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Constructing Single- and Multiple-Helical
Microcoils and Characterizing Their

Performance as

Components of

Microinductors and Microelectromagnets

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

Abstract—This paper describes a means for producing single-
and multiple-helical microcoils by using microcontact printing
to print lines on cylinders. This method was used to fabricate
coils made of wires with widths and spaces between 150-25 pm
wrapped around cylinders with diameters between 100—400 ;m.
Results show that microelectromagnets using these microcoils
produce magnetic flux densities in excess of 0.4 T and can be
switched on and off on a submillisecond time scale. [224]

Index Terms—Coils, electromagnets, fabrication, ferromagnetic
/devi ind s, microelectromechanical devices.
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1. INTRODUCTION

LECTRICALLY conducting microcoils are useful in a
wide variety of applications. Examples include excitation

and detection coils for micro nuclear magnetic resonance
(NMR) spectroscopy [1]-[4], read/write heads for magnetic
data storage [5], [6], sensors for measuring magnetic fields
[7]-[10] and for detecting flaws in materials [11]-[13], microp-
ositioners [14] and microactuators [15]-[17], and microinduc-
tors [18]~[21] and transformers [22]-[25]. Since microcoils for
many of these applications incorporate wires with diameters
less than 100 pm, construction of these coils is not straight-
forward. In nearly all cases, the coils are formed either by
winding a wire around a support using a micromanipulator
or by using photolithography to pattern spirals on a planar
substrate. The need to use wires and supports that can be
manipulated limits the former, and the latter requires the use
of two-dimensional (2-D) coils (i.e., spirals). In spite of the
attractiveness of three-dimensional (3-D) helical microcoils
for many of the applications listed above [10], [26], limitations
associated with currently available means for fabrication have,
with few exceptions [10], frustrated their fabrication.

In this paper, we describe a simple method for generating
3-D helical microcoils that is based on microcontact printing
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(uCP) [27]-[31]. We use this method to fabricate microcoils
with wires between 150-25-um wide separated by between
150-25 pm, on cylinders with diameters between 100-400
pm. We show how these microcoils can be used in conjunction
with capillaries and fine ferromagnetic wire to form micro-
electromagnets that can produce magnetic flux densities in the
range of several tenths of a Tesla and can be switched on and
off on a submillisecond time scale.

II. EXPERIMENTAL

In this Section, we describe the use of microcontact printing
to form microcoils. We begin by describing microcontact
printing and showing how printing lines on the surface of a
cylindrical substrate can form coils. We then present a method
for electroplating metal onto these coils to improve their
electrical and mechanical characteristics. Finally, we outline
a means for forming microinductors and microelectromagnets
using these coils and fine ferromagnetic wire, and we describe
their characterization.

A. Fabricating Conducting Microcoils, and
Microinductors with Ferromagnetic Cores

Microcontact printing (uCP) is a technique for generating
patterns with high-spatial resolution on planar and curved
substrates [27], [30]. It uses an elastomeric stamp, formed
using photolithography or other means, to deliver ink to
selected locations on a substrate. The ink can be used, for
example, to prevent removal of material [29], [32] or to initiate
deposition of material from an electroless plating bath [33].
This paper focuses primarily on using pCP to print resists
of hexadecanethiolate monolayers on cylindrical substrates
coated with silver. To coat the substrates, we installed a system
of stages in an electron-beam evaporator that rotated the
substrates about two orthogonal axes during the evaporation
(Fig. 1). With this system, we could coat uniformly all sides of
cylindrical objects with diameters less than ~2 mm in a single
evaporation. For larger cylinders, partial shadowing creates a
gradient in thickness around the perimeter of the cylinder. In
these cases, uniform coatings can be obtained by rotating the
cylinders about their axis. For the work described here, we
used the system illustrated in Fig. 1 to coat glass cylinders

1057-7157/97$10.00 © 1997 IEEE
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Fig. 1. Arrangement of stages that allows for rotation of samples about two orthogonal axes during evaporative deposition of materials. This system
allows all sides of cylindrical objects 1o be coated during a single evaporation. Typical rates of rotation are on the order of one cycle per second, and

times for evaporation are on the order of tens of minutes.

with diameters less than 400 pm with ~25 A of titanium
(adhesion promoter) and ~500 A of silver.

