
IEEE MAGNETICS SOCIETY SECTION

Received 30 July 2022, accepted 12 August 2022, date of publication 19 August 2022, date of current version 8 September 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3200335

Design, Modeling, and Analysis of a 3-D Spiral
Inductor With Magnetic Thin-Films for
PwrSoC/PwrSiP DC-DC Converters
CHANDRA SHETTY , (Member, IEEE), AND DANIEL C. SMALLWOOD
Micro and Nano Systems Centre, Tyndall National Institute, University College Cork, Cork 21, T12 R5CP Ireland

Corresponding author: Chandra Shetty (chandra.shetty@tyndall.ie)

This research was supported by Tyndall National Institute, University College Cork and Science Foundation Ireland under the ADEPT
Project No. 15/IA/3180 ‘‘Advanced Integrated Power Magnetics Technology—From Atoms to Systems’’.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

ABSTRACT A solution architecture for monolithic system-on-chip (SoC) power conversion is in high
demand to enable modern electronics with a reduced footprint and increased functionality. A promising solu-
tion is to reduce the microinductor size by using novel magnetically-enhanced 3-D design topologies. This
work presents the design, modeling, and analysis of a 3-D spiral inductor with magnetic thin-films for power
supply applications in the frequency range of 3-30 MHz. A closed-form analytical expression is derived for
the inductance, including both the air- and magnetic-core contributions. To validate the air-core inductance
model, we implement a 3-D spiral inductor on PCB. The theoretical calculation of air-core inductance is in
good agreement with experimental data. To validate the inductance model of the magnetic-core, a 3-D spiral
inductor is modeled with Ansys Maxwell electromagnetic field simulation software. A winding AC resis-
tance model is additionally presented.We perform a design space exploration (DSE) to investigate the signif-
icance of the 3-D spiral inductor structure. Two important performance parameters are discussed: dc quality
factor (Qdc) and ac quality factor (Qac). Also, a 3-D spiral inductor structure with magnetic thin-films is char-
acterized inAnsysMaxwell to estimate its potential, and a novel fabricationmethod is proposed to implement
this inductor. The measured relative permeability (µr ) and the magnetic loss tangent (tan δ) of Co-Zr-Ta-B
magnetic thin-films, developed in-house, are used to simulate the proposed structure. The promising results
of the DSE can be easily extended to improve the performance of other 3-D inductor topologies, such as the
solenoid and the toroid. The numerical simulations reveal that the 3-D spiral inductor with magnetic thin-
films has the potential to demonstrate a figure-of-merit (FOM) that is significantly higher than traditional
inductors.
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INDEX TERMS Power supply on chip (PwrSoC), power supply in package (PwrSiP), 3-D spiral inductor,
partial inductance, dc quality factor (Qdc).

I. INTRODUCTION22

Modern electronic devices demand increased functionality23

coupled with device miniaturization. This highlights the chal-24

lenge of power delivery to these highly integrated devices,25

where traditional approaches to point-of-load power con-26

version (the converter is placed in proximity to the load27

The associate editor coordinating the review of this manuscript and
approving it for publication was Valentine Novosad.

to provide a precise voltage) can no longer be applied. 28

In the case of point-of-load power conversion [1], [2], each 29

switching regulator requires discrete passive components 30

(i.e., inductor and capacitor). Specifically, the inductor is the 31

pain point due to its large footprint and height profile. The 32

ideal solution here is to have the power conversion circuitry 33

integrated directly with the load (e.g., CPU, SOC); that is, the 34

load and power supply are monolithically integrated. In other 35

words, we need to realize a system-on-chip (SoC) [see Fig. 1] 36
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FIGURE 1. (a) Conceptual approach for the realization of power supply on chip (PwrSoC) [3] (
 2013 IEEE) and (b) concept of system-on-chip (SoC): load
and power supply are incorporated within the same monolithic unit [4] (
 2005 IEEE).

solution. Furthermore, the holy-grail in power management37

is to make the multiple passives ‘‘disappear’’ onto or into the38

SOC substrate/package.39

A. BACKGROUND AND MOTIVATION40

A key roadblock in the realization of Power Supply on Chip41

(PwrSoC)/ Power Supply in Package (PwrSiP) solution is42

the integration of bulky magnetic passive components (i.e.43

inductors and transformers) [5], [6]. The terms PwrSiP and44

PwrSoC are defined as follows [7], [8]:45

1) PwrSiP: Separate chips (switches drivers, con-46

troller) within the same package with external induc-47

tor/passives. The passives (inductor and capacitor) and48

the PMIC can be either assembled side by side or stacked49

on each other.50

2) PwrSoC: A single chip (containing switches, drivers,51

and controller) with integrated inductor/passives. Here52

the inductor/passives will be integrated onto the power53

management IC (PMIC), i.e., monolithic integration.54

As the size of the magnetic passive components shrinks,55

integration becomes easy [see Fig. 2]. The size of the mag-56

netic components can be reduced either by (a) increasing57

the frequency, or (b) employing advanced magnetic passive58

components (AMPC), which exhibits high power density.59

Although the former approach results in improved load tran-60

sient response in the case of DC-DC converters (depending61

on bandwidth [9]), it has shortcomings such as switching62

loss, magnetic-core loss, substrate loss and electromagnetic63

interference (EMI). Consequently, the latter approach is the64

preferred choice. However, the research on AMPC is still in65

its infancy and requires considerable progress to make the66

application of AMPC practicable.67

B. REVIEW OF PREVIOUS WORK68

Recently, there has been a great interest in developing69

3-D inductors as this structure has the advantage of high70

inductance density over a conventional 2-D inductor [11], 71

[12]. The structural difference between 2-D and 3-D induc- 72

tors is illustrated in Fig. 3. Three-dimensional (3-D) induc- 73

tors can be classified as in-substrate (also referred to as 74

in-chip or in-silicon) inductors and on-substrate (also referred 75

to as on-chip or on-silicon) inductors. Although in-silicon 76

inductors are challenging to fabricate, this type of inductor 77

makes use of unused substrate volume, resulting in a low 78

profile inductor, and hence, improved volumetric inductance 79

density. As the inductor footprint reduces, the DC ratio of 80

inductance to resistance (Ldc/Rdc), also known as the DC 81

quality factor (Qdc) [13], [14], decreases significantly [15]. 82

Inductors employed in PwrSiP [16], [17] and PwrSoC [4], 83

[17] carry current which is composed of AC (ripple current) 84

and DC components. DC resistance (DCR) is a major con- 85

tributor to copper loss due to a large DC component in the 86

inductor current, which indicates that there is a necessity to 87

design inductors that exhibit lower DCR (Rdc) and in turn 88

higher Qdc. 89

As discussed in [19], the DCR of 3-D toroidal inductors 90

can be reduced by the following ways: (a) connecting vertical 91

conductors in parallel [see Fig. 4] and (b) increasing the 92

winding cross-section. However, the traditional 3-D inductor 93

structure such as a toroid allows a limited number of parallel 94

connections and a small increase in the winding cross-section 95

due to the footprint constraint. As a result, the improvement 96

in DCR is not satisfactory. Also, the parallel connection of 97

vertical conductors requires a trapezoidal-shaped bottom and 98

top radial conductors [see Fig. 4(b)]. A trapezoidal-shaped 99

conductor does not have a closed-form analytical solution 100

for the inductance, which makes it challenging to design 101

the inductor. The characterization of non-standard structures 102

such as trapezoidal-shaped conductors in finite element anal- 103

ysis (FEA) takes a significant amount of time and memory. 104

Another disadvantage of parallel connection is the increase 105

of parasitic capacitance. 106
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FIGURE 2. Evolution PwrSiP to PwrSoC [10] (
 2010 IEEE), [1] (
 2012 IEEE).

FIGURE 3. Physical structure of micro inductors: (a) 2-D inductor and
(b) 3-D inductor [18] (
 2011 IEEE).

