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Abstract

This thesis investigates the challenges of integrating thin film magnetics into
advanced organic substrates for Power Supply in Package (PwrSiP) applica-
tions. The surface conditions of the substrate on which the thin films were
deposited was found to play a critical role in terms of the magnetic perfor-
mance and efficacy of the material used as the magnetic passive component.
Whence, planarization of the underlying substrate, or a release process with
which the magnetic core could be deposited, and later liberated from a poly-
mer layer spun on smooth Si were developed in order to address the issue of
surface roughness of the underlying substrate.

The released magnetic thin films were incorporated into advanced organic
substrates by three methods, as follows: 1) the integration of the released
magnetic core using wirebonds; 2) the embedding of the released magnetic
material using a Flip-Chip approach; 3) fully embedding the released mag-
netic material between the prepreg layers in the PCB stack.

Finally, methods for the modelling and characterisation of the magnetisa-
tion dynamics of thin film magnetics were developed. The modelling of
the magnetisation dynamics comprises two approaches: 1) development of
software which enables large scale numeric modelling of the magnetic thin
films using graphical processing units; 2) development of analytical models
to characterise the magnetisation dynamics of magnetic thin films. Both the
analytic and numeric methods were developed in order to characterise the
issue of surface roughness in magnetic thin films, which was found to result
in severely degraded magnetic performance. Furthermore, the thickness de-
pendent multimodal behaviour of amorphous CZTB films spanning thickness
80nm — 500nm were investigated using Brown’s continuous diffusion model
of magnetic spins. It was found that there is a critical film thickness whereat
there is a breakdown in the induced uniaxial anisotropy within the film, and
hence, that thickness should be considered the maximum useful thickness of
the material in ultra-low loss PwrSiP applications.



Chapter 1

Introduction

1.1 Introduction

The ongoing trend in electronic systems has been one of continuous minia-
turisation of the electronic active and passive components, and of additional
functionality required by the individual functional blocks in order to deliver
increased processing capabilities [1]. The effects of this miniaturisation trend
are most noticeable in the area of mobile phones and high performance com-
puting. Indeed, the ever increasing processing capabilities has been achieved
by the exponential increase in the number of functional blocks and processors
used by these electronic products. This exponential increase in functional-
ity has resulted in a proliferation of power rails required to effectively deliver
power to these increasing complex systems. This poses a significant challenge
for power management, especially in portable electronics which operate with
a limited battery, to deliver the maximum operational battery charge time

for the end-user.
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A popular method for reducing the power consumption of multicore pro-
cessors, and so increase battery longevity, is the use of Dynamic Voltage and
Frequency Scaling (DVFS) [2-5]. This involves the rapid modulation of the
supply voltage to the micro-processor based on the time-dependent particu-
lar demand. However the effectiveness of DVFS is determined by how fast
the supply voltage can respond to the time dependent power requirement of
the processor and hence DVFS is hampered by poor voltage transients which
may arise due to unwanted parasitics. Thus there is a need to minimise the
distance between the power supply module and the processor. Therefore, in
order for the full benefits of DVFS, power supply modules must become ever
more distributed and closer to the Point of Load (POL). A potential solution
to this is the integration of the voltage regulator into a substrate forming a
complete Power Supply in Package (PwrSiP) which can be local to the POL,
cf Fig. 1.1.

As can been seen from Fig. 1.1 there is a move from systems being powered
by a singular external power supply to a more discrete, or granular solu-
tion wherein the power supply is as close to the POL. However, traditionally
the magnetic component of the voltage regulator have been bulky and act

as a roadblock to an integrated granular power supply. There is significant
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Figure 1.1: Tllustration of PwrSiP. (a) High level illustration of system being
powered by a single DC-DC converter with N distinct power rails. (b & c)
High level illustration of power being delivered to a system by N DC-DC
converters local to the system. Here the N DC-DC converters are integrated
within the package and close to the POL. Image (b) presents the top-down
view. Image (c) presents the cross-sectional view. Note here the term mono-
lithic is used to refer to a single structure
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activity in both research and academia for the integration of the magnetic
component into the package. This typically involves the co-packaging of the
semiconductor power die and the magnetic component, or by using the pack-
age as a substrate on which the semiconductor with an integrated magnetic
component will be mounted. Note, the use of integrated magnetics on sil-
iconSi for power delivery forms the interesting topic of Power Supply on
Chip (PwrSoC). In the latter instance the solution provided by PwrSoC is
embedded, or co-packaged forming a PwrSiP solution, whereas in the former
the power die is co-packed with a discrete magnetic component. The main
benefit of integrating the magnetic component into the package is that it
can handle higher currents than its PwrSoC counterpart. The better cur-
rent handling capabilities of package level integration arises due to the ease
at which thicker copper traces can be electroplated in standard PCB manu-
facturing. Indeed package level integration of the magnetic component has
been demonstrated to provide the high current and fast transient response
required for a granular DVFS power supply [6-8]. Thus further integration
of the magnetic passive components into the package substrate is seen as a
critical requirement for the miniaturisation of the power supply module and
the realisation of very high power densities required for future electronic de-

vices [7, 9, 10].

A key enabling factor for the integration of magnetic passives into package

is the ever increasing switching speed of the active MOSFET components in
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the DC-DC converter [11]. The increased operating speed of the converter
has facilitated a volumetric reduction in the amount of the magnetic passive
components required in the converter, viz Faraday’s law. This reduction in
the size of the magnetic component has allowed researchers to either; 1) in-
tegrate the magnetic component directly onto the silicon power IC — forming
a PwrSoC; or 2) incorporate the magnetic passive into the package housing
the power IC — forming a PwrSiP. The integration of the magnetic compo-
nent into the package, or onto the silicon IC, is a critical requirement for
further miniaturisation of the power supply and the realisation of the very

high power densities required by future electronic devices [12-14].

There are several magnetic material candidates to be used as the energy
storage component in the converter. The ideal “soft” magnetic material
would exhibit; 1) high magnetisation saturation; 2) low coercivity; 3) a
large anisotropy field; 4) high magnetic susceptibility ( ~ permeability);
and 5) large resistivity. Whilst ferrite materials have the large resistivity
required to stymie eddy current formation within the core, their inherently
low magnetisation saturation results in increasing hysteresis loss with in-
creasing frequency — Snoek’s law [15]. This makes them a poor choice for
the magnetic passive components in DC-DC converters as they would have
to employ methods to circumvent Snoek’s relation. This typically involves
drastically reducing the permeability of the material [16-18] in order to stave

off high frequency hysteretic losses. Soft thin film magnetics (such as NiFe,
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CoZrTaB, CoZrO, CoZrTa, etc...) on the other hand, simultaneously ex-
hibit the desired magnetic properties 1- 4. However, the main drawback
of such materials is that they are highly conductive as compared to ferrites.
Whence, efforts must be taken to prevent large eddy formations within them.
The prevention of eddy current formation is achieved through the limitation
of the thin films thickness to be less than one “skin-depth” of the material at

the desired operating frequency. Thus the thickness of the film is restricted

_ |2
5_\/:” (1.1.1)

Here p is the resistivity of the material, w is the frequency of the applied mag-

by Eq. 1.1.1

netic field, and p is the permeability of the material. As can be seen from
Eq. 1.1.1, the thickness of the magnetic film must be reduced with increas-
ing frequency. However, on decreasing the thickness of the film, the effects

of the boundary conditions on magnetic performance become more prevalent.

In the next section the key technology trends and drivers for the integra-

tion of magnetic passives into package is discussed.

1.2 Technology Trends & Drivers

The realisation of a fully integrated PwrSiP is enabled by the ever increas-
ing switching speeds of the control switches used in the power supply mod-

ule. This increase in the active component switching frequency reduces the
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amount of the passive storage component needed for power modules. Hence,
the magnetic passive component can be incorporated into the substrate, on
which the power die can later be mounted, and a plastic mould used to form
a fully integrated PwrSiP. The miniaturisation trend enabled by increasing
switching frequencies of the DC-DC converter has resulted in the reduction
of the amount of passives needed has resulted in a decrease in the overall size
of power supply modules leading to higher power densities, cf Fig. 1.2. This
is a very tractable solution for applications which have very limited free space
on the PCB and which require the power supply to be near the POL. Indeed,
several PwrSiP products exist from companies, such as “Cypress Semicon-

ductor Corporation”, “Enpirion”, “Texas Instruments”.

