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Abstract

With increasing demands for efficient data storage solutions and the advancements in computer science,
spintronic magnetic tunnel junction (MTJ)-based magnetic random-access memory (MRAM) devices are
promising alternatives to traditional charge-based memory devices. The applications of such spintronic
devices necessitate an understanding of their ideal working principles and their breakdown mechanisms.
Employing in-situ electrical biasing scanning transmission electron microscopy (STEM) and combining
atomic-level imaging and spectroscopy, two distinct breakdown mechanisms — soft breakdown and
complete breakdown — are identified and studied. At relatively low electric currents, due to electromigration,
motions of the atoms in the MTJ core layers result in formation of ultra-thin regions in dielectric MgO layer
separating two CoFeB ferromagnets and new edge conducting paths causing reduction of device resistance.
At relatively high electric currents, combination of joule heating and electromigration results in complete
breakdown of the devices by melting the layers of MTJ at considerably lower temperatures then the bulk
melting points. Such real-time, atomic-level STEM study of functional nanoscale devices provides
unprecedented insight into the atomistic mechanisms behind structural and compositional changes in the

devices during operation, an innovative technique that can be employed to a wide variety of devices.
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Main

The rapid growth of advanced computer science, including artificial intelligence technology, large-scale
problem-solving, and extensive networks, is leading to an exponential increase in both the volume of data
stored and processed. This surge is fueling the demand for larger and denser data storage and transfer
systems. While traditional memory devices that utilize the charge state of electrons have encountered
limitations in scalability and data capacity, spintronics is leveraging the spin state of electrons in electronic
devices with high speed, energy efficiency, and scalability'®. Magnetic random-access memory (MRAM)
unit represents a spintronic memory device with the magnetic tunnel junction (MTJ) with two resistance
states.”!! MTJ consists of an insulating barrier layer sandwiched between two ferromagnetic (FM) layers,
a reference layer (RL) and a free layer (FL), whose magnetic alignment determines the tunneling resistance
through the MTJ. A parallel (P) magnetic configuration of the two layers produces the low resistance,
whereas an anti-parallel (AP) configuration produces the high resistance. While the magnetic configuration
can be switched through applied magnetic fields, electric fields, and currents, current-driven switching
through the spin transfer-torque mechanism is more desirable and already has many applications*>%13,
Among MT]Js, perpendicular MTJ (PMTJ), where FM layers have perpendicular magnetic anisotropy
(PMA), offers advantages in switching currents, scalability, and thermal stability'*'®. Nanopillar PMTJ
units can be integrated into current semiconductor units, such as the complementary metal-oxide

semiconductor (CMOS), and offers high scalability'”.

Insufficient understanding of the impact of the current on the PMTJ devices limits new designs and
further optimization and improvements in reliability!'32°. The failure of PMTJ devices has been linked to
the ultrathin core units and nanopillar shape?!, but there is still considerable ongoing debates due to lack of
direct observations. Conventional transmission electron microscopy (TEM) and analytical scanning TEM
(STEM) have been successfully employed for atomic-level structural analysis of MTJ devices?*?*. However,
these TEM studies have been limited to analyses of the initial and postmortem structures of MTJ devices.
Operando TEM measurements, which are capable of investigating MTJ devices in real-time operation, have
not been reported. In this study, we employ in-situ electrical biasing STEM to investigate the atomic and
chemical structures of nanoscale PMTJ under realistic operation. Nanopillar PMTJs with a Mo-capped
CoFeB|MgO|CoFeB core-structure, known for its excellent perpendicular magnetic anisotropy, a large

tunnel magnetoresistance ratio, and thermal tolerance®*-

, are studied here during current-driven magnetic
switching. The structural changes of the core are evaluated by adopting STEM imaging and electron energy-

loss spectroscopy (EELS), uncovering considerable atomic movements in the layers. Two distinct



degradation stages — soft breakdown and complete breakdown — are directly observed and linked to these

atomic movements.

