current, 180mA.

With the recorded inductance and saturation current for the respective cores, an
estimation of the efficiency and power density of the devices can be performed. The

assessment of component performance is outlined in section 8.2.1.6.

8.3.1.6 Solenoid micro-inductor: efficiency & power density ‘

Table 8.2 & 8.3 outline the parameters and performance of the respective cores.
Normally, inductors or transformer are designed to support a given level of voltage in
power conversion. However, in this thesis, it is the material that is being assessed so

after selecting a frequency the only unknown parameter of Eq(8.2) is the voltage, V:

V = KfNB. A (82

sat“ ¢

Where f'is the operating frequency, which is set at 250 kHz and 500 kHz, B, is the

sat

saturation flux density, X is the waveform factor which is équal to 4.44 for sinusoidal

waveform and 4, is the core cross-sectional area. With the applied voltage and current

selected for maximum flux density the component is assessed from a material, as

opposed to application, perspective for maximum power density at both frequencies.
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In reference to Tables 8.1 & 8.2, the single layer and laminate layer of the Vitrovac core
is not suitable at the assessed frequencies. The low saturation current as a result of the
low flux density and very high relative permeability, results in a low output power that
is less than the dissipated eddy current power loss. Therefore, the material cannot be

~ used within the solenoid micro-inductor for operation in the selected frequency range.

The Vitrovac sample with the inclusion of a 50um air gap, which is less than 0.5% of
the overall magnetic path length, increases the permissible applied current. The air-gap
also produces a minor reduction in eddy current power loss by interrupting the path of
the eddy currents. The hysteresis loss remains very small due to the low coercivity of
the film. The overall result is an increase in output power far greater than the increase
in winding power loss due to the increase in applied current. The component now

exhibits the highest efficiency and the second highest power density at both frequencies.

The Ni-Fe(DC) sample has a reduced efficiency of 85% at 250KHz and 78% at 500
kHz, but witnesses an increase in power density of 4 and 7.8W/cc, respectively. The
anisotropic alloy with a reduced effective relative permeability has an increase in
applied current. The reduction in coercivity also reduces the hysteresis power loss. In
comparison the performance of the Ni-Fe* alloy is 88% (6W/cc) and 82% (11.3W/cc).
Magnetic field annealing of Ni-Fe has therefore produced an increase in component

efficiency and power density.
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Parameter NiFe NiFe* Vit NiFe (PR) | CoFeCu | NiFe (x3) | Vit (x3) | NiFe (Gap) | Vit (Gap)
Isat(mA) 100 137 1.32 66 180 100 1.32 180 180
L(uH) 1.25 0.9 22 1.96 0.3 3.26 66.91 0.14 0.31
Viy 0.146 |0.146 0.183 0.142 0.256 0.43 0.54 0.146 0.183
Pout (mW) 14 20 0.24 9.37 46 43 0.7 26 32.9
Peddy (mW) 1.80 1.80 0.8 0.7 6.5 5.42 2.6 1.80 0.8
Phys (mW) 0.09 0.01 0.01 0.04 0.05 297 0.03 0.09 0.01
Pcu (mW) 0.5 0.93 0.00008 {0.21 1.62 0.5 0.00008 | 1.62 1.62
Efficiency (%) 85 88 X 90 85 87 X 88 93
Power density (W/cm?) 4 6 X 3 13 13 X 8 10

Table 8.2 Power density and efficiency of electrodeposited and commercial alloys at 250 kHz. The applied current of the CoFeCu is limited

the winding current density.

Parameter NiFe NiFe* Vit NiFe (PR) | CoFeCu | NiFe (x3) | Vit (x3) | NiFe (Gap) | Vit(Gap)
Isat(mA) 100 137 1.32 66 180 100 1.32 180 180
L(uH) 1.07 0.86 15.5 1.87 0.28 3.32 47.8 0.14 0.31
Vi 0.29 0.29 0.36 0.28 0.51 0.879 1.09 0.29 0.36
Pout (mW) 29 40 0.47 18.48 91.8 87.9 1.43 52 64.8
Peddy (mW) 7.23 7.23 3.47 2.86 24.6 21.69 10.41 7.20 3.46
Phys (mW) 0.198 {0.03 0.02 0.08 0.11 0.59 0.07 0.197 0.02
Pcu (mW) 0.5 0.9 0.00008 | 0.21 1.62 0.5 0.00008 | 1.62 1.62
Efficiency (%) 78 82 X 85 77 79 X 85 92
Power Density (W/em?) | 7.8 11.3 X 5.46 24.7 24.17 X 15.3 20.8

by

Table 8.3 Power density and efficiency of electrodeposited and commercial alloys at 500 kHz. The applied current of the CoFeCu is limited by

the winding current density.
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The increase in resistivity of the Ni-Fe(PR) to 48uQ.cm reduces the eddy current
power loss in comparison to the Ni-Fe(DC) sample with p=20uQ.cm. The reduced
coercivity results in a reduction of hysteresis power loss. However the increase in
relative permeability and minor reduction in B, reduces the satufation current. Asa
result the winding power loss also decreases. The Ni-Fe(PR) is more efficient, 90-

85%, but has smaller power density, 3-5.46W/cc.

The CoFeCu alloy with B

sat

of 1.4T has the highest saturation current. This cannot be

fully exploited due to the dimensions of the winding. The increase in applied voltage
results in the highest power density at both frequencies. The component has
acceptable hysteresis and winding loss in comparison to the other componenté.
However, with the lowest resistivity, 18uQ.cm, a high keddy current power loss is
incurred. For similar efficiencies and power densities, 3 layers of Ni-Fe are the

equivalent to 1 CoFeCu layer.

With'increasing frequency the components with the higher efficiency but smaller
power density would overcome their competitors with higher power density but
reduced efficiency. Lower efficiency may be tolerated in specific applications when
gains in weight, size reduction, power density are highly beneficial. A profile of the
power loss contributions at 250 kHz and 500 kHz are displayed in Fig 8.19 and Fig
8.20.

Fig 8.19 & 8.20 indicate that eddy current power loss is the main loss mechanism at
both of the frequencies. The eddy current power loss contribution increases in all of
the tested alloys. A reduction in efficiency for all of the components follows the
increase in frequency. Hence, eddy current power loss is the main loss mechanism to
control in order to realise a highly efficient high power density device at frequencies

greater than 500 kHz.
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Figure 8.19 Contribution of power loss mechanisms at 250 kHz.
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Figure 8.20 Contribution of power loss mechanisms at 500 kHz.
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8.4 Pot-core micro-inductor

The Hewlett Packard 4192A LF-impedance analyser was used to characterise the
spiral and race track micro-inductors. Fig 8.21-8.24 displays the analytical and
experimental results of inductance and Q-factor versus frequency for the race-track

and spiral component, respectively.

The variation of 15% between the analytical and experimental results is attributed to a
variety of factors such as the influence of the air-gaps introduced by the Kapton film
and adhesive layers. Another factor is the stresses induced in the magnetic film

during assembly reducing the relative permeability of the film.

