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Abstract— Metallic magnetic alloys are of interest as core
materials in ultracompact or integrated inductors and transform-
ers. However, when operated at high frequencies, such mate-
rials should comprise a multilayer stack of magnetic material
laminations and electrically insulating interlayers to suppress
eddy current loss. To achieve scalable and continuous fabrication
of such a structure, sequential multilayer electrodeposition is
an attractive approach. To achieve sequential electrodeposition,
interlayer’s electrical conductivity should be sufficiently high to
permit electrodeposition of subsequent layers, but sufficiently low
to suppress eddy current loss. Polypyrrole, an electrodepositable
polymer, was investigated as an interlayer material. Finite ele-
ment modeling demonstrated a negligible difference in eddy cur-
rent loss between NiFe/polypyrrole and NiFe/vacuum multilayers.
Experimental verification of the efficacy was demonstrated as
well. Compared with a single-layer NiFe inductor that has a com-
parable low-frequency (10 kHz) inductance value, a laminated
ten-layer NiFe core showed higher inductance retention (88% of
the low-frequency inductance for the laminated core versus 21%
for the single-layer core) and lower ac resistance (1.68 versus 12.7
�) at 8 MHz, both of which are signs of suppressed eddy current.
This scalable fabrication approach to high-frequency inductors
will facilitate power converter miniaturizations.

Index Terms— Eddy current suppression, high-frequency
power converters, inductor, MEMS.

I. INTRODUCTION

THE increasing complexity of electronic systems, includ-
ing Internet of Things (IoT) devices, implantable bio-

electronics, portable electronic devices, and electric vehicles,
is driving interest in power converters for voltage shifting,
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power supply distribution, and battery interfacing. Further-
more, these systems often have volumetric or footprint con-
straints [1]–[4], which place concomitant restraints on the
physical size of the power converters. Inductors are often the
bottleneck in power electronic device size reduction, as mag-
netic components typically occupy large physical volumes
within the converter [5]–[7]. To address this need, researchers
have been working toward miniaturizing inductors while main-
taining inductor performance [8]. Furthermore, as inductor
sizes reduce, co-integration of magnetic components with drive
electronics becomes possible, enabling the realization of power
supplies on a chip (PwrSoC) [9]–[11], with the potential for
reduced parasitics and cost improvements.

The choice of interlamination insulation material is dictated
both by fabrication constraints and conductivity constraints.
From a fabrication perspective, the material should be able to
be electrodeposited so that it can easily be selectively placed
in the magnetic core mold. From a conductivity perspective,
the material should be chosen such that its conductivity is
high enough to allow subsequent electrodeposition of magnetic
and insulation layers in a stack, while at the same time is
sufficiently low that eddy currents will be suppressed.

In general, the power-handling capacity of an inductor
per unit core volume in a switching converter application is
proportional to the product of the square of the core saturation
flux density (Bs) and the frequency ( f ) of operation. Operation
at high frequency, therefore, is often attractive when seeking
to minimize the core volume. However, high-frequency oper-
ation can result in eddy current formation [12] in electrically
conducting cores, typically restricting such cores to relatively
lower saturation flux density ferrite materials.

If not for this eddy current generation, high saturation flux
alloys of nickel, iron, and cobalt could be attractive materials
as high-frequency inductor cores. One common strategy to
suppress eddy current loss in such conducting cores is keeping
the core thickness below the skin depth at the operation fre-
quency of interest. However, the skin depth of typical metallic
magnetic alloys in the low megahertz regime is typically
on the order of several microns [7], [13], [14]. Since the
power-handling capacity of the core is proportional to the core
volume, such core thicknesses are typically unsuitable for con-
version levels in the tens of watt range. The typical approach
to address this issue is to stack multiple thin magnetic layer
laminations, each bearing an electrically insulating interlayer,
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to form the core. The insulating interlayers inhibit large eddy
currents from forming by confining eddy currents to each
magnetic lamination. Eddy current losses are then dictated by
the individual lamination thickness, while the power-handling
capability is dictated by the total core thickness. Such a
lamination structure allows the simultaneous exploitation of
high-frequency operation and high flux density material for
inductor miniaturization.