There are several key technologies by which the magnetic component of the
power supply are being fully integrated into the package. They are as follows:
1) Embedded bulk ferrite in the PCB substrate; 2) ferrite particles dispersed
in a polymer matrix which is then integrated into package; 3) ferrite tapes in-
corporated into Low Temperature Co-Fired Ceramic (LTCC) stacks; and 4)
integrated thin film magnetics. These various magnetic integration methods
are fully discussed in Section 2.1 of the next chapter. In order to illustrate po-
tentially useful magnetic materials for future PwrSiP applications the power
density vs switching frequency of DC-DC converters using various magnetic
materials is plotted, cf Fig. 1.3. It is evident from this figure that integrated

thin film magnetics, which have already been realised in PwrSoC, exhibit the
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Figure 1.2: Concept evolution of PwrSiP. Figure illustrates the trend of
reduced power module footprint with increasing frequency. See Table 1.1 for
details.
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high power densities in the 10s of MHz frequency range desired for future
PwrSiP applications [19-22]. Moreover, such integrated magnetics on silicon
have been incorporated by several researchers into package and demonstrated

in DC-DC converters, forming a complete PwrSiP [23, 24].

Nanogranular Thin Film
PWRSIP & PWRSoC

* Ferrite
PwWRSIiP
Bet > 05T

0.1

® Commercial

+ Research

Power Density [W/mm3]

0.01

0.001

0.1 1 10 100
Frequency [MHz]

Figure 1.3: Power Density of DC-DC converters for PwrSiP & PwrSoC. Note
the three groupings illustrate the importance of B,y in terms of the power
density and operating frequency of the device. See Table 1.1 for details.

aThis is only the inductor power density and not the power density of the DC-DC
converter.

PThis is the efficiency the authors predict if the component was used in a DC-DC
converter.
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DC-DC converters for PwrSiP & PwrSoC (Commercial)

Frequency | Volume | Footprint | Package Power Efficiency | Component Id/ Author | Institution Year
[MHz] [mm?] [mm?] Type/ Density
Magnetic | [W/mm?]
Material
0.85 630 225 LGA 0.0063 90.5 LTM4601 Linear Technology -
0.85 630 225 LGA 0.0052 87 LTM4600 Linear Technology -
0.8 630 225 LGA 0.0048 93 LTM4606 Linear Technology -
1.25 634.5 225 LGA 0.009 80 LTM4614 Linear Technology -
0.325 292 103.5 LGA 0.0113 87 LTM8022 Linear Technology -
0.6 192 64 QFN 0.1562 90 MIC45116 Microchip Technology Inc. 2016
0.79 120 60 QFN 0.1375 82 MIC45404 Microchip Technology Inc. 2015
0.6 432 144 QFN 0.0347 91 MIC28303 Microchip Technology Inc. 2017
8 5.5 5 HIDFN 0.1818 80 MIC33030 Microchip Technology Inc. 2018
1 264 88 QFN 0.0758 92 EN2342Q1 Enpirion Inc. 2019
2 150 60 QFN 0.088 91 EN6340QL Enpirion Inc. 2018
1.9 138.75 75 QFN 0.0714 92 EN6337QI Enpirion Inc. 2019
5 290.45 157 QFN 0.0341 88 EN5335QI Enpirion Inc. 2019
4 90 50 QFN 0.0778 88 EN5322QI Enpirion Inc. 2019
4 44 40 QFN 0.1261 87 EP53F8QI Enpirion Inc. 2019
3.2 55 50 QFN 0.09 90 EN5319QI Enpirion Inc. 2018
5 23.1 21 QFN 0.1429 87 EP53A7xQI Enpirion Inc. 2019
4 39.6 36 QFN 0.0833 85 EN5311Q1 Enpirion Inc. 2019
2.2 120.25 65 QFN 0.0274 92 EN6310QI Enpirion Inc. 2018
4 30.8 28 QFN 0.0857 85 EP5388Q1 Enpirion Inc. 2019
4 39.6 36 QFN 0.0667 87 EP53x2QI Family Enpirion Inc. 2018
4 23.1 21 QFN 0.1 85 EP5368Q1 Enpirion Inc. 2019
5 154 14 QFN 0.1286 90 EP5357xUL Enpirion Inc. 2019
4 39.6 36 QFN 0.05 88 EP53x2QI Family Enpirion Inc. 2018
9 18.9 21 1QFN 0.07 87 EP5348U1 Enpirion Inc. 2019
1 277.2 99 BQFN 0.0476 92 TPS84410 Texas Instruments 2018
0.8 7.4 6.67 MicroSiP | 0.09 93 TPS82740x Texas Instruments 2014
0.6 787.5 225 QFN 0.0251 90 ISL8204M Intersil 2014
0.35 1960 196 - 0.0025 91 BR300 Sanken 2013
DC-DC converters for PwrSiP & PwrSoC (Research)
1.3 784 2195.2 NiCuZn 0.0758 85 Lee [25] Virginia  Polytechnic Institute | 2010
and State University
1.5 1406.2 158 ESL- 0.0341 85 Gilham [26] Virginia Tech 2012
40011
1.5 870 150 Senfoliage | 0.0412 87 Su [7] Virginia Tech 2013
1.2 230 69 FeSiAl 0.0261 - Cao, [27] Hanyang University 2014
504 126 Senfoliage | 0.1179 - Hou [28] Virginia Polytechnic and State | 2015
University
2 450.4 132.48 NiCuZn 0.04 - Zhang [29] Virginia  Polytechnic Institute | 2014
and State University
2 1188 330 MnZn 0.002 - Perrin [30] Univ. Lyon 2016
1 10.24 10.24 FeBSiC 0.4689 s Endo [24] Tohoku University 2015
1 1076.4 414 Ferroxcube| 0.0019 - Sun [31] Virginia Tech 2016
ER-9.5
30 7.12 8.9 NiFe 0.0843 70 Wang [23] Tyndall National Institute 2010
50 7.92 9 ZnFe 0.1136 74 Yanagihara [32] Tokyo Institute of Technology 2015
3 1.215 5.76 NiZn 0.1 70 Sugahara [33] Fuji Electric Company 2012
6 5.4 9 NiZn 0.1667 74 Wang [22] University of Florida 2010
0.5 5984 2200 MnZn 0.011 66 Chen [34] Jiaotong University 2007
20 12.15 13.5 - 0.2716 - Zhang [19] Enpirion Inc. 2012
2 15 25 NiZn 0.084 - Mikura [35] Kyocera Corporation 2006
30 0.4 1 CoZrO 0.4* - Qiu [36] Dartmouth College 2012
10 5 12.474 CoZrO 0.5833* 88P Prabhakaran [37] Dartmouth College 2003
4 10.28 31.36 MnZn 0.5833 - Dang [21] The University of Alabama 2014

Table 1.1: Electrical characteristics of DC-DC converters for PwrSiP & Pwr-

SoC applications.
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As can be seen from Fig. 1.3, ferrite inductors, used as the magnetic
component in low power ( Watts < 5) PwrSoC applications, have severely
diminishing power densities at higher frequencies. This is due to the poorer
hysteresis losses of ferrites in the MHz frequency range. The reason ferrites
have significantly higher hysteresis losses is due to the frequency dependent
deterioration in their magnetic permeability, which stems from their much
lower magnetic saturation field (typically 0.3T ~ 0.6T) as compared to that
of soft thin film magnetics (typically 1T ~ 2.5T). This effect arises because
there is a linear relationship between the product of the permeability and
the resonance frequency of the material, and the magnetic field at which it
saturates. This relationship is given in eq. 1.2.1. In Eq. 1.2.1 p is the
permeability, wy is the ferromagnetic resonance frequency, and By is the field

at which the material saturates.

pwo x By (1.2.1)

Hence, extending the frequency response of ferrites results in a decrease in
the magnetic permeability and loss in performance. Typically the high fre-
quency performance of ferrites is extended by milling the ferrite material
into fine particles and dispersing them in a polymer to form a composite (see

Section 2.1).
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The relatively high hysteresis losses of ferrites can be modelled using the

Steinmetz equation, eq. 1.2.2

Py =kf*B° (1.2.2)

Here P is the power loss density of the core, and k, o, and 3 are parameters
which are selected to best fit the core loss data. Typical values for o and
B for MnZn ferrites are 1 - 2, and 2 — 3, respectively [38]. Thus the core
loss density of ferrites is heavily influenced by the amplitude of the magnetic
field. One way to mitigate the high frequency losses of ferrites is therefore
to limit the amplitude of the applied magnetic field in the core to be a small
fraction of their saturation. Indeed, in the very low applied field limit (B < 10
mT) ferrites can effectively operate in the 10s of MHz frequency range [39].
However, this drastically reduces the power density of the storage passive
component as the magnetic field energy density (Fy) is proportional to the
square amplitude of the magnetic field, see eq. 1.2.3.

