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Abstract: We present the experimental characterization of micromachined electromagnetic probe using
scanning Hall probe microscopy. The tested electromagnetic probe consists of a protruding sharp
Permalloy needle embedded into a three-dimensional gold conducting coil, which is fabricated with a
simple and straightforward micromachining process. By using a scanning Hall probe microscope, a
comprehensive high-spatial resolution characterization of the probe performance (e.g. peak magnetic
intensity and spatial field distribution) is achieved for the first time.
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1. INTRODUCTION

t In the past few years, there has been a

significant interest in developing micrc
;' c electromagnetic needles or probes for localizec
- n manipulation of micro particles and cells [1-8]
m z Typically, the micro electromagnetic probe
m consists of a 3D conducting coil for magnetic field

9generation and a protruding magnetic core (with a
sharp tip) for magnetic field concentration. Tc
achieve optimal performance, the intensity anc
distribution of the magnetic field generated by the
electromagnetic probe needs to be well
characterized. However, due to the small range
and large gradient of the magnetic field, it i
extremely difficult to achieve a good experimenta
characterization. As a result, the design of micrc
electromagnetic probes largely has to rely or
numerical simulation and modeling, which mighl
incur errors due to the variation in material
properties and structure dimensions caused by the
imperfection in probe fabrication. Recently
scanning techniques coupled with Hall magnetic
sensing devices were employed for the
characterization of stray magnetic field emanating
from magnetic force microscope tips [9]
Equipped with a Hall probe (with a small sensing
aperture) and a high resolution piezoelectric stage
a scanning Hall probe microscope (SHPM) system
can achieve the needed sensitivity and spatial
resolution for micro scale magnetic fielc
measurement, and thus could be adapted to the

experimental characterization of micro
electromagnetic probes. In this paper, we present

i a comprehensive experimental characterization of
micro electromagnetic probes using SHPM. To

I our knowledge, this is the first one of such
experiments conducted up to date.

1 2. TEST PROBE FABRICATION

To conduct the experimental characterization,
I micro electromagnetic probes were fabricated

using a hybrid process consisting of surface
I micromachining and guided assembly which

consists of the following three steps: (1)
3 fabrication of the probe substrates with bottom
I conductors of the conducting coil; (2) fabrication

of the magnetic cores; and (3) assembly of the
I magnetic core and top conductors of the
t conducting coil (Fig. 1).
I (1) To fabricate the probe substrate with bottom

conductors, a layer of chromium (10 nm thick)
and gold (300 nm thick) was deposited onto a
nitride coated silicon wafer. Gold
electroplating with AZ4620 photoresist mold
and a subsequent etching of the
chromium/gold layer were conducted to form
the bottom conductors (10 pm thick) of the
conducting coil. An SU-8 resist layer (10 ptm
thick) was patterned to provide electrical
isolation between the bottom conductor and
the magnetic core (to be assembled in Step 3).
A second SU-8 layer (50 pm thick) was
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patterned to form the guiding structures for the
assembly of the magnetic core (Fig. la).

(2) To fabricate the magnetic core, a layer of
chromium (10 nm thick) and copper (300 nm
thick) was deposited on a separate silicon
wafer. Permalloy (Ni8oFe2o) electroplating
with AZ4620 photoresist mold was then
conducted to form the magnetic core (10 pm
thick) of the probe. After the electroplating,
the AZ4620 mold was completely removed,
which was followed by the patterning of an
AZ5214 photoresist layer onto the Permalloy
core as an insulating layer between the top
conductors and the core. Next, the Permalloy
core was released by sacrificial etching of the
chromium /copper layer.

(3) To assemble the entire probe, an electroplated
Permalloy core was placed and bonded onto
the fabricated silicon chip. The top
conductors were placed by conducting gold
wire bonding to form a complete 3D
conducting coil (Fig. lb and Ic).

(a)

Fig. 2 Scanning electron micrograph of a
fabricated micro electromagnetic probe.

