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A new hybrid technology for planar microtransformer fabrication
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Abstract

We have developed a new printed circuit board (PCB) technology adapted for the fabrication of ultra-flat microtransformers. The two outer
layers of the PCB stack comprise the electrical windings of the inductive devices, while the inner layer is made of a micro-patterned amorphous
magnetic ribbon with extremely high relative magnetic permeability (= 100000). Two basic configurations were considered; one being
based on a toroidal magnetic core and the other on a rectangular (E-shaped) magnetic core. The electrical properties of the microtransformers
have been studied as a function of frequency. Inductances were found to be as much as 30 wH at 1 kHz, a relatively high value compared to
microtransformers of similar size. Despite a relatively high leakage flux, voltage transformation efficiencies were measured between 89% and
98%. The high performance of these devices is primarily due to the use of the high permeability magnetic core. The characteristics of these

devices are discussed in light of geometrical considerations and finite element calculations.
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1. Introduction

There is a large interest today in the realization of minia-
turized inductive devices for signal transformation, sensitive
magnetic field detection or switch-mode power supply appli-
cations. Often these devices determine, to an important
extent, the size of the complete application in which they are
employed. Therefore, we have developed microfabrication
techniques for the realization of small and flat inductive
devices with still appreciable inductive values.

In the recent literature, several examples of micromachined
transformers have been reported. Park et al. [1] reported on
0.5 cm size inductors based on a 15 um thick electroplated
NiggFeso and NiggFes, magnetic cores. The structure is real-
ized by a number of sputter deposition, electroplating, pho-
toresist spinning and patterning steps. Inductance values of
0.5 wH were reported at 10 kHz.

Lochel et al. [2] have used thick resist technology, sput-
tering and clever electroplating/etching methods to fabricate
coils of a few mm size, based on NiFe core material. Induc-
tance values of order of 1 wH were reported at 125 kHz. This
work and the previous one are primarily demonstrations of
new micromachining technology, and an application such as
power inductors or transformers was not considered. Thus,
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all measurements were done at small primary excitation volt-
ages so that eddy current and magnetic hysteresis losses
would be minimized.

Microtransformers of 5 mm size integrated with diodes on
a Si wafer were also reported by Mino et al. [3,4]. These
transformers with transformation ratio of 1 are based on an
amorphous magnetic core prepared by sputtering, in the form
of 3 separate layers of CoZrRe, each 5 pm thick, with 0.1
wm SiO, spacer layers. This layered configuration was cho-
sen exactly to reduce eddy current losses in the magnetic
core. Reported inductance values were in the range of 0.5-
1 wH.

A specially configured transformer of about 4 cm size was
realized by Yamasawa et al. [5] by sandwiching primary and
secondary coils in between two 10 wm thick amorphous CoZr
layers. An inductance value of 5 wH and a power throughput
of around 1 W was obtained by this rather large device of
40 X 30 mm.

It may be clear that for an appreciable inductance value
within a rather small volume, it is very important to have a
core material within the inductor or transformer that has a
very high relative magnetic permeability u, . Today, magnetic
alloys with extremely high w, values can be fabricated by
splash-cooling the molten alloy into an amorphous state. One
type of such material, which is commercially available, is the
Vitrovac® family of magnetic alloys, For this work, a partic-
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ular alloy, known under the trade name Vitrovac® 6025,
(composition (Co,Fe,Mo0),3(Si,B),7), was chosen primarily
because of its extremely high relative permeability
(u,=100,000) [7]. This material is already employed as
core material for three-dimensional magnetic amplifier
chokes, where the transition from a high inductance at low
fields to a low inductance at saturation is used in a high speed
on/off switch for power converter applications [8].

This paper describes the fabrication and characterization
of flat microtransformers of two basic geometries. The induc-
tive devices are composed of three layers of which the outer
layers carry the printed coil patterns and the inner layer is the
Vitrovac® 6025 high permeability ferromagnetic sheet core.
Both magnetic metal and copper layers are patterned using
standard lithographic techniques. In between the magnetic
metal and copper layers there is a foil of solid epoxy glue
(typically 100 wm) for insulation and assembly. Such mate-
rial is well known in the assembly of multilayer PCB struc-
tures. Connection between the outer copper patterns is
realized by electroplating methods to complete the windings.
These transformers are about 600 pwm thick, with lateral
dimensions approximately 1 cm and inductance values in the
10 wH range.

