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ABSTRACT

We demonstrate the enhancement in sensitivity of half Wheatstone bridge configurated magneto-resistive sensors with a design of the mag-
netic flux guide. The efficacy of our flux guide design, in comparison to the conventional micro-magnetic flux concentrator for improving the
flux gain, is studied using finite element method and verified with the experimental result. We observed a sensitivity of 260%/mT for our half
Wheatstone bridge sensor with a very small coercivity of 0.0l mT at room temperature. Our work will contribute to paving a road map for

mass production of sensitive magneto-resistive sensors with small footprints (2.5 mm? in this study).

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203392

Magnetic tunnel junction (MTJ) sensors, utilizing the tunneling
magnetoresistance (TMR) effect, have displayed strong competitive-
ness across a wide array of applications, including current sensing,
biosensing,“” and defect testing.”” Their exceptional performance can
be attributed to their remarkable features, such as high sensitivity, spa-
tial resolution, compact form factor, low power consumption, and
seamless integration into chip systems.” '’

In the presence of an external magnetic field, the resistance of
MT]Js undergoes variations depending upon the relative orientation of
magnetization within the free layer (FL) and pinned layer (PL). This
results in minimum resistance when the magnetizations are aligned in
paralle] and maximum resistance when they are in an antiparallel
alignment.'" To achieve a null voltage output in the absence of an
external field and to stabilize the sensor’s performance over a wide
temperature range, MT] sensors are typically structured in a full
Wheatstone bridge configuration, where adjacent bridge arms must
exhibit an antiparallel magnetization pinning.'* Various studies have
explored different strategies by taking two dies (there are two MTT ele-
ments for each die) and rotating them so that the pinning directions
were opposite to each other to create a full Wheatstone bridge."”’
Additionally, local magnetic annealing techniques have been employed
to align the pinning directions of the opposite bridge arms in the same
orientation.'* ' An alternative approach, suggested by different stud-
ies involves depositing distinct MT] stacks with double or triple layers

of synthetic antiferromagnets on the same substrate, to attain this anti-
parallel pinning while subjecting them to the same magnetic annealing
conditions.'” "’ Nevertheless, all of these methods present challenges
when it comes to large-scale industrial production. As a simplification
for production, the half bridge structure, comprising two sensitive
arms and two reference arms, serves as a reliable alternative. The refer-
ence arms are created by shielding the sensor, and their purpose is to
provide stability in the sensor against thermal shift to work in a large
temperature range.”””' However, the output voltage for the half bridge
sensor configuration is one half times of the output voltage for the full
Wheatstone bridge where the sensitivity needs to be compromised.””
Recent research studies have been primarily focused on elevating
the sensitivity of sensors through the utilization of magnetic flux con-
centrators (MFCs).” *” Numerical simulations have been employed to
investigate the influence of MFC shapes and the spacing between them
on magnetic flux amplification.””” Additionally, various studies have
experimentally implemented a double-layer MFC with distinct mag-
netic materials to achieve a substantial increase in sensitivity.”*”’
Furthermore, we have previously employed the approach of combin-
ing a micro-MFC with an external MFC to enhance the signal of the
MT] bridge.”’ However, all the efforts still are insufficient to incorpo-
rate the flux amplification in terms sensitivity gain in the sensor
because there exists a gap between a pair of magnetic flux concentra-
tors to accommodate sensing elements. When the width of this gap is
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significantly larger than the thickness of the magnetic flux concentra-
tors, it results in a notable loss of magnetic flux density within the
gap.”® To mitigate this loss in flux density, our recent study demon-
strates the use of a flux guide structure with an external MFC in a full
Wheatstone bridge configuration. This approach has resulted in an
impressive 2760-fold enhancement in sensitivity.”'