B2

Ey=—
d 2

(1.2.3)

Considering eqs. 1.2.2 and 1.2.3 it is evident that magnetic thin films op-
erating in the Very High Frequency (VHF) range can have power densities

significantly higher than that of their ferrite counterparts owing to the fact

14
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that they do not have to limit the amplitude of the driving field in order to
stave off high frequency losses. This males magnetic thin films a tractable
solution for PwrSiP applications which require high power density at MHz
switching speeds. This trade-off between the magnitude of the magnetic field,
switching frequency, energy density, and power loss density, are entirely de-

termined by the Steinmetz parameters o and 5 (see Eq. 1.2.4).

Ep 1 B?
— = — 1.2.4
Pp (QNkfa> BF (124

In Fig. 1.4 the output power of DC-DC converters with integrated mag-
netics against the switching speed is plotted. There is a clear trend that the
output power of DC-DC converters using ferrites rapidly decreases as the
switching frequency increases. This is a direct consequence of the inability of
ferrites to effectively handle large energy densities in the VHF range without
an exponential increase in loss density. However DC-DC converters which
utilise soft thin film magnetics have been well demonstrated to provide power

for low power applications in the VHF frequency range.

°The National Microelectronics Research Centre would later become Tyndall National
Institute.
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Integrated Magnetics for PwrSiP & PwrSoC

Frequency | Power Material | Deposition Author Institution Year
[MHz] (W]
30 1.8 NiFe Electroplated | Wang [23 Tyndall National Institute 2010
8 0.9 NiFe Electroplated | Wang [40 Tyndall National Institute 2008
80 1.6 NiFe Electroplated | Feeney [41 Tyndall National Institute 2015
20 1.8 NiFe Electroplated | Feeney [42 Tyndall National Institute 2014
2.2 2 NiFe Electroplated | Park [43] Georgia Institute of Technology | 2004
40 0.48 NiFe Electroplated | Wang [44] Tyndall National Institute 2013
1 1.65 NiFe Electroplated | Ludwig [45] National Microelectronics Re- | 2003
search Centre®
20 0.225 NiFe Electroplated | Meere [46] Tyndall National Institute 2009
2 0.4 NiFe Electroplated | Brunet [47] National Microelectronic Re- | 2002
search Center®
6 0.25 NiFe Electroplated | Iyengar [48] University of Cincinnati 1999
5 5 NiFe Electroplated | Galle [49] Georgia Institute of Technology | 2007
7.5 3.5 NiFe Electroplated | O’Donnell [50] | National Microelectronic Re- | 2004
search Center®
5 1.5 NiFe RF Mag- | Yun [51] Hoseo University 2004
netron Sput-
tering
5 0.5 NiFe Electroplated | Musunuri [52] | University of Illinois 2005
20 0.6 NiFe Electroplated | O’Donnell [53] | Tyndall National Institute 2008
2 5 MnZn - Perrin [30] Univ. Lyon 2016
4 6 MnZn - Dang [21] The University of Alabama 2014
0.5 66 MnZn - Chen [34] Jiaotong University 2007
0.35 275 MnZn - Gong [6] Jiaotong University 2008
1 2 MnZn - Sun [54] Virginia Tech 2017
0.35 125 MnZn - Fujiwara [55] | Matsushita Electric Works 1998
0.5 10 MnZn - Pernia [56] Universidad de Oviedo 2004
1 4 MnZn Ferrite Poly- | Kowase [57] Shinshu University 2005
mer Compos-
ite(s) (FPC)
1.3 24 MnZn LTCC Ball [58] Virginia Polytechnic Institute | 2008
and State University
1 3.3 NiZn Embedded Sun [31] Virginia Tech 2016
3 0.72 NiZn Ferrite  Sub- | Sugahara [33] | Fuji Electric Company 2012
strate
5 18 NiZn LTCC Li [59] Virginia Polytechnic Institute | 2011
and State University
6 0.45 NiZn FPC Wang [22] University of Florida 2010
0.36 00 NiZn FPC Cheng [60] The Hong Kong Polytechnic | 2011
University
2 1.26 NiZn LTCC Mikura [35] Kyocera Corporation 2006

Table 1.2: Comparison of integrated magnetics for PwrSiP versus PwrSoC.
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Integrated Magnetics for PwrSiP & PwrSoC (continued)

Frequency | Power Material | Deposition Author Institution Year
[MHz] (W]

8.3 30 CoZrO | Sputtered Harburg [61] | Dartmouth 2013
5 14.4 CoZrO Sputtered Prabhakaran Dartmouth 2005
62
30 10 CoZrO | Magnetron Qiu [36] Dartmouth 2012

Sputtered
100 3.3 CoZrO | Magnetron Yao [63] Dartmouth 2012
Sputtered
10 2.31 CoZrO Reactive Prabhakaran | Dartmouth 2003
Sputtered [37]
1.3 59.4 NiCuZn | LTCC Lim [25] Virginia Polytechnic Institute | 2010
and State University
1.5 22 NiCuZn | LTCC Zhang [29] Virginia Polytechnic Institute | 2014
and State University
4 2.2 NiCuZn | LTCC Lim [64] Virginia Polytechnic Institute | 2008
and State University
1.32 NiCuZn | LTCC Moon [65] Hanyang University 2005
1.2 36 FeSiAl Polymer Cao [27] Hanyang University 2014
Compound
1.2 2 FeSiAl Polymer Lim [66] Hanyang University 2018
Compound
1 4.8 FeBSiC | Polymer Endo [24] Tohoku University 2015
Compound
1.8 1.5 FeBN RF Mag- | Kim [67] Tohoku University 2002
netron Sput-
tered
1.2 1.05 FeTaN Reactive Kim [68] Hong-Ik University 2001
Sputtered
18 3.3 FeCo Electroplated | Liakopoulos Enpiron Inc 2012
[20]

10 6.5 CoNiFe | Electroplated | Kim [69] Georgia Institute of Technology | 2015
1.84 0.515 CoFeNi | Melt Spun Moazenzadeh | University of Freiburg 2014
[70]

1 30 CoNiFe | Electroplated | Kelly [71] NUI Galway 2007
40 0.9 ZnFe FPC Hagita [32] SHINKO Electric Industries 2015
1.5 48 Ferrite | LTCC Li [26] Virginia Tech 2012
1.5 36 Ferrite Flake Com- | Su [7] Virginia Tech 2013

posite
1 24 Ferrite FPC Hou [28] Virginia Polytechnic and State | 2015
University
1 18 Ferrite | LTCC Huang [72] Northeastern University 2016
5 2 Ferrite FPC Jia [73] University of Central Florida 2010
20 0.855 Ferrite | - Zhang [19] Enpirion, Inc 2012
5 94 Ferrite FPC Tang [74] City University of Hong Kong 2001
70 0.6 Ferrite | - Chia [75] National Chung Hsing Univer- | 2014

sity

Table 1.2: Comparison of integrated magnetics for PwrSiP versus PwrSoC
(continued).
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Figure 1.4: Comparison of integrated magnetics for PwrSiP versus PwrSoC.
See Table 1.2 for details.

Thus it is clear that thin film magnetics are an ideal candidate for future
PwrSiP applications, as they exhibit the excellent soft magnetic properties
required in order to continue the trend of device miniaturisation. It is there-
fore useful to consider the exact manufacturing techniques used to realise
integrated magnetics in PwrSiP. There are several manufacturing processes
by which the magnetic component of the voltage regulator is being integrated
into substrates for the purpose of PwrSiP. The main methods for integrating

the magnetic component are as follows: 1) Embedding Bulk ferrite cores into
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the Prepreg of the PCB; 2) Dispersing fine ferrite powders into a polymer, or
epoxy, and then using standard screen printing technologies; 3) Incorporat-
ing ferrite tapes into the Low Temperature Co-Fired Ceramic manufacturing
process; 4) Integrating Thin Film Magnetics into PCB via electroplating,
embedding, or using wirebonds. While this thesis outlines the fabrication
methods associated with the creation of integrated magnetics utilizing meth-
ods 1 - 3, our main focus is the detailed investigation of the experimental

and theoretical aspects of method 4.

