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Abstract

We have fabricated two-dimensional inductive devices by integrating micropatterned magnetic foils of high permeability ( ., = 100000)
with winding patterns realised in printed circuit boards (PCBs) and flex-foil technology. We redlise relatively high inductances of 1-10
wH for transformer type devices and a sensitivity of 60 V /T at 30 kHz for fluxgate magnetic induction sensing devices. The same type of
deviceis also used as a current sensor; here we typically find sensitivities of 10 mV /A for excitation currents of a few 100 mA. We think
our technology opens the way to a new class of functional and economic sensing devices. © 2000 Elsevier Science SA. All rights

reserved.
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1. Introduction

Inductive and transformer-like devices are at the heart
of numerous sensing and actuating applications. With the
increasing trend of miniaturisation of electronic devices,
often the inductive components are the determining factor
limiting further size reduction. Both for the realisation of
high inductance transformers [1,2] and for high resolution
magnetic or current sensing devices based on inductive
measurement principles like fluxgate sensors [3,4], the
availability of a high permeability and low hysteresis
ferromagnetic core materia is essential. We have devel-
oped a method for the fabrication of planar microtrans-
formers [5] and fluxgate sensing devices [6] using a hybrid
printed circuit board (PCB) /flexible foil technology, where
we integrate Cu winding patterns with magnetic foil core
materials. The magnetic core materials used (Vitrovac®
6025 or Metglas® 2714A) have an extremely high relative
magnetic permeability (g, = 100000) and a fairly large
thickness (25 wm) [7,8]. This permeability is one or two
orders of magnitude larger than the corresponding proper-
ties of films made using classical vacuum deposition meth-
ods. Conseguently, for a given inductor size, the induc-
tance value can be much higher than obtainable with these
methods. Also for magnetic induction and current sensing
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devices, the sensor’s response is proportional to the rela-
tive permeability of the core material, hence, also here a
high w, is beneficial. Moreover, in our technology, the
core material can be selected from a variety of commer-
cialy available amorphous magnetic foils, amenable to
lithographic patterning.

In this paper, we discuss the fabrication method of these
devices and briefly review their application as inductors or
as sensitive magnetic field fluxgate sensors. We elaborate
more on a third application we recently introduced, which
is current sensing. To realise a current sensor, we provide
the magnetic fluxgate sensors with a hole in the centre of
the PCB structure for the accommodation of a current
carrying wire. It is the magnetic field generated by the
current through this wire, which generates a second har-
monic voltage over the excitation coil, in which we apply
an excitation current of a few 100 mA at frequencies of
several 10 kHz. By providing ‘gaps in the magnetic core,
we can tune the effective permeability and hence the
sensitivity of the current sensor. A less sensitive current
sensor evidently is operational up to much higher DC
current levels. We have measured the immunity of our
sensor to its orientation with respect to the earth’s mag-
netic field. We typically find angular dependent variations
of a few percent on the output signal for our present
current sensor design. Finally, we briefly discuss an etch-
ing—electroplating method for the redlisation of Cu coils
with high Cu filling factor, leading to an enhanced electri-
cal quality factor in the frequency regime below 100 kHz.
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2. Fabrication procedure

The fabrication procedure of our inductive devices has
aready been described in detail in Refs[5,6]. The struc-
tures are fabricated based on conventional PCB and flex-
foil processes. A schematic diagram of the layer built-up is
shown in Fig. 1la. Two copper-clad epoxy boards or poly-
imide foils are used as the outer layers. A liquid epoxy or
acrylic adhesive was used to glue Vitrovac® 6025 or
Metglas® 2714A foil on the interior non-copper-bearing
support. These foils were patterned photolithographically
to form the transformer cores. For the transformers and
magnetic field fluxgate sensors, we have used Vitrovac®
6025 foils, while for the fluxgate-type current sensing
devices, we have used the Metglas® 2714A. Coil patterns
were printed onto the copper laminates using standard
photolithographic methods. Alternate half-windings were
structured into each outer laminate layer, and correspond-
ing top and bottom coil windings were connected by
copper-filled vias. PCB-based structures were finaly as-

Excitation coils

Pick up coil

sembled and bonded by hot pressing with Prepreg® epoxy
sheets, whereas for the flex-foil structure, we used acrylic
adhesive layers. Photographs of the redlised PCB trans-
formers and of a PCB and flex-foil fluxgates are presented
in Fig. 1b and c,d, respectively.