A schematic describing the structure of nanopillar PMTJ devices studied here is shown in Fig. 1(a).
The core PMTJ unit is composed of Mo(1.2)|CozoFesB20(1)Mg0(0.9)|CoxFesoB2o(1.2-1.7)[Mo(1.9) layers
and is located between bottom Ta|Ru|Ta and top Ta|Ru|Ti|Au electrodes (layer thicknesses are given in nm).
The two CoFeB layers are FM layers with PMA, MgO serves as an insulating layer, and Mo acts as the
buffer and capping layer. In this structure, the bottom CoFeB layer is RL and top CoFeB is FL. Details on
the MT]J fabrication can be found in our previous publications*2%, When an electric current is applied to a
PMT]J device, the tunneling resistance is measured, and the characteristic switching is observed (Fig. 1(b,¢)).
As expected, when the current is applied in the bottom-to-top direction (referred as ‘(+) biasing’), the FL
becomes AP with respect to RL and P to AP switching occurs and, when the current flows in the opposite

direction (referred as ‘(-) biasing”), AP to P switching takes place (Fig. 1(b)).
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Fig. 1. Nanopillar parallel MTJ memory device with CoFeB|MgO|CoFeB core. (a) Schematics of a
nanopillar PMTJ device (left) and the constituent layers (right). (b) R-I plot of a PMTJ device displaying the
TMR switching with applied current, where (+) and (-) biasing directions are plotted in blue and red, respectively.
The P to AP TMR switching during positive biasing is marked with an asterisk. (c) Top-down view SEM image



of a PMTJ device showing overall device with contacts with higher-magnification image showing PMTJ
nanopillar in the middle. Scale bars are 50 pm and 1 um, respectively. (d) HAADF-STEM image of a 50 nm in-
diameter nanopillar PMT]J device (left) and a HAADF-STEM image with EDX elemental maps acquired from
the core PMT]J unit (right). Scale bars are 50 nm and 1 nm, respectively. (¢) BF-STEM images of the core PMTJ
unit (left) and atomic-resolution images of the core CoFeB|MgO|CoFeB layers (right). The grain boundaries are
indicated by arrows. Scale bars are 5 nm and 3 nm, correspondingly.

Structural quality of the PMTJ devices was evaluated by STEM analysis of more than 20 nanopillar
PMT]J devices with a diameter of ~50 nm. A cross-sectional high-angle annular dark-field (HAADF)-STEM
image of one of the PMTIJ devices is shown in Fig. 1(d) (See also supplementary information (SI) Fig. S1).
The nanopillars have a conical frustum shape at the base, with a diameter at the bottom Ta electrode of
about ~100 nm. The ‘tail’ at the bottom of the PMT]J core unit is result of the standard ion milling process
(see SI Fig. S2 for cases with etching or deposition failure). Additional PMTJ devices with diameter of

~200 nm were made to enhance the success rate of in-situ STEM sample preparation.

The atomic structures at the core MTJ units were analyzed through STEM imaging and the
composition by energy dispersive X-ray (EDX) elemental maps (Fig. 1(d) and SI Fig. S1). Since the
substantial atomic number difference between the core layers (MgO (Zmgo = 10), CoFeB (Zcrs = 22), and
Mo (Zmo = 42)) and the electrodes (Ta (Z1. = 73)) makes their HAADF-STEM image analysis less reliable,
bright-field (BF)-STEM was utilized to capture the lattice contrast (see SI Fig. S3 for the comparison). Such
BF-STEM images of the core PMT]J unit are shown in Fig. 1(e), revealing that the MgO layer has a small
grain (5 to 10 nm) polycrystalline atomic structure, rough interfaces, and a non-uniform layer thickness (d

=9+2 A) (see SI Fig. S3 for more images).

Soft breakdown

An in-situ STEM PMTJ devices were prepared in such a way that it allows current flow constant with the
natural operation of devices. A schematic and a HAADF-STEM image of such in-situ STEM device are
shown in Fig. 2(a) (for details of sample preparation, see SI Fig. S4). R-1 curve from prepared in-situ device,
obtained before conducting STEM measurements, shows TMR switching similar to the original device with
characteristic house-like shape?3° (see SI Fig. S5) ruling out memristor-type resistive switching®'*2, It
should be noted here that the critical current for TMR switching is higher in the in-situ STEM devices due

to the sample geometry, as it is thinned in STEM beam direction for the electron beam transparency.
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Fig. 2. Atomic-level structural changes in PMTJ causing soft breakdown of the device. (a) (left) A schematic
description and (right) HAADF-STEM image of an in-sitru STEM PMT]J device. Blue arrows indicate the current
flow path. (b) A set of R-I curve obtained from in-situ device by applying single bias stress cycles with 1,4, from
25 pA to 100 pA. (c) A series of BF-STEM images showing the PMTJ structural modification upon biasing.
Two ‘pinholes’ formed at 500 pA biasing are indicated by yellow arrows. EDX elemental maps, acquired from
the region inside the yellow box (after 500 pA biasing), are presented on the right. (d) Schematics illustrating
the formation of a pinhole in a MgO layer. (¢) HAADF-STEM images showing reshaping of a nanopillar edge
region during biasing. The initial (before biasing) nanopillar shape is delineated with the dashed lines. EDX
elemental maps of Ta (yellow) and Mo (light green) acquired after applying bias stress cycles with the maximum
current of 100 pA are presented on the bottom. Scale bars are 5 nm.