1.3 Executive Summary of Research & The-
sis Outline

This section provides the reader with an outline of the structure of this The-

sis and an overview of the major ideas presented therein.

Chapter 2 reviews existing technologies for the integration of magnetic ma-
terials used in PwrSiP applications. The strengths and weakness of those
technologies are discussed along with benchmarking and performance analy-
sis. Whence, chapter 2 serves as context for integrated thin film magnetics

in advanced organic substrates for PwrSiP applications.

Chapter 3 outlines the experimental fabrication procedure used for the de-

position of the magnetic thin films. During experiment it was observed that
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the magnetic efficacy of films deposited on the PCB substrate was inferior to
those deposited on Si. The surface roughness of the PCB substrate was de-
termined to be the issue. Indeed, the Surface Roughness to Thickness Ratio
(SRT) ratio of the thin film was determined to be a key limiting factor for
their successful use in PwrSiP applications. Two processes were developed®
in order to address this issue. The first approach sought to planarise the
underlying PCB substrate through the application of a planarising polymer
agent. The second approach developed a release process through which mag-
netic thin films deposited on silicon could be liberated, and then integrated

into a PwrSiP application.

Chapter 4 pertains to the manufacture of the integrated magnetic induc-
tor structures which utilised the released magnetic thin films. There were
three generations of inductor considered in this work. The first generation
used a PCB substrate and wirebonds to integrate the magnetic core [76].
The second generation used a ”Flip-Chip” method to embed the magnetic
core between two PCBs [77]. The third generation approach fully embedded
the magnetic core within the prepreg layers of the PCB stack. This was by
far the most complex approach and required the industry partnership with

AT&S in order to do the embedding.

®There are other individuals within Tyndall National Institute’s Magnetic on Silicon
team who contributed to these development processes. They are rightly acknowledged as
contributing authors on the relevant publications which stem from this thesis.
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Chapter 5 pertains to the numeric and analytical models developed to char-
acterise the magnetic thin films. As found in chapter 3, the surface roughness
had a major influence in the magnetisation dynamics of the thin films. Two
approaches were adopted in order to model this influence, one numeric, the

other, analytic.

The numeric modelling approach used Object Oriented Programming (OOP)
to create magnetic objects with inherent magnetic properties. This approach
was conceptually very simple. First, the continuous surface of the magnetic
thin film was approximated by a discrete mesh. Then the Gaussian distri-
bution was mapped onto that mesh in order the surface roughness. Hence,
the mean of the Gaussian determined the films thickness, and the rough-
ness was modelled through the variance of the Gaussian. The simulator was
deployed on a Graphics Processing Unit (GPU) using Compute Unified De-
vice Architecture (CUDA) libraries in order to reduce simulation runtime.
The simulator was verified against Micromagnetic Modelling Activity Group

(umag) standard problem #4.

The analytic modelling approach used Brown’s continuous diffusion model
of magnetic spins to treat the issue of surface roughness, and film thickness,
in the magnetisation dynamics of magnetic thin films. Historically Brown’s
diffusion model was developed in order to understand the role of thermal

fluctuations in the magnetisation dynamics of single domain magnetic parti-
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cles. Brown’s model was adapted to treat the issue of surface roughness as
both surface roughness and thermal fluctuations shared identical statistical
properties, namely both are sources of zero mean Additive White Gaussian

Noise (AWGN).

Furthermore, Brown’s model was later adapted to characterise the thick-
ness dependent degradation of the induced in-plane uniaxial anisotropy in

amorphous CZTB thin films spanning 80nm to 500nm thicknesses.

Chapter 6 provides a summary of the key findings of our work, and dis-
cussion on future works required. Further, this chapter lists the publications
which stem from this thesis, and the conferences attended during the course

of my PhD studentship.
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Chapter 2

State of the Art

This chapter reviews the current state of the art technologies, and future
technological developments, for integrating the magnetic component of volt-
age regulators into advanced organic substrates for Power Supply in Package
(PwrSiP) applications. In this chapter the various strengths and weakness
of the individual integration technologies are discussed along with the ma-
jor roadblocks relating to the integration of the magnetic passive using a
particular integration method. There are 4 integration technologies consid-
ered, as follows: 1) Bulk Ferrite Cores embedded in PCB substrate; 2) ferrite
particles dispersed in a polymer matrix; 3) ferrite tapes integrated in Low
Temperature Co-Fired Ceramic (LTCC); and 4) integrated thin film magnet-
ics in advanced organic substrates, which is the focus of our work. Finally
this chapter discusses potential technologies for the realisation of PwrSiP re-

quired for future electronic devices.
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The chapter is structured as follows. Section 2.1 gives an in depth discus-
sion on the different ways of integrating the magnetic component into the
substrates. In this section particular case studies are used to highlight the
key benefits achieved by integrating the magnetic passive into the substrate.
These case studies highlight the need of the magnetic passive component
to operate efficiently at ever increasing frequencies in order to continue the
trend of miniaturisation of the power supply. Hence, the various forms of
the magnetic component are discussed along with their strengths and limita-
tions. Furthermore, this section also considers the key challenges associated

with using a particular magnetic integration technology.

Section 2.2 compares the performance of the microinductors fabricated via
the manufacturing techniques outlined in Section 2.1. The devices are quan-
tified using three figures of merit which compare the DC and AC performance
of the microinductors. These microinductors are then compared against state
of the art Micro-Electromechanical System (MEMS) fabricated microinduc-
tors as a benchmark. Thus the reader can have an understanding of when
to use a particular integration technology based on their application specific

requirements.

Section 2.3 discusses future magnetic materials, alloys compositions, and

morphologies required for future PwrSiP applications. These materials, and,
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more importantly, their morphologies, are compared against the current mag-
netic materials being used in PwrSiP applications and the reasons why they
are the ideal candidate to be the magnetic component in future PwrSiP ap-
plications are discussed. Whence, they key challenges in incorporating these
materials into standard PCB manufacturing to form complete PwrSiP are
discussed. Finally the conclusions of this chapter are provided in Section

2.4.

2.1 PwrSiP: Integration of the Magnetic Com-
ponent

In this section we review the different manufacturing techniques used inte-
grated the magnetic component of the voltage regulator forming a PwrSiP
application. As stated earlier the four main methods considered are: 1)
Embedding Bulk ferrite cores into the PCB substrate; 2) integrating Ferrite
Polymer Composite(s) (FPC) into the PCB substrate; 3) integrating ferrite
tapes with standard LTCC manufacturing; 4) integrating magnetic thin films
into the PCB substrate. This section provides a review of the strengths and

weaknesses of those techniques.
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Figure 2.1: (Left [1]) Standard ferrite embedding process. (Right [2]) Cross
section of ferrite embedded in glass-epoxy composite.

2.1.1 Embedded Bulk Ferrites

In more recent years there has been a move towards the embedding of the
bulk magnetic ferrite into the PCB substrate in order to reduce the footprint
required for the magnetic component of the power supply module. The em-
bedding of the magnetic core, fully outlined in [1, 2], involves the hollowing
out of a cavity in the prepreg layers which will house the core within the
substrate and then the application of pressure and heat in order to form a
seal, cf Fig. 2.1. The use of a cavity reduces the risk of delamination and
minimises the amount of stress on the core. The embedding of the magnetic
core within the prepreg layers allows the remaining active components of the
power supply module to be placed above the now embedded magnetic core
rather than alongside it, thus utilising the normally dead space on the PCB,
further reducing parasitics associated with redundant electrical interconnec-

tions, and increasing the inductance and power densities.

