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SUMMARY

The objective of this proposed research is to design, fabricate, characterize and test
nanolaminated soft magnetic metallic alloy cores that operate at high frequency (> 1 MHz)
and high flux (> 0.1 T) for high power (> 10W) ultracompact DC-DC power conversion.
Driven by the demand for multi-functional and smaller portable electronic devices, DC-
DC converter miniaturization is of great interest. Examination of such converters shows
that the physical size of magnetic components is typically the limiting factor in
miniaturization. In order to reduce the physical size of these magnetic components, both
increases in switching frequency as well as improvements in the performance of magnetic
materials at these frequencies can be attempted. Soft magnetic metallic alloys such as NiFe
and CoNiFe possess superior magnetic properties (i.e., higher saturation flux density and
lower coercivity) than the conventional ferrites that are typically used in these applications.
However, the high conductivity and corresponding eddy-current losses at high operating
frequencies limit the ultimate useful thickness of such metallic alloys to their skin depth (~
3 um at 10 MHz), which may not be sufficient for high power handling (> 10 W).

In order to simultaneously achieve both high power handling and suppressed eddy-
current losses, development of nanolaminated cores comprising alternating layers of
sufficiently thin magnetic material and insulating material is required. This structure
prevents electrical connection between the magnetic layers, thereby suppressing the
formation of eddy currents. Sufficient thickness for higher power application can then be
achieved by stacking multiple magnetic and insulating layers to form nanolaminated

magnetic cores.
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In this research, in order to realize such nanolaminated magnetic cores for high
frequency and high power conversion, the following key tasks have been accomplished: 1)
electrodeposition of metallic alloy materials such as NiFe, CoNiFe, and anisotropic
CoNiFe; 2) development of new fabrication technologies to realize nanolaminated cores
based on metallic alloy electrodeposition; 3) reliable characterization of the structural,
magnetic, and electrical properties of the nanolaminated metallic alloy cores; 4)
development of microfabricated inductor windings to integrate the nanolaminated cores;
5) demonstration of high-frequency and high-flux ultracompact DC-DC power conversion
using inductors integrated with nanolaminated metallic alloy cores.

By achieving these tasks, nanolaminated cores comprising tens to hundreds of
layers of metallic alloy films (NigoFexo and CossNiszFe1g) has been developed. The
fabricated nanolaminated core consists of sufficiently thin nanolaminations (100 — 1000
nm) that can suppress eddy currents in the MHz range, while simultaneously achieving the
overall magnetic thickness (35— 2000 pm) such that substantial power can be handled. The
nanolaminated metallic alloy cores were further integrated into microfabricated inductors
using CMOS-compatible fabrication processes. Finally, an ultracompact DC-DC buck
converter with the nanolaminated metallic alloy cores has been developed on PCB having
footprint of 14 x 7.1 mm?. The input voltage of the converter varied from 30 to 70 V and
the output voltage was fixed at 20 V. The converter operated with output power of
approximately 11 W and the switching frequencies of 0.7 — 1.4 MHz, demonstrating

conversion efficiency of 94.2% at 30 V input and 80.8% at 60 V input.

Xviii



CHAPTER 1

INTRODUCTION

1.1 Introduction

The ever-increasing demand for multifunctional and smaller portable electronic
devices is driving the development of miniaturized DC-DC converters [1 - 3]. Such
converters are utilized to shift voltage levels in electronic systems with high efficiency.
There are multiple applications for such converters. For example, state-of-the-art portable
smart phones and tablet PCs feature multiple components, such as the display panel,
MEMS sensors, data storage devices, and cameras, which may require different operating
voltage levels. Miniaturizing these converters reduces the overall size of the portable
devices. Hence, there have been increasing efforts to shift from conventional power supply
manufacturing, which typically assembles discrete power supply modules and components,
toward integrated DC-DC power supplies, namely power supplies in package (PSiP) and

power supplies on chip (PSoC), using semiconductor and microfabrication technologies.

1.2 Background Theory

Modern portable electronic devices including smart phones and tablet PCs, are
becoming smaller but at the same time having more functions that require development of
efficient DC-DC converters. As an efficiency alternative to a linear regulator, where the
difference between the input and output voltage is continuously dissipated as wasted
energy, switched-mode DC-DC converters are of great interest. Switched-mode DC-DC
converters typically comprise active semiconductor devices (e.g., power MOSFETS and

controllers) and passive components (e.g., inductors, capacitors and resistors) for voltage



regulation [4, 5]. The active semiconductor device operates as a switch by being on/off
(e.g., saturation/cutoff for a BJT or MOSFET) to maintain an average output voltage,
resulting in high conversion efficiency.

In general, there are two types of switched-mode DC-DC converters: 1) switched-
capacitive converters; and 2) switched-inductive converters. The switched-capacitive
converter, also known as inductorless converter or charge pump, operates without magnetic
components (i.e., inductors). Instead, it transfers power from the supply to the load by
charging and discharging capacitors. The absence of the magnetic component can enable
easy monolithic integration and minimized EMI (electromagnetic interference); however,
it suffers from inherent power losses and large numbers of switches that result in lower
power density and lower efficiency. Applications of the switched-mode DC-DC converter
include use in RS-232 data signals that require both positive and negative voltages for logic
levels, and in flash memory circuits where relatively high voltages are needed to erase
stored information [4].

In contrast, the switched-inductive converter uses inductors as an energy storage
component to transfer power from the input to the load, usually resulting in high conversion
efficiency. Switched-inductive converters are the dominant DC-DC converters in modern
portable devices, especially when the power density and efficiency are critical [5, 6].
Typically, the inductor occupies the largest volume of the converter and is often integrated
with magnetic material to increase its inductance density. Hence, there have been
increasing efforts to develop advanced yet compact inductors and magnetic cores for DC-

DC converter miniaturization.



In the following sub-chapters, basic theories of the switched-mode inductive DC-

DC converter, inductor, and magnetic material are presented.

1.2.1 Switched-Mode DC-DC Converter

Figure 1.1 shows a circuit diagram of a typical switched-mode DC-DC buck
converter. When switch S1 closes (and S2 opens), current flows through the inductor and
into the load, charging the inductor by increasing its magnetic field and increasing Vout.
When Vot reaches the desired value, S1 opens and S2 closes. Current continues to flow in
the inductor as the magnetic field decreases and the inductor discharges. Before the current
in the inductor falls to zero, S2 opens and S1 closes and the cycle is repeated. The ratio of
Vout 10 Vin is adjusted by controlling the duty cycle (D) of S1 (i.e., the converter duty cycle).
If the switches, inductor, and other components are ideal (i.e., lossless), the conversion
efficiency is 100%. In reality, there are several types of losses including switching loss,

conduction loss, and magnetic loss, that prevent attainment of ideality.
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Figure 1.1 (a) Schematic of a typical DC-DC buck converter. (b) Equivalent circuit for
S1 closed. (c) Equivalent circuit for S1 open.

In steady-state operation, the switching period is T; therefore, S1 is closed for time
DT and open for time (1-D)T. When S1 is closed as shown in Figure 1.1 (b), the voltage
across the inductor becomes:

vy = Vi = Vour = L5E (1.1)

The derivative of the inductor current is a positive constant, meaning that the inductor

current increases linearly when S1 is closed. When S1 is open as shown in Figure 1.1 (c),
the voltage across the inductor becomes:

vy =—Vour = LC;—itL (1.2)

In this case, the derivative of the inductor current is a negative constant, meaning that the

inductor current decreases linearly when S1 is open. Typical inductor voltage and current

waveforms are illustrated in Figure 1.2. For steady-state operation, the net inductor voltage

in a switching period (T) must be zero, which can be expressed as:
DT T
<UL)T = %fo ULdt + %fDT det =0 (13)
Combining with equations (1.1) and (1.2), this becomes:
D(Vi - Vout) + (1 - D)(_Vout) =0 (1-4)

Therefore, the ratio of the output voltage to the input voltage is the same as the duty ratio:



Yout — py (1.5)

Vin
The duty ratio of the switch is set by a feedback loop that compares the output voltage to a
reference voltage.
The DC component of the inductor current (IL) is the same as the output current at

the load (Ir), since the DC component of the current through the output capacitor must be

Z€ero:
1%
VL
I/in_I/out  —
DT T 1
'Vout ==
(a)
i
L IR

(b)

Figure 1. 2 DC-DC buck converter waveforms in steady-state operation. (a)
Inductor voltage, and (b) inductor current.

From the inductor current waveform shown in Figure 1.2 (b), the slope of the

increasing current when S1 is closed can be expressed as:

slope = dh _ 280 (1.7)

dt DT

Combing with equation (1.1), this becomes:



2AiL Vin—Vout

T (1.8)
Therefore, the ripple current (AiL) flowing in the inductor is expressed as:
. Vin—Vout)D
ALL = ﬁ (19)
Also, the required inductance for a DC-DC buck converter is:
1 = Yin—Vour)D (1.10)

2-Nig fow
where fsw is the switching frequency (1/T), indicating that the required inductance decreases

with increasing switching frequency.

1.2.2 Inductor

Currently, the passive elements (e.g., inductors and transformers) are the largest
elements in the switching converters and challenging to integrate, thereby impeding the
realization of monolithic solutions for power conversion systems. Increasing converter
switching frequency results in physical size reduction of passive components, since the
required values (i.e., inductance and capacitance) of such components are inversely
proportional to the switching frequency [7]. An inductor is a circuit element that consists

of a conducting wire and a core (e.g., air-core or magnetic core) as shown in Figure 1.3.
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Figure 1.3 Schematic of an N-turn inductor.



When a current flows in a one turn winding, the induced magnetic field in the closed
path, C, is expressed by Ampere’s law:
$. H(t)-dl=1(t) (1.11)
where H(t)is the magnetic field strength [A/m], dl is the differential element of the curve
C, and I(t) is the total current [A] passing through the winding. For a uniform magnetic
field and N-turn winding,
H(t) 1, = Ni(t) (1.12)
where I is the magnetic path length [m].
When a time-varying magnetic flux passes through a conductive path, the relation

between the induced voltage and the flux follows Faraday's law:

de(t) . dB()
a ¢ at

v(t) = (1.13)
where @(z) is the magnetic flux passing through the loop [Wb], v(t) is the voltage induced
by the flux, B(t) is the magnetic flux density [T] and Ac is the enclosed cross-sectional area
of the conductive path [m?]. For a winding of N turns,

ae() _ g dB®

v(t) = N ac ¢ at

(1.14)
The relationship between magnetic flux and magnetic field strength is expressed by
the constitutive relationship for the material through which the flux flows. For a linear
magnetic material, this can be expressed as:

B(t) = uH (1) (1.15)

where 1 is the permeability of the magnetic material, which is further expressed as:
H=Ho (1.16)
where uois the permeability of vacuum, 4nx107" [H/m], and u: is the relative permeability

of the material (e.g., ur = 1 for air).



Combining equations (1.14) and (1.15) yields:

dH(t)

v(t) = uNA, (1.17)
Combining with equation (1.12):
_ UNZAcdi() _ , di(®)
v(t) = T a = L— (1.18)
Therefore, the inductance L is expressed as:
__ uN24A. _ N?> N2
L="—=7r=7 (1.19)
HAC

where R is the reluctance of the magnetic core material [H™]. For an inductor with magnetic

core and air-gap, the formula to calculate the inductance is:

N2 N?
L= S (1.20)
Rmag+ Rair-gap m g
HrioAc KoAc

where v is the relative permeability of magnetic core material, and I and Ig are the length

of magnetic path and air-gap, respectively [m].

1.2.3 Magnetic Core

Although use of magnetic cores enables inductor miniaturization (because the
relative permeability exceeding unity allows a particular inductance to be achieved in a
smaller geometric volume), such use can result in frequency-dependent core losses (e.g.,
hysteresis and eddy-current losses) as well as magnetic saturation, that limits the power
handling capacity and efficiency of the converters [8, 9]. A hysteresis loop (Figure 1.4) is
often used to understand the magnetic properties of soft magnetic materials. The soft
magnetic materials represent magnetic materials that are easily magnetized and

demagnetized with low coercivity. The hysteresis loop is a closed double-valued



magnetization curve caused by the energy loss in the magnetic material due to

magnetization in every cycle.

Figure 1.4 Hysteresis loop of soft magnetic materials.

In the hysteresis loop of magnetic materials, important intrinsic magnetic properties
for inductor core materials include saturation flux density (Bs), coercivity (Hc), and relative
permeability (u).

For typical toroid-shape inductive components, the maximum energy that can be
stored in a closed magnetic field is expressed as:

N(D)Z_l 2 | 1B}

1,. 1
E=2Li?=:L(2) =22 2= 2.4 (1.21)
where i is the applied current [A], @ is the peak magnetic flux [Wb], Bs is the saturation
flux density [T], u is the permeability [H/m], N is the number of winding turns, and [ and

A are the average circumference and cross-sectional area of the toroid [m and m?]. Thus,

the ultimate achievable energy density from a magnetic core becomes [9]:

N | =
= &

Consequently, the ultimate achievable power from a magnetic core at a given

frequency can be estimated as:



Bsz'Vcore'f
Peore = Eq " Veore f = T (1-23)

where Vcore is the volume of the magnetic core [m®], and f is the operation frequency [Hz].
Therefore, high saturation flux density is critical for such inductor cores to preserve
required power in a reduced device dimension, improving the ultimate achievable
miniaturization of inductive components.

From equations (1.19) and (1.22), it should be noted that the inductance is
proportional to the relative permeability (ir) of the magnetic core, while the energy density
is inversely proportional to the relative permeability. Hence, reducing pr of the magnetic
core generally allows a higher energy density, while the inductance becomes smaller.
Alternatively, increasing pr of the magnetic core can achieve a higher inductance, but with
a lower energy density. It is worth noting that effective ways to increase the energy density
while maintaining high relative permeability (and therefore high inductance per unit
volume) are increasing the saturation flux density (Bs) and/or increasing the thickness of

the magnetic core [2].

1.2.4 Magnetic Core Losses

Magnetic core losses of inductors are important for high efficiency DC-DC power
conversion, and there have been a large number of studies analyzing these losses. The
detailed analysis of magnetic loss is discussed in chapter 3.3.3; a brief introduction is
provided here. Magnetic core losses are induced when the magnetic material is exposed to
an external magnetic field. Typically in the literature, the magnetic core losses are
separated into (at least) two categories: 1) hysteresis losses and 2) eddy-current losses.

The hysteresis loss is the energy consumed to change the alignment direction of
magnetic domains. Magnetic domains are the portions of a magnetic material that are
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magnetized in the same direction. The hysteresis loss refers to the area enclosed by the
static hysteresis loop shown in Figure 1. 4, and the volumetric magnetic hysteresis energy

loss can be expressed as [9, 10]:

Pynyst = $, o cyeie 1B (1.24)
Such loops are typically measured at low frequency, and the loop area can become larger
as the frequency increases. Thus, there can be changes in effective coercivity and
permeability as frequency increases. However, assuming that the shape of the hysteresis
loop throughout the entire frequency range of interest is invariable, the volumetric
magnetic hysteresis loss at the operation flux density and frequency can be estimated as
[10]:

Pynyst = f * § HdB (1.25)
where the cyclic integral is taken around the B-H loop and f is the frequency at which the
loop is traversed. Therefore, desirable characteristics of magnetic metallic alloys for use as
an inductor core should include a low coercivity to minimize the magnetic hysteresis
losses.

Eddy current losses are induced by time-varying magnetic flux existing inside the
magnetic core. This time-varying flux generates voltage differences within sections of the
core. If the magnetic core material is also electrically conducting, eddy currents arise within
the material from these voltage differences due to Ohm’s law. These eddy currents oppose
the changing magnetic field, resulting in deterioration of the magnetic properties. Further,
the eddy current can generate tremendous heat through the Joule effect, resulting in
difficulties in designing the magnetic core.

The power loss arising from the eddy current is given by:
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P, = 2(DR = %9 (1.26)

The induced voltage ve(t) is proportional to the derivative of the flux density:

dB(t)
¢ at

v, (t) = A (1.27)
The magnitude of the induced voltage is proportional to the excitation of frequency f.
Therefore, the eddy current loss is proportional to f2, which would become a serious
problem in high frequency. In order to suppress the eddy-current flow, thickness of the

magnetic material needs to be less than the skin depth () of the material:

1
R (1.28)

where ¢ is the conductivity of the magnetic material [S/m]. Thus, as the converter switching
frequency increases, the skin depth of the material decreases. Typically, the skin depth of
soft magnetic material (e.g., NiFe) is approximately 3 um at 10 MHz, a reasonable upper

bound in operation frequency for today’s switching converters [11].

1.3 Research Objectives

In summary, desirable characteristics of magnetic materials for use as an inductor
core for DC-DC power conversion include: 1) high saturation flux density to allow high
power density operation of devices; 2) low coercivity to minimize intrinsic magnetic
hysteresis losses; 3) appropriate relative permeability to improve inductance density; 4)
minimized eddy-current losses at high frequency operation; 5) fabrication simplicity and
integration availability with ICs.

Currently, ferrite cores are often used for high frequency operation, due to their
high resistivity (> 1e9 uQ-cm), resulting in large skin depths and therefore low eddy-

current losses. However, their low saturation flux density (< 0.3 T) limits operating flux
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levels and therefore the ultimate achievable degree of miniaturization. Also, the high
sintering temperature (> 900°C) utilized during the typical ferrite manufacturing process is
not CMOS-compatible.

Magnetic metallic alloys, such as permalloy (NigoFex) and CoNiFe, that are
deposited using CMOS-compatible processes (e.g., sputtering and electrodeposition) have
been widely researched due to their superior magnetic performance (i.e., high saturation
flux density and low coercivity) over conventional ferrites. However, their high
conductivity and corresponding small skin depth and large eddy-current losses have
typically limited their useful thickness to a few microns (~ 3 um) at high frequency (~ 10
MHz), which is not sufficient for high power handling (> 10W).

In order to simultaneously achieve both large magnetic volume and suppressed
eddy-current losses for metallic alloys, lamination is a promising solution. Laminated cores
are structured alternating layers of sufficiently thin magnetic material (e.g., less than the
skin depth of the material) to suppress eddy currents, and insulating material that prevents
interlayer electrical current flow that would otherwise allow the eddy currents to re-
establish, resulting in an overall core magnetic thickness that is sufficient for high power
handling. Figure 1.5 compares the eddy current flow in a laminated core where the single
lamination thickness (a) is less than the skin depth and a non-laminated core where the core
thickness exceeds the skin depth. Although the lamination technique is widely utilized in
low frequency, macro-scale applications (e.g., line power transformers) by simply stacking
alternating magnetic sheets and insulating layers, it is challenging to realize such laminated
structures in the submicron scale for high frequency (> 1 MHz) operation. Sputtering can

be used to develop laminated cores comprising tens of layers of thin (< 200 nm)
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laminations, due to its capability to deposit both magnetic materials (e.g., CoZrO [12] and
CoFe [13]) and high resistivity insulating material (e.g., SiO); but its relatively slow
deposition rate and internal stress restrict the total achievable core thickness. Typically, the

total magnetic thickness of the sputtered core is less than 10 pm [12, 14].

1 a<s

Largeeddy current | 0568 _/Small eddy current

Fm———>——,

Magnetic material

Insulating material

Figure 1.5 Comparison of eddy current flow in non-laminated core and laminated core.

The objective of this research is to develop nanolaminated magnetic metallic alloy
cores based on sequential electrodeposition. In the proposed nanolaminated metallic alloy
cores, sufficiently thin nanolaminations (100 - 1000 nm) can suppress eddy currents in the
MHz range, while the overall magnetic thickness (35 - 2000 pm) enables substantial power
handling. This approach, which exploits the superior magnetic properties of metallic alloys
while suppressing eddy currents through the use of nanolaminations, is expected to satisfy
the aforementioned requirements for DC-DC converter inductor cores. To realize
miniaturized power inductors, the nanolaminated cores are integrated with low resistance
microfabricated windings. Finally, the microinductors with nanolaminated cores are
utilized for ultracompact, high frequency (> 1 MHz) and high power (> 10 W) DC-DC
power conversion.

Figure 1.6 shows an overview of this thesis structure ranging from nanolaminated
magnetic core fabrication through microfabricated inductor development to DC-DC
converter demonstration.
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Figure 1.6 Overview of thesis structure.

Chapter 1 and 2 present background theories, a motivation for this research, and
literature survey from related fields. Chapter 3 presents fabrication and characterization of
nanolaminated magnetic cores. Electrodeposition of permalloy (NisoFe2o), CoasNiszFe1s,
and anisotropic CossNiz7Fe1g thin films was studied and nanolaminated magnetic cores
comprising tens to hundreds of insulated magnetic stacks with single layer thicknesses less
than 500 nm were fabricated based on an SU-8 post approach as well as a new approach,

surface-tension-driven assembly. For the characterization of the nanolaminated magnetic
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cores, three types of characterizations (low flux characterization, high flux characterization,
and system level characterization) were performed. Chapter 4 presents fabrication and
characterization of microfabricated inductors integrated with the nanolaminated magnetic
cores. Two microfabrication techniques (core drop-in approach and direct winding
approach) were developed for realization of the inductors with the nanolaminated magnetic
cores. Using the microinductors and the nanolaminated magnetic cores, ultracompact DC-
DC converters that operate at high switching frequency (> 1 MHz) and high output power
(> 10 W) were designed and developed on PCB (printed circuit board) with other
commercial components (e.g., switch, capacitors and resistors) in chapter 5. Finally,

chapter 6 concludes this thesis.

1.4 Contributions of This Research

The proposed research is expected to have three main contributions: 1) fabrication
of highly-ordered, nanoengineered materials, 2) reliable characterization of highly-
laminated magnetic nanostructures, and 3) ultracompact DC-DC power conversion

utilizing inductors based on nanolaminated metallic alloys.

1.4.1 Fabrication of Highly-Ordered, Nanoengineered Material

The fabrication techniques described in this research demonstrate bulk volumes of
nanoengineered material that consists of highly-stacked alternating metallic alloys and
insulating layers with single layer thicknesses in the nano range. The fabricated material
enables utilization of the superior magnetic properties of metallic alloys (e.g., high
saturation flux density and low coercivity) as well as suppression of eddy-current flows in
nano sheets. This fabrication technique is expected to be applicable for further applications
in areas where bulk, nanoengineered materials are of interest including anisotropic thermal

conductors and high surface area capacitors.
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1.4.2 Reliable Characterization of Highly-Laminated Nano Structures

During the research, it is found that reliable characterization of the laminated
structures comprising large number of layers with nano-scale single layer thickness is very
critical since it is challenging to visualize the nano-laminations without damaging the
structures. The characterization methods introduced in this research range from low flux in
situ characterization through high flux characterization to system level evaluation, and will
provide methodical and effective characterization approaches for materials comprising

large numbers of nanolaminations.

