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Abstract—Laminated metallic alloy cores (i.e., alternating lay-
ers of thin film metallic alloy and insulating material) of appro-
priate lamination thickness enable suppression of eddy current
losses at high frequencies. Magnetic cores comprised of many such
laminations yield substantial overall magnetic volume, thereby
enabling high-power operation. Previously, we reported nanolami-
nated permalloy (Ni80 Fe20 ) cores based on a sequential electrode-
position technique, demonstrating negligible eddy current losses
at peak flux densities up to 0.5 T and operating at megahertz
frequencies. This paper demonstrates improved performance of
nanolaminated cores comprising tens to hundreds of layers of 300–
500-nm-thick CoNiFe films that exhibit superior magnetic proper-
ties (e.g., higher saturation flux density and lower coercivity) than
permalloy. Nanolaminated CoNiFe cores can be operated up to a
peak flux density of 0.9 T, demonstrating improved power han-
dling capacity and exhibiting 30% reduced volumetric core loss,
attributed to lowered hysteresis losses compared to the nanolami-
nated permalloy core of the same geometry. Operating these cores
in a buck dc–dc power converter at a switching frequency of 1 MHz,
the nanolaminated CoNiFe cores achieved a conversion efficiency
exceeding 90% at output power levels up to 7 W, compared to an
achieved permalloy core conversion efficiency below 86% at 6 W.

Index Terms—DC–DC power conversion, eddy current loss sup-
pression, electroplated CoNiFe, nanolaminated core, sequential
electrodeposition.

I. INTRODUCTION

SATISFYING the ongoing trend of portable devices toward
further size reduction and multifunctionality requires de-

velopment of miniaturized dc–dc converters. One major chal-
lenge to such miniaturization is shrinking the physical size of
passive components such as inductors and transformers; these
components are typically much larger than active silicon devices
such as MOSFETs and controllers [1]–[3]. Since the required
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inductance for dc–dc conversion is inversely proportional to the
operation frequency, increasing the switching frequency results
in physical size reduction of the passive components [4]. The
size of the inductor can be further reduced by utilizing appropri-
ate magnetic cores such as ferrites and metallic alloys. However,
use of the magnetic cores may cause frequency-dependent mag-
netic losses (i.e., hysteresis and eddy current losses) and mag-
netic saturation that limit the power conversion efficiency and
power handling capacity of converters [5]. In particular, metallic
alloy cores that typically have high conductivity can suffer from
significant eddy current losses when the thickness exceeds the
skin depth of the material, limiting effective magnetic thickness
to a few microns at the low megahertz frequency. Total core
thicknesses in this range are likely not sufficient for high power
handling (>10 W).

In order to simultaneously achieve both large effective mag-
netic thickness (for high power handling) and suppressed eddy
current losses at high frequency (for physical size reduction),
magnetic cores comprised of laminated thin metallic alloy films
is a promising solution. The laminated cores are structured as
alternating layers of sufficiently thin magnetic material (e.g.,
less than the skin depth of the material) to suppress eddy cur-
rents, and insulating material that prevents interlamination elec-
trical current flow that would, otherwise, allow the eddy current
to reestablish, resulting in an overall core magnetic thickness
sufficient for high power handling. Sputtering is often used
to develop laminated cores comprising tens of layers of thin
laminations, due to its capability to deposit both magnetic ma-
terials (e.g., CoZrTa [6] and CoFeO [7]) and high resistivity
to insulating material (e.g., SiO2); but its relatively slow depo-
sition rate and internal stress restrict the total achievable core
thickness. While sputtering provides relatively simple deposi-
tion of laminated magnetic cores, electrodeposition generally
requires additional steps to develop interlamination insulat-
ing layers since electrodeposition is typically performed with
low resistivity (e.g., less than 50 μΩ · cm) materials. However,
electrodeposition is still an attractive fabrication technique as
it preserves the attractive features of sputtered films (CMOS
compatibility, batch fabrication, and ease of precise patterning
via photolithography), while also enabling desirable core thick-
nesses at low equipment capital cost. These features enable the
realization of power supply in package and power supply on
chip [8]–[10]. Thus, there have been many attempts to realize
laminated magnetic cores based on electrodeposition [11]–[15].
Recently, we have reported nanolaminated permalloy cores
comprising tens to hundreds of layers of submicron-thick
permalloy films based on automated sequential electrodepo-
sition [16]. The developed core operated with negligible eddy
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current losses in the megahertz frequency up to a peak operation
flux density of 0.5 T, while achieving sufficiently large effective
magnetic thickness for high (6 W) power handling.

