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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 (Qg4.) and ac quality factor (Qgc). Also, a 3-D spiral inductor structure with magnetic thin-films is char-
acterized in Ansys Maxwell to estimate its potential, and a novel fabrication method is proposed to implement
this inductor. The measured relative permeability () and the magnetic loss tangent (tan §) 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.

INDEX TERMS Power supply on chip (PwrSoC), power supply in package (PwrSiP), 3-D spiral inductor,
partial inductance, dc quality factor (Qg.).

I. INTRODUCTION

Modern electronic devices demand increased functionality
coupled with device miniaturization. This highlights the chal-
lenge of power delivery to these highly integrated devices,
where traditional approaches to point-of-load power con-
version (the converter is placed in proximity to the load
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to provide a precise voltage) can no longer be applied.
In the case of point-of-load power conversion [1], [2], each
switching regulator requires discrete passive components
(i.e., inductor and capacitor). Specifically, the inductor is the
pain point due to its large footprint and height profile. The
ideal solution here is to have the power conversion circuitry
integrated directly with the load (e.g., CPU, SOC); that is, the
load and power supply are monolithically integrated. In other
words, we need to realize a system-on-chip (SoC) [see Fig. 1]
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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 management
is to make the multiple passives ‘“‘disappear’ onto or into the
SOC substrate/package.

A. BACKGROUND AND MOTIVATION

A key roadblock in the realization of Power Supply on Chip
(PwrSoC)/ Power Supply in Package (PwrSiP) solution is
the integration of bulky magnetic passive components (i.e.
inductors and transformers) [5], [6]. The terms PwrSiP and
PwrSoC are defined as follows [7], [8]:

1) PwrSiP: Separate chips (switches drivers, con-
troller) within the same package with external induc-
tor/passives. The passives (inductor and capacitor) and
the PMIC can be either assembled side by side or stacked
on each other.

2) PwrSoC: A single chip (containing switches, drivers,
and controller) with integrated inductor/passives. Here
the inductor/passives will be integrated onto the power
management IC (PMIC), i.e., monolithic integration.

As the size of the magnetic passive components shrinks,
integration becomes easy [see Fig. 2]. The size of the mag-
netic components can be reduced either by (a) increasing
the frequency, or (b) employing advanced magnetic passive
components (AMPC), which exhibits high power density.
Although the former approach results in improved load tran-
sient response in the case of DC-DC converters (depending
on bandwidth [9]), it has shortcomings such as switching
loss, magnetic-core loss, substrate loss and electromagnetic
interference (EMI). Consequently, the latter approach is the
preferred choice. However, the research on AMPC is still in
its infancy and requires considerable progress to make the
application of AMPC practicable.

B. REVIEW OF PREVIOUS WORK
Recently, there has been a great interest in developing
3-D inductors as this structure has the advantage of high
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inductance density over a conventional 2-D inductor [11],
[12]. The structural difference between 2-D and 3-D induc-
tors is illustrated in Fig. 3. Three-dimensional (3-D) induc-
tors can be classified as in-substrate (also referred to as
in-chip or in-silicon) inductors and on-substrate (also referred
to as on-chip or on-silicon) inductors. Although in-silicon
inductors are challenging to fabricate, this type of inductor
makes use of unused substrate volume, resulting in a low
profile inductor, and hence, improved volumetric inductance
density. As the inductor footprint reduces, the DC ratio of
inductance to resistance (Lg./Rqc), also known as the DC
quality factor (Qg.) [13], [14], decreases significantly [15].
Inductors employed in PwrSiP [16], [17] and PwrSoC [4],
[17] carry current which is composed of AC (ripple current)
and DC components. DC resistance (DCR) is a major con-
tributor to copper loss due to a large DC component in the
inductor current, which indicates that there is a necessity to
design inductors that exhibit lower DCR (Ry4.) and in turn
higher Q.

As discussed in [19], the DCR of 3-D toroidal inductors
can be reduced by the following ways: (a) connecting vertical
conductors in parallel [see Fig. 4] and (b) increasing the
winding cross-section. However, the traditional 3-D inductor
structure such as a toroid allows a limited number of parallel
connections and a small increase in the winding cross-section
due to the footprint constraint. As a result, the improvement
in DCR is not satisfactory. Also, the parallel connection of
vertical conductors requires a trapezoidal-shaped bottom and
top radial conductors [see Fig. 4(b)]. A trapezoidal-shaped
conductor does not have a closed-form analytical solution
for the inductance, which makes it challenging to design
the inductor. The characterization of non-standard structures
such as trapezoidal-shaped conductors in finite element anal-
ysis (FEA) takes a significant amount of time and memory.
Another disadvantage of parallel connection is the increase
of parasitic capacitance.
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FIGURE 2. Evolution PwrSiP to PwrSoC [10] (¢ 2010 IEEE), [1] (© 2012 IEEE).
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FIGURE 3. Physical structure of micro inductors: (a) 2-D inductor and
(b) 3-D inductor [18] (© 2011 IEEE).
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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, Qg4 can be improved either by (a) decreas-
ing negative mutual inductance, or (b) increasing positive
mutual inductance; the former can be achieved by increasing
the distance between conductors with opposite directions
of current flow and the latter is accomplished by placing
conductors with the same direction of current flow closer. The
drawbacks are that (a) in the first approach, the footprint will
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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-
ing capacitance.

In [15], [21], and [22], the study has been carried out to
optimize the Qg of on-chip inductors. These are magnetic-
core inductors. The Q4. of magnetic-core inductors is bet-
ter than air-core inductors due to enhanced inductance
contributed by the magnetic-core. However, the integra-
tion of a magnetic-core has following disadvantages: (a) it
involves core loss [23] (b) it is challenging to integrate the
core [24], [25], and (c) it is difficult to introduce anisotropy
into the core [26], [14]. In the previous research on 3-D
inductors [5], [27] [see Fig. 5], a magnetic-core is integrated
to improve the inductance density. However, these inductors
are not suitable to operate at high-frequency (HF) (3-30 MHz)
as the core is solid (non-laminated); they suffer from low
Que 2rfLyc/Ryc) at HF due to large eddy currents. In [24],
even though the laminated core is embedded, the inductor
occupies a large footprint. This implies the necessity of a 3-D
spiral inductor structure where it is relatively easy to integrate
a thin core and induce anisotropy while maintaining high Q.
and Qge.
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Traditionally, the effect of eddy currents in the magnetic-
core can be suppressed by employing (a) multiple laminations
(b) sub-micron film thicknesses, (c) slotting (magnetic films
are patterned into bars, see Fig. 6) [28], and (d) high resistivity
magnetic material. The first approach leads to increased cost
as well as process complexity [29]. Also, it involves displace-
ment eddy current loss [30]. The second approach degrades
the power handling capacity of the film [26]. Finally, the third
approach is not suitable for power supply frequency range,
which is typically 1-100 MHz, as it suffers from low quality
factor [28]. In this work, single-layer magnetic thin-films of
high resistivity are distributed along the radial direction. The
advantages of employing single-layer magnetic thin-films
are the elimination of displacement eddy current loss and
lamination cost.

Another factor that degrades the Q,. of 3-D inductors is
substrate loss. Several methods are proposed to reduce the
substrate loss: (a) introduction of a microchannel [12] [see
Fig. 7(a)], (b) employing a high resistivity substrate [31], and
(c) removing the silicon core partially or completely [19] [see
Fig. 7(b)]. Other methods are discussed in [32].