FIGURE 4. Outer ring vertical conductors are connected in parallel to
reduce DCR: (a) PCB inductor [20] (
 2017 IEEE) (b) silicon inductor [19]
(
 2018 IEEE).

Alternatively, Qdc can be improved either by (a) decreas-107

ing negative mutual inductance, or (b) increasing positive108

mutual inductance; the former can be achieved by increasing109

the distance between conductors with opposite directions110

of current flow and the latter is accomplished by placing111

conductors with the same direction of current flow closer. The112

drawbacks are that (a) in the first approach, the footprint will113

FIGURE 5. Three dimensional (3-D) inductors with magnetic-core:
(a) toroid [5] (
 2018 IEEE) and (b) solenoid [27]
(https://creativecommons.org/licenses/by/4.0/).

increase, and (b) the second approach increases the interwind- 114

ing capacitance. 115

In [15], [21], and [22], the study has been carried out to 116

optimize the Qdc of on-chip inductors. These are magnetic- 117

core inductors. The Qdc of magnetic-core inductors is bet- 118

ter than air-core inductors due to enhanced inductance 119

contributed by the magnetic-core. However, the integra- 120

tion of a magnetic-core has following disadvantages: (a) it 121

involves core loss [23] (b) it is challenging to integrate the 122

core [24], [25], and (c) it is difficult to introduce anisotropy 123

into the core [26], [14]. In the previous research on 3-D 124

inductors [5], [27] [see Fig. 5], a magnetic-core is integrated 125

to improve the inductance density. However, these inductors 126

are not suitable to operate at high-frequency (HF) (3-30MHz) 127

as the core is solid (non-laminated); they suffer from low 128

Qac (2π fLac/Rac) at HF due to large eddy currents. In [24], 129

even though the laminated core is embedded, the inductor 130

occupies a large footprint. This implies the necessity of a 3-D 131

spiral inductor structure where it is relatively easy to integrate 132

a thin core and induce anisotropy while maintaining highQac 133

and Qdc. 134
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FIGURE 6. Slotting, which introduces slots in the continuous magnetic
film in the direction perpendicular to the inductor wire with an intention
to cut off eddy current flow and hence reduce loss in the magnetic
film [28] (
 2013 IEEE).

Traditionally, the effect of eddy currents in the magnetic-135

core can be suppressed by employing (a) multiple laminations136

(b) sub-micron film thicknesses, (c) slotting (magnetic films137

are patterned into bars, see Fig. 6) [28], and (d) high resistivity138

magnetic material. The first approach leads to increased cost139

as well as process complexity [29]. Also, it involves displace-140

ment eddy current loss [30]. The second approach degrades141

the power handling capacity of the film [26]. Finally, the third142

approach is not suitable for power supply frequency range,143

which is typically 1-100 MHz, as it suffers from low quality144

factor [28]. In this work, single-layer magnetic thin-films of145

high resistivity are distributed along the radial direction. The146

advantages of employing single-layer magnetic thin-films147

are the elimination of displacement eddy current loss and148

lamination cost.149

Another factor that degrades the Qac of 3-D inductors is150

substrate loss. Several methods are proposed to reduce the151

substrate loss: (a) introduction of a microchannel [12] [see152

Fig. 7(a)], (b) employing a high resistivity substrate [31], and153

(c) removing the silicon core partially or completely [19] [see154

Fig. 7(b)]. Other methods are discussed in [32].155

In this paper, we report a novel 3-D spiral inductor with156

thin-films for PwrSoC/PwrSiP dc-dc converters in the fre-157

quency range of 3–30 MHz. The specific contributions of158

this paper include: to the best of our knowledge, we herein159

introduce for the first time, the concept of a three-quarter160

turn in the context of 3-D microinductor design, which is161

a fundamental unit cell that can be used to construct novel162

3-D inductor topologies and thereby expand the bounds of the163

DSE. Moreover, as presented in section II, we demonstrate164

that a three-quarter turn exhibits a better Qdc than a full165

turn, 2) a simple closed turn approach is adapted to derive166

an analytical solution for the air-core inductance of the pro-167

posed 3-D inductor. This simple approach can be extended168

to 2-D spiral air-core inductors, for which relatively compli-169

cated methods have previously been reported for inductance170

models [37]. The air-core 3-D spiral inductor is implemented171

in a PCB and electrically characterized to validate the induc-172

tance model. Also, a winding AC resistance model is pre-173

sented. In addition, analytical equations are presented for the174

FIGURE 7. Substrate loss reduction in 3-D TSV inductors by means of
(a) microchannel shields [12] (
 2015 IEEE) (b) a complete removal of
silicon core [19] (
 2018 IEEE).

FIGURE 8. Topology of the 2-D racetrack inductor with
thin-films [33] (https://creativecommons.org/licenses/by/4.0/).

resistance and inductance of three-quarter and full turns with 175

circular and rectangular cross sections, 3) a novel fabrication 176

method is proposed for a magnetically-enhanced 3-D spiral 177

microinductor with radially oriented magnetic materials in a 178

unique quadrant topology, 4) we discuss the advantages of 179

using single-layer thin-films and a high resistivity substrate, 180

as well as the significance of working in the frequency range 181

of 3-30MHz and the potential impact of EMI in the given fre- 182

quency range. Furthermore, Table 1 summarizes the benefits 183

of a 3-D spiral inductor with thin-films as compared to a 2-D 184

spiral inductor with thin-films. 185

C. SCOPE OF THIS WORK 186

In this work, the traditional spiral inductor structures such 187

as the planar and the two-layer are modified to improve 188

Qdc and Qac. The goal is to maximize volume coverage, 189

that is, increase the dimensions of the winding conductors 190

to lower the DCR. Also, the distance between the opposite 191

current carrying vertical conductors is increased to reduce the 192

number of conductors, which in turn reduces DCR without 193

significantly affecting the air-core energy storage density of 194

the inductor. The winding conductors are arranged so that the 195

direction of currents in all the windings are the same, which 196

contributes to positive mutual inductance. Also, this strategic 197

arrangement of conductors reduces substrate loss as most of 198

the magnetic field lines due to vertical conductors cancel 199

each other inside the substrate except the strongH -fields near 200

the vertical conductors, details are discussed in section III. 201

Another important reason for the reduction in the substrate 202

loss is the magnetic field direction of vertical conductors is 203

parallel to the substrate plane. Thin-film magnetic-cores with 204

a thickness less than the skin depth are integrated to improve 205

the inductance density. Unlike 3-D solenoidal and toroidal 206

inductors (winding surrounds the core), the role of conductor 207

and core is switched in 3-D spiral inductor structures with 208

magnetic thin-films (core surrounds the winding) to optimize 209

the performance. This novel approach offers a low reluctance 210
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TABLE 1. List of advantages of 3-D spiral inductor with thin-films over 2-D inductor with thin-films.