A common method to fabricate a lamination structure for
inductor cores is sequential sputtering [15]. However, sputter-
ing is a relatively slow process, and deposition speeds and
film stresses make it challenging to realize cores in many tens
of microns thickness range using this approach. To construct
thicker cores, electrodeposition has been widely adopted [6],
[7], [13]. For example, a lamination structure can be achieved
by sequentially electroplating magnetic material layers and
metallic nonmagnetic interlayers after which the interlayers are
selectively etched to create air gaps. Although this approach
has been demonstrated [6], it typically requires a support
structure to prevent layer collapse, increasing the complexity
of fabrication. Another example is the liquid-assisted self-
assembly of electroplated magnetic lamination layers, in which
the liquid contains a dissolved polymer insulator. Individual
magnetic layers are supported on an alignment guidewire,
dipped into a liquid polymer solution, and pulled from the
solution. Surface tension then self-assembles the magnetic
sheets into a multi-layer lamination structure having an insu-
lating polymer interlayer [16]. Although such an assembly
method is useful in laboratory-scale research, it is challeng-
ing to use for integrated inductors in PwrSoC approaches.
An improved approach would be a fully additive, continuous
electrodeposition process in which laminations and interlayers
are deposited without complex pre- or post-processing.

Such an approach places significant constraints on the
interlayer material conductivity. Each material layer should be
electrically conductive to achieve a continuous and additive
electrodeposition process. However, the interlayers should be
insulating to confine eddy currents to individual magnetic
layers. Therefore, the interlayer material for the laminated
inductor core should possess an intermediate conductivity.
In [17], we have detailed the process of continuous additive
electrodeposition and shown that conductive polymer polypyr-
role (PPy) [18]–[20] is sufficiently conductive to enable sub-
sequent sequential electrodeposition of metals. If at the same
time the PPy interlayer is insulating enough so that it can
suppress eddy current loss, it could be a promising interlayer
material for a laminated inductor core.

In this article, we fabricate lamination magnetic core struc-
tures comprising nickel–iron (NiFe) as the magnetic material
and PPy as the interlayer insulation, using a continuous and
additive electrodeposition process. By characterizing the cores
produced in this fashion, we analyze the effectiveness of PPy
in suppressing eddy currents. NiFe was chosen as the magnetic
material for its relatively high Bs . Finite element analysis
was conducted to compare PPy interlayers with a hypothetical
vacuum interlayer material over this frequency range. For
empirical testing, three different inductor geometries (wire,
solenoid, and toroid) were investigated. Each inductor geom-

etry possessed a core comprising either a single thick layer
of NiFe or two thin layers of NiFe with a PPy interlayer.
In this latter case, each of the thin layers was half the thickness
of the thick layer, so as to present the same total magnetic
core volume. The inductance, ac resistance, and quality factor
of each inductor as a function of frequency up to 8 MHz
were determined. Finally, a core comprising ten layers of
NiFe and nine PPy interlayers was fabricated to demonstrate
the scalability of fabrication and the difference in electrical
performance compared with an inductor with a single NiFe
layer.

II. VALIDATION OF EDDY CURRENT SUPPRESSION

THROUGH FINITE ELEMENT ANALYSIS

The choice of interlamination insulation material is dictated
both by fabrication constraints and conductivity constraints.
From a fabrication perspective, the material should be able to
be electrodeposited so that it can easily be selectively placed
in the magnetic core mold. From a conductivity perspective,
the material should be chosen such that its conductivity is
high enough to allow subsequent electrodeposition of magnetic
and insulation layers in a stack, while at the same time is
sufficiently low that eddy currents will be suppressed.