Frequency (MHZz)

Figure 8.21 Inductance value of the race-track micro-inductor vs. frequency

229



Figure 8.22 Q-factor value of the race-track micro-inductor vs. frequency

The maximum applied current of the race-track component is limited by the current
handling capability of the winding which is about 90mA. However, the theoretical
saturation current of the core material, omitting the influence of air-gaps introduced

via the assembly, is 1.21A.

Figure 8.23 Value of the inductance for the spiral micro-inductor vs. frequency
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A 20% difference occurs between the experimental and analytical results. Once again
this is attributed to the air-gaps introduced by the assembly process, reduction in

relative permeability and misalignment of laminate reducing flux linkage.

Figure 8.24 Values of the Q-factor of a spiral micro-inductor vs. Frequency.

The 22% variation in Q-factor is attributed to the variation in recorded and predicted
winding resistance. The performance in terms of power density and efficiency is
summarised in Table 8.4. The magnetic core area is far greater in comparison to the
solenoid component; as a result the eddy current loss is even more detrimental to
component performance. The eddy current loss is calculated per laminate layer, then
multiplied for the total number of laminates, then multiplied by 2 due to the pot-core

symmetry.
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Parameter RaceTrack | Spiral
Isat(mA) 90 90
L(pH) 0.96 1.59
Vin 0.31 0.59
Pout (mW) 27.9 53.1
Peddy (mW) 15.79 22.1
Phys (mW) 4.32 6.04
Pcu (mW) 1.88 1.88
Efficiency (%) 55 63
Power Density (W/em?®) | 1.1 0.96

Table 8.4 Performance values of the race-track and spiral micro-inductor performance
at 50 KHz.

At 100 kHz the pot-core components operate inefficiently due to large eddy current
losses. The performance of these components highlight the typical challenges
encountered when trying to apply thin film magnetic alloys to power magnetic
components [8.6]. Improvements in performance would require thinner laminate and
reduced core area. However, as the assembly process was manual this was not
attempted. Sputtering would be a suitable process for such a component; however
delamination and sidewall coverage would be a problem. Sullivan et al partially
melted photoresist posts to create a slant to allow closure of lower and upper core
layers [8.7]. Repeatability and temperature effects on the alloy could be recurrent

problems. These components were consequently not developed further.

8.5 Pot-core micro-transformer

The micro-transformer was characterised with a short circuit and open circuit test
[8.8]. The open circuit test gives the core resistance, R, and reactance, X.. This test
is performed by applying rated voltage to the primary side and leaving the secondary
side open. Either winding side may be used. This test assumes that shunt impedances
(R. and X,) are much larger than the series impedances of the windings. Fig 8.25 and

8.26 display the measured and analytical open circuit inductance and core resistance.

In Fig 8.25 the analytical model of the inductance includes air-gaps. However due to
the manual assembly there is a variance between predicted and actual
adhesive/dielectric layer thickness in the magnetic path. Another factor could be the

reduction of permeability due to stresses incurred in the assembly. The inductance
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begins to decrease at 0.5 MHz, which is mainly due to the frequency characteristics of

electroplated permalloy.

Fig 8.26 displays the core resistance values. The difference between the measured
and analytical values is minimal. This difference could be attributed to hysteresis
resistance which is omitted in the model, or leakage flux inducing eddy currents

within the windings.

Figure 8.25 Inductance vs. frequency of primary windings. An open circuit winding
test generated the measured results.
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Figure 8.26 Core resistance vs. frequency. An open circuit winding test generated the
measured results.

It is assumed that the primary and secondary coils have almost the same frequency
characteristics of self-inductance and resistance because the fabrication process can
achieve symmetric patterns of the two coils. Fig 8.27 displays the results of the open
circuit test with the primary left open and rated voltage applied to the secondary. In

comparison to the primary inductance there is a minor 6% difference.

Frequency (MHZz)
Figure 8.27 Inductance vs. frequency of secondary windings. An open circuit
winding test generated the measured results.
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The short circuit test provides the resistance and reactance value of the primary and
secondary windings. This test is performed by applying rated current to the primary
and shorting the secondary side. A gold wire bond is used to form the short across the
secondary terminals. Thus, the transformer behaves like a coil having a leakage
impedance equal to that of both windings. A low voltage is applied to the primary
winding, the open winding, sufficient to circulate full load current through the open
winding due to transformer action in the short-circuited winding. Under these
conditions, the flux set up in the core is so small that iron losses can usually be
neglected and the total copper loss is measured. Fig 8.28 displays the total winding

resistance.

—— Rac:Meas

Rac:Theo

Due to the symmetry of the windings it is assumed that:

R _ D _ ac
primary vsec ondary n

The recorded winding resistance is 11% greater than the analytical value at
frequencies less than 30kHz and this difference increases up to 18% above 30kHz.

The dimensions of the windings are precisely controlled and measured prior to

235



component testing. Therefore, the difference between analytical and measured values
is attributed to stray flux inducing eddy currents within the windings. The magnetic
core flux path is perpendicular to the windings when the flux gets from the top
magnetic layer to the bottom magnetic layer. Therefore, it is assumed that naturally
occurﬁng leakage flux and leakage flux due to the misalignment of the laminate layers
in this perpendicular direction produce an increase in eddy current resistance within

the windings.

The inductance recorded in Fig 8.27 contains the primary inductance and leakage
inductance. Leakage inductance cannot be measured directly. By applying a perfect
short circuit across the secondary terminals there will be zero volt across the output
terminals and, through transformer action, zero volt will also appear across the
primary inductance. The measured value of inductance at the primary terminals will
therefore be the true leakage inductance. However, the short will not be perfect. The
wire bond possesses some intrinsic impedance. The impedance value of the short was
calculated and deducted from the recorded\ inductance value, providing a more
accurate value of the true leakage inductance. Fig 8.29 displays the results of the
primary and secondary leakage inductance. The short is interchanged for each

measurement.
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Frequency (MFlz)

Figure 8.29 Primary and secondary winding leakage inductance vs. frequency.

Another approach to record the leakage inductance uses the open circuit test to record
the mutual inductance of the transformer. A primary and secondary terminal with the
same polarity is connected and inductance measured, and a primary and secondary
terminal with opposite polarity is connected and inductance measured. Fig 8.30

displays the values recorded for mutual inductance.
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Frequency (MFIz)

Figure 8.30 Mutual inductance vs. frequency. The mutual inductance is determined
by measuring the inductance when the transformer primary and secondary are
connected in the same and opposite polarity.