In this paper, we report a novel 3-D spiral inductor with
thin-films for PwrSoC/PwrSiP dc-dc converters in the fre-
quency range of 3-30 MHz. The specific contributions of
this paper include: to the best of our knowledge, we herein
introduce for the first time, the concept of a three-quarter
turn in the context of 3-D microinductor design, which is
a fundamental unit cell that can be used to construct novel
3-D inductor topologies and thereby expand the bounds of the
DSE. Moreover, as presented in section II, we demonstrate
that a three-quarter turn exhibits a better Qg4 than a full
turn, 2) a simple closed turn approach is adapted to derive
an analytical solution for the air-core inductance of the pro-
posed 3-D inductor. This simple approach can be extended
to 2-D spiral air-core inductors, for which relatively compli-
cated methods have previously been reported for inductance
models [37]. The air-core 3-D spiral inductor is implemented
in a PCB and electrically characterized to validate the induc-
tance model. Also, a winding AC resistance model is pre-
sented. In addition, analytical equations are presented for the
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FIGURE 7. Substrate loss reduction in 3-D TSV inductors by means of
(a) microchannel shields [12] (o 2015 IEEE) (b) a complete removal of
silicon core [19] (© 2018 IEEE).
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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
circular and rectangular cross sections, 3) a novel fabrication
method is proposed for a magnetically-enhanced 3-D spiral
microinductor with radially oriented magnetic materials in a
unique quadrant topology, 4) we discuss the advantages of
using single-layer thin-films and a high resistivity substrate,
as well as the significance of working in the frequency range
of 3-30 MHz and the potential impact of EMI in the given fre-
quency range. Furthermore, Table 1 summarizes the benefits
of a 3-D spiral inductor with thin-films as compared to a 2-D
spiral inductor with thin-films.

C. SCOPE OF THIS WORK

In this work, the traditional spiral inductor structures such
as the planar and the two-layer are modified to improve
Q4c and Qg4c. The goal is to maximize volume coverage,
that is, increase the dimensions of the winding conductors
to lower the DCR. Also, the distance between the opposite
current carrying vertical conductors is increased to reduce the
number of conductors, which in turn reduces DCR without
significantly affecting the air-core energy storage density of
the inductor. The winding conductors are arranged so that the
direction of currents in all the windings are the same, which
contributes to positive mutual inductance. Also, this strategic
arrangement of conductors reduces substrate loss as most of
the magnetic field lines due to vertical conductors cancel
each other inside the substrate except the strong H -fields near
the vertical conductors, details are discussed in section III.
Another important reason for the reduction in the substrate
loss is the magnetic field direction of vertical conductors is
parallel to the substrate plane. Thin-film magnetic-cores with
a thickness less than the skin depth are integrated to improve
the inductance density. Unlike 3-D solenoidal and toroidal
inductors (winding surrounds the core), the role of conductor
and core is switched in 3-D spiral inductor structures with
magnetic thin-films (core surrounds the winding) to optimize
the performance. This novel approach offers a low reluctance
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TABLE 1. List of advantages of 3-D spiral inductor with thin-films over 2-D inductor with thin-films.

Parameter

3-D Spiral inductor with thin-films*™

2-D inductor with thin-films*

Topology

\/ Comprised of standard conductor geometries such as circular and
rectangular, which helps with design, simulation and developing closed
loop solutions for inductance and resistance. A spiral topology eliminates
parasitic capacitance between the top and bottom conductors of the same
turn. Also, the capacitance between turns can be much smaller than in a
2-D spiral inductor. This topology is constructed from three quarter turns
which exhibit better @ 4. than full turns, which are used for constructing
2-D topologies, as discussed in section II.

X This structure often employs complicated geometries, such as racetrack
shaped copper windings (as illustrated in Fig. 8), which are difficult to
design.

Inductance density

\/ This structure makes use of unused substrate volume, and as a
result, it exhibits a high inductance density. Moreover, we can fine-tune
the inductance density by varying the vertical conductor cross section
(magnetic-core conductors). The basic idea is to control the reluctance
path, whereby smaller (larger) cross section vertical conductors exhibit a
low (high) reluctance path and a high (reduced) inductance density.

X Since this structure has a planar topology, it requires more substrate
area than its 3-D counterpart to enable the same inductance density.
The inductance density can be improved by reducing the conductor
cross section, but this will increase the already relatively higher DCR
as compared to the 3-D structure, which is due to the herein discussed
Lgc/Rqc ratio parameter.

Lgc/Rgc ratio

\/It is possible to fine-tune the DCR of 3-D spiral inductors by
constructing vertical conductors with different cross sections on the same
substrate. The magnetic-core conductor cross section (pillars or vertical
conductors) can be varied depending on the required inductance while
holding the air-core conductor cross section (interconnects) constant. The
impact of magnetic-core conductors cross section on L4, Rac, and Q 4.
is illustrated in Fig. 9**.

X Even though the conventional 2-D spiral inductor structure is easier
to fabricate when compared to its 3-D counterpart, it would be very
difficult to fabricate air-core and magnetic-core conductors with different
cross sections in a 2-D topology. In the literature, there are no reports of
a 2-D spiral inductor with a non-uniform conductor cross section. On the
other hand, 3-D inductors have been reported that comprise conductors
with different cross sections. For example, [20] features a fabricated 3-D
inductor that comprises pillars/vertical conductors with a circular cross
section and radial conductors/interconnects with a trapezoidal shape.

Q-factor

\/ Magnetic (air) core conductors produce an in-plane (out-of-plane)
magnetic field. An in-plane magnetic field generates eddy currents
perpendicular to the substrate. Since less flux penetrates the substrate,
substantially lower eddy currents are induced. This increases the quality
factor of the 3-D inductor. The in-plane magnetic field in a 3-D inductor
is illustrated in Fig. 10.

X As 2-D spiral inductors are comprised of only planar conductors,
the magnetic field is always out-of-plane. Out-of-plane magnetic fields
induce eddy currents parallel to the substrate, which significantly impacts
substrate loss and severely degrades the inductor Q-factor. The out-of-
plane magnetic field in a 2-D inductor is illustrated in Fig. 11.

Saturation current

\/ The saturation current can easily be tuned by controlling the flux
density. Since the flux density in the core is dependent on the cross
section of the magnetic-core conductor(s), the saturation current can
be modulated without influencing the air-core conductor inductance and
resistance.

X It is not possible to easily control the saturation current, as the inductor
is designed such that the air and magnetic-core conductors have a uniform
cross section. The reason for this is herein explained while dealing with
the Lq./Rq. parameter.

* To simplify the comparison, we have arranged the inductors into two groups comprising air and magnetic-core conductors.

** While varying the radius of the magnetic-core conductors, all other design parameters such as footprint, interconnect cross-section, core thickness, etc. are kept constant. The

specifications considered for this study are given in Table 2.

path for the flux, resulting in high inductance density. The
thin-film magnetic-cores are arranged so that flux travels
along the hard axis of the core, which is essential for high-
frequency operation [26], and the eddy currents flow in the
axial direction, in the direction opposite to the current in
the vertical conductors of the winding. More details on the
3-D spiral inductor with magnetic thin-films are given in
section III.