The question of suppression of eddy currents in lamination
stacks has been previously examined analytically. Eddy current
suppression depends on the conductivity ratio between the
magnetic core material and the interlamination insulation [14],
as well as the core fill factor and core width [14]. Based
on these analytical models, and considering typical integrated
inductor sizes, it was shown that a conductivity ratio of mag-
netic core to interlamination insulation above 106 is sufficient
to suppress eddy current loss up to ∼10 MHz [14], [17] under
the conditions that: 1) the thickness of an individual magnetic
core lamination is below the typical skin depth of about a few
micrometers; 2) the interlamination insulation layer thickness
is in the sub-micrometer range; and 3) the cores are less than
∼1 cm in width. Another potential issue that might arise is loss
due to the flow of displacement current through thin interlayers
at high frequency, especially if the relative permittivity of
the interlayer insulation layer is high. Even considering the
high relative permittivity value of PPy of approximately 1000
[21], modeling demonstrates that cores with typical integrated
inductor sizes mentioned above will generate displacement
currents that have a negligible effect on eddy current loss up
to ∼10 MHz [22].

To further validate the predictions of these models for
eddy current suppression using PPy interlayer insulation, a
3-D finite element analysis using ANSYS Maxwell 3-D was
conducted. The upper portion of Fig. 1(a) shows a perspective
view of the modeled solenoid inductor structure. The lower
portion of Fig. 1(a) shows in cross section the three different
inductor core geometries that were simulated: a single-layer
NiFe core, a two-layer NiFe core with vacuum as an interlayer,
and a two-layer NiFe core with PPy as an interlayer. The total
volume and total cross-sectional area of NiFe were the same
for all the cases. The single-layer NiFe core was 17-mm long,
22-μm wide, and 2-μm thick. For the two-layer NiFe models,
each NiFe lamination was 1-μm thick while PPy and vacuum
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Fig. 1. (a) Three-dimensional solenoid model having magnetic core in the center and windings around the core used for finite element analysis (top) and
cross sections of the three different types of cores analyzed (bottom). The green color represents NiFe, a white strip between NiFe layers represents a vacuum
interlayer, and a black strip between NiFe layers represents a PPy interlayer. (b) Simulated magnitude of magnetic flux density plotted on these three different
cross sections at 10 kHz and 8 MHz at a position midway along the length of the solenoid. (c) Simulated current density vector plotted on these three different
cross sections at a position midway along the length of the solenoid at both 10 kHz and 8 MHz. The magnitude of current density is indicated by arrow color
and size.

interlayers were 400-nm thick. Widths and lengths were the
same as the single-layer NiFe core. The magnetic core was
wound by a copper wire having 2.5-μm radius and 20 turns.

Simulations were conducted at operating frequencies of
10 kHz and 8 MHz to illustrate both the low-frequency and
high-frequency behavior of the magnetic cores. The relative
permeability of NiFe was taken as 800, and the conductivity
was taken as 6.3 × 106 S/m. The relative permittivity and
permeability of the vacuum interlayer were taken as unity, and
the electrical conductivity of the vacuum interlayer was taken
as zero. The relative permeability of the PPy interlayer was
taken as unity, the relative permittivity as 1000, and electrical
conductivity as 1.1 S/m. Note that the PPy conductivity was
not set to the actual vertical conductivity value of 0.08 S/m
[17] because the simulation program enables eddy current
mode only when the material has conductivity higher than
1.1 S/m. Thus, this simulation will be a conservative estimate
of the generated losses. During the simulation, both displace-
ment current calculation and eddy current calculation were
enabled.

If the high-frequency operation of these electrically conduct-
ing cores results in eddy currents, two phenomena should be
observed. First, the eddy currents themselves should be noted
within the core; and second, the core should have significant
flux exclusion in portions of its cross-sectional area due to
the canceling flux produced by the eddy currents. Therefore,
an examination of both magnetic flux density and current
density within the core will be of interest.

