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In this paper, we present a planar fluxgate magnetic sensor for on-chip integration using
silicon process technology. The fabrication process is simplified by using a newly devel-
oped sensing element which is composed of thin-film ferromagnetic cores at the top layer,
and excitation and differential pick-up coils. The sensor core used is permalloy film
deposited by sputtering. The coils are fabricated using a two-layer metallization process.
The fabrication process for the sensing element is suitable for integrating the on-chip
interface circuits. In order to achieve the optimum excitation condition, the sensing
element structure is investigated by means of computation analysis. The sensing element is
fabricated with 2-um-thick, 1400-um-long cores and excitation and pick-up coils (25 turns
each). The sensing element fabricated using planar technology has a magnetic sensitivity
of about 73 V/T at an excitation frequency of 1 MHz and a driver current of 150 mA,.,.

1. Introduction

One of the attractive features of silicon sensors lies in the monolithic integration of the
sensor interface circuits with the sensing elements on the same chip."*» However, the
performance of the sensor depends on the material used, and silicon is not always suitable
as a high-resolution magnetic sensing material. A possible solution to this problem is the
combination of ferromagnetic materials and silicon technology. The fluxgate has potential
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as a highly-sensitive magnetic sensor.® Fluxgate sensors using magnetic thin film and
silicon-based technology have recently been reported.“® If a fluxgate sensor integrated
with on-chip signal conditioning circuits is developed by silicon process technology, we
can expect various interesting applications because of its attractive features such as small
size, light weight, high sensitivity and high resolution.

In this paper, we present a planar fluxgate magnetic sensor for on-chip integration using
silicon process technology. The sensing element is composed of thin-film ferromagnetic
cores at the top layer, and excitation and differential pick-up coils. Spiral-shaped coils are
employed in the fluxgate sensing element. The sensing element structure is investigated by
means of computation analysis of the magnetic field in the thin-film core.

Aluminum is used as the coil wire material due to its compatibility with the integrated
circuit process. The first aluminum layer is used for the differential pick-up coil wire. The
second aluminum layer is used for the excitation coil wire. The permalloy thin film is
deposited by sputtering at the top layer. This fabrication process technology is effective for
integrating the fluxgate sensor with the sensor interface circuit on the same chip. The
fabricated sensing element has higher sensitivity than the conventional silicon magnetic
sensor. The structure, magnetic field analysis, fabrication and experimental results are
discussed in the following sections.

2. Structure of Sensing Element

The basic configuration of the fluxgate sensing element is shown in Fig. 1. The sensing
element is composed of two thin-film ferromagnetic cores, an excitation coil and a
differential pick-up coil. The sensor core is excited by an a.c. magnetic field with a
triangular waveform which is generated by the excitation coil. The peak magnetic field
should be large enough to saturate the core. When the external magnetic field is zero, the
induced voltage of the pick-up coil is cancelled due to opposite excitation. When a d.c.
external magnetic field is applied parallel to the core-axis direction, pulse voltage appears
at the pick-up coil due to the phase shift of the induced pulse. The external magnetic field
can be measured by detecting this phase shift. A typical sensing principle is based on the
fact that even harmonics, especially the second harmonic, are produced in the pick-up coil
when the induced pulse phase is shifted due to the external magnetic field.

Figure 2 shows the structure of the differential fluxgate sensing element fabricated
using silicon process technology based on the configuration shown in Fig. 1. The coil
structure is formed using a two-layer metallization process using aluminum. The first
aluminum layer (under layer) is for the pick-up coil, and the second aluminum layer is for
the excitation coil. A ferromagnetic film (permalloy) is deposited by sputtering at the top
layer. These conductive layers are insulated by polyimide films.
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Fig. 1. Basic configuration of the fluxgate sensor.
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Fig. 2. Swucture of the differential fluxgate sensing element.
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3. Magnetic Field Analysis

Figure 3 shows the magnetic field diswibution in the thin-film core excited by the
single-turn coil.®) The magnetic field in the core-axis direction is given by
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where a = 20 um, A? = grit/2, g = 6 um, r = 2 um, w = 700 um, and the effective
permeability £, = 750. The excitation current /is 75 mA. In the case of thin-film core, the
leakage flux is large and the magnetic field rapidly decreases as the distance from the
excitation coil is increased. Therefore, the excitation coil wires should be periodically
wound at short intervals and the pick-up coil wires should be wound in such a way that they
overlap with the excitation wires for effective excitation.