In this study, we incorporate the flux guide structure to a half
bridge configured magnetic tunnel junction (MT]) sensor for enhanc-
ing the sensitivity. We designed the MTJ stack to incorporate the flux
guide structure within the stack with a ~100 nm thick, soft magnetic
layer without compromising on the linearity of the sensor. The utiliza-
tion of the flux guiding structure is expected to significantly boost the
flux gain, especially at the central region where the free layer is located
[Fig. 1(a)]. This enhancement facilitates the penetration of flux to
reach the free layer, thereby amplifying the sensor’s sensitivity. This
improvement has been substantiated through both simulation and
experimental findings, as discussed in this study.

The flux guide structure is a soft magnetic layer establishing a
connection between laminated micro-MFCs. Additionally, we

®
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conducted finite element method (FEM) simulations to investigate the
flux gain in the flux guide by varying the thickness of the flux guide
material.

We have a representation of the flux guide structure with MT]
cells depicted in Fig. 1(a) The MT] cells are constructed as slender rec-
tangles measuring 5 x 20 um®. To implement the flux guide structure
in the sensor, we design our MTJ stacks as follows: The detailed layer
structure is Si/SiO, (150)/Ta (2)/Ru (10)/Cu (2)/Ir,oMng, (6)/
Coy.5Feq5Si15B10 (50)/Cu (2)/TroMngy (6)/CozosFeqsSiisBio (50)/Ru
(0.5)/Co,0FesoBag (3.4)/MgO (2)/CoyoFesoByg (4.5)/Ru (0.85)/CoyoFesy
(3.5)/Tr;oMngy (10)/Ru (5)/Ta (5)/Ru (15), where the numbers in
parentheses are thicknesses in nanometers, as shown in Fig. 1(b). It is
noteworthy that the stack is designed with the free layer (FL) posi-
tioned at the bottom, featuring an additional soft magnetic layer of
CoFeSiB, approximately 100 nm thick. This supplementary layer serves
two purposes: enhancing the softness of the free layer through
exchange coupling and serving as the flux guide. To create the flux
guide, a substantial area of the free layer is preserved, and a 7.2 um
thick pair of magnetic flux concentrator (MFC) structures, composed

(b)

15 nm Ru
5nm Ta
5 nmRu

10 nm Ir,oMng,

3.5 nm Co,Fe,
0.85nmRu_

4.5 nm Co,Fe,B
angdo 60020

3.4 nm Co, Fe.,B
0.511le120 60220

50 nm Cog sFe, sSi;sByg

6 nm Ir,,Mng,
2 nm Cu

/ 1000 pm

50 nm Coy, sFe4 sSi;sB,

I Magnetic guide layer (100 nm) at the bottom of MTJ

6 nm Ir,,Mng,
2 u

MT]J cells
(5 x 20) um?

FIG. 1. (a) The schematics of the flux guide structure with the MTJ sensor showing the total thickness of laminated Conetic (T) as 7.2 um and the gap between Conetic (W)
as 14 um. The thickness of magnetic layer (t,) acting as a flux guide is 100 nm. (b) The MTJ stack deposited on the Si wafer, a detailed layer structure with the thickness is
mentioned. (c) The optical image of the lithographically patterned MTJ device. The enlarged area shows the sensing arms of MTJ cells connected with the micro MFCs forming
a flux guide. 16 MTJ junctions are connected in series in one sensing arm. (d) The MR sensor configurated in a half Wheatstone bridge. The reference arms are shielded by