path for the flux, resulting in high inductance density. The211

thin-film magnetic-cores are arranged so that flux travels212

along the hard axis of the core, which is essential for high-213

frequency operation [26], and the eddy currents flow in the214

axial direction, in the direction opposite to the current in215

the vertical conductors of the winding. More details on the216

3-D spiral inductor with magnetic thin-films are given in217

section III.218

Even though the 3-D spiral inductor with thin-films shares219

common features with 2-D inductors with thin-films, there220

are significant differences between these two structures, both221

morphologically and functionally, as illustrated in Table 1.222

In this paper, we propose a reduced frequency of operation223

(3-30 MHz) to mitigate the problems such as switching loss,224

magnetic-core loss, substrate loss, and electromagnetic inter-225

ference (EMI). The central idea of a reduced frequency of226

operation approach to improve the FOMof proposed inductor227

can be justified as follows. It is well known that increasing228

the frequency will reduce the inductance requirement for229

switching converters [35], [36], [37], [38]. However, one can-230

not increase the switching frequency extremely high for the231

reasons mentioned earlier. The 3-D spiral inductor with mag-232

netic thin-films exhibits the required inductance to operate a233

switching converter circuit at the proposed frequency of oper- 234

ation. We have demonstrated this by taking a buck converter 235

that operates in continuous conduction mode (CCM) as an 236

example. The example converter has the following specifica- 237

tions: input voltage (Vin) = 3 V, output voltage (Vo) = 1 V, 238

frequency (f ) = 30 MHz, duty cycle (D) = 0.33, load current 239

(Io) = 1A, and load resistance (R) = 1�. Theminimum induc- 240

tance (Lmin), estimated with the help of (1) [39], required for 241

the continuous conduction mode is 11.16 nH. This estimated 242

value is much less than the inductance of the proposed induc- 243

tor [see Table 4], which means that the example converter 244

can operate in CCM if the proposed inductor is employed for 245

energy storage. Larger inductance results in lower ripple and 246

hence reduction in RMS value of inductance current, which 247

leads to higher efficiency. In other words, the 3-D spiral 248

inductor with magnetic thin-films can serve as an energy 249

storage element for dc-dc converters while maintaining high 250

FOM. 251

Lmin =
(1− D)R

2f
(1) 252

A limitation of the 3-D spiral inductor structure is that the 253

fluxes are not confined, which leads to magnetic interference 254
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(radiated EMI) with other circuits. If the stray fields (external255

magnetic field) that it produces can be mitigated, it could be256

a promising candidate for integrated power supply applica-257

tions. A brief introduction to the concept of EMI and mitiga-258

tion methods is provided below.259

There are two types of EMI: conducted and radiated.260

Radiated EMI is a concern only above 30 MHz [40], [41],261

[42], [43]. At very high frequency (>30MHz), conductors262

can become antennas and radiate RF energy and potentially263

generate harmful EMI. The radiated EMI can be mitigated by264

a shielding technique. As far as conducted EMI is concerned,265

the noise in the frequency range of 3-30 MHz can be reduced266

by EMI filtering [40]. For example, the input current in a267

buck converter is rich in harmonics [41]. An EMI filter can be268

employed to attenuate the switching harmonics present in the269

converter input current [44]. Themaximum frequency that we270

propose in this paper is 30 MHz. As a result, the 3-D inductor271

with thin-films can be employed in switching converters272

without imposing potential harmful effects of radiated EMI.273

The paper is organized as follows: after the introduction,274

we study the Qdc of different 3-D inductor winding compo-275

nents in section II. The 3-D spiral inductor with magnetic276

thin-films is presented in section III. Section IV discusses the277

integration of magnetic thin-films in a 3-D spiral inductor278

structure and fabricationmethod. In section V, the accuracy of279

analytical models for the inductances of the winding and the280

magnetic thin-films are discussed, and also the FOM of 3-D281

spiral inductor with magnetic thin-films is compared with282

previously published work. Finally, the paper is concluded283

in section VI.284

II. DESIGN SPACE EXPLORATION285

The process of investigating optimal parameter combinations,286

which results in the highest inductor performance, can be287

termed as design space exploration (DSE). In this work,288

a design space is created graphically to determine the impact289

of design parameters on Qdc.290

Three-dimensional (3-D) inductor structures can be291

formed by connecting a finite number of full turns or three-292

quarter-turns (0.75-turns) in series. Three-quarter and full293

turns, which are composed of through-silicon-vias (TSVs)294

and redistribution layers (RDLs), are shown in Fig. 12. In this295

paper, we use the term copper pillars (or simply pillars) for296

TSVs and interconnects for RDLs. The pillar cross-section297

can be circular, rectangular, or square. Similarly, the inter-298

connect cross-section can be rectangular or square. In this299

section, we study the Qdc of individual 3-D inductor winding300

components. Also, we explore the significance of the DC301

internal inductance of pillars and interconnects. Conclusions302

from this study are given at the end of this section.303

A. DC INTERNAL INDUCTANCE (Lin)304

The internal inductance of a circular pillar (Lcirc,in) [45] and305

a rectangular pillar (Lrect,in) [46] are given by (2) and (3),306

FIGURE 9. Impact of magnetic-core conductor radius on Ldc , Rdc , and
Qdc .

FIGURE 10. In-plane magnetic field in a 3-D inductor [34]
(https://creativecommons.org/licenses/by/4.0/).

FIGURE 11. Out-of-plane magnetic field in a 2-D inductor [34]
(https://creativecommons.org/licenses/by/4.0/).

respectively. 307

Lcirc,in(lcp) 308

=
µolcp
8π

(2) 309

Lrect,in(lrp, α, β) 310

=
µolrp
8π

311

×

(
4.18α3β + 51.90α2β2 + 4.18αβ3

α4 + 16.09α3β + 28.2α2β2 + 16.09αβ3 + β4

)
312

(3) 313

where lcp is the length of the circular pillar, lrp, α, and β 314

are the length, width, and thickness of the rectangular pillar, 315

respectively and µo (4π × 10−7H/m) is the permeability of 316

free space. 317

Fig. 13(a) and (b) show the variation of Lcirc,in and Lrect,in 318

for different dimensions, respectively; simulation and ana- 319

lytical expression results are compared. The lengths of the 320

pillar (i.e., 200 µm, 280 µm, 350 µm, 500 µm) are chosen 321
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FIGURE 12. Types of turns: (a) Three-quarter-turn (0.75-turn) with circular pillars (b) Three-quarter-turn (0.75-turn)
with rectangular pillars (c) Full-turn with circular pillars, and (d) Full-turn with rectangular pillars.

from previous publications [5], [17], [47]. From the graphical322

study, we see that Lrect,in reaches a maximum value when323

the width (α) becomes equal to the thickness (β). Therefore,324

we will use square conductors (pillars and interconnects) as325

a special case of rectangular conductors for further study on326

the Qdc of different 3-D inductor components.327

From Fig. 13, we see that the analytical expression for the328

internal inductance of a rectangular pillar is more accurate329

for thin shapes and square pillar geometries, while there330

is an exact correlation between analytical and FEA results331

for circular pillars for all dimensions. The reason can be332

explained as follows. A circular conductor exhibits symme-333

try that allows the application of Ampere’s law to find the334

total magnetic flux inside the conductor, and thereby the335

internal inductance, without the requirement of evaluating336

any integrals. On the other hand, a rectangular conductor337

is less symmetrical, which requires complicated numerical338

integration to compute the internal inductance. Consequently,339

the closed-loop expression for the internal inductance of340

a rectangular geometry is less accurate than the circular341

geometry.342

Observation 1: The internal inductance of a circular pillar 343

is independent of the radius. On the other hand, the internal 344

inductance of a rectangular pillar is a maximum when the 345

width (α) is equal to the thickness (β), i.e., a square pillar. 346

B. Qdc OF A SINGLE PILLAR 347

Here we study theQdc of pillars with rectangular and circular 348

cross-sections. Simplified analytical formulas are considered 349

to develop an easy understanding of the relation between Qdc 350

and the conductor dimensions. However, the exact formulas 351

are used for presenting data in graphical form. The exact 352

formulas are given in Appendix I. 353

1) A SINGLE CIRCULAR PILLAR 354

Simplified formula for the self-partial inductance (Lcirc) [48] 355

and resistance (Rcirc) of circular cross section pillars are given 356

by (4) and (5), respectively, where r is the radius. 357

Lcirc(lcp, r) =
µolcp
2π

[
ln
(
2lcp
r

)
− 0.75

]
(4) 358

Rcirc(lcp, r) =
ρlcp
πr2

(5) 359

VOLUME 10, 2022 92111
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FIGURE 13. Variation of internal inductance of a single-pillar for different dimensions. (a) Circular pillar and (b) Rectangular pillar.