In this paper, the sequential electrodeposition technique is ap-
plied to a new magnetic material with improved intrinsic mag-
netic properties (e.g., higher saturation flux density and lower
coercivity) with the goal of developing nanolaminated magnetic
cores with higher power handling capacity and lower volumetric
magnetic loss than permalloy cores. These new material cores
are characterized and demonstrated in a buck power converter
application, and their performance is compared with previous
permalloy cores.

II. ELECTRODEPOSITED THIN FILM ALLOYS

The selection of an appropriate electrodeposited alloy for the
magnetic core is based on two intrinsic magnetic properties: 1)
high saturation flux density (Bs), which may enable operation
at high fluxes to achieve ultimate compactness of the magnetic
components; and 2) low coercivity (Hc ) to minimize magnetic
hysteresis losses.

For typical toroid-shape inductive components, the maximum
energy that can be stored in a closed magnetic field is expressed
as
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where L is the inductance [H], i is the applied current [A], ∅ is the
peak magnetic flux [Wb], Bs is the saturation flux density [T], μ
is the permeability [H/m], N is the number of winding turns, and
l and A are the average circumference and cross-sectional area
of the toroid [m and m2]. Thus, the ultimate achievable energy
density at a given frequency becomes [17]
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Consequently, the ultimate achievable power from a magnetic
core at a given frequency can be estimated as

Pcore = Ed · Vcore · f =
B2

s · Vcore · f
2 · μ (3)

where Vcore is the volume of the magnetic core [m3], and f is
the operation frequency [Hz]. Therefore, high saturation flux
density is critical for such inductor cores to preserve required
power in a reduced device dimension, improving the ultimate
achievable miniaturization of inductive components.

The volumetric magnetic hysteresis loss is expressed as [17],
[18]

PV,hyst = f ∗
∮

HdB (4)

where the cyclic integral is taken around the B–H loop, and
f is the frequency at which the loop is traversed. Such loops
are typically measured at low frequency. There can be changes
in effective coercivity and permeability as frequency increases.
However, assuming that the shape of the hysteresis loop through-
out the entire frequency range of interest is invariable, the volu-
metric magnetic hysteresis loss at the operation flux density and

TABLE I
PROPERTIES OF ELECTRODEPOSITED MAGNETIC MATERIALS USED AS AN

INDUCTOR CORE

Magnetic Materials Bs [T] Hc [Oe] ρ [μΩ · cm] μr

Ni8 0 Fe2 0 [8] 0.8 1.9 46 3000
Ni8 0 Fe2 0 [16] 1.25 1.5 30 400
Ni4 5 Fe5 5 [19] 1.5 0.5 45 280
Ni5 0 Fe5 0 [13] 1.45 1 30 800
Co8 9 . 3 Fe1 0 . 7 [20] 1.64 10.7 25 600
Co8 3 . 2 Fe7Cu9 . 8 [20] 1.46 2.8 15 400
Ni8 5 Fe1 4 Mo1 [21] 1.02 0.3 20 2200
Co6 0 Ni1 5 Fe2 5 [22] 2.2 2.4 30 250
Co4 4 Ni3 7 Fe1 9 (This work) 1.83 0.5 40 700

frequency can be estimated as [18]

PV,hyst =
2 · f · S · B2

μ
(5)

where B is the operation flux density [T], and S is the shape
factor that depends on the coercivity of the material. Therefore,
desirable characteristics of magnetic metallic alloys for use as
an inductor core should include high saturation flux density
for high-power density devices as well as low coercivity for
minimized magnetic hysteresis losses.

Properties of reported thin metallic alloy films used as induc-
tor cores are presented in Table I. These materials are typically
binary or ternary alloys of nickel, iron, and cobalt, with varying
compositions showing saturation flux density of 1–2 T and co-
ercivity less than 3 Oe. These properties are superior to those of
conventional ferrites.

Among these candidates, electrodeposited CoNiFe has been
utilized as a new lamination material in this paper since it ex-
hibits high saturation flux density (∼2 T) and low coercivity
(<2 Oe) simultaneously. The developed nanolaminated CoNiFe
cores comprise tens to hundreds of CoNiFe lamination layers,
each layer having a thickness of 300–500 nm, which is far below
the skin depth (∼3 μm at 10 MHz) of the material. The superior
performance of such a nanolaminated CoNiFe core includes not
only realization of a large magnetic volume with suppressed
eddy current losses but also exploitation of the superior mag-
netic properties of CoNiFe (i.e., high saturation flux density
and low coercivity) enabling high power density capability and
minimized magnetic hysteresis losses.