To form microcoils, we printed lines of hexadecanethiol on
the silver-coated surfaces of the glass cylinders by rolling them
over the surfaces of “inked” stamps. The orientation of the
lines of the stamp and the axis of the cylinder was adjusted
to satisfy the relationship

4 nd

sinf = o (1
In this expression, f is the angle between the axis of the
cylinder and the lines of the stamp, d is the spacing between
the lines of the stamp, r is the radius of the cylinder, and n
is an integer (Fig. 2). For » = 1, a single helix forms from a
single rotation of the cylinder over the “inked” stamp. For
n = 2,3,.--, a single rotation forms double-, triple-, and
other multiple-helical structures. We set angles determined

by (1) to within ~0.1° with a laser-aligned arrangement of
precision translation and rotation stages [34]. We also used
these stages to control the other conditions (i.e., time, pressure,
and distance) of the printing.

We inserted the printed cylinders into a ferri/fferrocyanide
[1-mM K,4Fe(CN)s, 10-mM K3Fe(CN)g, and 0.1-M Na35203]
bath for ~20 s to remove the silver not protected by the
hexadecanethiol. Inserting the etched cylinders into 1% HF
for 10 s removed the exposed titanium (Fig. 3).

Since many applications of microcoils require low electrical
resistance or high mechanical stiffness, it is important to have
the capability to fabricate microcoils with thicknesses greater
than a few hundred angstroms. It is not possible to form
thick coils directly using the process described in the previous
paragraphs because the etch removes the hexadecanethiol
resist in the time required to etch through ~1000 A of silver.
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Form an elastomeric stamp using
photolithographic or other means.

The feature size is between
one moicron and one
centimeter.

Apply ink to the stamp and roll the
capiliary over the stamp.

The stamp dimensions are
on the order of centimeters.

nnaonn

spacing of the lines

Use the ink pattern to
guide deposition or
removal of material.

Fig. 2.

Scheme for fabricating 3-D helical microcoils using microcontact printing. An inked elastomeric stamp consisting of raised lines formed using

photolithographic or other means delivers ink to selected locations on a sample. When the sample consists of a cylinder and the orientation between the axis
of the cylinder and the lines of the stamp is properly related to the spacing of the lines and the circumference of the cylinder, then rolling the cylinder over
the stamp generates a single- or multiple-helical coil on the surface of the cylinder. The ink either initiates deposition of material or prevents its removal.

100 pnif O 7 1135 pm

evaporate fitanium (25A; adhesion
promoter) and silver (500A)

microcontact print coils;
etch unprotected silver and titanium

make electrical contact;
electroplate gold, silver or copper

g

thread soft ferromagnetic wire
through capillary to form a
microelectromagnet, or dissolve
glass with HF to free the coil

Fig. 3. Procedure for fabricating supported and free-standing microcoils,
microinductors, and microelectromagnets using microcontact printing and
electroplating.

The thickness of a thin coil can, however, be increased by
electroplating. Using an electrical connection formed by a gold
wire attached to the coil with silver epoxy, we electrodeposited
copper, silver, or gold onto the coils using commercially
available plating baths.

To form microinductors and microelectromagnets with fer-
romagnetic cores, we first removed the polyimide coating
on commercially available glass capillaries (outer diameter
~135 pm, inner diameter ~100 pm, Polymicro Technologies,
Inc., Phoenix, AZ) using a resistively heated filament. We
then generated coils on these capillaries using procedures
described above and electroplated gold onto the coils (Technic
Orotemp 24, Technic, Providence, RI) at current densities of
~4 mAfem? for several minutes. Threading fine (diameter
80 + 1 um) wire (California Fine Wire, Grover Beach, CA)
made from a soft magnetic material [80% Ni, 15% Fe, 4.4%
Mo, and 0.6% other (MONIFE 479)] into the cores of the
capillaries increased the inductances (magnetic flux density)
of the microinductors (microelectmmagnets) (Fig. 3).

B. Characterizing the Microinductors and
Microelectromagnets with Ferromagnetic Cores

We made the electrical connection to the microcoils with
fine gold wire and silver epoxy and measured the current as a
function of applied voltage. This measurement was performed
on silver coils before and after electroplating gold.

Using an inductance/capacitance/resistance (LCR) meter
(Hewlett-Packard 4284 A with internal dc bias and test fixture
16334 A SMD), we determined the inductance (L) and the
resistance (R) as a function of the: 1) frequency; 2) magnitude
of the current used for the test: and 3) magnitude of a
constant bias current applied during the test. We modeled our
structures as purely resistive elements in series with purely
inductive ones and determined the resistance and inductance
of various lengths of gold-plated coils with wires 150, 50, and
25 um wide, spaced by 150, 50, and 25 pm, respectively, on
capillaries threaded with fine ferromagnetic wire.
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Fig. 4.

