High power PCB-embedded inductors based on ferrite powder
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Abstract

Inductors used in power converters are usually large and complex to manufacture. As a consequence, it is desirable
to integrate them within printed circuit boards, to use an otherwise wasted volume. Solid magnetic cores are brittle, and
can be damaged during the PCB manufacturing (lamination). In this paper, we present a process based on ferrite powder
instead of a solid core. Process details and electrical measurement results are given. Magnetic cores of up to 50 mm
in diameter are produced. Magnetic permeability of up to 28 are achieved, using some MnZn ferrite powder. A final
discussion summarises the advantages and disadvantages of this technique.
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1 Introduction

With the ever-reducing size of electronic systems, it be-
comes desirable to embed some components within the
printed circuit boards (PCBs) themselves. A review of
embedding technologies is given in [1]. At the moment, a
large effort has been dedicated to embedding low-power
components (logic ICs, low voltages capacitors, resistors).

When considering power electronics, most of the re-
search teams focus on integrating power semiconductor
dies [2]. This is because die embedding offers improved
thermal management (shorter path from the die to the
heatsink) and lower parasitic inductance. Power passive
components (capacitors and inductors) tend to be large,
because they are used for energy storage. This makes
them more complicated to embed.

Howeyver, there still are some incentives towards the
embedding of passive components: although their dissi-
pated power density is usually much lower than that of
semiconductor dies, cooling is still an issue with passive
components, so an improved thermal management is de-
sirable. Also, the thickness of the PCB is often an un-
used space. Placing as many components (active as well
as passive) as possible in this space is a net volume gain.
Finally, some passives, especially the magnetic compo-
nents, require a dedicated manufacturing process (custom
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Figure 1: Embedding of ferrite powder. (a): the ferrite powder
is placed in a mould formed by stacked prepreg layers. (b) dur-
ing lamination under pressure, the resin contained in the prepreg
flows and infiltrates the powder, forming a single, cured part.

design, assembly, winding...). Embedding them in the
PCB means that all these components are built at the same
time (batch process), with few added process steps.

A direct approach for the embedding of magnetic com-
ponents is to use solid cores [4-7]. As they are brittle,
special care must be given so that the cores are not dam-
aged during the PCB lamination. In [5], the authors select
a flat core shape, as it can withstand pressure. In [7], a gap
is introduced between both parts of the core to introduce
some compliance.

Another approach is to use more compliant magnetic
materials. A first solution to improve mechanical com-
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Manufacturing work-flow

a prepreg sheets are cut using a CO; laser (Gravograph). A
high glass transition temperature material (Isola PCL370 z g
HR 1080, T,=180 °C) is used. Thin bridges are formed to
keep the centre of the tore attached to the sheet.

b a release film (Pacolon HT2000), a copper foil, and the
prepreg sheets are stacked on a metal platen, using regis-
tration pins for alignment.

c this first stack is pressed at low temperature (70 °C, 20 bar),
to achieve light bonding between the prepreg sheets, without
actually curing the resin. This bond is sufficient to prevent ©
the ferrite powder to infiltrate between the prepreg sheets,
and to maintain the centre of the core once the bridges are

cut. '
d the top platen is removed. The prepregs are now lightly ﬁ -
bonded together; M ()

e The bridges are cut using a sharp knife (cutting is easy, as A
the resin remain un-cured). A photograph is shown in Fig. 3. |

f the ferrite powder (FMS 0.250, [3]) is poured in the cav- = =~
ity. The back of the metal platen is gently tapped to form a g ©
uniform ferrite layer. Any material excess is trimmed with =

a metal squeegee. The surface of the prepreg is cleaned of
ferrite particles with a small brush.

g the stack is completed with a plain prepreg sheet, a second
copper foil and releasing film. A second metal platen is
placed on top, and the stack is placed in a heating press 2
(Specac Atlas), for the final laminating cycle: a heating
ramp (6 °C/mn up to 195 °C), and a 90 mn step at 195 °C.
Laminating pressure is 10 bar at the beginning of the pro-
cess, and is then increased up to 20 bar once the tempera-
ture exceeds 100 °C. During this final lamination step, the ©
resin becomes liquid, and is expected to infiltrate between
the ferrite particles. Once cooled down, the stack now forms
a solid, coherent part.

h Holes are drilled in the PCB laminate, in preparation
for the winding formation, using a CNC drill (Bungard
CCD/2/ATC).

(h)

i The holes are plated with copper, using regular PCB chem-
istry (Bungard, using a Compacta plating station, also from
Bungard), and the copper layers are selectively masked with
a photosensitive dry film (Dupont Riston) and patterned
with ferric chloride.