the MFCs.
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of Conetic alloy (Ni;;Fe;4CusMoy), is deposited as shown in Fig. 1(a).
These two MFC structures are laminated with 65 layers where Conetic
films of 100 nm are separated by copper of 10 nm to have a stack with
a total thickness of 7.2 um. It has been shown that laminated magnetic
films, despite having a total magnetic thickness of several micrometers,
can have lower coercivity and saturation field compared to single-layer
films with the same total magnetic thickness.”” For improving the
linearity of the sensor, we use the exchange bias in the free layer by
incorporating 6 nm of IrMn which can be set orthogonal to the pinned
layer where we used 10nm of IrMn during the annealing.”
Photolithography and ion milling were used to transform the depos-
ited film into MTJ devices. Figure 1(c) shows the lithographic pattern
of the fabricated half Wheatstone bridge device with a zoomed view of
the pattern of the soft magnetic layer and the magnetic tunnel junction
cells, each measuring 5 x 20 um?. To establish the pinning direction of
the pinned (reference) layer, the MT] samples on the wafer underwent
initial annealing in a magnetic field of 3 T at a constant temperature of
285 °C within a vacuum for 2 h. Figure 1(d) shows the terminal con-
nection of the half Wheatstone bridge sensor.

We performed a FEM study to model the magnetic flux density
within the flux guide magnetic layer and assess the magnetic amplifica-
tion properties of our flux guide using FEMM software (see S1 in the
supplementary material).”® The simulation encompassed a total length
(L) of 1000 um. The two laminated Conetic structures are connected
by a soft magnetic material, with a combined thickness of laminated
Conetics (T) of 7.2 um and a separation gap width (W) of 14 um,
which is consistent with the parameter used in our physical fabrication.
The thickness of the magnetic layer (t,) or flux guiding structure link-
ing the two laminated Conetic structures was varied within the range
of 100 nm to 3 um during the simulation while experimentally we have
100 nm thickness. The entire structure is enclosed within an air envi-
ronment. We set the relative permeability of air to 1, and the soft

ARTICLE pubs.aip.org/aip/apl

magnetic area was assigned a value of 1000. We defined the flux gain
as the ratio of the magnetic flux density within the magnetic layer (B,)
to the magnetic flux density on the Conetic structure (B,), i.e., B,/B;.
Figure 2(a) shows the simulated flux flow in the conventional MFCs.
Simulation results for the conventional flux concentrator indicate an
enhancement in flux in the gap between the MFCs as compared with
the flux density in the air. This enhancement is attributed to the satu-
ration magnetization of the laminated concentrator (47mM;), which
plays a significant role in this effect. Figure 2(b) shows the flux flow in
the MFCs connected with the magnetic layer or flux guide of thickness
1 um. Clearly, we can see the significant enhancement of magnetic flux
in the flux guide structure in comparison to the air gap. We plotted the
flux gain corresponding to the thickness of the magnetic layer varying
from 100 nm to 3 um as shown in Fig. 2(c). It becomes evident that a
thinner magnetic layer width results in a significant enhancement of
the flux gain across the structure. This observation aligns with the flux
continuity model, which posits that due to the conservation of flux, a
substantial portion of the flux must pass through the thin magnetic
layer, resulting in flux gain

Bl TD = thPD7

Flux Gain (&) = Z
B

1

This differs from the conventional magnetic flux concentrator, where
flux is lost in the air gap.

The variation in flux gain at different positions for various thick-
nesses of the flux guide layer is shown in Fig. 2(d). However, at a thick-
ness of 100nm, the gain exhibits irregularities attributable to the
leakage of the flux into the surrounding air as compared to the thicker
magnetic layer. Additionally, the edges or boundaries of a magnetic
material can disrupt the continuity of magnetic domains, leading to
the formation of domain walls or changes in magnetization direction.

J
()

FIG. 2. (a) The flux flow simulated in the
conventional MFCs with a gap of 14 um
between them. (b) The flux flow in the flux
guide structure with a magnetic layer of
1 um. The color bar shows the flux gain,

uren) xnjj

1 i.e., ratio of flux in the gap to the flux in
the MFCs. (c) Flux gain plotted against
(c) » Flux gain simulated 60 (d) ——1pum the thickness of the magnetic layer con-
60} —__Fitted Curve —0.5um necting the MFCs. The fitting is done with
= o 02 T/, which is the flux gain obtained from
'S ‘540t s=—l.2 pm the flux continuity model, where T is
&) 40 &) —0.1pum 7.2 um for our case. This shows the effi-
< o cacy of the flux continuity model to explain
= = the flux gain. (d) The horizontal line profile
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This results in higher magnetic energy and increased reluctance to the
flow of magnetic flux.””