Microcoils formed using microcontact printing. (2) Copper (thickness ~1 pm) coils consisting of wires 150, 50, and 25 pm wide separated by

150, 50, and 25 wm, respectively, on optical fibers (diameter = 125 pm). These coils resulted from printing palladium colloids followed by electroless
deposition of copper. (b) Silver (thickness ~400 A) double-helical coil made from wire 50 pm wide separated by 50 um on a glass capillary (outer
diameter = 135 um). These coils were produced by using a resist of hexadecanethiol printed onto a capillary coated with silver. (¢) Silver, gold, and
copper (thickness ~3 pm) coils with wires 150, 50, and 25 pm wide separated by 150, 50, and 25 pm on glass capillaries (outer diameter = 135 pm).
These coils were formed by electroplating silver, gold, and copper on coils of silver. From top to bottom, the coils are made of copper, gold, silver, gold,
and silver. Original photograph in color. (Photographs in (a) and (c) by Felice Frankel.)

Also, using two electrically independent coils wrapped
around adjacent regions of a single capillary threaded with
ferromagnetic wire, we measured the voltage induced in one
of the coils (the detecting coil) by passing current through the
other (the exciting coil).

III. RESULTS AND DISCUSSION

In this Section, we present several examples of conducting
microcoils formed using the methods described above. We also
summarize the electrical measurements performed on these
structures and interpret the results.

A. Conducting Microcoils Formed Using
Microcontact Printing

We used the method described in the experimental proce-
dures to form conducting microcoils from wires with widths
and spacings between 150-25 pm on cylinders with diameters
between 100400 um (Fig. 4). Fig. 4(a) shows microcoils of
copper fabricated by printing palladium colloids onto optical

fibers and depositing copper onto these samples using an
electroless plating bath [33]. Although it is possible to form
microcoils using this procedure, we found that printing resists
of hexadecanethiolate monolayers on silver substrates pro-
duced a higher yield of coils. Fig. 4(b) shows a double-helical
coil of silver on a glass capillary stripped of its polymeric
coating that was produced using this method. In this case,
coils as long as a few centimeters that were free of opens
or shorts could be fabricated with ~80% yield. Most failures
were due to imperfections in the evaporated silver.

Coils like the one shown in Fig. 4 can be thickened by
electrodeposition. Fig. 4(c) shows single-helical microcoils of
copper, silver, and gold (thicknesses ~1-5 pm) formed by
electroplating copper, silver, and gold. Thickening the coils in
this manner decreases their electrical resistance and increases
their mechanical rigidity. Approximately 80% of the thin
coils that we electroplated formed thick coils free of opens
or shorts. Most failures during the plating step were caused
by attachment and welding of particulate impurities in the
plating bath to the wires of the coils. We note that free-
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Fig. 5. Current measured as a function of voltage applied to silver (thickness
~400 A, length = 1.0 cm) and gold (thickness ~2 um, length = 0.65 cm)
coils with 50-zzm wire separated by 50 gm. In both cases, current was applied
up to the point at which the coils ceased to conduct.

standing microcoils could be produced by dissolving the glass
support with HF after electroplating. These free-standing coils
were self-supporting and elastically deformable [35] and may
have applications as mechanical components of more complex
microeléctromechaxﬂcal systems (MEMS) devices.

B. Results and Interpretation of Electrical
Measurements on Conducting Microcoils

1) Results and Qualitative Interpretation: Fig. 5 illustrates
the current as a function of voltage applied to microcoils
consisting of silver and gold wire 50 ym wide, separated by
50 um and with thicknesses of ~300 A (part A) and ~3 pm
(part B). This figure shows that the resistance and the current
at failure of the microcoil made with thick wire are lower
and higher, respectively, than the microcoil made with thin
wire. The curvature in the plot of voltage and current for the
thick coil is likely the result of resistive heating that causes
an increase in resistance. We believe that failure of the coils
at high currents was caused by resistive heating that generated
breaks in the wires.

