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Abstract

Full Wheatstone bridge magnetic-tunnel-junction-based electrical current sensors at the IC level

are presented. In this work full Wheatstone bridges consisting in Magnetic Tunnel Junctions (MTJ)

elements connected in series, instead of bridges with single MTJ elements. The current lines are

incorporated in the chip during the microfabrication process, reducing the separation to the sensing

elements, leading to improved sensitivity. The full bridge behavior is achieved by an appropriate design

of the current paths fabricated on top of the sensors.

Keywords: Tunneling magnetoresistance (TMR) sensors, MgO MTJ, Wheatstone bridge, Current

sensors

1 Introduction

Tunneling Magnetoresistance (TMR) based sen-

sors applications can be classified into two major

groups: magnetic storage systems (hard disks read

heads and magnetic random access memories) and

magnetic field sensing. Focusing in the magnetic

field sensing, for sensors where a linear sensor out-

put is required, TMR elements can be arranged in

a four elements bridge configuration due to inher-

ent linearity and the null output in the absence

of a magnetic field. TMR based sensors are nowa-

days used in very different fields such as positioning

control devices in robotic and related systems, ge-

omagnetism, biotechnology applications and elec-

trical current measurements. In this work is pre-

sented a Full Wheatstone bridge based on MTJ

sensors, for electrical current sensing at Integrated

Circuits (IC) level, where each resistive element of
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the bridge consists in an array of MTJ’s elements

connected in series, with the objective of increase

the detectivity of the device.

Even though a unique resistance can be used

as sensing element, a Wheatstone bridge setup is

always a good recommendation as the starting step

in the design of resistive sensors, since it provides

a differential output as a function of the resistance

variation. In fact, using MTJs as resist elements in

a Wheatstone Bridge allows to have a linear mag-

netic field sensor with an offset-free signal.

2 Sensor design and fabrication

Device design

To get a full Wheatstone bridge behavior, the

resistances of the bridge need to be made active in

pairs: R1 = R4 = R+∆R and R2 = R3 = R−∆R,

which gives the following output:

Vo =
∆R

R
Vb (1)

Since the resistance elements are MTJ’s sen-

sors, a full bridge behavior implies that for the

same input, two sensors be in the maximum re-

sistance state and the others two in the minimum

resistance state, where maximum and minimum re-

sistances correspond to the anti-parallel and paral-

lel states of free and pinned magnetic layers of the

structure.

Figure 1: Full Wheatstone bridge configuration.

There are two main approaches: manipulate

the reference layer to set two different and sym-

metric orientations in adjacent arms of the bridge

or set locally different orientations of the free layer.

Concerning the second option, the one chosen for

this work, the pinning direction of both arms is

defined simultaneously by annealing, and then lo-

cally, a magnetic field is applied in opposite direc-

tions, which rotates the free layer locally. This can

be done, for instance, by an electrical current flow-

ing in different directions above or below the sen-

sors, meaning the device output can only be mea-

sured by applying an electrical current, instead of

an external magnetic field.

Figure 2: Sensor configuration.

So, in the chosen configuration, a current path
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is fabricated on top of sensors, where the current

flows above R1 and R4 in one direction an in op-

posite direction above R2 and R3. The magnetic

field generated by the current flow is parallel or

anti-parallel to the pinned layer, respectively, so

the free layer magnetization rotates accordingly to

the external field orientation. A current is driven

through terminals A and B. This way, R1 and R4

increase/decrease their values and R2 and R3 de-

crease/increase their values, thus obtaining a full

Wheatstone behavior. The sensor is fed through

terminals a and b, and the output is taken between

terminals c and d. Moreover, two different configu-

rations for the current path are used: series, where

the current flowing between A and B is the same

that flows above the sensor, and parallel, where the

current path divides into two paths, so the value of

the current above the sensors is half of the current

inputed between A and B.

Figure 3: Magnetic field generated by the current

flow.

The fabricated current path has a rectangu-

lar cross section ω × h, where ω = 25µm and

h = 0.3µm, and assuming that ω � h, the mag-

netic field created along the sensing direction of the

sensors by the current flow is given by:

Hx(x, d) =
1

π

I

2ω

[
arctan

(
ω/2 + x

d

)
+ arctan

(
ω/2 − x

d

)]
(2)

where d is the distance from the line surface

and x is the position across the line. The calcu-

lated magnetic field has units of A/m using SI sys-

tem, and can be converted to Oe multiplying by a

factor of 4π
1000 . The field generated for a current line

25µm wide is presented in figure 4. The maximum

field value created by unit of current is 240 Oe/A

and it’s achieved at the center of the current line.