From (4) and (5), we see that there is a trade-off between360

DCR and self-inductance. The self-inductance of a circular361

pillar can be improved either by decreasing r or increasing362

lcp, but this will increase the resistance by the factor of363

r2 or lcp. This makes it notoriously difficult to determine the364

effect of the variation of pillars dimensions on performance.365

To understand this easily, we have carried out a graphical366

analysis, as shown in Fig. 14(a), where Qdc is plotted against367

radius r and length lcp.368

2) A SINGLE RECTANGULAR PILLAR369

The formulas for the self-partial inductance (Lrect ) [49] and370

resistance (Rrect ) of rectangular interconnects are given by (6)371

and (7), respectively. The self-inductance of a rectangular372

conductor can be increased either by decreasing α and β or373

increasing lrp, but this will increase the resistance by the fac-374

tor ofα×β or lrp. Similar to the previous case, we have carried375

out a graphical analysis, as shown in Fig. 14(b), where Qdc is376

plotted against length lrp and width α. We have considered a377

square cross-section as a special case of a rectangular cross-378

section for the study for the reason mentioned earlier.379

Lrect (lrp, α, β) =
µolrp
2π

[
ln
(

2lrp
α + β

)
− 0.75

]
(6)380

Rrect (lrp, α, β) =
ρlrp
αβ

(7)381

Observation 2: The Qdc of pillars increases with cross382

section and length. For cross section, the Qdc increases expo-383

nentially for both circular and rectangular pillars, and for384

length from lcp/rp = 200µm to lcp/rp = 500µm, the increment385

in Qdc is 31.34-77.30% for circular pillars and 25.48-91.05%386

for rectangular pillars. The lowest (31.34%) and highest387

(77.30%) values in the increment range correspond to radii388

5 µm and 200µm, respectively, for circular pillars. Similarly,389

the lowest (25.48%) and highest (91.05%) values in the incre-390

ment range are corresponding to α = β = 10 µm and α =391

β = 400 µm, respectively, for rectangular pillars. Simulated392

values were used for these and the following percentages.393

Observation 3: The Qdc of a rectangular pillar is 394

27.36-29.15% higher than a circular pillar for approximately 395

the same footprint and length. The comparisons are made 396

at the lowest and highest Qdc values, which occurs at the 397

smallest and largest of pillar volumes, respectively. In this 398

study, the smallest volume corresponds to r = 5 µm, lcp = 399

200 µm and the largest volume corresponds to r = 200 µm, 400

lcp = 500 µm for circular conductors. Similarly, the smallest 401

volume corresponds to α = β = 10 µm, lrp = 200 µm and 402

largest volume corresponds to α = β = 400 um, lrp = 500 µm 403

for rectangular conductors. 404

C. Qdc OF AN INTERCONNECT 405

Interconnects usually have a rectangular or square cross 406

section. Since we have already studied the Qdc of a square 407

cross section, we can use the same result. The interconnect 408

length is denoted as lin. 409

D. Qdc OF TWO PARALLEL PILLARS 410

1) TWO PARALLEL CIRCULAR PILLARS 411

To estimate the Qdc, we need to compute the inductance 412

as well as the resistance. The inductance of two parallel 413

connected circular pillars, Lpac, is half of the sum of the self- 414

partial inductance of a single circular pillar, given by (4) and 415

the mutual partial inductance between pillars, given by (8). 416

The expression for Lpac is given by (9). The net resistance of 417

parallel circular pillars Rpac is half that of the single circular 418

pillar, which is given by (10). The plot of Qdc versus radius 419

is shown in Fig. 15(a). 420

M (l, p) =
µol
2π

[
ln
(
2l
p

)
− 1

]
(8) 421

where l is the length of a conductor (a pillar or an intercon- 422

nect) and p is the center-to-center distance between conduc- 423

tors (pillars or interconnects). 424

Lpac = 0.5
(
Lcirc(lcp, r)+M (lcp, p)

)
(9) 425

Rpac = 0.5Rcirc(lcp, r) (10) 426
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FIGURE 14. Variation of Qdc of a single-pillar for different dimensions for four different lengths of pillars. (a) Circular pillar and (b) Rectangular
pillar. The lowest and highest Qdc values labeled on the graphs are from FEA simulations, not from analytical models.

FIGURE 15. Variation of Qdc of two parallel pillars for different dimensions for four different lengths of pillars. (a) Parallel circular pillars and
(b) Parallel rectangular pillars.

The gap between two parallel pillars is assumed to be 5µm,427

which is determined from the critical dimension (CD) [50].428

It should be mentioned that the equation in [50] is a first429

approximation. As reported in [51], the CD is a function of430

pillar length, photoresist chemistry, the exposure dose and the431

photomask feature geometry/size, wherein diffraction effects432

are very significant for rectangular/circular pillars.433

2) TWO PARALLEL RECTANGULAR PILLARS434

Similar to the previous case, the inductance Lpar and resis-435

tance Rpar for two parallel rectangular pillars are given436

by (11) and (12), respectively. The plot of Qdc versus length437

and width is shown in Fig. 15(b).438

Lpar = 0.5
(
Lrect (lrp, α, β)+M (lrp, p)

)
(11)439

Rpar = 0.5Rrect (lrp, α, β) (12)440

Observation 4: The Qdc of parallel pillars is greater than a 441

single pillar. This is true for circular and rectangular pillars. 442

Observation 5: The Qdc of parallel rectangular pillars is 443

23.25-26.02% higher than parallel circular pillars for approx- 444

imately the same footprint. The comparisons are made at 445

lowest (r = 5µm, α = β = 10µm, lcp/rp = 200µm) and highest 446

(r = 200 µm, α = β = 400 µm, lcp/rp = 500 µm) Qdc values. 447

E. Qdc OF A THREE-QUARTER-TURN 448

1) THREE-QUARTER-TURN WITH CIRCULAR PILLARS 449

The schematic of a three-quarter-turn with circular pil- 450

lars is shown in Fig. 12(a). The inductance of a three- 451

quarter-turn with circular pillars, L0.75TCP, is equal to the 452

sum of the self-inductances of the pillars plus the self- 453

inductance of the interconnect minus twice the mutual 454

inductance between the pillars and is given by (13). The 455
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mutual inductance between a pillar and an interconnect is456

