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Thermal annealing effects on low-frequency noise and transfer behavior
In magnetic tunnel junction sensors
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We have investigated the low-frequency noise and transfer curve behavior in NikéhiKe
magnetic tunnel junction sensors as a function of the annealing temperature. The magnetoresistance
reaches a maximum of 35% with a maximal field sensitivity of 5%/Oe at an optimal annealing
temperature of 170°C. The origin of flhoise is explored by measuring the magnetic field
dependence of noise at low frequencies. Our data indicate that samples annealed near this
temperature exhibit 1/noise that originates from magnetization fluctuations, whereas electronic
noise due to charge trapping is dominant for other temperature20@ American Institute of
Physics. [DOI: 10.1063/1.1617355

Magnetic tunnel junction8MTJs) have been extensively sputtering onto Si@ substrates in the following sequence:
studied in last 10 years due to their potential application inPt (300 A)/FeNi (30 A)/FeMn (130 A)/FeNi (60 A)/
nonvolatile memory and magnetic field senstigMTJ sen-  Al,0,/FeNi (120 A)/Al (490 A). The alumina barrier was
sors have the potential to outperform giant magnetoresisormed by oxidizing a thin layer of Al in oxygen plasma. The
tance (GMR)-based spin-valve sensors due to their largeeasy axis of the top “free” FeNi layer was defined by a 100
magnetoresistanc@R), tunable resistance, high switching Oe dc field during sputtering. The samples were then pat-
speed, and so on. So far, a great deal of effort has been ptérned into cross geometries. Details of sample growth and
into optimizing sample fabrication to increase the MR ratiofabrication are described elsewhéfell the data presented
and reduce the resistance ar&(A) product’®In addition  here were from rectangular junctions with dimensions of
to these characteristics, thermal stability is very important to100x 150 um?. Annealing was carried out in ambient con-
guarantee that MTJs will be compatible with existing semi-ditions with a 40 min ramp up, followed by 10 min at the
conductor technology. Previous studies have measured an ignnealing temperature, and finah 1 hcool down. During
crease in junction MR with an increase in annealing temperathe thermal treatment, the junctions were submitted to a dc
ture up to a peak value of 200—300 °C for MTJs with IrMn magnetic field of 1.6 k Oe along the easy axis.
exchange biasing layers. Above this annealing temperature, The MTJ sensors were characterized in a probe station
the MR ratio decreases due to interlayer diﬁUSqanFor equipped with two pairs of e|ectromagnets to produce mag-
sensing applications, on the other hand, the ultimate detegretic fields in both the easy- and hard-axis directions. To
tion sensitivity is limited by the intrinsic noise of devices, gchieve an orthogonal biasing configuration of free and
which is typically 1f in nature at low frequenciésit has  pinned layers, a constant field of 6 Oe is applied along the
been shown that 1/noise in MTJ devices can generally be hard-axis direction for domain stabilization. MR curves were
attributed to either electrical source@ield-independent easured using a four-probe method. \oltage fluctuations
charge trapping near or in the oxide barjesr magnetic  across the junction were measured by a spectrum analyzer in
sourced(field-dependent magnetization fluctuatiphs?But 5 magnetic shielding box. The typical measurement fre-

the relationship between flhoise and sample preparation guency range was 1-400 Hz. A cross-correlation method

parameters is still unclear, and there has been little res€archyag employed to extract the sensor noise from unwanted
into the effects of thermal annealing on MTJ sensor nOisebackground and system noise.

even though annealing is widely implemented as part of the A typical plot of the magnetoresistance versus easy-axis
junction fabrication process. We have studied the mag”etiFnagnetic field for junctions annealed at 170 °C is shown in
field dependence of low-frequency noise in FeMn exchanggig 1(a). One can see that the region around 12.5 Oe is very
biased MTJ sensors at different thermal annealing temper%Teep' with minimal hysteresis. The biasing field along the
tures. Our results showed enhancement of sensor perfofg axis is large enough to overcome the effective anisot-
mance and reduction of fl/noise over a narrow range of oy field of the free layel® Therefore, domain rotation
annealing temperatures. In this narrow range, noise is magyominates the MR response such that switching is coherent
netic in origin and therefore is field dependent, while electri-;nq reversible. This yields a nearly linear MR response with
cal noise due to charge trapping is the dominant source &l nsitivity, defined as the maximal slope in the linear region,
other temperatures. of about 5%/Oe.