Even though the 3-D spiral inductor with thin-films shares
common features with 2-D inductors with thin-films, there
are significant differences between these two structures, both
morphologically and functionally, as illustrated in Table 1.

In this paper, we propose a reduced frequency of operation
(3-30 MHz) to mitigate the problems such as switching loss,
magnetic-core loss, substrate loss, and electromagnetic inter-
ference (EMI). The central idea of a reduced frequency of
operation approach to improve the FOM of proposed inductor
can be justified as follows. It is well known that increasing
the frequency will reduce the inductance requirement for
switching converters [35], [36], [37], [38]. However, one can-
not increase the switching frequency extremely high for the
reasons mentioned earlier. The 3-D spiral inductor with mag-
netic thin-films exhibits the required inductance to operate a
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switching converter circuit at the proposed frequency of oper-
ation. We have demonstrated this by taking a buck converter
that operates in continuous conduction mode (CCM) as an
example. The example converter has the following specifica-
tions: input voltage (Vi) = 3 V, output voltage (V,) =1V,
frequency () = 30 MHz, duty cycle (D) = 0.33, load current
(I,)=1A, and load resistance (R) = 1 2. The minimum induc-
tance (L;,in ), estimated with the help of (1) [39], required for
the continuous conduction mode is 11.16 nH. This estimated
value is much less than the inductance of the proposed induc-
tor [see Table 4], which means that the example converter
can operate in CCM if the proposed inductor is employed for
energy storage. Larger inductance results in lower ripple and
hence reduction in RMS value of inductance current, which
leads to higher efficiency. In other words, the 3-D spiral
inductor with magnetic thin-films can serve as an energy
storage element for dc-dc converters while maintaining high
FOM.
L (1 —-D)R ]
min = T ( )
A limitation of the 3-D spiral inductor structure is that the
fluxes are not confined, which leads to magnetic interference
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(radiated EMI) with other circuits. If the stray fields (external
magnetic field) that it produces can be mitigated, it could be
a promising candidate for integrated power supply applica-
tions. A brief introduction to the concept of EMI and mitiga-
tion methods is provided below.

There are two types of EMI: conducted and radiated.
Radiated EMI is a concern only above 30 MHz [40], [41],
[42], [43]. At very high frequency (>30MHz), conductors
can become antennas and radiate RF energy and potentially
generate harmful EMI. The radiated EMI can be mitigated by
a shielding technique. As far as conducted EMI is concerned,
the noise in the frequency range of 3-30 MHz can be reduced
by EMI filtering [40]. For example, the input current in a
buck converter is rich in harmonics [41]. An EMI filter can be
employed to attenuate the switching harmonics present in the
converter input current [44]. The maximum frequency that we
propose in this paper is 30 MHz. As a result, the 3-D inductor
with thin-films can be employed in switching converters
without imposing potential harmful effects of radiated EMI.

The paper is organized as follows: after the introduction,
we study the Q. of different 3-D inductor winding compo-
nents in section II. The 3-D spiral inductor with magnetic
thin-films is presented in section III. Section IV discusses the
integration of magnetic thin-films in a 3-D spiral inductor
structure and fabrication method. In section V, the accuracy of
analytical models for the inductances of the winding and the
magnetic thin-films are discussed, and also the FOM of 3-D
spiral inductor with magnetic thin-films is compared with
previously published work. Finally, the paper is concluded
in section VI.

Il. DESIGN SPACE EXPLORATION

The process of investigating optimal parameter combinations,
which results in the highest inductor performance, can be
termed as design space exploration (DSE). In this work,
a design space is created graphically to determine the impact
of design parameters on Q.

Three-dimensional (3-D) inductor structures can be
formed by connecting a finite number of full turns or three-
quarter-turns (0.75-turns) in series. Three-quarter and full
turns, which are composed of through-silicon-vias (TSVs)
and redistribution layers (RDLs), are shown in Fig. 12. In this
paper, we use the term copper pillars (or simply pillars) for
TSVs and interconnects for RDLs. The pillar cross-section
can be circular, rectangular, or square. Similarly, the inter-
connect cross-section can be rectangular or square. In this
section, we study the Qg of individual 3-D inductor winding
components. Also, we explore the significance of the DC
internal inductance of pillars and interconnects. Conclusions
from this study are given at the end of this section.

A. DC INTERNAL INDUCTANCE (L;,)
The internal inductance of a circular pillar (L¢jrc,in) [45] and
a rectangular pillar (Ly,in) [46] are given by (2) and (3),
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respectively.

Lcirc in(lcp)
Malcp

8
Lrect,m(lrp» a, B)
_ Mol
87

4.1803 B + 51.90022 + 4.18a8>
<a4 1 16.09038 + 2826282 + 16.09ap° + ,34)
(3)

where [, is the length of the circular pillar, [, «, and B
are the length, width, and thickness of the rectangular pillar,
respectively and u, (47 x 10~7H /m) is the permeability of
free space.

Fig. 13(a) and (b) show the variation of Lcjy in and Lyect in
for different dimensions, respectively; simulation and ana-
lytical expression results are compared. The lengths of the
pillar (i.e., 200 pum, 280 pm, 350 um, 500 wm) are chosen

(@)
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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 graphical
study, we see that L. ;, reaches a maximum value when
the width (o) becomes equal to the thickness (8). Therefore,
we will use square conductors (pillars and interconnects) as
a special case of rectangular conductors for further study on
the Qg of different 3-D inductor components.

From Fig. 13, we see that the analytical expression for the
internal inductance of a rectangular pillar is more accurate
for thin shapes and square pillar geometries, while there
is an exact correlation between analytical and FEA results
for circular pillars for all dimensions. The reason can be
explained as follows. A circular conductor exhibits symme-
try that allows the application of Ampere’s law to find the
total magnetic flux inside the conductor, and thereby the
internal inductance, without the requirement of evaluating
any integrals. On the other hand, a rectangular conductor
is less symmetrical, which requires complicated numerical
integration to compute the internal inductance. Consequently,
the closed-loop expression for the internal inductance of
a rectangular geometry is less accurate than the circular
geometry.
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Observation 1: The internal inductance of a circular pillar
is independent of the radius. On the other hand, the internal
inductance of a rectangular pillar is a maximum when the
width (@) is equal to the thickness (8), i.e., a square pillar.

B. Qqc OF A SINGLE PILLAR
Here we study the Qg of pillars with rectangular and circular
cross-sections. Simplified analytical formulas are considered
to develop an easy understanding of the relation between Qg
and the conductor dimensions. However, the exact formulas
are used for presenting data in graphical form. The exact
formulas are given in Appendix I.

1) A SINGLE CIRCULAR PILLAR

Simplified formula for the self-partial inductance (L) [48]
and resistance (R.i;.) of circular cross section pillars are given
by (4) and (5), respectively, where r is the radius.

Lol 21
Leire(lep, 1) = ?” [ln( r”) - 0.75} )

pl
£ )
Tr

Rcirc(lcp’ r) =
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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 between
DCR and self-inductance. The self-inductance of a circular
pillar can be improved either by decreasing r or increasing
lep, but this will increase the resistance by the factor of
r? or I. This makes it notoriously difficult to determine the
effect of the variation of pillars dimensions on performance.
To understand this easily, we have carried out a graphical
analysis, as shown in Fig. 14(a), where Qg is plotted against
radius r and length /..