assumed to be zero as the magnetic fluxes produced by them457

are orthogonal to each other. The DCR of a three-quarter-turn458

with circular pillars, R0.75TCP, is given by (14). Variation of459

Qdc of a three-quarter-turn with circular pillars versus pitch460

for four different lengths of pillars is shown in Fig. 16.461

L0.75TCP = 2Lcirc(lcp, r)+ Lrect (lin, α, β)− 2M (lcp, p)462

(13)463

R0.75TCP = 2Rcirc(lcp, r)+ Rrect (lin, α, β) (14)464

2) THREE-QUARTER-TURN WITH RECTANGULAR PILLARS465

The schematic of a three-quarter-turn with rectangular pil-466

lars is shown in Fig. 12(b). Similar to the previous case,467

the inductance (L0.75TRP) and resistance (R0.75TRP) for a468

0.75−turnwith rectangular pillars are given by (15) and (16),469

respectively. Variation of Qdc of a three-quarter-turn with470

rectangular pillars versus pitch for four different lengths of471

pillars is shown in Fig. 17.472

L0.75TRP = 2Lrect (lrp, α, β)+ Lrect (lin, α, β)− 2M (lrp, p)473

(15)474

R0.75TRP = 2Rrect (lrp, α, β)+ Rrect (lin, α, β) (16)475

Observation 6: The Qdc of 0.75-turns with circular and476

rectangular pillars increases with pitch. The increment with477

pitch (p = 200 µm to p = 2000 µm) is 68.24-155.40% for478

circular pillars and 52.46-145.28% for rectangular pillars.479

The lowest and highest values in the range correspond to480

radii 5 µm and 50 µm, respectively, for circular pillars and481

α = β = 10 µm and α = β = 100 µm, respectively, for482

rectangular pillars. The length considered for comparison is483

500 um.484

Observation 7:TheQdc of a 0.75-turn does not vary signifi-485

cantly with pillar length. The increment from lcp/rp = 200 µm486

to lcp/rp = 500µm is 4.01% (r = 5µm, p = 200µm) and 6.38%487

(r = 50 µm, p = 2000 µm) in the case of circular pillars and488

6.56% (α = β = 10 µm, p = 200 µm) and 3.14% (α = β =489

100 µm, p = 2000 µm) in the case of rectangular pillars.490

Observation 8: The Qdc of 0.75-turn with rectangular pil-491

lars is 10.84-17.59% higher than with circular pillars. The492

comparison is made at the lowest (r = 5 µm, α = β = 10 µm,493

lcp/rp = 200 µm, p = 200 µm) and highest (r = 50 µm,494

α = β = 100 µm, lcp/rp = 500 µm, p = 2000µm) Qdc values.495

F. Qdc OF A FULL-TURN496

1) FULL-TURN WITH CIRCULAR PILLARS497

The schematic of a full-turn with circular pillars is shown498

in Fig. 12(c). The inductance of a full-turn with circular499

pillars, LTCP, is the sum of the self and mutual inductances of500

and between conductors (pillars and interconnects). As previ-501

ously mentioned, the mutual inductance between a pillar and502

an interconnect is assumed to be zero as the magnetic fluxes503

produced by them are orthogonal to each other. The expres-504

sion for LTCP is given by (17), where lcp + β is the center-505

to-center distance between the top and bottom interconnects.506

The sign of mutual inductance is negative as the currents flow 507

in opposite directions. The DCR of a full-turn with circular 508

pillars, RTCP, is given by (18). Variation of Qdc of a full-turn 509

with circular pillars versus pitch for four different lengths is 510

shown in Fig. 18. 511

LTCP = 2Lcirc(lcp, r)+ 2Lrect (lin, α, β) 512

− 2M (lcp, p)− 2M (lin, lcp + β) (17) 513

RTCP = 2Rcirc(lcp + β, r)+ 2Rrect (lin, α, β) (18) 514

2) FULL-TURN WITH RECTANGULAR PILLARS 515

The schematic of a full-turn with rectangular pillars is shown 516

in Fig. 12(d). Similar to the previous case, the inductance 517

(LTRP) and resistance (RTRP) for a full-turn with rectangular 518

pillars are given by (19) and (20), respectively. Variation of 519

Qdc of a full-turn with rectangular pillars versus pitch for four 520

different lengths is shown in Fig. 19. 521

LTRP = 2Lrect (lrp, α, β)+ 2Lrect (lin, α, β) 522

− 2M (lrp, p)− 2M (lin, lrp + β) (19) 523

RTRP = 2Rrect (lrp + β, α, β)+ 2Rrect (lin, α, β) (20) 524

Observation 9: The Qdc of a full-turn with circular and 525

rectangular pillars increase with pitch. The increment in Qdc 526

with pitch (p = 200 µm to p = 2000 µm) is 44.37-109.57% 527

(e.g., ((246.68-117.71)/117.71)*100 = 109.57) for circular 528

pillars and 31.88-102.94% for rectangular pillars. The length 529

(lcp/rp) considered for the calculation is 500 µm. Similar 530

calculations can be carried out for other lengths. 531

Observation 10: The Qdc of a full-turn with circular and 532

rectangular pillars increases with pillar lengths. The incre- 533

ment in Qdc from lcp/rp = 200 µm to lcp/rp = 500 µm is 534

8.33% (r = 5 µm, p = 200 µm) and 29.85% (r = 50 µm, 535

p = 2000 µm) in the case of circular pillars and 12.96% 536

(α = β = 10 µm, p = 200 µm) and 35.45% (α = β = 100 µm, 537

p = 2000 µm) in the case of rectangular pillars. 538

Observation 11: The Qdc of a full-turn with rectangular 539

pillars is 4.61- 11.21% greater than a full-turn with circu- 540

lar pillars for the same footprint (approximately), pitch and 541

length. The comparisons are made at the lowest (r = 5 µm, 542

α = β = 10 µm, lcp/rp = 200 µm, p = 200 µm) and highest 543

(r = 50 µm, α = β = 100 µm, lcp/rp = 500 µm, p = 2000 µm) 544

Qdc values. 545

From the DSE, we can draw two important conclusions: 546

(i) The Qdc of 0.75-turns is higher than a full-turn irre- 547

spective of the pillar cross section (circular or rect- 548

angular): 3.84-32.47% in the case of circular pillars 549

and 9.79-40.36% in the case of rectangular pillars. The 550

comparisons are made at the lowest (r = 5 µm, α = 551

β = 10 µm, lcp/rp = 200 µm, p = 200 µm) and high- 552

est (r = 50 µm, α = β = 100 µm, lcp/rp = 500 µm, 553

p = 2000 µm) Qdc values. 554

(ii) As the pillar aspect ratio increases, the analytical models 555

results are in good agreement with the simulation results. 556
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FIGURE 16. Variation of Qdc of a three-quarter-turn with circular pillars versus pitch for four different lengths of pillar: (a) lcp =
200 µm, (b) lcp = 280 µm, (c) lcp = 350 µm, and (d) lcp = 500 µm. The data points marked on the graphs are from a FEA simulation.

The results of the above study demonstrate that the Qdc of557

3-D inductors can be improved by increasing (a) the cross-558

sections of the pillars and the interconnects (b) the length of559

the pillar (height of the inductor), and (c) the pitch of opposite560

current carrying pillars. Also, the study shows that 0.75-turns561

with rectangular pillars achieves the highestQdc. Even though562

0.75-turns with rectangular pillars exhibit a better Qdc than563

with circular pillars, 0.75-turns with circular pillars is chosen564

for constructing a novel inductor structure, which is discussed565

in the next section, for the following reasons: (a) the stress566

profile of a circular pillar is better than a rectangular pil-567

lar [52], [53], and (b) constructing rectangular pillars with568

a high aspect ratio is difficult.569

III. 3-D SPIRAL INDUCTOR WITH MAGNETIC THIN-FILMS570

A. INDUCTOR DESIGN571

From the DSE that has been discussed in the previous section,572

we introduce a novel 3-D spiral inductor structure with mag-573

netic thin-films, as shown in Fig. 20. The top view of the574

structure is shown in Fig. 21. The features of the proposed575

inductor structure are described as follows:576

(i) There areN windings connected in series. Eachwinding577

consists of four 0.75 − turns, and each 0.75 − turn is578

comprised of two pillars, and an interconnect, as shown579

in Fig. 20.580

(ii) The pillars of the windings are placed along x and 581

y axes. The distance between two consecutive pillars 582

along the axes is S, as shown in Fig. 22. 583

(iii) Energy stored in the proposed inductor is in two forms: 584

air-core energy and magnetic-core energy. Intercon- 585

nects contribute significantly to the air-core energy 586

while contributing negligibly small to the magnetic- 587

core energy. On the other hand, pillars contribute signif- 588

icantly to the magnetic-core energy while contributing 589

negligibly small to the air-core energy. To simplify 590

the analysis, we can consider an ideal situation where 591

interconnects contribute 100% to the air-core energy, 592

and pillars contribute 100% to the magnetic energy. 593

(iv) The energy storage volume can be segmented into four 594

quadrants, and the magnetic field is along the radial 595

direction, illustrated in Fig. 21. The magnetic fields due 596

to pillars in opposite quadrants nearly cancel each other; 597

that is, the magnetic fields in the first and third quad- 598

rants, as well as the second and fourth quadrants, are 599

in opposite directions. The H -fields which are imme- 600

diately around the copper pillars do not get completely 601

cancelled. Consequently, the B − field lines due to the 602

pillars can be enhanced by wrapping high permeability 603

magneticmaterials around the pillars, which contributes 604

to the inductance. Also, wrapping the thin-films imme- 605

diately around the pillars offers a low reluctance path, 606
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FIGURE 17. Variation of Qdc of a three-quarter-turn with rectangular pillars versus pitch for four different lengths of pillars:
(a) lrp = 200 µm, (b) lrp = 280 µm, (c) lrp = 350 µm, and (d) lrp = 500 µm.

