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ABSTRACT

For modern switching power supplies, current bulk magnetic materials, such as ferrites or magnetic metal alloys, cannot provide both low
loss and high magnetic saturation to function with both high power density and high efficiency at high frequencies (10-100 MHz). Magnetic
nanocomposites comprised of a ferrite and magnetic metal alloy provide the opportunity to achieve these desired magnetic properties, but
previously investigated thin-film fabrication techniques have difficulty achieving multi-micrometer film thicknesses which are necessary to
provide practical magnetic energy storage and power handling. Here, we present a versatile technique to fabricate thick magnetic nanocom-
posites via a two-step process, consisting of the electrophoretic deposition of an iron oxide nanoparticle phase into a mold on a substrate,
followed by electro-infiltration of a nickel matrix. The deposited films are imaged via scanning electron microscopy and energy dispersive
X-ray spectroscopy to identify the presence of iron and nickel, confirming the infiltration of the nickel between the iron oxide nanoparticles.
A film thickness of ~7 ym was measured via stylus profilometry. Further confirmation of successful composite formation is obtained with
vibrating sample magnetometry, showing the saturation magnetization value of the composite (473 kA/m) falls between that of the iron oxide
nanoparticles (280 kA/m) and the nickel matrix (555 kA/m). These results demonstrate the potential of electrophoretic deposition coupled
with electro-infiltration to fabricate magnetic nanocomposite films.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129797

. INTRODUCTION

As electronic devices continue to be miniaturized there is a
corresponding need for smaller on-chip power converters, and it
is also necessary to ensure that performance does not suffer as the
size of the underlying power components decreases.” Many of the
current magnetic materials used for these power components are
single phase materials, such as ferrites or magnetic metal alloys.”
At high frequency operation, eddy current losses become signifi-
cant and higher permeability materials such as magnetic metal alloys
result in less efficient components."”* To retain high magnetic satu-
ration and permeability but incorporate the low loss of ferrites, mag-
netic nanocomposites show promise for producing materials with

these desired magnetic properties. Recent work has demonstrated
that magnetic nanocomposites composed of two magnetic materials
have the ability to exhibit the desired magnetic properties, thus sat-
isfying the need for a magnetic material with both low loss and high
magnetic saturation.”™

The fabrication of films of ferrites and/or magnetic metal alloys
for magnetic nanocomposites have included vacuum techniques
such as sputtering single or multiple layers, screen printing, and
drop-casting."”” To provide improved magnetic energy storage and
power handling, thick (tens of micrometers) nanocomposites are
needed.” Deposition methods such as sputtering have the ability
to achieve complex compositions, but cannot economically pro-
duce thick final composites.” A more economical approach, such as
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drop-casting, could be more palatable for the assembly of thicker
films of nanoparticles, but can lead to non-uniform and uncontrol-
lable film thickness.”

One method of depositing thick films of nanoparticles for a
composite in a cost-effective manner and relatively short amount
of time is electrophoretic deposition (EPD)."” EPD (Figure la) is
a process in which a colloidal solution of charged particles, typi-
cally in a non-aqueous solution, are deposited onto a conductive
substrate under the application of a DC electric field. In addition
to being cost-effective, EPD has been used to deposit thick, porous
films, some of which exceed 100 ym thick with a variety of ceramic
materials such as alumina, magnesia, and yttria stabilized zirconia."’
The deposition of magnetic nanoparticles via EPD, however, has also
been accomplished, but much less frequently.'” "

Electrophoretic deposition can then be adapted as a method to
fabricate thick magnetic nanocomposites composed of a magnetic
nanoparticle inclusion phase followed by electro-infiltration of a
magnetic metal alloy. Electro-infiltration, a process that electroplates
a magnetic metal through a porous layer of nanoparticles, has been
explored for use in these kinds of applications, but the deposition of
the magnetic nanoparticle films have exclusively been accomplished
via drop-casting.” '

This work describes the use of EPD for the assembly of iron
oxide nanoparticles into a mold. Nickel is then electro-infiltrated
into the iron oxide nanoparticle film, where the electroplating fills
the pores between the particles with metal. By using a low loss mag-
netic phase (e.g., iron oxide nanoparticles) and a high magnetic
saturation phase (e.g., nickel), this work demonstrates the potential
of EPD coupled with electro-infiltration for the fabrication of these
magnetic nanocomposite films for on-chip power components. This
method of coupilng EPD with electroinfiltration presents a versatile
tool to fabricate a wide range of nanoparticle-based composites for
functional applications.