1.4.3 Ultracompact DC-DC Power Conversion using Nanolaminated Metallic
Alloys

The demonstration of ultracompact DC-DC converters using nanolaminated
metallic alloy cores allows the ultimate verification of the nanolaminated core performance
as an energy conversion material. Further, this demonstration will provide a guideline for
more advanced CMOS-compatible integration techniques for power supplies on chip

(PSoC) and power supplies in package (PSiP).
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CHAPTER 2

LITERATURE REVIEW

2.1 Soft Magnetic Materials

Soft magnetic materials (e.g., ferrites, magnetic powders, and metallic alloys) are
widely used and researched for electrical energy storage/transfer elements in switched
power conversion [11 - 30]. Since the early 1990s, these magnetic materials have been used
as integral parts of micro-magnetic devices for integration into passive components, such
as inductors and transformers. Table 2.1 summarizes the typical characteristics of magnetic
materials for use in inductor cores. Note that commercial ferrites are also included. These
magnetic materials can be categorized by deposition method into: 1) screen printed ferrite;

2) sputtered thin film (i.e., nanogranular film); and 3) electrodeposited metallic alloy.

Table 2.1 Soft magnetic materials used as inductor core (x: not used, o: used)

Deposition . Bs Hce Lami-
Method Material [T]  [0e] M ugp.cm] nation
NiZnCuFe [15] 023 175 25 le8 x
NiZnCuFe [15] 046 41 120 le8 x
Screen MnZnFe [16] 0.25 40 6 3e8 X
printing NiZnCu [17] 022 428 28 le8 x
4f1 [18] 0.32 2 80 le6 x
67 TOTOID [19] 023 3.5 40 le6 x
CoZrO [12] 1.3 1 80 600 0

X

CoZrTa [20, 21] 1.52 0.4 300 100

Sputtering  CoFeSiO [22, 23] 1.1 N/A 250 100 0
CoFe [13] 1 N/A 200 2200 0
NigoFe2o [14, 24] 1 1 1000 20 (0]
NigoFeao [25, 26] 0.8 3 2000 20 X
NissFess [27] 1.5 0.5 150 45 X
Electro-

" CoFeCu [28] 1.46 2.8 400 30 X

deposition )
NiFeMo [29] 1.07 0.1 2200 N/A X
CoNiFe [30] 2.2 10 250 30 X

18



2.1.1 Screen Printed Ferrites

/

Ferrite cores

* <3-dimensional view>
I

<Cross-sectional view>

Copper
winding

Figure 2.1 Typical feature of microfabricated inductor with ferrites.

Screen printing is an ideal deposition method for non-metallic ferrite cores
including NiZn, MnZn, and their composites. Since 1993 [31], ferrites have been
researched for high frequency power electronic applications due to their inherent low
electrical conductivity, resulting in negligible eddy current losses at high frequency (i.e.,
over 1 MHz). Generally, microfabricated inductors with ferrite cores feature a spiral
winding geometry surrounded by layers of ferrite material with thickness from a few
microns to millimeters as illustrated in Figure 2.1. For example, a planar inductor with
NiZnCu ferrite core was developed with a size of 5 x 5 mm? on silicon wafer in 2009 [17].
NiZnCu ferrite was fabricated by high temperature sintering at 800 °C and 4.5-turn spiral
windings were sandwiched between 1-um-thick NiZnCu ferrite plates. Due to the high
resistivity of the ferrite core, the inductor exhibited a quality factor of 50 at 2.3 MHz and
20 at 10 MHz. Ferrites are also the most widely used magnetic material with discrete
windings in the commercial market for surface mountable power inductors operating at the
high frequency range [18, 19]. However, there are still two major challenges for this
material to be further miniaturized and integrated to the chip scale: 1) high sintering
temperature, which prevents monolithic integration of the material into power-chip
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circuitry; and 2) relatively low magnetic saturation flux density, resulting in low energy

density device.

2.1.2 Electrodeposited Metallic Alloys

Electrodeposition and sputtering are attractive deposition techniques for the
development of magnetic components due to their CMOS-compatibility, batch-fabrication,
and ease of precise patterning via photo-lithography, enabling the possible realization of
PSiP (power supply in package) and PSoC (power supply on chip) for miniaturized and
integrated dc-dc converter systems [2].

Electrodeposition has been widely used to deposit binary or ternary metallic alloys
with various compositions exhibiting saturation flux density higher than 1 T and coercivity
lower than 2 Oe as shown in Table 2.1. An alloy of 80%-nickel and 20%-iron has been
utilized as a classical recording head since the beginning of magnetic recording in the mid
1930s [32]. Later, in the 1990s, nickel-iron alloys with different compositions were
developed and researched as an inductor core material [33] due to their low coercivity, high
saturation flux density and permeability, and nearly zero-magnetostriction (i.e., unchanged
magnetic properties by induced mechanical strain). These nickel-iron alloys are either
permalloy (Ni-goFe-20) or orthonol (Ni-soFe-s0) thin films, and exhibit saturation flux
density of 0.9 - 1.4 T and coercivity of 1 - 2 Oe. In order to improve the magnetic properties,
several soft magnetic materials have been researched and developed by exploiting other
metallic components including cobalt, copper and molybdenum. J.W. Park et al. [28]
electrodeposited thin film alloys of cobalt, iron, and copper that achieved a saturation flux
density of approximately 1.5 T. Taylor et al. [29] electrodeposited a thin film alloy of

nickel, iron, and molybdenum that demonstrated a low coercivity of 0.3 Oe and a high

20



permeability of 2200. In 1998, Osaka et al. introduced electrodeposition of CoNiFe films
[34] that simultaneously exhibit high saturation flux density (~ 2 T) and low coercivity (<
2 Oe). Since then, this CoNiFe material has been widely studied due to its superior
magnetic properties [35, 36]. It has been also attempted to utilize the CoNiFe material in

power electronics applications [30].

V shaped
structure

NiFe (1 um)
~

A w//zzé 7222 P N
lr\zczz!d’ -

: ......... o

Figure 2.2 Laminated NiFe core [11].

In spite of their outstanding magnetic properties (i.e., high saturation flux density
and low coercivity) and CMOS-compatible fabrication, the high conductivity of metallic
alloys can cause eddy-current losses during high frequency operation (> 1MHz), limiting
the achievable overall core thickness for high power handling. Thus, there have been many
attempts to realize laminated magnetic cores based on electrodeposition [11, 37]. However,
since electrodeposition is typically performed with low resistivity (e.g., less than 50
nQ-cm) materials, it is challenging to realize highly-laminated structures (i.e., alternating
layers of metallic alloy and insulating film). In 2003, J.Y. Park et al. [11] fabricated a
laminated NiFe core based on manual sequential electrodeposition of NiFe films (Figure
2.2) for reducing eddy currents in the MHz operating regime while simultaneously
preserving large total magnetic cross-sectional area. However, the labor-intensive
approach impedes reliable fabrication of laminated cores with a large number of layers and

precisely controlled sub-micron single layer thickness.
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2.1.3 Sputtered Nanogranular Films

Recently, researchers have developed nanogranular magnetic alloys using
sputtering to achieve both high saturation flux density and high resistivity for high
frequency operation [12 - 14, 20 - 24]. These sputtered nanogranular films include CoZrTa,
CoFe, and CoZrO. Due to the advantage of depositing a wide range of materials including
SiO2, the nanogranular films are often deposited with oxide layers as a multilayer as shown
in Figure 2.3 [22].

_.““\r“ % &
_ CoFeSiO (dark)
(D P gt

e o _ e,
R TIPSR e o e R
N

Figure 2.3 Cross-section of laminated nanogranular film (CoFeSiO-6nm / SiO»-1nm) [22].

The high resistivity and uniform film thickness in the nano-range enables these
nanogranular films to be utilized up to GHz frequency range. In 2002, a multilayer
nanogranular magnetic thin film for GHz operation was fabricated using inductively
coupled RF sputtering [13]. With a single layer thickness of 6 nm, the multilayer structure
exhibited a constant permeability of 200 and a high resistivity of 2.2 mQ-cm at up to 2
GHz. In 2009, Gardner et al. developed an on-chip inductor integrated into a 90 nm CMOS
process using copper metallization and a nanogranular CoZrTa magnetic material [21]. The
integrated magnetic material exhibited a saturation flux density of 1.52 T and resistivity of
100 uQ-cm. The fabricated inductor showed a high inductance density of 1700 nH/mm?

and quality factor of 8 at 40 MHz. In 2013, microfabricated V-groove inductors with
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multilayer CoZrO film were fabricated for very high frequency operation [12]. The
sputtered magnetic CoZrO exhibited a saturation flux density of 1.3 T and resistivity of
600 uQ-cm. The fabricated inductor showed a high quality factor that exceeded 50 at 100
MHz.

The sputtering process for nanogranular film deposition requires a vacuum
environment and is relatively slower than other deposition methods (e.g.,
electrodeposition), resulting in a long deposition time and high fabrication cost. Also, the
induced internal stress during the multilayer deposition may cause mechanical stability
issues [38]. Therefore, these nanogranular films are not been widely at overall core
thicknesses beyond tens of micrometers; yet, significant overall thickness (> 30 um) is

required for high power (> 10 W) handling capability.

2.2 Microfabricated Inductors

In combination with advanced magnetic core materials that can operate in high
frequency regimes, current-carrying windings are required to realize inductive
components. Advanced chip-scale inductors have been developed based on
microfabrication technology for the realization of PSiP and PSoC. The microfabricated
inductors can be categorized into two winding approaches depending on the arrangement
of windings with respect to the magnetic cores: 1) 2-dimensional winding where planar
conductor coils are surrounded by magnetic cores; and 2) 3-dimensional winding where
planar cores are wrapped by conductor coils. Typical structures using the first winding
approach are spiral inductors and strip-line inductors. Structures using the second winding
approach include toroid and solenoid inductors. In most cases, the conductor coil is

fabricated by electrodeposition of copper though a lithographically-patterned photoresist.
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2.2.1 Spiral Inductors

The spiral type structure is one of the most widely used winding schemes, mainly
due to its high inductance density and fabrication simplicity. Typically, either circular or
rectangular copper windings are surrounded by magnetic cores to improve inductance
density and to minimize EMI as shown in Figure 2.1. Also, a racetrack-shaped spiral
inductor has been studied to improve the high frequency performance of microfabricated
inductors [27, 39]. The racetrack-shaped inductor is formed by stretching a circular spiral
winding. In 2007, Wang et al. developed a racetrack-shaped inductor with an inductance
density and peak quality factor of 38 nH/mm? and 5, respectively [39]. The inductor was
fabricated by electrodeposition of NissFess magnetic core to wrap the elongated portion of
the electrodeposited copper winding so as to take advantage of the uniaxial anisotropy of
the magnetic material as shown in Figure 2.4. The insulating layers were also added
between windings and cores as well as between the inductor and silicon substrate.

In order to further improve the performance of spiral microfabricated inductors, it
becomes important to increase the aspect-ratio of the copper windings (i.e., increase the
winding thickness) to reduce DC resistance, while reducing the space between the windings

for further miniaturization of the devices.

Ni,sFe.; core
Insulator (SU-8)
Racetrack-shaped winding

Silicon substrate
Insulator

(Benzocyclobutane)

Figure 2.4 Racetrack-shaped microfabricated inductor [38].
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2.2.2 Strip-Line Inductors

One of the simplest inductor geometries is a strip-line shape where the inductor
consists of a single-turn winding and a magnetic material wrapped around the winding.
The strip-line inductors typically possess very low winding resistance and use sputtered
thin magnetic films for very high frequency application (> 20 MHz) [12, 18]. However,
due to the limited inductance from the single-turn winding, researchers have focused on
improving the inductance by overall magnetic thickness through lamination techniques. In
2013, microfabricated V-groove inductors with multilayer CoZrO film was fabricated
(Figure 2.5), demonstrating an inductance of 3.4 nH up to 100 MHz with a peak quality
factor over 50 at 100 MHz [12].
mmm Magnetic core

mmm Copper

Silicon water

\/

Figure 2.5 Schematic of a typical V-groove inductor [12].

mmm Silicon oxide

2.2.3 Solenoid Inductors

Solenoid and toroid inductors use 3-dimensional coil geometries to wrap
microfabricated windings around magnetic cores. A typical microfabricated solenoid
inductor is a bar-type inductor that uses a bar-shaped magnetic core as shown in Figure 2.6
(@). In 2008, Lee et al. developed integrated solenoid inductors with a CoZrTa magnetic
core, demonstrating inductance density over 200 nH/mm? up to 100 MHz with a peak
quality factor of approximately 6 at 30 MHz [40]. The solenoid inductors can take
advantage of an anisotropic magnetic core. However, the open magnetic path in the

solenoid geometry is not able to fully utilize the magnetic cores (i.e., there is infinite air-
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gap between the two ends of the core, thus the effective permeability of the core decreases),
resulting in lower inductance density. Also, this geometry may not be completely free of

EMI to components in close proximity.

(@) (b)

Figure 2.6 Schematic of typical microfabricated inductors with magnetic cores.
(@) solenoid inductor, and (b) toroid inductor

2.2.4 Toroid Inductors

Toroid inductors consists 3-dimensional windings wrapped around a toroidal
magnetic core as shown in Figure 2.6 (b). In 2003, Park et al. developed a microfabricated
toroid inductor integrated with laminated NiFe core, demonstrating an inductance of
2.3 uH and a peak quality factor of 9.2 at 3 MHz [11]. The toroidal design has the
advantages of fully exploiting the high permeability magnetic core, possibly resulting in
high inductance density and quality factor. However, inducing magnetic anisotropy to the
magnetic core is difficult due to the core geometry.

From the microfabrication point of view, both solenoid and toroid windings are
more challenging due to their complex 3-dimensional geometry compared to spiral
windings. Also, methods to achieve high-aspect-ratio vertical winding structures should be

researched in order to accommodate large volume magnetic cores for high power handling.
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2.3 DC-DC Converters with Integrated Magnetics
Using the microinductors and magnetic cores stated above, there have been
numerous attempts to realize power supply in package and power supply on chip solutions.

Table 2.2 summarize reported DC-DC converters integrated with magnetic core inductors.

Table 2.2 Review of DC-DC converters with integrated magnetics

Po_density Po n fsw lo Vin  Vout L_density L Core

Ref. [Wiecm?] [W] [%] [MHz] [A] [V] [V] [nH/mm?3 [nH] Qi material

[41] 625 10 8 05 3 5 33 226 880 NA MnzZn

[42] 816 1 83 18 02 36 15 898 1100 N/A NizZn T
[43] 625 10 90 05 3 5 33 475 1900 NA MnZn
[16] NNA 4 80 1 4 5 1 062 140 30 Mnzn %
[44] 144 036 91 2 02 36 18 100 2500 N/A NiznCu qg_,
[45] 204 16 78 13 16 5 1 013 100 N/A Nizn E
[46] 4 036 8 6 05 36 18 433 390 10 Nizn ”
[47] 1678 24 80 5 20 12 12 017 24 N/A NizZn
[48] 1042 06 90 28 03 36 1.8 2778 1060 28 Nizn v
[49] 306 15 5 5 01 9 15 5195 1000 10 CoZrNb <
[50] 1 1 833 3 035 45 3 60 960 4.3 CoHfTa %‘g
[12] 3626 33 8 11 1 7 33 802 34 22 Cozt0 B =
[51] 025 025 70 7 004 3 65 3333 200 04 NiFe
[52] 138 19 71 22 02 7 12 3509 2300 9.2 NiFe ‘é%
[53] NNA 5 8 5 25 3 2 28 100 4 NiFe é%
[54] 032 054 74 8 045 36 12 3826 440 117 NiFfe B2
L

[55] N/A 18 74 20 1 48 18 N/A 88 NA NiFe

2.3.1 DC-DC Converters with Integrated Magnetics — using Ferrite Cores
Ferrite cores have been widely researched for high frequency DC-DC converter
applications due to their high resistivity (and therefore suppressed eddy current losses).

The ferrite cores used in this application are typically NiZn, MnZn, and their alloys. In
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most cases, ferrite core inductors are used as a substrate of DC-DC converters to minimize
the total inductor footprint.

In 2002, Manguel et al. fabricated a spiral type inductor using a ferrite core from
Ferroxcube with an inductance density of 2.26 nH/mm? [41]. By stacking other
components (such as capacitors and ICs) as shown in Figure 2.7, they developed a
prototype DC-DC converter for 5 V input and 3.3 V output, demonstrating 88% converter
efficiency at 3 A output current with a switching frequency of 500 kHz. Later in 2004, they
improved an inductance density (4.75 nH/mm?) and performed more analysis on the

prototype DC-DC converter, including thermal analysis and loss analysis [43].

active components
‘/

conductors
conductors

lead frames i 08 __capacitors T T

4

inductor T
Air layer 0.1 mm

copper layer

(b)

Figure 2.7 A prototype DC-DC converter having a spiral inductor with ferrite core as a
substrate [43]. (a) Images (20 x 20 x 4 mmq), and (b) cross-section structure.

In 2003, Fuji Electric Company (Japan) published inductors on ferrite wafers as a
substrate on which to mount an IC chip [42]. The size of the resultant DC-DC converter
module is 3.5 x 3.5 x 1 mm?® for 1 W maximum output power, demonstrating 83 %
efficiency for 3.6 V input and 1.8 V output at 1.8 MHz switching frequency. Recently, in
2013, they published integrated DC-DC converter with a ferrite core inductor for a cellular
phone application [48]. The size of the inductor is 2.4 x 2.4 x 1 mm?® with an inductance of

1.06 uH. By wire-bonding the inductor with an advanced IC chip as shown in Figure 2.8,
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the DC-DC converter operated with 90 % efficiency at 2.8 MHz switching frequency for

3.6 Vinput and 1.8 V output.

Ni-Zn Ferrite

Substrate A
Terminal

(@) (b)
Figure 2.8 Integrated DC-DC converter [48]. (a) Inductor with NiZn ferrite core, and

(b) IC chip bonded to the inductor.

Low temperature co-fired ceramic (LTCC) ferrite cores have been researched by
Kyocera Corporation [44] and Virginia Tech (Center for Power Electronics Systems) [45,
47] for miniaturized DC-DC converters. In 2006, Kyocera Corporation (Japan) reported an
LTCC substrate with embedded high value inductor (> 1 uH) for miniaturization and low
profile of a DC-DC converter [44]. A high inductance density of 100 nH/mm? is embedded
into a5 x 5 mm? LTCC substrate on which other component chips are mounted (Figure 2.
9 (a)). The DC-DC converter demonstrated 91 % efficiency at 2 MHz switching frequency
for 3.6 V input and 1.8 V output.

The LTCC inductor substrates from Virginia Tech possess very low numbers of
winding turns. Although it shows a very low inductance density, the inductor can operated
with high output current, resulting in high converter power density. By integrating the
LTCC inductor substrate with a GaN switch as shown in Figure 2.9 (b), 80 % efficiency at
5 MHz switching frequency with 12 V input and 1.2 V output has been achieved [47]. The

maximum output current was 20 A, and the output power was 24 W.
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Figure 2.9 DC-DC converter with LTCC inductor substrate from (a) Kyocera
Corporation [44] and (b) Virginia Tech [47].

2.3.2 DC-DC Converters with Integrated Magnetics — using Thin Film Cores

In order to overcome the high sintering temperature and low saturation flux density
of ferrite cores, thin film magnetic cores have been deposited using sputtering for DC-DC
converters. In 1994, Toshiba Corporation reported a thin film inductor which consists of a
spiral coil between top and bottom sputtered CoZrNb amorphous films with uniaxial
magnetic anisotropy [49]. The inductor demonstrated a constant inductance of 1uH up to
10 MHz with peak quality factor of 10 at 10 MHz. A developed DC-DC boost converter
(from 9 V to 15 V) using the thin film inductor size was 7 x 7 x 2 mm? (Figure 2. 10 (a)),

demonstrating an efficiency of 50% at 5 MHz switching frequency and 1.5 W output

powver.
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T Easy axis
& 4 o e =
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Si-sub ) :

(a) (b)

Figure 2.10 Monolithic DC-DC converter using thin film inductor from (a) Toshiba
Corporation [49] and (b) Fuji Electric Company [50].
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Fuji Electric Company also reported a spiral inductor with sputtered CoHfTaPd
core, demonstrating an inductance of 960 nH with peak quality factor of 4.3 at 3 MHz [50].
A developed DC-DC buck converter (from 3.5 - 5 V to 3 V) using the thin film inductor
was 10 x 10 x 1.8 mm?3 (Figure 2. 10 (b)), demonstrating an efficiency of 83.3% at 3 MHz

switching frequency and 1 W output power.

2.3.3 DC-DC Converters with Integrated Magnetics — using Metallic Alloy Cores

(b)

Figure 2.11 DC-DC converters using microfabricated inductors with electrodeposited

permalloy cores (a) Toroid inductor with laminated permalloy core [52] (b) Racetrack-
shaped inductor with permalloy core [54].

As mentioned earlier, electrodeposited metallic alloys (e.g., NiFe) has been
researched for low-profile DC-DC converters. In 2003, Srinivasan et al. developed a
surface mounted DC-DC boost converter using micromachined toroid inductors with
electrodeposited permalloy (NigoFe2o) core, demonstrating 0.25 W output power with 70 %
converter efficiency [51]. The converter boosted 3 V input to 6.5 V output at a switching
frequency of 7 MHz, and size of the converter was 10 x 10 x 1 mm?2. Later in 2007, Galle
et al. also presented a prototype DC-DC buck converter using a microfabricated spiral
inductor with electrodeposited permalloy, demonstrating 80% efficiency at 5 MHz

switching frequency [53]. It converted input voltage of 3 V to output voltage of 2 V with
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output current of 2.5 A. In 2003, J.W. Park et al. used a laminated permalloy core to
improve converter power density [52]. The magnetic core had 72 laminations of 1-um-
thick permalloy films. The inductor with the core exhibited an inductance of 2.3 pH with
peak quality factor of 9.2 at 3 MHz. A DC-DC boost converter (from 7V to 12 V) using
the inductor is shown in Figure 2.11 (a). The converter demonstrated 71% efficiency at 2.2
MHz switching frequency yielding 1.9 W output power.