The configuration of the N-turns coil is shown in Fig. 4. The magnetic field of the ith
turn only in the core-axis direction is given by

x—(i-1)(a+d)

Hi(x)zésinh%e D ((i—l)(a+b)—§>x),

H,(x)= é{l — ¢ cosh #Jr—b))
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Therefore, the magnetic field generated by the N-turns coil in the core-axis direction is
given by

H(x) = iH,-(x). 3)

Figure 5 shows the magnetic field distributions in the core-axis direction according to
the number of turns of the excitation coil and the current for optimum excitation. The core
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Fig. 3. Magnetic field distribution in the thin-film core excited by the single-turn coil.
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Fig. 4. Configuration of the N-turns coil.

thiclness ¢ and the coil gap g are assumed to be 6 um and 2 um, respectively. The core
length is assumed to be infinitely long. The wire pitch is width (a)/space (b) = 20 um/S yum,
and the effective permeability g, is 750. An excitation current of 75 mA is used in Fig. 5(a).
The magnetic fields saturate at 37.5 Oe as the number of turns of the excitation coil is
increased. The number of excitation coil turns used in Fig. 5(b) is 25. The coil is wound
within the range of — 310 um to 310 um. The magnetic fields increase as the excitation
currents are increased.

In an ideal spiral coil structure, the magnetic field generated by the coil near the coil
surface is given by

H==— @)

where [ is the excitation current and P is the coil wire pitch. The optimum excitation
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Fig. 5. Magnetic field distributions in the core-axis direction. (a) Number of turns of excitation coil
(excitation current of 75 mA), and (b) excitation current (excitation coil of 25 turns).

condition to obtain the highest sensitivity in second harmonic detection is H,, = 2Hs where
H, is the peak excitation magnetic field and Hs is the saturation magnetic field. Therefore,
H,, for the optimum excitation condition is calculated to be 37.5 Oe with 7 =75 mA and P
=25 um. Wire resistance increases as the number of coil turns increases. From Fig. 5, the
magnetic field diswibutions with the parameters of /=75 mA, N=25,a=20 um,b=5 um
agree with the ideal value. Therefore, we selected the design parameters shown in Table 1.
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Table 1
Design parameters of sensing element.

Excitation coil turns 25 turns
Excitation current 75 mA
Coil wire width 20 ym
Coil wire spacing 5 um
Coil gap 6 um
Core thickness 2 um
Effective permeability 750

4. Fabrication

The fabrication process is shown in Fig. 6. A 1.0-um-thick SiO, film is grown by wet
oxidation on the silicon wafer. The pick-up coil wire of the sensing element is fabricated
using the first aluminum layer of about 2.2 um thickness. The aluminum layer is deposited
by sputtering and patterned by photolithography and reactive ion etching (RIE) using BCl,/
O,/CHCl, gases. For insulation and planarization, a polyimide film is used. To obtain a
planar surface, the polyimide is coated and baked three times. After that, the film is
dry-etched to about 2 um with O,/CF, gases. Via holes are formed to contact the
second-layer wires to the first-layer wires. The second aluminum layer of about 3.5 ym
thickness is used for the excitation coil. This aluminum layer is also deposited by
sputtering and patterned by RIE. For insulation and planarization, a polyimide film is used
and the film is then etched again. Permalloy film (81% Ni, 19% Fe) is deposited on the top
layer using high-rate, low-temperature facing-targets sputtering.!® After that, the permalloy
film is patterned by photolithography and chemical etching using commercially available
etchant for NiFe at a bath temperature of 32°C.

