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REDUCTION OF NOISE, AND OPTIMIZATION OF 
MAGNETIC FIELD SENSITIVITY AND 

ELECTRICAL PROPERTIES IN MAGNETIC 
TUNNEL JUNCTION DEVICES 

FIELD OF THE INVENTION 

[0001] This invention relates to magnetic tunnel junction 
(MTJ) devices and methods for fabrication of MT] devices 
having properties of reduced noise, electrical resistance, 
increased magnetoresistance, and increased magnetic ?eld 
sensitivity. 

BACKGROUND OF THE INVENTION 

[0002] The discovery of large magnetoresistance in mag 
netic tunnel junction devices (MTJs) at room temperature 
has reneWed intensive interest in this type of device. In part, 
this interest is due to the potential applications in sensitive 
magnetic sensors and in non-volatile magnetic random 
access memory (MRAM). The key component in an MTJ 
device is a sandWich structure (metal/insulator/metal) con 
sisting of tWo ferromagnetic (FM) metallic layers (top and 
bottom electrodes) separated by a thin insulating barrier. The 
barrier is thin enough to alloW quantum mechanic tunneling 
to occur betWeen tWo ferromagnetic layers. The tunneling 
resistance of MT] device depends on the relative orientation 
of the magnetiZation vectors (A) in the tWo FM layers. The 
magneto-tunneling effect exploits the asymmetry in the 
density of states of the majority and minority energy bands 
in a ferromagnet. The larger the asymmetry the larger the 
spin polariZation is, and so the larger the magneto-tunneling 
effect. 

[0003] When subject to an external magnetic ?eld, an MTJ 
device suffers a change in its electrical resistance. The 
relative resistance change is called magnetoresistance (MR) 
or the MR ratio, de?ned as: 

AR _ R(H)-RS (l) 

[0004] Where R(H) and R5 are resistance values, at a 
measurement magnetic ?eld H, and at saturation ?eld, 
respectively. Beyond the saturation ?eld, resistance remains 
at a constant value of R5. The property of MR as de?ned in 
relation (1) has been used to sense magnetic ?eld by 
measuring resistance change in a ?eld. In general, a good 
magnetoresistive sensor is characteriZed by a large MR 
value achieved at a small saturation ?eld. To obtain a large 
MR ratio, the quality of the tunnel barrier is critically 
important. The thin insulating barrier should be smooth, 
pin-hole free, Well oxidiZed, and of proper stoichiometry. 

[0005] In MTJ devices, When the M vectors are parallel in 
the tWo FM electrodes, there is a maximum match betWeen 
the numbers of occupied electron states in one electrode and 
available states in the other. The electron tunneling current 
is at maximum and the tunneling resistance (R) minimum. 
On the other hand, in the antiparallel con?guration, the 
electron tunneling is betWeen the majority electron states in 
one electrode and minority states in the other. This mismatch 
results in a minimum current and a maximum resistance. In 
a typical MTJ sensor, the M vector of one FM electrode is 
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pinned by an adjacent antiferromagnetic layer via so called 
“exchange bias” coupling effect. The M vector of the other 
FM electrode is free to rotate. Since an external ?eld can 
easily alter the direction of this M vector, the tunneling 
resistance is sensitive to the ?eld to be measured. According 
to Julliere’s magnetotunneling model, “Tunneling betWeen 
ferromagnetic ?lms”, Physics Letters, vol. 54A, No.3 
(1975), pp.225-226, the maximum MR ratio betWeen par 
allel and antiparallel con?gurations is 

[0006] Where P1 and P2 are the spin-polariZation factors of 
the tWo electrodes. For a transition ferromagnetic metal (Co, 
Fe, Ni, and their alloys), P is in the range of 20-40%, leading 
to AR/R ~8-38%. For half-metals With a full spin polariZa 
tion (P~100%), the MR ratio can theoretically approach 
in?nity, Which is the characteristic of a perfect spin valve. 

[0007] MTJs offer a set of major advantages as spintronic 
devices over other magnetic devices such as devices based 
on anisotropic magnetoresistance (AMR) and giant magne 
toresistance (GMR). Some of the advantages include, but are 
not limited to, the folloWing. 