The Microsystems Centre of Tyndall National Institute also reported racetrack-
shaped microfabricated inductors with electrodeposited permalloy cores, demonstrating an
inductor for use in DC-DC buck converters. In 2008, Wang et al. reported a 7-turn
racetrack-shaped microinductor with 4.2-um-thick permalloy core, demonstrating an
inductance of 440 nH with peak quality factor of 11.7 at 5.5 MHz [54]. Operating the
inductor with a commercially available 8 MHz buck converter (from 3.6 VV to 1.2 V), 74%
efficiency was achieved at 0.45 A load current. The racetrack-shaped inductor was also
utilized in a 20 MHz DC-DC converter, demonstrating 74% efficiency for converting 4.8

V input to 1.8 V output [55]. The load current was 1 A and the output power was 1.8 W.

2.3.4 Commercial DC-DC Converter Modules

In addition to the research effort toward PSiP and PSoC, commercial DC-DC
converter modules with integrated inductors were also developed as summarized in Table
2.3. In the converter modules, an inductor and IC chip are placed side by side (Figure 2.12
(@)), or the IC chip is stacked onto the inductor (Figure 2.12 (b)) to further reduce the
surface area. The power densities of the commercial DC-DC converter modules exceed 10

W/cm?, and the highest efficiencies are higher than 90% at switching frequencies that
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exceed 1 MHz. Typically, these converter modules require several external surface-mount
components (e.g., capacitors and resistors) to be operated.

Table 2.3 Commercial DC-DC buck converter modules with integrated inductors

Name VeVl Vo[Vl lout [A] [nm . [E /zf] F‘[’r?]tr‘l’qrz']”t
EN5312Q1 [56] 24-6.6 08-33 01-1 4 65-92 5x4
LM3218[57] 27-55 08-36 005-06 2 80-95 3x25
LTM8022 [58] 3.6-36 08-10 04-1 02-24 79-91 11.25x9
MIC33050 [59] 2.7-55 1-33 01-0.6 4 70-93  3x3

Inductor

(@) (b)
Figure 2.12 Integration of inductor and IC in commercial DC-DC converter modules. (a)
Altera (Enpirion) [60], and (b) Texas Instrument [57].

2.4 Advantages and Challenges of Integrated Magnetics

Form Chapters 1 and 2, it is found that the use of an appropriate magnetic material
is critical to realize ultracompact DC-DC power converters. Use of such magnetic material
together with advanced microfabrication technology for on-chip inductors can enable the
realization of PSiP and PSoC. However, design of the microinductors with magnetic cores
requires several considerations including the magnetic core saturation as well as frequency-
dependent core losses. Therefore, it is still required to develop magnetic components that
simultaneously enables both high power handling though high saturation flux density and

high volume, and minimized magnetic losses at high operation frequency (> 1 MHz).
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CHAPTER 3

NANOLAMINATED MAGETNIC METALLIC ALLOY CORES

In previous chapters, integrated magnetics approaches for DC-DC converters were
reviewed. Electroplated metallic alloys exhibit excellent magnetic properties (e.g., high
saturation flux density and low coercivity) compared to conventional ferrites. However,
eddy-current losses preclude their use in many switching converter applications, due to the
challenge of simultaneously achieving sufficiently thin laminations such that eddy currents
are suppressed (e.g., 500 nm — 1000 nm for MHz frequencies), while simultaneously
achieving overall core thickness such that substantial power can be handled (e.g., tens to
hundreds of pum). As stated in chapter 1, lamination is a promising solution to
simultaneously achieve both large magnetic volume and suppressed eddy-current losses
for metallic alloys. In this chapter, fabrication and characterization of nanolaminated
ferromagnetic metallic cores comprising tens to hundreds layers of metallic alloy film with

submicron individual layer thickness are presented.

3.1 Introduction

In order to develop nanolaminated ferromagnetic metallic alloy cores, a CMOS-
compatible fabrication approach based on automated sequential electrodeposition has been
adopted and optimized for this application. Permalloy (NigoFex) and CoasNizzFers
materials are utilized as the electrodeposited metallic alloys.

First, nanolaminated permalloy cores were developed to demonstrate the
fabrication approach and core performance since electrodeposited permalloy has been
widely used and is well-known as a magnetic core material [26 - 28]. Then,
electrodeposited CoNiFe, an emerging magnetic material possessing advanced intrinsic
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magnetic properties (i.e., higher saturation flux density and lower coercivity), has been
studied to develop nanolaminated CoNiFe cores. The following sections present
fabrication, characterization, and comparison of nanolaminated cores with both permalloy

and CoNiFe materials.

3.2 Permalloy and CoNiFe Thin Films

3.2.1 Electrodeposition of Permalloy and CoNiFe Thin Films

Electroplated permalloy and CoNiFe are widely researched magnetic materials
due to their superior magnetic properties than conventional ferrite, and several
electrodeposition approaches for them have been established [34 - 36]. Table 3.1 details
the electrodeposition conditions (i.e., bath composition and plating parameters) that have
been used in this research. During electrodeposition, a 5x5 cm? nickel sheet anode was
utilized and no agitation of the electrolyte is conducted to minimize the convective mass-

transfer effect [61].

Table 3.1 Electrodeposition conditions for permalloy and CoNiFe.

Permalloy CoNiFe

Component Quantity Component Quantity
NiSO4-6H20 1.29 [mol/L] Co0S04-7H0 0.08 [mol/L]
FeSO4-7H20 0.029 [mol/L] NiSO4-6H20 0.2 [mol/L]
NiClz-6H20 0.039 [mol/L] FeSO4-7H0 0.03 [mol/L]
Boric acid 0.4 [mol/L] NHA4CI 0.3 [mol/L]
Saccharin 3 [o/L] Boric acid 0.4 [mol/L]

Sodium saccharin 2.1 [g/L]

Sodium lauryl sulfate 0.01 [g/L]

Temperature 23 °C Temperature 23 °C

pH 2.7-29 pH 2.7-29
Deposition rate 0.25 um/min Deposition rate 0.25 um/min
Current density 10 [mA/cm?] Current density 20 [mA/cm?]
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In the case of CoNiFe electrodeposition, sodium saccharin and sodium lauryl
sulfate were added to relieve the deposition stress and improve ionic mass transfer.
Ammonium chloride was utilized to enhance the electrolyte conductivity. With the
electroplating conditions in Table 3.1, the composition of the deposited materials was
measured as 80%-nickel and 20%-iron for permalloy and 44%-cobalt, 37%-nickel, and

19%-iron for CoNiFe (measurement techniques described below).

3.2.2 Properties of CoNiFe Thin Film

Before commencing the full automated sequential electrodeposition process
leading to a multilayer structure, initial material characterization experiments were carried
out on single film laminations. A 1-um-thick CoNiFe film was deposited with various
current densities (5 - 30 mA/cm?) to develop the optimal electrodeposition condition for
CoNiFe. Note that electrodeposition condition for permalloy has been established and
optimized by our research group previously [28].

For the characterization of the CoNiFe film, an atomic force microscope (AFM,
Veeco AFM 3100) was used to investigate the surface topology of the film, energy-
dispersive X-ray spectroscopy (EDX, Hitachi S-3700N) was used for atomic composition
assessment of the CoNiFe material, and vibration sample magnetometry (VSM, LakeShore
7300) was used to measure the saturation flux density and coercivity of the CoNiFe
material.

Figure 3.1 shows the dependence of the magnetic properties (i.e., saturation flux
density Bs and coercivity Hc) as a function of current density during deposition. Note that

over 20 samples were deposited and measured at each current density and the presented
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properties represent average values for a given current density. From the graph, it was
observed that the saturation flux density of the CoNiFe material exceeds 1.4 T and the

coercivities are lower than 1.5 Oe over this current density range.
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Figure 3.1 Saturation flux density and coercivity of 1-um-thick CoNiFe film as a
function of deposition current density. Data points represent average values and
error bars represent the data range.
In addition to the magnetic properties, the composition of the CoNiFe films was

also measured. Table 3.2 summarizes the compositions and magnetic properties of CoNiFe

film with various current densities.

Table 3.2 Properties and composition of electrodeposited CoNiFe
Current Composition [%]

density _ Depositiqn rate Bs Hc
[mA/cmz]  Cobalt Nickel Iron [nm/min] [T] [Oe]
5 58.7 13.37 27.93 0.0625 1.19 8.9

10 54.42 19.11 26.47 0.125 2.09 15

15 50.97 26.72 22.31 0.188 1.83 14

20 44.2 37.13 18.67 0.25 1.81 0.5

25 42.02 40.12 17.86 0.313 1.6 0.6

30 42.79 38.69 18.52 0.375 1.49 0.6

From Table 3.2, it was observed that the composition of nickel increases as the

current density increases, while the other components (i.e., cobalt and iron) exhibit the
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opposite tendency, which is in agreement with previous reports [34 - 36]. It was also
observed that increasing nickel composition (e.g., decreasing cobalt and iron composition)
results in decreasing coercivity. However, it seems that the decreasing coercivity trend
saturates near 0.5 Oe (however, it should also be noted that this is approaching the
resolution of the measurement tool). On the contrary, increasing cobalt and iron
composition results in increasing saturation flux density. However, the magnetic properties
degrade rapidly when the current density decreases below 5 mA/cm?. Over this current
density range, 20 mA/cm? was selected for further use since it provided both high saturation

flux density (1.82 T) and the lowest coercivity (0.5 Oe).

3.2.3 Comparing Properties of Permalloy and CoNiFe Thin Films
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Figure 3.2 Measured B-H hysteresis curves of (a) permalloy and (b) CoNiFe.
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Figure 3.2 shows measured B-H hysteresis curves of both electrodeposited
permalloy and CoNiFe films. Current densities of 10 mA/cm? and 20 mA/cm? were used
for permalloy and CoNiFe, respectively. As shown in the graph, CoNiFe exhibits higher
saturation flux density (1.83 T) as well as lower coercivity (0.5 Oe) than permalloy,
implying higher power density capability and lower intrinsic magnetic losses (i.e.,

hysteresis losses) as an energy storage/transfer material.

3.3 Sequential Electrodeposition for Multilayer Magnetic Structure

After the characterization and comparison of the properties of CoNiFe and
permalloy thin films, these materials are further fabricated as nanolaminated magnetic
cores for high-frequency and high-power DC-DC converter applications. The fabrication
process for the nanolaminated magnetic cores is based on automated sequential
electrodeposition of ferromagnetic materials (i.e., permalloy or CoNiFe) and sacrificial
material (i.e., copper), followed by selective removal of the sacrificial layers so as to
insulate each magnetic layer [62, 63]. Figure 3.3 shows a schematic of the automated
sequential electrodeposition system, which is based on a robotic arm (i.e., computer-
controlled X-Y-Z stage) that moves a cathode bearing the growing films from one bath to
another. Copper was chosen for the sacrificial material as it exhibits low surface roughness,
high adhesion to the magnetic material, and is able to be selectively etched away without
degrading or etching the magnetic materials. Two rinsing steps are also performed between
the magnetic material and copper electrodeposition to prevent cross contamination of the
electrolytes. The number of layers is determined as desired with the robot system, and the
thickness of individual layer is precisely controlled by adjusting the electrodeposition time.

This robot-assisted system allows the fabrication of hundreds of layers of ferromagnetic
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material and copper, which is a significant improvement compared to the previous work

done by manual multilayer electrodeposition [11].

Computer-controlled
X-Y-Z moving stage

Cathode ,

0000
(wafer) 000
0000

DC
Power

Rinse supply

tanks
(DI water)

Magnetic
material
tank

Figure 3.3 Schematic of automated sequential electrodeposition system.

The sequential electrodeposition is performed through a core-shape-defining
photoresist mold on a silicon wafer substrate bearing a SiO»/titanium/copper/titanium seed
layer. An approximately 500 nm SiO> layer is deposited on the 4-inch silicon water using
PECVD (plasma enhanced chemical vapor deposition). The titanium/copper/titanium
layers are deposited using sputtering and the thicknesses are 200 nm, 500 nm, and 200 nm,
respectively. A negative photoresist (NR21-20000P, Futurrex) was used to develop 50 -
100 um-thick molds with precisely designed patterns. After the pre-electrodeposition
sample preparation (i.e., titanium etching and copper de-oxidation), the mold is filled with
alternating layers of magnetic material (permalloy or CoNiFe) and copper using the
automated sequential electrodeposition system (see Figure 3.6 (c)). The baths described in

Table 3.1 was utilized for the electrodeposition of permalloy and CoNiFe, and a
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commercial copper bath (Grobet, Clean Earth Cu-mirror solution) containing brighteners
and levelers was utilized for copper electrodeposition.

The fabricated multilayer structure of alternating CoNiFe/copper was
characterized to examine any magnetic property degradation compared to the 1-pm-thick
single CoNiFe film, before etching the sacrificial copper. In order to assess the magnetic
properties (i.e., saturation flux density and coercivity) of the CoNiFe/copper multilayer,
VSM measurement was conducted on multilayers with differing numbers of laminations.

For all multilayers, the individual lamination thickness is maintained at 1 um. Figure 3.4

shows the magnetic properties of the multilayer as a function of the number of laminations,
demonstrating that the saturation flux density of the multilayer remains approximately 1.8
T and does not change with increasing numbers of laminations. The coercivity of the
laminated film tends to increase compared to a single lamination deposited directly on a
sputtered copper seed layer, possibly due to the higher roughness of electrodeposited

copper compared to sputtered seed copper [36].
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Figure 3.4 Saturation flux density and coercivity of CoNiFe/copper multilayer as a
function of number of laminations.
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In order to investigate the effect of the CoNiFe film roughness, atomic force
microscopy measurements have been conducted on the two different seed layers (i.e.,
sputtered copper and electroplated copper) as well as the CoNiFe films deposited on the
two seed layers. The average roughness of the sputtered copper is 2.78 nm, while that of
the electrodeposited copper is 10.9 nm. Consequently, it is observed that the average
roughness of the CoNiFe film on the electrodeposited copper layer is 17.1 nm, which is
higher than that of the CoNiFe film on the sputtered copper of 10.6 nm. Figure 3.5
illustrates an example of 3-D surface topology of electrodeposited CoNiFe films on the
two different seed layers. Although the increased average roughness of the CoNiFe film
deposited on electrodeposited copper may degrade the magnetic property of the film
(increased coercivity), the measured coercivity is maintained less than 1.5 Oe up to 40

lamination layers as shown in Figure 3.4.

(@) (b)

Figure 3.5 Surface topology of electrodeposited CoNiFe films (a) on sputtered copper
seed layer and (b) on electrodeposited copper seed layer.

3.4 Fabrication of Nanolaminated Magnetic Cores

Once the alternating layers of magnetic material and copper are electrodeposited,
the sacrificial copper layers should be selectively removed, while the magnetic layers are
separated from each other without collapse. In order to realize the laminated
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magnetic/insulator structure, two fabrication techniques were developed: 1) SU-8 support
approach, and 2) Surface-tension-driven assembly of metallic nanosheets. The two

techniques are described and compared in the following sections.

3.4.1 SU-8 Support Approach

Support holes

Sequential electrodeposition Selective Cu etching Applying SU-8 supports Complete Cu etch
of magnetic film/Cu layers after removing PR through the holes
| | E=
Magnetic film Cu PR SU-8 Si Ti

Figure 3.6 Fabrication of nanolaminated magnetic core using SU-8 support approach.
(@) Schematic of electrodeposited magnetic film/copper multilayers (eddy currents are
dominant). (b) Schematic of laminated magnetic film/insulator structure (eddy currents
are suppressed). (c) - (f) Nanolaminated magnetic core fabrication steps.

Once the photoresist mold is filled with magnetic film/copper multilayers, the
photoresist is removed by acetone. Then, a short selective copper wet-etch is performed to
create lateral “grooves” around the sidewall of the structure (Figure 3.6 (d)). A saturated
solution of copper sulfate in ammonium hydroxide (NH4sOH + CuSOQOs) is utilized as a
copper etchant since it provides excellent selectivity between the magnetic layers and the

copper. SU-8 epoxy is then applied through the “support-holes” depicted in Figure 3.6 (e),

which refer to the areas that were covered by the plating mold during the electrodeposition.
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A subsequent UV-exposure and post exposure bake allows a subset of the “support-holes”
to be filled with cross-linked SU-8. Next, the sacrificial copper layers are completely
removed in the etchant through the periphery of the structure and the “support-holes”
unoccupied by SU-8, so that individual laminations can be created (Figure 3.6 (b) and (f)).
Note that the non-conductive SU-8 filled in the “grooves” as well as in the support holes
allows the magnetic layers to maintain their mechanical integrity and separation after the
copper removal, in comparison to the previous work where an additional electrodeposition
of conductive structures was employed for the same purpose [11]. Through this proposed
approach, complete electrical insulation between magnetic layers is feasible, minimizing
the source of eddy current losses.

Figure 3.7 shows various images of toroid nanolaminated magnetic cores
comprising tens to hundreds of laminations with single layer thickness less than 500 nm.
Figure 3.7 (a) shows optical images of toroidal shaped nanolaminated magnetic cores
having inner diameter of 6 - 8 mm and outer diameter of 10 mm. A magnified top-view of
the core is shown in Figure 3.7 (b), demonstrating the support holes. Note that the
dimensions of the cores are precisely determined in batch-scale through the use of
photolithography. From the cross-sectional view, it is observed that the permalloy layers
have a uniform thickness of 300 nm after the selective etching of sacrificial copper layers
(Figure 3.7 (c) and (d)). Also, cores with varying numbers of total layers and targeted
lamination thickness could be manufactured by a simple adjustment of plating variables.
A cross sectional view of a core comprising 70 layers of 500-nm-thick CoNiFe layers is

shown in Figure 3.7 (e) and ().
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Figure 3.7 Images of nanolaminated magnetic cores using SU-8 support approach. (a)
Batch-fabricated nanolaminated toroid cores. (b) Magnified top-view of the core
showing support holes. (c), and (d) Cross section of a core with 300 layers of 300 nm
permalloy laminations. (e), and (f) Cross section of a core with 70 layers of 500 nm
CoNiFe laminations.

3.4.2 Surface-Tension-Driven Assembly

In case of the previous approach (i.e., SU-8 support approach), the total achievable
thickness of the core is limited to the thickness of the mold (e.g., ~ 100 um). In order to
overcome the total thickness limitation as well as to simplify the fabrication process, we

developed a surface-tension-driven assembly of nanosheets, in which individual magnetic
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films can be induced to self-assemble. This technique relies on a surface-tension-driven
coalescence and self-alignment of the wetted films when multiple films are removed from
a liquid solution, resulting in laminated structures comprised of many layers of metallic

sheets after evaporation of the liquid.

(a) (b)
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Figure 3.8 Fabrication sequence for surface-tension-driven assembly of nanosheets. (a)
Electrodeposition of metallic multilayer structure on Si wafer, where each structure
comprises multiple CoNiFe laminations connected by interlamination electrodeposited
copper, (b) Removal of (CoNiFe/Cu) metallic multilayer structures from the substrate
by seed layer removal, (c) Threading an assembly wire through the metallic multilayer
structure, (d) Selective copper etching, resulting in a large number of thin CoNiFe
laminations on the wire, () Immersion of the CoNiFe laminations in a liquid polymer
solution, (f) Removing the laminations from the solution, (g) Polymer-insulated
CoNiFe multilayer formed in a self-aligned fashion
The fabrication sequence for surface-tension-driven assembly of nanosheets for
nanolaminated cores is described in Figure 3.8. Once sequential electrodeposition of the
desired number of layers (Figure 3.6 (a) and Figure 3.8 (a)) is finished, the individual
metallic structures (CoNiFe/Cu multilayer) are separated from the substrate silicon wafer
by removing the underlying titanium seed layer in a 49% hydrofluoric acid solution as

shown in Figure 3.8 (b). Then, a chemically-resistant wire (e.g., nylon, enameled magnet

wire, or enameled Litz wire) is manually threaded through one of the unitary released
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metallic structures as shown in Figure 3.8 (c). Since the metallic structure consists of
multiple laminations of CoNiFe and copper, selective removal of the sacrificial copper
layers causes the unitary multilayer structure to separate, producing a large number of
individual thin CoNiFe laminations on the wire as shown in Figure 3.8 (d). It is noted that
the CoNiFe laminations on the wire (Figure 3.8 (d)) were created from a single metallic
structure fabricated using the automated sequential electrodeposition system, alleviating
labor-intensive, manual threading of large numbers of individual thin laminations onto the
assembly wire. The prepared individual CoNiFe laminations on the string are then
immersed in a liquid polymeric solution, resulting in a conformal polymeric coating on the
individual CoNiFe laminations, as shown in Figure 3.8 (¢). A commercial Novec 1700
solution, which is designed for conformal 100nm coating on a metallic surface [64], was
used as a polymeric solution; however, the selection of the polymeric material is
unconstrained. The CoNiFe laminations are then removed from the solution and dried. As
the solvent (a hydrofluoroether) in the Novec 1700 evaporates, the wet laminations
coalesce in a self-aligned fashion to form a polymer-insulated CoNiFe multilayer assembly
as shown in Figure 3.8 (f) and (g). A video recording of the assembly process can be
observed online [65]. It should be noted that not only can a large number of CoNiFe
laminations result from a single multilayer structure (where the number of laminations is
determined by the automated sequential electrodeposition), a large number of multilayer
structures can in principle be threaded onto the assembly wire, etched, and self-assembled
into a single unitary core structure. In this manner, limitations on the number of laminations

and achievable total thickness of assembled polymer-insulated multilayer are eliminated.
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Figure 3.9 Images of nanolaminated CoNiFe cores fabricated through surface-
tension-driven assembly. (a) Toroidal-shape metallic structure connected on a
string. (b) Released CoNiFe laminations after copper layer etch. (c) Various sizes
of assembled cores. (d) Tilted top-view of nanolaminated CoNiFe core comprising
300 layers of 1000-nm-thick laminations. (e) Cross-sectional SEM image of a core
demonstrating each CoNiFe film is coated with insulating material. (f) Magnified
view of (e) showing 100-nm-thick insulating polymer and 1000-nm-thick CoNiFe.

Figure 3.9 (a) shows a toroidal-shape metallic structure, comprising 40 layers of

CoNiFe/Cu laminations, threaded on a Litz wire. The toroid has an inner diameter of 6 mm
and an outer diameter of 10 mm. Once the sacrificial copper layers are removed, 40
separate layers of CoNiFe laminations are attained as shown in Figure 3.9 (b). Different

sizes of nanolaminated CoNiFe cores fabricated through the surface-tension-driven
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assembly are shown in Figure 3.9 (c). Figure 3.9 (d) shows a tilted top-view of
nanolaminated CoNiFe core comprising 300 layers of 1000-nm-thick laminations. Cross-
sectional SEM imaging of a core shows that each CoNiFe film is coated with polymeric
insulating material (i.e., fluoroacrylate) as shown in Figure 3.9 (e). A magnified view
(Figure 3.9 (f)) demonstrates that thicknesses of the insulating polymer and CoNiFe layers

are 100 nm and 1000 nm, respectively.