III. FABRICATION OF NANOLAMINATED CONIFE CORES

The CoNiFe electrodeposition conditions (i.e., bath compo-
sitions and electroplating parameters) for this paper are adopted
from [23]–[25] and modified for multilayer deposition as pre-
sented in Table II. The additives (i.e., sodium saccharin and
sodium lauryl sulfate) play important roles for deposition stress
relief and ionic mass transfer improvement throughout the mul-
tiple layers of electrodeposition. From an EDX (Hitachi, S-3700
VP-SEM EDX analyzer) measurement, the atomic composition
of films electrodeposited as described in Table II was observed
to be 44%-cobalt, 37%-nickel, and 19%-iron. Fig. 1 shows typ-
ical B–H hysteresis curves of electrodeposited CoNiFe films
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TABLE II
ELECTRODEPOSITION CONDITIONS

Component Quantity

CoSO4 · 7H2 O 0.08 [mol/L]
NiSO4 · 6H2 O 0.2 [mol/L]
FeSO4 · 7H2 O 0.03 [mol/L]
NH4 Cl 0.3 [mol/L]
Boric acid 0.4 [mol/L]
Sodium saccharin 2.1 [g/L]
Sodium lauryl sulfate 0.01 [g/L]
Temperature 23–25 °C
pH 2.7–2.9
Current density 20 [mA/cm2]

Fig. 1. Measured B–H hysteresis curves of electrodeposited CoNiFe.

using a vibrating sample magnetometer (VSM) (LakeShore,
7300 VSM) demonstrating saturation flux density of 1.83 T and
coercivity of 0.5 Oe; these results correspond with the result
from [24] and [25]. The higher saturation flux density and lower
coercivity of CoNiFe compared to previously reported permal-
loy (1.25 T and 1.5 Oe) suggest higher power handling capabil-
ity and lower intrinsic magnetic losses (e.g., hysteresis loss) of
nanolaminated CoNiFe cores in compact power conversion.

In order to develop toroidal CoNiFe/copper multilayer mag-
netic cores, alternating CoNiFe and copper layers are sequen-
tially deposited onto a sputtered copper seed layer on 4-in Si
wafer through a lithographically patterned toroidal photoresist
mold. Alternating sequential electrodeposition is carried out by
an automated robot arm that moves between CoNiFe and sacrifi-
cial copper baths until the desired number of layers is achieved.
The thickness of a single layer is precisely controlled by adjust-
ing the electrodeposition time [26]. A commercial copper bath
(Grobet, Clean Earth Cu-mirror solution) containing brighteners
and levelers has been utilized for the sacrificial copper electrode-
position, providing a smooth surface topology for subsequent
layers. Fig. 2(a) shows 3-D and cross-sectioned schematics of
toroidal CoNiFe/copper multilayer structures after sequential
electrodeposition. In this step, the core comprises alternating
CoNiFe and copper layers in which eddy current losses are
dominant due to the electrical connection between magnetic
CoNiFe layers. In the next step, the sacrificial copper layers

Fig. 2. Schematics of toroid multilayer CoNiFe core. (a) Before sacrificial
copper layer etching and (b) after sacrificial copper layer etching.

are selectively removed, while insulating SU-8 polymer infil-
trates between each CoNiFe lamination through support holes,
forming the toroidal CoNiFe/air multilayer core as shown in
Fig. 2(b). More details for the fabrication process are presented
in [16]. In the CoNiFe/air multilayer structure, eddy currents
are suppressed in the electrically insulated CoNiFe nanolami-
nations. SU-8 polymer supports individual CoNiFe nanolami-
nations, providing mechanical integrity of the multilayer core.

Fig. 3 shows various images of nanolaminated toroidal
CoNiFe cores comprising 70–150 CoNiFe laminations with
single-layer thickness of 300–500 nm. Fig. 3(a) shows optical
images of batch-fabricated nanolaminated CoNiFe cores with
outer diameter of 10 mm and inner diameter ranging from 6
to 8 mm. The dimensions and shapes of the toroids are pre-
cisely designable through lithographic patterning of photoresist.
Fig. 3(b) shows a magnified top view demonstrating the support
holes filled with SU-8. Fig. 3(c) and (d) shows cross-sectional
SEM images of the finished core with SU-8 support and com-
pletely etched copper. The core comprises 150 layers of CoNiFe
film with single-lamination thickness of 300 nm. Note that some
lamination damage (e.g., compression or collapse) was observed
during the cross sectioning process. Fig. 3(e) and (f) shows a side
view of a nanolaminated core comprising 70 layers of CoNiFe
film with single-lamination thickness of 500 nm.