The flux continuity model provides a reliable estimate of flux
gain within the continuous system, except for cases involving very thin
magnetic layers. According to our experimental findings, the flux guid-
ing structure achieved a 52-fold flux gain for a 100 nm magnetic layer
(which is very close to about 60-fold that is predicted from the model)
used in fabrication, as demonstrated in Fig. 3 and discussed later in the
text. Hence, the flux guide structure can be incorporated in the sensor
to enhance the sensitivity and it holds great promise for the application
in different types of sensors.

We conducted tunneling magnetoresistance (TMR) at room tem-
perature in a zero-Gauss environment, with measurements conducted
along the pinning direction (i.e., a magnetic field was applied along the
pinning direction). For TMR, we applied 0.1 uA current using a
Keithley 6221 source across terminals 1 and 4, simultaneously measur-
ing voltage with a Keithley 2182 nanovoltmeter [Fig. S2(a) in the sup-
plementary material]. Sensor performance was evaluated by applying
voltage across terminals 1 and 4 via a 1.5-V battery, measuring result-
ing output voltage between terminals 2 and 3 [Fig. S2(b) in the supple-
mentary material].

First, we assess the gain of the flux guide structure. We conducted
the TMR measurement on the MTJ device before depositing the
MECs, as illustrated in Fig. 3(a). Following the deposition of the
MECs, we measured only the response of the one MT] arm that has
the MFC structure to estimate the gain from the flux guide. The TMR
response for this specific configuration is presented in Fig. 3(b). The
observed sharpness in the TMR response indicates an enhancement in

600 (@)

Resistance (kQ2)
N
W
(=}

wW
(=3
S

57.88 mT
60 30 0 30 60
Applied Magnetic Field (mT)

600
(b) L (¢)
g 450}
. |
8
% 300} !
~ , " : - . IimT
-60 -30 0 30 60 -1.5 0.0 1.5

Applied Magnetic Field (mT)

FIG. 3. (a) The TMR response of the MTJ devices before depositing the flux con-
centrator (Conetic layers). The TMR is approximately 110%. (b) To estimate the flux
gain with our structure, we measure the TMR of the single arm after depositing the
MFCs. (c) The TMR response in the small field range of —1.8 to +1.8 mT.
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free layer (FL) performance due to the flux gain from the deposited
flux concentrator. Figure 3(c) shows the TMR response from the small
field range of —1.8 to +1.8 mT of the one MT] arm. Clearly, our esti-
mated gain in this context is approximately 52 times.

In Fig. 4, we show the magnetoresistance TMR response of the
half Wheatstone bridge configured MT]J device (that includes the
shielded and MTJ elements with MFCs) at room temperature.

Figure 4(a) presents the magnetoresistance data across a field
range of —70 to +70 mT, which is a response from all four arms after
the deposition of the flux concentrator. In this low-field regime (-2 to
+2 mT), the response of the reference arm, which is typically shielded
and serves as a reference point for comparison, becomes negligible.
This implies that the reference arm experiences minimal changes in
resistance or response to the applied magnetic field within this narrow
field range. However, when the external magnetic field exceeds
+20mT, the shielding provided by the laminated Conetic (MFCs)
material vanished. This leads to the penetration of the shielded region
by the magnetic field, resulting in a response from all four arms of the
TMR sensor. As shown in Fig. 4(b), there is a very large change in
TMR in a narrower range of the magnetic field (—2 to +2 mT), hence,
the effectiveness of the flux guide structure becomes more prominent.
We further performed the TMR measurement by narrowing the mag-
netic field to demonstrate the very small coercive field of ~0.01 mT, as
shown in Fig. 4(c).

