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Abstract—The tradeoff between saturation flux density and re-
sistivity in soft magnetic materials for thin film inductors is ex-
amined quantitatively. We use an optimization routine to evaluate
the achievable efficiency and power density using designs individ-
ually optimized to make best use of particular materials. The op-
timization selects switching frequency, ripple ratio, inductor di-
mensions and MOSFET sizes. For the example application of a
3.3- to 1.1-V, 7-A output dc-to-dc converter, Co-Zr-O, Fe-Al-O and
Co-Fe-B-Si-O materials are considered. Predicted efficiencies are
in the range of 80% to 90% at power densities of 20 W/cm2 to 1000
W/cm2. Different materials show advantages in different power-
density or efficiency ranges.

Index Terms—Co-Fe-B-Si-O, Co-Zr-O, DC-DC converters,
Fe-Al-O, granular films, high frequency, inductors, optimization,
soft magnetic materials.

I. INTRODUCTION

FOR soft magnetic materials used in thin-film inductors for
microfabricated dc-to-dc converters, both high saturation

flux density and high resistivity are important. In devel-
oping soft magnetic materials, there is often a tradeoff between
these two parameters [1]. In order to guide selection of materials
and development of new materials, it is necessary to quantita-
tively assess the effect of the parameters on performance in the
application. Although it would be simple to assess the impact
of changing and resistivity in a particular inductor design,
that would overlook the possibility of redesigning the inductor
to take best advantage of the new material.

In order to compare the possible performance of thin-film in-
ductors using different materials, we use an optimization routine
to choose inductor and dc-to-dc converter circuit parameters to
get the best possible performance with each material. The con-
verter includes an inductor, two MOSFETs and capacitors. We
evaluate performance in terms of efficiency and power density
(output power per unit area of substrate, including the area of
the MOSFETs and the inductor), for the example of a buck con-
verter. The results include optimized designs for the inductor
and the MOSFETs.

The inductor design we consider is a V-groove inductor
[2]–[4] which is in the form of a triangular wire surrounded by
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Fig. 1. Schematic of V-groove inductor (not to scale).

magnetic material, embedded in a silicon substrate as shown in
Fig. 1. The fabrication process for these devices can be summa-
rized as follows; more details are provided in [3]. A V-trench is
formed by anisotropic etching of a silicon substrate. Composite
magnetic material, for example Co-ZrO , is deposited in the
trench to form the core. Copper is filled in the groove to form
the conductor and an overlayer of magnetic material completes
the core of the inductor. The magnetic material is wrapped
around a single wire, thus forming a one-turn inductor.

Section II describes the optimization routine and in Sec-
tion III we investigate the performance of a 3.3- to 1.1-V, 7-A
output, buck converter when different core materials are used
for the V-groove inductor.

II. DESIGN

This section explains the optimization of the inductor and
MOSFETs for maximum output power per unit substrate area
for any given efficiency. We start by equating the inductance re-
quirement for the dc-to-dc converter to the contribution of
inductance due to the magnetic core

(1)

where is the ripple ratio (the ratio of the peak to peak ampli-
tude of triangular inductor current waveform), is the switching
frequency of the converter, is the permeability of free space,

is the relative permeability of the magnetic core, is the
thickness of the core, is the length of the device and
is peak operating flux density. The analysis is detailed in [2].
We assume that the thickness of the core is fixed at 10 m
by practical constraints. The length of the device can be calcu-
lated given ripple ratio and frequency. A large ripple ratio and
a large frequency might seem to be rewarding choices for max-
imizing power density but could lead to high losses in both the
inductor and the MOSFETs. The optimization routine evaluates
this tradeoff to find the right choice of ripple ratio and frequency.
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TABLE I
DESIGN PARAMETERS FOR BUCK CONVERTER

TABLE II
PROPERTIES OF Co-Zr-O GRANULAR FILMS [8]

The losses associated with the inductor and the MOSFETs
must be calculated. The conductor losses are calculated from the
dc resistance and the ac resistance; the ac resistance is calculated
at each frequency in a Fourier series representation of the cur-
rent waveform [2]. The core eddy-current loss is also calculated
using a Fourier series representation of the ac flux waveform.
Hysteresis loss is not calculated using Fourier analysis since it
is insensitive to frequency and is nonlinear; it is estimated from
coercivity and ac flux amplitude as described in [2].

To optimize the switches, we start with a reference MOSFET
with a channel area using a 0.13 m, 3.3 V tech-

nology model derived from [5], [6]. The optimum size is given
by where is
the root-mean-square (rms) current [7], is the resistance
of the drain-source channel of , and represents the
energy loss associated with the parasitic capacitance of the junc-
tions formed by drain, source, and gate of . , and

were found through simulations using commercial cir-
cuit simulation software (PSPICE) and are listed in Table I.

The efficiency and power density of the converter are calcu-
lated to complete the inductor design process for a given ripple
ratio and frequency. This process is repeated for different com-
binations of ripple ratio and frequency, and the results giving the
best power density for a given efficiency are plotted. The results
of the loss calculations were compared with measured results on
V-groove inductors with a Co-ZrO core in [4].