IV. CHARACTERIZATION OF NANOLAMINATED CONIFE CORES

In order to characterize the performance of the nanolam-
inated CoNiFe cores, test inductors are prepared by placing
the cores in laser-machined polymeric bobbins and winding
them with wire as shown in Fig. 4. The test inductor fabrication
procedure consists of: 1) laser micromachining of polymeric
bobbin with desired number of notches for winding guide [see
Fig. 4(a)]; 2) placing nanolaminated CoNiFe core in the bob-
bin [see Fig. 4(b)]; and 3) winding the bobbin with wire [see
Fig. 4(d)]. An air core inductor is formed by winding the same
bobbin without the magnetic core as shown in Fig. 4(c). The
bobbin not only provides mechanical support for the nanolam-
inated core and winding but also allows reproducible windings
through equally distributed notches.
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Fig. 3. Optical and SEM images of multilayer toroidal CoNiFe cores. (a)
Batch-fabricated nanolaminated CoNiFe cores. (b) Magnified top view of the
core showing support holes filled with SU-8. (c) Cross-sectional SEM image
of fabricated core comprising 150 layers of 300-nm-thick CoNiFe films. (d)
Magnified view of (c) showing copper layers are completely etched. (e) Side
view of nanolaminated core comprising 70 layers of 500-nm-thick CoNiFe
films. (f) Magnified view of (e).

Once the test inductors are prepared, three different types of
characterizations are performed on the test inductors consecu-
tively: 1) low flux in situ characterization using an impedance
analyzer; 2) high flux characterization under large signal ac flux
conditions; and 3) system level characterization in dc–dc con-
verters. The result from each characterization is compared with
the performance of the nanolaminated permalloy core with the
same geometry.

For the reliable characterization of the nanolaminated
cores, it is the first priority to ensure the isolation of each
CoNiFe lamination since the core comprises tens to hundreds
of 300–500-nm-thick CoNiFe layers. Measuring frequency-
dependent core inductance in situ during the sacrificial copper
layer etch is an effective method to validate the isolation of each
CoNiFe nanolamination [16], which is challenging to verify by
imaging due to the high lateral aspect ratio of the core. This
in situ measurement enables the observation of inductance de-
crease as a function of frequency prior to the complete copper
etch since any electrically connected CoNiFe layers form a bulk
metallic core (∼100 μm thickness) causing significant eddy
current flow; this eddy current is manifested as an inductance
decrease at higher frequencies. Consequently, one can infer the
effective isolation of each CoNiFe lamination and, therefore,
the suppression of eddy currents, when a constant inductance as

Fig. 4. Inductor fabrication steps. (a) Laser-micromachined polymeric bobbin.
(b) Nanolaminated CoNiFe core placed in the bobbin. (c) 36-turn air core
inductor. (d) 36-turn inductor with nanolaminated CoNiFe core.

a function of frequency is observed over the frequency range of
interest.

Once the constant inductance as a function of frequency is
observed from the low flux in situ measurement, the high flux
characterization is carried out on the test inductor under large
signal ac flux conditions. Since CoNiFe possesses higher satu-
ration flux density than commercial ferrites, it is worthwhile to
investigate the magnetic performance of nanolaminated CoNiFe
core under simultaneous high flux and high frequency (HFHF)
conditions. The HFHF test enables not only the assessment of
maximum magnetic flux handling capacity but also the analysis
of total core losses by decomposing it into hysteresis and eddy
current components.

Finally, the test inductor is investigated in a dc–dc converter
system with appropriate conditions including output power, cur-
rent, and switching frequency based on the two characterization
stages (low flux and high flux characterizations).

A. Low Flux in Situ Characterization

For the in situ measurement, inductance and quality factor
of the test inductor were assessed using an impedance analyzer
(HP 4194 A) prior to sacrificial copper layer etching, and subse-
quently at various times during the progression of the sacrificial
layer etching, enabling assessment of the eddy current suppres-
sion. Note that the measurements at various stages of sacrificial
layer etching are performed by removing the test inductors from
the etchant, immersing them in deionized water. Then, the test
inductor is returned to the etch solution for continued etching.
Fig. 5 shows the inductance and the quality factor from the test
inductor before and after the sacrificial copper layer removal
from the nanolaminated CoNiFe cores. For this result, a pre-
measured inductance and resistance of an air core inductor (i.e.,
wound bobbin without magnetic core) of nominally identical
geometry were subtracted from a measured inductance and re-
sistance of a magnetic core inductor (i.e., wound bobbin with
magnetic core), thus the results are solely attributable to the
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Fig. 5. Characterization of nanolaminated CoNiFe core before and after sac-
rificial copper layer etching. (a) Inductance and (b) quality factor.