The performance of the half bridge sensor is shown in Fig. 5.
Figure 5(a) presents the output voltage of the sensor as measured
within the field range from —60 to +60mT, aligned with the pinned
layer’s pinning direction, also known as the sensing direction. Again,
at high fields, the MFC gets saturated which leads to the penetration of
the shielded region by the magnetic field, resulting in a response from

600

(2)

N
W
(=]

Resistance (kQ)
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(=
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00r®) ©

Resistance (kQ)
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Applied Magnetic Field (mT)

FIG. 4. (a) TMR response of the half Wheatstone bridge configured MTJ device at
room temperature. (b) The TMR curve measured within a field range of =2mT. (c)
Small field range measurement for TMR showing a very small coercivity of 0.01 mT.
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FIG. 5. (a) The output voltage of the sensor measured at room temperature, applying 1.5V and a magnetic field along the pinning direction in the field range from —40 to
-+40mT. The asymmetric response comes from the penetration of the field into the shielded arms. (b) The output voltage measured in a smaller field range from —1.5 to
+1.5mT. (c) The output voltage measured on the field range of —0.1 to +0.1 mT, for estimating sensitivity. From this small field range, we estimate the coercivity of 0.01 mT.

all four arms. In Fig. 5(b), we display the output voltage measured
within a narrower field range, specifically from —2 to +2mT. There
are very large voltage changes in a small change magnetic field. This
high sensitivity underscores the effectiveness of our innovative flux
guiding structure. For the magnetic sensor, the minor loops are more
interesting for practical applications, where only the magnetization of
the free layer is switched while the pinned layer remains nearly unat-
fected. The minor loops were obtained by sweeping an external field of
—0.1 to +0.1 mT, as shown in Fig. 5(c), which exhibits very small hys-
teresis and has a coercive field of less than 0.01 mT. Based on the data
presented in Fig. 5(c), we estimated the slope AV/AH and employed
the formula § = AVeu/Vax100% 55y hore the V. is 1.5 Volt. We deter-
AH ) in

mined the sensor’s sensitivity to be about 260%/mT (see the supple-
mentary material, Sec. S2).

Furthermore, we conducted noise measurements following a
methodology similar to our prior studies.' These measurements were
conducted within a zero-Gauss chamber, with these half bridge sensors
powered by a 1.5-V alkaline battery. We utilized a Model SR785
Dynamic Signal Analyzer to obtain the noise amplitude spectra. We
have shown that the noise spectra remain unaffected with the deposi-
tion of MFCs as reported in our earlier studies.”’ Figure 6 depicts the

—_
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5;\
™ M | M
2
Detectivity (T/Hz!"?)

107k : : : :
10" 10® 100 10* 10° 10
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FIG. 6. Noise measurement of a half bridge configured sensor at room temperature
plotted against frequency. The left axis is the noise spectra and the right axis is the

corresponding detectivity estimated using the equation 1§ VSV.

noise spectra as well as the detectivity obtained under zero applied field
conditions at room temperature. This measurement was performed in
a zero-Gauss chamber. The detectivity was determined using the
equation Defectivity = é@.” At a frequency of 10 Hz, the detectivity
was found to be 1 nT/Hz"2 The schematics and details of the noise
measurement are presented in S3 of the supplementary material.

In summary, our comprehensive investigation of a magnetic flux
guiding structure, conducted through simulations and experiments,
aimed to enhance the sensitivity of magnetic tunnel junction-based
magneto-resistive sensors. The results indicate that the half bridge
MT] device with the flux guide achieves a sensitivity of 260%/mT and
a detectivity of 1 nT/Hz"* at 10 Hz rendering it suitable for applica-
tions requiring a highly sensitive magnetic field detection. Our study
paves the way for the scalable production of MTJ sensors with
enhanced sensitivity.

See the supplementary material for FEM simulation details (S1),
TMR and sensor measurement (S2), and details of noise measurement
(S3).
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