2) A SINGLE RECTANGULAR PILLAR

The formulas for the self-partial inductance (L.;) [49] and
resistance (R, ) of rectangular interconnects are given by (6)
and (7), respectively. The self-inductance of a rectangular
conductor can be increased either by decreasing o and 8 or
increasing /,,,, but this will increase the resistance by the fac-
tor of a x B or [;,. Similar to the previous case, we have carried
out a graphical analysis, as shown in Fig. 14(b), where Q. is
plotted against length /,;, and width «. We have considered a
square cross-section as a special case of a rectangular cross-
section for the study for the reason mentioned earlier.

Holrp [ln( 2Ly > —0.75} 6)
21 o+ B
l
Rrcrllrp, . ) = 22 ™)
Observation 2: The Qg4 of pillars increases with cross
section and length. For cross section, the Q. increases expo-
nentially for both circular and rectangular pillars, and for
length from l¢/rp =200 pm to I /rp = 500 pm, the increment
in Qg is 31.34-77.30% for circular pillars and 25.48-91.05%
for rectangular pillars. The lowest (31.34%) and highest
(77.30%) values in the increment range correspond to radii
5 pm and 200 pm, respectively, for circular pillars. Similarly,
the lowest (25.48%) and highest (91.05%) values in the incre-
ment range are corresponding to @ = 8 = 10 um and « =
B =400 um, respectively, for rectangular pillars. Simulated
values were used for these and the following percentages.

Lrect(lrp, a, B) =

92112

Observation 3: The Qg of a rectangular pillar is
27.36-29.15% higher than a circular pillar for approximately
the same footprint and length. The comparisons are made
at the lowest and highest Q4. values, which occurs at the
smallest and largest of pillar volumes, respectively. In this
study, the smallest volume corresponds to r = 5 um, [, =
200 um and the largest volume corresponds to r = 200 pum,
lep =500 pm for circular conductors. Similarly, the smallest
volume corresponds to & = 8 = 10 um, /,;, = 200 pum and
largest volume corresponds to o = 8 = 400 um, /,,, = 500 um
for rectangular conductors.

C. Q. OF AN INTERCONNECT

Interconnects usually have a rectangular or square cross
section. Since we have already studied the Q4. of a square
cross section, we can use the same result. The interconnect
length is denoted as /.

D. Q. OF TWO PARALLEL PILLARS

1) TWO PARALLEL CIRCULAR PILLARS

To estimate the Qg4., we need to compute the inductance
as well as the resistance. The inductance of two parallel
connected circular pillars, Ly, is half of the sum of the self-
partial inductance of a single circular pillar, given by (4) and
the mutual partial inductance between pillars, given by (8).
The expression for Ly, is given by (9). The net resistance of
parallel circular pillars Ry is half that of the single circular
pillar, which is given by (10). The plot of Qg4 versus radius
is shown in Fig. 15(a).

JT. (21
M, p) = ‘;n [ln (;> _ 1] (8)

where [ is the length of a conductor (a pillar or an intercon-
nect) and p is the center-to-center distance between conduc-
tors (pillars or interconnects).

Lpac =05 <Lcirc(lcpa r)+ M(lcpa P)) )
Rpac = O~5Rcirc(lcp, r) (10)
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FIGURE 15. Variation of Q4. 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 5 pm,
which is determined from the critical dimension (CD) [50].
It should be mentioned that the equation in [50] is a first
approximation. As reported in [51], the CD is a function of
pillar length, photoresist chemistry, the exposure dose and the
photomask feature geometry/size, wherein diffraction effects
are very significant for rectangular/circular pillars.

2) TWO PARALLEL RECTANGULAR PILLARS

Similar to the previous case, the inductance Ly, and resis-
tance R, for two parallel rectangular pillars are given
by (11) and (12), respectively. The plot of Q4. versus length
and width is shown in Fig. 15(b).

(11
(12)

Lpar =05 (Lrect(lr[h o, :3) + M(lrp’p)>
Rpar = O.SRrgct(lr[h 05, ﬂ)
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Observation 4: The Q. of parallel pillars is greater than a
single pillar. This is true for circular and rectangular pillars.

Observation 5: The Qg of parallel rectangular pillars is
23.25-26.02% higher than parallel circular pillars for approx-
imately the same footprint. The comparisons are made at
lowest (r=5 um, a = =10 um, I/, = 200 wm) and highest
(r=200 pum, a = B =400 pum, lep/rp = 500 um) Qg values.

E. Q4. OF A THREE-QUARTER-TURN

1) THREE-QUARTER-TURN WITH CIRCULAR PILLARS

The schematic of a three-quarter-turn with circular pil-
lars is shown in Fig. 12(a). The inductance of a three-
quarter-turn with circular pillars, Ly 7s57cp, is equal to the
sum of the self-inductances of the pillars plus the self-
inductance of the interconnect minus twice the mutual
inductance between the pillars and is given by (13). The
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mutual inductance between a pillar and an interconnect is
assumed to be zero as the magnetic fluxes produced by them
are orthogonal to each other. The DCR of a three-quarter-turn
with circular pillars, Ry 757cp, is given by (14). Variation of
Q. of a three-quarter-turn with circular pillars versus pitch
for four different lengths of pillars is shown in Fig. 16.

Lo7srcp = 2Lcirc(lcpv ) + Lyec:(lin, o, B) — 2M(lcp, p)
(13)
Ro.751cP = 2Rcirc(lcpv ) + Ryect (linv «, ,3) (14)

2) THREE-QUARTER-TURN WITH RECTANGULAR PILLARS
The schematic of a three-quarter-turn with rectangular pil-
lars is shown in Fig. 12(b). Similar to the previous case,
the inductance (Lg757gp) and resistance (Rg7s7rp) for a
0.75 —turn with rectangular pillars are given by (15) and (16),
respectively. Variation of Qy4. of a three-quarter-turn with
rectangular pillars versus pitch for four different lengths of
pillars is shown in Fig. 17.

Lo.751RP = 2Lrect(lrpv «, /3) + Lrect(lina o, ,3) - 2M(lrpa P)
(15)
RostrP = 2Rrect(lrpa a, ,3) + Ryect(lin, ct, ,3) (16)

Observation 6: The Qg of 0.75-turns with circular and
rectangular pillars increases with pitch. The increment with
pitch (p =200 um to p = 2000 pm) is 68.24-155.40% for
circular pillars and 52.46-145.28% for rectangular pillars.
The lowest and highest values in the range correspond to
radii 5 um and 50 pum, respectively, for circular pillars and
o =f8=10 pum and ¢ = B = 100 um, respectively, for
rectangular pillars. The length considered for comparison is
500 um.

Observation 7: The Qg of a0.75-turn does not vary signifi-
cantly with pillar length. The increment from /., = 200 um
to lep/rp =500 umis 4.01% (r=35 pum, p=200 um) and 6.38%
(r =50 um, p =2000 um) in the case of circular pillars and
6.56% (¢ = B =10 um, p =200 um) and 3.14% (« = B =
100 pm, p = 2000 um) in the case of rectangular pillars.

Observation 8: The Qg of 0.75-turn with rectangular pil-
lars is 10.84-17.59% higher than with circular pillars. The
comparison is made at the lowest (r=5 um, « = 8 = 10 um,
lepsrp = 200 um, p = 200 pwm) and highest (r = 50 um,
a=pf=100 um, lep/mp = 500 wm, p =2000um) Q. values.