Figure 4: Magnetic field generated by an 25µm

wide and 0.3µm thick current line.

The series of MTJ’s used in this work have 18

MTJ’s elements each. The motivation for the use

of a higher number of MTJ’s elements connected in

series is the increased SNR (Signal to Noise ratio)

and detectivity when compared to a single element.

Each device consists in 4 of these series connected

in bridge configuration, where each series corre-

sponds to the resistance elements of the bridge.

Each MTJ element has an area of 2µm× 30µm.

In the designed mask the current lines have a
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width of 25µm, and two different possible configu-

rations: in series and in parallel. In both configu-

rations, series and parallel, the sensors are biased

through terminals a and b, the output measured

between c and d, and the current driven through A

and B. In the mask there are also test structures: a

single isolated element to compare the TMR curves

with the TMR of the series; and isolated series of

18 elements. These ones are for calibration of the

magnetic field created by the electrical current in

the lines, since their output curve can be either get

by applying an external magnetic field or by the

electrical current. Matching both curves it’s possi-

ble to determine the intensity of the field created

by the current.

Figure 6: Mask design of different current lines

configurations.

3 Microfabrication

MTJ’s structure was deposited by mag-

netron sputtering in Nordiko 2000 sput-

tering system. The MTJ’s structure was

Ta(50Å)/Ru(180Å)/Ta(30Å)/MnPt(200Å)/CoFe

(20Å)/Ru(9Å)/CoFeB (30Å)/MgO(12Å)/CoFeB

(60Å)/ Ru(50Å)/Ta(50Å), and it was passivated

with 150Åof TiWN, a material that provides phys-

ical damage’s protection and works as a anti-

reflective coating in the optical lithography. Dur-

ing the deposition a 30 Oe field was applied to

set the easy axis of the different layers. The mi-

crofabrication process consisted in 6 steps of pho-

tolithography by direct write laser. In the first one,

the bottom contacts of the MTJs were patterned

follower by ion milling. Next (2nd lithography)

the junction pillars were defined and patterned by

ion milling. The top electrodes, 1500ÅAl, were

deposited by sputtering and defined by lift off.

In order to isolate electrically the sensors from the

current lines, a 5000Åof SiO2 was deposited on top

of the sensors, and then pathways to the contacts

pads were opened by reactive ion etching (RIE).

The metalic layer of the current lines, 3000Åof Al,

was deposited by sputtering and defined by lift-

off, like the top electrodes. Finally, the sensors

were passivated with 1000Åof SiO2, opening the

contacts pads by RIE.

4 Characterization

4.1 DC Characterization

The MR curves for each resistive element of

a bridge were obtained biasing the sensors with

Ib = 100µA and and varying the external field

in the range of ±140Oe. The measurements were

performed taking the output between consecutive

nodes are presented in figure 8. Since the resistive

elements are fabricated already in bridge configura-

tion, it’s not possible to measure one element alone.

So the MR curves are in fact of the parallel of one
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Figure 7: Microfabrication scheme.

resistive element with the other three elements.

The elements present a linear range of about 40

Oe and a sensitivity of 0.15 %/Oe. In order to get

the resistance of each element alone, it’s necessary

to solve a system of equations taken from the re-

sistances parallel for each measurement. Due to

its complexity, this system was solved numerically

using the software Mathematica. The equivalent

resistances of each different resistive parallel can

be extracted from the graphs in 8: Req1//(2+3+4) =

420.43Ω, Req2//(1+3+4) = 400.95Ω, Req3//(1+2+4) =

400.64Ω and Req4//(1+2+3) = 412.44Ω. Solving the

system for these values, each element’s resistance is

then: R1 = 568.90Ω, R2 = 529.63Ω, R3 = 529.01Ω

and R4 = 552.43Ω.

The equivalent resistance of a bridge is given

by:

Rbridge =
(R1 +R3)(R2 +R4)

R1 +R2 +R3 +R4
(3)

Using the values determined above, it’s now

possible to get the bridge resistance:

Rbridge =
(568.90 + 529.01)(529.63 + 552.43)

568.90 + 529.63 + 529.01 + 552.43
(4)

= 544.96Ω (5)

If the resistance of all elements were equal, the

resistance of the bridge would be simply given by

R, the resistance of one element. Also, given the

fact that the resistances are not all equal, which

implies an offset voltage in the bridge’s output.

For a bridge with 18 MTJ’s elements as resis-

tances, it was measured its output using a bias cur-

rent of 100µA, and sweeping the current between

−20mA to 20mA. The bridge presents a sensitiv-

ity of 0.267 mV
mAVb

= 1.334 mV
OeVb

, and a linear output

in the range of ±20mA is obtained. The calculated

R × A is 1.82kΩ · µm2. The offset voltage of the

transfer curve is −1.27mV .
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Figure 8: MR transfer curves for the 4 resistive elements of one bridge.