and hence, improved inductance density. The basic idea607

here is to make use of strong magnetic field lines near608

the pillars. The integration of magnetic thin-films is609

discussed in section IV.610

(v) The pillars contribute to inductance ideally without611

introducing substrate loss for two reasons: (a) the612

H -field direction is parallel to the substrate plane, and613

(b) most of the H -fields due to the pillars cancel each614

other in the substrate volume.615

(vi) In the proposed inductor, approximately 75% and 25%616

of the total inductance are contributed by air-core (due617

to the interconnects) and magnetic-core (due to the618

pillars), respectively.619

Even though larger cross-section windings yield higher620

Qdc, we have chosen 100 µm diameter pillars and621

100 µm × 100 µm interconnects as it is challenging to fabri-622

cate windings thicker than 100 µm [17], [51]. Increasing the623

conductor dimensions will lower the DC resistance, but this624

results in a longer reluctance path (longer flux path) and in625

turn a reduction in flux density. The windings and thin-film626

magnetic-cores are strategically arranged to increase the field627

strength.628

B. SERIES INDUCTANCE OF THE WINDING629

Wederive an analytical expression for thewinding inductance630

(air-core inductance) of the 3-D spiral inductor structure.631

We make use of the basic formulas given in Appendix A. 632

The inductance of this inductor structure is the summation 633

of the self-inductances of all N -windings and the mutual 634

inductances between all pairs of windings. The physical 635

structure used to compute the inductance is shown in Fig. 22. 636

To simplify the process of analytical modelling, the windings 637

are assumed to be completely closed, and each winding is 638

excited separately [54]. The current direction in all windings 639

is the same: either clockwise or anticlockwise. 640

The dc winding inductance Lw,dc of the novel inductor with 641

N windings can be expressed as follows: 642

Lw,dc =
N∑
i=1

Lwi + 2
N∑

j=i+1

N−1∑
i=1

Mwi−wj (21) 643

The first term, Lwi , corresponds to the self-inductance of 644

the ith winding. The second term, Mwi−wj , represents the 645

mutual inductance between the ith and jth windings. 646

The self-inductance of the ith winding is given by 647

Lwi = 4Lcirc(lcp, r)+ 4Lrect (
√
2iS, α, β)+ 4M (lcp, 2iS) 648

− 8M (lcp,
√
2iS)− 4M (

√
2iS,
√
2iS) (22) 649

Similarly, the mutual inductance between the ith and jth 650

windings is 651

Mwi−wj = 4
(
M (lcp, (j− i)S)− 2M (lcp,

√
(i2 + j2)S) 652
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FIGURE 18. Variation of Qdc of a full-turn with circular pillars versus pitch for four different lengths of pillars: (a) lcp = 200 µm,
(b) lcp = 280 µm, (c) lcp = 350 µm, and (d) lcp = 500 µm.

+M (lcp, (i+ j)S)653

+M
((

j− i
√
2

)
S +
√
2iS,

(
j− i
√
2

)
S
)

654

−M
((

j− i
√
2

)
S,
(
j− i
√
2

)
S
)

655

−M
((

j− i
√
2

)
S +
√
2iS,

(
i+ j
√
2

)
S
)

656

+M
((

j− i
√
2

)
S,
(
i+ j
√
2

)
S
))

(23)657

The basic idea of the computations of the self and mutual658

inductances of and between the windings (i.e., Lwi and659

Mwi−wj ) are summarized in Appendix II and Appendix III,660

respectively.661

In the derivation of (21), the following assumptions have662

been made:663

(i) The substrate resistivity is very high. The eddy current664

effect is not present in the silicon substrate at high665

frequency (i.e., the eddy currents do not alter the flux666

distribution).667

(ii) A thin-film magnetic-core is not present.668

(iii) The current is distributed uniformly in the conductor;669

that is, the skin and proximity effects are not present.670

Next, we consider high-frequency effects, such as the skin671

effect, on the inductance. The proximity effect, which is one672

of the high-frequency effects, is not considered for the reason673

explained in the next section. Due to the skin effect, the 674

high-frequency current tends to be crowded in an annulus 675

(thickness equal to the skin depth) at the surface of the 676

conductor. Consequently, no internal current is linked by the 677

field. As f → ∞, the internal inductance vanishes (i.e., 678

Lin → 0). The inductance value with the skin effect is given 679

by the following equation: 680

Lw,ac = Lw,dc − Lin (24) 681

where Lin is the internal inductance of the proposed inductor. 682

The expression for Lin is given by 683

Lin = 4

(
NLcirc,in(lcp)+

N∑
i=1

Lrect,in(
√
2iS, α, β)

)
(25) 684

In the frequency range of 3-30 MHz, the skin depth is very 685

high, and hence, the effect of skin effect on the winding 686

inductance is negligibly small. Consequently, the ACwinding 687

inductance is approximately equal to DCwinding inductance, 688

that is, Lw,ac ≈ Lw,dc. 689

Equation (21) does not consider the inductance contribu- 690

tion from thin-film magnetic-cores. The integration of mag- 691

netic thin-films into the proposed inductor structure and the 692

analytical model for the inductance due to the magnetic thin- 693

films are discussed in section IV. 694
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FIGURE 19. Variation of Qdc of a full-turn with rectangular pillars versus pitch for four different lengths of pillars: (a) lrp = 200 µm,
(b) lrp = 280 µm, (c) lrp = 350 µm, and (d) lrp = 500 µm.

C. SERIES RESISTANCE OF THE WINDING (Rw,ac )695

The AC resistance of the inductor winding is caused by696

the skin and proximity effects. The proximity effect is not697

pronounced when the conductors are placed far apart in the698

frequency range of 3-30 MHz. The center-to-center distance699

between conductors should be more than four conductor700

radii [55]. Moreover, it’s analytically difficult to determine701

the ac resistance due to the proximity effect. In the case of the702

proposed inductor, the center-to-center distance between the703

conductors varies from 175 to 250 um. Consequently, we can704

safely ignore the resistance due to the proximity effect. The705

only resistance that needs to be considered is the skin effect706

resistance. The AC resistance of the pillars and intercon-707

nects due to the skin effect are expressed by (26) and (27),708

respectively.709

Rcirc,skin =
2
δ

(
NrRcirc((lcp + β), r)

)
(26)710

Rrect,skin =
2
δ

((
αβ

α + β

) N∑
i=1

Rrect (
√
2iS, α, β)

)
(27)711

The effective area for the flow of current decreases due to712

the skin effect, and the effective area is obtained by multiply-713

ing the skin depth by the circumference of the conductor; this714

is applicable for both rectangular as well as circular cross-715

section conductors. The skin depth, δ, can be expressed as 716

δ =

√
ρ

π f µ
(28) 717

where f is the operating frequency, ρ is the resistivity, and 718

µ is the permeability. The permeability can be written as the 719

product of the relative permeability µr and the permeability 720

of free space, µo = 4π × 10−7H/m: µ = µoµr . 721

The high frequency resistance of pillars and interconnects, 722

derived in [56], is given by (29 and (30), respectively. 723

Rw,circ =
√
R2circ,dc + R

2
circ,skin (29) 724

Rw,rect =
√
R2rect,dc + R

2
rect,skin (30) 725

where Rcirc,dc and Rrect,dc are given by (31) and (32), respec- 726

tively. 727

Rcirc,dc = 4NRcirc((lcp + β), r) (31) 728

Rrect,dc = 4
N∑
i=1

Rrect (
√
2iS, α, β) (32) 729

Finally, the series resistance of winding (Rw,ac) is given 730

by (33). 731

Rw,ac = Rw,circ + Rw,rect (33) 732
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FIGURE 20. Physical structure of the 3-D spiral inductor structure with a thin-film magnetic-core.

FIGURE 21. Top view of the 3-D spiral inductor structure with magnetic thin-films.