[0008] The junction resistance (R) of an MTJ can be 
varied easily over a Wide range (10_2-108 Q), While keeping 
the large MR ratio intact. The value of R depends on barrier 
thickness (t ~0.5-2 nm) exponentially and on junction area 
(A) inversely. The ability to tailor R in MTJ to suit elec 
tronics surpasses that in GMR devices. 

[0009] MT] can be miniaturiZed to nanometer siZe While 
retaining an adequate resistance, because R is primarily 
sensitive to barrier thickness. This property, not available in 
GMR spin-valves, is particularly important for high-resolu 
tion ?eld imaging. 

[0010] MT] devices can operate in a very large frequency 
range (0-5 GHZ) With good response. 

[0011] MT] devices are simple tWo-terminal resistive 
devices, requiring only small current density to operate. The 
stray ?eld generated by the sensing current is small. 

[0012] MT] devices have a larger MR ratio. For example, 
a MR value as high as 49.7% at room temperature has been 
reported in MTJ s With electrodes composed of CO75Fe25, an 
alloy With a high spin polariZation. In contrast, a commercial 
(Fe—Ni)/Cu/Co GMR sensor has a maximum MR of 9%. 

[0013] One other major advantage of MT] devices is that 
the magnetic coupling betWeen the sensing layer and the 
pinned layer is Weak because of the absence of RKKY 
magnetic interaction that is found in GMR sensors. 

[0014] When characteriZing an MR sensor, many 
researchers Would use the MR ratio as a ?gure of merit. 
HoWever, for ?eld-sensing applications, a large MR ratio 
alone is insuf?cient. It is the intrinsic noise ?gure, both 
magnetic and electric, that determines the ultimate sensor 
performance. While reductions in noise are critical, and 
external noise reductions are relatively simple to achieve, 
control of a sensor’s internal noise is more difficult. Failure 
to adequately reduce the sensor’s internal noise could 
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impede or swamp detection of small ?eld modulations, 
regardless of the MR ratio. The ?eld-sensing ability of the 
MT] can be complicated by many internal noise sources: 
Johnson-Nyquist (limited by resistance and temperature), 
tunneling current (shot noise), 1/f (tWo-level systems from 
defects), Barkhausen (domain-Wall movement), and thermal 
?uctuations in magnetiZation. For typical sensing and 
memory applications, it is paramount that the magnetic and 
electric noise of an MTJ device be reduced as much as 
possible. 
[0015] Prior to the present invention disclosed herein, 
there has been no effort to develop fabrication and post 
deposition processes to reduce the noise in MTJ devices. S. 
Ingvarsson et al., measured the electric and magnetic noise 
in non-optimiZed MTJ memory devices but did not include 
sensor devices. Results Were presented in “Electronic noise 
in magnetic tunnel junctions”, Journal of Applied Physics, 
vol. 85, page 5270 (1999) and in “LoW frequency magnetic 
noise in magnetic tunneling junctions”, Physical Review 
Letter, vol. 85, page 3289 (2000). E. R. NoWak, et al., 
measured the electronic noise in non-optimiZed MTJ 
memory (not sensor) devices, but did not evaluate the 
magnetic noise, as presented in “Noise properties of ferro 
magnetic tunnel junctions”, Journal ofApplied Physics, vol. 
84, page 6195 (1998) and in “Electric noise in hysteretic 
ferromagnet-insulator-ferromagnet tunnel junctions”Ap 
plied Physics Letter vol. 74, page 600 (1999). In another 
electronic noise study, it Was claimed that no magnetic noise 
Was observed in the MT] samples. This study Was published 
by Daniel S. Reed in NVE, in “LoW Frequency Noise in 
magnetic Tunnel Junctions”, IEEE Transactions on Mag 
netics, vol. 37, page 2028(2001). HoWever, this invention 
shoWs that magnetic noise de?nitely exists in MTJ devices, 
and represents the dominant source of noise. 

[0016] Even though MTJ devices have larger MR ratios 
than AMR or GMR devices, no effort has been made so far 
to reduce the intrinsic noise of MT] devices. HoWever, in 
both sensing and memory applications, loW noise levels are 
a requirement. Various improvements in sensing and 
memory applications are thus contingent upon the develop 
ment of improved sensing devices. 

