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Abstract—A low-profile microinductor was fabricated on
a copper-clad polyimide substrate where the current carrying
coils were patterned from the existing metallization layer and the
magnetic core was printed using a magnetic ceramic-polymer com-
posite material. Highly loaded ferrite-polymer composite materials
were formulated, yielding adherent films with 4 3900 G

at +5000 Oe applied dc field. These composite magnetic films
combine many of the superior properties of high temperature
ceramic magnetic materials with the inherent processibility of
polymer thick films. Processing temperatures for the printed films
were between 100C and 130 C, facilitating integration with a
wide range of substrates and components. The quality factor of
the microinductor was found to peak at = 18 5 near 10 MHz,
within the optimal frequency range for power applications. A
flat, nearly frequency independent inductance of 1.33 H was
measured throughout this frequency range for a 5 mm 5 mm
component, with a dc resistance of 2.6
 and a resonant frequency
of 124 MHz. The combination of printed ceramic composites with
organic/polymer substrates enables new methods for embedding
passive components and ultimately the integration of high
inductors with standard integrated circuits for low profile power
electronics.

Index Terms—Inductor, integrated passive components, power
electronics, printed electronics.

I. INTRODUCTION

PRINTED electronics are receiving growing attention as a
means to integrate microelectronics on a wide variety of

substrates. Conventional screen printing [1], [2] as well as ink jet
printing [3] have been used to deposit polymer thick film inter-
connects and resistors [4], [5], organic light emitting diodes [6],
solar cells, [7] passive matrix displays [8] and even polymer thin
film transistors [9] on both rigid and flexible substrates. These
emerging technologies enable the incorporation of electronics
onto heat-sensitive substrates for a wide range of potential ap-
plications, including electronic paper, electronic labels, flexible
smart cards and displays, and inexpensive radio frequency iden-
tification (RFID) tags.

Application of printed circuits to fields such as power elec-
tronics will require the development of a wider range of ma-
terials and processes, to enable the fabrication of higher value
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components. This includes low temperature methods to deposit
new ceramic based materials, such as high dielectric constant
films for capacitors and high permeability soft magnetic films
for high inductors. Ceramic thin films based on oxides and ni-
trides are traditionally deposited using a variety of techniques,
including sputtering, laser ablation and sol-gel methods. The ap-
plication of ceramic films is limited in many cases, however, due
to the need for high temperature annealing steps. In the case
of conventional dielectric and magnetic films, these steps are
often critical to develop the microstructure and crystallinity re-
quired to achieve adequate materials properties. Furthermore,
the brittle nature of these ceramic films along with the mismatch
in the coefficient of thermal expansion (CTE) makes integration
with flexible substrates impractical.

With the increasing interest in integrated passive components
[10], there is a growing need for the development of low-profile
or planar magnetic components which can be embedded directly
into the substrate and therefore easily integrated with other cir-
cuit elements. The miniaturization and integration of magnetic
components such as inductors and transformers provides new
options in power converter design [11]–[13]. By reducing the
physical size of the magnetic components (in conjunction with
higher switching frequencies), new distributed, point-of-load
power converters can be implemented. Most power related mag-
netic components, however, require a relatively large volume of
material for the core, necessitating thick films which are diffi-
cult to achieve using vacuum deposition and other typical thin
film processes.

Furthermore, high processing temperatures (which are often
in excess of 900 for conventional ceramic films) severely
limit the available substrates which can be used and eliminate
the potential for integration with other components. These dual
requirements of large volumes of magnetic material and high
processing temperatures, which are critical to achieve high
planar inductors for power applications, have greatly limited
the implementation of ceramic magnetic materials in integrated
and planar technologies. A new approach to integrated magnetic
components is therefore needed to achieve miniaturized induc-
tors with sufficient between 1–10 MHz, the critical frequency
range for modern switched mode power converters.

II. A PPROACH

Two classes of ceramic materials, ferrites and garnets, are
commonly used in power and microwave related components
for energy storage, isolation and filtering. Specifically, these
materials find application in components such as inductors,
transformers and circulators. These materials combine the
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appropriate magnetic properties with a high resistivity, which
are not simultaneously achievable in standard ferromagnetic
metals, alloys and glasses.