Figure 7 shows a micrograph of the planar fluxgate sensor fabricated by silicon process
technology and deposition of ferromagnetic thin film. The area of the sensing element is
4.2 x 2.1 mm?.

5. Characteristics

A fluxgate sensor shown in Fig. 2 was fabricated. The number of tums of the
differential pick-up coil and the excitation coil is 25 each: The core has a thickness of 2
pm, alength of 1400 um, and a width of 700 um. The wire pitch of the coil is 25 um with
20 um line and 5 um spacing. The resistances of the pick-up coil and excitation coil are 100
Q and 255 Q, respectively.

Figure 8 shows the B-H loops of the sputtered permalloy core measured using a VSM
(vibrating sample magnetometer). Figures 8(a) and 8(b) correspond to the B-H loops of the
patterned core on the silicon substrate covered by polyimide film and the core of the
actually fabricated fluxgate sensing element, respectively. The dimensions of the core are
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Fig. 6. Fabrication process.

length 1400 pum, width 700 um, and thickness 2 um. From these B-H loops, the d.c.
permeability and coercive force, respectively, are about 1200 and 31 A/m for Fig. 8(a), and
750 and 32 A/m for Fig. 8(b). The degradation of the permeability of the core in the sensing
element is due to the lack of flatness of the subswate. The coil wire pattern greatly affects
the flatness. The use of dummy metal to obtain a planar surface under the core will enhance
the effective permeability.

At a driver current of 150 mA,, and an excitation frequency of 1 MHz, the relationship
between the applied d.c. external magnetic flux density and the induced second harmonic
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Fig. 7. Micrograph of the planar fluxgate sensor.
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Fig. 8. B-H loops of permalloy core. (a) Core on silicon substrate, and (b) core of the fabricated
fluxgate sensing element.
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voltage is measured as shown in Fig. 9. The external magnetic field was applied parallel to
the core-axis direction. In the measured range between — 65 uT and 65 uT, good linearity
with no hysteresis is obtained.

For the characterization of the fluxgate sensing element, the core was first excited by a
triangular current waveform through the excitation coil, and then the amplitude of the
second harmonic of the pick-up coil output was measured using a FFT spectrum analyzer.
The excitation frequency dependence of the sensitivity is shown in Fig. 10. The driver
current is 150 mA,,. The sensitivity increases linearly as the excitation frequency
increases to around 1 MHz. Figure 10 indicates that the highest sensitivity of the sensing
element is about 73 V/T at 1 MHz. This value is considerably high when compared to that
of the conventional silicon magnetic sensor.

The excitation current dependence of the sensitivity of the fluxgate sensor is shown in
Fig. 11. The excitation frequency is | MHz. Figure 11 indicates that the optimum
excitation current is about 150 mA,,. In an ideal spiral coil structure, H,, for the optimum
condition is calculated to be 3000 A/m with /=75 mA and P =25 ym. This value agrees
with the condition H, = 2Hs, since Hs of the sensor core is about 1500 A/m from the B-H
loop of the core shown in Fig. 8(b).

6. Conclusions

In this paper, we present a planar fluxgate magnetic sensor suitable for integrating
sensor interface circuits on the same chip. A sensing element with two-layer spiral coils
and permalloy films at the top layer is developed, and is favorable for fabricating a fluxgate
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Fig. 11. Excitation current dependence of the sensitivity.

magnetic sensor integrated with on-chip interface circuits because of the simplicity of the
fabrication process. In order to achieve the optimum excitation condition, the sensing
element swructure is investigated by means of computation analysis of the magnetic field in
the thin-film core. The highly sensitive planar fluxgate sensor can be used for various
interesting applications because the developed sensor covers a magnetic field detection
range which cannot be matched by the conventional silicon magnetic sensor.
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