SUMMARY OF THE INVENTION 

[0017] The foregoing and other problems are addressed 
and solved by the teachings in accordance With this inven 
tion. 

[0018] Disclosed herein are loW noise, loW resistance, 
high sensitivity, and large magnetoresistance magnetic tun 
nel junction (MTJ) devices, and methods for fabricating 
these devices. 

[0019] The devices produced by the method disclosed 
herein offer signi?cant improvements in magnetoresistance, 
resistance, ?eld sensitivity, and noise level over existing 
devices, as con?rmed by structural, magnetic, and transport 
characteriZations. For example, observations have revealed 
these devices are capable of antiferromagnetic/ferromag 
netic interfacial exchange bias ?elds of 420 Oe and mag 
netoresistance of up to 38.0%. Linear and non-hysteretic 
?eld sensing response has been achieved by providing a 
moderate hard-axis bias ?eld. Under optimal thermal 
annealing, intrinsic magnetic noise Was reduced to only 1 
nT/HZ1/2, Which is about 0.0002 of the earth’s magnetic 
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?eld. Simultaneously, the magnetoresistance and sensitivity 
are highest at 35% and 5%/Oe. 

[0020] The MT] devices are fabricated through a multi 
step process. In this process, a series of seven layers are 
deposited upon a substrate. In a preferred embodiment, the 
substrate is formed of silicon, and the surface is prepared 
With thermally oxidiZed SiO2. Once the substrate has been 
prepared, the layers are sequentially deposited With the ?rst 
application being called the buffer layer. Subsequent to the 
buffer layer, a seed layer is applied, folloWed by an antifer 
romagnetic (AFM) layer, a pinned layer, a barrier layer, a 
free layer, and last of all a passivation layer. 

[0021] In the preferred embodiment, the layers are depos 
ited sequentially in the order of a thickness of about 30 nm 
of Pt (as the buffer layer), a thickness of about 3 nm of 
NiglFe19 (seed layer), a thickness of about 13 nm of FeSOMn5O 
(AFM layer), a thickness of about 6 nm of Ni81Fe19 (pinned 
layer), a thickness of about 0.5-2 nm of A1203 (barrier layer), 
a thickness of about 12 nm of Ni81Fe19 (free layer), and a 
thickness of about 49 nm of Al (passivation layer). These 
thicknesses, or materials, hoWever, should not be interpreted 
as limitations upon the practice of this invention. 

[0022] In the preferred embodiment, the layers are depos 
ited through a process of sputtering With a DC magnetron in 
a reduced pressure environment While a magnetic ?eld is 
applied to induce uniaxial anisotropy in the ferromagnetic 
layers. Deposition occurs at room temperature. The Al2O3 
layer is formed by oxidiZing a thin layer of A1 at an increased 
pressure for a speci?c period of time. Once the A1203 has 
been deposited, the pressure is again reduced and the 
residual oxygen gas is substantially removed from the 
fabrication area. These steps occur prior to the deposition of 
the Ni81Fe19 in the free layer. Once the Ni81Fe19 has been 
sputtered over the A1203 layer, an Al passivation layer is 
deposited to protect the structure from oxidation. 

[0023] After the process of depositing the layers on the 
silicon Wafer has been completed, the structure is divided 
into a plurality of appropriately siZed segments. In the 
preferred embodiment, lithography techniques are used to 
divide the structure into segments appropriately siZed for use 
as MTJ devices. Electrical contacts may conveniently be 
implanted into the segments during this step of fabrication. 

[0024] Finally, the segments are annealed under condi 
tions that have been set to optimiZe the performance of 
important properties of the MT]. For instance, optimal 
temperature for annealing is determined through correlating 
the MT] device performance to results from a series of 
annealings completed at varied temperatures. In this manner, 
selection of optimal annealing conditions for maximiZing 
performance of an MTJ device is determined. 

[0025] In the preferred embodiment, the MT] devices are 
annealed for approximately ten minutes at a temperature of 
approximately 168° C. to 170° C. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1A is schematic diagram of an MTJ layer 
structure. 