Il. EXPERIMENTAL
A. Nanoparticle synthesis

Iron oxide nanoparticles were synthesized via aqueous co-
precipitation by the addition of iron (II) and iron (III) chloride salts
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in a molar ratio of 1:2, respectively. These salts were reacted in alka-
line (pH 8-9) conditions for one hour at 85°C. After synthesis, the
resulting particles were collected with a large permanent magnet,
washed, and dialyzed for the removal of any excess salts. After dial-
ysis, the particles were collected and re-suspended in water with the
addition of tetraethylammonium hydroxide (TEAH). TEAH acted
as a peptizing agent to create a colloidally stable solution of nanopar-
ticles in water to serve as a stock solution. This synthesis was done
with reference to a previously reported method."”

B. Magnetic nanocomposite fabrication

A comprehensive overview of the entire fabrication process can
be seen in Figure 1b. This process is comprised of four steps: 1)
patterning of the substrates into 5 mm diameter circular molds, 2)
electrophoretic deposition of iron oxide nanoparticles, 3) electro-
infiltration of nickel between the iron oxide nanoparticles, 4) and
lastly mold removal with acetone.

1. Substrate patterning

The substrate was a (100) p-type silicon wafer with a 10 nm
titanium adhesion layer, upon which a 100 nm gold seed layer was
DC-sputtered onto it using KJL CMS-18 Multi-Source sputtering
tool. The substrate was then treated with an HDMS vapor primer
and patterned into an array of 5 mm diameter circular molds using a
10 um layer of KMPR 1010 negative photoresist. After a 5 minute
softbake at 100°C, an exposure dose of 670 mJ/cm* was applied.
A post-exposure bake of 2 minutes at 100°C was then applied, fol-
lowed by a 2 minute development time in 1-methoxy-2-propanol
acetate. The patterned sample was then rinsed with isopropanol and
DI water and blown dry with nitrogen.

2. Electrophoretic deposition

Iron oxide nanoparticles from the stock solution were added at
one volume percent (1 vol %) to a solution of 0.01 M hydrochlo-
ric acid (HCI) in isopropanol (IPA), providing the particles with a
positive surface charge, with a measured positive zeta potential of
~30 mV. The zeta potential of the particles was measured with a
dilute solution of the nanoparticles in water by using a Brookhaven
ZetaPlus instrument. This solution of positively charged particles
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FIG. 1. (a) Schematic of electrophoretic deposition (EPD) with a graphite block as the positive electrode and the substrate as the negative electrode. (b) Overview of the

nanocomposite fabrication process.
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could then move towards a negatively charged electrode, or sub-
strate, under an externally applied electric field. In this case, the
particles deposited onto the patterned silicon substrates. The posi-
tively charged electrode consisted of a graphite block, acting as the
counter electrode, placed parallel to the substrate. The set-up for this
process can be seen in Figure la. The counter electrode and sub-
strates were placed 1.5 cm apart, a field of 30 V/cm was applied,
and EPD was carried out for 45 minutes. After EPD, the films were
allowed to dry overnight prior to nanocomposite fabrication via
electro-infiltration.

3. Electro-infiltration

After deposition of the ferrite nanoparticles onto the patterned
substrate, an electro-infiltration method was used to form the final
magnetic nanocomposite. Electro-infiltration is a techinque where a
metal is electroplated through a nanoparticle film to fill the spaces
between the nanoparticles.”” For these samples, a nickel sulfamate
bath from Technic Inc. (Technic Nickel “S”) was used, with a
5x5 cm” nickel foil used as the anode and the substrate used as
the cathode. To ensure the magnetic nanoparticles were held in
place a 1 cm® cube-shaped neodynium-iron-boron (NdFeB) retain-
ing magnet was placed behind the substrate. Plating was then per-
formed at 54°C with agitation from a magnetic stir bar spinning
at 60 rpm and a current density of 10 mA/cm?* for ~20 minutes.
After plating, the samples were rinsed with DI water and dried with
nitrogen, and the photoresist mold was subsequently removed using
acetone.