magnetic core performance. Fig. 5(a) shows an example of mea-
sured inductance as a function of operation frequency param-
eterized by etching time. The test inductor possesses 36 turn
windings around a nanolaminated CoNiFe core having outer
diameter of 10 mm and inner diameter of 6 mm. Before sacri-
ficial copper layers are etched, the nanolaminated CoNiFe core
comprises 70 alternating pairs of CoNiFe and copper layers in
which every layer is electrically connected causing significant
eddy current flow throughout the bulk metallic medium since
the total core thickness exceeds the skin depth of the material
in the measured frequency region. Consequently, a significant
inductance decrease as a function of operation frequency is ob-
served as shown in Fig. 5(a). However, each CoNiFe lamination
is electrically isolated after the removal of the sacrificial copper
layers, demonstrating eddy current suppression. As a result, a
constant inductance is observed as a function of operation fre-
quency validating the complete sacrificial copper removal. The
complete removal of the copper in the core is also verified by
etching the cores without support holes in which the copper
is etched only through the inner and outer peripheries of the
toroidal core, until physical separation of the magnetic layers
is observed. This experiment enables an estimation of complete
copper etching time. Complete copper etching for cores having
10 mm outer diameter and 8 mm inner diameter occurs in ap-
proximately 24 h. As shown in Fig. 5(a), a copper etching time
exceeding 24 h was utilized to ensure compete copper removal.

The measured quality factor of the nanolaminated CoNiFe
core after copper removal approaches 80 at 1 MHz, whereas

the quality factor before the copper removal is less than 2 in
the measured frequency region. For comparison, a previously
reported nanolaminated permalloy core with the same geometry
shows a quality factor approaching 60 at 1 MHz after complete
removal of the sacrificial copper layer [16].

B. High Flux Characterization

The superior saturation flux density of CoNiFe enables op-
eration of nanolaminated CoNiFe cores with high peak flux
densities (>0.1 T), which is challenging to achieve with com-
mercial ferrite cores. In order to investigate the power losses of
nanolaminated CoNiFe cores at HFHF, we adopted a magnetic
material characterization method which has been proposed by
Han et al. in 2008 [27]. The method relies on series resonance
between a device under test (i.e., inductor with nanolaminated
CoNiFe core) and a reference capacitor, enabling a calculation
of core losses as a function of operation flux density as well as
frequency. For the characterization, the test inductor is modeled
as a series connection of an ideal inductance and two resistive
elements (Rcu and Rcore) representing the coil and core losses.
The reference capacitor is also regarded as a combination of
ideal capacitance and resistance, and the capacitance should be
carefully selected to resonate with the inductor at the desired
measurement frequency.

During the measurement, the amplitude and the frequency
of a sinusoidal input voltage, generated by a signal genera-
tor (Agilent 33120A) and an RF power amplifier (TOMCO),
are precisely modulated to resonate the circuit at the desired
flux density within the core. The output voltage from the ref-
erence capacitor, monitored by an oscilloscope (Tektronix TDS
2024C), and premeasured capacitance are used to calculate the
current in the circuit (I = Vout/Xc ). The flux within the core
is estimated from the voltage across the secondary pickup coil
of the inductor using Faraday‘s law of induction. Note that all
flux densities used in this paper represent peak flux density. Fi-
nally, the LC circuit operates as a purely resistive load at the
resonant frequency allowing the calculation of power losses of
the core as a product of the square of the circuit current (I2)
and core loss (Rcore). In this high flux characterization, premea-
sured resistances of the resonant capacitor, experimental PCB,
and an air core inductor of nominally identical geometry were
determined at the same frequency. These premeasured values
were subtracted from the resistance of the inductors with the
nanolaminated CoNiFe cores during the measurement so that
the presented volumetric power losses are attributable to the
core material alone.

Fig. 6 shows the volumetric power losses of a nanolaminated
CoNiFe core comprising 70 layers of 500-nm-thick CoNiFe
characterized in a 36-turn test inductor. To determine the vol-
umetric loss, it is important to distinguish between the total
core volume (i.e., the volume occupied by magnetic material
and support holes), and the magnetic core volume, which is the
volume occupied only by magnetic material (see Fig. 3). To
determine the volumetric core loss, the measured loss is divided
by the magnetic core volume, calculated by multiplying: 1) the
core surface area that excludes the area of the support holes; 2)
the thickness of a single lamination layer; and 3) the number of
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Fig. 6. Volumetric power losses of a nanolaminated CoNiFe core as a function
of frequency up to 0.9 T peak flux density: (a) 0.05–0.4 T, (b) 0.5–0.9 T. Note
that y-axis is in log scale.