Figure 2: Fabrication of the magnetic component



pliance is to use thinner magnetic layers. In [8], the au-
thors use thin (20 ym) sheets of amorphous material, to
embed a 30 W flyback transformer in a 1 mm thick PCB.
Two copper layers and vias are used to form the windings.
However, this magnetic material requires an electrical in-
sulation of each layer, and may not be suited to higher
thickness/power. This is also true for the work described
in [9], which uses a different structure. Here, the windings
are built using a single (internal) copper layer, surrounded
by two thin permalloy layers. This structure can be used
both for PCB and silicon integration, but remains limited
to low power due to the thin magnetic layers used.

A second solution to obtain compliant magnetic lay-
ers is to mix magnetic particles with polymers. Zhang
et al. [10] built inductors using sheets of magnetic flakes
in a polymer matrix. Waffenschmidt et al. [11] pro-
posed a converter based on “Maglam” (Isola) sheets (fer-
rite powder in polymer), with a relative permeability of
17. An alternative method is to apply the magnetic parti-
cles/polymer mixture and to cure it in place. This method
was introduced in [12], using polyimide as the matrix. Its
application to manufacturing PCB inductor is presented
in [13].

In this paper, we present an alternative approach to
form magnetic components. To create the magnetic core,
a cavity is formed in a printed circuit board prior to its
lamination. This cavity is filled with ferrite powder (with-
out any binder or matrix). The PCB is then laminated, en-
capsulating the ferrite powder, and windings are formed
by patterning the copper layers.

The manufacturing process is detailed in the next sec-
tion. The results are given in section 3, and discussed in
section 4.

2 Embedding of powder materials

The approach developed in this paper is summarised in
Fig. 1: a “mould” is formed by stacking some stage-B
epoxy-glass composite sheets (“prepregs”). This mould
is filled with ferrite powder. Then, a curing cycle is per-
formed to cure the resin and form a solid part. A mechani-
cal pressure is applied to ensure good bonding, reduce the
air gaps between the ferrite particles, and force the resin
to infiltrate the ferrite.

The reference of the ferrite material used in this paper
is FMS 0.250 (Ferroxcube [3], 71% Fe,03, 20.7% MnO,
8.3% Zn0). It is supplied as a powder, with the following
particle size distribution: d10 =8 — 10 ym, d50 = 80 —
120 pum, d90 = 250 — 300 um. This material is intended
for cable shielding, so its exact composition may vary, and
no actual permeability value is quoted. It was selected
because it was readily available in powder form. A more
detailed description of the embedding process is presented

Figure 3: Photograph of the stack between stages (d) and (e)
in Fig. 2: the small bridges which maintained the centre of the
mould are being removed. In this photograph, many bridges
are visible because they are offset from one prepreg layer from
the next (there are actually 4 bridges per layer). The external
diameter of the cavity is 50 mm.

in Fig. 2.

As it can be seen, this process is fairly straightforward.
The main difference with standard PCB process is that
it only uses prepreg sheets to form the final laminate in-
stead of a mix of pre-cured boards and prepreg sheets.
This requires much more layers (in our case, more than
20 prepreg sheets are formed to achieve a final height of
1.4 mm). Another difference is the step (c) in Fig. 2,
where the prepreg sheets are forced together at low tem-
perature. This ensure there is no gap between the prepreg
sheets where the ferrite particles could penetrate. Note
that the removing of the bridges (Fig. 2(e)) could be au-
tomated using a standard CNC router instead of a sharp
knife.

Two annular inductor designs were built: a “large” one
(external diameter 50, internal diameter 25 mm) and a
“small” one (external diameter 19 mm, internal diameter
6 mm). 20 Prepreg sheets were stacked to form the cav-
ity, resulting in an estimated thickness for the magnetic
core of 1.27 mm (each 1080 prepreg sheet has a laminated
thickness of 64.5 um (2 mils).

3 Electrical characterisation

An example of electrical measurements performed on the
“small” tore design are presented in Fig. 5. The equivalent
permeability of the core can be calculated using:
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Figure 4: Photograph of an inductor built using the process de-
scribed in section 2

With L the inductance value (1.9 uH, as vis-
ible in Fig. 5), wmo the vacuum permeability
(1.2566x 10" °m.kg.s"2.A"2), u, the relative perme-
ability, N the number of turns of the winding (here 16), A
the section area (8.26 mm?) and d the average diameter
(12.5 mm). Using eq. (1), u, is found to be 28.

For the large tore (Fig. 6), two inductors were assem-
bled, and resulted in very different inductance values (0.8
and 2.1 uH). Considering N=22, A=17 mm?, d=37.5 mm,
Uy s found to be 9 and 24 for L=0.8 uH and 2.1 mH re-
spectively. This indicates that the ferrite density was dif-
ferent for both cores, resulting in larger distributed air-
gaps for the core with the smallest inductance value.

