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A z-component magnetoresistive sensor
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A thin-film sensor bridge that measures the component of the magnetic field perpendicular to the
plane of the substrate (also called the z-component field) is described. The sensor is fabricated on
anisotropically etched, V-shaped groves on Si(100) substrates. The anisotropic magnetoresistive
effect was used to measure the z component of the magnetic field with a 40 dB rejection of other
components. The device can be integrated with standard in-plane x- and y-component sensors to
form a system with a footprint of 100X 100 um? and a noise floor of 20 nT at 1 Hz. © 2008
American Institute of Physics. [DOI: 10.1063/1.2905264]

The measurement of magnetic field direction is impor-
tant in applications such as compasses, geological mapping,
position sensing, and searching techniques. Applications for
magnetometers continue to be 1mp1emented e.g., biome-
chanical monitoring of joint angle posmons vehicle detec-
tion, and nondestructive testing. Magnetometers are trans-
ducers that convert magnetic field to measurable quantities
such as voltages. In general, there are two categories of mag-
netometers: those that are sensitive to the strength and direc-
tion of the magnetic field (vectorial magnetometer) and those
that are sensitive only to the strength. The latter category is
useful in search coils and other detection techniques. It in-
cludes devices such as optically pumped and nuclear mag-
netic resonance (NMR) magnetometers that measure the
magnetic field amplitude down to 70 fT (Ref. 2) with a few
micrometers of spatial resolution.®

However, for many applications, it is critical to sense
both the strength and direction of the field. Vectorial sensors
in this category include Hall probes, magnetoresistive effect
devices, conventional and superconducting search coils, and
fluxgates. Vector magnetometers integrate multiple single-
component sensors placed in three linearly independent di-
rections. Some integrated vector magnetometer designs use
micromachined electromechanical systems technology to ob-
tain linear mdependence Demonstrations of such magneto-
meters use Hall probes =S and search coils.” Other designs
use in-plane Hall sensors and 1nstrumentat10n amplifiers to
obtain all components of the magnetic field.® Common prob-
lems reported on such magnetometers refer to angle uncer-
tainties, cross-talk, and nonuniform sensor response.

In this paper, we present a vector magnetometer based
on anisotropic magnetoresistive (AMR) sensors’ that miti-
gate these problems. Because these sensors are intrinsically
sensitive to the magnetic field in the plane, it is relatively
simple to fabricate a two-axis magnetometer on a flat sub-
strate. However, combining two substrates to form a z axis
creates uncertainties in the angular positioning. In this paper,
we focus on the z-component (out-of-plane) sense element
and how to eliminate cross-talk and common mode fields
from the x-y (in-plane) components using a Wheatstone
bridge configuration. The result is a sensor that measures the
z component of the magnetic field with a 100:1 rejection to
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other components. The system has a noise floor of 20 nT at
1 Hz and can be integrated to form a three-dimensional (3D)
magnetometer,

To fabricate this sensor, we performed an anisotropic
etch on the {100} surface of a Si substrate. The etchant solu-
tion contained 20% isopropyl alcohol (IPA) and 80% potas-
sium hydroxide (KOH) at 65 °C. All percentages are in vol-
ume. The etch produced {111} planes forming a V-shaped
groove (v groove) on the Si substrate, The native oxide on
the Si substrate acted as a mask, and the etch depth was
limited by the x-y dimensions of the v groove and the etch
duration, which was 40 min long. The addition of IPA to the
solution and the relatively low etching temperature produced
smooth surfaces on the etched Si without creating extra
roughness on the oxide mask. After the etch, a thermal oxi-
dation step created a 150 nm SiO, insulation layer on the
v-groove surface prior to the magnetic layer deposition.

The magnetic sensor consisted of a 35 nm thick NigyFe,,
film sandwiched by two Ta layers (3 nm in thickness each).
The Ta layers helped texture (bottom) the magnetic layer and
protect it against corrosion (top). This trilayer structure was
deposited by magnetron sputtering at an Ar pressure of
0.27 Pa (2 X 1073 Torr) after the deposition chamber reached
a base pressure of 5.3 X 1076 Pa (4 X 10~ Torr). A cylindri-
cal permanent magnet provided a 40 kA m~! (500 Oe) field
along the long axis of the v groove to induce a uniaxial
magnetocrystalline anisotropy axis on the magnetic layer
during deposition. The substrate/magnet system rotated with
respect to the deposition guns to improve homogeneity and
minimize glancing-angle deposition (GLAD) effects. An ion-
mill step on a photoresist pattern defined the magnetic sensor
geometry (3.5X20 um?) in the v groove and on the sub-
strate plane. A 200 nm Al layer, obtained by electron-beam
evaporation and patterned with lift-off resist bilayers, pro-
vided the connection to single elements and four-element
Wheatstone bridges.

Figure 1(a) illustrates the substrate rotation around the
(100) axis. Because the deposition solid angle along the
(100} axis is the same during the sample rotation, the depo-
sition rate on the {100} plane is therefore constant. However,
the solid angle for the {111} planes varies with the sample
rotation. This leads to a varying deposition rate and varying
deposition angle on the {111} planes. These variations are
sinusoidal in time because the substrate rotates at a constant
angular speed. Furthermore, because the deposition gun axis
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FIG. 1. (a) Deposition geometry illustrating the relative angles during deposition.(b) SEM image of two sensors defined in a micromachined v groove and

their corresponding electrical contacts.

forms an angle of approximately 30° with the rotation axis,
the incidence angle on the {111} planes varies from =~90° to
glancing (near 0°). In the GLAD condition, the Ta seed layer
forms a columnar structure.'’ This structure reportedly in-
duces an extra contribution to the anisotropy of thin mag-
netic films.!! The induced anisotropy leads to a magnetic
hardening of the sensors defined in the v groove when com-
pared to the sensor defined on the {100} plane.