3. EXPERIMENTAL CHARACTERIZATION

The experimental characterization of the
fabricated micro electromagnetic probe was
conducted using an SHPM system
(NanoMagnetics Instruments Ltd.) (Fig. 3). The
SHPM is equipped with a Hall sensor probe with a

very small sensing aperture (less than 1 x 1 m2) to
significantly reduce averaging effect in the
measurement of the magnetic field. The scanning
of the Hall sensor probe is controlled by a
piezoelectric crystal with a step size less than
100nm. The small sensing aperture coupled with
the fine scanning step size ensures a high spatial
resolution necessary for the probe
characterization.

(b)

(c)

of the micro
experimental

A scanning electron micrograph of a fabricated
test probe is shown in Fig. 2. The gold
conducting coil consists of 13 turns which spans a

region of 1.85 mm. The magnetic core has a

width of 400 pm, total shank length of 4.75 mm
and a protruding extension of 1.4 mm. The probe
tip has a taper angle of 15.20.

Fig. 3 Experimental setup for micro electro-
magnetic probe characterization using SHPM.

To avoid possible collision damage, a small gap

( 20 pm) was maintained between the Hall sensor

element and the probe tip. Under this
experimental setup, the Hall sensor probe mainly
picks up the magnetic field component parallel the
probe axis. However, this should not significantly
affect the accuracy of magnetic field measurement
since almost all the magnetic flux at the probe tip
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Fig. ] Fabrication process flow
electromagnetic probe for the
characterization.
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is aligned to the probe axis due to the tapered
shape of the probe tip. Before the measurement,
the micro electromagnetic probe tip was first
demagnetized using the built-in coil of the SHPM
by applying an exponentially decaying sinusoidal
magnetic field with alternating polarity to the axis
of the Permalloy core. After the demagnetization,
the tip of the micro electromagnetic probe was
aligned to the Hall sensor and the peak output
magnetic field density (B) as a function of the
input current (I) was measured. As shown in Fig.
4, the output magnetic field density (B) first
increases linearly as a function of the input current
(I) and then saturates at around 300 Gauss. Next,
the B-H curve of the Permalloy core was
characterized, which reveals a characteristic
hysteresis behavior of Permalloy (Fig. 5).
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Fig. 4 Measured magnetic field density (B) at the
,P probe tip as afunction ofinput current (I).

Tesla) widely reported in literature [10]. This is
because the Hall sensor is positioned around 20
pm away from the probe tip. Due to its large
gradient, the magnetic field of the probe will
quickly diminish at locations farther away from
the probe tip. In many real applications, the
samples usually have to be placed at a small
distance away from the probe tip. Therefore, our
measurement setup and results are valid and
useful in assessing the actual magnetic field that
will be experienced by the samples since they
reflect the real working condition of the
electromagnetic probes.
To obtain the spatial distribution of the

magnetic field, the Hall sensor probe was scanned
across an area of 25x25 tm2 around the probe tip,
while maintaining the gap between the probe tip
and the Hall sensor. Fig. 6a shows the spatial
distribution of the magnetic field with an input
current of 300 mA. Fig. 6b and 6c show the
magnetic field distribution at the two diagonal
cross sections of the probe tip, respectively. The
field drops rapidly to half of its peak value (297.2
Gauss) within a distance of 4 pm and to a few
gauss within a distance of about 12 pm, which
clearly indicates a highly focused magnetic field.
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Fig. 5 The B-H curve of the Permalloy magnetic
core characterized by the scanning Hall probe
microscope.

It should be noted that the measured saturation
intensity of 300 Gauss is much lower than the
saturation magnetization of Permalloy ( 0.9
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Fig. 6 Spatial distribution of the magnetic fielc
(the component parallel to the axis of the probe)
with an input current of300 mA. (a) Surface Plot,
(b) and (c) Axialfieldplots along the diagonals o)
the probe tip obtained from the cross-sectiona
field distribution.

4. CONCLUSION

In our experimental characterization, it is founc
out that the spatial distribution of the magnetic

t field is extremely sensitive to the actual profile o1
z m the probe tip, which is always somewhat differeni

from the design due to imperfection in probe
> t fabrication. This indicates that in applications

Z where an accurate mapping of field distribution i
critical, a good experimental characterization i

S: indispensable. A comprehensive experimental
< t characterization is critical for the design and

optimization of micro electromagnetic probes
SHPM provides the needed high spatial resolutior
for micro magnetic field measurement, and thus
can be a useful tool for the characterization oi

MEMS-based magnetic devices.
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