[0027] FIG. 1B is schematic vieW of a lithographically 
patterned MTJ sensor device. 
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[0028] FIG. 2A-2B, collectively referred to herein as 
FIG. 2, show cross-sectional transmission-electron-micros 
copy images of MT] layer structures for an as-deposited 
sample (A) and a sample annealed at 168° C. in eXternal ?eld 
of 1.6 KOe 

[0029] FIG. 3 shoWs a high-resolution transmission-elec 
tron-microscopy image for a post-pinned MTJ structure. 

[0030] FIGS. 4A-4B, collectively referred to herein as 
FIG. 4, shoW as-deposited and post-pinned characteristics of 
the MT] device. 

[0031] FIG. 4A shoWs the magnetic hysteresis loops of an 
as-deposited (open circles) and a post-pinned (solid circles) 
MTJ device. The tWo sub-loops correspond to the magnetic 
sWitchings of the free and pinned layers. 

[0032] FIG. 4B shoWs an X-ray diffraction pattern of an 
as-deposited (open circles) and a post-pinned (solid circles) 
MTJ device. 

[0033] FIG. 5A shoWs the magnetoresistance curves of an 
MTJ device With Al thickness of 2 nm and junction area of 
150x100 pmz. The DC voltage bias is 10 mV. Only the 
sWitching of the free electrode is displayed in this ?eld 
range. Inset: current-voltage curve of same junction. 

[0034] FIG. 5B shoWs the bias dependence of the same 
junction in FIG. 5. 

[0035] FIG. 6 shoWs the magnetoresistance loops of an 
MTJ device under different magnetic bias ?elds at 0, 1, 2, 3, 
and 6 Oe, respectively, along the hard ads. 

[0036] FIG. 7 shoWs the dependence of the coercivity, Ho, 
of an MTJ device (in FIG. 6) on hard-axis bias ?eld With 
easy ?eld sWeeping in the range of +18 Oe to —10 Oe. Hc 
drops to a minimum value of 0.4 Oe once the hard-axis ?eld 
is larger than 3 Oe. 

[0037] FIG. 8. shoWs the voltage noise frequency spectra 
obtained from an MTJ device With a junction area of 16x32 
pm under three different easy-axis ?elds. The ?at reference 
line at the bottom is the White noise, or Johnson thermal 
noise (SV=4 kBTR) calculated from the resistance of the 
junction. The dashed lines represent the loW frequency 1/f 
noise, Which describe the noise data Well. The inset is a 
portion of the magnetoresistance curve. The noise spectra 
and the resistance are measured simultaneously. The three 
marked dots on the curve are Where the noise spectra Were 
measured sequentially. 

[0038] FIG. 9A-9B, collectively referred to herein as 
FIG. 9, shoW the normaliZed noise spectra and the deriva 
tive of the R(H) Without a biasing ?eld. It shoWs that the 
noise and the ?eld sensitivity [derivative of is corre 
lated. The noise value is obtained by extrapolating Sv(f) to 
1 HZ With ?eld ramping doWn from anti-parallel to the 
parallel states of the tWo magnetiZation vectors. 

[0039] FIG. 10 NormaliZed noise spectrum versus easy 
aXis sWeeping ?elds (a), and the corresponding MR curve as 
Well as its derivative With respective to easy aXis ?eld 
(sensitivity) (b) When hard bias ?eld is 6 Oe. 

[0040] FIGS. 11A-D, collectively referred to herein as 
FIG. 11, shoWs thermal annealing temperature dependence 
of electrical resistance (A), magnetoresistance (B), sensitiv 
ity d(MR)/dH (C), and normaliZed noise spectrum SV/V2 (D) 
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of an MTJ device, and identi?es an annealing temperature 
that provides for optimiZed performance of the MT] device. 
In this instance, optimal annealing temperature Was found to 
be about 170° C. 

[0041] FIG. 12A-C, collectively referred to herein as 
FIG. 12, shoW noise spectra versus sWeeping ?eld for three 
MTJ devices, (A) As-deposited, (B) annealed at 170° C., and 
(C) 220° C., respectively. Junction voltage as a function of 
?eld is also shoWn in the ?gures. 