Figure 9: VI transfer curve of a bridge.

Since the aim of bridges is to have an offset-free

signal and in order to be able to use this device it’s

possible to correct the offset, using for instance an

operational amplifier summer circuit. This asym-

metry in the device output is probably due to a

slightly different shape of one of the junction pil-

lars or a shorted junction.

The use of an array of MTJ as resistive element

has the difficulty of not knowing exactly how many

sensors are working in each array, and it’s sufficient

that only one sensor is not working, to result in a

non null offset voltage.
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4.2 AC Characterization

In the AC measurements, a sinusoidal current of

10mA-peak was driven through the current paths.

These measurements were performed in two differ-

ent conditions: with 1mA of biasing current and

without biasing, in order to measure coupling ef-

fects. The current frequency was swept from 100

Hz to 10MHz.

Figure 10: AC characterization for a “S” type

bridge.

For the “S” type bridge, it’s possible to observe

that the device presents a flat response in the band-

width of 100 Hz to 100 kHz. In the graphic 10 it’s

possible to observe the existence of a pole, which

leads to the drop of the output value till zero. The

combination of the bridge circuit and the current

circuit, with an isolation oxide in between, can re-

sult in a parasitic capacitor, which can explain the

pole observed in the graphic.

Without feeding the sensors, only parasitic ca-

pacitor are measured which can be explained by

the current circuit can act as “primary” of a trans-

former, producing a “secondary” transformer effect

in the bridge circuit. This effect had already been

verified in Wheatstone bridge spin-valve based sen-

sors [4].

Figure 11: AC characterization for a “P” type

bridge.

For the “P” type bridge, the behavior presents

some differences when compared to the “S” bridge.

With the sensors fed, it’s possible to observe a flat

response in the bandwidth 500Hz to 5kHz, and

a peak in the MHz range, probably due to para-

sitic capacitors, the same type observer for the “S”

bridge. However it’s observed, either for biased and

not biased sensors, there is a peak at 20KHz, that

doesn’t exist in the “S” bridge. It can be an induc-

tive effect due to the design of the current lines,

that in “P” bridges forms a square. Which leads

to conclude that it’s a geometry effect is the fact

that it’s present for both measurements (with and
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without biasing current). This question should be

studied deeper in future work.

4.3 Thermal Characterization

In the thermal measurements, a DC current in

the range of ±10mA was driven through the cur-

rent paths, with the sensors fed by 1mA. The off-

set voltage and the sensitivity were measured as

function of the temperature, changing the cham-

ber temperature from −20◦ to 60◦, for both “S”

and “P” bridges.

Considering the sensitivity and the voltage off-

set variations linear along the range of tempera-

tures, it’s possible to determine temperature coef-

ficients, given by:

TCSV = 100 × 1

ST0

∆S

∆T
(6)

TCVoffset =
∆Voffset

∆T
(7)

Figure 12: Sensitivity of “S” and “P” bridges as

function of temperature.

Figure 13: Voltage offset of “S” and “P” bridges

as function of temperature.

Table 1: Temperature coefficients

“S” bridge “P” bridge

TCSV (%/◦ C) 0.185 0.086

TCVoffset (µV /◦ C) 75.3 -3.8

These coefficients can be obtained from linear

fits of data presented in figures 12 and 13. The

results are presented in table 1. For the sensitivity

is noted that for both configurations it increases

slightly with the temperature. For the offset volt-

age there is a difference between the two configu-

rations: for the “S” bridge the offset increases a lot

with the temperature, while for “P” bridge there

is a very small decreasing with the temperature,

being almost a flat response. However, the differ-

ences may not be correlated with the current lines

configuration, but yes with the absolute value of

the offset voltage. It can be seen that the small-

est offset value almost doesn’t change, while for
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the highest one, it has a huge variation with the

temperature, like an amplification effect.

Figure 14: VI transfer curve of a bridge.

Figure 15: VI transfer curve of a bridge.

5 Conclusion

The objective of this work was to get a Wheat-

stone bridge based on MgO MTJ’s in series. Using

series of 18 MTJs elements, biased with 100µA,

it was obtained a bridge presenting a sensitivity of

0.267 mV
mAVb

= 1.334 mV
OeVb

, with linear behavior in the

range of 40 Oe. The offset voltage of the transfer

curve was −1.27mV and the R×A of the junction

was determined as 1.82kΩ ·µm2. The bridge input

resistance is 544.96Ω.
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