First, the low-frequency (10 kHz) case is considered.
Fig. 1(b) illustrates the magnitude of the magnetic flux density
at a cross section of the core at a position midway along
its length. Referring to the upper portion of Fig. 1(b), the
single-layer NiFe, multi-layer NiFe with vacuum interlayer,
and multi-layer NiFe with PPY interlayer all have similar,
evenly distributed flux density. This illustrates that the typical
flux exclusion caused by eddy currents is not occurring in
any of these three structures. This is expected as the skin

depth of NiFe with the magnetic and conductivity properties
detailed above at 10 kHz is approximately 70 μm, which is
much thicker than both the single-layer and the multi-layer
NiFe structures. It is further observed that there is relatively
little flux density in the PPy interlayer (the flux density in
the vacuum interlayer was not plotted). This result is expected
because it is well-known that the flux density concentrates
within higher permeability materials. Fig. 1(c) illustrates the
magnitude of the current density within the core at a cross
section of the core at a position midway along its length.
Referring to the upper portion of Fig. 1(c), there is very
little eddy current present in all three core geometries (the
magnitude of current density is indicated by both arrow color
and size). This is expected as eddy currents should be small
at this low frequency. The amount of current is relatively so
low compared with that of high frequency that almost nothing
is plotted (magnitude of current density is indicated by arrow
colors and size). Thus, at low frequency, similar inductance
behavior [see Fig. 1(b) and loss behavior [see Fig. 1(c)] would
be expected from all three core geometries.

Second, the high-frequency case (8 MHz) is considered.
Referring to the lower portion of Fig. 1(b), the single-layer
NiFe clearly shows flux exclusion from within the central
region of the core, while both the multi-layer NiFe models
still show an evenly distributed flux density across the core
cross section. Referring to the lower portion of Fig. 1(c),
significant eddy current loops are observed in the single-layer
core model, while smaller eddy currents are observed in
both the multi-layer NiFe models. Thus, at higher frequency,
significantly smaller inductance values and higher losses from
the single-layer core are expected than from either multilayer
core model. Furthermore, little difference in either inductance
or loss would be expected between laminations insulated with
vacuum or PPy. This modeling result predicts that for these
geometries and operating frequencies representative of inte-
grated inductors, PPy interlamination insulation can suppress
eddy currents as effectively as perfect (vacuum) insulation,
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Fig. 2. Schematic drawings of (a) multi-bath electroplating process; (b) auto-
matic electroplating robot; and (c) three different types of inductors tested in
this work.

even though PPy has non-zero conductivity and high relative
permittivity.

III. FABRICATION OF WIRE, SOLENOID, AND TOROID

INDUCTORS

Experimental validation of the performance of NiFe/PPy
cores was carried out through fabrication and characteriza-
tion of inductor cores with multiple geometries. Magnetic
core materials and conductive polymers were sequentially
electroplated using a continuous batch process as shown in
Fig. 2(a) to create inductor cores. Detailed fabrication pro-
cedures including bath compositions, the need for Ni layer,
and plating current densities are provided in [17] and [23].
Samples were prepared using a custom-made automated elec-
troplating robot as depicted in Fig. 2(b), where the sample was
sequentially immersed into each plating bath and rinsing bath.

Three inductor geometries – a wire geometry, a solenoid
geometry, and a toroid geometry as shown schematically
in Fig. 2(c) – were fabricated. The wire inductor, in which
concentric shells of magnetic and interlayer material are
deposited on a wire substrate, is a one-turn inductor where
the enamel-coated commercial wire is excited to create mag-
netic flux. Such wire inductors, using commercial enamel-
coated copper wires (diameter 200 μm) sputtered with tita-
nium and gold as substrates for electrodeposition of NiFe
and PPy, are a simple model system that does not require
lithographic patterning, enabling rapid preliminary testing. The
more widely used solenoid and toroid inductor core geometries
were also prepared. Both solenoid and toroid inductors were
electrodeposited through lithographically patterned photoresist
molds, demonstrating the CMOS-compatible potential of this
fabrication technology. Electroplated solenoid magnetic cores
were rectangles having width and length of 1 and 15 mm,
respectively. The disk pattern for toroidal cores had an inner
radius of 2 mm and an outer radius of 3 mm.

