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Current density mapping and pinhole imaging in magnetic tunnel junctions
via scanning magnetic microscopy
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We have applied a magnetoresistive microscopy technique to the imaging of current densities and
pinhole formation in magnetic tunnel junction devices. In this work, we demonstrate how the
magnetic field distribution at the surface of the device can be used to understand the flow of current
within the junction itself. By imaging the current-induced fields before and after pinhole formation
in several different junctions, we find that many junctions exhibit an unexpectedly complicated
current distribution after high-voltage-induced breakdown. Further, we have seen that pinhole
locations can be correlated with current inhomogeneities observed before junction breakdown.
Finally, we present the results of finite-element simulations which are in good agreement with
experimental results. @004 American Institute of Physic§DOI: 10.1063/1.1695194

One of the most problematic issues involved in the in-more detail in an earlier work, is straightforward: a magnetic
troduction of devices based on magnetic tunnel junctiorsensor capable of submicron resolution is raster scanned at
(MTJ)12 technology is the reduction of the resistance-areahe surface of the MTJ, in order to image the current-induced
product by the fabrication of ever-thinner insulating layers.stray magnetic fields at the surface of the sample. These
As the thickness of the tunnel barrier has been decreasdidlds are then analyzed to map out lateral current flow
below 10 A, reliability has become a serious issue. The mosithin the sample. The technique is nondestructive and can
common failure mechanism for MTJs is the formation of abe applied in a magnetic field, opening up several interesting
nanometer-sized conductive short, or “pinhole,” between theexperimental possibilities.
two ferromagnetic electrodes. Several groups have investi- |n Ref. 10, we were able to assume that the current
gated the properties of insulating barriers and pinholes usinflowed in a relatively thin plane, which allowed the use of a
a number of different methods, including analysis ofsimplified algorithm}* to determine the absolute value of
current-voltage characteristits, imaging of pinholes via current density in the sample. For magnetic tunnel junction
decoratiofi or liquid crystal-based methodsand scanning samples, the total thickness of current carrying layers
tunneling method8” In this work, we present a powerful (~3000 A is comparable to the sensor-to-sample distance
method of studying current flow and failure in MTJ ele- (3000-5000 A However, all magnetic field images of inter-
ments. est in this work are created by currents in the much thinner

For this work, the MTJ samples which were studied had_400 A) patterned MTJ tri-layer itself. Therefore, this al-
a layer structure, from bottom to top, as follows: Pt 300/Py

30/FeMn 130/Py 60/AI05 14/Py 120/Pt 200, where Rper-

malloy) is Niy;Fe,q and thicknesses are given in A. Here, the (a) 2000 Au g
tunnel barrier is composed of fD; and the Py 60 and Py 200 Pt

120 layers are the pinned and free electrodes, respectively. 120 Py
After deposition, the bottom Pt/Py/FeMn layers are patterned 2010,

to form a current lead underneath the structure, while the Z 132‘::::;“
Py/Al, O3 /Py/Pt layers are patterned and become the MTJ § 30 Py

itself. Finally, a 2000-A-thick layer of gold is deposited over S 300 Pt

the MTJ and patterned into a top current lead. The patterned

layer structure and full MTJ geometry are shown schemati- (b)

cally in Figs. Xa) and Xb), respectively. In this experiment, \Current

the MTJs were patterned into one of a number of shapes, o j

with lateral dimensions ranging from 4 to 5@m. The

resistance-area product for the MTJs was on the order of S >

40000 - um?, and each junction had a lead resistance of

roughly 1402, which was in general larger than the actual

junction resistanc&®; (~10-100(), depending on the arga
The physics of the technique, which was descrifénl

¥Electronic mail: schrag@micromagnetics.com

0003-6951/2004/84(15)/2937/3/$22.00 2937

B P2 \ .