With the measured inductance the coupling factor at no load can be determined;

With equal turns and core area the leakage inductance is approximately even for each
winding. Therefore, the primary and secondary leakage inductance at 1MHz is,

approximately;

There is only a minor, approximately 10%, difference between this value and the
leakage inductance value indicated by the short circuit test as shown in Fig 8.29. For
most on-chip transformers, k is 0.3 to 0.9, due to the leakage of magnetic flux [8.8].
Liakopoulos and Ahn [8.9] showed that interleaved coils had a better transformer

coupling constant. The high relative permeability of the permalloy should assist with
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a high mutual flux. However, stress within the films during assembly, which may
reduce the relative permeability, and air-gaps incurred via the Kapton film and

adhesive layers, increase the leakage flux.

The actual turn ratio, ideally 1, can be estimated by:

’ L.\'
I/transfarmalion = 'Z_ =0.96
P

Therefore for a Vin of 0.31V, the secondary Vout is 0.29V approximately. The power

density and efficiency of the micro-transformer is outlined in Table 8.5.

Parameter RaceTrack
Iout(mA) 86

L(uH) 0.96

Vour 0.29

Pout (mW) 25

Peddy (mW) 15.79
Phys (mW) 4.32

Pcu (mW) 0.73
Efficiency (%) 54

Power Density (W/cm?®) | 0.36

Table 8.5 Power Density and efficiency of the micro-transformer at 50 kHz.

The power density and efficiency are not sufficient for applications within DC-DC
converters. Optimisation is required to reduce the eddy current power loss and a
reduction of component footprint. Another test that could have been performed but

was not due to difficulties in connecting the load was, testing of the regulation.

8.6 Summary

The total AC resistance and total inductance are frequency dependent parameters
because of the skin and proximity effects in the winding and the eddy currents in the
core. The stray capacitance gives a negligibly small effect over the frequency range

used, with values in the pico-farad region. The behaviour of the examined inductors
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reveals that the effects due to the eddy currents in the core and to the turn-to-turn and

turn-to-core stray capacitances become significant at high frequencies.

The inductance fall-off at higher frequencies is due to the cancellation flux generated

by eddy currents and the dependence of the permeability of the alloys frequency.

The air-gap within the core of an inductor increases the value of the DC saturation
current and improves the inductance at high operational frequencies as compared to
an inductor with no air gap. This is because the effective permeability of the core
maintains higher values at high frequencies although the relative permeability of the
alloy decreases with frequency. Since the effective permeability of the core can be

improved, a larger gap can also improve the inductance at high frequencies.

From these measurements, it is clear that the power handling capabilities and the
efficiency of the micro-inductors and micro-transformers have to be improved. The
main power loss mechanism in the frequency range of interest is eddy current power
loss. Thinner laminate layers or an increage in resistivity whilst maintaining a

moderate relative permeability, for example less than 1000, is required.

The solenoid component is a useful vehicle for examining the fabrication process and
the potential of various core materials. The solenoid component is clearly more mass

manufacturable and performs more favourably.

The following chapter develops a simple optimisation procedure. Components
designed and tested to assess gains in power density and efficiency. Modelling is also

used to verify some of the assumptions in the optimal design process.
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Chapter 9
Modeling-based component optimisation

9.1 Introduction

* This chapter outlines a simplified optimization process of the solenoid micro-inductor.
Models of magnetic components developed in ANSYS® v.10, are used to model the flux
and current distribution within the magnetic components. Simulated results of the
solenoid component are compared with experimental and analytical results from
Chapter 8 in section 9.2. Section 9.3 investigates the influence of air-gaps on the
performance of a theoretical 1-turn pot-core component. An optimisation procedure is
then developed with reference to the solenoid components of Chapter 8 and analytical
results are presented in section 9.4. The fabrication and characterisation of a prototype
solenoid inductor with a laminate core is also presented within this section. Lastly,

conclusions are presented based on the simulated, analytical and experimental data.

9.2 Modeling of the solenoid micro-inductor

The work presented in sections 9.2 & 9.3 is the result of collaboration with Dr Hua Lu
and Professor Chris Bailey of University of Greenwich. The focus of this section is to
compare the simulated and experimental performance of the solenoid micro-inductor of

Chapter 8, using core materials of electroformed Niy,Fe,, and the commercial alloy,

Vitrovac 6025.

The Finite Element (FE) computer modeling method was used to predict the magnetic
field, the eddy losses and inductance of the manufactured micro-inductor. The model is
shown in Fig. 9.1 [9.1]. The model is 3D but there is only one layer of element along

the out-of-plane direction so the efficiency is close to a 2D model.
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Figure 9.1 Computer model of the solenoid micro-inductor [9.1].

The dimensions, which are identical to the fabricated component, are listed in Table 9.1.

Parameter Dimension (pm)
Winding Width 200

Number of Windings 33

Winding Thickness 90

Core Width 500

NiFe Core thickness 10

Vitrovac Core thickness 20

Table 9.1 Micro-Inductor model dimensions.

As with the experimental characterization the highest switching frequency is 10MHz.
The low-frequency approximation electromagnetic theory is still valid because even at
10MHz the wave length (30m) in vacuum is still much greater than the dimensions of

the inductor. When an AC current passes through the inductor the problem is transient
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by nature, to model this phenomenon via transient analysis in the time domain is very
time-consuming [9.1]. Instead, for sinusoidal excitation the harmonic analysis method
can be used. In harmonic analysis all the variables are assumed to vary sinusoidally in
time and all that needs to be solved is the amplitude of the electric and magnetic
~ variables such as the current density and magnetic field distributions. Obviously, in real
applications the waveforms are rarely sinusoidal but one can always assume that the

sinusoidal wave is a term in the Fourier decomposition of the real waveform.

The 3D slice model was meshed using ANSYS element SOLID117. This element has
the magnetic and the electrical degrees of freedom and eddy currents in the core and
winding can be modeled. The load in this problem is the total current. It can be applied
at a node on the conductor region of the symmetry planes where the voltage degrees of
freedom for all the nodes are coupled. It is assumed that the current is small enough

that the magnetic core does not saturate and linear harmonic analysis method can be

used.

The key parameters of an inductor are the inductance and the losses. The latter can be
represented by the resistance factor, loss tangent, or the Q-factor. The inductance per

unit length, L, can be calculated by using its relationship with the magnetic energy and
. 1 )
the applied electric current £ = ELI ?, where E and [ are the total energy per unit length

and the effective value of the applied current respectively. The voltage drop over a unit

length along the conductor has the complex formU = (U, +iU,) and it can be deduced
from the ANSYS output of the time-integrated voltage. The voltage and the current can
then be used to calculate the complex impedance Z=(Z,+iZ,) and the Q-
factorQ =Z,/Z,. In this context, the value of O is the reciprocal of the loss tangent and

it characterizes the power loss of the inductor [9.2]. The Joule loss density can be

defined as p=Re (51— J,J,'jwhere J, is the complex current density. This quantity is
o

available directly from the ANSYS’ output variable, JHEAT.

The modeled magnetic field distribution and the electric current density distribution for

the micro-inductor with Nig,Fe,, core are shown in Fig. 9.2 & 9.3, respectively. It can
be seen that at 1MHz, the induced current in the core begins to concentrate at the
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surface and the magnetic field in the core centre is reduced in magnitude. In the copper
conductor, proximity effect causes the current to concentrate more on the area close to
the inner surface. These phenomena are expected because, at/ =IMHz, the skin depths

for NivgFeZ) and copper are about 5pm and 66pm, respectively.

