Expanding the Field Range of PHE Sensors
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Results and Discussion

Introduction e

Experimental Methodology

Magnetic field sensors are essential in applications such as automotive systems, industrial automation, and biomedical A NOV@I EPHE SenSOr Wlth EXtended Fleld Range Table 1 demonstrates that reducing the hard axis dimension
devices. Among these, planar Hall effect (PHE) sensors are notable for their high sensitivity (EMN in the pT/VHz range), (b) while maintaining the a/b ratio extends the field range of : b - IA) (]éeﬂ; : iy/T) A(RPK)SE (%w) (%y)
simple design, and compatibility with integrated circuits. However, their field range is typically limited to hundreds of uT, Using the dependence of shape anisotropy on t and b, 120 - the EPHE sensor. At a constant current density, the 20-micron - ° - o o
restricting their use in applications requiring broader field ranges. theoretical calculations show that sensors with a hard : x sensor's sensitivity is approximately 100 times lower than 20 3 1248 7.2 29 8.9 35.6
: : - : Extended field range region 50 7.5 43.5 46 26 7 20.7
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To overcome this limitation, we manipulated the shape-induced anisotropy in elliptical PHE (EPHE) sensors by tailoring Zx;seleeg.ith1ogOZg;n|crc;?: rf\act};]jrfzi zngz(:];rg?%:aizn . _ the 20Q—m|cron sensor, in close agreement with theoretical 100 15 23 8 151.5 25 56 144
their geometry while maintaining consistent film thickness. This approach achieved a tenfold increase in the anisotropy X ne » QUallying X 5 predictions. 200 30 13.5 642.1 26 51 9.8
field, extending the field range from sub-mT to tens of mT. These EPHE hibit stable perf ith minimal SENsors. %0 1000 -
eld, extending the field range from sub-mT to tens of mT. These sensors exhibit stable performance with minima | § Table 1. Typical values of Hue, S, ARme, Ry, and R, for EPHE sensors with varying hard
hysteresis, making them promising for precise magnetic sensing in demanding industrial and scientific applications. Consequently, EPHE sensor with thickness of 200 nm and ol axis lengths, while maintaining uniform current density.
diverse hard axis lengths, specifically 200, 100, 50, and 20 % | Figure 1 shows the EMN from 0.1 to 100 Hz for sensors with
microns. 40 - * 100 - varying hard axis values. The EMN is fitted using:
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Funda mentals and I heory - = where A and B are fitting parameters. At 10 Hz, the EMNs are
0.00 0.01 0.02 0.03 0.04 0.05 - approximately 1.1, 4.4, 16, and 117 nT/VHz for hard axis values
Materials and DeSIgn 1/b [1/um] = of 200, 100, 50, and 20 microns, respectively.
IulagnetOreSIStance Permalloy (Py, Nig,Fe,,) is used as the ferromagnetic layer for its high PHE sensitivity and low coercive field. Tantalum (Ta) ' : Notablv. doubling the current density results in
Ferromagnetic materials exhibit a phenomenon called anisotropic magnetoresistance (AMR), in which their resistance acts as a seeding layer to improve crystallographic ordering and reduce coercivity, while also serving as a capping layer to 0'10_1 R e 60 EMINS g/f 56 nT/x/?—Iz and 7.7 nT/vVHz ai 10 Hz for the
changes depending on the orientation of their magnetization (M) relative to the direction of an applied electric current protect the Py from oxidation. Frequency [Hz] 50-mi 4 50-mi ' Vel
J : Figure 1. EMN vs. frequency for PHE sensors with varying hard axis (b) values at the same -micron and >50-micron SENSOrs, respectlve Y.
ensity ('l) V., current density.
This phenomenon gives rise to a transverse voltage as a function of the angle 6 between M and J. This effect is called PHE as Figure 2 shows the extended field range of the sensors in
the magnetization, the electric current, and the transverse electric field are in the same plane. A schematic of the | | | response to a magnetic field along the hard axis. The resistivity 10 -
— ! sensor showing the major | | s The sensor is Exuted with was measured during both ascending and descending fields -
(@) and minor (b) axes of ; — et =l 16 QUSRI DETHEE and compared to the theoretical fit from the Stoner—Wohlfarth o . OH Y soum 20 um o
2 the ellipse and the gold : i Vi @and Vy,, and the signal model: e f >
Pxx = p1+ () = pi)cos® O i 2 i i is measured at V., and V., ,- - I T L e
AMR contact pads (yellow). 5 5 ARpHE H NI I A ) Descend
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/\ The inset shows scaled data with normalized values. R S 3 A N
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Pxy = (P1 = P1) e %\“/‘5\9\115/%329) Fabrlcatl()n Process It is evident that although all sensors exhibit
PHE : : : : 290/ g
non-linear behavior, this behavior can be
J J J J J J J J J J precisely modeled, which means that they i e
— — S eﬂ:ecjjvely behave dsS Single magnetic domainS. g ' ' ! ' ! ' ! ' ! ' ! ' ! - ! ' !
0 5 10 15 20 25 30 35 40
Planar Hall Effect Sensors - - [0e
o R, 4 - Figure 2. Operational field ranges for sensors with different hard axis lengths. The inset
PHE sensors detect magnetic fields by measuring the transverse voltage, which depends on the angle between magnetization s « e : o presents scaled data with normalized values.
and current. Uniform magnetization with reversible behavior, ensured by alighing magnetic anisotropy parallel to the current, — Theoretical fit 3 ' To evaluate hysteresis for a sensor with b=50um, Ree was