2. Choice of the magnetic core

Asmentioned earlier, Vitrovac® 6025 was chosen because
of its very high permeability, thus allowing inductive devices
composed of this material to possess relatively high induc-
tances. In addition to the high u,, the material is characterized
by a low coercive field H, (typically 0.003 A/m), and a
saturation field Bs of 0.55 T. Vitrovac® ribbon (25 pm
thick) is also very flexible, yet has a high tensile and shear
strength, rendering it highly suitable for the fabrication of
thin layer devices, both rigid and flexible. The interested
reader is referred to the manufacturer’s literature for more
details [7,8].

3. Transformer design

Two different types of transformers 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 mag-
netic core of rectangular shape (E-core). Diagrams of these
two structures are displayed in Fig. 1. An example of a toroi-
dal transformer, characterized by an outer radius A and inner
radius B for the toroidal-shaped Vitrovac, is shown in Fig.
la. We have kept A constant at 6.9 mm, while B took on
values of either 3.9 or 5.3 mm.

One should note that in Fig. 1a, the primary windings are
divided into two groups, which have been symmetrically
positioned at both sides of the secondary windings. A typical
ratio for the number of turns between the primary and sec-
ondary windings Nyim/Nyec is 18/5. However, it is possible
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Fig. 1. Schematic diagram of (a) a toroidal, and (b) two rectangular
w-transformers.

to characterize the transformer for a number of windings Nypim,
between 1 and 18, as bonding pads have been incorporated
for each winding.

Fig. 1b shows two rectangular E-core transformer whose
primary windings have been grouped into two clusters of
five, and are symmetrically positioned around the five sec-
ondary windings. All windings are around the inner magnetic
part of the structure, while flux closure of the magnetic circuit
is obtained via the two outer ‘legs’ of the magnetic core.
Dimensions for this type of transformer are C =16 mm, D=2
mm and E=1 mm. Moreover, we have introduced air gaps
in the outer two legs of the magnetic material. A series of E-
core transformers with gap widths varying between 0 and
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Fig. 2. Photographs of as-fabricated transformers; (a) a toreidal microtrans-
former; (b) two rectangular microtransformers showing air gaps.

1000 pm were fabricated to investigate how the inductance
of such transformer behaves as a function of the width of the
gap, as will be discussed below. Photographs of the experi-
mental realization of the two types of transformers are dis-
played in Fig. 2.

4, Fabrication process

A schematic diagram of the coil fabrication process is
shown in Fig. 3. The proposed device fabrication is very
similar to a conventional PCB process. These devices are
based on two epoxy boards (100 wm thick) with copper (35
um thick) laminated on one side, and by a simple epoxy
board (100 pm thick) as support for the Vitrovac® magnetic
foil. A liquid epoxy was used to laminate the magnetic foil
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Fig. 3. Schematic diagram of coil fabrication process.

on the inner epoxy board. Two 100 pwm-thick sheets of pre-
preg solid epoxy were used for bonding the laminates into a
stack of five layers.

The Vitrovac® 6025 foil was patterned photolithographi-
cally to form the transformer cores by first laminating sheets
of solid negative photoresist (Ordyl® 200 [9]) onto degrea-
sed foils, and then processing according to manufacturer’s
specifications after pattern transfer. A wet chemical process
was developed in-house to etch the magnetic foils, consisting
of exposure of the resist-covered foils to a freshly prepared
aqua regia type etching bath (HNO;:HCL:H,O, 2:1:3) for
several minutes at room temperature without agitation. The
photoresist proved itself immune to the etchant, and exhibited
excellent adhesion if the substrates were well cleaned.

To align the layers, a pinning system was used. The pre-
cision of the alignment holes define the maximum lateral
precision available with this technology ( currently about 100
pm). Bonding operations were carried out by hot pressing
typically at 180°C and 20 kg/cm?. During the bonding step,
the epoxy sheets melt, whereby the viscous liquid spreads out
and contacts all interior surfaces under the applied pressure.