41



State of the Art

Indeed Sun et al. [3, 4] show that by embedding the magnetic component
within the substrate higher power densities can be achieved along with high
efficiencies. In their work they demonstrate an isolated gate drive using
an embedded toroidal transformer with a bulk ferrite core as the magnetic
isolation. They achieve a power densities of 73 W/in® and an efficiency of
85%. However they found that the higher power densities achieved with the
embedded toroidal transformer resulted in a higher parasitic inter-winding
capacitance (1.6 pF) when compared to the larger embedded coplanar trans-
former (0.77 pF) in their work. This increase in capacitance can have detri-
mental effects on the dynamic voltage response and hence hampers the effi-
ciency of the overall Dynamic Voltage and Frequency Scaling (DVFS) power
grid. Therefore there is a potential trade-off between the efficiency of the
power transformer and the transient response of its transfer characteristic.
The footprint of the embedded coplanar transformer, including all the active
components mounted on the PCB, was 23 x 18 mm?, whereas the footprint
of the embedded toroidal transformer was 13 x 13 mm?. Thus by using the
embedded toroidal transformer they reduced the amount of PCB required
for the gate drive by 59%. Furthermore they compared both transformers
as a 2W Gate drive power supply and found that the toroidal transformer
had an overall efficiency of 85% versus the coplanar transformer’s efficiency
of 74%. The better efficiency of the toroidal transformer over the coplanar
was due to a more efficient use of the magnetic core which resulted in less

magnetic material required by the toroidal transformer. The more efficient
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use of the magnetic material was a direct consequence of the higher winding

density of the toroidal transformer.

However, with this increased power density achieved by embedding the ferrite
core within the substrate, the thermal stability of the core must be consid-
ered, as a mismatch between the Coefficient of Thermal Expansion (CTE) of
the core and the substrate can result in delamination issues or the cracking
of the core. The effects on the thermal stability of embedding the ferrite core
was investigated by Salas et al. [5], who found that by embedding the core
within the substrate resulted in a 27 degree C increase in the temperature of
the core as compared to a non-embedded core. The temperature difference
between the embedded ferrite core and the standard ferrite core is illustrated

in Fig. 2.2.

They concluded that the increase in the temperature of the magnetic core
was the result of decreasing the cross sectional area of the core (a requirement
for the embedding process) which, so long as the current of the two devices
remained constant, resulted in an increase in the magnetic flux density. Thus,
one can conclude from this, particularly where large magnetic flux densities
are involved, there exists a fundamental trade-off between the thickness of

the embedded core and delamination issues, and the temperature of the core.

The reliability of the substrate to endure thermal induced stresses was tested
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Figure 2.2: [5](Left) Thermal image of standard ferrite toroidal transformer.
(Right) Thermal image of embedded ferrite toroidal transformer.

by Perrin et al. [6] who subjected various substrates, with embedded bulk
ferrite cores, to thermal cycling in order to see if failure would be induced.
The temperature cycling spanned -55 degrees C to 200 degrees C at a cool-
ing/heating rate of 20 degrees C per minute, and at both extremes the tem-
perature was held constant for 20 minutes. This was repeated 1000 times.

Figs. 2.3 & 2.4 show the result of this temperature cycling.

As can be seen from Fig. 2.3, delamination of the FR-4 substrate, and crack-
ing of the ferrite core has occurred resulting in the failure of the device. The
cracking of the ferrite core would result in the introduction of unwanted air
gaps resulting in a decrease in the inductance gain from the material. This

drop in inductance would have adverse effects on the power supply module
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Figure 2.3: [6](Left) FR-4 samples before thermal testing. (Right) FR-4
samples after 150 temperature cycles.

Figure 2.4: [6](Left) Panasonic R1515 sample before thermal testing. (Right)
Panasonic R1515 samples after 1000 temperature cycles.

and possibly render the power module no longer fit for purpose. In addition
to a reduction in inductance, at the cracks there would be magnetic fringing
effects which too would reduce the efficiency of the power module. Further-
more the delamination of the FR-4 is more worrying as this may result in
the breaking of copper interconnects, or water ingression into the substrate

causing an electrical short.

However, as can be seen from Fig. 2.4, no delamination issues or crack-
ing of the embedded core occurred when using the Panasonic R1515 PCB
substrate. Thus the choice of PCB substrate when embedding the core is
pivotal in the prevention of delamination, or cracking, resulting from heat

dissipation by the core into the surrounding substrate.
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In addition to a failure of the core or the substrate, the increase in the temper-
ature of the embedded core can have negative effects on the surface mounted
electronic components due to the increase in the ambient temperature. This
is illustrated in [6] which shows a decrease in transformer efficiency with
increasing ambient temperature. Therefore, particularly in power systems
which require large currents, the dissipation of heat within the embedded

core must be considered.

2.1.2 Ferrite Particles Dispersed in Polymer Matrices

However, despite the advances made in embedding the bulk ferrite material
into the substrate, there still persists current handling and frequency limita-
tions to using a bulk ferrite core. There is ongoing research to produce ferrite
materials which exhibit high current high frequency performance through the
creation of a nano grain structures within the ferrite, which results in a larger
ratio of grain boundary to grain volume. Such nano grain structures help
prevent the deterioration of the relative permeability at higher frequencies
[7, 8]. However the creation of such ferrites normally results in high fab-
rication costs. A popular cost effective method for circumventing the poor
frequency performance of bulk ferrites is to mill the ferrite material into fine
particles and then to mix them into a polymer. This has the effect of intro-
ducing distributed air gaps within the core, and in doing so, simultaneously

increases the frequency stability of the relative permeability of the material
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and constrains the motion of the eddy currents to the individual magnetic
particles. The reduced mobility of the eddy currents within the core further
increases high frequency performance. A major advantage of integrating the
magnetic component in this manner is that such FPC lends itself to the use
of standard screen printing technologies [9-11], coma blade coating [12, 13],

or even advanced additive manufacturing techniques [14].

Both the high frequency performance, and the large current handling capa-
bilities, of polymer ferrite composites are exemplified by the work of Sugawa
et al. [11], who fabricated a Carbonyl-Iron Powder (CIP) epoxy composite
magnetic core planar inductor for package level Point of Load (POL) power
applications that exhibited a quality factor of 15 at 100 MHz while main-
taining a 5.5 A superimposed dc current. They fabricated a 1 mm? power
inductor on a glass substrate using a 54% volume CIP /epoxy, cf Fig. 2.5. As
can be seen from the figure there is a good dispersion of the CIP in the epoxy.
However there is a discontinuity in the composite core where the copper has
been deposited. This discontinuity arises as the copper is electroplated on
a b pum thick layer of polyimide, which is required in order to planarize the
surface. Thus the core resembles a multi-layer stack, which can reduce the
efficiency of the core. Note, the 5 um gap introduces an additional air gap

into the FPC core.

They compared their work against [15] and found that they achieved bet-
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Figure 2.5: [11] Cross sectional SEM image of fabricated planar power in-
ductor with CIP/Epoxy composite core.

ter frequency performance owing to a more homogenous dispersion of the
CIP in the polymer as compared to the Fe-based powder, which had the
tendency to form clusters within the polymer, and so, by increasing the dis-
persion of the ferrite within the polymer there is a reduction in magnetic
loss at higher frequencies [16]. Thus a highly homogenous distribution of the
ferrite powder within the polymer is required for high frequency performance

of the embedded inductor utilising FPC.

Furthermore FPC has mostly been used in tandem with bond wire tech-
nologies to integrate the magnetic component into the package by several
researchers [17-20]. The use of bond wire inductors utilising a FPC offers a
cost effective approach for power supply in package applications and can be
readily incorporated into the standard PCB manufacturing processes. Tra-

ditionally bondwires have been susceptible to breaking caused by mechanical
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Figure 2.6: [19] Bondwire inductor with ferrite epoxy core fabricated on PCB.

stress resulting in the bondwire coming off from the pad. However, the use
of a polymer coating around the bond wire (see Fig. 2.6) will increase the
mechanical stability of the inductor and prevent damage being done to the
encased bond wire. Thus further increasing their potential use in PwrSiP

applications.

The main advantage of bond wire inductors over other MEMS inductors
is that the DC resistance of the bond wire is relatively small. Thus the bond
wire inductor can achieve better quality factors over MEMS based inductors.
Indeed Shen et al. [19, 20] demonstrate a bondwire inductor with ferrite-
epoxy coating that achieves a quality factor of 30 to 40 in the 2 to 20 MHz
range. Therefore bondwire inductors using a FPC offer a cost effective means

of integrating the magnetic component of the power supply module into the
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package without a degradation of the quality of power supply module.