In-situ STEM experiments were conducted by running the electric bias stress cycle with a triangular
pulse shape, using current as an input over time (see SI Fig. 5). To evaluate the effects of current on device
performance and the structure, maximum current (/,4) of the triangular pulses was gradually increased,
and the resistance was measured. The resistance of in-situ devices, obtained from the first bias stress cycle,
exhibits an inversely proportional relationship with respect to STEM sample thickness (see SI Fig. 5)
confirming proper current flow through the PMTJ nanopillars. Next, when a relatively small electric
currents, g < 500 pA (or current density Jmax < 4 x 10° A/cm?), are applied to in-situ STEM device, a
gradual reduction of resistance as a function of current is observed, as shown in Fig. 2(b). Such current
densities (10° A/cm?) are comparable to those used in typica MTJ devices®. This resistance change is the

indication of soft breakdown of the device. A series of STEM images of the PMTJ core were acquired after
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each electric bias stress cycle and, after each cycle, a focal series of BF-STEM images were collected and,
the image with the same focal depth was selected and compared with the corresponding image obtained
after previous bias stress cycle (see SI Fig. S6). It should be noted that the sample damage from the beam
irradiation was negligible in these STEM measurements (see SI Fig. S7). The results reveal that upon

biasing the thickness of the MgO layer becomes even more non-uniform and the roughness of the interfaces
with the CoFeB layers, growing from Ad=2 A to Ad= 5 A, which is comparable to the original thickness

of MgO layer. STEM-EDX analysis shows that Mg atoms migrate, resulting in the formation of ultra-thin
MgO regions consistent with BF-STEM images (Fig. 2(c)). The ultra-thin MgO regions formed during
biasing create paths for current leakage, which is a source for a soft breakdown®-8, It is illustrated
schematically in Fig. 2(d). We believe that these thin regions in MgO are the sites referred in literatures as
“pinholes”. Interestingly, these pinoles do not necessarily form at the grain boundaries. They are also
observed within grains, suggesting that their formation is result of the overall degradations of the MgO
layer. Upon biasing, the nanopillar edge regions also show structural degradation. As shown in Fig. 2(e),
the ‘tail’ of the top Ta layer on the PMTJ unit undergoes reshaping forming connection with the bottom Ta
layer. This occurs at very low currents, even at 0.01 pA (or 80 A/cm?), suggesting a high structural
vulnerability of the nanopillar edge regions. This conducting edge path is the second critical source for
leakage current contributing to the observed overall decrease of nanopillar PMTIJ resistance. It should be
noted that the sample damage from electron beam irradiation was negligible in these STEM measurements

(see SI Fig. S7).

To further evaluate the impact of current flow on the core CoFeB/MgO|CoFeB layers, in new set
of experiments, a constant current was applied to in-situ STEM devices first in (+) and then in (-) directions.
ADF-STEM images of the exact same region of the PMTJ core were acquired before, during, and after
biasing and the intensity line profiles are compared (Fig. 3(a)). The profiles before and after biasing are
distinctly different from those acquired during biasing. Before and after biasing, the contrast enhancement
at the Mo/Ta interface is observed (Fig. 3(a)), and the layers are distinguishable. Since the bright intensities
at the Mo/Ta interface in the ADF-STEM image are absent in HAADF-STEM images (see SI Fig. S8), they
are originated from the inherent strain at the interfaces. During biasing, these bright contrasts at the Mo/Ta
interfaces disappear, and the boundaries between core CoFeB|MgO|CoFeB layers become smooth

suggesting considerable interdiffusion between neighboring layers and strain relaxation.
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Fig. 3. Current-driven electromigration in the core layers of PMTJ devices. (a) ADF-STEM image and the
intensity line profiles across a PMTJ before biasing, during biasing with applied current of +200 pA and -200
MA, and after biasing. Distinct slopes in the profiles are indicated by dashed lines. (b) EELS core-loss acquired
across the PMTIJ unit before biasing showing Fe L, 3 edges and Co L, 3 edges. STEM image of the probed core
region of the PMT]J is shown on the left. Scale bar is 1 nm. (c) Peak height of the Fe L, 3 edges under different
biasing statuses. The center of the MgO layer is set as the position 0.