[0042] FIGS. 13A-C collectively referred to herein as 
FIG. 13, shoWs the material dependent parameter (X=fSvA/ 
V2 and magnetic noise Sh as the functions of annealing 
temperature. The material dependent parameter, 0t, for the 
as-deposited MTJ device is shoWn in FIG. 13A, the material 
dependent parameter for optimiZed devices is shoWn in FIG. 
13B, and the material dependent parameter for MT] devices 
annealed at 220° C. is shoWn in FIG. 13C. 

DETAILED DESCRIPTION OF THE PREFERED 
EMBODIMENTS 

[0043] Disclosed herein are magnetic tunneling junction 
devices (MTJ), and a method for fabrication of MT] devices, 
Wherein these devices are characteriZed by, among other 
things, reduced internal noise, reduced electrical resistance, 
increased magnetoresistance, and magnetic ?eld sensitivity 
relative to other devices, such as anisotropic magnetoresis 
tance (AMR) and giant magnetoresistance (GMR) devices. 

[0044] Magnetic tunnel junction devices (MTJ) Were con 
structed in accordance With the teachings of the preferred 
embodiment disclosed herein. Aspects of the MT] so con 
structed are illustrated in the draWings, and described beloW. 
Those skilled in the art Will recogniZe that other embodi 
ments may be realiZed through these teachings. 

[0045] Although the embodiment disclosed herein Was 
used to produce experimental structures, it is illustrative of 
this invention for fabrication of improved MTJ devices, and 
should not be considered limiting of the invention. One 
skilled in the art Will recogniZe that variations from the 
described embodiment may be realiZed in order to produce 
improved MTJ devices functionally similar to those 
described herein, and that such variations are Within the 
teachings of this invention. 

[0046] A representative MTJ structure is shoWn in FIG. 
1A. The structure is formed of a stack of seven layers, 
deposited sequentially upon a substrate 1. The ?rst layer 
being called the buffer layer 2. Aseed layer 3 is then applied, 
folloWed by an antiferromagnetic (AFM) layer 4, a pinned 
layer 5, a barrier layer 6, a free layer 7, and, last of all, a 
passivation layer 8. 

[0047] In the preferred embodiment, the substrate 1 Was a 
Si(100) Wafer With a surface having thermally oXidiZed SiO2 
disposed thereon. Subsequently, the layers Were sequentially 
deposited on the Si(100) substrate 1 at room temperature. 
The layers Were applied by DC magnetron sputtering (base 
pressure 2x10“8 Torr) With 5 mTorr of Argon pressure 
during sputtering. The sputtering rate of each layer Was 
calibrated by loW angle X-ray diffraction and Dektek depth 
pro?lometer, and the typical sputtering rate Was 0.1-0.2 
nm/sec. All layered structures Were deposited in one con 
tinuous process Without breaking vacuum. During deposi 
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tion, a magnetic ?eld of 120 Oe Was applied in plane to 
induce a uniaxial anisotropy in the ferromagnetic layers. 

[0048] In the preferred embodiment, the layers Were 
deposited sequentially as a 30 nm thickness of Pt (as the 
buffer layer 2), a 3 nm thickness of NislFe19 (seed layer 3), 
a 13 nm thickness of FeSOMn5O (AFM layer 4), 6 nm 
thickness of NislFe19 (pinned layer 5), a 0.5-2 nm thickness 
of A1203 (barrier layer 6), a 12 nm thickness of NislFe19 
(free layer 6), and a 49 nm thickness of Al (passivation layer 
8). These layers Were applied at room temperature. 

[0049] In this embodiment, the buffer layer 2 and seed 
layer 3 Were chosen as a template to promote the <111> 
crystal texture groWth of the antiferromagnetic (AFM) layer 
4. 

[0050] The AFM layer 4 provides a magnetic exchange 
bias to pin the magnetiZation of the pinned layer 5 such that 
only the magnetiZation of the top FM or free layer 7 can 
respond to an external sensing ?eld. The FM layer 7 is also 
called the free layer 7 because its magnetiZation vector is 
free to rotate under the in?uence of an external magnetic 
?eld. 