3 Sy Bottom

e . contact
} MTJ  Top contact

FIG. 1. (a) Schematic of the MTJ layer structure afi) sketch of the
geometry of the devices under test.
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would expect the current flow not to be limited to discrete
paths, at least at the length scales involy@d —1um). The
reason for a more complicated field pattern near a real pin-
hole is not clear, but it is apparent that the idea of dielectric
breakdown as the formation of a tiny, isolated conducting
path across the barrier cannot, by itself, explain the behavior
observed here.

It can be seen in the simulated ima@g that the edge
G2 M ] - _ _field amplitude has opposite polarities above and below the
(€) k;eféjre Zﬁ(ut:)eaﬁrre]??r?:tcl(r:eg?ilgnlgfgepﬁnﬁo?eglz\rgg?g zhoell'?:sdpgﬂnz\?ncéewcﬁmhple; t.hIS implies that current I.S entering the .pmh0|e frpm
results from finite-element simulations. all directions. In both the experimental and simulated im-

ages, the amplitude of the edge fields is more or less constant
in the regions above and below the pinhole. If some current

gg:g;{; can still be used to obtain rough estimates of curren&vere flowing through the barrier rather than a pinhole, these

We present in Figs. (@) and Zb) magnetic field images amplitudes would change in a smooth fashion in these areas.

at the surface of a diamond-shaped MTJ before and after th-(I;he fact that the edge field experiences a large change in

creation of a pinholégblack lines indicate the outline of the amplitude qnly at Fhe pinhole °°”f'TmS that virtually all of
junction area itse)f In these and subsequent field images,f[he cqrrent Is passing through the pinhole, rather_than acase
white (black areas indicate regions of large positifreega- Il? W'hIChAtS(t)I:n € (_:urr]reint_ k:)leet?]s ?]ﬁ ht hrogglh thfe_ :gsulathg
tive) magnetic fields. The pinhole in this structure was cre- arrer. € pinhole inb), the 'gh and fow Tield peaks
ated by the application of a large-2 V) dc voltage across rap@ly converge; this is a telltale sign that the eIect.rlcaI cur-
the junction for several seconds. The location of the pinholéent is necking down before passing through the pinhole.

in this structure is near the center of the MTJ and is circled. qu the results presented in the final two figures, the
Figures 2c) and 2d) show results of finite-element simula- following procedure was followed. Each MTJ was bonded

tions of an identically shaped junction with and without a @"d imaged, and a hysteresis loop collected. Each MTJ was
pinhole of diameter 100 nm. These simulations were per'_[hen stressed in an attempt to induce dielectric breakdown.
formed with therEMLAB package with~10° elements. The voltage across the sample was then ramped at a rate of
The experimental and simulated images have many simi= MV/s and its resistance morptored until a jump in resis-
larities. Figures @) and 2¢) show that undamaged junctions f[ance was observed._The stressing was then en_ded and a new
are outlined on either side by white and black. These “edgéMage and hysteresis loop was collected. This stress-and-
fields” indicate regions of high and low magnetic field, re- Image process was repeated until the junction exhibited neg-
spectively. A junction which has a uniform current flow ligible magnetoresistance.
throughout its cross-sectional area will have no strong fields ~ Figure 3 shows the results of imaging conducted on a
except at its edges, so a field image which shows only thes?<36 um rectangular junction. Images) and(c) show the
edge fields and not much else indicates that the junctiogurrent density image and hysteresis loop taken before di-
being imaged is undamaged and behaving as expected. fiectric breakdown, while imageb) and (d) show the cor-
addition, the strength of these edge field signaturég)iand ~ responding data after breakdown, which occurred at a volt-
(o) is largest at the bottom of the junction and diminishesage of 0.96 V across the junction. As mentioned earlier, the
toward the top of the junction. This effect is due to the factcurrent density images are imperfect due to limitations inher-
that current is introduced from a lead at the bottom left of theent in the algorithm used. The most notable inconsistency in
image. Current injected into the device flows up through th¢hese current density images is a “glow” just outside the
junction, tunnels through the barrier somewhere inside th&orders of the MTJ itself, which is an artifact of the sample
diamond-shaped MTJ area, and then quickly disperses intgeometry.
the bottom contact, exiting at the left edge of the image. Before dielectric breakdown, the current flow is rela-
Therefore, almost all the current flow must pass through thévely predictable, tending to flow along the left side of the
bottom-most areas of the junction, but the top regions of théample(perhaps because both leads into the sample are at the
junction will experience a small amount of current flow dueleft edge, making the left edge a path of lower resistance
only to electrons which happen to tunnel through the veryand diminishing as the current flows up the sample. After
topmost areas of the insulating barrier. As a result, we cafreakdown, however, imagé) shows a more complicated
expect a MTJ with a perfectly uniform barrier to have a field picture. Some current continues to flow up the left side of the
amplitude at its edges which decreases monotonically fronsample, as ita), but a larger portion of the current is seen to
the bottom to the top of the junction. diverge from this path, taking a twisting route through the
Turning to Figs. 2) and Zd), we can immediately see sample and then vanishing suddenly, at what is undoubtedly
that the introduction of a pinhole creates a complicated patthe location of a pinhole. This complicated path cannot be
tern of strong magnetic fields in its vicinity. It was deter- explained by the existence of the pinhole by itself, because
mined that the pattern of magnetic field poles near the pinthis twisting path is several microns long and the current
hole in the simulated image was caused by the finite mesflow which is imaged here is in fact taking place in the upper
size, which effectively discretized the current flow. It is alsomagnetic electrode. If the upper magnetic electrode exhibited
seen from this and later figures that pinholes can create vergamage only in the form of a single nanometer-size pinhole,