layers. Calculated in this way, the total core volume of the 70 lay-
ers of 500-nm-thick CoNiFe core is 1.3496 mm3. A similar dis-
tinction needs to be made when calculating the cross-sectional
area of the core; however, in this case, the determination is more
complex. The presence of the support holes causes a nonuniform
flux distribution in the core, since the angular discretization of
the support holes around the core results in some cross sec-
tions having support holes and some not having support holes.
For the estimation of the cross-sectional area containing sup-
port holes, two extreme cases can be considered: 1) Assuming
that magnetic flux flows through the entire cross section (i.e.,
cross section includes both the magnetic material and the sup-
port holes), the cross section area becomes 0.07 mm2 (2 mm ×
500 nm × 70 layer). 2) Assuming that magnetic flux flows only
through the magnetic material (i.e., only the magnetic material
is considered as a cross section), the cross section area becomes
0.05369 mm2 (1.534 mm × 500 nm × 70 layer) since the sup-
port holes occupy 23.3% of the core surface area. Therefore,
the effective cross-sectional area is between these two extreme
cases. Case 1 (i.e., magnetic flux distribution across 0.07 mm2

of area) was utilized for flux density calculations since it results
in an overestimation of the volumetric power loss. Detailed di-
mensions of the nanolaminated CoNiFe core are presented in
Table IV.

The high flux measurement was conducted at operation peak
flux densities up to 0.9 T in the 1–5 MHz frequency range.

The high operation peak flux density of 0.9 T is challenging
to achieve with previously developed nanolaminated permalloy
cores as well as commercial ferrite cores due to their intrin-
sic magnetic property (i.e., low saturation flux density). During
high flux operation, the temperature variation of the core was
measured using an infrared thermometer. Negligible tempera-
ture increase was observed up to operation peak flux density of
0.3 T without any thermal cooling. Also, without thermal cool-
ing, the temperature increase reached 50 °C at 0.4 T. Above this
flux level, convective cooling was employed during the highest
operation peak fluxes over 0.5 T where the core temperature
reached 100 °C implying that appropriate thermal cooling (e.g.,
convective cooling or heat sinking) may be required for the
highest peak flux level operation.

Further investigation of the nanolaminated CoNiFe core was
performed by decomposing the measured total volumetric power
loss (PV,tot) into two categories: 1) volumetric hysteresis losses
(PV,hyst) associated with magnetic domain motion; and 2) vol-
umetric eddy current losses (PV,eddy ) from the induced current
with in the conducting medium due to time-varying magnetic
flux [17], [18]. When the lamination thickness is below the skin
depth, hysteresis losses increase with frequency (f ) and eddy
current losses increases with frequency square (f 2) [18], [28].
Since the lamination thickness (500 nm) is well-below the skin
depth (∼3 μm at 10 MHz), the total volumetric power losses of
the nanolaminated CoNiFe core is analytically expressed as:

PV,tot = PV,hyst + PV,eddy = khystf + keddyf 2 (6)

where khyst is the volumetric hysteresis loss coefficient and
keddy is the volumetric eddy current loss coefficient. Although
anomalous losses are ignored in (6), their effects will be dis-
tributed among the losses attributed to eddy currents and hys-
teresis, meaning that the losses measured by this technique are
conservative estimates of the true losses due to eddy currents
and hysteresis. Consequently, by plotting PV,tot/f as a func-
tion of operation frequency, both coefficients (khyst and keddy )
are obtained from the intercept and the slope of the graph, re-
spectively. Thus, it can be considered that eddy current losses
are suppressed if the graph shows a small slope. Fig. 7 shows
PV,tot/f of the nanolaminated CoNiFe core as a function of fre-
quency parameterized by operation peak flux densities ranging
from 0.1 to 0.9 T. The linear fitting lines are extracted from the
measured data of each peak flux density showing nearly zero-
degree slopes. Also, both coefficients indicate that volumetric
eddy current losses are much lower than volumetric hysteresis
losses, demonstrating that the eddy currents are suppressed in
the nanolaminations of the core at the measured high frequencies
and high flux densities.

Fig. 8 shows total volumetric power losses divided into hys-
teresis and eddy current losses at 1 MHz as a function of peak
flux density, demonstrating that the total power losses are dom-
inated by hysteresis losses, while eddy current losses are sup-
pressed to approximately 1–3% of the total losses. Note that
volumetric eddy current losses at lower peak flux densities (e.g.,
0.1–0.4 T) are hardly seen in the graph meaning that the eddy
current losses are suppressed to a negligible level. In order to
further evaluate the correlation between the total volumetric
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Fig. 7. Measured volumetric power losses over operation frequency up to 0.9
T peak flux density: (a) 0.1–0.4 T, (b) 0.5–0.9 T.

Fig. 8. Volumetric power losses of nanolaminated CoNiFe core divided into
hysteresis and eddy current losses at 1 MHz as a function of peak flux density.

power losses of the nanolaminated CoNiFe core with operation
peak flux density, a B2

peak fitting line is also plotted in Fig. 8,
demonstrating that measured volumetric power losses at 1 MHz
correspond with a B2

peak line.
In order to compare the high flux performance of a nanolam-

inated CoNiFe core with the previously developed nanolami-
nated permalloy core, the total volumetric power losses of both
cores at 1 MHz as a function of peak flux densities ranging from
0.1 to 0.5 T are plotted in Fig. 9. Both cores comprise 70 layers
of 500 nm-thick laminations with the same geometry. As shown
in the graph, the nanolaminated CoNiFe core exhibits approxi-
mately 30% reduced total volumetric power losses at the same

Fig. 9. Volumetric power losses of a nanolaminated CoNiFe core and a
nanolaminated permalloy core at 1 MHz as a function of peak flux density.
Note that y-axis is in log scale.