[0051] In this embodiment, the barrier layer 6 Was pro 
duced by oxidiZing a thin layer of Al in RF (radio-frequency) 
oxygen gloW discharge at 120 mTorr for 80 sec. During 
oxidation, the Al layer 6 expands its volume by about 30%, 
Which tends to ?ll the voids or pin-holes in the original Al 
thin ?lm. Immediately after oxidation, a sputtering gun 
loaded With a Ti target (aWay from the deposited sample) 
Was turned on to absorb the residual oxygen gas in the 
vacuum chamber. The process ensured that the subsequent 
deposition of the free layer 7 Was free of oxidation, as the 
quality of the NislFe19 ?lm is very sensitive to the presence 
of oxygen. The passivation layer 8 Was applied to protect the 
Whole structure against oxidation. 

[0052] After layering Was completed, a standard photoli 
thography technique Was used to pattern the bulk MTJ 
structures into micron scale structures for completion as 
MTJ devices. BothAr ion beam etching and CF4 reactive ion 
etching (RIE) patterning Were used, hoWever, other methods 
for patterning may be used. FIG. 1B shoWs a cross-sectional 
vieW of a lithographically patterned MTJ device. 

[0053] In the preferred embodiment, the patterning of the 
micron scale MTJ devices started With de?ning the junction 
area using photolithography and Ar ion beam etching. After 
stripping the photoresist, the entire Wafer Was covered by a 
thick layer of SiO2 11, having a typical thickness of 200 nm, 
by either RF sputtering or chemical vapor deposition. Then, 
WindoWs to the top electrodes Were de?ned using photoli 
thography and RIE. Finally, another lithography step Was 
used and a thick layer of Al or Au Was deposited and then 
“lifted off” to de?ne the top electrical contact pad 12 and the 
bottom electrical contact pad 13, as shoWn in FIG. 1B. The 
junction siZes ranged from microns to about 0.1 mm. 

[0054] Finally, the MT] devices Were annealed in a ?eld of 
1.6 kOe along the easy axis of the pinned FM layer 7 after 
patterning in order to establish a large AFM/FM exchange 
bias. In this embodiment, the post-annealing temperature 
Was set at 168° C., unless noted elseWhere. This step is 
referred to herein as the post-pinning process. As Will be 
discussed in further detail beloW, this annealing step is an 
important aspect of the invention. 
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[0055] In another embodiment, the antiferromagnetic 
material used in the AFM layer 4 is IrMn, Which is charac 
teriZed by a Neel temperature of about 220° C. In a further 
embodiment, the AFM layer is formed of PtMn, and is 
characteriZed by a Neel temperature of about 280° C. The 
anneal temperature for each of these alternate embodiments 
Will exceed the Neel temperature, and Will be set so as to 
optimiZe performance parameters of the MT] device, as 
described in further detail beloW. 

[0056] A comparison of the properties of the MT] struc 
ture before and after post-pinning is noW provided. 

[0057] Before patterning, the microstructures of the MT] 
layers Were examined by cross-sectional imaging using 
transmission electron microscopy (TEM). FIG. 2 illustrates 
the interfacial structure of junctions of tWo MTJ samples, 
as-deposited and post-pinned. The annealed sample (FIG. 
2B) has smoother interfaces betWeen the layers than the 
as-deposited sample (FIG. 2A). No pinholes or impurities 
are observed around the barrier layer 6, and there is no 
evidence of inter-layer diffusion. FIG. 2B also shoWs a 
marked improvement in the smoothness of the SiO2 layer 1 
after thermal annealing. The quality of the layered structure 
is, in part, a result of the ?atness of the SiO2 layer 1 after 
thermal annealing. 

[0058] FIG. 3 shoWs a high-resolution cross-sectional 
TEM lattice image obtained on an MTJ sample after post 
pinning. FIG. 3 reveals polycrystallinity of each layer, 
except the barrier layer 6, Which is amorphous in structure 
With little or no crystallinity. The dense, homogeneous, 
isotropic and random arrangement of the atoms in this layer 
are salient features produced by the post-pinning process, 
and provide for the improved characteristics of the MT] 
devices of this invention. 

[0059] A careful inspection shoWs that the barrier layer 6 
has a Wavy roughness at the NislFelg/AlzO3 interfaces With 
the pinned layer 5 and the free layer 7, With a roughness 
amplitude of 0.3-0.4 nm and a Wavelength of about 7 nm. 
The Wavy roughness gives rise to the so-called “orange 
peel” Neel coupling ?eld of 6.8 Oe. 