3.4.2.1 Characterization of Surface-tension-driven Assembly

Figure 3.10 Schematic of two parallel laminations possessing liquid in between them.

In this section, further characterization of the surface-tension-driven assembly is
described. When the individual CoNiFe laminations are removed from the polymer
solution (i.e., Novec 1700), the liquid polymer is captured between the laminations by a
capillary force. Considering two parallel laminations separated by a liquid (Figure 3.10)
simplifies the theoretical analysis. In this case, the capillary pressure difference at the

interface can be expressed using Laplace’s equation [66]:

AP:y(i—i)=y(i—zwse) (31)

R1 Ry Ry n

where y is the surface tension of the liquid [N/m], € is the contact angle [deg], R: is the
length of the laminations [m], and h is the gap [m] between the laminations. Assuming

that the gap (h) is much less than the length of the laminations (R1), the equation becomes:

2cos6

2%), for Ry » h (3.2)

AP = y(—
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Therefore, the capillary force that links the laminations is:

2ycosf
h

F = A (3.3)
where A is the area of the lamination [m?]. Since the laminations are suspended from an
assembly wire, the liquid polymer experiences a gravitational force expressed as:
F=p-h-A-g (3.4)
where p is the density of the liquid [kg/m®], and g is the acceleration due to gravity,
9.8 m/s?. Combining equations (3.3) and (3.4) determines the critical gap (herit), where the
capillary force between the laminations and the gravitational force on the liquid are equal,

and is expressed as:

2ycosf
9.8p

(3.5)

herie =

This equation indicates that the laminations are not assembled in a self-aligned
fashion if the gap between the laminations is too large (i.e., if the gravitational force on the
liquid is greater than the capillary force between the laminations). In order to estimate the
critical gap, contact angles of two liquid droplets (i.e., DI water and Novec 1700) on
CoNiFe film were measured using a goniometer (CMA-Plus, TanTec) as shown in Figure
3.11. With additional properties shown in Table 3.3, the critical gaps for water and Novec

1700 become 1.44 mm and 1.19 mm, respectively.

0=42°

~ p=82° >

(a) (b)

Figure 3.11 Measured contact angle of (a) DI water and (b) Novec 1700 polymer
droplets on CoNiFe film.
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Table 3.3 Properties of water and Novec 1700 at 23°C

Property Water Novec 1700 [64]
Density [kg/m?] 998 1500

Viscosity [cP] 1 0.6

Surface tension [mMN/m] 72.75 14

Contact angle [Degree] 82 42

) L )
- e - 1. 1 - !

= -

Figure 3.12 Assembly of CoNiFe sheets in a given length of 15 mm. (a) Wire with 15
mm width, (b) Failed assembly of 4 CoNiFe laminations in water due to a too large
gap. (c) Successful assembly of 20 CoNiFe laminations in Novec 1700.

Performing the assembly technique with a controlled gap between the CoNiFe
lamination could verify the analysis experimentally. However, it is challenging to adjust
the gap precisely in the liquid. Alternatively, the assembly technique was performed with
varying numbers of laminations in a given length (15 mm, Figure 3.12 (a)) of the assembly
wire. In this case, the larger the number of laminations, the higher the possibility of

possessing smaller gaps between the laminations. Figure 3.12 shows examples of the
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performed assembly technique with varying numbers of laminations (2, 4, 7, 10, and 20
laminations) in a 15 mm space. Figure 3.12 (b) demonstrates an example of a failed
assembly of 4 CoNiFe laminations in water due to a too large gap between the laminations.
On the other hand, an example of a successful assembly of 20 CoNiFe laminations in Novec
1700 is shown in Figure 3.12 (c).

Since the experiment is probabilistic in nature, more than 70 assemblies were
performed for each number of laminations, and a ‘percentage of assembly’ (i.e., probability
of successful assembly into a single CoNiFe multilayer) was measured. The experimental
result is shown in Figure 3.13, demonstrating that decreasing the average gap (i.e.,
increasing the number of laminations) results in a greater probability of successful
assembly, as indicated by the theoretical analysis. A significant increase in the successful
assembly percentage was observed between 1.5 mm (10 layers) and 0.75 mm (20 layers),
which encompass the theoretical critical gap. Typically, a higher assembly percentage was
observed when the assembly was performed in water, due to the higher surface tension and

lower density of water than Novec 1700.

Number of layers

1.5 15 150
80 ¢ !
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60
50
a - ° ’ !
30 | :

I

i

]
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[ 1]
L]

¢ in water

20 ® in Novec

10

Assembly percentage [%]

10 1 0.1
Average gap [mm]

Figure 3.13 Assembly percentage with varying number of
CoNiFe laminations in a 15 mm space.
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3.4.3 Comparison of Two Fabrication Techniques (SU-8 Support Approach and
Surface-tension-driven Assembly)

Table 3.3 compares the two fabrication techniques to develop nanolaminated magnetic
cores (i.e., SU-8 support approach and Surface-tension-driven assembly). As described in
Table 3.3, the surface-tension-driven assembly allows insulation of each individual
magnetic layer. resulting in higher mechanical robustness then the SU-8 support approach.
The surface-tension-driven approach allows not only fabrication ease, but also potentially
unlimited achievable total core thickness by threading a desired number of CoNiFe/copper

multilayer structures in a string.

Table 3.4 SU-8 support approach and surface-tension-driven assembly
Surface-tension-driven

SU-8 support approach

assembly
|

Metallic film I I .
Core I N ]
Cross- Su-8 .
section Polymeric BN - - L
material | e

Interlamination layer SU-8 and air Insulating polymer

Additional packaging required

Packaging (e.g.. PDMS or PVA) Co-packaging
Achievable total Limited to photoresist mold . .
i ) Potentially unlimited
thickness thickness

3.5 Characterization of Nanolaminated Magnetic Cores

In order to characterize the performance of the nanolaminated magnetic cores, test
inductors were prepared by placing the cores in laser-machined polymeric bobbins and
winding them with wire as shown in Figure 3.14. For the fabrication of the bobbin, the
500-um-thick polymeric sheet (Plastic Shim Stock, ARTUS) is first laser-scribed to from

a toroidal trench at the center where the magnetic core can be securely placed. The trench
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is slightly deeper than the core thickness and wider than the core outer diameter so that the
released core structure does not collapse by subsequent manual coil winding. Then, a
number of notches are cut along the periphery of the trench to provide the space for tight

and reproducible winding without overlap.

(e) Nanolaminated
magnetic cores

R, Qret-Sallee N
Figure 3.14 Test inductors. (a) — (d) Fabrication steps. (e) Image
The test inductor fabrication procedure consists of: 1) laser-micromachining of
polymeric bobbin with desired number of notches for winding guide (Figure 3.14 (2)); 2)
placing nanolaminated magnetic core in the bobbin (Figure 3.14 (b)); 3) winding the
bobbin with wire (Figure 3.14 (d)). An air core inductor was also formed by winding the
same bobbin without the magnetic core as shown in Figure 3.14 (c). The bobbin not only

provides mechanical support for the nanolaminated core and winding, but also allows

54



reproducible windings through equally distributed notches. Figure 3.14 (e) shows
fabricated test inductors with laminated magnetic cores packaged in polymer bobbins,
wound by wire having 36 or 48 turns with Litz wire or magnet wire (Belden, AWG 8056).

Once the test inductors were prepared, three different types of characterizations
were performed on the test inductors consecutively: 1) low flux in situ characterization
using an impedance analyzer; 2) high flux characterization under large signal AC flux
conditions; and 3) system level characterization in DC-DC converters. Each
characterization was performed on both nanolaminated permalloy and CoNiFe cores with
the same geometry, and the results from both cores are compared.

For the nanolaminated cores that are fabricated using the SU-8 support approach,
it is the first priority to ensure the electrical isolation of each lamination for the reliable
characterization of the nanolaminated cores, since it is challenging to visually ensure
complete copper removal throughout the entire core structure. Note that the surface-
tension-driven assembly ensures isolation of each lamination layers by the nature of the
process, since the assembly process starts after the complete removal of copper.

For the nanolaminated cores fabricated by the SU-8 support approach, measuring
frequency-dependent core inductance in situ during the sacrificial copper layer etch is an
effective method to validate isolation of each magnetic lamination [62, 63]. This in situ
measurement enables monitoring of inductance decrease as a function of frequency prior
to the complete copper etch since the electrically connected magnetic layers form a bulk
metallic core (~ 100 um thickness) causing significant eddy-current flow. Consequently,
one can conclude the complete isolation of each magnetic lamination when a constant

inductance as a function of frequency is observed due to the suppressed eddy-currents in

55



nanolaminations. The low flux in situ measurement provides not only the validation of
suppressed eddy-current losses but also estimation of complete copper etch time.

Once the constant inductance as a function of frequency is observed from the low
flux in situ measurement, the next characterization stage is carried out on the test inductor
under large signal AC flux conditions. Since magnetic metallic alloys possess higher
saturation flux density than conventional ferrites, it is worthwhile to study the magnetic
performance of nanolaminated magnetic cores under simultaneous high flux and high
frequency (HFHF) conditions. The HFHF test enables not only the assessment of maximum
magnetic flux handling capacity but also detailed analysis of the core losses by
decomposition of the observed losses into hysteresis and eddy-current components.

Finally, the test inductor is investigated in an appropriate DC-DC converter system
(e.g., output power, inductor current, and switching frequency) based on the two

characterization stages (low flux and high flux characterization).

3.5.1 Low Flux Characterization

3.5.1.1 In Situ Characterization of Nanolaminated Cores Fabricated by SU-8 Support

Approach

For the in situ characterization on the nanolaminated cores fabricated by the SU-8
support approach, the inductance and quality factor of test inductors were assessed using
an impedance analyzer (HP 4194A) prior to sacrificial copper layer etching, and
Subsequently at various times during the progression of the sacrificial layer etching,
enabling assessment of the eddy-current suppression. Note that the measurements at
various stages of sacrificial layer etching are performed by removing the test inductors

from the etchant, immersing them in deionized (DI) water. Then, the test inductor is
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returned to the etch solution for continued etching. Figure 3.15 shows the inductance and

the quality factor from the nanolaminated magnetic cores before and after sacrificial copper

layer removal from the nanolaminated magnetic cores. For the in situ characterization, a

pre-measured inductance and resistance of an air core inductor (i.e., wound bobbin without

magnetic core (Figure 3.14 (c)) of nominally identical geometry was subtracted from a

measured inductance and resistance of a magnetic core inductor (i.e., wound bobbin with

magnetic core (Figure 3.14 (d)); thus the results are solely attributable to the magnetic core

performance.
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Figure 3.15 In situ characterization of nanolaminated magnetic cores. (a) Inductance
and (b) Q factor of permalloy. (c) Inductance and (d) Q factor of CoNiFe.

Figure 3.15 (a) and (c) shows an example of measured inductance as a function of

operation frequency parameterized by etching time. The test inductor possesses 36-turn

windings around a nanolaminated magnetic cores having outer diameter of 10 mm and
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inner diameter of 6 mm. Note that Figure 3.15 (a) and (b) represent a nanolaminated
permalloy core and Figure 3.15 (c) and (d) represent a nanolaminated CoNiFe core.

Before sacrificial copper layers are etched (red dots in the graph), the
nanolaminated magnetic core comprises 70 alternating pairs of 500-nm-thick magnetic
material (i.e., permalloy or CoNiFe) and copper layers in which every layer is electrically
connected, causing significant eddy current flow throughout the bulk metallic medium
since the total core thickness exceeds the skin depth of the material in the measured
frequency region. Consequently, a significant inductance decrease as a function of
operation frequency is observed. However, each magnetic lamination is gradually isolated
as the sacrificial copper layers are removed, so that eddy currents are mitigated. Upon
complete isolation of each magnetic lamination (blue dots in the graph), constant
inductance is observed as a function of operation frequency verifying the suppressed eddy-
current losses in the 500-nm-thick magnetic laminations, which are thinner than the skin
depth of the magnetic materials (~3 pm) at the frequency of 10 MHz. From the inductances
in Figure 3.15 (a) and (c), it is demonstrated that the nanolaminated CoNiFe core possesses
approximately 2 time higher inductance than the nanolaminated permalloy core, implying
a higher effective permeability of CoNiFe than permalloy. Using equation (1.19), the
effective permeabilities of the nanolaminated CoNiFe core and the nanolaminated
permalloy core are 200 and 100, respectively.

Measured quality factor of the nanolaminated CoNiFe core after the sacrificial
copper layers removal approaches 80 at 1 MHz, whereas the quality factor before the
sacrificial copper layers removal is less than 2 in the measured frequency region. The
nanolaminated permalloy core with the same geometry shows a quality factor approaching
60 at 1 MHz after complete removal of the sacrificial copper layer.
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3.5.1.2 Low Flux Characterization of Nanolaminated Cores Fabricated by Surface-

tension-driven Assembly

For nanolaminated CoNiFe core fabricated by the surface-tension-driven assembly,
the in situ measurement is not necessary since the assembly process starts after the
completion of entire copper removal. Figure 3.16 shows the inductance and quality factor
of developed test inductors with nanolaminated CoNiFe cores fabricated using the surface-
tension-driven assembly. Note that inductance and quality factor in the graph are attributed
to the test inductor performance, meaning that the values are including areas not occupied

by the nanolaminated CoNiFe cores.
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Figure 3.16 Characterization of test inductors with nanolaminated CoNiFe
cores with varying number of laminations. (a) Inductance and (d) Q factor.
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The test inductor has 15-turn windings as shown in the inset of Figure 3.16. The
nanolaminated CoNiFe core has an outer diameter of 5.3 mm and inner diameter of 2.7
mm. Since the achievable number of laminations is potentially unlimited in the surface-
tension-driven assembly, several nanolaminated CoNiFe cores with a varying number of
500-nm-thick CoNiFe laminations were prepared. Figure 3.16 (a) shows the inductances
of test inductors with the nanolaminated CoNiFe cores, demonstrating a higher inductance
with a larger number of laminations. Further, the inductance remained constant at operation
frequencies up to 50 MHz, indicating suppressed eddy-current losses. Figure 3.16 (b)
demonstrates that the peak quality factor of the inductor also increased with a larger

number of laminations.

3.5.2 High Flux, High Frequency Characterization

Nanolaminated magnetic cores enable the fabrication of inductors operating in the
MHz frequency range with exceptionally high operating flux density of 0.5 T, which is
challenging to achieve with conventional ferrite. In order to characterize the superior
performance of the nanolaminated magnetic cores, high flux and high frequency (HFHF)
core loss measurements were performed using an LC resonant test setup based on series
resonance between the test inductor and a reference capacitor [67]. A circuit diagram of
the HFHF core loss characterization setup is shown in Figure 3.17. The inductor is modeled
as a series connection of an ideal inductor with inductance of L and two resistive
components (Rcore and Reoir) that represent the copper and core losses of the inductor. The
resistance (R¢) and the capacitance (C) of the resonant capacitor are pre-measured so as

to resonate with the inductor at the desired measurement frequency. Note that a high quality
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factor capacitor needs to be used so that the capacitor resistance (Rc) is negligible compared

to Reore and Reoil.

RF power/ "
source '@I Vi, ] )V,
| I Resonant \C

!
\ i = : ‘, =
\ s capacitor N

Figure 3.17 Schematic of the HFHF core loss characterization setup.

In the circuitry, the input voltage Vin is a sinusoidal wave, generated by a signal
generator and an rf power amplifier, and expressed as:
Vinpk = Ipk " UXL + Reore + Reour + JXc + Re) (3.6)
where X is the reactance of the inductor:
X, = 2nfL (3.7)
and Xc is the reactance of the capacitor:

1
XC - 2nfC

(3.8)

The output voltage of the circuit becomes:
Vout_pk = ipk “(JXc + Re) (3.9)
In order to understand how the circuit enables core loss measurement, the resonant

frequency (fs) of the circuit must be considered:

1
fs_Zn'\/ﬁ

(3.10)
The inductive reactance (XL) and the capacitive reactance (Xc) are the same at the

resonance ( 1/w ¢ = wsL), and the capacitor resistance (Rc) can be negligible when high
S
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quality factor is used (Rc << Reore and Rc<<Rcoir). Hence, the ratio between the peak output
voltage (Vout_pk) and the peak input voltage (Vin_pk) amplitude becomes the quality factor

of the test inductor:

1
Rc+jw5C wglL

= =L 3.11)

Vout_pk _
ReoretReoil

Vin_pk ReoretReoiltRc

Then, the resistance of the core (Rcore) IS Obtained by:

sL
Reore = a(;_L — Reoit (3-12)

where Rcoil is the resistance of the inductor coil [Q] which was pre-measured.
The peak current through the circuit is calculated from the measured peak output voltage
and the capacitor:
ipke = Vout pr * 21fsC (3.13)
Thus, the power losses of the core is estimated by:
Peore pk = Ipk * Reore (3.14)
The peak sinusoidal flux density within the core is estimated from the voltage

across the secondary pick-up coil of the inductor using Faraday's law of induction:

_ Vpickup_pk
Byi = Ll (3.15)

where Vpickup_pk 1S the peak voltage [V] from the secondary pick-up coil, N is the number
of the secondary pick-up winding, and Ac is the core cross-section area [m?]. Therefore, by
changing the capacitance (thereby the resonant frequency), one can characterize the core
loss as functions of operating frequency and peak flux density as shown in Figure 3.18.
During the measurement, the amplitude and the frequency of a sinusoidal input
voltage, generated by a signal generator (Agilent 33120A) and an RF power amplifier

(BT00500-AlphaS, TOMCO), are precisely modulated to resonate the circuit at the desired
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flux density within the core. The output voltage from the reference capacitor is monitored
by an oscilloscope (Tektronix TDS 2024C). It should be noted that premeasured resistances
of the resonant capacitor, experimental PCB, and an air core inductor of nominally identical
geometry were determined at the same frequency in this high flux characterization. These
premeasured values were subtracted from the resistance of the test inductors with the
nanolaminated magnetic cores during the measurement so that the presented volumetric

power losses are attributable to the core material alone.
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Figure 3.18 Measured power loss per unit volume at high peak flux densities
at low MHz frequency. (a) permalloy, (b) and (c) CoNiFe

Figure 3.18 shows measured total volumetric power losses (Py.t) at high peak flux
densities in the 1-5 MHz frequency range from nanolaminated magnetic cores comprising
70 layers of 500-nm-thick laminations in 36-turn test inductors. From Figure 3.18 (a) and
(b), it is observed that the CoNiFe core exhibits lower volumetric power loss density than
the permalloy core at the same operation frequency and flux density. Further, the
nanolaminated CoNiFe core was operated up to peak flux density of 0.9 T as shown in
Figure 3.18 (c), which is challenging to achieve with the nanolaminated permalloy core
due to its intrinsic magnetic property (i.e., low saturation flux density). During high flux
operation, the temperature variation of the cores was measured using an infrared
thermometer. Negligible temperature increase from both cores was observed up to
operation peak flux density of 0.3 T without any thermal cooling. Also without thermal
cooling, the temperature increase reached 50 €C at 0.4 T flux level. Above this flux level,
convective cooling was employed during the highest operation peak fluxes over 0.5 T

where the core temperature reached 100 €C, implying that appropriate thermal cooling (e.qg.,
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convective cooling or heat sinking) may be required for the highest peak flux level
operation.

@ 1MHz
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Figure 3.19 Volumetric power losses of a nanolaminated permalloy and CoNiFe cores
at 1 MHz as a function of flux density. Note that y-axis is in log-scale.

In order for the direct comparison of the performance of the nanolaminated
permalloy and the CoNiFe cores, volumetric power losses of both cores at 1 MHz as a
function of peak flux density levels ranging from 0.1 T to 0.5 T are plotted in Figure 3.19.
Note that both cores comprise 70 layers of 500 nm-thick-laminations with the same
geometry. As shown in the graph, the nanolaminated CoNiFe core exhibits approximately
30% lower total power loss density than the nanolaminated permalloy core at the high flux
densities mainly due to the advanced intrinsic properties of the CoNiFe material (lower

coercivity).

3.5.3 Decomposition of Magnetic Losses
In order for further analyze on the measured magnetic losses, decomposition of the
magnetic losses into hysteresis losses and eddy-current losses has been performed. The

distribution of electric fields, magnetic fields, and eddy currents in the magnetic core can
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be analytically modeled for a rectangular lamination (Figure 3.20) under sinusoidal

excitation.

thickness (a) I

Figure 3. 20 Schematic of analytically modeled magnetic lamination
of thickness a, width d, and length I.

Equations for hysteresis losses and eddy-current losses (i.e., the two dominant
losses mechanisms) are developed based on the Poynting theorem, which considers
conservation of energy for the electromagnetic field in the form of a partial differential
equation [10]. In general, the following assumptions need to be considered to find
analytical solutions of magnetic core losses: 1) the magnetic core material is assumed to
be linear, isotropic, and homogeneous, resulting in a constant conductivity (o) and
permeability (i); 2) the length of the magnetic lamination in much larger than either of its
cross-sectional dimensions; 3) the cross-sectional thickness is much smaller than the cross-
sectional width. With the assumptions, the fringing field at the edges of the lamination can
be neglected, and the curl form of Maxwell’s equations become:

B (t)

VXE(t) = — o

(3.12)

VX H() =J() (3.13)

66



where E is the electric field, B is the magnetic flux density, H is the magnetic field, and J

is the current density. When the divergence of the Poynting vector (§(t) = E(t) x H(t) )

is integrated over the enclosed volume, it is expressed as:

dB(t)

UL EWm-JO]av (14

f, V-[E®xH®)]dv =—[, [ﬁ(t)-

The left side of equation (3.14) represents the energy flow into the volume per unit
time, while the right side of the equation represents the energy stored and dissipated per
unit time. Then the energy flow into the stationary volume between two points of time t;

and t, becomes:

dB(t)
dt

+E@-J©|avde = §, [[22 Hap + [Pt av (3.15)

W= ftt12 Iy [ﬁ(t) ' t1
where B1 and B> are the flux densities corresponding to t; and t, respectively. Over a
complete B-H loop cycle, the first term represents the hysteresis loss. The second term
represents the eddy-current loss. Thus, the total loss or core loss is

Peore = Physt + Peddy (3.16)

where Physt is the hysteresis loss and Peqay is the eddy-current loss.