One approach to the low temperature deposition of thick,
ceramic magnetic films is to use screen or stencil printed
ceramic- polymer composites, in which ceramic magnetic pow-
ders are mixed with a polymer binder. Unlike traditional thick
film processes which involve firing the paste at high tempera-
tures to fuse the glass component, these polymer thick films are
dried or cured at temperatures less than 200leaving only the
magnetic filler and polymer binder. The challenge is to achieve
high enough loading fractions of the magnetic ceramic within
the diamagnetic polymer binder to achieve a sufficient volume
magnetization while still maintaining sufficient adhesion to the
substrate. Also, the overall permeability is reduced due to the
presence of the diamagnetic polymer through which coupling
of the particles must occur, and due to the highly polycrystalline
nature of the magnetic material [14]–[25]. The incorporation of
distributed gaps between the magnetic particles, however, does
have the potential for increasing the saturation field, thereby
enhancing the power handling capability of these materials.

The polymer thick film approach developed here offers an
alternative to both thin film and traditional thick film hybrid
approaches, and combines the often superior properties of
high temperature ceramics with the inherent processibility of
polymer thick films. Although polymer thick film technologies
have been established for conductors, resistors and to a certain
extent even capacitors [1], there are limited data available on the
properties of polymer thick film magnetic composites, particu-
larly with regard to the use of organic/polymer substrates which
can strongly influence component performance [26]–[33].
The ability to combine ceramic films with low temperature
substrates opens enormous possibilities for highly integrated
power circuits. Combined with the growing use of flexible
circuitry, such an approach can find widespread application
and can be extended to the development of sensors and devices
based on other ceramic materials such as ferroelectrics and
piezoelectrics [2].

III. EXPERIMENTAL

The test structures reported herein consisted of a multi-turn
planar copper spiral metallization on a flexible polyimide sub-
strate (Fig. 1), with ferrite-polymer composite magnetic thick
films printed above and below the plane of the coil (Fig. 2). Fab-
rication of the microinductors was essentially carried out in a
three step process involving

1) patterning the copper spiral metallization;
2) screen printing the upper magnetic film on top of the

copper spiral;
3) stencil printing the lower magnetic film on the back of the

polyimide, directly below the copper spiral.

The substrate used was 25 thick DuPont Pyralux polyimide
flexible laminate material with a 17.5 layer of copper.

The copper coil, as seen in Fig. 1, consisted of an 11 turn
square spiral, with 100 wide copper lines and 50 spac-
ings, and occupied an area of about 5 mm5 mm (excluding

Fig. 1. Layout of the copper inductor, which is comprised of an 11 turn square
spiral with 100�m wide copper lines and 50�m spacings, occupying an area
of about 5 mm� 5 mm.

Fig. 2. Exploded view of microinductor structure.

the outer bond pad). The coil was patterned using standard pho-
tolithography techniques with an AZ-1518 series photoresist
(Shipley). The coil was etched using a ferric chloride solution
and the photoresist stripped with acetone. Exposure to the ace-
tone was minimized, to reduce dissolution of the adhesive be-
tween the copper and polyimide substrate.

The ink used to print the thick magnetic films was custom
formulated (Methode Development Corporation) and was com-
prised of a thermoplastic resin, solvent, and magnetic filler. A
commercially available manganese-zinc ferrite loading powder
(Steward 73 300) was used as the magnetic ceramic filler. The
average surface area of the powder was 1.4 as determined
by the BET method, with an average particle size of 10.2
as determined by the Coulter method. The saturation moment
of the bulk powder was 79.4 emu/g. A highly loaded ink was
used to print the ferrite-polymer composite thick films, with the
ink containing by mass polymer, by mass solvent
and by mass ferrite powder. Rheology of the ink was es-
sentially controlled by adjusting the amount of solvent. Cured
films (no solvent) consisted of by mass ferrite, with the
balance consisting of polymer. Thermogravimetric analysis was
carried out on a TA Instruments Model 2950 Thermogravimetric
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Analyzer to determine the optimal curing conditions to achieve
the complete evaporation of the solvent.