measured in a -6 Oe to +6 Oe field range (linearity deviation <
1%) with 0.5 Oe steps.

is essential for optimal performance. ii. First photolithography.

Elliptical Planar Hall Effect Sensors

Measurements were taken by reducing the field from +14 Oe

i. A stack comprising Al,O4(35nm)/Ta(15nm)/ c + : o _ -
The elliptical shape of PHE sensors induces uniaxial 'shape anisotropy' along V,s v Py(ZOOnm)/Ta(15nm)2is3is deposited onto a wafer £ (Rpue) and increasing it from —14 Oe (Rpy).
. . : . : . x2 a : + - . : : :
the long axis, referred to as the easy axis (EA). For a flat ellipsoid with thickness v using an lon Beam Sputtering (IBS) system. | o Figure 3 shows Rp: and Ry , with the inset displaying AR,,=
t, major axis a, and minor axis b, the anisotropy field is: < > il. Sensor layer stack after first Rt _p
.. . . . PHE PHE
VAN . lon beam sputtering. ii. Elliptical shapes are created on the wafer using lift-off process.
t t Vi1 Vyr photolithography.
H.~4ntM,—~10807 > o | Significantly, AR, . changes sign, indicating that
|||.T|F|1_e;|°.|rs’|t ll;t_Oﬁ process is performed to reveal the the differences are largely unrelated to magnetic
sUllijzaieel sinelREs. hysteresis. Nevertheless, AR. can still be considered
Sensitivit Equivalent Magnetic Noise (EMN U ' r By, © | .
y q 8 ( ) v. Gold electrical contacts are deposited J J J J J J J J J oo an upper bound for any potential magnetic hysteresis.
The sensitivity (S,) of a PHE sensor is the ratio of its PHE The equivalent magnetic noise (EMN, sometimes referred using the IBS system and patterned through Yy y vy v oy v v v v v v v Figure 3. Rowe and Rewe vs. applied field for the 50um sensor. The inset shows the
voltage (V,) to the applied magnetic field in the y-direction to as resolution) of the sensor is defined as: ohotolithography. resistivity difference between decreasing from +14 Oe and increasing from ~14 Oe.
), for a given current L) along the A €y (f) v. The second lift-off process is conducted to expose |
When H, is small compared to the effective anisotropy EMN(f) = 5 the gold contacts. o
el {55 , e SEnsIEE) [ Ehven by Y vi. The wafer is cleaned and diced to produce the iVE Aul dﬁposmﬁﬂ using BesTec and o
. Photolit ing MLA150.
< Vy I Ap 1 Ap 1 The total noise spectral density (e5) has three main final EPHE sensors. otolithography using Concl USIons
Y H. 2%t H +H X v H - components: 1/f noise, thermal noise (both originating
Y > & © from the sensor), and preamplifier noise. Namely: _ _ , _ _
We demonstrated that extending the field range of EPHE sensors by increasing the ratio of Scan F()r M()I‘e
. Growth anisotropy thickness to the short axis significantly enhances their performance. Sensors with anisotropy
Excitation current Sensor thickness ey (f) — \/elz/f + 372, 4+ egmp fields of 12—120 Oe achieved EMNs of 800 pT/VHz to 56 nT/VHz, exhibiting stable single-domain
Resistivity anisotropy vi. EPHE sensor after cleaning | v. Sensor layer stack after second o , _ o o
Ao = (or — p1) 1/f noise dominates at low frequencies, while thermal and cutting the wafer lft-off process. These advancements make EPHE sensors promising for precise magnetic sensing in applications
i (white) noise prevails at high frequencies. requiring extended field ranges, such as automotive and industrial systems.