F. Q4. OF A FULL-TURN

1) FULL-TURN WITH CIRCULAR PILLARS

The schematic of a full-turn with circular pillars is shown
in Fig. 12(c). The inductance of a full-turn with circular
pillars, Lrcp, is the sum of the self and mutual inductances of
and between conductors (pillars and interconnects). As previ-
ously mentioned, the mutual inductance between a pillar and
an interconnect is assumed to be zero as the magnetic fluxes
produced by them are orthogonal to each other. The expres-
sion for Lycp is given by (17), where I, + B is the center-
to-center distance between the top and bottom interconnects.
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The sign of mutual inductance is negative as the currents flow
in opposite directions. The DCR of a full-turn with circular
pillars, Rcp, is given by (18). Variation of Qg of a full-turn
with circular pillars versus pitch for four different lengths is
shown in Fig. 18.

Lycp = 2Lcirc(lcp’ )+ 2Lyect (Lin, c, B)
= 2M(lep, p) — 2M (lin, lep + B) (17)
Rrcp = 2Rcirc(lcp + B,7) + 2Rpect (lin, @, B) (18)

2) FULL-TURN WITH RECTANGULAR PILLARS

The schematic of a full-turn with rectangular pillars is shown
in Fig. 12(d). Similar to the previous case, the inductance
(L7rp) and resistance (R7gp) for a full-turn with rectangular
pillars are given by (19) and (20), respectively. Variation of
Q. of a full-turn with rectangular pillars versus pitch for four
different lengths is shown in Fig. 19.

Lrrp = 2Lrect(lrpv a, B) + 2Lyect(lin, @, B)
—2M (L, p) = 2M (lin, Lp + B) (19)
Ryrp = 2Rrect(lrp + B, &, B) + 2Rpect(lin, @, B)  (20)

Observation 9: The Qg. of a full-turn with circular and
rectangular pillars increase with pitch. The increment in Q4
with pitch (p = 200 pum to p = 2000 pm) is 44.37-109.57%
(e.g., ((246.68-117.71)/117.71)*100 = 109.57) for circular
pillars and 31.88-102.94% for rectangular pillars. The length
(Iep/rp) considered for the calculation is 500 pm. Similar
calculations can be carried out for other lengths.

Observation 10: The Q4. of a full-turn with circular and
rectangular pillars increases with pillar lengths. The incre-
ment in Qge from [g,/, = 200 um to I/, = 500 um is
8.33% (r =5 pum, p = 200 um) and 29.85% (r = 50 pum,
p=2000 um) in the case of circular pillars and 12.96%
(¢ =B =10 um, p=200 um) and 35.45% (« = = 100 pm,
p = 2000 um) in the case of rectangular pillars.

Observation 11: The Qg of a full-turn with rectangular
pillars is 4.61- 11.21% greater than a full-turn with circu-
lar pillars for the same footprint (approximately), pitch and
length. The comparisons are made at the lowest (r =5 um,
a=p8=10 um, l;p/p = 200 um, p = 200 um) and highest
(r=50 um, @ = B =100 um, Iep/rp, = 500 pm, p = 2000 rem)
Qgc values.

From the DSE, we can draw two important conclusions:

(1) The Qg4 of 0.75-turns is higher than a full-turn irre-
spective of the pillar cross section (circular or rect-
angular): 3.84-32.47% in the case of circular pillars
and 9.79-40.36% in the case of rectangular pillars. The
comparisons are made at the lowest (r = 5 um, o =
B =10 um, lep/rp = 200 um, p = 200 wm) and high-
est r = 50 um, @ = B = 100 um, lp/rp = 500 pm,
p =2000 um) Qg values.

(i1) As the pillar aspect ratio increases, the analytical models
results are in good agreement with the simulation results.
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The results of the above study demonstrate that the Q4. of
3-D inductors can be improved by increasing (a) the cross-
sections of the pillars and the interconnects (b) the length of
the pillar (height of the inductor), and (c) the pitch of opposite
current carrying pillars. Also, the study shows that 0.75-turns
with rectangular pillars achieves the highest Q.. Even though
0.75-turns with rectangular pillars exhibit a better Qg4 than
with circular pillars, 0.75-turns with circular pillars is chosen
for constructing a novel inductor structure, which is discussed
in the next section, for the following reasons: (a) the stress
profile of a circular pillar is better than a rectangular pil-
lar [52], [53], and (b) constructing rectangular pillars with
a high aspect ratio is difficult.

lIl. 3-D SPIRAL INDUCTOR WITH MAGNETIC THIN-FILMS
A. INDUCTOR DESIGN

From the DSE that has been discussed in the previous section,
we introduce a novel 3-D spiral inductor structure with mag-
netic thin-films, as shown in Fig. 20. The top view of the
structure is shown in Fig. 21. The features of the proposed
inductor structure are described as follows:

(i) There are N windings connected in series. Each winding
consists of four 0.75 — turns, and each 0.75 — turn is
comprised of two pillars, and an interconnect, as shown
in Fig. 20.

VOLUME 10, 2022

(ii)

(iii)

(iv)

The pillars of the windings are placed along x and
y axes. The distance between two consecutive pillars
along the axes is S, as shown in Fig. 22.

Energy stored in the proposed inductor is in two forms:
air-core energy and magnetic-core energy. Intercon-
nects contribute significantly to the air-core energy
while contributing negligibly small to the magnetic-
core energy. On the other hand, pillars contribute signif-
icantly to the magnetic-core energy while contributing
negligibly small to the air-core energy. To simplify
the analysis, we can consider an ideal situation where
interconnects contribute 100% to the air-core energy,
and pillars contribute 100% to the magnetic energy.
The energy storage volume can be segmented into four
quadrants, and the magnetic field is along the radial
direction, illustrated in Fig. 21. The magnetic fields due
to pillars in opposite quadrants nearly cancel each other;
that is, the magnetic fields in the first and third quad-
rants, as well as the second and fourth quadrants, are
in opposite directions. The H-fields which are imme-
diately around the copper pillars do not get completely
cancelled. Consequently, the B — field lines due to the
pillars can be enhanced by wrapping high permeability
magnetic materials around the pillars, which contributes
to the inductance. Also, wrapping the thin-films imme-
diately around the pillars offers a low reluctance path,
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FIGURE 17. Variation of Q. of a three-quarter-turn with rectangular pillars versus pitch for four different lengths of pillars:

(a) Irp =200 pm, (b) Irp =280 pm, (c) Irp = 350 um, and (d) Irp =

and hence, improved inductance density. The basic idea
here is to make use of strong magnetic field lines near
the pillars. The integration of magnetic thin-films is
discussed in section I'V.

The pillars contribute to inductance ideally without
introducing substrate loss for two reasons: (a) the
H-field direction is parallel to the substrate plane, and
(b) most of the H-fields due to the pillars cancel each
other in the substrate volume.