Via holes were drilled at appropriate positions for the inter-
connects, which were subsequently metallized using copper
electroplating. Winding patterns were produced on the outer
copper layers photolithographically, thereby completing the
helical coil pattern which fully encircles the interior core.

5. Measurements

The transformers have been electrically characterised
using an HP4194A Impedance/Gain-Phase analyzer. Induc-
tance and resistance values are recorded simultaneously as a
function of a logarithmic frequency sweep from 100 Hz up
to 20 MHz, using sinusoidal excitation signal levels of 100
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and 500 mV rms. Transformers are measured from the pri-
mary side with the secondary windings both open and
shorted, and from the secondary side with both the primary
open and shorted. By doing these four measurements for each
transformer, it is possible to provide an equivalent circuit
with a well determined main and leakage inductance, as will
be discussed below. Measurements of gain were made to
determine actual transformation ratios. For these measure-
ments, the transformers were configured with a 50 ) load
across the secondary, using an input signal level of 0 dBm
(1 mW).

6. Results
6.1. Main inductance and resistance

Typical frequency response characteristics of the primary
main inductance, L, ,, of toroidal transformers are shown in
Fig. 4, for different number of windings N. These curves were
obtained with an open secondary. The monotonic decrease
of L, , with frequency is in part due to the intrinsic behavior
of the magnetic material, which exhibits a similar dependence
[8]. Fig. 4 clearly shows that L, , increases with increasing
N, an effect predicted to follow a parabolic power law (N*)
for an ideal inductor. The power law dependence of the toroi-
dal and rectangular transformers is shown in Fig. Sa,b, respec-
tively. The deviations from N® behavior at low winding
number (and hence, low intrinsic L, ;) may be due to spu-
rious lead inductance and capacitive effects.

Primary winding resistances Rp have been plotted in a
similar fashion in Fig. 6. For each curve, Rp remains constant
at lower frequencies, then begins to rise. The onset point of
this resistance increase occurs at progressively lower fre-
quencies as N increases. Dissipative core losses in the form
of magnetization hysteresis and eddy currents are responsible
for the augmentation of Rp. Indeed, at larger N, hence larger
magnetic flux, these losses become more important.
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Fig. 4. Inductance vs, frequency for toroidal microtransformers with varying
number of turns. Inner radius B of the magnetic material is 5.3 mm.
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Fig. 5. Power-law dependence of primary inductance L on number of wind-
ings N for (a) toroidal, and (b) rectangular transformers.
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Fig. 6. Resistance vs. frequency for toroidal microtransformers with varying
number of turns. Inner radius B of the magnetic material is 5.3 mm.

6.2. Measurements of leakage inductance

Not all flux generated by the primary of the transformer
may be coupled into the secondary windings, but rather can
be closed via a path in the air. This quantity of ‘lost’ flux is
characterized by the leakage inductance, L;, and its magnitude
is partly related to the spacing, or pitch, between coil wind-
ings. In order to elucidate the influence of the winding pitch
on the leakage flux, we present in Fig. 7 finite element sim-
ulations of the distribution of induced magnetic flux adjacent
to the coil, using maxwell (Ansoft) 3D finite element software.
In the ideal case, where the windings are in intimate contact,
as shown in Fig. 7a, the flux lines emanating from the wind-
ings are seen to circulate around the whole coil. In this case,
all the flux generated by the individual windings is fully



202 O. Dezuari et al. / Sensors and Actuators A 71 (1998) 198-207

5.18820~01
109%a-0%
8.5806e-~02
48858~62
a191e-02 |-
27106-01
2.3489e-03 [
3 2,544Ze~04
3. 8814e-04
' 1.57832~-04"
6. 41918~05

3.9956e~01
£, 6484e-01
6. 80078~62
2. 8057e-02
1.1575¢~02
4. ¥7556+03
1.87028-¢3
8. 1282804
3. 3534¢-04
. 1.383%e~04
5. 70766~05

=

Fig. 7. Finite element simulation results of induced flux field around a model coil composed of three windings, demonstrating the influence of the winding pitch

on the leakage flux. (a) zero winding pitch; (b) a winding pitch of 250 wm.

coupled to form a global, or main flux for the entire coil. The
results of a similar simulation based on a model coil with a
winding pitch of 250 wm is shown in Fig. 7b. It is seen in
this figure that a significant portion of the generated flux does
not couple to the core, and tends to localize itself in the
immediate vicinity of the individual windings. This uncoup-
led flux, which does not participate in the main flux of the
coil is part of the leakage flux. Generally, for a transformer,
all flux generated by the primary windings, which ‘leaks
away’ in the air and is not coupled into the magnetic material
positioned within the secondary windings, represents a leak-
age inductance.