Each inductor type had three different cross sections of
layered structures: thin single-layer NiFe (denoted single-thin
NiFe), thick single-layer NiFe (denoted single-thick NiFe),
and two thin-NiFe layers sandwiching a middle PPy layer
(denoted multi-thin NiFe) as depicted in Fig. 3. The target
thickness of the single-thick NiFe was twice that of a single-

thin NiFe. The target thickness of each NiFe layer in the
multi-thin NiFe was the same as that of a single-thin NiFe.
By structuring the test cores in this manner, the single-thick
NiFe and multi-thin NiFe have the same total NiFe (i.e.,
magnetic) thickness, differing only by the presence of the
PPy interlayer. For the wire inductor, the targeted thickness
of the single-thin NiFe layer was approximately 2 μm, and
the targeted PPy thickness (when present) was approximately
200 nm. For the solenoid and toroid inductors, the targeted
thicknesses of the single-thin NiFe were approximately
1.5 and 1.2 μm, respectively, while the PPy thickness (when
present) was again approximately 200 nm.

To wind the solenoid and toroid inductors, bobbins were
fabricated by laser machining commercially available poly-
imide films of 0.13-mm thickness. The electrodeposited
cores were placed in their respective bobbins and wound
with 38 American Wire Gauge (AWG) enamel-coated copper
wires. Solenoids and toroids were hand-wound to 40 and
36 turns, respectively. The wire ends were then soldered
to copper foil pieces to improve electrical connection when
interfacing with the characterization tool.

IV. ELECTRICAL CHARACTERIZATIONS OF WIRE,
SOLENOID, AND TOROID INDUCTORS

The prepared wire, solenoid, and toroid inductors as shown
in Fig. 4(a), (e), and (i) were electrically tested using an LCR
meter (Hioki IM3536) over the frequency range of 10 kHz–
8 MHz. In general, neglecting resonance effects, the presence
of eddy currents should manifest as a more rapid increase in
resistance (R) with frequency ( f ), a reduction in measured
inductance (L) with frequency, and a reduction in attainable
quality factor (Q = 2π fL/R), compared with inductors of
similar geometry and core properties that do not exhibit
eddy current losses. To assess the reduction in inductance,
the concept of inductance ratio is introduced, in which the
measured inductance at a given frequency is divided by its low-
frequency (e.g., 10 kHz) inductance value. Thus, an inductance
ratio near unity would be expected for inductors with little
eddy current loss, while lower inductance ratios would be
expected for higher eddy current losses. For the cases of
the solenoid and toroid inductors, an air core (i.e., a bobbin
winding around a non-magnetic form) was also fabricated for
comparison. An air core wire inductor was also measured by
determining the self-inductance of a length of wire with no
deposited core.

The electrical characteristics of the fabricated inductors
will be discussed in the low-frequency and high-frequency
regimes, respectively. The low-frequency inductor characteris-
tics at 10 kHz are summarized in Table I. Among the non-air
core samples, the single-thin NiFe samples have the lowest
inductance values. This is expected, as the single-thin NiFe
samples have the thinnest NiFe and thus the smallest total
NiFe volume. Meanwhile, single-thick NiFe and multi-thin
NiFe samples have similar inductance values as they have
comparable total NiFe volumes, also as expected. It is noted
that the single-thick NiFe does not have twice the inductance
of single-thin NiFe; this is attributed in part to the fact that



PYO et al.: SUPPRESSION OF EDDY CURRENT LOSS IN MULTILAYER NIFE-POLYPYRROLE MAGNETIC CORES 7437

Fig. 3. Cross sections of three different layers fabricated for each type of inductor (wire, solenoid, and toroid inductors) with expected eddy current loops
drawn on each magnetic layer.

Fig. 4. (a) Sample image, (b) inductance ratio, (c) resistance, and (d) quality factor of a wire inductor. (e) Sample image, (f) inductance ratio, (g) resistance,
and (h) quality factor of a solenoid inductor. (i) Sample image; inset: magnified view of bobbin-guided coil winding, (j) inductance ratio, (k) resistance, and
(l) quality factor of a toroidal inductor.

the measured inductance includes magnetic flux not only in the
magnetic core but also in the air (as well as the expected radial
variations in flux in the wire inductor geometry). Note that
the air core inductors have non-negligible inductance values
as shown in Table I. In addition, as expected, the one-turn
wire inductors have the lowest inductance values compared
with the multiturn solenoid and toroid inductors.