The use of FPC is not limited to screen printed inductors or bondwire in-
ductors, it can be readily used by additive manufacturing processes. Indeed
the use of additive manufacturing techniques, an example of which is 3D
printing, to integrate the magnetic component into the substrate has been
investigated by several researchers [21-24] and provides a good route to man-
ufacture highly complex designs with relative ease. Advanced structures can
be designed using 3D FEM modelling software, such as Maxwell Ansys, Ca-
dence, or HFSS, and rapidly manufactured by exporting the 3D structure to
the 3D printer. This enables researchers to deploy optimisation algorithms
to design highly specific inductors for power supply applications and to have
the output design of such optimisation algorithms realised with relative ease.
Indeed the 3D printing of a ferrite core was performed by L. Liu et al. [14],
and could easily incorporated into the process described by W. Liang et al.
25], cf Fig. 2.7. Perhaps the main tractability of 3D printing the magnetic
core and the

that the distribution of the magnetic field within the core can be con-
trolled in a manner not available to other fabrication techniques. Such con-
trol over the interaction of the magnetic field and the core can be utilised to
increase the amount of current which can be handled by the inductor without

the magnetic core saturating.
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3D printing ferrite paste

Figure 2.7: (Left [14]) 3D printed toroid core using a FPC. (Right [25])
Electroplated toroidal inductor on 3D printed scaffold.

The use of polymer ferrite composites offers a good solution to high cur-
rent high frequency power applications. They are easily integrated into the
substrate through the use of standard PCB technologies, such as screen print-
ing, ink jet printed, or through the use of additive technology. However they
have a lower inductance density than bulk ferrites or thin film magnetics,

and therefore offer reduced power densities.

2.1.3 Ferrite Tapes & Low Temperature Co-Fired Ce-
ramic (LTCC)

The use of LTCC for high density electronic interconnections has been used
by the microelectronic packaging industry for several decades and there is
extensive published research on integrating the magnetic component into
this substrate forming a single stack for power supply applications [26-34].

The integration of magnetics into the LTCC stack is rather simple due to the
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Figure 2.8: [33] Structure of integrated de-de converter based on LTCC tech-
nology.

technology being based on the binding of glass ceramic films pressed together
under low temperature (1000 degrees C). Therefore, in principle one must
only add a ferrite tape, with conduction paths printed onto it, into the stack
before the binding phase in order for the magnetic component to be inte-
grated into the LTCC substrate, cf Fig. 2.8. In non-planar inductors holes
are first punched into the ferrite tape and then later filled with a conducting

paste allowing multi-layer connections in the stack.

However, by integrating a magnetic ferrite sheet into the LTCC stack in
this manner there is an increase in unwanted parasitic inductance in areas
which are not local to the inductor. The effect of unwanted parasitics on
the silver traces manifests itself in the forms of voltage overshoot and ring-
ing [35]. Hence, due to parasitic inductances and capacitances, the current
carrying silver trace acts as a transmission line. These parasitics form a sec-
ond order damped harmonic oscillator. In the case of overshoot and ringing,
that second order system is underdamped, resulting in a longer time interval

required for the transient response of the frequency modulated voltage to die
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Figure 2.9: [35](Left) Voltage waveform with conductive shield. (Right)
Voltage waveform without conductive shield.

out and the system to converge on a steady state, cf Fig 2.9. This can result
in serious negative consequences for the DVFS granular power grid when the
transient response of the power supply is of a similar order to that of the

change in the dynamic load of the processor.

The poor transient performance of the LTCC system is contra to an ef-
fective DVFS granular power grid, and so measures are required to curtail
the unwanted parasitic inductance inherent to the current LTCC stack. This
unwanted parasitic inductance can be mitigated through the use of conduc-
tive copper shielding to protect the silver traces [36]. The local magnetic field
originating from the current in the silver trace is prevented from entering the
ferrite layer of the LT CC substrate by the formation of eddy currents within
the conductive shield, which oppose time variations in the magnetic field.
Furthermore, as the eddy current formation opposes the rate of change of

the magnetic field, higher order harmonics are more heavily damped. This
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further reduces the unwanted parasitics caused by the magnetic substrate
and smooths out voltage ringing. The effectiveness of the shield on mitigat-
ing unwanted parasitic inductance is therefore a function of the frequency
spectra of the current, the conductivity of the material, and the thickness of

the copper shielding.

Indeed, there have been several reports on low profile coupled inductors
using LTCC as a substrate for high current high frequency point of load
applications [35, 37, 38]. These LTCC coupled inductors achieve efficiencies
of 85% for currents spanning 2 to 20 Amps. For such large currents, care
must be taken to insure that the magnetic material in the core does not sat-
urate, as doing so would result in an increase in the energy being dissipated
by the core. This is owing to the relationship between the imaginary com-
ponent of the magnetic susceptibility and the amplitude of the AC driving
field. In order to prevent the magnetic core from saturating the DC com-
ponent of the magnetic field must be cancelled out [38]. This is done by
using multiphase coupled inductors which are inversely coupled together in
such a manner where the magnetic fields from the two current sources can-
cel out in the magnetic material. Typically this is achieved by interleaving
the copper windings around a shared magnetic core. However this is not
strictly required, all that is required is that the linear superposition of the
two magnetic fields arising from the current sources add in such a manner

as to prevent the core from saturating. Furthermore, it has been shown that
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the use of inverse coupling of inductors can improve the efficiency and tran-
sient response of voltage regulators [41, 42]. The improved efficiency arises
as the load transient response is proportional to the overall inductance in the
switching converters. Thus, inverse coupling can be used to reduce the tran-
sient component of the inductance while maintaining its steady state value,
and so, improve the load transient response of the converter [43]. However,
flux cancellation techniques are ill fitted for applications which require higher

inductance densities while still maintaining large currents.

Through a judicious choice of core material being used in the LTCC stack,
relatively large current and power densities can be achieved without resorting
to the use of flux cancellation methods. Such an approach has the benefit of
having a larger inductance density and significantly simplified control than
its flux cancellation counterpart. The primary requirement of such material
is the frequency performance of the relative permeability under large DC
bias. That is, the material is required to have a large B,,. The frequency
spectra of the relative permeability can be determined by subjecting the ma-
terial to a large external DC magnetic bias field with a small time-vary AC
field superimposed onto it, see 2.1.1. Here the frequency of the AC field is
swept over a frequency range of interest. The measurement of the relative

permeability frequency spectrum under external DC bias is given in [44].

B(t) = By + ABe ™" (2.1.1)
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In addition to having large B, requirements, the material is also required to
have stable p, at higher frequencies. This is achieved by selecting a compos-
ite alloy wherein the onset of spin, and domain wall, resonance occurs outside
the operating frequency of the inductor. The onset of such resonances results
in an exponential rise in the loss tangent of the material due to the relative
permeability lagging behind the applied field [45, 46]. Furthermore, the ma-
terial selected must be compatible with the LTCC manufacturing process as
inter-diffusion of the core material and the glass ceramic reduces the effec-
tive thickness of the copper layer. Such unwanted inter-diffusion ultimately
undermines the current handling capabilities of the inductor. In addition,
the diffusion of elements from the glass ceramic into the ferrite material can
result in a phase change of the ferrite at the potentially ill-defined boundary
(high diffusivity of elements will blur the boundary interface). An example
of this is the growth of the hematite phase in NiCuZn due to the diffusion of
Mg and Al ions from the glass ceramic [47], cf Fig. 2.10. The presence of this
phase drastically reduces the relative permeability and the saturation mag-
netisation of the ferrite, which, undermines the performance of the inductor
and any PwrSiP of which it is a part. This is particularly true for thin film
ferrites where the boundary behaviour of the material is dominant owing to
the large surface area to volume ratio. Thus careful selection of the magnetic
core material and glass ceramic substrate is required for good performance

of the inductor.
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Figure 2.10: Diffusion of Al and Mg into ferrite at interface [47].

One such material combination investigated by Li et al. [48] is NiCuZn ferrite
layer and Zn,SiO4 ceramic layers. The combination of NiCuZn and ZnsSiOy4
shows little inter-diffusion between the magnetic layer and the ceramic layer,
cf Fig. 2.11. This lack of inter-diffusion further illustrates how the choice
of the ceramic is vital for the performance of the inductor as NiCuZn is the
same ferrite which exhibited high inter-diffusion in the ceramic layer contain-

ing Al and Mg ions in [47].