Hzfield distribution

. 253E+07 . 560E+09 112E+10 . 167E+10 .223E+1CT
. 281E+09 . 839E+09 .140E+10 .195E+10 .251E+10

Figure 9.2 H field distribution in the solenoid inductor at/ =IMHz [9.1].

Figure 9.3 Current density in the inductor. The highlight region, at the bottom of the
picture, shows the induced currents in the core. The frequency is/=IMHz [9.1]

The measured and modeled inductance values for NiSOFed and Vitrovac 6025 cored

inductors are presented in Fig. 9.4 & 9.5.
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Figure 9.4 The analytical, measured and simulated values of the inductance for the
solenoid inductor with 10pm Ni-Fe core material.

Figure 9.5 The analytical, simulated and experimental values of the inductance for the
solenoid inductor with 20pm 6025v core material.

The maximum inductance values for the two core materials differs by about 100 times

which is consistent with the fact that the permeability of Vitrovac 6025 is 50 times that

of the NiSOFe2 and the thickness of the former is two times that of the latter. The

figures also show that, as the frequency increases, the inductance decreases rapidly but
for the Vitrovac 6025 the decline happens at lower frequencies because of its

susceptibility to skin effects and permeability frequency response. The initial difference
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between the Vitrovac simulated and experimental inductance would appear to be due to
an input error for the relative permeability term. The DC inductance value indicates a
relative permeability value of 90,000 as opposed to 100,000. At such high permeability
the frequency response would be highly similar, hence, the convergence of inductance

values at higher frequencies.

Another important characteristic of an inductor is the Q-factor; Fig. 9.6 displays the
modeled, analytical and experimental values of Q-factor as a function of frequency.
The three sets of results agree well with each other quantitatively and the peaks are

located at just over 2 kHz.

Figure 9.6 Analytical, simulated and experimental values of the Q-factor for the
inductor with a Vitrovac core.

A multilayered core design was simulated to investigate the benefits of thin laminate
layers. As the frequency increases, the inductance of the solenoid inductor decreases
rapidly when the skin depth is comparable to the thickness of the magnetic core.
Therefore the thickness of the magnetic film is an important design parameter in micro-
inductor/transformer manufacturing and laminate cores have often been used [9.3-9.5].

To demonstrate the effect of core thickness, a computer model with a core which

consists of 5 layers of NisOFe2 films has been analyzed. The thickness of the film is 5
microns and the total cross-section area is kept the same as a one-layer NiSOFe2 core

with a thickness of 12pm. The values of the inductance are presented in Fig 9.7. The
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results show that for the laminate core design the inductance is the same as the single

layer core at low frequency but declines at a higher frequency.

0 1 10
f(MHZ)

Figure 9.7 The inductance of a single layer Ni-Fe core and a 5-layer Ni-Fe core [9.1],

This example also shows how computer modeling can be used as a powerful design tool
in the early stages of a product design cycle when the prototype has not been made. The
following section examines the affect of air-gaps on component performance. Air-gaps
are commonly used to tailor the inductance value, increase stored magnetic energy and
increase the saturation value of current. The simulation of such gaps provides data on

the fringing affects of the air-gap.

9.3 Computer modeling of a one-turn pot-core micro-inductor
A one-tum magnetic inductor consisting of a copper conductor with a rectangular cross-
section coated with an insulation layer and a layer of magnetic core was modelled [9.6],

Fig 9.8 illustrates the modelled component.
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Figure 9.8 Schematic of a simple one-turn inductor [9.6],

The analysis focuses on the effects of the frequency and air gaps on the inductance
values and the Joule losses in the core and conductor. A 2D model was used because of
the simple geometry. As shown in Fig 9.9, the model represents a cross-section of the
inductor and the surrounding air. In this figure the two rectangular shapes represent two
parallel conductors carrying currents in opposite directions. By imposing proper
boundary conditions only half of the cross-section is required for the modeling. Outside
the inductor, some air has been included in the model because the magnetic field is non-

zero outside the inductor especially when the core has gaps in it. The cut-off radius

r@Qif is chosen so that the changes in the field do not vary significantly when the cut-off

radius changes.

Figure 9.9 Schematic cross-section of the inductor model. Materials are represented by
different shades. Only the right hand half needs to be modelled.

The dimensions are listed in Table 9.21.
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Parameter Size

Core thickness Spm
Insulation thickness Sum
Conductor width 700um
Conductor thickness 65um
Feutoff 0.15m

Table 9.2 Inductor model dimensions.

The 2D model was meshed using ANSYS 4-noded 2D element PLANE13. This
element has the magnetic and the electrical degrees of freedom and eddy currents canbe
modelled. Table 9.3 contains the material properties used in this study. The load in this
problem is the total current. It can be applied at a point in the conductor region but it is
necessary to couple the voltage degrees of freedom of the conductor. It is assumed that
the current is small enough that the magnetic core does not saturate and linear harmonic

analysis method can be used.

Property NiFe(80:20) Cu Air
p (uQ.cm) 20 1.7 )
Bgat (Tesla) 0.85

Wy 2000 1 1

Table 9.3 Material properties used in the modelling

As before with the solenoid component, the key parameters of an inductor are the
inductance and the losses. The inductance of the one-turn inductor with Nig, Fe,, core is
shown in Fig 9.10. The decline of the inductance at high frequency is expected: as the
frequency increases, the induced current in the magnetic core produces a cancellation
flux that reduces the total flux density. The turning point of about 1MHz coincides with

the skin depth of the magnetic core being almost the same as the thickness of the core.
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Figure 9.10 Inductance vs. Frequency for the model ofa 1-tum pot-core NiiOFed
micro-inductor [9.6].

Fig 9.11 shows the flux distributions at a comer of the inductor at two frequencies: 1Hz
and 10MHz. At 1Hz the flux is still quite evenly distributed but at 10MHz, the flux
lines only appear near the two surfaces of the core: the flux density in the middle has

been canceled by the flux density created by the induced currents in the core.

Figure 9.11 Flux line distribution in the core (a)/= 1Hz and (b)/ =10MHz.

The current density in both the core and the winding conductor depends on the
frequency. As shown in Fig 9.12, because of the skin effect, at/ =IMHz the currents
begin to concentrate at the two ends of the conductor and the two sides of the core. This

reduces the effective cross-section of the winding and creates Joule losses in the core.
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Insulation

Figure 9.12 (a): The inductor model, (b): The current density distribution in the
inductor, (c): Current density in part of the core. Darker shades represent higher current
density. The frequency is 1MHz [9.6],

As the inductance decreases the Joule loss increases in the core and windings. At a

current amplitude/mx=2A, the loss vs. frequency results is shown in Fig 9.13.