One method of measuring the leakage inductance respec-
tively for both the primary (L,,) and secondary (L) coils
by measuring the inductance while the opposite coil of the
transformer is short-circuited [10,11]. The measured induc-
tance is then the leakage inductance, as this inductance, and
its associated flux, is not compensated by currents induced in

the opposite coil. It is important that the leakage inductance
be minimized to improve transformation efficiency, but it
also can be critically important in high frequency operation
in order to protect semiconductor components in switching
converter circuits [ 10].

In Fig. 8, we show plots of the primary main (Lyyp) and
leakage (L, ;,)inductances for both toroidal and rectangular
transformers. At low frequencies, the two inductance curves
tend to merge because of the very low reactance of the self
inductances at these frequencies (=0.01-0.2 Q at 1 kHz),
compared to the winding DC resistances ( =0.1-0.5 Q).
Thus at low frequencies, the secondary does not really ‘see’
azero ohm load, thus obscuring the leakage inductance meas-
urement. However at higher frequencies (10°-10° Hz), the
coil reactances are much greater relative to the coil DC resis-
tances, and indeed the inductances are seen in Fig. 8 to be
well separated, thus permitting a reasonable estimation of the
leakage inductance.
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Fig. 8. Toroidal microtransformer main and leakage inductances (filled and
open triangles, respectively). Same for a rectangular microtransformer
(filled and open squares, respectively).

We represent these inductances in a series equivalent cir-
cuit [ 10-12] shown in Fig. 9, wherein any stray capacitances
that may exist have been ignored, as they have been too small
to detect experimentally. The electrical relationship between
the leakage inductance L, and the main inductance L., is
revealed in this schematic. The resistive element Ry, rep-
resents the coil resistance of the windings plus the dissipative
core losses engendered by the leakage inductance L. Riogsm
represents the core losses engendered by the main inductance
L., and R',.,q is the load resistance connected across the
secondary (and transformed back to the primary). All resis-
tive elements that characterize the primary coil are combined
with their secondary coil counterparts which are referred to
the primary (value multiplied by the factor Nygm/Nec)» 50
that the transformer can be represented entirely by the primary
circuit. If R’,,,4 is infinite, as in the case of an open secondary,
the current in the primary is forced to flow through both L,
and L. If it is zero, as in the case of a shorted secondary,
then L, and R , are shunted, and L, is the only inductance
remaining in the circuit. Hence, in the frequency intervals of
10*-10° Hz in Fig. 8, the curves with open symbols represent
L,, and those with closed symbols represent L, + L,,. The data
sets are shown for the primaries of both types of transformers,
but measurements for the secondaries are very similar. Typ-

Table 1

Values for main and leakage inductance, plus combined main and leakage
and core loss resistances at selected frequencies for a toroidal
microtransformer

Frequency Lm+L{ (H) Lm (H> Ll (H) Rloss,l+Rloss,m
(Hz) €9))
5880 1.92x107° 1.10x107° 820%x107% 0.71
11590 1.56X107°  7.94x107% 7.60x107° 0.90
28 840 1.19X107° 6.21x107¢ 52%x10°° 1.15
Table 2

Values for main and leakage inductance, plus combined main and leakage
core loss resistances at selected frequencies for a rectangular microtrans-
former without gap

Ffequeﬂcy Lm+Ll (H) Lm (H) Ll (H) Rlcss,l+RIoss,m
(Hz) (€9))
48330 1.76x107° 9.80%x1077  7.80x1077  0.34
74480 1.56X107¢  871x1077  6.89x1077 047
127400 1.34X107°  6.98x1077  642X1077  0.69

ical values of L., and L,;, derived from the curves in Fig. 8,
and Rioss 1+ Rioss ms derived from curves in Fig. 6, for toroidal
and rectangular transformers are listed in Tables 1 and 2,
respectively, at selected frequencies. In general, the leakage
inductance, as determined by this method of measure, is
between 40%-50% of the total inductance 5-30 kHz fre-
quency range for the toroidal, and the 50-130 kHz range for
the rectangular microtransformers. One way to minimize this
relatively high value for L, is by reducing the winding pitch,
which in the present case is as large as 250 wm. Yamada et
al. [6] have shown by simulation that the leakage flux, to
which the leakage inductance is proportional, in microtrans-
formers of a design similar to ours, already can approach 10%
of the total flux with a winding pitch of only 25 pwm.