Screen and stencil printing was carried out on an Automated
Production Systems Model SPR-25 Manual Stencil Printer. The
upper magnetic film was deposited using off-contact screen
printing with an 80 mesh screen with a mesh angle of 30, a
wire diameter of 50 and an emulsion thickness of 150
(total feature thickness ). A polymer-based squeegee
was used to print the ink through the screen. The upper film was
printed through an emulsion opening of about 5 mm by 5 mm,
with a small area in the center left uncovered for access to the
bond pad. Typically, excess material was printed around the
edges of the bond pad, leaving only the center for access by the
probe tips for electrical characterization. Curing consisted of a
thermal treatment of the film, to drive off the solvent, and due to
the nature of the polymer (a thermoplastic) did not involve any
cross-linking. Although a variety of thermal treatments were
assessed including oven and hot plate curing, a typical printed
film was cured in an oven at for 35 min. Higher
curing temperatures were found to compromise the adhesion
of the film. The ferrite-polymer composite displays negligible
conductivity, which serves to electrically isolate the core from
the copper coils. The lower magnetic layer was deposited
using on-contact stencil printing with a 300 thick laser cut
stainless steel foil with an opening of about 5 mm by 5 mm.
The ink was printed using a metal squeegee. The film was
cured under the same conditions as the upper magnetic film.

Microinductors were initially screened up to 1 MHz on an
HP 4284A LCR Meter. Detailed measurements to 200 MHz
were made using an HP 8753E vector network analyzer and
a GGB Industries model 10 Picoprobe following a standard
short-open-load calibration. Step profilometry measurements
of printed films were conducted on a Veeco DekTak Surface
Profile Measuring System, using thick films printed on a glass
slide to achieve optimum planarity. To prepare the sample for
profilometry, the slide was dehydrated on a hot plate for five
minutes at 100 to ensure adequate adhesion, and the ink
was stencil printed with a metal squeegee using a 300
thick foil. In this case, the film was then cured on a hot plate
at 100 for 30 minutes and then oven cured at 100 for
30 min. A typical stencil printed film had an average thickness
of and displayed minimal roughness with an average
deviation from the mean line of (Fig. 3). Multiple profiles
were measured on the same film (in directions both parallel
and perpendicular to the squeegee print direction), with a
typical film displaying a variation in average thickness between
measurements of . The surface roughness of the copper
used in the Pyralux laminate material is typically within 1–2%
of the overall foil thickness (which in this case is 17.5) [34].
The surface roughness of the polyimide (in this case Kapton)
varies depending on the previous processing history, but for a
typical sample is [35]. To ensure a basic level of
adhesion, films were typically checked using a qualitative pull
test with self-adhesive tape. Isothermal magnetic measurements
were made using a Lakeshore Model 7307 vibrating sample
magnetometer.

Magnetic measurements were conducted on films printed and
processed under a variety of conditions. For the magnetic data

Fig. 3. Profilometer scan of printed composite film. The film was stencil
printed on glass using a 300�m foil with a 5 mm� 5 mm aperture. Curing
schedule was 30 min at 100C on a hot plate followed by 30 min in an oven at
100 C.

Fig. 4. Scanning electron micrograph of printed composite film normal to the
surface, with 10 kV beam and 5000 X magnification. Bar is 10�m.

reported herein, the film was printed on a polyimide substrate
with no copper. The substrate was dehydrated on a hot plate for
5 min at 100 , and the ink was stencil printed with a metal
squeegee using the 300 foil. The film was then cured on a
hot plate at 100 for 60 min. The film was then cut from the
substrate, mounted with vacuum grease to the sample rod facing
downward, and manually centered in the applied field. The same
film was used for scanning electron microscopy (SEM), which
was carried out on a Hitachi S4000 Field Emission Gun SEM
using a 10 kV beam.