0 1 2 3 4 5
f(MHz)

Figure 9.13 Total Joule loss as function of the frequency [9.6].

The Q-factor values are shown in Fig 9.14. The peak is near/=0.2MHz. This behaviour

27TfL
can be explained by the definition Q =—j*—where R is the total resistance. As the

frequency/ increases and so does the O value, but as/ increases further L begins to

decrease and R begins to increase which leads to the decrease of Q.
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frequency(MHz)
Figure 9.14 Q-factor vs. Frequency [9.6].

The introduction of air gaps in the magnetic path can alter significantly the properties of
the magnetic devices. The gaps can consist of air or they can be filled with low
permeability magnetic materials, which act similar to an airgap but reduce the amount
of leakage flux [9.7, 9.8]. The gap can be one singular gap or a multitude of air gaps to
form a quasi-distributed gap. Gaps are commonly used to control the performance of
magnetic devices because core material properties are not easily ‘tunable’ and the range
of available commercial materials is often limited. When gaps are introduced the
effective permeability will decrease and the electromagnetic field distributions will
change. At high frequency this may lead to unacceptable flux distributions, hot-spots
and excessive overall Joule losses in an inductor. It is therefore important to understand
how gaps affect the losses and the inductance as gap design changes. Fig 9.15 shows a
model with gaps. It is assumed that the gaps are located on the top part of the core and
this is why a one-half rather than a one-quarter model has been used in this work. Since
the model is 2D, it should be noted that the gaps actually run the full length of the

inductor.
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Figure 9.15 FEA Model with air gaps [9.6],

A model with a single gap and a model with ten gaps are modelled and the results are
compared. For comparison, the gap width of single-gap model is the same as the sum
of the gap widths of the ten-gap model. The gap distance, which is defined as the width
of the core between two adjacent gaps in the ten-gap model is 50pm. With the
introduction of air gaps in the magnetic path, the magnetic fields and the electric
currents change significantly. Fig 9.16 shows that at/ =IMHz the distribution of flux
lines in the models with no gaps, with a single gap and with ten gaps. In the no-gap
model almost all the flux concentrates in the core while an insignificant amount of flux
exists outside the inductor. Clearly, any model that does not include the air outside the

inductor may incur significant errors when gaps are present.

Figure 9.16 Flux lines in and around the inductor with, (a) no gap in the core, (b) single
50 pm gap, and (c) ten 5 pm gaps [9.6].

Because of the increased reluctance of the magnetic path the magnetic energy that can
be stored in the inductor becomes less as gaps are introduced. Fig 9.17 shows the ten-
gap model has much smaller inductance than the single-gap inductor and the inductance

of the one-gap inductor is much smaller than that of the no-gap model (see Fig 9.10).
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Figure 9.17 Inductance of inductors with gaps [9.6],

The distribution and the intensity of the current density also changes when gaps are
introduced. Fig 9.18 shows that for all frequencies the copper losses are the highest in

the one-gap model while in the core the losses are the lowest for the ten-gap model.

Figure 9.18 (a) Losses in the conductor, (b) Losses in the magnetic core [9.6].
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The Q-factor shown in Fig 9.19 reveals that the ten-gap inductor has a value which is
comparable to the no-gap inductor and Q-factor declines more slowly when the peak is
reached at about 2 MHz.

Figure 9.19 Q-factor values of inductors with and without magnetic gaps as a function
of frequency [9.6].

In the results presented above, the gap distance, which is the width of the magnetic core
between two adjacent gaps in the ten-gap model, is fixed at 50pm. This can be changed
of course and by controlling this parameter the characteristics can also be modified.
The inductance and Q values of the ten-gap inductor with varying gap distance are
shown in Fig 9.20 and Fig 9.21, respectively. These results demonstrate that as the gap
distance increases the inductance value decreases and the Q value increases. The results
shown in Fig 9.21 also indicate that the Q value increase becomes slower as the gap
distance is greater than 50 pm. This means that there might be an optimal gap spacing

for the one-turn inductor.
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Figure 9.20 The inductance value is a function of the gap spacing of the ten-gap model
[9.6].

Figure 9.21 The gap-distance dependent Q values of of an inductor with ten-gaps [9.6],

In summary, the key parameters such as the inductance and the Q-factor have been
characterised. The introduction of multiple small gaps in the magnetic core has a
greater effect on the inductance than that of a single larger gap. Results demonstrate

that the losses in the core and the conductor are also lower when multiple gaps are used.

9.4 Optimization & Characterization of the Solenoid Micro-Inductor

Based on its excellent material properties analysed in previous chapters, the CoFeCu
alloy is selected for analytical optimization. The optimization is performed with respect
to the original prototype component in Chapter 8; (1) to maintain the inductance value
with power density being the primary factor over efficiency, and (2) maintain the

inductance value with efficiency improvement the main objective.
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An operating frequency is selected, in this case 0.5 MHz, allowing skin depth values for
the windings (93pum) and core laminate (17.4um) to be determined. Secondly, the
number of windings and magnetic core area is determined as a function of the saturation
flux density of the core material, the inductance and current requirement of the

application. From Faraday’s law

y-NZ2 ©.1)
such that

VT = NA,B (9.2)
Eq(9.2) can be rewritten as follows

VT = LI 9.3)
Using (9.2) and substituting into (9.3): |

LI = NA,B o0

Therefore the area of the component can be calculated:

_u

A,=
BN

(9.5)

Design constraints are included at this stage. The optimization process requires that
each CoFeCu laminate be equal to ' skin depth and the number of laminations is
restricted to 10 for reasons of costs and manufacturability. With the increase in core
area, the number of turns, N, is adjusted accordingly. The optimization process
maintains also the number of turns to 33. Efficiency is sought to be increased by
optimizing the core through the number of laminations. Other known parameters
include: the maximum applied current, 1.24A, inductance, 0.3pH, PCB current density,
10A/mm?, and winding height is restricted to twice the skin depth. The dimensions and
performance of the optimized component can therefore be calculated, following the

same procedure within Chapter 8, as shown in Table 9.4.
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Dimensions Optimized Optimized Prototype
Component (1) | Component (2) | Component

Number 7 33 33

of turns

Turn thickness 180 pm 90 pm 90 pm

Turn width 700 pm 200 pm 200 ym

Turn spacing 40 pm 20 pm 20 pm

Number of laminations | 10 10 1

Lamination thickness 8.7 um 1 um 10 um

&aiagglnatlon 500 pm 500 pm 500 ym

Lamination insulation S um 5 pm S um
Optimized Optimized Prototype

Performance Component (1) | Component (2) | Component

vV, (V) 0.94 0.51 0.51

Py (W) 1.16 0.09 0.09

By (1) 1.4 1.4 1.4

P.gg, (mW) 0.14 0.22 24.6

Py,s (mW) 1 0.11 0.11

P, (mW) 7.5 1.62 1.62

Efficiency (%) 88 97 77

Power density (W/cm?®) | 170 30.8 24.7

operating at 500 kHz.

