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Fabrication and Characterization of a Concentric
Cylindrical Microtransformer

Rebecca J. Jackman, John A. Rogers, and George M. Whitesides, Member, IEEE

Abstract— This paper describes the use of a nonphotolitho-
graphic technique—microcontact printing—to fabricate a con-
centric cylindrical microtransformer having an outer diameter of
~350 um. For frequencies of up to 20 kHz, this microtransformer
has a high coupling coefficient (>-0.9). At higher frequencies,
properties of the ferromagnetic material used in the construction
of the microtransformer limit performance.

Index Terms— Fabrication, magnetic materials/devices, trans-
former.

I. INTRODUCTION

INIATURIZATION of electrical components has cre-

ated a need for inductors and transformers with micron-
sized features. The requirement for a large number of tums
per-unit length, however, makes their fabrication challenging.
Planar microtransformers can be constructed by the step-
wise addition and/or removal of materials using conventional
techniques [1]-[12]. Although nonplanar or three-dimensional
(3-D) structures have several advantages over planar designs
(e.g., they occupy less area), methods to construct such devices
involve elaborate fabrication schemes [13], [14]. In this paper,
we show a simple route to the fabrication of a 3-D concentric
cylindrical microtransformer that has a coupling coefficient
that is presently limited by the ferromagnetic material used in
the device.

Our fabrication procedure relies on microcontact printing
to generate conducting coils with micron-scale features on
a cylindrical support. Microcontact printing (#CP) uses an
elastomeric stamp, cast from a master made by photolithog-
raphy or other means, to print an “ink” [15]-[17]. This ink
can either prevent removal [18] or initiate deposition [19] of
material. Because the stamp used to deliver ink to the substrate
is elastomeric, it is possible to print on curved substrates
with almost no distortion of features and no problems with
depth-of-focus [20].

II. EXPERIMENTAL PROCEDURES

The procedure used for the fabrication of the microtrans-
former is described below and is illustrated schematically
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Fig. 1. Procedure for the fabrication of concentrically wound cylindrical
microtransformers using microcontact printing and electroplating.

(Fig. 1). Stripping the polyimide coating from glass capillaries
(PolyMicro Technologies Inc., Phoenix, AZ) using a heated
nichrome wire produced capillaries with an outer diameter
of 1345 + 0.5 pm and an inner diameter of 95.6 £ 0.5
pm. We coated these capillaries with titanium (~25 A, as
adhesion promoter) and silver (~500 A) using an e-beam
evaporator. Mounting the samples on a stage that was rotated
about .two orthogonal axes during the evaporation allowed
metal to be deposited on all sides of the capillaries in a single
evaporation [21]. .

By microcontact printing using a stamp with parallel lines
(25 pm wide) with a period of 50 pm, oriented at an ap-
propriate angle to the capillary (6.8° for a capillary with
134.5 pm diameter), we generated a continuous coil (n =
2 x 10* turns/m) of a hexadecanethiolate (HDT) monolayer
around the silver-coated capillary [21]. Selective wet chemical
etching (0.001 M K Fe(CN)g, 0.01 M K3Fe(CN)g, and 0.1 M
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Fig. 2. Optical micrograph of microtransformer fabricated as described in
the text and illustrated schematically in Fig. 1. The outer coil has an outer
diameter of 350 pm. The inner coil has an outer diameter of 135 pm.
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Fig. 3. Data showing inductances and resistances of (A) the outer coil (o)
and (B) the inner coil (¢) and of the inner and outer coils connected in series
with helicities (C) aligned (i + o) and with helicities (D) oppesed (i — o)
for the microtransformer as a function of frequency. The applied current was

10 mA. The dimensions of the microtransformer were for the inner coil: -

¢ =145 mmand n = 2 x 10% turns/m; and for the outer coil: £ = 3.1
mm and = = 10% turns/m.

NayS;03) removed silver not derivatized by uCP [22]. Subse-
quent immersion of the capillary in 1% HF solution for ~10
s removed exposed titanium and left an electrically isolated
microcoil. After making electrical contact to the coil using
silver paint and gold wire, we electroplated gold (Orotemp 24,
Technic Inc., Providence, RI) for ~4 min at a current density
of ~5 mA/cm? to reduce the resistance of the coils. The final
thickness of the gold was ~1 pm. Ferromagnetic wire (80 pm
diameter, MONIFE 479; California Fine Wire, Grover Beach,
CA) was threaded through the bore of the glass capillary.

To assemble the concentric cylindrical microtransformer, we
inserted this small capillary (135 pm outer diameter (o0.d.),
n = 2 x 10% turns/m; £ = 14.5 mm) into the bore of a larger
capillary (350 pum o.d., 250 um inner diameter (i.d.),), that
itself was patterned with a coil (linewidth 50 pm; 10* turns/m;
£ = 3.1 mm). Both inner and outer coils were then contacted
electrically using gold wire and silver paint.

Measurement of the inductance (L) and resistance (i) of
the inner coil, outer coils, and of the inner and outer coils
connected in series, both with their helicities aligned and then
opposed, allowed characterization of the transformer. We made
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Fig. 4. Data showing the coupling coefficient, k, as a function of frequency
for the concentric cylindrical microtransformer calculated using data presented
in Fig. 3 and (1). The dimensions of the microtransformer were for the inner
coil: £ = 14.5 mm and n = 2 x 10* turns/m; and for the outer coil: £ = 3.1
mm and n = 10% tums/m.

all measurements using a Hewlett Packard LCR meter (HP
4284A, test fixture 16334 A SMD) in the frequency range
from 1 kHz to 1 MHz and under a test current of 10 mA.

III. RESULTS AND DISCUSSION

A microtransformer fabricated using this procedure is illus-
trated in Fig. 2. Fig. 3 summarizes the inductance of the outer
(L,) and inner (L;) coils and of the inner and outer coils
connected in series with helicities aligned (L;,) and opposed
(Li—o)- Qualitatively, in each case, the inductance decreases as
a function of frequency (Fig. 3). We believe that this decrease
is mainly caused by a dependence of the relative permeability
of the core on frequency. Other groups have observed similar
dependence on frequency for similar materials'[13]. The large
difference between L;,, and L;_, indicates that the coils are
efficiently coupled.

From the inductances shown in Fig. 3, we calculated the
no-load coupling coefficient, &, given by [23]

Li+o = Li—o
4VL;L,

It is a measure of how well the magnetic fluxes of the coils
overlap. For an ideal transformer, the flux generated in the
primary coil is perfectly coupled to the secondary coil, and
k is unity.

Fig. 4 shows the coupling coefficient calculated using data
shown in Fig. 3 and (1). In the frequency range from 1 kHz to
20 kHz, the coupling coefficient is greater than 0.9; this value
indicates nearly ideal behavior. We attribute the decrease in
coupling at high frequency to the decrease of the permeability
of the ferromagnetic material making up the core.

k= (e))
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IV. CoONCLUSIONS

In this letter, we described the fabrication and characteriza-
tion of a microtransformer that has a large coupling coefficient
(k> 0.9) at frequencies up to 20 kHz. Performance of the
device was limited by the ferromagnetic material used in its
construction. The relative permeability of the material that
comprises the core decreases as a function of frequency. The
precise dependence on frequency is determined by the nature
of the material, the manner in which it was fabricated, and the
section of wire used (due to inhomogeneities along its length).
Future directions for this work include the exploration of
different materials for the core and investigation of alternative
designs for the transformer, €.g., a concentrically wound
double coil on a single capillary.
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