Fig. 6 illustrates the inductance and resistance of a coil made
from wire 25 uym wide separated by 25 um and electroplated
with gold to a thickness of a few microns, measured with a
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Fig. 6. Frequency dependenoe of the inductance and resistance of an inductor
based on a coil of wire 25 pum wide and separated by 25 pm, printed
on a capillary threaded with ferromagnetic wire. (a) shows the inductance
and resistance when 0.1 mA is used for the testing current; (b) shows ‘the
inductance and resistance when 0.1 mA is used for the testing current, and a
constant direct current of 5.0 mA is applied. The dependence of the inductance
on frequency agrees w1th that observed prev10usly in different systems [10].
The d in the inc with i d bias current results from the
nonlinearity of the permeability of the core.

test current of 0.1 mA and bias currents of 0.0 mA (a) and 5.0
mA (b). The decrease in inductance with increasing frequency
is due to a dependence of the permeability of the core on the
frequency that is at least partly associated with eddy—current
losses. The decrease in inductance with increasing bias is
due to the dependence of the permeability of the core on the
magnitude of the current. It is likely that this dependence is
due to saturation of the core. Similar behavior was observed
recently in a similar system [10].

The inductances of coils with various lengths (0.6, 0.8, and
1.3 cm) and with wires of different widths and spaces (150, 50,
and 25 pm) were also détermined. Fig. 7(a) shows inductances
of inductors with coils of different lengths at three frequencies.
This figure shows that for a given number of turns per-unit
length, the inductance is a linear function of the length of the
coil. Fig. 7(b) shows measurements of the inductance per-unit
length of coils made from wires with different widths. This
figure shows that the inductance per-unit length is a quadratic
function of the number of turns per-unit length. (We note that
the inductance changed by ~15% as different segments of
ferromagnetic wire were introduced into the core. We believe
that inhomogeneities in the wire caused this variation.)

Fig. 8 illustrates the inductance as a function of dc bias
current at 100 kHz with a test current of ‘0.1 mA for a
coil fabricated with gold-plated wire 50-um wide separated
by 50 pum. The decrease in inductance with increasing bias,
which is also illustrated in Fig. 6, suggests a saturation of the
permeability of the ferromagnetic core.

Finally, Fig. 9 shows the voltage applied to the exciting coil
and the voltage induced in the detecting coil of the assembly
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Fig. 7. (a) Inductance and resistance of three different lengths of inductors
based on coils of wire 50 m wide and separated by 50 um, printed on a
capillary threaded with ferromagnetic wire. Measurements were performed at
1, 10, 100, and 1000 kHz with a testing current of 0.1 mA. The inductances
show a linear dependence on the length. (b) Inductance for electromagnets
with three different turns per-unit length measured at 1, 10, 100, and 1000 kHz
with a testing current of 0.1 mA. The inductances show a linear dependence on
the square of the number of turns per-unit length. These results are consistent
with the behavior of a simple ideal solenoidal inductor.

described previously. These data indicate that the changing
magnetic flux created by the exciting coil in the detecting coil
is nonlinearly related to the voltage across the excitation coil.
The form of this strongly nonlinear relationship is consistent
with magnetic saturation in the core.

2) Quantitative Interpretation: We computed the magnetic
field of a solenoid with dimensions similar to those of the
fabricated structures. The computations show that the magnetic
field is uniform and much like an ideal solencid in the
central region of the spiral (Fig. 10). Since the ferromagnetic
cores of our inductors occupy only this central location, the
computations suggest that our electromagnets and inductors
can be treated, to a good approximation, as ideal solenoids.

For an ideal solenoid, the inductance L is related to the
geometry of the structure and to the permeability of the
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Fig. 8. Inductance for an inductor based on a coil of wire 50 pm wide and
separated by 50 pm, printed on a capillary threaded with ferromagnetic wire.
The inductance was measured at 100 kHz with a testing current of 0.1 mA
at different values of direct current bias. The data show a decrease in the
inductance with increasing bias. This behavior is consistent with a saturation
of the core.
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Fig. 9. A sinusoidally varying voltage applied to an exciting coil gives
rise to a changing magnetic flux that induces a voltage in a detecting coil.
(a) Voltage applied to the exciting coil. (b) Voltage induced in a detecting
coil by the adjacent exciting coil. The nonlinear behavior of the induced
voltage is consistent with a sawration of the magnetization of the core. (c)
Simulation of voltage induced in a detecting coil by the adjacent exciting coil.
The behavior of the simulated voltage was determined by the dependence of
the inductance on the current, as illustrated in Fig. 6. These simulations are
qualitatively consistent with measurements illustrated in (a) and are consistent
with saturation of the core.