Table 9.4 Performance of optimized and prototype components with CoFeCu cores

The optimized component (1) produces an 11% ihcrease in efficiency and nearly 7 féld
increase in power density. Conventional inductors and transformers will normally
operate with efficiency in the range of 90-95%. Hence, the application would have to
greatly benefit from the increase in power density to tolerate the level of efficiency.
Optimized component (2), similar to (1), uses the data from the prototype to identify
eddy current core loss as the main loss mechanism. The core is reduced to ten 1pm
laminates and via this adjustment improves efficiency by 20% and increases power
density by 6.13W/cc. Comparing the two optimized components, a trade-off between

efficiency and power density is evident.

The analytical data within Table 9.4 and the simulated data in Fig 9.7 indicate the clear
benefits of the laminated core. By considering AC losses within the core and winding,
and using the new manufacturing processes it is possible to develop microscale
magnetic components with high power density and efficiency. Further improvements in
power density and efficiency would require a design process encompaSsing thermal and

cooling considerations.
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Due to manufacturing restrictions and lack of time, the production of a 10-laminate core
via direct and sequential deposition of magnetic and dielectric layers was not possible.
However, via a manual stacking fabrication process two components consisting of
highly laminated Ni-Fe cores were fabricated to experimentally verify the benefits of
the laminated core. The two components consisted of 70 and 105 horizontal 5pm thick
Ni-Fe laminate layers. A summarized fabrication sequence is displayed in Fig. 9.22.
The dimensions of the laminate are shown in Fig 9.23. The inductor was designed for
an inductance value of 1pH. The number of windings was adjusted according to the
overall core area. The windings consisted of hand wound copper; this was possible due

to the increase in core area.

Ti/CulTi Photoresist Alloy
Seed layer 7 > applied and electroplated
Deposited patterned
TZ

Insulating Alloy Photoresist
adhesive < 7 = removed H removed
applied

\7
Laminations Wafer
stacked u > recycled

Figure 9.22 Fabrication and assembly process of the laminated core.
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Figure 9.23 Footprint of a laminate layer.

Fig 9.24 displays the inductance values as a function of frequency for the two inductors.
The analytical and the experimental results agree well for the two inductors. The

experimental values were recorded by Raytheon Systems Limited and were verified by

the author.

— 105Lam(measured)
70Lam(simulated)
I05Lam(simulated)

-*m 70lam(measured)

Figure 9.24 Inductance vs. Frequency for laminated hand wound inductors.

The performance of the prototype laminate-core inductors at 500 kHz is outlined in

Table 9.5.
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Dimensions component (1) | component (2)
Number 5 4

of turns

Number of laminations | 70 105
Lamination thickness 5 um 5 um
‘Ijilg:;lnatlon 2 mm 2 mm
Lamination insulation 5 pm Sum
Performance

Vin (V) 6.3 7.45
Pout (W) 1442 21.30
B (T) 0.8 0.8
P.iz (mW) 0.829 1.24
Py (mW) 0.09 0.136
Pc, (mW) 0.27 0.42
Efficiency (%) 92 92
Power density (W/cm?®) | 33 49

Table 9.5 Performance of laminated core inductors

The results displayed in Table 9.5 indicate that by considering AC losses within the core
and windings high power density components with efficiency greater than 90% are
possible. These elementary prototypes validate the use of thin film soft magnetic alloys
for high frequency operation within magnetic components. Therefore, with an
appropriate fabrication process producing an economically laminated core, from a cost
and complexity perspective, the next generation of magnetic components is feasible

without new or exotic magnetic core materials being required.

9.5 Conclusions

The analytical, experimental and simulated data generated and presented in this chapter
agree well over the frequency range investigated. The assumption that leakage
inductance and intrinsic winding inductance were negligible in comparison to the
contribution of the core was proved by the good agreement between the experimental‘

and simulated data.

The modeiing of the magnetic components provided a detailed insight into the behavior
and performance of the component. Only by modeling was it possible to identify areas

of the components prone to detrimental skin depth and proximity effects. Also, the
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internal and external flux path of the components could be visualized and effects of air-

gaps examined in detail.

Another advantage of modeling is that it permits the rapid evaluation of material
properties and alterations to component geometry. Modeling allowed a comparison of
single layer and laminated cores. To perform such an assessment experimentally is
labour intensive, expensive and time consuming. Due to the importance of tailoring the

magnetic properties of the film this is a highly desirable design tool.

The simplified optimization procedure highlighted that via consideration of AC losses
within the component, major gains in terms of component power density and efficiency
were attainable. The theoretical results within Table 9.4 and results from the fabricated
components produced some of the highest power densities to date. This was achieved

with an overall operating efficiency greater than 90%.

In conclusion, the modeling results permitted an evaluation that was quicker and more
explanatory than the experimental and analytical approach. The simple laminated core
prototypes highlighted the potential of the investigated materials and technology used in

their fabrication.

Further improvement in terms of power density is attainable through the development of
optimal magnetic core materials or more advanced manufacturing processes. This will
influence the cost and manufacturability of the product by reducing the number of core
laminations, or time for their production. The following chapter outlines the main
conclusions generated by the work within this thesis and details potential fabrication
processes that could be used for future developments in microscale magnetic

components.
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Chapter 10

Conclusions and Future Work

10.1 Conclusion
Efficient DC-DC power converters operating in the MHz frequency regime deeply
depend on the choice of suitable materials used in the development of their magnetic

cores. The needs for faster switching, reduced power losses and smaller components

have driven power supply switching frequencies into the range of 500 kHz-10MHz.

Prohibitive power losses at higher switching frequencies limit the use of traditional
magnetic components such as ferrites. At increased frequencies, the magnetic
component becomes smaller, AC resistance losses increase and current handling
capability becomes more stringent. Typical ferrite cores suffer from a reduction in
useable flux density at these frequencies. Their large core area results in the magnetic
component normally being the largest component on the PCB, and high sintering
temperatures during fabrication limit their monolithic integration with neighbouring
components. New magnetic materials need therefore to be studied to overcome the
shortcomings of ferrite based magnetic cores. New core materials must have high
resistivity, high saturation flux, permeability of 100-3000 and low coercivity.
Moreover, these materials must be suitable for thin film deposition such that cost-
effective mass-manufacture can be implemented. In addition, a method of producing

small windings requires development.

Previous attempts to develop microscale magnetic components utilizing thin film alloys
have demonstrated improvements in device performance. However, these development
efforts have suffered from either slow or expensive deposition of the magnetic alloy,
limited bandwidth(of operation due to film thickness, high relative permeability or low
saturation flux density. Therefore, the main objective of this thesis was to research and
develop novel fabrication processes for the assembly of microscale magnetic

components.

Chapter 1 identified the main motivation of microscale magnetic components; this
included an assessment of market trends and technology drivers affecting magnetic
components and their applications. The primary technical challenges involved in the

miniaturisation of magnetic components were also described.
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Chapter 2 reviewed the fundamental magnetic design equations and backgx'ound theory
on magnetic materials and identified the desirable properties for power magnetic
components. An explanation of the major loss mechanisms within thin films, hysteresis
and eddy current phenomena, were provided, along with a description of anisotropy

within magnetic thin films.