3.5.3.1 Analytic Model for Eddy-current Loss
In order to calculate the core loss, the current and field distribution within the
volume of the material must be known by solving a differential equation in the quantity of
interest. In Maxwell’s equations, the curl of magnetic field is expressed as:
VX H(t) = gE(t) (3.17)
Taking the curl of the equation and combining with equation (3.12) yields:

B(t)

—V2H(t) + V[V H(®)] = —0 =,

(3.18)
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Under the assumptions outlined in section 1.2.4 of this thesis, the above equation can be

written as:

dB(t)

2n —
V“B(t) = ou o

(3.19)
where pu= po-pr. When the field is applied to the surface of the lamination, the induced eddy
currents flow as indicated in Figure 3.17. By a similar derivation, the relation between the

space and time derivatives of current density at any point in a conductive lamination is:

vj(t) = o 22 (3.20)

Introducing the complex exponential form to the sinusoidal current J(t) yields:

J(®© = Re{Je/*"} (3.21)
Then, equation (3.20) is expressed as:

V() = jwou] (3.22)
where V2 is the Laplace operator (in Cartesian coordinates):

N

T 9x2 ﬁ 0z2 (3.23)

In the lamination in Figure 3.17 where the width is much larger than the thickness,

the following symmetry and boundary conditions are assumed:

J, =0 (3.24)
Jz=0 (3.25)

0Jx _ 0%Jx _
SE= = (3.26)

x _ 0%Jx _
Sy — a2 =0 (3.27)
]xlzz(ﬂ) =Jo (3.28)
]xlzz(_%) =—Jo (329)



With the above boundary conditions, the current flows only in the x-direction and the

current distribution equation (3.20) becomes:

d?J, .
P jwopf, = TZ]x

where T is a constant and is written as:

_ . _ . _ ﬂ
T =jnfuc = (1 +j)ynfus ==

where ¢ is the skin depth.

The differential equation can be expressed in terms hyperbolic functions:

Jx = AsinhTz+C coshTz

(3.30)

(3.31)

(3.32)

Solving the equations with the boundary conditions (equations 3.28 and 3.29) results in:

C=0

Jo

. a
sinh TE

Therefore the current density in the x-direction is:

sinh(%j)z

1+j

sinh T,
Jo sinh(EH)2
572

. a —
sinh TE

]x =]0

where a is the thickness of the lamination.

Taking the absolute value of the current density gives:

1/2

z
5
a
268

. z z . z .
smhg cosst] coshg sin

sinh2Z+sin2Z
Ul = ol = ol (St rare’r)

inh2-% 1 cin2
sinh 26+sm 25

. a a . a .
smhﬁ cos<+] cosh% sin
For the thin lamination, where a/28 << 1 and x/ 6<<lI:
VA
a

sl = |]0|U

2

69

(3.33)

(3.34)

(3.35)

(3.36)
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The current distribution is linear with z-direction and Jo needs to be evaluated.
Using Faraday's line integral and integrating around the cross-sectional area in Figure 3.17

yields:

_do(t)

$E()o - dd = -2

(3.38)
where d is the width of the cross-section and @(?) is the total flux within the cross-section.

Multiplying both sides by conductivity yields:

do(t)

$j(t)o-dl = -0 = (3.39)
Since the lamination has a width of d that is much larger than the thickness (a), the

current density (Jo) in complex notation form is:

Jo =222 (3.40)
The absolute value becomes:
ol =222 (3.41)

Hence, the current density in the x-direction becomes:

1/2

inh2Z+sin2Z
wo‘l(bl( sinh“Z+sin“s )

a
21 25

el = (3.42)

sinh22%+sin2
Combining with equation (1.27), the eddy-current loss in the lamination in Figure 3.17 can

be expressed as:

- a . a
w?|®|?0ls (smhg—smg

o PO o 230 _
Peddy = fV ?dV =2 fozzdl dx = 5d

) (3.43)

a a
coshg —cosg

If the lamination thickness is less than the skin depth (a << o), the eddy-current
power loss becomes:

w?d?ola

Peddy = 2ad (344)
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Since B is assumed to be uniform with frequency, the average power per unit

volume yields:

n.ZfZBZaZO.Z

Pyeqay = ———— (3.45)

3.5.3.2 Analytic Model for Hysteresis Loss
In the analysis of hysteresis losses, the flux density distribution must be known.
This can be found from the current density expression. Using the complex exponential form
of B and 0E =, equation (1.24) can be expressed as:
VxJ(t) = —jwoB (3.46)
Since Jx is the only component of J, it can be written as:

~% = _jwob, (3.47)

Combined with equation (3.35), the flux density becomes:

By _ _Li<]0 sinhTz) _ ﬂ(coshTz) (348)

. a - . a
sinh TE 2b \sinh TE

The absolute value is:

1/2
2Z, .. 12Z
|B | _ V2|o| [ cos E+smh 3

y

25 (3.49)

o4, . oa
in4—+sinh?—
s 28+S 268

From equation (3.15), we know that the hysteresis energy loss over a full cycle of hysteresis

loop becomes:

2B%s

Pyyst(per cycle) = [, [$(H dB)]dV = |, TdV (3.50)
where B is the operation flux density and S is the shape factor that depends on the shape of

the hysteresis loop [10]. With the volume of the laminated core as shown in Figure 3.17,

the hysteresis loss for one cycle is expressed:
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2
Ppyst(per cycle) = 4dl foa/z% z (3.51)

Note that S and | are assumed to be constant.

Combined with equation (3.49) and by noting that |By| = B, the hysteresis loss

becomes:
Pryst (per cycle) = @(ﬂ)z ;f% (cos2 Z + sinh? E) dz =
hyst (P y u \dé sinhzz%+sin22% 0 1) 1)
. a .. a
1S|®|2 (smhg+sms)
T —a (3.52)
udd coshg—cosg
The hysteresis loss at a given frequency becomes:
. a - a
_ fis|o|? sth+sm§
Physt T ubé cosh%—cos% (3'53)

When the lamination thickness is less than the skin depth (a<<Jd), the hysteresis loss

becomes:

2f1S®?
uda

Since B is assumed to be uniform with frequency, the average power per unit

volume yields:

2fSB?

; (3.55)

PV,hyst =

Therefore, for the laminated magnetic core where the single lamination thickness

is less than the skin depth, the total volumetric power loss can be expressed:

__2fsB? | m?f?B2a%¢?

PV,tot = PV,hyst + PV,eddy - + P (3.56)
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3.5.3.3 Decomposition of Measured Magnetic Loss

One of the well-known core loss models is the Steinmetz equation [68], which
represents the core loss with sinusoidal flux density of varying magnitude and frequency
in the form of:

Py tor = kfaBﬁ (3.57)
where k, a, and £ is the empirical material parameters (e.g., 1< a <2, and 2< 3 <3 for ferrite).

After the Steinmetz equation, various models have been proposed for corrections
and modification [69 - 75]. One standard method of analyzing core loss in more detail is to
break it up into static hysteresis loss, classical eddy current loss, and excess (anomalous)
loss in the form of:

Py tot = Pynyst + Pyeaay + Pyex = knfB™ + ko f?B* + Kexf15B® (3.58)
The origin of the excess loss can be well understood by describing the magnetization
dynamics in terms of a random distribution of magnetic correlation regions (i.e., groups of
interacting domain walls).

Although anomalous losses are ignored in equation (3.56), their effects will be
distributed among the losses attributed to eddy currents and hysteresis, meaning that the
losses measured by this technique are conservative estimates of the true losses due to eddy
currents and hysteresis. Therefore, it can be implied from the equation that in the “thin”
lamination regime where the thickness of lamination (a) is well-below the skin depth (o),
both eddy current and hysteresis losses become functions of frequency-squared and

frequency, respectively.

PV,eddy x fz and PV,hyst x f (3-59)
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This analytical modeling shows that eddy current losses and hysteresis losses are
distinguishable from each other in the thin lamination regime by analyzing the core losses
as a function of frequency. Because the lamination thicknesses of the developed cores are
0.3 - 1 um thick which are thinner than the skin depth (e.g., 3um at 10 MHz), the core loss
mechanisms of developed laminated cores can be interpreted as being within the thin
lamination regime.

As a result, total power loss per unit volume (Pv ) can be written as:
Pv,tot = Peddy + Physt = keddy'l:2 + khystf (3.60)

where Keqdy is the eddy current power loss density coefficient and knyst is the hysteresis
power loss density coefficient. Consequently, by plotting Pvioi/f as a function of frequency,
the coefficients (Keddy and Knyst) can be extracted from the graph’s slope and intercept,
respectively.

Figure 3.21 shows Py t/f of the nanolaminated magnetic cores as a function of
frequency parameterized by operation peak flux densities. The linear fitting lines are
extracted from measured data of each peak flux density showing nearly zero-degree slopes.
Also, both coefficients (keddy and knyst) indicate that volumetric eddy-current losses are
much lower than volumetric hysteresis losses, demonstrating that the eddy currents are
suppressed in the nanolaminations of the cores at the measured high frequencies and high

flux densities.
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Figure 3.21 Measured power loss per unit volume over operation frequency up to
0.5 T flux density. (a) permalloy, (b) and (c) CoNiFe.

Figure 3.22 shows total volumetric power losses divided into hysteresis and eddy-
current losses at 1 MHz as a function of peak flux density, demonstrating that the total

power losses are dominated by hysteresis losses while eddy-current losses are suppressed
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to approximately 1 - 3 % of the total losses. Note that volumetric eddy-current losses at

lower peak flux densities (e.g., 0.1 - 0.3 T) are hardly seen in the graph, meaning that the

eddy-current losses are suppressed to a negligible level. In order to further evaluate the

correlation between the total volumetric power losses of the nanolaminated magnetic cores

with operation peak flux density, a Bpeak”2 fitting line is also plotted, demonstrating that

measured volumetric power losses at 1 MHz correspond with a Bpeak”2 line.
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Figure 3.22 Comparison of eddy-current loss with hysteresis loss at 1 MHz as a
function of flux density. (a) permalloy and (b) CoNiFe

For comparison, characteristics (e.g., saturation flux density and volumetric power

loss) of several commercial MnZn ferrites that can be operated at low MHz frequency are

presented in Table 3.5. These materials exhibit lower volumetric power losses than the
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nanolaminated CoNiFe core (5.03 W/cm?® at 0.05 T peak flux density and 1 MHz
frequency). Although these losses are lower than that of the CoNiFe cores at these
relatively low flux densities, achieving ultracompactness in inductors and converters
requires operation at much higher flux densities. The demonstrated operation peak flux
density of the nanolaminated CoNiFe core of up to 0.9 T exceeds not only the operating
flux density, but also the saturation flux density, of these ferrites.

Table 3.5. Properties of commercial ferrites.
Pvol [chm3]

Product (0.05 T, 1 MH2) Bs[T] Hc[Oe] Hi p [Q-m]
3F35 [76] 0.7 05  NA 1400 10
3F45 [77] 0.3 042 NA 90 10
N59 [78] 0.51 046 08 80 25
N49 [78] 0.56 046 07 1300 11
PCOS[19] (o, T:,3l18MHz) 053 95 3300 6
TP5B [80] 0.6 05  NA 1000 9

3.5.4 System Level Characterization

The fabricated inductor with nanolaminated magnetic cores have been tested in a
DC-DC converter with switching frequencies in the MHz range. The LM3103 step down
evaluation board from TI was selected as a testbed. A diagram of the evaluation board as
well as typical component values can be found in [81]. By modifying the resistor that sets
the switching frequency, and by replacing the commercial inductor by a low-profile,
36-turn test inductor with a nanolaminated magnetic core consisting of 70 layers of 500-
nm-thick magnetic laminations (Figure 3.23), the converter operates at switching
frequencies above 1 MHz with output power up to 8 W. During the measurement, input

voltages are higher than 10 V, and output voltage is fixed at 7 V.
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Figure 3.23 Image of a DC-DC converter evaluation board
with a 36-turn inductor with nanolaminated magnetic core

Commercial inductor

\
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Figure 3.24 Comparison of commercial inductor and a nanolaminated
core inductor with penny. (a) Side view and (b) inclined top view.

Figure 3.24 is an image of a commercial inductor and the nanolaminated magnetic
core inductor of similar inductance value of 1 uH. For comparison, the volume of the
nanolaminated magnetic core inductor even including non-optimized Litz wire winding is
approximately 90 mm?, whereas the packaged commercial inductor volume measured
260 mm?3, indicating the large inductor size reduction enabled by the nanolaminated

magnetic core technology. The smaller volume of the nanolaminated magnetic core is
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achieved mainly due to the higher saturation flux density and permeability of the magnetic
metallic alloys. Also, greater power density can be achieved with the nanolaminated
magnetic core since the operating flux density can be higher than that of commercial ferrite.

The volume of the nanolaminated magnetic core itself is 1.5 mm?®,
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Figure 3.25 Converter efficiency and switching frequency as a function of output
power. Experimental measurements of dc-dc power converter performance tested
with (a) nanolaminated permalloy core and (b) nanolaminated CoNiFe core
inductor

Figure 3.25 shows the converter efficiency and switching frequency of the selected
converter with the test inductors as a function of output power. As shown in Figure 3.22

(a), the efficiency of the power converter operated with the nanolaminated permalloy core

inductor is approximately 90% at output power of 4 W, but tends to decrease with
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increasing output power. When the converter operates with nanolaminated CoNiFe core
inductor, however, the efficiency is maintained at approximately 90% up to an output
power of 7.5 W as shown in Figure 3.25 (b). The operation peak flux density of the
nanolaminated magnetic cores reaches 0.4 T during the measurement which would be

challenging to achieve with conventional ferrite cores.
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Figure 3.26 Comparison of power converter performance tested with a
nanolaminated permalloy core inductor and a nanolaminated CoNiFe core inductor.
Converter efficiency at 11 V input as a function of output power.

Figure 3.26 compares the converter efficiency as a function of output power when
the converter operates with the nanolaminated CoNiFe core and the same geometry
nanolaminated permalloy core under input voltage of 11 V, output voltage of 7 V, and
switching frequency approximately 1.1 MHz. At the same output power levels, use of the
nanolaminated CoNiFe core resulted in higher converter efficiency than use of the
nanolaminated permalloy core as shown in the graph. Also, it is observed that the converter
efficiency decreased as output power increased when the converter operated with a
nanolaminated permalloy core, while the converter efficiency remained higher than 90 %
over the entire range of output power levels when it was operated with a nanolaminated

CoNiFe core. The decreasing efficiency of the converter employing the nanolaminated
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permalloy core is caused possibly due to the saturation of the magnetic core. Considering
the DC current of the inductor (lac = Vout/Rout) during the converter operation, together with
the peak flux density of 0.4 T, it is estimated that the maximum peak flux density of the
permalloy core at high output power levels (> 5 W) is approaching 1 T, which is close to
the saturation flux density (1.2 T) of the material. In this saturation region, magnetic
material can exhibit non-linear behavior (e.g., non-linear permeability) [9], possibly
resulting in unstable operation of the converter (e.g., altering switching frequency).
Consequently, there can be increasing losses from the magnetic core as well as other
components in the converter. These results demonstrate the superior performance of the
nanolaminated CoNiFe core over that of nanolaminated permalloy in this DC-DC power
conversion application.

The properties of both nanolaminated permalloy and CoNiFe cores, fabricated by
SU-8 support approach, ranging from intrinsic magnetic property to system level
performance are compared in Table 3.6, showing the superior properties of the
nanolaminated CoNiFe core. Note that the core volume was calculated by multiplying core
surface, single lamination thickness, and number of layers due to the presence of many

support holes in the core (Figure. 3.4 (b)).
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Table 3.6 Comparison of nanolaminated permalloy and CoNiFe cores

Inductor and core configuration

Number of windings

Core outer diameter 10 mm
Core inner diameter 6 mm
Number of support holes 200
Total support hole area 11.7 mm?
Core surface area 38.56 mm?
Single layer thickness 500 nm

Number of layers

Total core thickness 35 um
Core cross section area 0.07 mm?
Total core volume 1.3496 mm?3
Thin film property
Permalloy CoNiFe
Saturation flux density 1.25T 1.83T
Coercivity force 1.50e 0.5 Oe
Nanolaminated core
Core peak quality factor 60 (@ 1 MHz) 80 (@ 1 MHz2)
Effective permeability ~ 100 ~ 200
Operation peak flux density Upto05T Upto09T
Pvhyst (@1 MHz, 0.4 T) 566 W/cm? 392 W/cm?®
Pv.eddy (@1 MHz, 0.4 T) 28.3 W/cm?® 8.35 W/cm?®
Converter test
Input voltage 10-11V 10-11V
Output voltage 7V 7V
Output power 3-65W 3-8W
Switching frequency 1.05-1.3MHz 1.05-1.1MHz
Peak flux density of core 04T 04T
Converter efficiency 84 ~ 89% 90 ~91%

82



3.6 Anisotropic Nanolaminated CoNiFe Core

Previous chapters presented toroidal-shape nanolaminated magnetic cores
comprising tens to hundreds of layers of 300 — 1000 nm thick metallic alloys (i.e., NigoFe2o
or CossNis7Fe19) based on sequential electrodeposition, demonstrating suppressed eddy-
current losses at MHz frequencies. It is also demonstrated that the nanolaminated CoNiFe
core exhibits better properties (e.g., higher saturation flux density and lower hysteresis
losses) than the nanolaminated permalloy core. In order to further improve the magnetic
property of the nanolaminated CoNiFe core, magnetic anisotropy was induced to the cores
by applying an external magnetic field (50 - 100 mT) during the electrodeposition of
CoNiFe film.

The magnetic properties of soft magnetic metallic alloys can often be improved by
induction of magnetic anisotropy (i.e., easy and hard axes). It is reported that the
anisotropic magnetic cores exhibit higher permeability and lower magnetic losses in the
MHz frequency range and above when magnetic flux flows in the direction parallel to the
hard axis during operation [82, 83].

In the following section, fabrication and characterization of anisotropic
nanolaminated CoNiFe cores featuring a hard magnetic axis in the length direction are

presented.

3.6.1 Fabrication of Anisotropic Nanolaminated CoNiFe Cores

In order to apply magnetic anisotropy to the nanolaminated CoNiFe core, a
rectangular shape has been introduced to apply the hard magnetic axis in the length
direction. The rectangular, anisotropic nanolaminated CoNiFe cores were batch-fabricated

based on automated sequential electroplating as depicted in Chapter 3.3. Magnetic
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anisotropy was induced by applying an external magnetic field (50 — 100 mT) during
CoNiFe electrodeposition by placing two permanent magnets across the substrate as shown
in Figure 3.27. The orientation of the magnetic field was perpendicular to the long axis of

the rectangular core so as to realize a hard magnetic axis in the length direction.
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Figure 3.27 Schematic of in-field sequential electrodeposition system.

Figure 3.28 shows images of anisotropic nanolaminated CoNiFe cores and test
inductors. The cores are 2 mm wide and 10 — 15 mm long rectangular cores comprising
tens to hundreds layers of 500 — 1000-nm-thick CoNiFe laminations. For these rectangular
cores, threading holes are required to connect a string when surface-tension-driven
assembly is utilized as shown in Figure 3.28 (a) and (b). Figure 3.28 (c) and (d) shows
cross-section SEM images of the core, demonstrating that individual 500-nm-thick CoNiFe
laminations are separated from each other. Figure 3.28 (e) and (f) shows laser-machined

polymeric bobbins and 10 — 22 turn test inductors with the cores.
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Figure 3.28 Images of anisotropic nanolaminated CoNiFe cores and test inductors.

3.6.2 Characterization of Anisotropic Nanolaminated CoNiFe cores

An anisotropic nanolaminated CoNiFe core comprising 70 layers of 500 nm-thick
laminations was packaged in a solenoid test inductor by winding 22 turns of magnet wire
(inset of Figure 3.26) around the core for characterization. Low flux and high flux

measurement and system level characterization has been performed.
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3.6.2.1 Low Flux Characterization
For low and high flux characterization, an isotropic nanolaminated CoNiFe core
of the identical geometry electrodeposited without external magnetic field was also

prepared for comparison. First, both inductors were characterized using an impedance

analyzer (HP 4194A).
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Figure 3.29 Measured inductance of test inductors and ratio of
effective permeabilities of nanolaminated CoNiFe cores.

As shown in Figure 3.29, the test inductor with the anisotropic core shows
approximately 10% higher inductance than the test inductor with the isotropic core over
the 0.5 - 10 MHz frequency range. The constant inductance from both cores indicates that
the eddy currents are suppressed in each nanolamination. Considering the identical
geometry of both cores, the higher inductance is attributed to the higher effective
permeability of the anisotropic core; i.e., the ratio of effective permeability of both cores
(i.e., petr OF anisotropic core divided by pesr of isotropic core (ugff/u;ff)) can be estimated

from the ratio of measured inductances of the test inductors.
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3.6.2.2 High Flux Characterization

Further investigation of volumetric power losses on both magnetic cores at high
flux density (0.1 — 0.5 T) at 1 MHz was performed based on the high flux and high
frequency characterization method explained in Chapter 3.3.2. Figure 3.30 shows
volumetric power losses of both anisotropic and isotropic cores at 1 MHz, demonstrating
that the anisotropic core exhibits approximately 25% reduced total volumetric power losses
(i.e., sum of the hysteresis losses and the eddy-current losses) compared to the isotropic
core at the same peak flux density levels. Since eddy-current losses of both cores are
suppressed to a negligible level, the reduced volumetric power losses of the anisotropic
core are mainly attributed to the reduced hysteresis losses resulting from the induced

anisotropy.
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Figure. 3.30 Total volumetric power losses of nanolaminated CoNiFe cores at
1 MHz as a function of peak flux density. Note that y-axis is in log-scale.

3.6.2.3 High Power DC-DC Converter Test
The 22-turn test inductor with the anisotropic nanolaminated CoNiFe core was

operated in a DC-DC converter evaluation board (LM 5116, TI) by replacing a commercial
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inductor in the board with the test inductor. A diagram of the evaluation board and typical
component values can be found in [84]. By modifying the resistor that sets the switching
frequency, the converter operated at switching frequencies above 1 MHz and output power
higher than 2 W. Figure 3.31 shows the evaluation board with the replaced resistor and the

22-turn test inductor.

12 :4--- Replaced resistor

Test
inductor

gl ¢ — = with
anisotropic
core

Figure 3.31 Converter evaluation board with replaced
resistor and test inductor with anisotropic core.