[0060] The magnetic properties of the MT] multilayers 
Were measured by a vibrating sample magnetometer. FIG. 4 
shoWs some representative magnetic hysteresis loops. 
Exchange bias ?elds He as high as 420 Oe Were consistently 
observed in samples after post-pinning, as compared With 
50-200 Oe in as-deposited samples, as shoWn in FIG. 4A. A 
long plateau can be seen betWeen the tWo sub-hysteresis 
loops for the post-pinned sample, indicating the quality of 
the anti-parallel alignment of the free 7 and pinned 5 layers. 
The value of He (~420 Oe) after the post-pinning process is 
superlative for a FeNi/FeMn bilayer structure, thus provid 
ing stability against ?eld excursions. It is Well knoWn that 
He is inversely proportional to the thickness of the free layer 
7 for a given AFM layer 4. From these results, the exchange 
coupling constant has been calculated as 0.25 erg/cm2 for the 
post-pinned samples. Exchange bias ?elds Were further 
explored via x-ray diffraction, and the results are presented 
in FIG. 4B. This ?gure shoWs a strong and distinct FeMn 
<111> peak is developed, after post-pinning, in the x-ray 
diffraction spectrum, indicating a signi?cant <111> texture 
improvement. 
[0061] An examination of the magnetoresistance of MTJs 
at Zero biasing ?elds is noW provided. 
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[0062] The patterned junctions Were measured on a four 
probe station equipped With variable DC magnetic ?elds of 
up to 80 Oe along the easy axis of the sample. Results shoWn 
in FIG. 4A reveal that the high exchange bias ?eld (~420 
Oe) ensures the stability of bottom FM layer 5 and therefore, 
only the sWitching behavior of top free layer 7 Will be 
affected by a magnetic ?eld during use. The typical DC bias 
across the junction is about 10 mV. The lead resistance is 
much less than the junction resistance, thus eliminating 
possible anomalous current distribution effects. 

[0063] FIG. 5A shoWs magnetoresistance response char 
acteristics from representative MTJ devices With siZe of 
150x100 pmz. A maximum MR value of 38% Was achieved 
for this siZe junction after post-pinning, much larger than 
that of the as-deposited sample, Whose MR Was only 12.8%. 
Measured MR ratios at least doubled after post-pinning in 
every junction examined. Sousa et al, have demonstrated the 
effect of improvement in MR by thermal annealing in “Large 
tunneling magnetoresistance enhancement by thermal 
anneal”, Appl.Phys.Lett. 73, 3288 (1998). HoWever, the 
results of Sousa et al. identi?ed that enhancement in MR is 
typically on the order of 10-65%, much less pronounced 
than the results disclosed herein. 

[0064] The current and voltage characteristics of the same 
sample Were measured in the parallel state as shoWn by the 
inset of FIG. 5A. After post-pinning, the effective barrier 
layer 6 thickness dropped from 22.6 A to 21.9 A, While the 
barrier height increased from 0.66 eV to 0.89 eV, according 
to results of ?tting to the Simmons theory (as published in 
“Generalized formula for the electric tunnel effect betWeen 
similar electrodes separated by a thin insulating ?lm”, J. 
App. Phys, 34, 1793(1963)). 
[0065] Other post-pinning effects can also be observed in 
FIG. 5A. The coercivity for the post-pinned sample is about 
3 Oe, smaller than that (5 Oe) of the as-deposited sample. 
This decrease may be attributed to the reduction in defects 
as a result of post-pinning. Smaller coercivity is bene?cial 
for an MRAM application as reductions in the effective 
Writing current and, therefore, the poWer consumption are 
realiZed. 

[0066] FIG. 5B shoWs the bias dependence of the MR 
ratio for the same junction. The MR of the as-deposited 
sample falls off more rapidly at higher bias. The bias voltage 
at Which the MR decreases to half of its maximum value is 
550 mV for the post-pinned junction, as compared to 300 
mV for the as-deposited sample. This indicates that post 
pinning greatly improves junction stability and makes the 
MR value less dependent on voltage bias. For as-deposited 
junctions, the pinned layer 5 hysteresis loop is not fully 
separated from the free layer 7, as seen in FIG. 4A, Which 
suggests the existence of substantial dispersion of magneti 
Zation in the pinned electrode. HoWever, after post-pinning 
the increased AFM/FM exchange bias creates more uniform 
anti-parallel alignment betWeen the tWo electrodes 12, 13. In 
addition, oxygen atoms tend to diffuse more uniformly 
during pinning, repairing pinholes in the barrier layer 6. 
These factors lead to a larger MR and narroWer MR loop, 
When compared With the as-deposited samples. 