In the case of resistance, for a given inductor geometry all
inductor core types including air core inductors have similar
resistances. This is attributed to the fact that at low frequency,
the loss contributed by the magnetic core is relatively small,
and therefore the resistance is predominantly determined by
the winding wire dc resistance values. Since winding wire

lengths are similar across all inductor core types for a given
inductor geometry, resistances at 10 kHz are similar. Further-
more, referring to Fig. 4, both the inductance and resistance
values are relatively stable at low to moderate frequencies
since the skin depths over the range are much greater than
NiFe thickness.

As frequency increases to several megahertz range, eddy
current effects increase, leading to a drop in inductance ratio
and increase in resistance as shown in Fig. 4(b), (c), (f), (g),
(j), and (k). Inductance ratios expressed as a percentage and
resistance values at 8 MHz are summarized in Table II to better
quantitatively analyze high-frequency behavior. Inductance
drops more in single-thick NiFe than in multi-thin NiFe in
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TABLE I

INDUCTANCE AND RESISTANCE AT LOW FREQUENCY SUMMARIZED FOR
THE TESTED THREE GEOMETRIES OF INDUCTORS

all three inductor geometries even though they have the same
total NiFe thicknesses and volumes. For example, in a solenoid
inductor, single-thick NiFe retains 77% of its inductance at
10 kHz while multi-thin NiFe retains 90%.

Resistance data show that the resistance of multi-thin NiFe
is always lower than that of single-thick NiFe, validating that
eddy current loss must be smaller since the total volume of the
two is targeted to be the same. Resistance includes not only
eddy current loss but also hysteresis loss and miscellaneous
loss which are all positively correlated with magnetic core
volume.

The quality factor Q of an inductor is the product of angular
frequency and inductance divided by resistance (Q = 2π fL/R).
Since the quality factor increases with higher inductance and
lower loss, its value for inductors of similar geometry can
also be used to assess the efficacy of the PPy interlayer. For
air core inductors, since there are no magnetic core losses, Q
increases monotonically over the measured frequency range.
However, for inductors with magnetic cores, a maximum
Q is observed due to increasing core losses with higher
frequency. These trends are similar over all three types of
inductors. In all cases of wire, solenoid, and toroid inductors,
the multi-thin NiFe had a higher quality factor than single-
thick NiFe. The frequency at which Q is a maximum is also
higher for multi-thin NiFe constructs, showing its suitability in
higher operating frequency. Based on these experiments, the
effectiveness of PPy in suppressing eddy currents in all three
types of inductors, with concomitant increases in operating
frequency and reductions in loss, has been demonstrated.

To demonstrate the utility of this technology in thicker cored
inductors, as well as demonstrate the fabrication capabilities
of this approach, a ten-layer NiFe/PPy solenoid core inductor
is fabricated and compared with a single-thick NiFe solenoid
core inductor. The electroplated solenoid cores had width
and length of 1 and 15 mm, respectively, and were wound

TABLE II

INDUCTANCE RATIOS OF SINGLE-THICK AND MULTI-THIN CORES
EXPRESSED AS A PERCENTAGE, RESISTANCE AT HIGH FREQUENCY (8

MHZ), AND MAXIMUM Q-FACTOR (AS WELL AS THE FREQUENCY

AT WHICH MAXIMUM Q OCCURRED), SUMMARIZED FOR THE

TESTED THREE GEOMETRIES OF INDUCTORS

Fig. 5. (a) Inductance ratio, (b) resistance, (c) quality factor, (d) cross-
sectional SEM image of the tested single-layer NiFe inductor and ten-layer
NiFe inductor. Inset: Magnified image of a ten-layer NiFe inductor to show
approximate individual NiFe thickness.

with 40 turns of 38 AWG enamel-coated copper wire. The
multilayer core was sectioned using focused ion beam (FIB)
and assessed using scanning electron microscopy (SEM). The
FIB-SEM image in Fig. 5(d) shows the cross-sectional area
where NiFe and Ni appear bright gray, while PPy interlayers
appear black. The image demonstrates successful continuous
electrodeposition of the thick lamination structure. The inset
of Fig. 5(d) shows a magnified view of individual layers in a
laminated structure.