6.3. Influence of air gaps

The effect of introducing air gaps in the outer legs of
rectangular E-core type transformers is demonstrated in Fig.

Rloss,l LLP
~ANA— T o)
L
™ Nprim Nsec
primary ’ seconda
circuit Ricaa circuit Y
loss,m
O O

Fig. 9. Simplified equivalent circuit of a transformer. See text for explanation of symbols.
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Fig. 10. Primary main inductance vs. air gap at 1 kHz for transformers with
rectangular magnetic core and N=10: (a) measured value; (b) calculated
value without fringe correction factor (¢) calculated value including fringe
correction.

10 (curve a). The inductance L, , falls as the gap increases,
thus behaving in a manner analogous to that of conventional
transformers. However, L, , maintains a rather constant value
after the gap reaches 200 pm. To a first approximation, the
dependence of L, , on gap width I, is given by:

Lmyp=,u0N2Ac/(lg+lm/pr) H

where w, is the permeability of free space, A, is the cross-
sectional area of the inner core leg, and /,, is the path length
in the magnetic material. The other symbols have their usual
meanings. This equation is plotted as curve b in Fig. 10, based
on an effective u, of 16 000, and /,, of 33.1 mm. However,
the experimental values are grossly underestimated by this
theoretical curve, which predicts a more rapid fall-off of Lo
than is observed. Flux fringing around the gap, an effect
which becomes more evident as the gap grows larger, can
decrease the overall reluctance of the magnetic circuit,
thereby offsetting the effect of the increasing gap. This effect
is not taken into account by Eq. (1). A finite element calcu-
lation of the magnetic induction around a rectangular micro-
transformer with a large gap is shown in Fig. 11. This
simulation qualitatively demonstrates how the fringing flux
is distributed around the gap. Its effect can also be estimated
quantitatively by introducing a multiplicative correction
factor, F, into Eq. (1), where F=1+1,/A."*In(2G/1,)
[10,11]. G is the vertical dimension of the core window
(G =14 mm in our case).

. 5668 F 4
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5. #BZ3e~06
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Fig. 11. Finite element simulation of fux field distribution around a rectangular microtransformer with a gap of 1 mm. The simulated field shows the formation

of fringing flux around the gaps.
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We have plotted Eq. (1) with the correction as curve (¢)
in Fig. 10, demonstrating that there is better agreement with
the experimental data. Thus, fringing flux at least partially
accounts for the observed behavior, but a secondary effect,
that being the closure of the flux lines across the window
space from the outer to the inner core legs as the gap width
becomes very large (1 mm), may also play a significant role.
This effect, which would be more important in microtrans-
formers than in conventional ones, would reduce the mean
length of the magnetic circuit /,,. This point remains to be
clarified, however.

6.4. Transformer gain measurements

Fig. 12a,b are typical gain (Viec/ Vpum) plots for toroidal
and rectangular microtransformers, the latter with and with-
out gap. The gain plots are measures of the real voltage
transformation ratios, and are indicative of the microtrans-
formers’ performance over a wide frequency range. In Fig.
12a, the gain for a toroidal transformer in step-down config-
uration is plotted. This graph reveals that it has a flatresponse
of —12 dB starting at about 20 kHz and extending to about
1 MHz. This decibel level corresponds to a voltage ratio of
0.25. Taking into account the turns ration of 18:5, ideally one
would expect a voltage transformation ratio of 0.28. Thus,
the measurement shows that this microtransformer hasa 89%
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Fig. 12. Frequency dependence of transformation gain (a) for a toroidal

microtransfomer, and (b) for rectangular microtransformers without gap
(filled squares) and with air gap width /;=1 mm (open circles).