During the measurement, applied input voltages were ranging from 8V to 15V,
and output voltage was fixed at 5.3 V with a switching frequency 1.1 — 1.5 MHz. Converter
efficiencies as a function of output power are shown in Figure 3.32. With an input voltage
of 8 V, the converter efficiency exceeds 90 % up to 5 W output power. Decreasing
converter efficiency was observed with increasing voltage regulation ratio, and the
converter efficiency was approximately 81 % with a 15 V input voltage at 6.5 W output

power.
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Figure 3.32 Experimental results of DC-DC converter performance tested
with an anisotropic, nanolaminated CoNiFe core inductor. Converter
efficiency as a function of output power at 5 V fixed output voltage.

3.7 Conclusion

In this chapter, fabrication and characterization of nanolaminated metallic alloy
(i.e., permalloy and CoNiFe) cores were presented. The nanolaminated cores were
fabricated based on sequential electrodeposition followed by sacrificial layer removal.
Characterization of the nanolaminated metallic alloy cores demonstrated that substantial
magnetic volume for high power was achieved from the stacked multiple magnetic and
insulating layers, while eddy currents were suppressed in the magnetic nanolaminations. .
It was also observed that the superior magnetic properties of CoNiFe (i.e., higher saturation
flux density and lower coercivity) result in higher operational flux density and lower
volumetric power losses of the nanolaminated CoNiFe core, compared to the
nanolaminated permalloy core. The high saturation flux density of CoNiFe, together with
large number of nano-range-magnetic layers enabled by CMOS-compatible processes will
enable the development of high power density, ultracompact magnetic components for DC-

DC power conversion application. To demonstrate this, in the following chapter, the
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nanolaminated CoNiFe cores are integrated into microfabricated windings for on-chip

inductors that can realize PSiP and PSoC.
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CHAPTER 4
MICROFABRICATED INDUCTORS INTEGRATED WITH

NANOLAMINATED MAGNETIC CORES

4.1 Introduction

This chapter presents microfabricated inductors integrated with nanolaminated
metallic cores for high power and high frequency DC-DC power conversion. Since it is
demonstrated that CoNiFe cores show better performance than permalloy cores in the
previous chapter, only CoNiFe cores were considered for integration into microfabricated
inductors.

As shown in chapter 2, the miniaturization of DC-DC converters is often made
more challenging by their need for passive components, e.g., inductors, which can consume
large physical volumes. Consequently, significant effort has been expended to develop
chip-scale inductors using advanced microfabrication technology, exploiting the trends of
increasing switching frequencies as well as incorporation of magnetic cores to reduce
physical size. Especially, in order to realize microfabricated inductors that can handle high
power (e.g., > 10 W), it is required to develop 1) magnetic materials with sufficiently large
volume and minimized losses; 2) microfabricated windings providing a large magnetic flux
path where the large volume core could be placed; and 3) a fabrication technique to
integrate the large volume core into the windings. Since we demonstrated the
nanolaminated magnetic cores with sufficiently large volume and minimized eddy-current
losses, this chapter presents fabrication of the chip-scale inductor integrated with the

nanolaminated CoNiFe cores.
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In order to realize the integrated inductor with the nanolaminated CoNiFe core, two
types of microfabrication techniques were studied for the microfabricated inductors with
nanolaminated cores: 1) core drop-in approach where pre-fabricated cores are incorporated
as an intermediate step in the fabrication of windings; and 2) direct winding approach

where windings are directly fabricated on insulated core.

4.2 Microfabricated Inductors using Core Drop-in Approach

Fabrication process of the core drop-in approach for microfabricated inductors with
nanolaminated CoNiFe cores can be divided into three main steps as illustrated in Figure
4.1. First, the nanolaminated CoNiFe cores and partially-formed windings (i.e., bottom and
vertical windings) are individually prepared (Figure 4.1 (a)). Second, the cores are
integrated with the partially-formed windings by means of a drop-in approach (Figure
4.1 (b)). Third, top windings are fabricated to complete the toroidal inductor (Figure

4.1 (c)).

(a) Nanolaminated CoNiFe core

Microfabricated windings
(bottom and vertical)

Figure 4.1 Conceptual approach for microfabricated inductor with drop-in core.
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4.2.1 Fabrication Process of Core Drop-in Approach

4.2.1.1 Winding Fabrication and Core Drop-in

A typical microfabricated toroidal inductor winding consists of bottom, vertical,
and top conductors. For the proposed drop-in approach, the vertical conductors are
fabricated based on copper metallization of high-aspect-ratio SU-8 pillars, followed by
lithographic patterning [85]. Figure 4.2 (a) shows fabricated 50-turn bottom and vertical
conductors on a glass substrate. For the bottom windings, approximately 250-pum-wide, 30-
um-thick conductors are positioned with 100 um interconductor lateral spacing. For the
vertical windings, 1-mm-tall SU-8 pillars with 100 um diameter are lithographically
formed and coated with a 30-um-thick electrodeposited copper layer. These high aspect
ratio vertical windings enable placement of large volume magnetic cores. Once the
partially-fabricated windings (i.e., bottom and vertical winding) are prepared,
nanolaminated CoNiFe cores are manually pick-and-placed and affixed as shown in Figure
4.2(b). In order to prevent electrical shorts between the windings and the core, either a 100-
pum-thick insulating spacer (Plastic Shim Stock, ARTUS) is added between them or the
nanolaminated CoNiFe core is pre-packaged with PDMS (Polydimethylsiloxane)
(SYLGARD 184, Dow Corning) since it can fill the interspace between each magnetic
film, providing mechanically robustness once it is cross-linked. In order to ensure the
infiltration of PDMS into the nanolaminated structure, the core is immersed in un-
crosslinked PDMS and vacuum is applied for approximately 10 minutes. The infiltrated
PDMS is fully cross-linked in 48 hours at room temperature. As the PDMS is firmly
confined between the CoNiFe layers due to the vacuum process, excess PDMS around the

core is easily stripped manually, providing a PDMS-laminated CoNiFe multilayer core.
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Figure 4.2 Drop-in cores. (a) Batch fabricated 50-turn partial windings on glass
substrate. (b) Nanolaminated CoNiFe cores integrated with the partial windings.

4.2.1.2 Core Integration

Temporary core embedding approach Permanent core embedding approach
Exposure (54 J/cm?)

TEEEEYRER
-] = G (]
(b) i (b)* ] === ——
i o—— —— | — —
EPON SU-8 epoxy filling SU-8 2025 casting and exposure
Cu seed deposition SU-8 2025 developing
and PR patterning
=
(@ === ===
& i e s
Cu seed deposition
and PR patterning
- (E=El === === =
SU-8 epoxy removal (acetone) Cu plating for top conductor
[==] | i |
PDMS-packaged Copper Glass Photoresist SU-8 2025 EPON
laminated core SU-8 epoxy

Figure 4.3 Core integration approaches after (a) core drop into the partially fabricated
windings. (b) - (e) temporary core embedding approach, (b)* - (e)* permanent core
embedding approach.
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Prior to top winding fabrication, it is critical to form an insulating layer on top of
the nanolaminated core where the top windings will be deposited and patterned. The
insulating layer should possess a planar surface for top conductor deposition as well as
sufficient thickness to avoid parasitic capacitance between the metallic core and top
windings. Two methods, a temporary core embedding approach and a permanent core
embedding approach, are explored as shown in Figure 4.3.

The temporary core embedding approach utilizes non-photopatternable EPON SU-
8 epoxy pellets (Miller-Stephenson, Inc.), which will be removed in acetone after top
winding fabrication. In this approach, epoxy pellets in a sufficient quantity to cover the
nanolaminated core are distributed on the partially fabricated inductors (i.e., bottom and

vertical windings, and magnetic cores) and melted at 130°C on a hotplate as shown in

Figure 4.3(b). In this step, it is critical to obtain an appropriate insulating layer thickness
(600 um - 900 um from the bottom winding) so as to not cover the top of the vertical
windings since the SU-8 epoxy pellet is not photo-patternable. However, due to the lack of
solvent and crosslinker in the SU-8 epoxy pellet, long softbaking times are not required
even for thick films, resulting in reduced process time. After melting, the SU-8 epoxy is
brought to room temperature for approximately one hour until it is re-solidified. Figure
4.4(a) shows the inductor after the epoxy sacrificial layer step has been completed. Note
that the top of the vertical windings are exposed while the laminated metallic core is

embedded within the SU-8 sacrificial epoxy.
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(a)

Figure 4.4 Optical images of fabricated additional layers with (a) EPON SU-8 epoxy
using temporary core embedding approach, and (b) photopatternable SU-8 2025 using
permanent core embedding approach.

In contrast, the permanent core embedding approach utilizes photo-definable SU-8
2025 (MicroChem). After casting SU-8 on the sample by weight as shown in Figure
4.3(b)*, it is planarized and softbaked at 95°C for 12 hours on a hotplate. Note that 1g of

casted SU-8 corresponds to 1 mm thickness on a 6.45 cm? glass substrate after softbaking.
Since the softbaked SU-8 covers the vertical windings, it is patterned to expose the vertical
windings to connect with top windings. After 4 hours cooling, the SU-8 is exposed with a

UV light intensity of 54 J/cm? as shown in figure 5(b)*, followed by post bake at 95°C for

30 minutes. The sample is then developed in PGMEA (propylene glycol methyl ether
acetate)-based Thinner P (MicroChem) for 25 minutes leaving the vertical windings
exposed as shown in Figure 4.3(c)*. Figure 4.4(b) shows that patterned SU-8 insulating
layers encapsulate the lower and vertical windings as well as the core, and that the tops of
the vertical conductors protrude. Since the SU-8 is fully crosslinked, it potentially provides
higher mechanical robustness for the inductor.

Both temporary and permanent core embedding approaches are summarized in

Table 4.1.
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Table 4.1 Comparison of temporary and permanent core embedding approaches.

Temporary core embedding  Permanent core embedding
approach approach

EPON SU-8 epoxy pellets SU-8 2025
(Miller-Stephenson, Inc.) (MicroChem)

Softbake at 95°C for 12 hrs
Melted at 130°C Expose at 30mW/cm? for 30 min

Solidified at 23°C for 1 hr Postbake at 95°C for 30 min

Develop for 25 min in Thinner P
Sputtering or
E-beam evaporation

Insulating material

Process sequence

Top conductor

. E-beam evaporation
seed layer deposition vap

Advantages Fast process time Mechanical reinforcement

Disadvantages Non-photopatternable More complex process steps

4.2.1.3 Top Winding Fabrication

For the two approaches, top windings are fabricated in a similar process. First, a
300-nm-thick copper seed layer is deposited by e-beam evaporation. Then, a 20-um-thick
photoresist layer is spray-coated on the seed layer and photolithographically patterned to
serve as a mold for electrodeposition of top copper conductors as shown in Figure 4.3(c)
and (d)*. After a 30-um-thick copper electrodeposition, the photoresist and the copper seed
layer are removed to complete the toroidal inductor fabrication as shown Figure 4.3(d) and
(e)*. For the temporary core embedding approach, the embedding SU-8 epoxy can be
removed in acetone as shown in Figure 4.3(e).

Optical images of integrated toroidal inductors with nanolaminated CoNiFe cores
are shown in Figure 4.5. Figure 4.5(a) shows a 1-mm-tall, 50-turn-toroidal inductor
fabricated using a dense winding mask. The sacrificial SU-8 epoxy has been removed upon
completion of the top winding fabrication. The laminated magnetic core inside the toroid

is comprised of 100 layers of CoNiFe with individual lamination thickness of 300 nm.
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Figure 4.5(b) shows a 1-mm-tall, 30-turn-toroidal inductor fabricated using a sparse
winding mask. The crosslinked SU-8 underlying the top windings enhances the mechanical
robustness of the inductor. Although the integration approach is illustrated using
nanolaminated CoNiFe cores, it is also potentially applicable to commercial ferrites and

iron powder cores with suitable geometries.

NS gl
i iy

(b)

Figure 4.5 Microfabricated toroidal inductors integrated with nanolaminated CoNiFe
cores. (a) 50-turn-dense winding and (b) 30-turn-sparse winding. Note in (b) the
encapsulating SU-8 possesses a rim that extends to the periphery of the picture,
resulting in additional mechanical stability.

4.2.2 Characterization of Toroid Microfabricated Inductors

The inductance, resistance, and quality factor of the inductors fabricated using core
drop-in approaches were characterized as a function of frequency at typical core magnetic
flux densities between 2 — 10 mT using an impedance analyzer (HP 4194 A). Figure 4.6
shows the measured result from a 50-turn toroid microfabricated inductor integrated with
nanolaminated CoNiFe core using the temporary core embedding approach, and an air core
inductor with the same nominal geometry. The nanolaminated core consists of 100 layers
of 300 nm-thick CoNiFe laminations with 300-nm-tall interlamination gaps. Measured

inductances of these two inductors are shown in Figure 4.6 (a). The microfabricated air
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core inductor exhibits a constant inductance of approximately 210 nH (inductance density
of 2.52e-3 pH/mm?) up to 30 MHz. To validate this measured inductance, the theoretical
inductance of the 50-turn-toroidal inductor has been estimated using the theoretical

expression [86]:

_ MoAgir N?
LaiT - 7T(7'i+7'o) (4'1)

where uo is the permeability of vacuum, 4z x 107" H/m, A is the cross-sectional area of
the magnetic flux path [m?], N is the number of windings, and ri and ro are the inner and
outer radii of the toroid [m], respectively. With the parameters presented in Table 4.2, the
theoretical air core inductance is estimated as 280 nH. The calculated and measured
inductances agree within 25% up to 30 MHz. The lower measured inductance from the
microfabricated inductor could be due to leakage flux between the windings and fabrication
tolerances between the microfabricated inductor and the original design.

Table 4.2. Parameters of integrated inductor with nanolaminated cores

50-turn-inductor 30-turn-inductor
Auir [M?] 2.3e-6 2.3e-6
Acore [m?] 6e-8 7e-8
ri [m] 2.85e-3 2.85e-3
7o [m] 5.15e-3 5.15e-3
2b [m] 3e-7 Se-7
e 250 330
N 50 30

The measured inductance of the integrated inductor with laminated CoNiFe core
exceeds 1.6 puH (inductance density of 1.9e-2 pH/mm?) up to 30 MHz, showing
approximately a 10 times inductance increase from the air core inductor. The measured
inductance is also analyzed by comparing with theoretical prediction. To estimate the

frequency-dependent inductance of the integrated inductor with nanolaminated CoNiFe
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core, the effective permeability of the CoNiFe core is first extracted using a theoretical
expression of low frequency inductance of integrated inductor with magnetic core, where
eddy-current loss is negligible:

Hote'Acore’ N2
L = 20 ~ecore © 4.2
core,DC n(ri+ro) ( )

where e is the effective permeability of magnetic core, and Acore IS the cross-sectional area
of the magnetic core [m?]. Considering that the total magnetic thickness of the
nanolaminated core (30 um) occupies approximately 3% of the total inductor thickness (1
mm), the effective permeability of the core is estimated as 250, which is in the range of
typical soft magnetic material permeability (50 ~2000) [2]. Then, the frequency-dependent
inductance (Lcore) Can be calculated based on a one-dimensional analysis of the
electromagnetic diffusion in a laminated core with AC sinusoidal excitation [8, 10] which
was introduced in chapter 3.3.3. Since the magnetic field intensity is depends only on the
z-coordinate, equation (3.14) which was developed based on Poynting theorem can be
expressed as:

25

v2H =28 = jooul 4.3)

dz?
The solution to differential equation (4.3) is in the form of:
H = H,e™ + H,e T2 (4.9)
Since the field is penetrating from both the top (ﬁzza/z) and the bottom (17 ——qa/2) Of the
core lamination, the magnetic field intensity is expressed as:
H, = Hie™ 4+ Hye™™ = Hye ™ 4 H,e™ (4.5)
where Ho is the effective value of the magnetic field intensity in y-direction, and T is (1+j)/0

as introduced in equation (3.26). By solving the equation:
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Hy

Hy = H, = cosh(T-%) (46)
Thus, the magnetic field intensity is:
= cosh(T-z)
4 cosh(T-%) (4.7)
This leads to the magnetic flux density in the form of:
§ _ cosh(T-z) (4 8)

= Ky cosh(T-%)
Then, the magnetic flux in the lamination is given by the integration of the magnetic flux

density over the cross-section area:

d) — J-a/z

(1+)5
e 2 (4.9)

5 dBdz = ﬂHytanh{
1+j
where d is the width of the core. The total magnetic flux (&) in the entire magnetic core

(i.e., sum of all lamination layers) becomes:

__ 2dtéu
¢ (A+))a

(1+j)§}

H,tanh { (4.10)

where t is the total magnetic thickness of the core [m]. The effective magnetic field
intensity of the closed-loop core surface with N-turn winding is:

H, == (4.11)
where | is the effective value of the current flowing through the windings [A] and | is the
magnetic path length of the core [m]. Considering a harmonic variation with time, the
voltage induced in the winding is:

V = joN®, (4.12)

Thus, the impedance of winding due to the core is:

1+i)g jws a+)5
2} = Lcore,DCW anh{ 5 2} (413)

2

7=Y= %Nztanh{
1 (1+])l5
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By resolving this equation into its real and imaginary parts, the frequency-dependent core

inductance (Lcore) becomes:

Leore = Lcore,DC (6) (M> (4-14)

Z cosh(%)+cos(%)
where 2b is the thickness of a single lamination layer [m], and ¢ is the skin depth [m] of
the magnetic material at the operation frequency. Finally, the overall inductance (Ltotal) is

expressed by adding inductances from air and magnetic core:

. N2 inh(%)+sin(2
Liotar = Lair + Leore = o % (Aair + Acorelle (6) <M§Jn(i))>) (4.15)

T(ri+7o) a cosh(%)+cos(3

From equation (4.15), the single lamination thickness (300 nm) of the core is well
below the skin depth at 30 MHz (~1 um), thereby the theoretical total inductance of the
integrated inductor with nanolaminated CoNiFe core exhibits constant inductance of 2.1
puH up to 30 MHz. Compared with the theoretical inductance, the measured inductance
shows a slight inductance decrease as frequency increases. Since the theoretical equation
assumes perfect insulation of identical CoNiFe laminations, the decreasing inductance of
fabricated inductor is possibly due to: 1) lamination thickness and material composition
uniformity; 2) potentially collapsed CoNiFe layers causing electrical short; 3) parasitic
capacitance between lamination layers as well as between the dense 50-turn-windings and
the core. It is also shown that the measured inductance tends to increase after 20 MHz,
implying a self resonance of the integrated inductor with nanolaminated CoNiFe core. The
quality factors of the integrated inductor with nanolaminated core is approximately 12 at 6
MHz and higher than that of the air core inductor up to 15 MHz as shown in Figure 4.6 (b),
indicating an effective energy storage/transfer capacity by utilizing nanolaminated

magnetic cores.
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Figure 4.6 Characterization of 50-turn-integrated inductors with nanolaminated
magnetic cores as well as an air core inductor by means of temporary core embedding
approach. (a) Inductance, and (b) quality factor.

Figure 4.7 shows the measurement result from a 30-turn microfabricated inductor
integrated with a nanolaminated CoNiFe core consisting of 70 layers of 500-nm-thick
CoNiFe laminations (and 500-nm-tall interlamination gap) using the permanent core
embedding approach, as well as an air core inductor with the same nominal geometry.
Measured inductances of these two types inductors are shown in Figure 4.7 (a). The

microfabricated air core inductor exhibits a constant inductance of approximately 96 nH
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(inductance density of 1.15e-3 pH/mm?) up to 30 MHz. The theoretical inductance of the
30-turn-toroidal inductor using equation (4.1) is estimated as 104 nH, demonstrating
reasonable agreement with measured inductance up to 30 MHz. The 30-turn-inductor
integrated with laminated CoNiFe core exhibits constant inductance of 1.15 uH
(inductance density of 1.4e-2 pH/mm?) up to 30 MHz, showing approximately a 12 times
inductance increase over the air core inductor. From equation (4.2), the effective
permeability of the nanolaminated CoNiFe core is estimated as 330. The measured
inductance is also compared with theoretical prediction using equation (4.4). Since the
single lamination thickness (500 nm) of the core is still below the skin depth at 30 MHz
(~1 um), the theoretical total inductance of the integrated inductor with nanolaminated
CoNiFe core predicts a constant inductance of 1.15 uH up to 30 MHz. The good agreement
of measured inductance with theoretical prediction indicates that improved insulation from
thicker interlamination gap as well as uniform lamination thickness, resulting in suppressed
eddy-current flow in the nanolaminated core. It is also expected that the sparsely-
distributed 30-turn-windings compared to the densely-distributed 50-turn-windings
minimize the capacitive effect between the core and the windings. In Figure 4.7 (b), the
quality factor of the integrated inductor with nanolaminated CoNiFe core is approaching
20 at 5 MHz, and is greater than that of the air core inductor up to 15 MHz. Compared to
the peak quality factor frequency (~ 6 MHz) from the 100 layers of 300-nm-thick CoNiFe
laminations shown in Figure 4.6 (b), the higher quality factor implies that optimization of
winding geometry (e.g., winging width, thickness, and height) as well as core design (e.qg.,
lamination thickness, gap between the laminations) can improve the quality factors of the

integrated inductors with nanolaminated magnetic core.
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Figure 4.7 Characterization of 30-turn-integrated inductors with nanolaminated
magnetic cores, as well as an air core by means of permanent core embedding
approach. (a) Inductance, and (b) quality factor.

4.2.3 Solenoid Microfabricated Inductors using Core Drop-in Approach

Solenoid microfabricated inductor integrated with anisotropic nanolaminated
CoNiFe core was also developed using core drop-in approach as shown in Figure 4.8 (a).
Figure 4.8 (b) illustrates the cross section of the solenoid microinductor, showing specific
dimensions of the device. A fully-fabricated 10-turn solenoid microinductor with an

anisotropic nanolaminated CoNiFe core is shown in Figure 4.8 (c) and (d).
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Figure 4.8 10-turn microfabricated solenoid inductor with an anisotropic
nanolaminated CoNiFe core. (a) Fabrication steps, (b) cross section, (c) optical and (d)
SEM images.
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Figure 4.9 Characterization of a microfabricated solenoid inductor with
nanolaminated CoNiFe core. Inductance and quality factor.
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The microfabricated solenoid inductor with an anisotropic nanolaminated CoNiFe
core was characterized in the 0.1 - 10 MHz frequency range using an impedance analyzer.
The core comprises 200 layers of 1000-nm-thick CoNiFe laminations. As shown in Figure
4.9, the microinductor with the anisotropic core shows a constant inductance of 600 nH up
to 10 MHz, indicating suppressed eddy-current losses in the measured frequency range.

Peak quality factor of the microinductor exceeds 20 at 4 MHz.