A B(H) curve, measured on the small core at 100 Hz,
is presented in Fig. 7. The amplitude of the curve was
limited by our measurement setup, so we could not ob-
serve the saturation of the magnetic material (expected to
be around 0.4 T for MnZn ferrite materials from Ferrox-
cube).

4 Discussion

Although the permeability of ferrite material used here is
unknown (it is not quoted in the Ferroxcube datasheet [3]
as this material is dedicated to cable shielding, not to
power conversion), it is expected to be anywhere between
a few hundred and a few thousand. therefore, the mea-
sured equivalent permeabilities (9 to 28) indicate that the
produced cores have large distributed air gaps. Another
consequence of these air-gaps is the “graceful saturation”,
a desirable feature in power electronics whose onset is vis-
ible in Fig. 7.
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Figure 5: Inductance / Phase plot of a “small” inductor (OD

19 mm, ID 6 mm) with 16 turns, measured with a Keysight
E4990 impedance analyser.
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Figure 6: Inductance / Phase plot of two “large” inductors (OD
50 mm, ID 35 mm) with 22 turns.

Assuming that the permeability of the ferrite is much
larger than ug, one can estimate that the equivalent perme-
ability of the core is u, = I /g with [ the average length of
the core (I = ntd), and g the total length of the air gap. For
the small core (u, = 28), this corresponds to g = 1.4 mm.
For the large core with u, = 24, g = 4.9 mm. For this
core, the weight of ferrite material incorporated is 5.5 g
for a cavity volume of 1.635 cm®. This corresponds to a
density of 3.36 g/cm?, consistent with the “tap density”
quoted in [3]. For the large core with y, =9, g = 13 mm,
indicating that the density of the ferrite particles is proba-
bly much lower.

Both acceptable cores (the small core and the large core
with u, = 24) were cut and polished. Scanning Electron
Microscope images of these cross-sections are visible in
Fig. 8. In Fig. 8a, it can be seen that there is a clear limit
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Figure 7: B(H) curve measured for the small core at 100Hz.

between the PCB laminate (left side of the picture) and the
ferrite area, which indicates that the prepreg sheets were
well bonded during the low temperature pressing stage
(Fig. 2(c)). The size distribution of the ferrite particles is
consistent with the datasheet of the powder [3], with large
particles of up to 500 um in size, and a large quantity of
much smaller particles. The spatial distribution, however,
is not uniform, with most of the small particles on top in
Fig. 8a. This might be a consequence of the tapping (step
(f) in Fig. 2). All the space between the particles appear
to be filled with resin.

For the large core (and for other areas of the small core,
not shown here), the resin did not penetrate as deeply
(Fig. 8b). Most of the cavity remained free from resin,
and the ferrite particles fell off during the preparation of
the micro-section. This poor penetration of the resin could
be either be caused to trapped air (our laminating press
does not allow lamination under vacuum), or to the resin
flowing mainly out of the prepreg stack. The volume of
resin which flowed out of the stack (this corresponds to
the areas outside of the external square in Fig. 4) is ap-
proximately equal to the volume of resin in the prepregs
prior to lamination. This indicates that little resin flowed
inwards.

Overall, the permeability of these ferrite powder cores
is relatively low compared to that of solid cores. How-
ever, it compares favourably with that of other “ferrite in
polymer” solutions (u, = 17 in [11], 7.2 in [13]).

Although well suited to small-scale testing, this method
may be difficult to scale-up because it relies on a fairly
large stack of prepreg sheets, and because of the diffi-
culty in handling properly the magnetic powder (powder
residues over the board). This latter issue might be ad-
dressed by a more controlled granulometry of the powder
(to remove the smallest particles), and by the addition of
a binder —liquid epoxy resin— to form a paste which might

be easier to dispense in the cavities.

5 Conclusion and Perspectives

We presented a method suitable for the embedding of
magnetic cores in a printed circuit board. This methods
allows does not present major limitations in terms of core
size or shape (providing they fit within the PCB). It relies
on the resin flow which occurs during lamination of the
PCB to bind the ferrite particles, and on the lamination
pressure to increase the powder density. Demonstrators
(inductors) made using a MnZn ferrite material show rel-
ative permeability values of up to 28.

Large variations in permeability values were found, in-
dicating a variation in the ferrite powder density between
inductors. A better control of the cavity filling might be
required to improve reproducibility (for example by mea-
suring the weight of ferrite powder). Also, it was found
that in some cases, the resin did not infiltrate uniformly
between the ferrite particles. Further investigations are
required to refine the lamination parameters and achieve
better infiltration.
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