3. Inductive devices
3.1. Transformers

As an example, we show in Fig. 2 the frequency
dependence of the primary self-inductance, L, and the coil
resistance, R, measured on a 10 turn primary rectangular
transformer with an open secondary winding (a device of
the type shown in Fig.1b). Vitrovac® 6025 material was
used as the core material. The self-inductance L attains its
highest values at low frequencies, and in this case a
maximum of about 3.5 wH is measured at 1 kHz. The
inductance characteristic mainly follows the intrinsic per-

(b)

Fig. 1. (@) Schematic diagram of the inductive devices fabrication process; (b) photograph of rectangular PCB transformers, characterised by 10 primary
and 5 secondary windings; (c) photograph of a toroidal PCB fluxgate with two excitation and one pick up coil; (d) photograph of a toroidal flex-foil

fluxgate.
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Fig. 2. Inductance and resistance as a function of frequency for a
rectangular transformer.

mesability dependence of the Vitrovac® 6025 material. The
rise in coil resistance starting at about 50 kHz is due to
eddy current and magnetic core losses. A more detailed
discussion of the realisation and characterisation of our
transformer devices can be found in Ref. [5].

3.2. Fluxgate magnetic field sensors

The principle of a fluxgate is the externa magnetic
field-dependent periodic saturation of a ferromagnetic ma-
terial. Soft magnetic alloys like Vitrovac® or Metglas®,
having a small hysteresis and a large saturation magnetisa-
tion are well known for their use as core material. The
combined action of the external field (to be measured) and
excitation coils, driving the ferromagnetic core in satura
tion, leads to the generation of higher order harmonics of
the fundamental excitation frequency in a detection coil
surrounding the magnetic core. The second harmonic volt-
age V, can be filtered out of the detection signal using a
lock-in technique and is proportiona to the external field
for a certain field range (typically 0.01-100 pT). Two
different types of fluxgate sensors have been designed and
fabricated: the first type has the inner magnetic foil pat-
terned into a toroidal shape and the second type has a
magnetic core of rectangular shape. A photograph of a
toroidal structure was displayed in Fig. 1c. One should
note that the two excitation coils are positioned symmetri-
caly at both sides of the detection coil. Each excitation
coil has 18 windings while only four were used for the
detection coil.

Fig. 3 represents the second harmonic voltage ampli-
tude V, of the detection coil of a rectangular fluxgate
sensor without air gap in the Vitrovac® magnetic material,
as a function of the external magnetic induction B, for
various excitation currents |, at 10 kHz.. We have chosen
the direction of B, in the line of the horizontal compo-
nent of the local terrestrial magnetic field (in Switzerland
Bierresria = 20 wT). One notes that for all excitation cur-
rents, V,; approaches zero at this field; this situation
corresponds to an effective zero magnetic field. One notes

that for al I, there is a linear dependence on B, in the
low field range. This range becomes more extended for the
higher excitation currents. The symmetric response around
the true zero field with respect to the sign of the externa
magnetic field is immediately clear. Moreover, the curves
shown in Fig. 3 represent data taken by increasing the
external field from —250 to 250 wT and vice versa
Within the limit of our detection, we found no evidence of
any hysteretic behaviour. Concluding, we obtain rather
high sensitivities with our devices (up to 60 V /T at 30
kHz). A more detailed study of these magnetic fluxgate
sensors was presented in Ref. [6].

3.3. Fluxgate-based current sensors

Our technology equally well can be used for the realisa-
tion of current sensors; in this case, we measure the
magnetic field generated by a current through a wire,
which is inserted inside a hole at the central point of the
sensor. Fig. 4ais a photograph of the layout of one type of
device. It consists of two excitation coils consisting of 18
windings each centred around a PCB embedded ring pat-
terned out of the Metglas® 2714 material. This patterned
core can be simple, as shown in Fig. 4b, or can contain
‘gaps’, as shown in Fig. 4c, to diminish sensitivity and to
extend the current measurement range of the device. For
the measurement of a DC current, we apply an excitation
current in the two coils in series and measure the second
harmonic voltage amplitude over the same cail. Clearly, a
higher DC current introduces a larger asymmetry in the
saturation characteristics of the magnetic material, hence, a
large second harmonic component. The centra coil, con-
sisting of four windings, is the analogue of the detection
coil for the fluxgate magnetic field measurements, and is
not used for the current sensing experiments.

Two curves of an experimental current measurement are
shown in Fig. 5a,b for a sensor, having a gap-free mag-
netic core material, as shown in Fig. 4b. We present here
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Fig. 3. Second harmonic voltage V. of the detection coil of a rectangular
fluxgate sensor as a function of B, for various excitation currents |, at
10 kHz.
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(a)

Fig. 4. Photographs of (a) the experimental redisation of a current sensor
based on the hybrid PCB technology, (b) a micropatterned Metglas® core
without gaps in the magnetic material, to be embedded inside the PCB,

(c) a micropatterned Metglas® core with four gaps of 3 mm in the
magnetic material.