TABLE III
PROPERTIES OF COMMERCIAL MNZN FERRITES

Product Pvo l [W/cm3] Bs [T] Hc [Oe] μi ρ [Ω ·m]
(0.05 T, 1 MHz)

3F35 [30] 0.7 0.5 N/A 1400 10
3F45 [31] 0.3 0.42 N/A 900 10
N59 [32] 0.51 0.46 0.8 850 25
N49 [32] 0.56 0.46 0.7 1300 11
PC95 [33] 3.8 (0.1 T, 1 MHz) 0.53 9.5 3300 6
TP5B [34] 0.6 0.5 N/A 1000 9

flux levels compared to the nanolaminated permalloy core. Since
eddy current losses of both the nanolaminated CoNiFe core and
the nanolaminated permalloy core are suppressed to a negligible
level, the reduced volumetric power losses of the nanolaminated
CoNiFe core are mainly attributed to the lower hysteresis losses
resulting from the lower coercivity of CoNiFe material.

For comparison, characteristics (e.g., saturation flux density
and volumetric power loss) of several commercial MnZn ferrites
that can be operated at low megahertz frequency are presented in
Table III. These materials exhibit lower volumetric power losses
than the nanolaminated CoNiFe core at 0.05 T peak flux den-
sity and 1 MHz frequency. Although these losses are lower than
that of the CoNiFe cores at these relatively low flux densities,
achieving ultracompactness in inductors and converters requires
operation at much higher flux densities. The demonstrated oper-
ation peak flux density of the nanolaminated CoNiFe core of up
to 0.9 T exceeds not only the operating flux density but also the
saturation flux density of these ferrites. The volumetric power
loss of the nanolaminated CoNiFe core, which is dominated by
hysteresis loss, can be further reduced by introducing magnetic
anisotropy [29] or changing the component and/or composition
of the metallic alloy [24].

C. Characterization in DC–DC Converter

The 36-turn test inductor with a laminated CoNiFe core com-
prising 70 layers of 500-nm-thick laminations was operated in a
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Fig. 10. Image of a dc–dc converter evaluation board with a 36-turn inductor
with nanolaminated CoNiFe core.

Fig. 11. Experimental measurements of dc–dc power converter performance
tested with a nanolaminated CoNiFe core inductor. Converter efficiency and
power loss as a function of output power.

dc–dc converter evaluation board (LM 3103, TI) by replacing a
commercial inductor in the board with the test inductor as shown
in Fig. 10. The details of the evaluation board are found in [35].
During the measurement, input voltages are higher than 10 V,
and output voltage is fixed at 7 V with a switching frequency ap-
proximately 1.1 MHz. The converter efficiency and power loss
of the converter with the test inductor as a function of output
power range are shown in Fig. 11. Under the operated output
power levels (3–8 W), the converter efficiencies were approxi-
mately 90% at a switching frequency approximately 1.1 MHz.
The operation peak flux density of the core reaches 0.4 T during
the measurement, which would be challenging to achieve with
conventional ferrite cores.

It is tempting to correlate the core performance during the
converter test with the high flux measurement results; how-
ever, care must be taken in this comparison because the current
waveforms seen by the inductor in these two tests could be sig-
nificantly different. The peak flux density of the core during
converter operation is estimated as [36]

Bpeak =
(Vin − Vo) · Vo

2 · Vin · fsw · N · Ac
(7)

Fig. 12. Comparison of power converter performance tested with a nanolam-
inated CoNiFe core inductor and a nanolaminated permalloy core inductor.
Converter efficiency at 11 V input as a function of output power.

where N is the number of inductor windings, and Ac is the cross-
sectional area of the core. The volumetric core loss measured
from the high flux characterization is approximately 400 W/cm3

at 0.4 T peak as shown in Fig. 9. Since the volume of the
nanolaminated CoNiFe core is 1.35e–9 m3, the total core loss
during the converter operation could be estimated as 0.54 W,
exceeding the total converter power loss at low output power
(<5 W) as shown in Fig. 11. However, such comparisons should
be made with care, given the difference in inductor excitation
waveforms between the HFHF and converter measurements,
as well as the overestimation of power losses as discussed in
Section IV-B.