IV. RESULTS

A step profilometry scan of a stencil printed film on glass is
given in Fig. 3, which indicates a film with slightly sloping pro-
files. A top view scanning electron micrograph of a film printed
on polyimide is given in Fig. 4, and shows that although the par-
ticles are in intimate contact, there is indication of significant
porosity. Vibrating sample magnetometer data taken at room
temperature are given in Fig. 5. Due to the surface roughness
of the films and the sloped film profiles which make determi-
nation of a true film volume difficult, the data is reported as the
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(a)

(b)

Fig. 5. Vibrating sample magnetometer data of printed composite film on a
polyimide substrate, cycled between�100 Oe (top) and�5000Oe (bottom).

magnetic moment with units of emu. An approximate volume
magnetization at saturation can be determined using
an estimated film thickness of 300 (based on the profilom-
etry measurements of stencil printed films on glass) and a film
area of about 25 (the aperture size of the foil), resulting
in a volume magnetization at saturation of 3900 G (given a mo-
ment of 2.355 emu at ). Data is given at low induc-
tion values (loop cycled between ) and higher induc-
tion values (loop cycled between ). The coercive field
varied between 6.6 Oe when cycled between an applied field of

and 18.5 Oe when cycled between an applied field of
.

Air core inductors (with no magnetic composite) displayed an
inductance of 0.51 at 1 MHz. The measured inductance of a
magnetic core test device was 1.33, indicating the enhance-
ment provided by the core is a factor of about 2.6. The 1.33
inductor’s reflection coefficient S11 from 30 kHz to 200 MHz
is shown on the Smith chart of Fig. 6. The low-frequency coil
resistance is about 2.6 and the device stays inductive up to
a self-resonant-frequency of about 124 MHz. At a typical ap-
plication frequency of 10 MHz, the impedance is ,
yielding a quality factor of 18.5.

S11 measurements converted to inductance, resistance ,
and quality factor are shown in Fig. 7 up to the self-reso-
nant-frequency. These graphs show results for two identically-
fabricated inductors designed to check reproducibility. Both in-
ductors show peak near 20 in the range of 10 to 20 MHz.
Inductance is reasonably constant through 20 MHz and peaks
at about 3 near resonance, while resistance monotonically

Fig. 6. Measured impedance of 1.33�H inductor with core.

Fig. 7. Inductor performance from 30 kHz to 124 MHz self-resonant-
frequency. Two microinductors fabricated under identical conditions are
plotted here for comparison.

increases to a peak value of 4270. This variation in series
with frequency and increase in effectivenear self-resonance
is due to the combined effects of current-crowding [36] and in-
ternal (parasitic) capacitance. In particular,was defined here
simply as reactance divided by resistance, resulting in at
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Fig. 8. Corrected performance data after removing effect of parasitic
capacitance. Two microinductors fabricated under identical conditions are
plotted here for comparison.

self-resonance. For many applications, a definition ofbased
on energy storage and dissipation is preferred. This requires the
removal of the effects of resonating capacitance from the total
impedance.

To estimate the energy-based quality factor, an inductor
model consisting of a series R and L, with a parallel C placed
across the series combination, was applied. This model was
fit to the measured data by converting measured S11 to an
admittance , subtracting off the susceptance of C (found from
the low-frequency value and the self-resonant frequency),
and converting the resulting admittance back to impedance.
The and values found from this impedance are shown in
Fig. 8. The inductance is now virtually constant, suggesting a
good model-fit. Series resistance increases from its dc value of
2.6 up to a maximum of about 250. This increase in R now
models ac power losses associated with eddy-currents within
the metal traces (current-crowding), and possibly additional
losses within the core material. The actual energy-basedat
self-resonance is dependent on these factors and is about 4 in
the test inductors.

Finally, an inductor was subjected to a dc bias current
during impedance measurements to look for core-saturation
effects. The dc bias was provided by an Agilent E3641A
supply operating in constant-current mode and was injected
into the S-parameter measurement setup through a bias-T. The
results are shown in Figs. 9 and 10. Fig. 9 plots dc resistance,

Fig. 9. Effect of bias current on dc series resistance, power dissipation, and
inductance.

(a)

(b)

Fig. 10. Inductor performance versus frequency with 0 to 500 mA bias current.

inductance, and power dissipation versus bias current. Power
dissipation increases slightly more than quadratically due to
increasing dc series resistance as the spiral traces reach higher
temperatures. Performance remains good through 300 mA,
with little variation in overall inductance, and little decrease in

(as seen in Fig. 10). At 500 mA, heating of the spiral traces
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and core material produces a significant increase in resistance,
and a mild reduction in inductance due to the onset of core sat-
uration. The decrease in at 500 mA seen in Fig. 10 is in line
with values predicted based on a simple increase in series,
further suggesting that core saturation effects are small. Higher
currents (e.g., 700 mA) produced thermal-runaway effects
where resistance increases did not reach equilibrium, indicating
that 500 mA is a practical absolute-maximum specification
on operating conditions. Recovery from several cycles of
500 mA testing as well as from temporary overheating caused
by thermal runaway was good, with, , and returning to
their original measured values.