IV. INTEGRATION OF MAGNETIC THIN-FILMS733

A. DESCRIPTION734

The proposed inductor with magnetic thin-films is shown in735

Fig. 20. Co − Zr − Ta − B thin-films are considered here.736

We have employed single-layer magnetic thin-films, which737

are wrapped around the pillars. The magnetic thin-films are 738

placed parallel to the x− z plane or the y− z plane. The plane 739

of the magnetic thin-films is placed parallel to the H -field 740

(magnetic field strength). The H -field is in the x or the y 741

direction, and the eddy current flows in the z-direction. The 742
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FIGURE 22. Top view of the physical structure considered for computing the series inductance of the winding,
where the windings are assumed to be completely closed and each winding is excited separately.

hard axis is assumed to be along the direction of the H -field,743

x and y axes, and the easy axis is assumed to be oriented in744

the pillar current direction (z-axis). The dimensions of the745

thin-filmmagnetic-core are as follows: 500µm in length (lc),746

1364 µm in width (w), and the thickness (t) is 1 µm.747

B. FABRICATION METHOD748

The inductor structure, as shown in Fig. 20, can be fabricated749

by the following method, as shown in Fig. 23: (1) form750

trenches parallel to the x and y axes in a Si substrate with751

deep reactive ion etching (DRIE) or laser ablation, wherein if752

DRIE is used, sidewall scalloping can be reduced by imple-753

menting a short etch cycle duration and/or using a selective754

Si wet etch since the kinetics are a function of surface area,755

(2) selectively deposit a 1 µm thick magnetic-core (e.g.,756

NiFe) in the trenches using a non-line of sight deposition757

technique such as electroless plating by way of a Pd2+758

electroless plating catalyst adhered to a (3-aminopropyl) tri-759

ethoxysilane (APTES) self-assembledmonolayer (SAM) that760

is further adhered to oxygen plasma (or thermally) treated761

Si [57], wherein in addition to shape anisotropy, an external762

magnetic field directed orthogonal to the substrate during763

electroless deposition could be used to establish a vertically764

oriented easy axis, (3) attach a 100 µm thick Cu carrier765

wafer to the Si substrate, (4) pattern the trenches using an766

in-situ photomask method, wherein an aspect ratio of 10 is767

feasible with a standard g-, h-, i-line mask aligner [58] and768

use bottom-up electroplating to form the Cu pillars, (5) pro-769

tect the deposited materials with a thin layer of photoresist770

then pattern and selectively etch the Cu carrier wafer to 771

form the backside RDL, and (6) implement standard lithog- 772

raphy/electroplating on the front side to form the 2nd RDL 773

layer, which can include the GSG traces. 774

C. LOSS MECHANISM 775

The main loss mechanisms involved in magnetic thin-films 776

are hysteresis loss, eddy current loss, and anomalous loss [5]. 777

The eddy current loss can be classified as conduction eddy 778

current loss and displacement eddy current loss. Multi-layer 779

film stacks (multi-layer magnetic thin-films) are the source 780

of displacement eddy current loss. In the case of single- 781

layer magnetic thin-film, displacement eddy current loss is 782

absent. Consequently, the losses associated with the single- 783

layer magnetic thin-film are hysteresis loss, conduction eddy 784

current loss, and anomalous loss. 785

The thickness of each layer used in 3-D spiral inductor 786

structure is 1 µm, which is much less than one skin depth 787

at 30 MHz. The skin depth of Co − Zr − Ta − B is 5 µm 788

at 30 MHz. The measured relative permeability considered 789

for the skin depth calculation is 500, and the resistivity of 790

Co− Zr − Ta− B is 115 µ� · cm. 791

D. INDUCTANCE OF MAGNETIC THIN-FILMS 792

The inductance due to magnetic thin-films can be derived 793

using a basic magnetic circuit approach. The flux φmag in the 794

thin-film magnetic-core is given by 795

φmag =
Magnetomotive Force

Reluctance
=

NI
Rmag

(34) 796
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FIGURE 23. Process schematic for the spiral inductor structure with a thin-film magnetic-core, as corresponds to Fig. 20. (1)
Inductor top-down view. Trenches are formed through the substrate by DRIE or laser ablation. (2) Trench cross-section. An external
magnetic field is applied orthogonal to the substrate surface whilst a magnetic-core is conformally deposited in the trenches by
electroless deposition (SiO2, SAM and Pd2+ catalyst layers not shown). (3) A Cu carrier wafer is bonded to the substrate backside
and the bonding material is etched from the trench bottom (bonding layer not shown). (4) Inductor top-down view. A photoresist is
patterned in the trenches using an in situ photomask, which enables high aspect ratio mold creation, and the Cu pillars are
bottom-up electroplated. (5) Trench cross-section. A photoresist protects the topside deposited material and is also used as a
pattern for a selective Cu etch to form the bottom interconnect (BIC) (interconnect in/out of the page). The backside photoresist is
shown overhanging the BIC due to an isotropic wet etch. (6) The top interconnect (TIC) is patterned and electroplated using
standard RDL processing. To enable a stable structure for plating the TIC, the topside photoresist can be selectively removed by
using different photoresists or by CMP. This would enable leaving the vertically oriented photoresist in place to act as a supporting
structure before the TIC deposition.

The reluctance Rmag of the flux path in the core can be797

written as:798

Rmag =
lm

µoµr lct
(35)799

where lc and t are the length and thickness of the thin-800

film magnetic-core, respectively, and lm is the magnetic path801

length (i.e., 8r + 2(N − 1)S + 4t), shown in Fig. 20.802

The DC inductance, Lmag,dc, due to magnetic thin-films is803

given by804

Lmag,dc =
Nφmag
I
=

N 2µoµr lct
8r + 2(N − 1)S + 4t

(36)805

Expression (36) is derived with the assumption that the806

flux is uniformly distributed over the cross-section of the807

magnetic thin-film. This is true only for direct current or low808

frequency currents, but at high-frequency the flux density809

ceases to be uniform. Since the thickness of the magnetic810

thin-film is significantly less than the skin depth, the flux811

completely penetrates into the magnetic thin-film. In other812

words, (36) can be employed to find the inductance due 813

to thin-film magnetic-cores without appreciable error in the 814

frequency range of 3-30 MHz; that is, Lmag,ac ≈ Lmag,dc. 815

V. CHARACTERIZATION AND VALIDATION 816

To verify the proposed model for winding inductance, an air- 817

core 3-D spiral inductor is implemented on PCB and electri- 818

cally characterized with an HP4285A precision LCR meter 819

(75 kHz-30 MHz). The specifications and validation results 820

are presented in Appendix IV. 821

Similarly, to verify the analytical model for the inductance 822

of magnetic thin-films and understand the potential of 3-D 823

spiral inductors with magnetic thin-films, we constructed and 824

characterized (small-signal) in Ansys Maxwell. The specifi- 825

cations considered for the simulation are given in Table 1. 826

The resistivity of the silicon considered for the simulation 827

is 1 k� · cm. The total DC inductance is the sum of the 828

inductances due to the windings and the magnetic thin-films, 829

and is given by (37). 830

Ldc = Lw,dc + Lmag,dc (37) 831
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TABLE 2. Dimensions of the 3-D spiral inductor with magnetic thin-films.

TABLE 3. Simulation and analytical model comparison.