10> 10°

voltage transformation efficiency over almost two decades of
frequency in the step-down configuration.

Transformation gain curves are shown for rectangular
microtransformers (with and without gap) in Fig. 12b. Fora
rectangular transformer without a gap in a step-down config-
uration with a 2:1 turns ratio, the efficiency is slightly higher
than that of the torus, as the gain peaks at — 6.2 dB at approx-
imately 300 kHz, corresponding to a voltage transformation
ratio of 0.49, or a 98% efficiency. The gain rests above —7
dB (89% efficiency) for frequencies ranging between 78 kHz
to 1 MHz (see Fig. 11a, upper curve). The gain curve for a
rectangular transformer with a 1 mm gap is distinguished by
a sharp rise starting at about 5 kHz, with a maximumof —9.7
dB at 113 kHz (Fig. 11b, lower curve), corresponding to a
voltage transformation ratio of 0.33, or 66% transformation

efficiency. Beyond this point, the gain is fairly flat over a

very wide frequency range, and stays above —11 dB (56%
efficiency) at all frequencies between 30 kHz to over 6 MHz.
The lower transformer gain can be explained by a relatively
larger importance of flux leaking away in the air.

7. Discussion

The remarkably high permeability of Vitrovac® foil as the
magnetic core is the key factor in achieving a relatively high
inductance in a small planar configuration. Toroidal core
microtransformers reported in this work typically exhibited
primary winding inductances above 7 wH at frequencies
below 100 kHz, with maximal inductances of about 30 wH
at 1 kHz, and approximately 2 wH at 1 MHz. This compares
with typical inductance values well below 1 wH for other
types of planar microtransformer configurations with similar
dimensions [1-4,13]. Both the toroidal and rectangular
microtransformers exhibit relatively high leakage induc-
tances (over 40%) as measured by a standard technique.
Further optimization of the coil design and placement, in the
form of reduction of winding pitch and closer proximities of
the primary and secondary, would allow reductions in the
leakage flux, as explained above. Nevertheless, both types of
microtransformers in a step-down configuration were char-
acterized by fairly flat gain responses at frequencies spanning
2 to 3 decades. A flat gain response corresponding to trans-
formation efficiencies of 89% across a frequency range of
about 20 kHz to about 1 MHz, for the torus, and greater than
89% between 78 kHz to 1 MHz, with a peak of 98% at 500
kHz for the rectangular configuration, were measured.

The introduction of an air gap in the magnetic core gen-
erally greatly reduces inductance, and hence the effective
permeability, by increasing the reluctance, of the magnetic
circuit, as expected. As demonstrated in this work, however,
flux closure across the core window can be more important
than the fringing flux in offsetting the influence of the gap as
its width approaches that of the window. Efforts areunderway
to further understand this effect, and will be elaborated upon
in a future publication. The presence of the air gap also lowers
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the efficiency of the microtransformer, and in the specific
case detailed above, the voltage transformation efficiency was
reduced to 66% from a peak value of 98% when a gap of 1
mm was introduced in the magnetic core.

8. Conclusions

The data presented in this paper demonstrate that the pro-
posed hybrid technology is capable of producing planar
microtransfomer with performance characteristics that are
equal to and even surpass those of previously reported devices
of similar size. For the latter, more costly thin film fabrication
techniques were employed in their fabrication. The frequency
range for maximum efficiency has been shown to span arange
of 20 kHz to 1 MHz, an order of magnitude lower than the
optimal operation range for other planar microtransformers
of similar size [ 1-5,13], which generally need to be operated
in the MHz range to compensate the reduction in size.

This new hybrid PCB/magnetic metal foil technology per-
mits the facile development of high inductance planar com-
ponents. In comparison with existing planar inductor
technologies, this new process virtually eliminates the need
for time consuming and expensive thin film deposition tech-
niques, while retaining compatibility with standard electronic
packaging schemes. The use of industrially compatible proc-
esses based on inexpensive epoxy board substrate permits the
reduction of costs and facilitates mass production at later
stages. The cost aspects, mass production capabilities, and
high degree of flexibility offered by the choice of different
magnetic materials are reasons to propose this new hybrid
technology as a serious alternative to the currently available
micromachined magnetic devices.
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