Fig. 12 compares the converter efficiency as a function of the
output power when the converter operates with the nanolam-
inated CoNiFe core and the same geometry nanolaminated
permalloy core under input voltage of 11 V, output voltage
of 7 V, and switching frequency of approximately 1.1 MHz.
At the same output power levels, use of the nanolaminated
CoNiFe core resulted in higher converter efficiency than use of
the nanolaminated permalloy core as shown in the graph. Also,
it is observed that the converter efficiency decreased as output
power increased when the converter operated with a nanolam-
inated permalloy core, while the converter efficiency remained
higher than 90% over the entire range of output power levels
when it was operated with a nanolaminated CoNiFe core. The
decreasing efficiency of the converter employing the nanolam-
inated permalloy core is caused possibly due to the saturation
of the magnetic core. Considering the dc current of the induc-
tor (Idc = Vout/Rout) during the converter operation, together
with the peak flux density in (7), it is estimated that the max-
imum peak flux density of the permalloy core at high output
power levels (>5 W) is approaching 1 T, which is close to the
saturation flux density (1.2 T) of the material. In this saturation
region, magnetic material can exhibit nonlinear behavior (e.g.,
nonlinear permeability) [17], possibly resulting in unstable op-
eration of the converter (e.g., altering switching frequency).
Consequently, there can be increasing losses from the magnetic
core as well as other components in the converter. This means
that the nanolaminated permalloy core requires larger volume
in order to operate the same power levels, demonstrating the
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TABLE IV
COMPARISON OF NANOLAMINATED PERMALLOY AND CONIFE CORES

Inductor and core configuration

Number of windings 36
Core outer diameter 10 mm
Core inner diameter 6 mm
Number of support holes 200
Total support hole area 11.7 mm2

Core surface area (excluding
the area of the support holes)

38.56 mm2

Single layer thickness 500 nm
Number of layers 70
Total magnetic layer
thickness

35 μm

Effective core cross section
area

0.0537 – 0.07 mm2

Magnetic core volume 1.3496 mm3

Total core volume 1.7593 mm3

Thin film property

Permalloy CoNiFe
Saturation flux density 1.25 T 1.83 T
Coercivity force 1.5 Oe 0.5 Oe

Nanolaminated core

Core peak quality factor 60 (@ 1 MHz) 80 (@ 1 MHz)
Effective permeability ∼ 150 ∼ 200
Operation peak flux density Up to 0.5 T Up to 0.9 T
PV,hy s t (@1 MHz, 0.4 T) 566 W/cm3 392 W/cm3

PV,e d d y (@1 MHz, 0.4 T) 28.3 W/cm3 8.35 W/cm3

Converter test

Input voltage 10–11 V 10–11 V
Output voltage 7 V 7 V
Output power 3–6.5 W 3–8 W
Switching frequency 1.05–1.3 MHz 1.05–1.1 MHz
Peak flux density of core 0.4 T 0.4 T
Converter efficiency 84∼89% 90∼91%

superior performance of the nanolaminated CoNiFe core over
that of nanolaminated permalloy core for the compact dc–dc
power conversion application.

The properties of both nanolaminated permalloy and CoNiFe
cores ranging from intrinsic magnetic property to system level
performance are compared in Table IV showing the superior
properties of the nanolaminated CoNiFe core. Note that the
core cross-sectional area of 0.07 mm2 has been used for this
paper.

V. CONCLUSION

This paper demonstrated the improved performance of
nanolaminated CoNiFe magnetic cores in dc–dc power conver-
sion applications, compared to the previously reported nanolam-
inated permalloy cores. These improvements were achieved
by utilizing a new magnetic material, CoNiFe, that possesses
advanced magnetic properties, while maintaining the overall
magnetic volume the same. Based on a CMOS-compatible se-
quential electrodeposition technique, fabricated nanolaminated
CoNiFe cores consisted tens to hundreds layers of 300–500-nm-
thick laminations, demonstrating suppressed eddy current losses
up to 10 MHz operating frequency and high peak flux density
levels up to 0.9 T. The advanced intrinsic magnetic properties of
CoNiFe (i.e., higher saturation flux density and lower coerciv-

ity) than permalloy resulted in three major improvements of the
nanolaminated CoNiFe core when compared to the same con-
figuration nanolaminated permalloy cores: 1) greater peak flux
density operation (up to 0.9 T) due to the higher saturation flux
density; and 2) approximately 30% reduced volumetric power
loss at the same peak flux levels due to the lower coercivity;
and 3) higher power level operation with increased efficiency
(∼90%) in dc–dc power converter. The high saturation flux den-
sity of CoNiFe, together with large number of nanorange mag-
netic layers enabled by sequential electrodeposition will enable
the development of high power density, ultracompact magnetic
components for dc–dc power conversion applications.
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