complicated field signatures in real devices, where onét seems reasonable that the current flow at any appreciable
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FIG. 3. Current density maps of ax®6 um? rectangular MTJ devicéa)
before andb) after dielectric breakdowric) and(d) Hysteresis loops taken
before and after the device failed.
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distance 500 nm) away from the pinhole would be more f e -
uniform and symmetric than what is observed. We plan to |
investigate this issue in the near future.

The magnetoresistance of this sample was measured to
be a quarter of that _Wh|Ch was found for the u_ndamagecﬂ:IG. 4. Current density maps of ax@4 um? rectangular MTJ devicéa)
sample. It can be estimated frofin) that roughly this same before stressingb) after an initial period of stressing, afg) after a second
fraction of current is still following the original path through period of stressing.d) and(_e) Resistance hysteresis loops corresponding to
the junction area. These two facts taken together lend credl'298s(® and (©), respectively.
ibility to the modet? of a MTJ as a resistor network in which , S ,
the pinhole can be thought of as a resistor which has begtion between pinhole formation sites and the locations of
added in parallel with the junction resistance, and that thd_‘;)re—breakdown current bottlenecks will be explored further
magnetoresistance of the sample can be calculated from tfi & later work. _ _
relative amounts of current flowing through each path. How- After the second period of voltage stressing, the magne-
ever, Fig. 3 shows that it is not true that the pinhole aredoresistance drops from roughly 1% to nil, and the subse-
must grow to cover the entire junction area as the magneduent current density image) shows dramatic changes in
toresistance drops to zero, as has been suggEauagnetic the electron flow through the sample: most of the current still
field images like those in Figs. 2 and 3 demonstrate that eveiPP€ars to be flowing through the pinhole which is seen in
a pinhole with a small area can have an effective resistandgid- 4b), but the path which is taken by this current is much
of nearly zero, eliminating all traces of magnetoresistance. different. One hypothesis for this change is that the intense

Figure 4 shows current density maps over’a2@ um current, and corresponding heating, applied to the sample has

rectangular junctior{a) before stressing(b) after a first pe- _causeq extens'ive damage to the conductive !ayers abovg the

riod of stressing, andc) after a second period of stressing. mgulatmg ba}rrler, forcing the current to flow in a more cir-

Figures 4d) and 4e) show the resistance hysteresis loops ofcUitous fashion around the damaged area.
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