Furthermore, they demonstrated the viability of this ferrite-ceramic combi-
nation by fabricating a 2 x 1.2 x 0.9 mm?® power inductor using the standard
LTCC manufacturing process. They achieved an inductance of 2 uH up to 10
MHz and had a saturation current of 430 mA. The device is very well suited

for high current applications as it had a very low DC resistance (0.2 Ohms).
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Figure 2.11: [48] SEM image of NiCuZn — Zn,SiO4 boundary.

Moreover, they showed that by careful selection of the magnetic material
used, and the glass ceramic substrate, high current high inductance density

inductors can be mass fabricated using standard LTCC manufacturing.

However, despite the advances being made in integrating the ferrite mag-
netic component to form a LTCC stack for PwrSiP applications, there still
exists issues. The main one being that the use of ferrites as the core magnetic
material limits the advantage gained to the lower frequency regimes. This is
due to the rise in the imaginary part of the relative permeability at higher
frequencies causing the magnetic material to dissipate energy in the form
of heat. This issue can be addressed by lowering the relative permeability,
via the introduction of distributed air gaps as in the case of FPC. However,
in doing so, the gain in using the magnetic material is also reduced. This

breakdown of the relative permeability is due to the ferrite material inability
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to respond in time to the changing magnetic field i.e. the alignment of the
magnetic domains within the ferrite lag behind the applied magnetic field.
The fundamental reason for this is that the magnetic reversal process of fer-
rites is dominated by domain wall dynamics, and not coherent rotation of
domains. This magnetisation reversal process is more lossey as domain walls
may become pinned by local defects within the material. Thus, for the full
benefit of integrating the magnetic component into the LTCC stack, there
is a need for a core magnetic material which has high pu,, high B, and
wherein the magnetisation reversal dynamics are dominated by the coherent

rotation of the individual magnetic domains.

2.1.4 Thin Film Magnetics in Advanced Organic Sub-

strates

This thesis focused on the integration of soft magnetic alloys into the package
substrate is of particular interest due to the large relative permeability, high
saturation current, and low hysteresis losses of these materials as compared
to ferrites. In the past soft permalloy materials were electroplated directly
onto the PCB substrate in such a manner as to form a closed magnetic core
around the current carrying copper traces [49, 50|, cf Fig. 2.12. This ap-
proach offers a very scalable solution for industry as large panels of PCBs
can be cheaply electroplated, and so is a very tractable solution to question

of integrating magnetics into package.
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Figure 2.12: [50] Half view of PCB integrated inductor with electroplated
NigoFezo.

The use of a closed magnetic core, using through hole vias plated with mag-
netic material to connect the top and bottom cores, eliminates the air gap
in which the magnetic field lines of an open magnetic core would have to
close. The reduction of the relative permeability of a gapped magnetic core
is a direct consequence of Gauss’ and Ampere’s law for magnetism, see Eqs.

2.1.2-2.1.3.

V-B=0 (2.1.2)

n 0
B- = -dA+ = | —FE-dA 2.1.
}{ dl /AJ d +62/Aat d (2.1.3)

In Eq. 2.1.3 n is the refractive index of the magnetic material. Normally
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the ratio of the refractive index to the speed of light is very small and the
second term on the RHS of the equation is omitted. Evaluating the closed
loop integral in Eq. 2.1.3 over the length of the magnetic core and the length
of the air gap yields Eq. 2.1.4 as an expression for the effective permeability.

/’LCOTC

]‘ + /’LCOTB Lgap

LCOTG

Heff = (2.1.4)

From Eq 2.1.4 it is evident that the closed core arrangement takes full ad-
vantage of the magnetic material as the effective permeability of the material
is not diminished by the presence of the air gap. Furthermore, during the
electroplating of the soft magnetic material onto the substrate, a strong in
plane anisotropy can be readily induced which is pertinent to the low loss
performance of the material at higher frequencies. Consequently, the electro-
plating of the soft magnetic component onto the PCB is a scalable and cheap

method for the integration of the magnetic component into the package.

However, with the ever increasing operating frequency required to reduce
the energy storage components in the power converter, the thickness of the
films must be reduced in order to mitigate eddy current loss. As the magnetic
films become thinner the surface boundary effects of the thin film become
more important. In this regard, depositing the material onto a rough surface

leads to a degradation in material performance as there will exist a stray
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magnetic field at the rough boundary. Such a field ultimately increases the
coercivity of the material, and so increase hysteresis loss. Therefore, in the
case of thin film magnetics, additional steps must be taken to insure that the
surface on which the film will be deposited is smooth as deposition onto a

rough surface ultimately increases the coercive losses [51].

Advanced thin film magnetics have already been integrated on chip via sput-
tering and have shown good performance in the high frequency range [52, 53].
However the integrating of the magnetic component on chip involves expen-
sive MEMS fabrication. Therefore there is extensive interest to integrate
these advanced magnetic materials into PCB, or other organic substrates,
as they offer lower fabrication costs and can have significantly higher cur-
rent carrying abilities due to the easily deposited thicker copper traces. The
sputtering of such advanced thin film magnetic materials onto a polyimide
substrate containing copper traces was recently done in [54, 55], and has
been demonstrated in the area of flexible electronics [56]. Qui et al. [54, 55]
successfully developed a tapped power inductor which achieved a power den-
sity of 645 W /Inch? and had an efficiency of 93.8%. In order to obtain such
high power densities, and inductor efficiency, they fabricated a multi-layer
thin film stack of nanogranular Co-Zr-O. The use of the multi-layer stack
increases the amount of magnetic material, while, at the same time, lim-
its the motion of the eddy currents to within an individual layer. Such a

stack therefore reduces eddy current loss, and improves inductor efficiency.
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However careful modelling of the stack must be performed to ensure high fre-
quency performance as capacitive coupling between the layers can give rise
to displacement currents [57, 58]. Such currents reduce the volume of useful

magnetic material within the core and give rise to energy loss.

Furthermore, when depositing magnetic thin films onto organic substrates,
care must be taken to ensure good material morphology. This is due to the
critical importance of material morphology in relation to the soft magnetic
properties. Indeed, Li et al. [59] demonstrate this importance by DC mag-
netron sputtering FeCo thin films onto glass, and an organic Polyvinylidene
Fluoride (PVDF) substrate. They found that the average grain size of the
FeCo deposited on PVDF was much larger than that of its glass deposited
counterpart. The increase in the average grain size ultimately undermines the
ultra-low coercive loss of the material which is obtained in amorphous mate-
rials via the averaging out of the long range magneto-crystalline anisotropies
as described by Herzer’s model [60, 61]. The formation of the larger grain
structures on the PVDF was attributed to the much lower thermal conduc-
tivity of the PVDF substrate. Therefore one must consider the effect that
the substrate, in combination with the deposition technique, will have on the

morphology of the material.

Moreover, the magnetic component need not be directly fabricated on the

package substrate. It has been well demonstrated that a magnetic core tape
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can be fabricated, via melt-spinning, etc..., and then latter embedded, or in-
tegrated by other means, into the package. For example, Sanders et al. [62]
used laser patterned silicon steel to create an 80 layer stack which was latter
embedded in PCB. More recently Kulkarni et al. [63] used wirebond tech-
nology to integrate thin Vitrovac magnetic films to a PCB substrate. Thus
showing that advanced magnetic materials can be fabricated outside of the
standard PCB manufacturing process and then later incorporated into the
package by either embedding the film in prepreg, or using wirebond technolo-

gies. This concept forms the basis of the work demonstrated in this thesis.

2.2 Benchmarking & Performance Analysis
of Integrated Magnetics

In this section of the thesis the performance of the PwrSiP and Power Supply
on Chip (PwrSoC) DC-DC converters with integrated magnetics are bench-
marked and compared. The benefit of such a comparison being that it can
quantify the performance of thin film magnetics in advanced organic sub-
strates in relation to that of their contemporaneous alternative integrated
magnetic technologies i.e., embedded bulk ferrites, ferrite tapes and LTCC,
Si integrated magnetics. This enables the identification of the strengths and
weaknesses of thin film magnetics in advanced organic substrates used as the

magnetic passive component in PwrSiP applications.
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However it is challenging to carry out such a comparison since it is hard
to accurately benchmark the overall device performance as different power
converters may have very different specifications. Hence, it is necessary to
quantify what we mean by ‘performance’ by defining several key Figures of
Merit (FOMs) from which one may infer device performance, depending on

the application in which the device is being used.