Chapter 3 outlined the function of magnetic components operating within DC-DC
converters, the chosen application of this thesis. A detailed review of conventional
components, including component structure, materials and fabrication processes was
presented. The findings of the study into current state of the art of techniques for
fabricating microscale magnetic components were also provided.  Finally, the
performance of conventional and prior micromachined components was presented in

order to assess the performance of the components fabricated within this thesis.

Chapter 4 explained the theory behind the process of electrodeposition and the various
waveforms that can be applied. Prior ‘work into 4e1ectrolytes used to investigate the
deposition process and properties of Ni-Fe were reviewed. The theory behind magnetic
field annealing was presented and applied to the DC deposition of Ni-Fe. Magnetic field
annealing produced magnetically anisotropic films with favourable film properties. The
anomalous co-deposition effect was experimentally verified. The DC deposition results

also indicated a variation of grain size with Fe content.

Chapter 5 presented a Design Of Experiments (DOE) carried out for the manufacturing
of magnetic alloys. The effect of alloy properties generated by deposition conditions
was examined in terms of the electric and magnetic properties of the thin film. Other
magnetic thin film alloys incorporated into the prototype magnetic components were

also introduced.

Chapter 6 examined the basic loss mechanisms of the component and derived the
equations that impact on the system performance. Various component geometries were
described and assessed since the design of the component is application specific. The
impact of the component’s performance on the operation of the converter was also

demonstrated in this chapter,
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Chapter 7 detailed the fabrication process of the microinductors and microtransformers.
This chapter also introduced the methods used and challenges encountered in

developing a laminated core structure.

Chapter 8 explained the experimental procedure used to characterise the components.
Results of the characterisation of all the fabricated components were presented, and

analysis of the data was provided.

Chapter 9 provides an overview of ANSYS and a description of the methodology of the
developed models. A comparison between analytical, experimental and simulated data

was performed and conclusions provided.

Within this thesis micromachined inductors and transformers have been fabricated on
glass using micromachined techniques borrowed from the LIGA process. From the
results, parasitic capacitances do not appear to significantly affect inductor performance
over the measured frequency range. Eddy currents and parasitic capacitance become
significant at higher frequency. The analytical results using the two dimensional model
agree well with the experimental and simulated values of inductance, resistance and Q-
factor. The minor increase in resistance of the experimental values is attributed to the
hysteresis resistance that is omitted from the model and parasitic resistance induced by

leakage flux.

The ANSYS models developed in this thesis provided a valuable insight into the flux
density distribution, current density distribution, affect of laminate layers, fringing
affects due to air-gap dimension and location, and core material parameters on device
performance. Knowledge of the influence of such parameters is a valuable asset in
producing highly efficient components at the early stage in the design cycle. Hence the
models provide a clear contribution to knowledge in the development of such

components.

The DOE presented in Chapter 5 that investigated the influence of the PR variables on
NiFe deposit composition, electrical and magnetic properties provided a valuable
insight to the influence of grain size on the magnetic and electric properties of the alloy.

The variation of grain size via pulse waveform is advantageous over the process utilised
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by Herzer. The analysis approach by Herzer involved thermal annealing and the
introduction of elements to produce grain refining. With the increase in grain size,
associated with thermal annealing, and composition alteration the effects of grain size
are ambiguous. The PR approach permits more clarity when assessing the effects of
grain size. The incorporation of a PR electrodeposited alloy optimised via DOE and
integrated within a flip chip bonded microinductor is also a first in the field of magnetic

component development.

The solenoid winding is normally a 3D structure that is difficult to fabricate with micro-
machining techniques and can be susceptible to high resistance interconnects. The
novel assembly process of the windings using thick film electroplating and flip-chip-
bonding, overcomes these challenges. A single layer solenoid component allows near
ideal performance, however, this tends not to be realisable with traditional fabrication
methods as the number of windings is limited by the cores inner diameter and how
tightly the turns are packed together. To increase the inductance multiple winding layers
would normally be needed and this leads to an increase in parasitic capacitance and AC
resistance loss due to the proximity effect. Therefore, the novel fabrication process
developed in this thesis has enabled the utilisation of the optimal geometry previously

unattainable.

In addition, the solenoid winding is was also useful as a test vehicle for various alloys,
since the flip-chip-bonding of the windings allows a variety of magnetic alloys to be
inserted within identical components. As a result a very accurate assessment of the

various alloys was possible due to the identical component geometries.

The results indicate that the solenoid winding has a low winding resistance, which is
essential to efficient component operation. To maintain component efficiency and
constant inductance, the core thickness, or laminate layer, should not be greater than the

skin depth for a given frequency.

The performance of the commercial alloy, Vitrovac, is hindered by the thickness and the
high relative permeability of the film. Results proved that electrodeposited alloys are
better suited to the application due to the ability to vary film thickness and the relative

permeability via magnetic field annealing or deposition current waveform. These
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processes avoid the need for additives that may greatly reduce saturation flux density,
which is a purely compositional dependent value. The PR achieved a higher inductance
and the anisotropic permalloy had a greater bandwidth of operation than the
“traditional” DC permalloy. Overall, the CoFeCu alloy was the most advantageous film

with the highest recorded saturation current and Q-factor.

The microinductors presented in this thesis have proved that an efficient component can
be manufactured via an inexpensive UV LIGA and electroplating process. An optimal
design process led to the development of some of the most high power density
components to date as shown in Table 9.4. The efficiency, size and power density

demands highlighted in Chapter 1 are addressed by the optimised components.

The power density and volume of the two prototype Ni-Fe laminated core hand-wound
inductors from Chapter 9 are compared against prior components in Fig 10.1. That
figure demonstrates that these elementary prototypes validate the use of thin film soft
magnetic alloys for high frequency operation within magnetic components when a
suitably large core area is realisable. This is a very high impact proof of concept device

for magnetic components within power supplies.
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Figure 10.1 Comparison of performance of prototype laminated inductors with prior
work (components 1&2 have been circled). Note that both power density and device
volume are in logarithmic scales.

The performances of the devices developed within this thesis have been shown to
supersede the performance of prior work. This can be attributed to the fact that this
thesis provided a very comprehensive investigation into microscale magnetic
components. In compassing the electrical and magnetic design of magnetic components,
the material science aspect of optimising magnetic alloys, novel manufacturing

processes were developed and finite element models were developed.

The challenge to develop inductors and transformers for MHz DC-DC converter
operation requires the development of optimal core materials and/or manufacturability
of laminated layers. Whilst studying in details the former, this thesis has also provided
an insight into the latter, tailoring film properties with either magnetic field annealing or
current waveform during the deposition process. Hence, suggestions for future work
are focused on optimising the prototypes within this thesis by means of laminated core

fabrication methods tailored to mass manufacture.
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10.2 Future Work
This section presents a brief description of two approaches that could be used for the
fabrication of a laminated core. The approaches discussed are (1) horizontal laminations

via hot press assembly, and (2) vertical laminations via substrate machining.