4.3 Microfabricated Inductors using Direct Electroplated Winding Approach

The other type of microfabricated inductor winding method is a direct winding
approach based on electrodeposition. This approach develops a microfabricated winding
without using a conventional substrate, forming a microfabricated solenoid inductor
directly upon a nanolaminated CoNiFe core. Typically, a substrate such as a glass or silicon
is frequently used as a convenient flat surface platform for photopatterning and
metallization. However, the substrate is often of no use after the fabrication process is
completed and unnecessarily increases the overall device volume. The direct winding
approach involves direct photopatterning on an epoxy-coated nanolaminated CoNiFe core.
This approach is advantageous in particular with millimeter thick magnetic cores since it
eliminates the proximity lithography step, which has been a relatively challenging process
especially for the patterning of the high aspect ratio microstructures of previous substrate-

supported inductors.

4.3.1 Fabrication Processes of Direct Electroplated Winding Approach
The fabrication sequence of the direct electroplated winding approach is described
in Figure 4.10. A millimeter-thick nanolaminated CoNiFe core (Figure 4.10(a)) is dip-

coated by SU-8 epoxy (Figure 4.10(b)). The dip-coating process comprises dipping in SU-
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8 2025, drying in an oven (4 hours at 95°C), flood-UV-exposure for crosslinking (5 mJ/cm?
for each side), and post-drying in an oven (1 hour at 95°C). A copper seed layer is deposited
on the SU-8 surface of the sample by DC sputterering (Figure 4.10(c)), followed by
photoresist-spray coating (20 pm of NR-7 resist, Figure 4.10(d)). Multiple
photopatternings for inductor windings follow (Figure 4.10(e)), and copper electroplating
is performed to form thick copper windings (Figure 4.10(f)). After removing the

photoresist mold and the metal seed layers, the solenoid inductor is completed (Figure

4.10(g)).

(a) (b) (c) (d)
- - T - S - W

Multi-layer core Dip-coating with SU-8 Deposit Cu seed layer PR coating
(NR-7, 20um)
(e) (f (g)
PR patterning Cu winding PR removing and
electrodeposition seed Cu etching
| I e |
Multi-layer core SuU-8 Copper PR

Figure 4.10 Fabrication sequence of microfabricated solenoid inductor with laminated
CoNiFe core

Figure 4.11 shows optical images of the fabricated solenoid inductor with
laminated CoNiFe core using the direct electroplated winding approach. Note that the
laminated CoNiFe core is passivated with SU-8, preventing an electrical short between the
core and the windings. The microfabricated windings have a winding width of
approximately 800 um, an interwinding distance of approximately 300 um, and a winding

thickness of approximately 300 um.
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Figure 4.11 Optical images of a solenoid inductor with direct electroplated windings
and laminated CoNiFe core.

4.3.2 Characterization of Solenoid Microfabricated Inductors

The microfabricated 9-turn solenoid inductor with nanolaminated CoNiFe core
and direct electroplated windings is shown in the inset of Figure 4.12. The core is 1 cm
long, 2 mm wide, and approximately 2 mm thick, and comprises 2000 layers of 1 pm thick
CoNiFe laminations. Using an impedance analyzer (HP4194), an inductance of
approximately 0.7 pH was measured over the frequency range 0.1 - 10 MHz as shown in

the graph. A peak quality factor of approximately 35 was observed at 5.5 MHz.
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Figure 4.12 Measured inductance and quality factor of a 9-turm solenoid inductor with
direct electroplated windings and a CoNiFe core comprising 2000 layers of 1-um-
laminations
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4.4 Comparison of State-of-Art Microfabricated Inductors
Microfabricated inductors with nanolaminated CoNiFe cores fabricated using both
the core drop-in approach as well as the direct electroplated winding approach are

summarized in Table 4.3.

Table 4.3 Summary of microfabricated inductors with nanolaminated CoNiFe cores

Inductor configuration

imm

Fabrication Core drop-in Core drop-in Core drop-in Direct

Method (Temporary (Permanent (Permanent electroplated
embedding) embedding) embedding) winding

E‘;nnslber of 50 30 10 9

iﬁf;"ct;’;rea 83.3 mm? 83.3 mm? 27 mm? 31 mm?

zgfizgducm 83.3 mm’ 83.3 mm’ 27 mm? 80.6 mm’

Core configuration

Number of =, 300 200 2000

laminations

EEE‘::S"“ 300 100 1000 1000

flﬁzaﬁn’::sgnem 30 um 30 um 200 um 2000 pm

itifof‘;iza 0.06 mm? 0.06 mm? 0.4 mm? 4 mm?

32{33;’” 1.51 mm’ 1.51 mm’ 4 mm’ 40 mm?

Inductor performance
igdsuftfgcl\fmz) 2000 nH 1200 nH 600 nH 700 nH

Peak Q factor 12 at 6 MHz 19 at 5 MHz 20 at 4 MHz 36 at 5 MHz
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Performance of the microinductor with the anisotropic nanolaminated CoNiFe
core is also compared with other microinductors with electrodeposited magnetic cores [30,
39, 52, 54, 84 — 92]. Note that only electrodeposited magnetic cores are compared;
performances of magnetic cores deposited by different techniques (e.g., sputtering or
evaporation) are compared in [19]. These microinductors feature solenoid, spiral, or race
track geometries and the magnetic cores comprise typically alloys of nickel, iron, and
cobalt. Several figures of merit have been proposed to compare such microinductors based
on inductance density, quality factor, saturation current density, and energy density (E, =
Li2,;/2A) [2]. Figure 4.13 compares the microinductors based on energy density and peak
quality factor at 0.3 - 10 MHz. Generally, increasing magnetic core thickness for high
energy density causes significant magnetic losses (e.g., eddy-current losses) at high
frequency operation, resulting in low quality factor. Therefore, the thickness of the metallic
alloy cores is typically limited to a few microns for MHz frequency range and above. The
use of nanolaminated cores allows large overall magnetic thickness with suppressed eddy-
current losses, simultaneously enabling high energy density and quality factor at high

frequency as shown in the graph.
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Figure 4.13 Comparison of microinductors with electroplated magnetic cores.
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4.5 Performance of Microfabricated Inductors in High Power DC-DC Converter

45.1 Power Converter Topology

Microfabricated inductors were tested in a high-frequency and high-power DC-
DC converter which is developed by our collaborators in an ARPA-E power conversion
program [93]. The power converter has a merged-two-stage circuit topology operating in
the high-frequency switching regime (3 — 30 MHz) and is designed for LED drivers
operating from a wide-range DC input voltage. The two-stage topology is based on a soft-
charged switched-capacitor pre-regulator/transformation stage and a high-frequency

magnetic regulator stage as shown in Figure 4.14.

Switched Capacitor HF ZVS resonant
______ Pre-regulator / Transformation Stage _Inverted Buck Regulation Stage _ 10ad
' L vl - i Y | * i "
Ve ) 72T Te, 7Z Te,  Vie =< Ce AD Cor == & Vo
- LS, L 1
I I ! L

...................................................................................

Figure 4. 14 A merged two-stage conversion architecture having a switched capacitor
first stage that provides voltage pre-regulation and transformation, and a high-
frequency magnetic stage that provides fine regulation of the output.

The first stage, that is, a variable-topology switched-capacitor (SC) circuit,
operates at moderate switching frequencies (tens to hundreds of kHz). The details of the
circuit with the controller design is shown in Figure 4.15. It consists of energy transfer
capacitors (C1-C2) and power transistors (M1-M8), which are controlled to turn on and off

by a micro-controller at a fixed frequency with 50% duty ratio. The SC circuit is designed
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to achieve high power density and efficiency; however, the SC converter alone cannot
efficiently provide the fine voltage regulation. This stage serves to reduce the voltage range

over which the second stage (i.e., high-frequency magnetic regulation) needs to operate

(50— 100 V).
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Figure 4.15 Schematic of the switched-capacitor pre-regulator/transformation stage with
bootstrap diodes.

The second stage is a magnetic-based stage that provides both additional voltage
transformation and fine voltage regulation. As shown in Figure 4.16, it is a resonant
transition discontinuous-mode inverted buck converter operating at high frequency (3 - 30
MHz). The topology of the second stage is selected such that it requires relatively small
inductor values and inherently absorbs parasitic capacitance as part of circuit operation. A
benefit of this topology is that it operates with high inductor current ripple, yielding a
relatively small required inductance value. Also, the softswitched nature of the circuit
topology enables relatively high switching frequency to be achieved with acceptable loss,

further reducing the required inductance value.
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Figure 4.16 Schematic of the second magnetic-based regulation stage designed to
operate at high frequency.

In summary, soft charging of the switched capacitor circuit, zero voltage switching
of the high-frequency regulator circuit, and time-based indirect current control are used to

maintain high efficiency, high frequency and power density, and high power factor for

LED driver applications.

45.2 Microfabricated Inductors Tested in Power Converter

ated inductor

Figure 4.17 Image of converter circuit board integrated with a microfabricated inductor

Developed microfabricated inductors were integrated into the second magnetic-

based regulation stage (high-frequency stage) in the power converter as shown in Figure
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4.17. The power converter was operated with input voltage ranging from 50 V to 100 V
and a switching frequency range of 1 - 10 MHz. Note that the output voltage was fixed at

35 V for all the input voltages.

4.5.2.1 Toroid Microfabricated Inductor

First, the 50-turn toroidal microfabricated inductor with nanolaminated CoNiFe
core detailed in the first column of Table 4.3 was tested in the power converter. The core
comprises 300 layers of 100-nm-thick CoNiFe laminations, having outer diameter of 10
mm and inner diameter of 8 mm. The inductance of the inductor was approximately 1.2
uH over the range 0.1 — 10 MHz frequency. The test result for power converter efficiency
and corresponding switching frequency as a function of input voltage is shown in Figure
4.18. The output power was ranging between 25 — 30 W during the measurement. Over the
input voltage range of 55 — 100V, converter efficiencies of 87% at 50 V and 76% at 100 V
operation were observed.
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Figure 4.18 Experimental measurements of 50-turn toroidal inductor tested in power
converter; converter efficiency and corresponding switching frequency as a function of
input voltage.
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4.5.2.2 Solenoid Microfabricated Inductor

Second, the 10-turn solenoid microfabricated inductor with nanolaminated
CoNiFe core detailed in the third column of Table 4.3 was tested in the power converter.
The test result for power converter efficiency with various input voltages as a function of
output power is shown in Figure 4.19. The switching frequency was ranging between 5 —
10 MHz during the measurement. Over the input voltage range of 50-100V, converter
efficiencies of 93% at 50 V and 84% at 100 V operation were observed at an output power

of 40 W.

100

Efficiency [%]

Output power [W]

Figure 4.19 Experimental measurements of 10-turn solenoid inductor tested in power
converter; converter efficiency with various input voltages as a function of output
power.

4.5.2.3 Solenoid Microfabricated Inductor with Large Core Volume

Lastly, the 9-turn solenoid microfabricated inductor with nanolaminated CoNiFe
core detailed in the fourth column of Table 4.3 was tested in the power converter. The test
result for power converter efficiency with various input voltages as a function of output
power is shown in Figure 4.20. The switching frequency was ranging between 3 — 8 MHz

during the measurement. At an input voltage of 50 V (blue line), the highest efficiency
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exceeded 96.5% at an output power of 42 W. It was observed that the converter efficiency
tends to decrease as the input voltage increases; however, the efficiency was exceeding
92% for all the input voltages. At the highest input voltage of 100 V (orange line), a
maximum efficiency of 92.95% was observed at an output power of 41.5 W.

This result demonstrated that large magnetic core volume is required for regulation
of high input voltage at these operating frequencies and powers. In addition, it was
observed that solenoid inductors show higher converter efficiency than toroid inductors

with similar thickness cores.
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Figure 4.20 Experimental measurements of 9-turn solenoid inductor tested in power
converter; converter efficiency with various input voltages as a function of output
power.

4.6 Conclusion

In this chapter, the nanolaminated CoNiFe cores were integrated into
microfabricated inductors for on-chip power supply application using two different
microfabrication techniques: 1) core drop-in approach where pre-fabricated cores are
incorporated as an intermediate step in the fabrication of inductor windings; and 2) direct

winding approach where inductor windings are directly fabricated on encapsulated
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magnetic core. By enabling integration of a large volume core (for high power handling)
into the inductor windings, toroidal and bar-type microfabricated inductors with the
nanolaminated CoNiFe cores were developed, demonstrating a high inductance of 2 uH up
to 10 MHz and peak quality factor of 36 at 5 MHz. Combined with high power DC-DC
buck converter designed by our collaborators at MIT, the converter operated at larger than
35 W output power and higher than 3 MHz switching frequency with a converter efficiency
over 92 %, when the input voltage varied from 50 to 100 V and the output voltage was
fixed at 35 V. The microfabricated inductor integrated with the nanolaminated CoNiFe
core has the potential to enable ultracompact DC-DC power conversion operated at high

power and high frequency.
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CHAPTER 5
ULTRACOMPACT DC-DC BUCK CONVERTER WITH

NANOLAMINATED MAGNETIC CORES

5.1 Introduction

In this chapter, a high-frequency (> 1 MHz) and high-power (> 10 W)
ultracompact DC-DC converter using nanolaminated CoNiFe core inductors is presented,
with the goal of understanding the converter area reductions achievable using this magnetic
core technology. The ultracompact converter was developed utilizing commercially
available components (regulator chip, capacitors, and resistors) with a nanolaminated
CoNiFe core inductor on PCB (printed circuit board). For the nanolaminated CoNiFe core

inductor, both toroid-type and bar-type cores were utilized.

5.2 Design of Ultracompact DC-DC Converter

vm SW ,_m o Vout

l LTC3630A R 1 l
C Cout
Vi in Vorg FB Load
Vor2 R, l
GND

Figure 5.1 DC-DC buck converter schematic diagram.

As shown in section 1.2.1, switched-mode DC-DC converters typically comprise
regulator chips and passive components such as inductors, capacitors, and resistors. In
order to develop a high-frequency and high-power DC-DC converter, the LTC 3630A
(Linear Technology) [94] switching regulator chip was selected. The LTC 3630A is an
integrated chip for a step-down DC-DC converter and contains power MOSFET switches

and a feedback comparator to adjust the output voltage. The LTC 3630A can operate at a
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switching frequency exceeding 1 MHz with input voltages of 4 - 76 V and maximum output
current of 500 mA.

Figure 5.1 shows a schematic circuit diagram of the ultracompact DC-DC buck
converter system with the LTC 3630A regulator chip and other components. The output
voltage of the converter is adjusted by an external resistive divider as calculated from the
equation [94]:

Voue = 0.8+ (1 + % (5.1)

In this converter design, the output voltage was set to 20 V by adopting 150 kQ
and 5.6 kQ resistors for R1 and Ry, respectively. Once the output voltage was selected, the

inductance was determined to set the switching frequency using the following equation:

_ (Vin_Vout)'D
fow = 2-Aip L (5.2)

where D is the duty ratio (Vin/ Vout), and Aic is the inductor ripple current [A]. In order to
operate the converter at the switching frequency as high as 1 MHz, approximately 6 pH
inductance was required. Therefore, the converter was designed to operate with fixed
output voltage of 20 V and output power of 10 W at the switching frequency of
approximately 1 MHz. The design specification for the high-frequency and high-power
ultracompact DC-DC buck converter is shown in Table 5.1.

Table 5.1 Converter specification

Input voltage 30-70V
Output voltage 20V
Duty ratio 1.5-3.5
Switching frequency ~1MHz
Output current 500 mA
Output power 10 W
Inductor ripple current <l1A
Inductance ~6 uH
R 150 kQ
Ry 5.6 kQ
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Figure 5.2 Schematic diagram of the converter circuit simulated with LTspice.

In order to verify the converter design a simulation has been conducted using
LTspice provided by Linear Technology. Figure 5.2 shows a schematic diagram of the
converter circuit simulated. In the simulation, the passive components were operated as an
ideal case meaning that they are lossless and the values are not frequency-dependent. As
an example of the simulation, Figure 5.3 illustrates the resulting waveforms from the output
load and the inductor, when an input voltage of 40 V is applied. It is demonstrated that the
output voltage and current are 20 V and 570 mA, respectively. It is also observed that the
inductor ripple current is approximately 600 mA and the switching frequency is
approximately 1.2 MHz. The simulation result verifies the high switching frequency

(> 1 MHz) and the high output power (> 10 W) of the designed DC-DC converter.
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5.3 Development of Ultracompact DC-DC Converter

5.3.1 Nanolaminated CoNiFe Core Inductor Preparation

In order to realize the ultracompact DC-DC converter, two nanolaminated CoNiFe
cores were prepared: 1) toroidal core and 2) bar-shaped core. The toroidal core comprised
1500 layers of 1 um-thick CoNiFe laminations, having outer diameter of 5.3 mm and inner
diameter of 2.7 mm. An inductor was fabricated by winding 12-turn magnet wire around
the core as shown in the inset of Figure 5.4 (a). The bar-type core comprised 2000 layers
of 1 um-thick CoNiFe laminations, having length of 10 mm and width of 2 mm. An

inductor was fabricated by winding 22-turn magnet wire around the core as shown in the

inset of Figure 5.4 (b).
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Figure 5.4 Inductance and quality factor of (a) 12-turn toroidal inductor and (b) 22-turn
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Both the toroidal and the bar inductors with nanolaminated CoNiFe cores were
characterized over the 0.1 - 20 MHz frequency range using an impedance analyzer. As
shown in Figure 5.4 (a), the toroidal inductor exhibits a constant inductance of 6.1 uH up
to 20 MHz with a quality factor exceeding 50 at 1 MHz. The bar-type inductor exhibits a
constant inductance of 6.1 uH up to 20 MHz with a quality factor reaching 35 at 1 MHz.
Properties of both inductors are compared in Table 5.2. Note that the bar inductor possesses
larger core volume and number of windings to achieve the required inductance (6.1 pH)
due to the lower effective permeability resulting from the open magnetic path of the bar
core.

Table 5.2 Comparison of inductors with nanolaminated CoNiFe core

Toroidal inductor Bar inductor
Number of windings 12 22
Core surface area 16.3 mm? 20 mm?
Core thickness 1.5 mm 2 mm
Core volume 24.5 mm?® 40 mm?
Single layer thickness 1 pm 1 pm
Number of layers 1500 2000
Inductance 6.1 uH up to 20 MHz 6.1 uH up to 20 MHz
Quality factor 50 (@ 1 MHz) 35 (@ 1 MHz)

5.3.2 Fabrication of Ultracompact Converter on PCB

Using the nanolaminated CoNiFe core inductor, the designed ultracompact DC-
DC buck converter was fabricated on PCB. Surface-mount-components (e.g., regulator
chip, capacitors and resistors) were placed and soldered on designated pads on the PCB.
The surface-mount-components utilized in this circuit are presented in Table 5.3.

Table 5.3 Components utilized for ultracompact DC-DC buck converter

Name Part number  Type Parameter Qty  Vendor

Cin 1276 Capacitor 2.2 uF, 100V 1 Samsung EM

Cout 1276 Capacitor 4.7 uF, 35V 1  Samsung EM

Ry MCT0603 Resistor 150k, 1/8 W 1 Vishay

R> MCT0603 Resistor 56k, 1/8 W 1 Vishay

Connector 5012 Test point 4  Keystone
LTC3630A LTC3630A Step-down switch 1  Linear Technology
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Figure 5.5 shows images of the developed ultracompact DC-DC converter. Top
view of the ultracompact DC-DC converter is shown in Figure 5.5 (a) and (b),
demonstrating the total surface area less than 100 mm?. As shown in Figure 5.5 (c),
fabricated inductor is connected through via-holes, being embedded at the bottom of the
PCB to reduce the surface area of the converter. The total thickness of the converter

including the PCB is less than 2 mm as shown in Figure 5.5 (d).

Compact DC-DC converter
(BT, UPenn)

_--"" inductor
-

(d)

Figure 5.5 Images of ultracompact DC-DC converter. (a) and (b) top view, (c) bottom
view showing inductor, and (d) side view.

5.4 Characterization of Ultracompact DC-DC Converter

During the converter operation, the output voltage was fixed at 20 V as designed.
Input voltages ranging from 30 V to 70 V were applied using a DC power supply
(HY10010EX, VOLTEQ). Input, output, and inductor voltages were measured using an
oscilloscope (TDS 2024C, Tektronix), and the output current was obtained by measuring

the voltage through a 1 Q resistor at the output load.
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Figure 5.6 Captured waveforms from the oscilloscope.
Figure 5.6 shows an example of a captured image from the oscilloscope,
demonstrating the output voltage of 20.1 V and the switching frequency of 1.18 MHz. In

this figure, the converter was operated at an input voltage of 60 V.
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Figure 5.7 Measured efficiency and switching frequency as a function of input voltage,
when the converter operated with (a) toroidal inductor and (b) bar inductor
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Figure 5.7 shows the converter efficiency and the switching frequency of the
ultracompact DC-DC converter as a function of input voltage. As shown in Figure 5.7 (a),
the efficiency of the converter fabricated with the toroidal inductor is 84.6 % at an input
voltage of 30 V. The efficiency decreases with increasing input voltage (i.e., increasing
duty ratio) and 52.16 % efficiency was observed at an input voltage of 60 V. During the
measurement, the switching frequency varies between 0.7 - 1.26 MHz as shown in the
graph. The measured efficiency of the converter fabricated with the bar inductor is shown
in Figure 5.7 (b). The efficiency of the converter is 94.25 % at an input voltage of 30 V
and 75.43 % at an input voltage of 70 V, demonstrating higher converter efficiency
compared to the converter fabricated with the toroidal inductor. The switching frequency
varies between 0.7 - 1.42 MHz during the measurement.

In order to investigate the dependence of the converter efficiency on inductor
geometry, the peak operation flux densities of the nanolaminated CoNiFe cores in each of
these inductors was investigated. The peak inductor current during converter operation can

be calculated from equation (1.10), which can be expressed as:

: (Vin_Vout)'D
Aij; = ST (5.3)

Also, the peak flux density in the magnetic core during the converter operation is calculated

as:

L-Ai
Bpeak = N_Ali (54)

where A is the core cross-section area [m?]. Note that the peak flux density is not reaching

the saturation flux density of CoNiFe (i.e., the peak flux density is within the linear

permeability region of B-H hysteresis loop) when the output DC current is combined (AiL
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+ lout). Combining equations (5.3) and (5.4), the peak flux density of the nanolaminated

CoNiFe core during the converter operation becomes:

B — _WVin=Vo)'Vo (5.5)

peak = 5 N AV
Using equation (5.5) and the core dimensions presented in Table 5.2, the peak operation
flux densities of both toroidal core and bar core are 0.21 T and 0.11 T, respectively,
verifying that both nanolaminated CoNiFe cores were operated in the regimes less than the
saturation flux density of CoNiFe (1.8 T) for high power (10 W) conversion. Once the peak
operation flux densities are known, the core power losses can be estimated based on the
core power loss coefficients (knyst for the hysteresis loss coefficient and keqay for the eddy-
current loss coefficient) in chapter 3.5.3 (Figure 3.21):

Pcore = (Knystf + Keddyf?) X Veore = (Physt + Peddy) X Vcore (5.6)
where Pcore IS the core power 10ss, Physt IS the hysteresis core 10ss, Peddy is the eddy current
loss, and Vcore IS the volume of the core. Table 5.4 shows the estimated core loss using
equation (5.6), compared with measured converter power losses.