Unfortunately such a more generalised Figure of Merit (FOM) view ulti-

mately results in a loss of accuracy, and, to this point, there exists no stan-
dardised set of FOMs used by the research community to benchmark overall
device performance. Furthermore, the task of correctly benchmarking de-
vice performance against contemporary devices is exacerbated as different
researchers use different FOMs and one is often presented with an incom-
plete set, from which device performance can only be interpolated from the
incomplete data. Therefore, in order to make meaningful progress in bench-
marking device performance it is necessary to discuss the FOMs typically

used by the research community, and to explain the significance of each.

The more typical FOMs used to describe performance are as follows: 1)
the dc inductance value, Ly.; 2) the dc resistance value, Rgy.; 3) the current
at which the magnetic core saturates, Ig; (note this is intrinsically related

to the By of the magnetic core); 4) the overall footprint of the inductor
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structure; 5) the Q-factor of the inductor, Q); and 6) the operating frequency.
To facilitate the ease of comparison, the set of FOMs is separated into those
which describe the DC performance of the inductor (1 - 4), and those which
describe the AC (5 - 6), i.e., in subsection 2.2.1 the FOMs which are used
to describe the DC performance are discussed; in subsection 2.2.2 the FOMs
which are used to describe the AC performance are discussed; and finally,
in subsection 2.2.3 a hybrid figure of merit which merges the DC and AC

performance is discussed.

2.2.1 DC - Analysis

The main FOMs used to describe the DC electrical performance of the induc-
tor are: the inductance; the dc resistance; the current at which the magnetic
core saturates; and the overall physical footprint the device occupies on the
PCB. Both the inductance, and the saturation current relate to the energy
storage capabilities of the inductor, whereas the dc resistance pertains to the
energy dissipation of the inductor through the unwanted creation of heat.
Thus, for effective PwrSiP applications, the maximum energy storage to en-
ergy dissipation, in a minimal footprint, is desired. So long as the applied
current is less than the Iy, of the magnetic core, this is numerically described
as the inductance to resistance ratio per unit footprint, and forms one of the
most important FOMs for the suitability of an inductor to a PwrSiP appli-

cation [64]. Indeed the output efficiency of a typical Buck converter with
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integrated magnetics is related to the Lg./ Ry, ratio via Eq. 2.2.1 [65].

Lge P,x (1—-D)
Ry. f x I, x Powerlossg.

(2.2.1)

Hence, researchers can use Eq. 2.2.1 to determine the minimum Lg./Rg.

ratio permissible for a given efficiency.

To illustrate that there exists a fundamental trade-off between the energy
density and the power dissipation of an inductor consider the general expres-

sion of inductance for a highly coupled inductor, and its resistance Eqs. 2.2.2

& 2.2.3.
N2pios i Am
Lo = “l 11 — N2K, (2.2.2)
pl
Rae = NI — NK, (2.2.3)

Here N is the number of turns comprising the inductor; jis is the effective
relative permeability of the core; A,, is the closed surface through which the
magnetic field lines pass; [, is the length of the magnetic field line; p is the
resistivity of the copper; and finally, A, represents the cross sectional area of
the copper. From inspection of the above expressions it is evident that there

is a linear relationship between the inductance and the resistance, see Eq.

224

de Kl
= N—. 224
Rdc KQ ( )
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Thus, as long as K7 > K, the energy efficiency of the device monotonically
increases with the number of turns. Such an assertion would be true were the
device not constrained by footprint. However, for a given footprint, the cross
sectional area of the conducting wire must be decreased in order to facilitate
the additional turns, and in doing so, the DC resistance of the inductor is
compromised. Indeed it is reported by X. Fang et al. [66] that the Lg./Rge.
ratio of a solenoid inductor is proportional to the square root of the physical

footprint.

L
9/ Aina (2.2.5)

Rdc

It is clear from Eq. 2.2.5 that the Lg./Rg4. rapidly diminishes with decreasing
inductor footprint (A;,q). In figure 2.13 the Lg./Rg. vs footprint is plotted
for devices found in the literature (note these values are provided in table 2.1
subsection 2.2.2). These devices are grouped based on the magnetic integra-
tion methods outlined in section 2.1. By comparing all these groups against
the air core devices it is evident that the presence of the magnetic core in-
creases the Lg./Rg4. ratio. This is a direct consequence of Eq. 2.2.2 which
states that this ratio is directly proportional to the effective permeability
of the magnetic core. Furthermore, the fundamental trade-off between the
Lge/ Rg. and footprint manifests itself in this graph as no device makes it into
the top left hand corner, which, represents the maximum energy stored to

energy dissipated per unit footprint.
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Figure 2.13: Inductance to resistance ratio vs footprint of PwrSiP & PwrSoC
applications found in literature. Note top left of graph is desired area for
PwrSiP & PwrSoC applications. See table 2.1 for details.

69



Q-Factor

1000

100

10

0.1

0.01

State of the Art

B Integrated Thin Film Magnetics on
Silicon

A Embedded Bulk Ferrites

X Polymer Ferrite Powder

@ Thin Film Magnetics in Advanced
Organic Substrates

¢ Ferrite Tapes and LTCC

= Ferrite Chip Inductor

® Si Integrated Air Core

@ PCB Integrated Air Core

°
e
L4 e s "
d b< 3
°
" m L]
® ® % X
° . I & g
°
o B
- = | .:'
A
m ®
™
n
0.01 0.1 1 10 100

Inductance Density [nH/mm2]

1000

Figure 2.14: Q-Factor vs footprint of PwrSiP & PwrSoC applications found
in literature. Note top right of graph is desired area for PwrSiP & PwrSoC

applications. See table 2.1 for details.
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Figure 2.15: AC-DC FOM vs inductance density of PwrSiP & PwrSoC ap-
plications found in literature. Note top right of graph is desired area for

PwrSiP & PwrSoC applications. See table 2.1 for details.
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Power Supply in Package Inductors

Inductor Footprint | FOM L/Rac Q Material Q Author Institution Year
Type [mm?] [nH/m)]
Spiral 1 2.309 .333 16 FeCNO Sugawa [11] Shinshu University 2013
Spiral 1 1.67 0.23 12 ZnFe Yazaki [71] Shinshu University 2014
Spiral 1 1.19 0.25 9.5 Air Core Yazaki [71] Shinshu University 2014
Spiral 9 1.08 6.34 15 FeBSiC Endo [72] Tohoko University 2015
Spiral 20.25 0.74 5 45 NiZn Bang [9] Kwangwoon University 2009
Spiral 64 0.17 1.13 100 Air Core Madsen [73] Technical University of Denmark | 2013
Spiral 70 0.13 6.94 12.5 FeSiAl Lim [13] Hanyang University 2018
Spiral 9 0.024 0.014 3.27 Y3Fe;040 Bechir [74] University de Lyon 2015
Spiral 912 0.006 1.05 33 Air Core Olivio [75] Ecole Polythechnique Federale de | 2013
Lausanne
Spiral 600 0.002 0.13 8 NiFe Park [76] Georgia Institute of Technology | 2004
Solenoid 27 0.24 2.54 16 CoNiFe Kim [77] Georgia Institute of Technology | 2015
Solenoid 64 0.12 1.13 51 Air Core Madsen [73] Technical University of Denmark | 2013
Solenoid 14.2 0.01 0.27 7 CoFeHfO Li [70] Stanford University 2009
Toroid 225 0.13 15.95 57 Ferrite Dou [78] Technical University of Denmark | 2018
Toroid 900 0.07 20.83 175 Air Core | Biglarbegian [79] | University of North Carolina at | 2015
Charlotte
Toroid 484 0.035 2.11 135 Air Core Liang [80] Stanford University 2016
Toroid 31.36 0.032 | 0.05 18.85 CoZrO Qiu [81] Dartmouth 2013
Toroid 31.36 0.024 0.04 14.14 | Air Core Qiu [81] Dartmouth 2013
Toroid 282 0.021 0.24 149 Air Core Kamby [82] Technical University of Denmark | 2012
Toroid 440 0.005 | 2.48 2.09 MnZn Salas [5] Universidad Carlos I1I de Madrid | 2016
Power Supply on Chip Inductors
RaceTrack | 0.27 3