III. MATERIALS

Using the design process described in Section II we proceed
to investigate the performance of a 3.3- to 1.1-V, 7-A dc-to-dc
converter, using different materials as the core in the V-groove
inductor. We start by considering Co-Zr-O films. Ohnuma et
al. [8] have deposited these films with different atomic com-
positions and measured the resulting magnetic properties. For
several of these materials, listed in Table II, we analyzed and
plotted, in Fig. 2, the predicted performance of the converter
using an inductor based on these films. A maximum power dis-
sipation curve shown in Figs. 2–4, is based on the maximum
power dissipation limit of 500 watts/cm in typical power semi-
conductor devices [9].

We can use Fig. 2 to establish which composition is preferred
for any given region of power density and efficiency. For ex-

Fig. 2. Power density versus efficiency plot for converters using V-groove
inductors based using Co-Zr-O films. The Y axis represents the power output
per substrate area including the area used by the inductor and the MOSFETs.
The X axis represents the efficiency taking into account the losses in the
inductor and the MOSFETs. The dotted line represents a maximum power
dissipation curve as discussed in the text. The numbers in the legend correspond
to the material compositions listed in Table II.

Fig. 3. Power density versus efficiency plot showing converter performance
similar to Fig. 2, but using inductors based upon: Fe-Al-O and Co-Fe-B-Si-O
films. The numbers in the legend refer to the compositions in Table III.

Fig. 4. Power density versus efficiency curves, similar to Fig. 2 for the
best converter performance using the three materials investigated: Co-Zr-O,
Fe-Al-O, and Co-Fe-B-Si-O. The numbers in the legend refer to the materials
in Tables II and III. Designs 1, 2, and 3 refer to three different converter designs
mentioned in Table IV.

ample, composition 3 (Co Zr O ) gives the largest power
density ( W/cm ) for efficiencies below 84%, and com-
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TABLE III
PROPERTIES OF Fe-Al-O [1], [10] AND Co-Fe-B-Si-O [11] FILMS

TABLE IV
CONVERTER DESIGNS USING THE THREE DIFFERENT MATERIALS

position 2 (Co Zr O ) gives the largest power density for
efficiencies above 84%.

The compositions in Table II were picked after several itera-
tions of optimization. A number of films with similar composi-
tion were grouped into clusters. The compositions selected for
inclusion in Table II were those that had the best overall power
density vs efficiency performance in their respective clusters.

From Fig. 2 we can see the best performance achievable
with Co-Zr-O, and can identify appropriate compositions for
different efficiencies and power densities. We now undertake a
similar comparison using two other candidates materials. We
pick two compositions that have high and high resistivity:
Fe-Al-O [1], [10], and Co-Fe-B-Si-O [11]. The data in Table III
is obtained from [1], [10], [11]. As the coercivity values for
these films were unavailable, they were assumed to be 1 Oe.

Fig. 3 shows the power density versus efficiency curves for
materials in Table II. We can eliminate some of these composi-
tions (7, 8, and 10) as candidates for use as core material. For ex-
ample, for high efficiencies, at lower power density, one would
choose composition 5 over 7 and 8. Similarly, at higher power
densities, either compositions 6 or 9 would be chosen over 10.

Finally, a comparison of best curves from Figs. 2 and 3
is made in Fig. 4. Composition 6 (Fe Al O ) gives the
highest power density for efficiencies from 81% to 91%.
Composition 2 (Co Zr O ) gives a similar performance for
most efficiencies, and is capable of slightly higher efficiencies
at low power densities ( W/cm ). Similarly, composition
5 (Fe Al O ), can achieve even higher efficiencies (up to
93%) at very low power densities of 25 W/cm and below.
Composition 9 [(Co Fe B ) (SiO ) ] gives the
highest power density at low % efficiencies, but these
designs rapidly approach the power density limit and so are
unlikely to be of much practical value.

Three different converter designs using the three inductor
core materials investigated above are listed in Table IV. To
obtain the desired power density and efficiency characteristics
of the converter, one must operate the devices at the given
ripple ratio and the frequency, using the respective materials as
the core in the inductor.

Higher resistivity and higher always improve perfor-
mance but resistivity is more important for high-efficiency,

low-power-density designs, whereas is more important
for high-power-density, lower-efficiency designs. The ideal
permeability depends on the design objectives. For high power
density at lower efficiencies, lower permeability is best (e.g.,

for composition 9). However, for high efficiency at
lower power density, higher permeability is best (e.g.,
for composition 5).

IV. CONCLUSION

In order to evaluate candidate soft magnetic materials for use
in thin-film inductors for microfabricated dc-to-dc converters,
we have developed an optimization routine which evaluates the
achievable efficiency and power density of the converter using
designs individually optimized to make best use of particular
materials. The optimization selects switching frequency, ripple
ratio, inductor dimensions and MOSFET sizes.

For the example application of a 3.3- to 1.1-V, 7-A output
converter, Co-Zr-O, Fe-Al-O, and Co-Fe-B-Si-O materials
have been evaluated. For most applications, we have identified
Fe Al O and Co Zr O as the best candidates, with
similar performance. Fe Al O is better for lower efficien-
cies and higher power density applications and Co Zr O is
better in a few higher efficiency, lower power density applica-
tions. The final choice of material will also depend on practical
considerations involving ease of deposition, reliability, and
material compatibility.

The methodology introduced here will also help guide devel-
opment and evaluation of new materials.
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