C. Characterization

The crystalline phase of the synthesized iron oxide nanoparti-
cles was confirmed with X-ray diffraction (XRD) using a Panalytical
X’pert powder diffractometer. This instrument used a Cu anode to
supply Ka radiation and a scintillation detector (45 kV, 40 mA).
Iron oxide nanoparticle samples were analyzed with a step size of
0.016°. The phase was confirmed with comparison to a magnetite
(Fe304) reference pattern 98-004-4525 from the International Cen-
ter for Diffraction Data (ICDD) database. Scherrer’s formula was
used to calculate the crystallite size of the particles. Briefly, Scher-

rer’s formula, 7 = %, is used to calculate the crystallite size (7),

where k is a shape factor (assumed to be 0.9 for spherical particles),
A is the X-ray wavelength (1.54 A), f is the full width half maximum
value (corrected for instrument broadening) in radians, and 6 is the
Bragg angle, also in radians.

Magnetic characterization of the iron oxide nanoparticles,
electroplated nickel film, and magnetic nanocomposites was done
with an ADE Tech. EV-9 vibrating sample magnetometer. Mag-
netic fields between -1800 and 1800 kA/m were applied at room
temperature.

The physical size of the iron oxide nanoparticles was character-
ized using images obtained with a 100 kV Hitachi H7000 TEM. A
dilute solution of particles from the stock solution was placed on a
formvar-coated Cu mesh grid for imaging. Image] software from the
NIH was used for size measurements (n=250).

The thickness of the nanocomposites was measured with a
Tencor Alpha-Step AS500 stylus profilometer. Profilometry was
performed on nanocomposites after the photoresist was removed.

ARTICLE scitation.org/journall/adv

To confirm magnetic nanocomposite formation, cross sections
of the magnetic nanocomposites were analyzed with scanning elec-
tron microscopy (SEM). This was accomplished with an FEI Nova
NanoSEM 430 at an accelerating voltage of 15 keV at a working
distance of 5.3 mm. Energy dispersive X-ray spectroscopy (EDS)
capabilities on the FEI Nova NanoSEM were utilized to identify
detectable concentrations of the elements of iron and nickel. If
present and well-dispersed, this confirms the successful infiltration
of nickel within the iron oxide nanoparticle matrix.

Illl. RESULTS AND DISCUSSION
A. Nanoparticles

An X-ray diffraction (XRD) pattern of the as synthesized
nanoparticles is shown in Figure 2a. The synthesized iron oxide
nanoparticles were compared to a magnetite (Fe3O4) reference
pattern 98-004-4525 from the ICCD database. The peaks seen at
20 = 30.1, 35.4, 53.4, 56.9, and 62.5° are indicative of a inverse
spinel crystal structure, which was expected from this phase of iron
oxide. To calculate crystallite size, Scherrer’s formula was used and
three peaks at the following 26 values were chosen for the calcula-
tions: 35.7, 57.6, and 63.2°. The average crystallite size was calculated
as 10.3 + 1.3 nm. In comparison, the physical size, measured by
using images from transmission electron microscopy (TEM), was
measured at 10.6 + 2.4 nm (Figure 2b).

Vibrating sample magnetometry (VSM) was used to probe the
out-of-plane magnetic behavior of the iron oxide nanoparticles at
room temperature. The hysteresis curve of a film of these parti-
cles (found in Figure 3a) shows a magnetic saturation (M;) value of
280 kA/m and a coercivity (H.) of 0.26 kA/m. In comparison to the
bulk M of magnetite, 476 kA/m, this nanoparticle film achieved
approximately 59% of the bulk value. This can be attributed to the
porosity of the film and the inherently lower magnetic saturation
of nanoparticles as compared to the bulk. The low coercivity of the
nanoparticle film, 0.26 kA/m, is larger than expected of particles of
this physical size, which should be superparamagnetic and exhibit
no coercivity. However, this coercivity value arises due to particle-
particle interactions in the sample.'® XRD shows that inverse spinel
iron oxide nanoparticles were synthesized, with VSM confirming the
magnetic behavior of particles that satisfy the material properties for
a low loss ferrite inclusion phase.