In the proposed inductor, approximately 75% and 25%
of the total inductance are contributed by air-core (due
to the interconnects) and magnetic-core (due to the
pillars), respectively.

v)

(vi)

Even though larger cross-section windings yield higher
Q4c, we have chosen 100 pum diameter pillars and
100 um x 100 pm interconnects as it is challenging to fabri-
cate windings thicker than 100 pum [17], [51]. Increasing the
conductor dimensions will lower the DC resistance, but this
results in a longer reluctance path (longer flux path) and in
turn a reduction in flux density. The windings and thin-film
magnetic-cores are strategically arranged to increase the field
strength.

B. SERIES INDUCTANCE OF THE WINDING
We derive an analytical expression for the winding inductance
(air-core inductance) of the 3-D spiral inductor structure.
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500 xm.

We make use of the basic formulas given in Appendix A.
The inductance of this inductor structure is the summation
of the self-inductances of all N-windings and the mutual
inductances between all pairs of windings. The physical
structure used to compute the inductance is shown in Fig. 22.
To simplify the process of analytical modelling, the windings
are assumed to be completely closed, and each winding is
excited separately [54]. The current direction in all windings
is the same: either clockwise or anticlockwise.

The dc winding inductance L,, 4. of the novel inductor with
N windings can be expressed as follows:

N N-1

ZLWIH 2 D M,

j=i+1 i=1

21

wdc

The first term, L,,,, corresponds to the self-inductance of
the ith winding. The second term, MW,»—W,-, represents the
mutual inductance between the ith and jth windings.

The self-inductance of the ith winding is given by

Ly, = 4Lcirc(lcps r)+ 4Lrect(\/§iS7 a, B) + 4M(lcp, 2iS)
— 8M (L, V/2iS) — 4M(V/2iS, V/2iS) (22)

Similarly, the mutual inductance between the ith and jth
windings is

My, —y; = 4(M(lcpv (= DS) = 2Mlep, [ (i +2)S)
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The basic idea of the computations of the self and mutual
inductances of and between the windings (i.e., L,, and
M,;; ;) are summarized in Appendix II and Appendix III,
respectively.

In the derivation of (21), the following assumptions have
been made:

(23)

(i) The substrate resistivity is very high. The eddy current
effect is not present in the silicon substrate at high
frequency (i.e., the eddy currents do not alter the flux
distribution).

(i1) A thin-film magnetic-core is not present.

(iii) The current is distributed uniformly in the conductor;
that is, the skin and proximity effects are not present.

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

effect, on the inductance. The proximity effect, which is one
of the high-frequency effects, is not considered for the reason
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explained in the next section. Due to the skin effect, the
high-frequency current tends to be crowded in an annulus
(thickness equal to the skin depth) at the surface of the
conductor. Consequently, no internal current is linked by the
field. As f — oo, the internal inductance vanishes (i.e.,
Li, — 0). The inductance value with the skin effect is given
by the following equation:

Lw,ac = Lw,dc — Liy (24)
where L;, is the internal inductance of the proposed inductor.
The expression for L;, is given by

N
Lin =4 (NLcirc,in(lcp) + ZLrect,in(ﬁiSv a, /3)> (25)

i=1

In the frequency range of 3-30 MHz, the skin depth is very
high, and hence, the effect of skin effect on the winding
inductance is negligibly small. Consequently, the AC winding
inductance is approximately equal to DC winding inductance,
that is, Ly gc & Ly dc-

Equation (21) does not consider the inductance contribu-
tion from thin-film magnetic-cores. The integration of mag-
netic thin-films into the proposed inductor structure and the
analytical model for the inductance due to the magnetic thin-
films are discussed in section I'V.
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FIGURE 19. Variation of Qg of a full-turn with rectangular pillars versus pitch for four different lengths of pillars: (a) /;p =200 xm,

(b) Irp =280 um, (c) Irp =350 um, and (d) Irp =500 pm.

C. SERIES RESISTANCE OF THE WINDING (Rw ac)

The AC resistance of the inductor winding is caused by
the skin and proximity effects. The proximity effect is not
pronounced when the conductors are placed far apart in the
frequency range of 3-30 MHz. The center-to-center distance
between conductors should be more than four conductor
radii [55]. Moreover, it’s analytically difficult to determine
the ac resistance due to the proximity effect. In the case of the
proposed inductor, the center-to-center distance between the
conductors varies from 175 to 250 um. Consequently, we can
safely ignore the resistance due to the proximity effect. The
only resistance that needs to be considered is the skin effect
resistance. The AC resistance of the pillars and intercon-
nects due to the skin effect are expressed by (26) and (27),
respectively.
= (26)

Rcirc,skin

%(Nchirc((lcp + B), r))

2 17} N
5 ((a — ﬂ> D Rea(V2iS, a, ﬂ)) 27)

i=1

Rrect,skin =

The effective area for the flow of current decreases due to
the skin effect, and the effective area is obtained by multiply-
ing the skin depth by the circumference of the conductor; this
is applicable for both rectangular as well as circular cross-
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section conductors. The skin depth, §, can be expressed as

s— |
Tf

where f is the operating frequency, p is the resistivity, and
1 is the permeability. The permeability can be written as the
product of the relative permeability u, and the permeability
of free space, o = 4 x 107 H /m: ;. = pojtr.

The high frequency resistance of pillars and interconnects,
derived in [56], is given by (29 and (30), respectively.

(28)

_ [m2 2

Rw,circ - \/Rcirc,dc + Rcirc,skin (29)
_ 2 2

Rw,rect = \/Rrect,dc + Rrect,skin (30)

where Rejrc,dc and Ry,¢; 4c are given by (31) and (32), respec-
tively.

Reire,de = 4NRcirc((lcp +8),r) 3D

N
Rrect,de = 4 Z Rrect(“/zisy a, B)

i=1

(32)
Finally, the series resistance of winding (R, 4c) is given

by (33).
Rw,ac == Rw,circ + Rw,rect (33)
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FIGURE 21. Top view of the 3-D spiral inductor structure with magnetic thin-films.

IV. INTEGRATION OF MAGNETIC THIN-FILMS

A. DESCRIPTION

The proposed inductor with magnetic thin-films is shown in
Fig. 20. Co — Zr — Ta — B thin-films are considered here.
We have employed single-layer magnetic thin-films, which

VOLUME 10, 2022

are wrapped around the pillars. The magnetic thin-films are
placed parallel to the x — z plane or the y — z plane. The plane
of the magnetic thin-films is placed parallel to the H-field
(magnetic field strength). The H-field is in the x or the y
direction, and the eddy current flows in the z-direction. The
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Windings (7, W, Wy )

v
Winding Gap (G;,) = (SN2)-a

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,
x and y axes, and the easy axis is assumed to be oriented in
the pillar current direction (z-axis). The dimensions of the
thin-film magnetic-core are as follows: 500 um in length (I..),
1364 pm in width (w), and the thickness () is 1 pum.