A scanning electron microscope (SEM) image of two
z-component sensors in Fig. 1(b) shows the geometry of the
sensor in the v groove and the Al contact connections. Here,

the x and y directions coincide with the (110) and (110)
crystallographic axes of the substrate, respectively. Atomic
force microscopy measurements of the substrate roughness
in the areas exposed and not exposed to the KOH etch show
an average height of 0.30 and 0.26 nm, respectively. Because
of the small effect of the KOH etch on the roughness of the
Si0,, we expect the average roughness on the {111} planes to
be in the same range as found in the {100} plane. The SEM
image also shows that the lithography can connect the Al
contacts to the sensors at the {100} plane. However, the ac-
tual magnetotransport measurements were performed on
rectangular films connected to Al contacts in the v groove to
minimize shape-induced magnetic anomalies.

Figure 2(a) shows the schematic layout of the sensors in
the {100} and {111} planes. Sensor 1 senses fields along the x
direction. Sensors 2 and 3 sense fields in the z—x plane.
Figure 2(b) shows how the components of the magnetic field
in the z—x plane are projected along the {111} plane. The
field sensed by sensors 2 and 3 in the {111} planes are H,=
—H,+H), and Hy=H +H,, respectively. Here, H,=H, sin 8
and Hy=H, cos B, where 3=54.74° is the angle formed by
the {111} and {100} planes. We assume here that demagne-
tizing fields prevent the sensors from sensing fields perpen-
dicular to their surfaces.

Magnetotransport measurements used a 10 mA current
source and a voltmeter to measure the response of the sen-
sors with respect to the applied field direction. Figure 3
shows curves of the normalized change in resistance (R
~Ry)/ Ry versus the external field H applied along the hard
axis of sensors 1 and 2. Here, R, is the resistance value at
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FIG. 2. (a) A schematic cross-sectional view of the sensor geometry in the

z—x plane. Here, $=54.74° is the angle between the {100} and {111} planes.

(b) Vector diagram of the projections of the applied field H in the z—x plane
H,) and their respective proiectlons on the {111} plane (H,,H,).
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FIG. 3. Hard axis transfer curve data for sensors 1 (gray circles) and 2
“(black circles). The geometry of the measurement described in the inset
shows the direction of the applied field H. The solid lines represent a fit of
the data at zero field to a parabola.

zero field, whose values are 52.6 ) for sensor 1 and 106.5 )
for sensor 2. The difference in R, for sensors 1 and 2 is an
indication that the films deposited in the v groove are thinner
by a factor of 2 than those on the {100} plane. The anisotropy
field, indirectly measured here by the concavity of the pa-
rabola around zero applied field, shows an increase of 35%
for sensor 2 when compared to sensor 1. This increase, at-
tributed to the partial GLAD condition described above,
overcomes the natural reduction in the anisotropy field with
the thickness of the film."?

The difference in anisotropy fields implies a difference
in sensitivity between sensors on the {100} and {111} planes.
This creates problems in recovering the z component of the
magnetic field by using sensors 1 and 2 in a simple circuit.
To solve this problem, we linearized sensors 2 and 3 to ob-
tain the z component. AMR sensors can be linearized by
biasing the direction of the applied current or the direction of
the magnetization vector with respect to the sensor easy
axis.”® Here, we chose to apply an external field in the x
direction to bias the magnetization vector of the sensors to
sense H,—H, (sensor 2) and Hy,+H, (sensor 3).

Using the two sensors described above to form a Wheat-
stone bridge (Fig. 4), the differential voltage is then propor-
tional to H, sin 8. Notice here that the bridge design should
be only sensitive to out-of-plane fields. The rejection of the
in-plane component follows the assumption of linearized
sensors and is valid for 8#0,m.

Figure 4 shows the behavior of an actual Wheatstone
bridge formed by sensors in the configuration of sensors 2
and 3 in Fig. 2(a). At zero field, the sensitivity slope of the
bridge to in-plane fields is 50 wV/kA m~! whereas for out-
of-plane fields, the slope is 5 mV/kA m™!. This corresponds
to a rejection ratio for in-plane field of 100:1 or 40 dB. This
result is consistent with tolerances in the lithography at the
micron scales, which cause a mismatch in the sensor geom-
etry of =1%.

Noise measurements helped define the sensitivity of the
sensor bridge and followed the procedure described in Ref.
14. The measured noise sensitivity of the bridge at 1 Hz is
20 nT/ \/17z, which makes it suitable for compass and biome-
chanical applications. Because the bridge has a footprint of
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FIG. 4. Output voltage of the sensor bridge for fields in the z direction (solid
circles) and x direction (gray circles). The upper inset shows the schematic
design of the bridge where the numbers 2 and 3 correspond to sensors 2 and
3, respectively. The lower inset shows the in-plane signal magnified 100
times.

100X 100 wm?, a potential 3D magnetometer will resolve
fields in space with 50 wm accuracy.

In conclusion, we have discussed the fabrication and
measurement of a z-component magnetometer with a focus
on the integration into a 3D magnetometer. A Wheatstone
bridge configuration allows the system to have a 100:1 rejec-
tion of the in-plane versus out-of-plane component. The
noise figure of the system and its spatial footprint make it a
viable candidate for the improvement and development of
current and future applications.

The authors thank Dr. Hong Wan for the insightful dis-
cussions on the subject of this paper.
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