the second harmonic voltage amplitude V, versus DC
current |- through a wire placed within the hole of the
sensor. Fig. 5a represents curves measured at three differ-
ent excitation frequencies with rms amplitude of 175 mA
of the excitation current. We observe a similar characteris-
tic as with the magnetic field fluxgate measurements, i.e.,
alinear-like zone at small I, hence small field, followed
by a maximum and subsequently a decrease of the sensor’s
response. Also with increased frequency, the sensor output
is enhanced. The measured sensitivity of the sensor is

about 10 mV /A. When using an rms excitation current of
350 mA (Fig. 5b), we obtain a somewhat different be-
haviour, as we only observe the initial part of the Vy—l ¢
response curve of Fig. 5a. The explanation is smple; the
sensor will have a maximum response when the absolute
value of the magnetic field induced by the AC current is of
order of the magnetic field of the DC current to be
measured. The use of higher excitation currents automati-
cally results in the extension of the useful regime of the
sensor to higher currents.

Fig. 6 shows the characteristics of a current sensor with
the embedded patterned core material of Fig. 4c, aso at
three different excitation frequencies and for an excitation
current of 175 mA. We immediately observe the much
smaller output of this sensor. Indeed, by providing gaps
within the core material, we have strongly decreased the
effective permeability of the coil interior and thereby
strongly reduce the magnitude of the magnetic fields gen-
erated by the various currents. We attribute the asymmetry
of the curves to the non-perfect symmetry of the windings
and magnetic core material shape, and the non-zero value
of Vx a I, =0 to the contribution of the earth’s mag-
netic field of the sensor. The latter is expected to have
some influence as our excitation coil consists in fact of
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Fig. 5. Second harmonic voltage amplitude V,; as a function of applied
DC current for the current sensor corresponding with the patterned
magnetic core of Fig. 4b at three different excitation frequencies, ()
using an excitation current I,=175 mA, ., (b) using an excitation
current |, =350 mA

rms*
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Fig. 6. Second harmonic voltage amplitude V, as a function of applied
DC current for the current sensor corresponding with the ‘gapped

patterned magnetic core of Fig. 4c at three different excitation frequencies
and using an excitation current 1, =175 mA .

two parts, and due to this symmetry, is susceptible to the
direction of the earth field.

The second harmonic voltage amplitude V,; as a func-
tion of the positioning of the gapped sensor with respect to
the earth’s magnetic field, is shown in Fig. 7. The excita-
tion is at 30 kHz with rms current value of 350 mA. The
position of the sensor at 0° corresponds with the symmetry
axis of the sensor aligned with the direction of the earth’s
magnetic field. The understanding of this field dependence
is rather complicated and involves both asymmetry in-
duced by the electrica winding patterns and asymmetry
induced by the micropatterning of the four gaps in the
magnetic material. A more detailed study of these influ-
ences on the orientational dependence of the current sen-
sor’s output will be the subject of future research.

3.4. Increasing the quality (Q) factor

A new solution to achieve planar low resistance induc-
tive devices is to apply a Cu-electroplating step after
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Fig. 7. Earth magnetic field immunity of the current sensor: second
harmonic voltage amplitude V, as a function of orientation angle using
an excitation current I, =350 mA . and for zero DC current (I =0
A) for the current sensor corresponding with the patterned magnetic core
of Fig. 4b.
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Fig. 8. Comparison of the quality factor of a flat 10 wH coil, before and
after the electroplating step.

patterning of the windings to enhance the Cu volume of
the windings. Recent experiments on Cu coils have shown
that by using a small electroplating current, it is possible to
get a uniform and homogenous Cu deposition along the
coil, increasing its section and minimising the interspacing
between the windings. As a result, the quality factor Q can
be easily increased by a factor two and the magnetic
leakage flux can be decreased substantially. The method
works well at lower frequencies; at higher frequencies
capacitive coupling between the windings becomes in-
creasingly important. Fig. 8 shows the quality factor Q =
27 fL /R of a centimeter-size coil with an inductance of 10
wH. We clearly observe a doubling of the quality factor at
the lower freguencies. This phenomenon can be exploited
for miniaturised low-frequency applications. A more com-
plete study of the use of this etching—electroplating method
for the enhancement of the quality factor of inductive
devices has been reported elsewhere [9].

4, Conclusions

In this paper, we have presented a new technology
based on a low cost PCB or flexible foil process. The use
of an amorphous metal foil as a magnetic core permits the
facile development of high performance inductive devices:
inductances of 1-10 pwH at 1 kHz for the transformers and
a sengitivity of up to 60 V /T at 30 kHz for the fluxgate.
For the current sensor applications, we report sensitivities
of typically 10 mV /A. We can tune the sensor sensitivity
by changing the shape of the micropatterned magnetic
core, changing the frequency or simply changing the num-
ber of windings. In comparison with other technologies,
our process avoids time consuming and expensive thin
film deposition techniques, while retaining compatibility
with standard electronic packaging schemes. Therefore, we
think that our technology opens the way to a new class of
functional and economic sensing devices.
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