Our tunnel junctions were deposited via magnetron e have also measured the easy-axis field dependence
of sensor noise. For a junction of large size, there will exist a
¥Electronic mail: xiaoyongliu@brown.edu large number of small fluctuators that contribute to the
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f(Hz) [Fig. 2(b)]: It more than doubles te-36% from the original
FIG. 1. (8 MR as a function of the field applied along the easy agis.  15% upon annealing at 170 °C, then starts to decrease with a
Noise power spectra at easy-axis fields-df0, 15, and 30 Oe, respectively. further increase of temperature. The sensitivity of the sensor
also reaches its maximum value of 5%/Oe at 170 °C, and it
decreases at higher and lower temperatures. Figodg 2
voltage—time characteristics and superimposition of those ingives the noise measurement results for the same set of
dependent fluctuators with a broad distribution of charactersamples. For ease of comparison, the data were normalized
istic switching time scales will result in a fl/noise as a=fS,A/V2. For samples as prepared,is relatively
spectrunf. Over the entire frequency range of our experi- high, and it drops abruptly at temperatures above 100 °C. At
ment, the noise spectra aref lih nature and scale as the optimal annealing temperature of about 170 &Geaches its
square of the bias voltage up to 300 mV. The noise spectruminimum, which is about two orders of magnitude lower
observed can be quantified by Hooge's formulg; than that of the as-deposited samples. There is a slight in-
= aV?/Af, wherea is a material-specific parameter, afvis crease in noise with further increases in the annealing tem-
the area of the junction. Figurél) gives some typical noise perature. The ultimate performance of a sensor is affected by
spectraS, at different easy-axis magnetic fields. At fields of both the magnetoresistive sensitivity and the noise level. In
+30 and—15 Oe, corresponding to antiparallel and parallelorder to better characterize our sensors, we define magnetic
states, respectively, the spectra are coincident but have sorfield sensitivitySﬁ{ 2 according tdS, =S, /V?/(JRIRIH)?. It
small differences. However, at 12 Oe, which is within thecan be seen from Fig.(@ that S&(z exhibits a broad mini-
transition region of sensor response, the level of noise inmum around 170 °C due to the relatively high MR sensitivity
creases by an order of magnitude. This implies that the lowand low noise level. The field sensitivity at this point is about
frequency noise of this sample is very sensitive to the magtwo orders lower than that of the sample as deposited and
netization state and is magnetic in origin. reaches 1 nT/HZ. Based on the data shown above, it is
The effect of thermal annealing on our MTJ sensor wa<lear that improved sensor performance with higher MR sen-
systematically studied. Figurega?—2(e) show the depen- sitivity and reduced noise levels can be achieved by anneal-
dence on the annealing temperature of the junction resishg the samples in a small temperature region of about
tance, tunneling magnetoresistan@R), MR sensitivity, =~ 170°C.
low frequency noise extrapolated at 1 Hz, and magnetic field We also studied the field dependence of hbise at
sensitivity, respectively. It is clear from Fig. 2 that as thedifferent anneal temperatures. Figure 3 shows representative
annealing temperature ramps up from the as-deposited statesults. For the samples annealed at 170Pi@. 3b)], there
to 240 °C, the junctiorRX A product drops monotonically. is a substantial increase of noise in the transition region,
The observed decrease in resistance agrees with results fahich reaches a maximum ai=12.5 Oe, which corre-
junctions with thicker barriers and is believed to be causedponds to maximum MR sensitivity. Detailed studies showed
by changes in the structural properties of the junction ag roughly linear relationship between noise and MR
opposed to changes in the barrier itdelfhe TMR of the  sensitivity!® This strong magnetic field dependence can be
sensor was highly dependent on the annealing temperatuneterpreted as the result of thermally assisted angular magne-
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more homogeneous across the barrier. Additionally, a
smoother barrier would create a more uniform current distri-
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conditions and proper thermal annealing reported here.

FIG. 3. MTJ sensor respongepen circlegand noise leve(closed squares )
vs the easy-axis field applied for samples as deposited and annealed at This work was supported by NSF through Grant Nos.
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