(1) The mechanical lamination of thin electrodeposited magnetic films could be
performed using a hot press. Other processes, documented in Chapter 3, have shown
limitations when the application requires a relatively large core cross-sectional area. To
realise a core with relatively large thickness of more than 500 pm, a mechanical
lamination technique of multiple magnetic and insulated layers with a hot press is
believed to have potential. This is a relatively quick method of constructing laminated
cores. The number of laminations can be altered and thickness varied without
significantly increasing fabrication cost. The fabricated core could then be incorporated

into flip-chip windings or PCB planar windings.

The manufacture process would involve the electrodeposition of electrically and
magnetically optimised magnetic alloys. The alloys would be fabricated to the required
dimensions, coated with a thin film spin cast polyimide and cured. The sheets of coated
magnetic alloy would then be placed in a hot press with thin layers of epoxy adhesives
films, the stacked sheets would then be pressed at a pre-determined temperature,
pressure and time. A mechanical milling machine could be used to form any openings

required for windings,

(2) Another concept is the manufacturing of vertical laminations which would involve
integration of the core into the actual substrate. A substrate material such as Silicon (Si)
or Low temperature Co-fired Ceramic (LTCC) could be through etched or machined.
The magnetic alloy could then be deposited onto the sidewalls of the vertical trenches
and windings could be fabricated via flip-chip-bonding. With a conductive substrate or
sidewalls coated with a seed layer, the magnetic alloy could be electrodeposited.
Another option could be a polymer loaded with magnetic particles, the polymer could

then be screen printed into the vertical trenches.
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Appendix A

AC Inductance and AC Core Resistance Derivation

The time-varying magnetic field vector (H) is directed along the z-axis and depends

only on the x-coordinate:

H{x,y,z,t)=11(x,t)=H(x,t)a: (A

Where azis the unit vector in the z-axis direction. The Maxwell equations

oD
VXH =] +
dt (A2)
VXE = CB—
dt (A3)
V*B =0 (A4)

combined with the constitutive relations:

J =crE (A5)

B =/iH (A6)
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provide the full expression of H alongside the boundary conditions. In the equations
above, H is the magnetic field intensity vector, J is the current density vector, D is the
electric flux density (electric displacement) vector, E is the electric field intensity

vector, B is the magnetic flux density vector, o is the conductivity of the material, and p

eD
is the permeability of material. The displacement current = in Eq (A2) is negligible

at the frequencies of interest. Rewriting Eq(A2) & (A3), neglecting the displacement

current and using Eq(A6), in terms of vector phasor (H E,J ) for a sinusoidal time-

harmonic analysis
VxH=J (A7)

VxlAi'=—-ja)yIA{ (A8)
As H (x, ¥, z,t) =Re ItI (x, y,z)ej“"

The substitution of Eq(A5) into Eq(A8) provides

Vx| =|=-jouH | (A9)
The current density is eliminated from this expression using Eq(A7). Then

V x =—jow H (A10)

Since o and p are assumed as constants, Eq(A10) becomes:

273



VxVx121=—ja)o;quI (A11)
or

V(V-fl)—vzl}=—jmyl} (A12)
By Eq(A4) and (A6), one obtains the Helmhotz equation

szA{=ja)o;uI£I | (A13)
Recalling V? denotes the vectorial Laplacian operator

0 o0 92
+—
ox* oyt ozt

V= (Al4)

in Cartesian coordinates. Since the magnetic field intensity is dependent only on the x

coordinate, Eq(A13) becomes a one dimensional diffusion equation:

Frm = joou H (A15)
Or
-@jﬂ =k? I} (A‘16)
0*x

Where k? = j wop. The solution to Eq (A16) is simply:

A

H=Het* + He** : (A17)
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Recalling thatﬁ =(1+ )/ V2,

k=[jouo =(1+)) 5%2‘9- (A18)

In terms of the skin depth, 3, defined by

=_|—
WUT (A19)

Eq(A18) becomes

1+j
k=—7 A20
) ( )

Since the field is penetrating from both the top and the bottom side, H_=H

x=~b

H,=He* +He™** (A21)
And
H,=He™ + H,e** (A22)

Where H, is the effective value of the magnetic field intensity. By solving Eq(A21) &
(A22)

H=H,= 2 (A23)
coshkb

The solution of the magnetic field intensity is
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H=H coshkx (A24)

o

coshkb

The magnetic flux density is then

. coshk x

B=uH, (A25)
coshkb

The magnetic flux, (¢), flowing in one sheet is given by the integration of the magnetic

flux density over the cross-sectional area

j o

+b A b
4= J'dex=2W5“ H, tanh((l+j) ) (A26)
M 1+

The total magnetic flux, (¢)c, in the packet of lamination is given by the sum of the

t
partial flux, as in the individual sheets, and for a packet with % laminations:

-

Where ¢ is the effective magnetic thickness of the total core excluding insulation
thickness. Now, assuming that the magnetic core in the figure is a closed magnetic core
and there is 2 winding with N turns, for a mean length of core /, the effective magnetic

field intensity at the surface of core is:
H, =— (A28)

Where [ is an effective value of current flowing through the winding. Considering a

harmonic variation with time, the voltage induced in the winding is:
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V= joNg, (A29)

Now, the impedance of the winding due to the core is:

V. _ jwtadu taﬁy ((1 + j)b)
= — = i tanh

T 5 (A30)
For low frequency,

vV _oowt o,
Z=T=jou—N (A31)

Where a static inductance, L,, can be defined as

wt
L=n—N° ' (A32)
Eq (A31) becomes
1+ j)bJ |
Z=L 2 ( A3
T+ /b N tanh( 3 (A33)

o

Finally, resolving this expression into its real and imaginary parts, the inductance, Ly, is

sinh %{J— +sin %{_)—
L,=1L, 35 X 7 ; (A349)

2b
— cosh—+cos—
o ) o

And the resistance, R, representing the eddy current loss
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2 _gn 2

is Rae = 0L 5y x5
=~ cosh—+cos—

b)) o

(A35)
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Appendix B

Fabrication of Solenoid Micro-Inductor

Fabrication Process: (A) Deposition of seed layer and Patterning of Photoresist, (B)
Electrodeposition of windings, (C) Reapplication of photoresist and pattern for
interconnecting bumps, (D) Electrodepositoin of copper:gold bumps, seed layer etched
and photoresist insulation layer applied and pattern, (E) Image of completed lower
winding layer. The upper layer is fabricated with the same procedure and the core
structure is positioned on the lower windings prior to final assembly with thermo

compression flip-chip bonding.

279



(A)

(B)

(©)

(D)

(E)

280

Photoresist

Ti/Ni Seed layer

DC electrodeposition
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