[0067] As shoWn in FIG. 5B, the bias-dependence curve 
is not symmetric at Zero bias for the as-deposited sample, 
rather the peak position is shifted slightly toWard negative 
bias. According to Simmons’ theory, the potential barrier 
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should be symmetric for Py/Al2O3/Py structures; the asym 
metric shape is caused by imperfections in the tunnel barrier 
6. For example, local spin ?ip scattering in the barrier 6 
could cause this asymmetry. It is believed, that post-pinning 
repairs these defects, as shoWn in the bias-dependence curve 
of FIG. 5B for the post-pinned sample, Which shoWs bias is 
symmetric about Zero. 

[0068] An examination of MT] sensor performance under 
external hard-axis biasing ?eld is noW provided. 

[0069] An external bias ?eld Was applied perpendicular to 
the easy axis to stabiliZe magnetic domain and promote 
coherent rotation of the magnetiZation vector in order to 
realiZe sensor con?guration. The shape anisotropy and 
demagnetiZation ?eld Were negligible in the junctions exam 
ined (on the order of 150x100 pmz) due to relatively large 
junction siZes and small aspect ratios. As a result, the easy 
axis Was set by the applied ?eld direction during the depo 
sition process. FIG. 6 shoWs representative results With 
different bias ?elds. 

[0070] With Zero hard-axis ?elds, the MR curve is square 
With coercivity Hc of ~3 Oe, and the magnetic response is 
totally governed by domain Wall motion, Which is irrevers 
ible and hence highly hysteretic. When a hard-axis ?eld is 
applied, the magnetoresistive response becomes more com 
plicated, With the sWitching occurring through a combina 
tion of discontinuous jumps and coherent magnetiZation 
rotation, leading to decreased coercivity and a canting of the 
MR curve. As the bias ?eld increases, single-domain-like 
rotation becomes more signi?cant and hysteresis decreases. 
For bias ?elds greater than 3 Oe, magnetiZation rotation 
starts to dominate, and magnetic sWitching is coherent and 
reversible, With little or no hysteresis. Hence, the MR is 
linear Within a small ?eld range. The slope, Which deter 
mines the sensitivity of the sensor, is at a maximum (~5%/ 
Oe) in this bias ?eld (3 Oe), and decreases sloWly With 
increasing bias ?eld. 

[0071] FIG. 7 shoWs the dependence of coercivity, HC, on 
hard axis bias ?eld. Hc is very sensitive to small hard-axis 
?elds. Hc drops abruptly from 3 Oe to less than 1 Oe upon 
introduction of a bias ?eld, then decreases sloWly as the bias 
?eld increases further. Coercivity reaches a minimum of 
~0.4 Oe When the bias ?eld is 3 Oe, and maintains this value, 
With minor ?uctuations (10.1 Oe), at higher bias ?elds. 
Study shoWed that coercivity further decreases With decreas 
ing sWeeping ?eld range along the easy axis Without loss of 
sensitivity. 

[0072] An evaluation of loW frequency noise in MTJs is 
noW provided. 

[0073] The ?eld dependence of loW frequency noise in 
MTJ sensors Was measured in a magnetically shielded box. 
Using a battery to provide voltage bias, the voltage ?uctua 
tions across the junction Were ampli?ed via a commercial 
loW-noise preampli?er, anti-alias ?ltered and then fed into a 
loW frequency spectrum analyZer to obtain the poWer spec 
tral density. A typical frequency range of measurement is 
1-400 HZ. A cross-correlation method Was employed to 
extract the loW sensor noise from unWanted background and 
system noises. LoW DC sense current Was used to avoid any 
interference from ?elds created by sense currents or possible 
current-induced noise in the MTJs. During the measurement, 
the magnetic ?eld Was sloWly stepped in 1-2 Oe increments 