B. FABRICATION METHOD

The inductor structure, as shown in Fig. 20, can be fabricated
by the following method, as shown in Fig. 23: (1) form
trenches parallel to the x and y axes in a Si substrate with
deep reactive ion etching (DRIE) or laser ablation, wherein if
DRIE is used, sidewall scalloping can be reduced by imple-
menting a short etch cycle duration and/or using a selective
Si wet etch since the kinetics are a function of surface area,
(2) selectively deposit a 1 um thick magnetic-core (e.g.,
NiFe) in the trenches using a non-line of sight deposition
technique such as electroless plating by way of a Pd*t
electroless plating catalyst adhered to a (3-aminopropyl) tri-
ethoxysilane (APTES) self-assembled monolayer (SAM) that
is further adhered to oxygen plasma (or thermally) treated
Si [57], wherein in addition to shape anisotropy, an external
magnetic field directed orthogonal to the substrate during
electroless deposition could be used to establish a vertically
oriented easy axis, (3) attach a 100 pum thick Cu carrier
wafer to the Si substrate, (4) pattern the trenches using an
in-situ photomask method, wherein an aspect ratio of 10 is
feasible with a standard g-, h-, i-line mask aligner [58] and
use bottom-up electroplating to form the Cu pillars, (5) pro-
tect the deposited materials with a thin layer of photoresist

92120

then pattern and selectively etch the Cu carrier wafer to
form the backside RDL, and (6) implement standard lithog-
raphy/electroplating on the front side to form the 2 RDL
layer, which can include the GSG traces.

C. LOSS MECHANISM

The main loss mechanisms involved in magnetic thin-films
are hysteresis loss, eddy current loss, and anomalous loss [5].
The eddy current loss can be classified as conduction eddy
current loss and displacement eddy current loss. Multi-layer
film stacks (multi-layer magnetic thin-films) are the source
of displacement eddy current loss. In the case of single-
layer magnetic thin-film, displacement eddy current loss is
absent. Consequently, the losses associated with the single-
layer magnetic thin-film are hysteresis loss, conduction eddy
current loss, and anomalous loss.

The thickness of each layer used in 3-D spiral inductor
structure is 1 um, which is much less than one skin depth
at 30 MHz. The skin depth of Co — Zr — Ta — B'is 5 um
at 30 MHz. The measured relative permeability considered
for the skin depth calculation is 500, and the resistivity of
Co—Zr—Ta—Bis 115 uQ2 - cm.

D. INDUCTANCE OF MAGNETIC THIN-FILMS
The inductance due to magnetic thin-films can be derived
using a basic magnetic circuit approach. The flux ¢,,4¢ in the
thin-film magnetic-core is given by

Magnetomotive Force NI

= = 34
Pmag Reluctance Rinag (34
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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 (Si0,, 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 Ryqg of the flux path in the core can be
written as:

Im
Rmtlg MHottrlct (33
where /. and t are the length and thickness of the thin-
film magnetic-core, respectively, and [, is the magnetic path
length (i.e., 8r + 2(N — 1)S + 4¢), shown in Fig. 20.
The DC inductance, Lyuug,dc, due to magnetic thin-films is
given by

N¢mag _ Nzuoﬂrlct
I 8r +2(N — 1)S + 4t

Expression (36) is derived with the assumption that the
flux is uniformly distributed over the cross-section of the
magnetic thin-film. This is true only for direct current or low
frequency currents, but at high-frequency the flux density
ceases to be uniform. Since the thickness of the magnetic
thin-film is significantly less than the skin depth, the flux
completely penetrates into the magnetic thin-film. In other

(36)

Lmag,dc -
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words, (36) can be employed to find the inductance due
to thin-film magnetic-cores without appreciable error in the
frequency range of 3-30 MHz; that is, Lyag,ac ~ Liag, de-

V. CHARACTERIZATION AND VALIDATION

To verify the proposed model for winding inductance, an air-
core 3-D spiral inductor is implemented on PCB and electri-
cally characterized with an HP4285A precision LCR meter
(75 kHz-30 MHz). The specifications and validation results
are presented in Appendix IV.

Similarly, to verify the analytical model for the inductance
of magnetic thin-films and understand the potential of 3-D
spiral inductors with magnetic thin-films, we constructed and
characterized (small-signal) in Ansys Maxwell. The specifi-
cations considered for the simulation are given in Table 1.
The resistivity of the silicon considered for the simulation
is 1 k2 - cm. The total DC inductance is the sum of the
inductances due to the windings and the magnetic thin-films,
and is given by (37).

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

Design Parameter ‘ Value

Number of windings (N) 6

Number of pillars in each winding 4
Distance between two pillars along the axes (S) | 250 um
Pillar radius (r) 50 pm
Interconnect width («) 100 pm
Interconnect height (53) 100 pm
Inductor height (Icp) 500 pm
Winding gap (Gw) = (S/v2) — a 75 pm
Thickness of magnetic thin-film (¢) 1 pm

TABLE 3. Simulation and analytical model comparison.

‘ Simulation ‘ Model ‘ Percent Error (%)

ngiﬁg(fr‘:;) 4663 | 49.84 6.88
(fn’gg‘lgégg_gg 1643 | 1556 529
Ruw.ac (mQ) @3 MHz | 99.26 9.8 247
Ruw.ge (m) @10 MHz | 13409 | 1267 5.51
Ru.ae (mS2) @20 MHz | 161.13 160 0.70
Ruw.ac (M) @30 MHz | 18854 | 1875 0.55
Re (m) @30 MHz 94.43 - -
Ry (m) @30 MHz 49.75 - }
Qac (M) @30 MHz 36 - -

Table 3 compares simulation and analytical results for L, 4.
and Ly 4c. Since the skin effect is not significant in the fre-
quency range of 3-30 MHz, AC inductance is approximately
equal to DC inductance, that is, Lyc(Ly,ac + Linag,ac) ~ Ldc.

The total loss in any inductor is the sum of the winding
loss and core loss [5]. As discussed in section IV, the main
losses associated with single-layer magnetic thin-films are
conduction eddy current loss, hysteresis loss, and anomalous
loss. Since this work focuses on small-signal characterization,
anomalous loss, which appears at large ac currents, is not
taken into account. The losses that need to be considered in
the 3-D spiral inductor with magnetic thin-films are winding
loss, eddy current loss, and hysteresis loss; the resistances
corresponding to these losses are represented by the winding
resistance Ry, 4c [see (33)], eddy current resistance R,, and
hysteresis resistance Ry, respectively. The total resistance,
Ry, which is known as small-signal resistance, is given by
the following equation:

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

Table 3 compares simulation and analytical results for Ry, 4.
The analytical expressions for R, and R, are not derived as a
closed form solution is difficult.

The inductor model is assumed to be comprised of induc-
tance L, in series with resistance R,.. The parasitic capaci-
tances, such as interwinding capacitance, which significantly
influence Q,. at VHF, are not considered. Consequently, the
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FIGURE 24. The loss tangent tan § versus frequency.

Quc at low frequencies can be described by wL,¢ /R . In this
expression, w (27rf) is the angular frequency.

The small-signal performances can be accurately evaluated
using the FEA. The performance of an inductor can be eval-
uated using a figure-of-merit (FOM), which is defined by [5]
as,

FOM — Y Qdc - Qac (39)
Vv
where V is the volume of the inductor. In Table 4, the FOM of
the 3-D spiral inductor with magnetic thin-films and induc-
tors from previously published works are compared.

In Table 4, for the computation of Qu (2mfLac/Rauc)
at 30 MHz, the calculated resistances (FEA solutions) corre-
sponding to the winding loss, eddy current loss, and hystere-
sis loss are 188.54 mQ2 (Ryy 4¢), 94.43 m2 (R,), and 49.75 m<2
(Rp), respectively. As discussed in section V, R, is the sum
of all these three resistances and is equal to 332.72 mS2. The
hysteresis loss is estimated by using magnetic loss tangent
(tan §) measured on a single-layer CZTB sample of 1 um
thickness; a sample of size 4 mm x 4 mm x 0.7 mm (including
the silicon substrate) is considered. The measured tan § is
0.02 at low frequency where eddy current loss is negligibly
small. The loss tangent fan § is plotted in Fig. 24.