Table 3 compares simulation and analytical results for Lw,dc832

and Lmag,dc. Since the skin effect is not significant in the fre-833

quency range of 3-30 MHz, AC inductance is approximately834

equal to DC inductance, that is, Lac(Lw,ac + Lmag,ac) ≈ Ldc.835

The total loss in any inductor is the sum of the winding836

loss and core loss [5]. As discussed in section IV, the main837

losses associated with single-layer magnetic thin-films are838

conduction eddy current loss, hysteresis loss, and anomalous839

loss. Since this work focuses on small-signal characterization,840

anomalous loss, which appears at large ac currents, is not841

taken into account. The losses that need to be considered in842

the 3-D spiral inductor with magnetic thin-films are winding843

loss, eddy current loss, and hysteresis loss; the resistances844

corresponding to these losses are represented by the winding845

resistance Rw,ac [see (33)], eddy current resistance Re, and846

hysteresis resistance Rh, respectively. The total resistance,847

Rac, which is known as small-signal resistance, is given by848

the following equation:849

Rac = Rw,ac + Re + Rh (38)850

Table 3 compares simulation and analytical results for Rw,ac.851

The analytical expressions for Re and Rh are not derived as a852

closed form solution is difficult.853

The inductor model is assumed to be comprised of induc-854

tance Lac in series with resistance Rac. The parasitic capaci-855

tances, such as interwinding capacitance, which significantly856

influence Qac at VHF, are not considered. Consequently, the857

FIGURE 24. The loss tangent tan δ versus frequency.

Qac at low frequencies can be described by ωLac/Rac. In this 858

expression, ω (2π f ) is the angular frequency. 859

The small-signal performances can be accurately evaluated 860

using the FEA. The performance of an inductor can be eval- 861

uated using a figure-of-merit (FOM), which is defined by [5] 862

as, 863

FOM =

√
Qdc · Qac
V

(39) 864

where V is the volume of the inductor. In Table 4, the FOM of 865

the 3-D spiral inductor with magnetic thin-films and induc- 866

tors from previously published works are compared. 867

In Table 4, for the computation of Qac (2π fLac/Rac) 868

at 30 MHz, the calculated resistances (FEA solutions) corre- 869

sponding to the winding loss, eddy current loss, and hystere- 870

sis loss are 188.54m� (Rw,ac), 94.43 m� (Re), and 49.75m� 871

(Rh), respectively. As discussed in section V, Rac is the sum 872

of all these three resistances and is equal to 332.72 m�. The 873

hysteresis loss is estimated by using magnetic loss tangent 874

(tan δ) measured on a single-layer CZTB sample of 1 µm 875

thickness; a sample of size 4mm× 4mm× 0.7mm (including 876

the silicon substrate) is considered. The measured tan δ is 877

0.02 at low frequency where eddy current loss is negligibly 878

small. The loss tangent tan δ is plotted in Fig. 24. 879

VI. CONCLUSION 880

In this paper, we report the closed-form analytical model for 881

the inductance of a 3-D spiral inductor with magnetic thin- 882

films. The analytical expressions for the inductances of the 883

winding and the magnetic thin-films are validated against 884

measurements and FEA solutions, respectively. The values 885

predicted by the inductance models of the winding and the 886

magnetic thin-films agree with the experimental and FEA 887

simulation results to within 5.63% and 5.29%, respectively. 888

Also, the analytical expression for the winding resistance 889

(Rw,ac) is derived. The values predicted by the expression are 890

validated against simulation results in the frequency range of 891

3-30MHz; the maximum error reported is 5.5%, as illustrated 892

in Table 3. 893

The design space is graphically described. An exten- 894

sive analysis is carried out to evaluate the DC performance 895
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TABLE 4. Small-signal performance of a 3-d spiral inductor with magnetic thin-films compared with the previously published works to demonstrate its
potential for power supply applications.

(i.e., Qdc) of 3-D inductors with respect to variation of896

parameters such as winding dimensions, pitch, height, etc.897

The data is presented in graphical form. With the presented898

data, the determination of DC performance (i.e., Qdc) of 3-D899

inductors with respect to variation of parameters is fairly easy,900

which helps in design and fabrication to achieve optimum901

performance.902

We construct a 3-D spiral inductor with magnetic903

thin-films in Ansys Maxwell to understand its potential904

(small-signal performance) when compared with previously905

published works. We also discuss the loss mechanism asso-906

ciated with single-layer magnetic thin-films. Theoretically907

demonstrated that the inductance exhibited by the proposed908

inductor is large enough to operate a switching converter909

in continuous conduction mode in the proposed frequency910

(3-30 MHz) of operation. The 3-D spiral inductor with mag-911

netic thin-films is more suitable for PwrSiP and PwrSoC912

in the frequency range of 3-30 MHz, however, it can be913

employed at VHF provided that EMI can be tolerated and914

further analysis at VHF is carried out.915

APPENDIX I. EXACT FORMULAE FOR THE SELF AND916

MUTUAL PARTIAL INDUCTANCES OF AND BETWEEN917

CONDUCTORS HAVING CIRCULAR AND RECTANGULAR918

CROSS SECTIONS919

The exact expression for the self-partial inductance of a cir-920

cular pillar having length, lcp, and radius, r , is given by921

Lcirc(lcp, r) =
µo

2π

lcp ln
 lcp +

√
l2cp + r2

r

922

−

√
l2cp + r2 +

lcp
4
+ r

]
(A.1) 923

Similarly, the exact expression for the self-partial induc- 924

tance of a rectangular pillar having length, lrp, width, α, and 925

thickness, β, is given by 926

Lrect (lrp, α, β) =
µo lrp
2π

[
ln
(

2lrp
α + β

)
+ 0.5+

α + β

3lrp

]
927

(A.2) 928

Finally, the exact expression for the mutual partial induc- 929

tance is given by 930

M (l, p) =
µo

2π

[
l ln

(
l +

√
l2 + p2

p

)
−

√
l2 + p2 + p

]
931

(A.3) 932

where l is the length of a conductor (a pillar or an intercon- 933

nect) and p is the center to center distance between conductors 934

(pillars or interconnects). 935

APPENDIX II. COMPONENTS OF THE SELF-INDUCTANCE 936

OF A WINDING 937

The constituent components of (22) are represented in 938

Fig. 25. The signs of the mutual inductances depend on the 939

current directions. Dots and crosses are used to indicate the 940

pillar current directions as shown in Fig. 25. 941

APPENDIX III. COMPONENTS OF THE MUTUAL 942

INDUCTANCE BETWEEN TWO WINDINGS 943

The individual mutual inductances of (23) are given 944

by (C.1)-(C.5) and are represented in Fig. 26. The method for 945

determining the mutual inductance between unequal straight 946

segments is given in [55] and [66]. 947
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FIGURE 25. Components of the self-inductance of a winding.

FIGURE 26. Components of the mutual inductance between two
windings.

M1 = M (lcp, (j− i)S) (C.1)948

M2 = M (lcp,
√
(i2 + j2)S) (C.2)949

M3 = M (lcp, (i+ j)S) (C.3)950

M4 = M
((

j− i
√
2

)
S +
√
2iS,

(
j− i
√
2

)
S
)

951

−M
((

j− i
√
2

)
S,
(
j− i
√
2

)
S
)

(C.4)952

M5 = M
((

j− i
√
2

)
S +
√
2iS,

(
i+ j
√
2

)
S
)

953

−M
((

j− i
√
2

)
S,
(
i+ j
√
2

)
S
)

(C.5)954

TABLE 5. Design parameters of the air-core 3-d spiral inductor on PCB.

TABLE 6. Comparison of the inductance from our model, simulations,
and measurements of an air-core 3-d spiral inductor on PCB.

FIGURE 27. Layout of the fabricated 3-D spiral inductors on PCB.

955

The first three components (i.e., M1,M2,M3) are con- 956

tributed by pillars and the last two components (i.e.,M4,M5) 957

are contributed by interconnects. 958

APPENDIX IV. AIR-CORE 3-D SPIRAL INDUCTOR ON PCB 959

An air-core 3-D spiral inductor is implemented on PCB 960

within the area of 100 mm2 to validate the analytical 961
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FIGURE 28. Three dimensional (3-D) spiral inductor with air-core on PCB:
(a) Top view and (b) Bottom view.

expression for winding inductance. The design parameters962

are summarized in Table 5. Totally, four inductors are imple-963

mented on a PCB board size of 50 mm× 50 mm, as shown in964

Fig. 27. The top and bottom views of the fabricated inductor965

are shown in Fig. 28(a) and (b), respectively.966

Next, we compare the analytical model, the FEA simula-967

tion, and the measurements in Table 6.968
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