V. DISCUSSION

Microinductors fabricated using standard microelectronic
fabrication methods and incorporating magnetic films as
the core layer have been investigated over the past 20 years
[37]–[43]. Most microinductor work previously reported in the
literature has focused on using magnetic metallic alloys as the
core layers, which are typically sputtered or electroplated and
limited in performance due to severe eddy current losses and
frequency dependence of the inductance above 1 MHz. More
recent work has explored the use of printed pastes on rigid
substrates [26]–[33].

The approach reported here features a copper-clad polyimide
substrate, a widely available flexible material suitable for micro-
electronic circuits. By patterning the copper layer on the existing
flexible material, a thick metal layer with low resistance was
achievable, resulting in a relatively high inductorvalue. Ad-
dition of the ferrite-polymer magnetic material to the patterned
coil provides a convenient method for rapidly producing planar
inductors integrated with a flexible substrate, which suffer min-
imal loss between 1–10 MHz. Printing the lower magnetic core
on the back of the polyimide resulted in sufficient coupling to
the upper core and coils to enhance inductance by a factor of
2.6.

Enhancement of the air core inductance with the magnetic
core enables the fabrication of a component with , in
an area that is smaller than is required for an equivalent air core
inductor alone. By keeping the area of the coil relatively small
with fewer turns relative to an air core inductor with ,
a relatively high self-resonant frequency of 124 MHz is achiev-
able (coupled with a suitable value near 10 MHz). This is crit-
ical, as the operational frequency of the component should be far
removed from the resonant frequency. Combined with the use of
a magnetic core capable of sustaining an adequate response at
10 MHz, a high device can be achieved and operated in the
key frequency range for power applications. This is difficult to
achieve in a planar configuration, wheretypically peaks in
the 1 GHz range for air core inductors with no magnetic core.

One goal in optimizing the process was to minimize the
curing time and temperature, as extended temperature soaks
degraded adhesion and flexibility. Although the reported mi-
croinductors were cured at for 35 min in an oven, we
found that a curing schedule of 100 for 60 min on a hot plate
was sufficient to drive off 99.5% by mass of the solvent (based
on thermogravimetric analysis), yielding adherent films. Using
a series of films printed and cured under different temperatures
and conditions, no significant influence on magnetic properties

was observed. The only observable influence was on adhesion,
which tended to decrease at higher cure temperatures.

The thicknesses of the upper and lower magnetic films
differed, due to the difficulty in printing a highly loaded ink
through thick screen emulsions that are . In some
cases, the center bond pad was completely covered with ink
due to the difficulty in controlling the printing process. Stencil
printing of thicker films is easier, and we could readily print
300 films using a foil. One method to achieve upper and
lower magnetic films of equal thickness is to re-distribute the
bond pad through the use of an air bridge from the inner pad,
enabling both layers to be stencil printed.

We are currently developing methods for quantitatively as-
sessing the mechanical properties of the printed films, particu-
larly with regard to adhesion and flexibility. Qualitatively, the
films could sustain minimal flexure, but with a large enough
radius of curvature, cracking of the films was observed, accom-
panied in some cases by complete delamination. Adhesion was
adequate, as determined by the self-adhesive tape method, if
the cure temperature was kept below 180. We are also con-
sidering the effects of extended biasing with high currents and
self-heating phenomena, as well as aging effects.

VI. CONCLUSION

Ferrite-polymer composite films were successfully com-
bined with copper spiral coil inductors on polyimide substrates
to yield a high inductance with good in the 1–10 MHz
range with a resonant frequency of 124 MHz. Along with
polymer thick film resistors and high dielectric capacitors, a
wider range of RLC circuits can be fabricated on conventional
flexible materials using this approach. Combined with flip chip
technology, this approach readily enables integration of active
circuitry with embedded passive components on a variety of
heat sensitive and flexible substrates.
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