material making up the core according to
L = prpoN3nr?l = BrriNE/i. (2)

In this expression, p, is the permeability of free space, pu,
is the effective relative permeability of the core, IV is the
turns per-unit length, £ is the length, r is the radius of
the cylindrical support, B is the magnitude of the magnetic
field, and i is the current. The linear dependence of the
inductance on the length shown in Fig. 7(a) and the quadratic
dependence of the inductance per-unit length on the number
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Fig. 10. Computations of (a) the magnetic-field direction and (b) the mag-
netic field for a loosely wound solenoid. The results indicate that even with
a loosely wound geometry, at the position of the ferromagnetic core in the
microinductors described in this paper, the magnetic field is highly uniform
and points purely along the axis of the capillary. These results indicate that
the microelectromagnets studied here can be treated to a first approximation
as ideal solenoids.
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Fig. 11. Magnetic flux density as a function of frequency computed from
inductances measured in an inductor with a testing current of 10.0 mA. The
inductor was 1.2 cm long and used a coil with wire that was 25 pm wide
and separated by 25 pm.

of tumns per-unit length shown in Fig. 7(b) are consistent with
both (2) and the results of calculations shown in Fig. 10
that indicate a uniform field in the central region of the
solenoid.

Using (2) and the geometry of one of our electromagnets
(e, £ = 12 cm, N = 20X 10* turns/meter, and 7 =
40 pm), we computed the magnetic field in the core of
the electromagnet (Fig. 11) from the data similar to that
shown in Fig. 6, but collected with a testing current of
10.0 mA. Based on data illustrated in Figs. 6 and 8, we
believe that the maximum magnetic flux density (~04 T) is
limited only by magnetic saturation of the core. (We note
that the flux density computed in this way represents an
approximate value. It ignores limitations associated with using
an LCR meter to determine the inductance of a nonlinear
inductor:)

Measurements illustrated in Fig. 9(b) provide additional
evidence that saturation of the magnetization of the core limits
the magpetic flux density. Using the measured dependence of
the inductance on the current and the fact that the inductors
are primarily resistive, we calculated the temporal behavior
of the voitage induced in the detecting coil by passing sinu-
soidal current through the exciting coil. The results, shown
in Fig. 9(c), are consistent with the measured results shown
in Fig. 9(b). The asymmetry in the voltage spikes measured
in detecting coil and the offset of these spikes from the
zero crossing of the voltage in the exciting coil [neither of
which are reproduced in the simple modeling results shown
in Fig. 9(c)] are possibly due to small dc currents induced in
the exciting coil by the function generator driving this coil,
small magnetic fields present in the lab, or to hysteresis in
the core.

IV. CONCLUSION

We have demonstrated that pCP can be used to form
single- and multiple-helical microcoils by printing lines on
cylindrical objects. Although coils shown here were made with
wire with widths and separations greater than 25 um, uCP
works well into the submicron range. Because our printing
apparatus provides the ability to set the orientation of the
stamp and the cylinders to better than 0.1°, for cylinders
with diameters less than ~125 pm, we do not anticipate any



ROGERS et al.. CONSTRUCTING MICROCOILS AND CHARACTERIZING THEIR PERFORMANCE 191

fundamental or practical difficulties associated with reducing
the widths of the wires of the smallest coils by an order of
magnitude. In addition, we believe that the printing process
can be automated with the addition of motorized stages and
that it will be possible to print many capillaries simultane-
ously.

We also described the performance of our microfabricated
coils as elements in microelectromagnets and microinductors.
Electrical measurements indicated inductances in the range
of microhenry and flux densities as large as ~0.4 T. The
data suggest that the saturation point of our core material
limits the maximum magnetic flux density. It should be
possible, therefore, to increase the magnetic flux density of
the electromagnets by using a ferromagnetic core with a higher
saturation point. For example, with or without electroplating,
our coils can provide the required number of ampere-turns
per-unit length (~200 A - turn/meter) to access the entire
hysteresis loop for iron, a material that begins to saturate near
1 T [36].

Finally, although we focused on the use of microcoils for
microinductors and microelectromagnets, there are many non-
electrical uses for microcoils. Examples include microsprings,
screws, and other components with possible applications in
MEMS and coils for various surgical uses [37].
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