B. Magnetic nhanocomposites

The magnetic nanocomposites which were fabricated as illus-
trated in Figure 1b were cleaved and their cross sections were imaged
using SEM. The cross section of the nanocomposite was then ana-
lyzed via EDS, the results of which are shown in Figure 3b-c. As
annotated on the SEM image in Figure 3b, the thickness of the
nanocomposite was measured as 4.8 ym. The average thickness of
the nanocomposite, measured via stylus profilometry, was 6.9 ym
with an average roughness value of 1.9 ygm. The thickness measured
in Figure 3¢, then, falls within the average roughness of the mea-
sured film. The EDS elemental map, shown in Figure 3¢, shows the
distribution of iron (Fe) in the nickel (Ni) matrix. Though there
does seem to be a section of the composite that is richer in iron
towards the bottom of the elemental map in Figure 3¢, this is still
dispersed in a nickel matrix that then continues throughout the rest

AIP Advances 10, 015308 (2020); doi: 10.1063/1.5129797
© Author(s) 2020

10, 015308-3


https://scitation.org/journal/adv

AIP Advances

g

htensty(au.)

4m . A A . .
20 ) 40 50 €0 70 &0

2 thets (degmes)

1 >
14
% 0
£
< 30 4
0 .I,h'

4 6 8101214161820
Diameter (nm)
« =

FIG. 2. X-ray diffraction (XRD) pattern (a) of the as-synthesized iron oxide
nanoparticles compared to a reference magnetite pattern (98-004-4525) from
the ICDD database, shown in squares. Transmission electron microscopy (TEM)
image (b) of as-synthesized iron oxide nanoparticles. Distribution of sizes mea-
sured via ImageJ (n=250) shown in top right corner.

of the composite. The detection of iron via EDS shows the presence
of well dispersed iron oxide nanoparticles throughout the nickel
matrix. This reveals that the nickel was able to infiltrate between the
particles.

In order to quantify the magnetic behavior of the fabricated
composites, vibrating sample magnetometry (VSM) was used. The
resulting M-H curves of an iron oxide nanoparticle film, nickel-
only electroplated film, and EPD composite are shown in Fig-
ure 3a. The magnetic saturation value of the nanocomposite fab-
ricated using EPD (473 kA/m) falls between that of the iron oxide

ARTICLE scitation.org/journall/adv
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FIG. 3. Magnetization behavior obtained from vibrating sample magnetometry
(VSM) (a) of the nanocomposite consisting of the electrophoretically deposited
iron oxide nanoparticles. Inset in (a) shows a zoom-in to the center of the hystere-
sis curves. Scanning electron microscopy (SEM) (b) and electron dispersive x-ray
spectroscopy (EDS) (c) images of films fabricated via EPD of iron oxide nanopar-
ticles followed by electro-infiltration of nickel, revealing that the nanoparticles are
dispersed in the nickel matrix.

nanoparticles (280 kA/m) and electroplated nickel (555 kA/m). This
indicates that the fabricated nanocomposite exhibits the desired
magnetic properties that are an average of the two constituent
materials. This behavior has been reported previously for mag-
netic nanocomposites of similar composition.””'” These results con-
firm the successful infiltration of nickel through the porous iron
oxide nanoparticle film, thus showing the potential of combining
EPD with electro-infiltration as a way for fabricating thick magnetic
nanocomposites.

IV. CONCLUSION

Iron oxide nanoparticles were synthesized via co-precipitation
to be used for the low loss magnetic phase for the iron oxide
nanoparticle/nickel magnetic nanocomposites. These nanocompos-
ites were fabricated via electrophoretic deposition (EPD) of the iron
oxide nanoparticles into a mold and the electro-infiltration of a
high magnetic saturation magnetic phase, nickel, through the porous
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deposited iron oxide nanoparticle film. The fabricated nanocompos-
ites exhibited a magnetic saturation of 473 kA/m, which fell between
the magnetic saturation values of the two constituent materials, iron
oxide nanoparticles and nickel. These results show the promise of
electrophoretic deposition as a versatile method for fabricating thick
magnetic nanocomposites for on-chip power components.
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