We fabricated and compared a single-layer inductor and
a ten-layer inductor having similar low-frequency inductance
values. We note that in these inductance-matched devices, the
measured NiFe thickness of the single-layer inductor (8.9 μm)
is thinner than that of the sum of all the individual layers of
the multilayer inductor (11.7 μm); however, we further note
that the FIB-based thickness measurement is local and may not
capture all the thickness variation in all regions of the core.
Thus, we have chosen to focus on inductors having similar
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TABLE III

INDUCTANCE, RESISTANCE, INDUCTANCE RATIOS EXPRESSED AS A PERCENTAGE, AND MAXIMUM Q-FACTOR (AS WELL AS THE FREQUENCY AT WHICH
MAXIMUM Q OCCURRED) SUMMARIZED FOR THE TESTED SINGLE-LAYER NIFE INDUCTORS AND TEN-LAYER NIFE INDUCTORS

low-frequency inductance to show the effectiveness of PPy in
suppressing eddy currents at high frequency.

As expected for this thicker multilayer inductor, the eddy
current confinement effects are much more prominent in a
multilayer inductor as shown in Fig. 5(a)–(c). At high fre-
quency (8 MHz), both the inductance ratio and resistance val-
ues show suppression of eddy currents as shown in Table III.
The inductance ratio expressed as a percentage is 88% for the
ten-layer NiFe core but 21% for the single-thick NiFe core.
Both the maximum Q and the frequency at which it occurred
were approximately four times higher for the ten-layer NiFe
core compared with the single-thick NiFe core. The addition
of the relatively thin PPy interlayers boosted inductor perfor-
mance significantly with little sacrifice in volume. Moreover,
we tested ten-layer inductors together with dc bias, as well
as using larger ac bias signals. For this tested geometry, the
inductors retained 80% of their low excitation inductance up
to an IDC of approximately 70 mA and exhibited enhanced
inductance over air cores up to approximately 800 mA. With
no dc bias, the inductors exhibited little change in inductance
up to ac drive signals of 20 mA rms. Such drive current
levels have practical application in, e.g., watt-scale conversion
of battery voltages for sensor point-of-load switching power
conversion, especially at high frequencies. As one example,
an application note for an embedded power solution for a
CMOS image sensor uses a buck switching converter to step
down 2.3–4.8 V (lithium-ion battery) to 1.3 V at 500 mA with
an inductor ripple current of 22–37 mA rms [24]. Of course,
these measurements should not be taken as indicative of the
maximum currents that laminated cores can usefully process;
they are geometry- and winding-dependent. By adjusting the
number of turns, individual lamination thickness, and a num-
ber of layers, inductors having PPy interlayers could function
in a wide range of applications.

V. CONCLUSION

We have demonstrated that PPy is a promising material as
an interlayer for suppressing eddy current loss in a laminated
inductor. High electrical anisotropy of PPy not only enables
continuous electrodeposition but also confines eddy currents
to each magnetic layer. Finite element analysis showed that
PPy is comparable to vacuum up to 8 MHz. Fabrication
and characterization of wire, solenoid, and toroid inductors
empirically showed PPy does suppress eddy current loss.

Inductance was retained and resistance increased less at high
frequency compared with a single-layer NiFe sample of the
same volume and cross section. From this work, we pro-
vided an effective strategy of using an electrically anisotropic
material for scalable fabrication of lamination structure and
suppression of eddy current loss. Such strategy enables high-
frequency operation of an inductor and the use of high Bs

material for ultimately miniaturizing power converters.
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