VI. CONCLUSION
In this paper, we report the closed-form analytical model for
the inductance of a 3-D spiral inductor with magnetic thin-
films. The analytical expressions for the inductances of the
winding and the magnetic thin-films are validated against
measurements and FEA solutions, respectively. The values
predicted by the inductance models of the winding and the
magnetic thin-films agree with the experimental and FEA
simulation results to within 5.63% and 5.29%, respectively.

Also, the analytical expression for the winding resistance
(Ry,qc) 1s derived. The values predicted by the expression are
validated against simulation results in the frequency range of
3-30 MHz; the maximum error reported is 5.5%, as illustrated
in Table 3.

The design space is graphically described. An exten-
sive analysis is carried out to evaluate the DC performance
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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.

o coe | oot | ot | et | mawned | (Fe) | i | v
This work * 3-D Spiral CZTB 458 0.5 63.06 88.43 713.34 36@30 71.22
[59] Bar-Type Nigi1Feig 48 0.11 100 300 333.33 2.1@1 60.13
[60] Toroid NigoFeao 31.368 0.2 500 95 5263.16 20@2 51.72
[5] Toroid NiZn+PDMS 5.68 0.28 86.50 230 376 14.16@13 46.53
[61] Racetrack NigsFess 7.488 0.17 150 191 785.34 4@8 44.07
[18] Square-Shaped Spiral NiZn+PDMS 98 0.83 430 84 5119.03 20.8@6 43.89
[62] Toroid MnZn+PDMS 2.98 0.4 43.6 280 155.71 16.2@65 43.29
[26] Solenoid Silicon-Steel Iron 38 1 1063 100f 10630 1.31@5 39.33
[63] 2-D Spiral NiZn+PDMS 98 0.6 390 140 2785.71 10@6 30.90
[64] Elongated Racetrack Ni—Cu—Zn Ferrite 22.78 1.06 242 820 295.12 18@30 3.02
[64] Racetrack Ni—Cu—Zn Ferrite 308 1.06 370 1060 349.05 14@30 2.19
[24] Toroid CoNiFe 1008 1 1000 700 1428.57 18@1 1.60
[65] Toroid NiZn+PDMS 1698 0.2 160 265 603.77 105@14 1.47

* FEA results are considered for comparison. The FOM value is merely a first approximation. The exact value of the FOM will depend on the capability

of the fabrication processing technology.

T This is an estimated value based on the dimensions given in the reference.

§ This value is the inductor footprint and does not include the footprint of measurement pads.

(i.e., Qgc) of 3-D inductors with respect to variation of
parameters such as winding dimensions, pitch, height, etc.
The data is presented in graphical form. With the presented
data, the determination of DC performance (i.e., Q4.) of 3-D
inductors with respect to variation of parameters is fairly easy,
which helps in design and fabrication to achieve optimum
performance.

We construct a 3-D spiral inductor with magnetic
thin-films in Ansys Maxwell to understand its potential
(small-signal performance) when compared with previously
published works. We also discuss the loss mechanism asso-
ciated with single-layer magnetic thin-films. Theoretically
demonstrated that the inductance exhibited by the proposed
inductor is large enough to operate a switching converter
in continuous conduction mode in the proposed frequency
(3-30 MHz) of operation. The 3-D spiral inductor with mag-
netic thin-films is more suitable for PwrSiP and PwrSoC
in the frequency range of 3-30 MHz, however, it can be
employed at VHF provided that EMI can be tolerated and
further analysis at VHF is carried out.

APPENDIX I. EXACT FORMULAE FOR THE SELF AND
MUTUAL PARTIAL INDUCTANCES OF AND BETWEEN
CONDUCTORS HAVING CIRCULAR AND RECTANGULAR
CROSS SECTIONS

The exact expression for the self-partial inductance of a cir-
cular pillar having length, ., and radius, r, is given by

Ho lep + Y lCzP +r?

Lcirc(lcp, r) = E lcp In ;
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(A1)

I
—,/lgp+r2+%+r:|

Similarly, the exact expression for the self-partial induc-
tance of a rectangular pillar having length, /,;,, width, o, and
thickness, 8, is given by

Mo lrp 21rp
Lyee:(Lyp, a, B) = I 0.5
rect(Lrp, &, B) [n (O{ iy + +

2
Finally, the exact expression for the mutual partial induc-
tance is given by

1 12 2
M(l,p):l;_; I In JF\/TTP _\/mﬂ,

(A3)

_‘:|
3lrp
(A.2)

where [ is the length of a conductor (a pillar or an intercon-
nect) and p is the center to center distance between conductors
(pillars or interconnects).

APPENDIX Il. COMPONENTS OF THE SELF-INDUCTANCE
OF A WINDING

The constituent components of (22) are represented in
Fig. 25. The signs of the mutual inductances depend on the
current directions. Dots and crosses are used to indicate the
pillar current directions as shown in Fig. 25.

APPENDIX IlIl. COMPONENTS OF THE MUTUAL
INDUCTANCE BETWEEN TWO WINDINGS

The individual mutual inductances of (23) are given
by (C.1)-(C.5) and are represented in Fig. 26. The method for
determining the mutual inductance between unequal straight
segments is given in [55] and [66].

92123



lEEEACCGSS C. Shetty, D. C. Smallwood: Design, Modeling, and Analysis of a 3-D Spiral Inductor With Magnetic Thin-Films

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

My = M(lep, G —DS) C.DH
My = M(lep, ) (i2 +j2)S) (C2)
M3 = M(lep, (i +)S) (C3)

() (F)) e

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

Design Parameter Value
PCB material FR-4
Number of layers 2
Area 10 mm x 10 mm
Thickness 1 mm
Number of windings (N) 6
Number of vias in each winding 4
Distance between two vias along the axes (S) 1178.51 pm
Via radius (r) 150 pm
Copper trace width (&) 400 pm
Copper trace height (3) 35 pum

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

Measurement@ Simulation Our Model
frequency (kHz) | (200.85 nH) | (215.48 nH)
203.33@75 - 5.63%
202.27@100 - 6.53%
199.95@300 - 7.76%
199.07@500 - 8.24%

#DC inductance Ly, qc is presented.

Top layer

. ( Top interconnedt) .

(Copper
pillar)

50 mm

Testing
Pads I '@[l il
Bottom layer
. ( Bottom interconnect)

50 mm

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

The first three components (i.e., M|, M>, M3) are con-
tributed by pillars and the last two components (i.e., M4, Ms)
are contributed by interconnects.

APPENDIX IV. AIR-CORE 3-D SPIRAL INDUCTOR ON PCB
An air-core 3-D spiral inductor is implemented on PCB
within the area of 100 mm?” to validate the analytical
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Testing
pads

(®)

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 parameters
are summarized in Table 5. Totally, four inductors are imple-
mented on a PCB board size of 50 mm x 50 mm, as shown in
Fig. 27. The top and bottom views of the fabricated inductor
are shown in Fig. 28(a) and (b), respectively.

Next, we compare the analytical model, the FEA simula-
tion, and the measurements in Table 6.
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