Although such comparisons should be made with care due to the difference in
inductor excitation waveforms between the high-flux measurement and converter
measurement, it can be stated the core loss (Pcore) dominates the total converter power loss
(Pioss) from the table. However, as the input voltage increases (i.e., the duty ratio increases),
the core loss becomes less dominant, implying that other losses (e.g., conduction loss in

PCB, Joule heating, switching loss) increase rapidly with increasing input voltage.
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Table 5.4 Comparison of converter power loss with estimated core loss

Converter performance Core loss estimation
Vin  Vout fsw Pin Pout Ploss ABpk Physt Peddy Pcore
30 20 071 1076 9.11 166 0201 149 0.04 153

% % 3 20 087 1167 9.28 239 0.212 202 0.06 2.09
ks 2 40 20 098 1340 1018 322 0218 243 0.09 252
§ < 45 20 105 1548 1108 440 0227 281 011 291
é g 50 20 110 1755 1144 6.11 0233 312 012 324
= 55 20 115 1892 1172 720 0237 336 014 350
60 20 126 2040 1064 9.76 0226 336 015 351
Converter performance Core loss estimation

Vin  Vout fsw Pin Pout Ploss ABpk Physt Peddy Pcore

5 30 20 0.70 11.70 11.02 0.67 0.100 059 0.01 0.60
§ S 3 20 085 1222 1137 085 0106 081 002 083
ke 2 40 20 094 1303 11.68 1.35 0.111 099 0.03 1.02
§ < 45 20 100 1359 1198 161 0116 115 0.04 119
é 'g 50 20 1.04 1412 1213 199 0.120 128 0.05 1.33

55 20 110 1429 1190 239 0121 137 0.05 1.42
60 20 118 1356 1097 259 0118 140 0.06 1.46

Investigation on the loss estimation also demonstrates that the lower efficiency of
the toroidal inductor mainly results from the higher peak operation flux density of the
toroidal core. Therefore, it should be concluded that the toroidal core enables a higher
inductance density than the bar core due to the closed magnetic path; however, its higher
operation flux density leads the lower efficiency of the ultracompact DC-DC converter.

The properties of the ultracompact DC-DC converter are summarized in Table 5.5.
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Table 5.5 Properties of the ultracompact DC-DC converter
With toroidal inductor With bar inductor

Converter Surface area [mm?] 99.4 99.4
Converter Volume [mm?] 198.8 198.8
Input voltage [V] 30 - 60 30-70
Output voltage [V] 20 20
Output current [A] 0.5 0.5
Output power [W] 10 10
Switching frequency [MHz] 0.7-1.26 0.7-1.42
Power density [W/cm?] 10.06 10.06
Efficiency [%] 52.16 - 84.6 75.43 - 94.25

5.5 Comparison of Ultracompact DC-DC Converter with Other Converters

In this section, the performance of the ultracompact DC-DC converter is compared
with other DC-DC converters integrated with magnetic cores (i.e., PSiP and PSoC) as well
as commercial DC-DC converter modules as shown in Table 5.6. Since each DC-DC
converter is operated under different conditions (e.g., input and output voltages, duty ratio,
power, and switching frequency), it is hard to establish simple figures of merit to directly
compare them. Instead, important detailed parameters for converter performance are

presented in Table 5.6.
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Table 5.6 Performance of DC-DC converters with integrated magnetics

Ref Po_d Po n fow lo Vin  Vout L density L Core
©wiem?] W] [%] [MHZ] [A] [V] [V] [nH/mm? [nH] material

[41] 625 10 8 05 3 5 33 226 80 MnZn 4
[42] 816 1 83 18 02 36 15 898 1100 Nizn
[43] 625 10 90 05 3 5 33 475 1900 Mnzn
[44] 144 036 91 2 02 36 18 100 2500 NiznCu
[45] 204 16 78 13 16 5 1 013 100 Nizn
[46] 4 036 8 6 05 36 18 433 390 Nizn
[47] 1678 24 80 5 20 12 12 017 24  Nizn
[48] 1042 06 90 28 03 36 18 2778 1060 Nizn
[0 1 1 833 3 035 45 3 60 960 CoHfTa
[54] 032 054 74 8 045 36 12 3826 440 NiFe

Researched DC-DC converter

This 1026 102 759 098 051 40 20 238 6100 ggr'\'o'lzg’
WOk 1099 109 754 12 055 60 20 232 6100 C?b'\'air)Fe Ny
[6] 585 117 80 4 065 5 18 N/A -
77 96 072 94 2 02 55 36 N/A L
8] 48 48 85 033 06 36 8 N/A §§
[599 10 09 80 4 05 55 18 N/A ©

Based on Table 5.6, a detailed analysis on converter performance as a function of
the magnetic core inductor performance has been conducted. From Table 5.6, it is
demonstrated that the DC-DC converters are typically operated at the switching
frequencies of 0.5 — 8 MHz. However, the switching frequency is mostly limited by the
switching ICs rather than the magnetic components. Most of the inductors exhibit constant
inductances and high quality factors up to tens of MHz.

For the DC-DC buck converter design, the inductance is determined by input

voltage, output voltage, and ripple current for a given switching frequency as represented
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in equation (1.10). Consequently, the higher inductance is desirable for high voltages,
conversion ratio, and ripple current. Use of the magnetic core certainly increases the
inductance density resulting in small volume for a given inductance; however, one should
consider the saturation of the magnetic core that limits the output current and, therefore,
the output power. Most of the converters in Table 5.6 operate with output current less than
0.5 A, which is near the saturation current of the magnetic core inductor. High permeability
of the magnetic core enables high inductance density, while reducing the saturation current.
Winding a greater number of turns around a given core results in the same trend (i.e., higher
inductance density and lower saturation current). Increasing magnetic thickness (and
volume) without laminations is also not a solution to achieve both high inductance density
and high saturation current since it causes significant eddy-current losses during high-

frequency operation.
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Figure 5.8 Output power versus inductance density of DC-DC converter with integrated
magnetics. The color shows the input and output voltage difference (Vin - Vout), and the
shape represent the magnetic core material. Note that the commercial modules are not
included due to the rack of inductor information.
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In order to compare the data in Table 5.6 in graphical form, several key parameters
are plotted in the following figures. Figure 5.8 shows the converter power as a function of
inductance density. The shape of the data point represents the magnetic core material and
the color represents the input and output voltage difference (Vin — Vou). Note that
commercially available converter modules are not included due to lack of inductor
specification. The output power ranges from 0.5 to 20 W and the inductance density varies
from 0.1 to 300 nH/mm? with a switching frequency near 1 MHz. As expected, high power
converters demonstrate lower inductance density and vice versa. In case of [44, 47], the
inductor has 2 — 4 turns of windings with large volume of low permeability (< 10) magnetic
core, resulting in high output power but low inductance density (one practical effect of this
is that converters with large Vin-Vout require large physical volumes). Microfabricated
inductors with nanogranular film cores [50] or metallic alloy cores [46] show high
inductance density, but the converters operated with low output power. However, it is
demonstrated that use of laminated cores enables both high inductance density and high
power due to its large magnetic volume and suppressed eddy-current losses.

Figure 5.9 shows the converter efficiency as a function of switching frequency. The
color of the data point represents the conversion ratio (Vout / Vin). Commercially available
converter modules are also included in the graph. The converter efficiency ranges from
74% to 94% and the switching frequency varies from 0.4 to 8 MHz. Typically, the
efficiency tends to decrease with increasing conversion ratio for a given switching
frequency. However, in order to perform reliable analysis on the converter efficiency, the
converter losses need to be investigated, for example, by separating them into switching

loss, conduction loss, and magnetic loss. It cannot be concluded that the converter
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efficiency is solely attributable to the inductor performance based on Table 5.6 since each
converter uses different switching chips and circuitries. It should also be noted that the
switching frequency is mostly limited by the switching ICs rather than the magnetic

components. The inductors in Table 5.6 show constant inductances and high quality factors

up to tens of MHz.
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Figure 5. 9 Converter efficiency versus switching frequency of DC-DC converter with
integrated magnetics. The color shows the conversion ratio (Vou/ Vin), and the shape
represents the magnetic core material.

5.6 Conclusions

In this chapter, we demonstrated an ultracompact DC-DC converter on PCB with
surface-mount-components and a nanolaminated CoNiFe core inductor. Two types of
inductors (i.e., toroid inductor and bar inductor) were utilized and the converter operated
with output power over 10 W at the switching frequency of 0.7 — 1.4 MHz, demonstrating
conversion efficiency of 94.2 % at 30 V input and 80.8 % at 60 V input.

It was also tempting to compare the ultracompact converter with previously reported

DC-DC converters integrated with magnetic components, demonstrating that the ultracompact
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converter exhibited both high output power and inductance density due to the nanolaminated
core (which enables high inductance density with suppressed eddy-current losses). When the
converters are compared, care should be taken since the converter properties (e.g., switching
frequency, converter efficiency, and conversion ratio) also depend on other components

including ICs, capacitors, and conductors.
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CHAPTER 6

CONCLUSION

6.1 Summary of Conducted Research

In accordance with the objective of the proposed research, nanolaminated soft
magnetic metallic alloy cores for high-frequency (> 1MHz) and high-power (> 10 W)
ultracompact power converters have been demonstrated.

In chapter 3, fabrication and characterization of nanolaminated soft magnetic
metallic alloy cores were presented. For the metallic alloy, both permalloy (NisoFe2o) and
CousNizzFe1s were electrodeposited, demonstrating the superior magnetic properties (i.e.,
higher saturation flux density and lower coercivity) of CoNiFe over permalloy. Anisotropic
CoNiFe was also electrodeposited to further improve the magnetic properties,
demonstrating higher effective permeability and lower volumetric power loss at high
frequency operation. The three metallic alloys utilized to fabricate as nanolaminated
magnetic cores based on sequential electrodeposition of alternating layers of the metallic
alloy and sacrificial copper, followed by sacrificial layer removal. Two approaches were
developed for the nanolaminated core fabrication: 1) SU-8 post approach and 2) surface-
tension-driven assembly. The SU-8 post approach utilized vertical support holes where
insulating SU-8 photoresist is applied. Once the SU-8 was cross-linked, it anchored each
magnetic layer after the sacrificial copper layer removal. Therefore, the final structure
became an air-insulated nanolaminated core where each magnetic layer is supported by
insulating SU-8 posts. In case of the surface-tension-driven assembly, each CoNiFe
nanolamination was assembled based on surface tension at the liquid-air interface, resulting
in a polymer-insulated nanolaminated core where each magnetic layer is encapsulated with
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a polymeric insulating material (i.e., fluoroacrylate). Both approaches realized
nanolaminated cores that consist of tens to hundreds of layers of alternating metallic alloy
and insulting material. Compared to the SU-8 post approach, the surface-tension-driven
assembly has advantages including achievable number of layers and ease of fabrication.

Characterization of the nanolaminated cores was also presented in chapter 3. For
the reliable characterization of the nanolaminated cores, three different types of
characterizations were performed consecutively: 1) low flux in situ characterization using
impedance analyzer; 2) high flux characterization under large signal AC flux conditions;
and 3) system level characterization in DC-DC converters. Through the characterization,
it was demonstrated that substantial magnetic volume for high power was achieved from
the stacked multiple magnetic and insulating layers, while eddy currents were suppressed
in the magnetic nanolaminations. It was also observed that the superior magnetic properties
of CoNiFe (i.e., higher saturation flux density and lower coercivity) result in higher
operational flux density and lower volumetric power losses of the nanolaminated CoNiFe
core, compared to the nanolaminated permalloy core.

In chapter 4, the nanolaminated CoNiFe cores were integrated into microfabricated
inductors for on-chip power supply application. Two different microfabrication techniques
were conducted for the integrated inductors with the nanolaminated CoNiFe cores: 1) core
drop-in approach where pre-fabricated cores are incorporated as an intermediate step in the
fabrication of inductor windings; and 2) direct winding approach where inductor windings
are directly fabricated on encapsulated magnetic core. Both fabrication approaches enabled
integration of a large volume core (for high power handling) into the inductor windings.

Utilizing the microfabrication techniques, toroidal and bar-type microfabricated inductors
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with the nanolaminated CoNiFe cores were developed, demonstrating a high inductance of
2 WH up to 10 MHz and peak quality factor of 36 at 5 MHz.

In chapter 5, an ultracompact DC-DC buck converter was developed on PCB with
commercially available surface-mount-components (i.e., a regulator chip, capacitors and
resistors) and a nanolaminated CoNiFe core inductor. The footprint of the ultracompact
converter was 14 x 7.1 mm? and the input voltage of the converter was ranging from 30 to 70
V, while the output voltage was fixed at 20 V. The converter operated with output power over
10 W at the switching frequencies of 0.7 — 1.4 MHz, demonstrating conversion efficiency of

94.2 % at 30 V input and 80.8 % at 60 V input.

6.2 Suggestions for Future Research

Based on automated sequential electrodeposition followed by selective removal of
sacrificial metallic layer (i.e., copper), we have synthesized a nanolaminated magnetic
material of macro-scale volume, achieving both high overall energy storage capability and
suppression of eddy currents at MHz operation frequencies. In concluding this thesis, this
section comprises suggestions for future work based on the intellectual achievements of

this research.

6.2.1 Applications Where the Nanolaminated Magnetic Core is the Most Suitable
This research mainly focused on fabrication and characterization of nanolaminated
metallic alloy cores. Although the core was tested in a converter circuit, it is necessary to
find the optimal DC-DC converter application in which the nanolaminated metallic alloy
core can be fully-utilized. Table 6.1 presents several application areas where a switched-

mode DC-DC buck converter is used.
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Table 6.1 Applications where DC-DC converter is used

. . P out Vvin Vout ]out jéW Eff
Application Ref.
PP [W] [V] VI [A] [MHz] [%]
Line-interfaced AC-line 0.3 - 0.05 - 64 -
LED drivers 3-12 voltage 10-45 0.7 0.1 80 93]
AC-line 63 - [95,
Phone charger ~5 voltage 5 0.7-1 ~0.07 77 96]
Tablet PC AC-line
Charger ~10 voltage ~35.1 ~2 ~0.1 ~70 [97]
AC-line 0
Laptop charger ~ 60 voltage 12-25 325 ~0.05 ~70%  [98]
Point of Load
(Processors in B 80 - [99,
electronic > 10 25-14 06-5 045 05-5 93 100]
devices)
Automotive 0.1 -
DC adapter 03-1 12V 33-5 0.3 0.5 83 [101]

A point of load converter, which typically provides a converted voltage (e.g., from
5V to 3.3 V) to microprocessors in electronic devices, is the most widely researched area
for integrated magnetic components [2, 47]. Since the point of load converter requires
relatively low power (e.g., < 3W), it can benefit from integrated magnetic components.
However, the nanolaminated metallic alloy core, which enables larger magnetic volume
with suppressed eddy-current losses, can be used in other application areas that require
relatively high power than the point of load converter.

If the nanolaminated CoNiFe core is utilized for power supply applications (e.g.,
line-interface LED drivers or portable device chargers), the core needs to be integrated into
a transformer to achieve an isolated DC-DC converter. Currently, most chargers for

electronic devices adopt a rectifier and a reservoir capacitor for AC-DC conversion (e.g.,
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110 Vg to 155 Vqc) followed by an isolated DC-DC converter having a flyback topology
(e.g., 155V to 5V). The transformer is the essential component of the flyback converter
that isolates the electronic device from the high voltage input [4]. Since the power supplies
for portable electronics use a switching frequency of several tens of kHz (e.g., 70 kHz for
iPhone charger [95]), the required inductance of the transformer is approximately hundreds
of uH, which is higher than the presented inductance in this research. However, such high
inductance can be achievable by increasing magnetic volume (i.e., stacking larger number
of laminations) enabled by the surface-tension-driven approach. Use of higher switching
frequency is also a promising solution to reduce the required inductance value.

Recently introduced merged two-stage architecture [93] for both wide-range DC
voltage and AC-line voltage can be used as an alternative for the typical power supply
system. In the merged two-stage architecture, the first stage is a variable-topology
switched-capacitor circuit operating at tens to hundreds of kHz, achieving high power
density and efficiency since it employs only switches and capacitors. It converts the input
voltage to the voltage levels (e.g., tens of volts) for which the second stage needs to operate.
The second stage is designed as a high-frequency buck converter where the nanolaminated
magnetic core is beneficial. In [93], it is demonstrated that the merged two-stage
architecture achieved both wide-range DC-DC and AC-DC conversion with high

efficiency and high power density.

6.2.2 More Geometries of Core and Inductor
During this research, two cores of different geometries (i.e., toroidal core and bar
core) were operated in the ultracompact DC-DC converter. The toroidal core possesses a

closed magnetic path, enabling higher effective permeability (resulting in higher
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inductance density) than the bar core. However, the higher effective permeability of the
core can result in a lower saturation current, hence a lower converter power density,
resulting in lower efficiency of DC-DC converter at a given output current (and power). In
contrast, the lower effective permeability of the bar core due to an open magnetic path
allows a higher saturation current, resulting in higher efficiency of DC-DC converter, while
the inductance density is smaller.

From the experiment with two different core geometries (i.e., closed magnetic path
and open magnetic path), it is worthwhile to investigate air-gap toroid cores of which one
can adjust the effective permeability of the core. It can enable the development of a
magnetic core with an optimized effective permeability that simultaneously achieves both
high inductance density as well as high efficiency and output power of the DC-DC
converter. In addition, it will be also interesting to study different geometry inductors such

as spiral or race-track shape inductors with the nanolaminated CoNiFe core.

6.2.3 Improved Magnetic Material

For energy storage/transfer applications, electrodeposited soft magnetic metallic
alloys have been widely researched as shown in chapter 2. In this research, we
demonstrated that electrodeposited CoNiFe is one of the most promising metallic alloys
due to its high saturation flux density and low coercivity, showing its usefulness as a
magnetic core for high-frequency and high-power DC-DC converter. The properties of the
electrodeposited CoNiFe for the DC-DC converter application can be further improved by
adjusting its relative permeability as well as electrical resistivity. A few research efforts
have been reported for electrodeposited CoNiFe thin film with high resistivity by adding

additives such as diethylenetriamine (DET) [102] or thiourea [103] in the electrodeposition
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bath. Adopting the modified electrodeposition bath to the sequential electrodeposition
system can result in high performance nanolaminated CoNiFe cores.

Since we demonstrated that a bar-shaped, anisotropic nanolaminated CoNiFe core
shows improved magnetic properties in chapter 3.8, it is worthwhile to study how to realize

batch fabrication of toroidal-shaped, anisotropic nanolaminated CoNiFe cores.

6.2.4 Surface-Tension-Driven Assembly

In order to develop highly-laminated magnetic cores, we introduced a surface-
tension-driven assembly technique, resulting in more than hundreds of layers of thin
CoNiFe. Chapter 3.4.2 showed characterization of the assembly technique, demonstrating
a critical gap that determines the minimum gap between thin films for successful assembly.
The surface-tension-driven assembly can be further improved when more investigations
and characterizations are performed. For example, it is worthwhile to study the achievable
minimum thickness of the nanosheet. When the thickness of a CoNiFe film with outer
diameter of 5 mm is less than 500 nm, a deformation of the film was observed which results
in winkled films, tangled films, or films attached to the wire. However, the thickness can
be thinner with reduced film diameter since the deflection of the thin film depends on both
thickness and diameter (the deflection of the rectangular thin film is proportional to 1/t3
and L where t is the thickness and L is the length of the film [104]).

Other suggestions regarding the surface-tension-driven assembly include: 1)
studying the effect of etch holes of the nanosheets in terms of film alignment; 2) performing
the assembly technique with different materials (e.g., different materials and shapes of the
film, different polymeric solutions) that can be applicable for different applications; 3)

performing the assembly technique with different pull-up parameters (e.g., adjusting the
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pull-up speed, applying vibration using ultrasonication or mechanical wobbling during the

pull-up); and 4) full automation of the assembly process.

6.2.5 Magnetic Domain Characterization

In chapter 3.6, fabrication and characterization of the nanolaminated CoNiFe cores
were presented. Although the improved magnetic properties of the anisotropic (hard-axis)
core were demonstrated, an investigation on the magnetic domain orientation of the
anisotropic core will help to understand the behavior of the anisotropic core. Observing the
magnetic domains of the film can be enabled using Kerr-effect microscopy [105, 106] or
MFM (magnetic force microscopy) [107]. It will be also interesting to compare the

magnetic domain orientation of multilayer CoNiFe film with a single CoNiFe film.

6.2.6 Correlation between Each Characterization Stage

For the characterization of the nanolaminated magnetic cores in chapter 3.5, the
cores were first operated under small signal excitation for low-flux (< 10 mT)
characterization using an impedance analyzer. Then, the cores were characterized under
large signal excitation for high-flux (> 100 mT) characterization using a designed LC
resonant circuit because it is difficult to achieve such high flux using the impedance
analyzer. However, since both characterizations were based on different principles, it is
worthwhile to characterize the core within the transient range to correlate the small signal
and large signal characterization. For example, the low-flux characterization can be
conducted using the LC resonant circuit without use of an amplifier.

Further, the inductors are typically operated under triangular waveform current in
DC-DC converters, while general characterization of the inductors was conducted by

applying sinusoidal waveform. The effect of the non-sinusoidal waveforms on the eddy-
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current loss of the magnetic core was studied numerically in [108]; however, the effect on
the hysteresis loss requires an empirical analysis that can be performed in the future.
Also, applying DC bias current during the inductor test can enable the prediction of

the effect of the output current in DC-DC converter operation.

6.2.7 Other Applications using Nanolaminated Metallic Alloys

Nanolaminated magnetic structures with high relative permeability can be utilized
for various applications. Transformers using the nanolaminated magnetic core are a
promising solution to realize an ultracompact, isolated DC-DC converter such as a flyback
converter. Also, an inductive wireless power transfer using the nanolaminated magnetic

core will be beneficial for realizing miniaturized power transfer systems.
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