Core-level EELS spectra were collected from the PMTJ core unit simultaneously with the ADF-
STEM images, and the results are shown in Fig. 3(b). Fe L,3-edges and Co L 3-edges measured before
biasing, show peak intensities in both CoFeB layers, as expected. However, when the current is applied,
distributions of Fe and Co noticeably change (Fig. 3(c) and SI Fig. S9). In the case of Fe, upon the (+)
biasing, when the current flows from bottom to top, the two crests at the CoFeB layers turn to one non-
symmetric broad peak centered at the top CoFeB layer. At (-) biasing, this non-symmetric broad peak is
centered at the bottom CoFeB layer. The Co distribution also shows current direction-dependent intensity
asymmetry, similar to the Fe case, but not very pronounced. When the current is turned off, Fe and Co
intensities recover to the original profile with two crests. This directional redistribution of the elements in

PMT]J core indicates electromigration-driven layer intermixing during biasing.

Migration of atoms during biasing can be primarily induced by two competing mechanisms: (i)
ionic attractions to the electric field and (ii) atomic displacement by the momentum transfer from moving
electrons®. Here Fe atoms (and to a lesser extent, Co) migrate in and out of the MgO layer upon the
application of a current along the electron flow direction. The dominance of electromigration of Fe and Co
by moving electron here, despite their high oxidation states (Fe™> and Co™?), is likely due to charge screening

of migrating of Mg, O, and B (as seen in Fig. 2(c,d)). With all the observations discussed above, it can be



concluded that applying bias forces significant electromigration in PMTJ devices, which in turn, structurally

and compositionally modifies the core CoFeBMgO|CoFeB layers, triggering initial soft breakdown.

Complete breakdown

When bias stress cycles with a current, Lya = 700 pA (or Jua = 6 X 10° A/cm?), is repeatedly applied to in-
situ STEM PMTJ device, it melts down after 45 cycles, as shown in Fig. 4(a). Upon biasing, when the
current is passing through a PMTJ device, it produces joule heating, which then melts the electrodes and
drives long-range (um-scale) electromigration. Before the meltdown of a PMT]J device, even at bias stress
cycles less than 30, the long-range migration of atoms is visible in Au/Ti contact. Mobile Au diffuses into
Ti region and makes direct contact with the top Ru electrode (see SI Fig. S10). At this stage the R-I curve
still shows TMR behavior. With repetition of bias stress cycles, the heat accumulates, top Au electrode
melts, and resistance jumps up (Fig. 4(b)). At this stage, the collapse of the PMTJ core unit and the
meltdown of Ta and Ru layers take place, resulting in complete breakdown of the device. EDX elemental
maps acquired right after the meltdown of the PMTJ core show the top and bottom CoFeB layers merge
into one, and Mg atoms of MgO layer diffuse out (Fig. 4(a)). Schematic of this complete breakdown is
shown Fig. 4(c) describing the observed changes in the PMTJ. Such complete breakdown can be observed
also after applying a few bias stress cycles with a higher current of /..« ® 1000 pA (see SI Video S3 and
Fig. S11). The number of cycles that it takes to achieve this breakdown is inversely proportional to the
magnitude of applied current. Combination of /.., number and shape of the electric bias stress cycle, and
device contact area for heat dissipation determines the highest temperature the device will reach. What is
observe here is co-enhancement of electromigration and joule heating in the MTJ device during its current-
driven operation ultimately resulting in complete breakdown. It should be noted that this breakdown is
distinctly different from the hard dielectric breakdown where abrupt decrease of resistance occurs at the

critical voltage and the current flow stops'®2!-%¢,
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Fig. 4. Complete breakdown of PMTJ device and melting of structure. (a) HAADF-STEM images showing
step-by-step the meltdown of a PMTJ device. After 45 bias stress cycles with the maximum current of 700
PA the device experiences complete destruction. Scale bars are 30 nm. EDX elemental maps from the region
inside the red box are presented on the right showing dramatic intermixing of PMTJ layers. Scale bar is 3 nm.
(b) Corresponding to images in (a), R-I plots upon applying bias stress cycles, where drastic increase in resistance
can be seen after 44th cycle. (c) A schematic illustrating the structural meltdown of the layers in the PMTJ
nanopillar.

To evaluate the effects of pure heating (without electromigration) on PMTJ devices, additional in-
situ STEM heating experiments were conducted. In these experiments, the top Au contact melts first at
~250 °C, followed by Ru at ~450 °C, and eventually Ta at ~550 °C (see SI Fig. S12). This sequence of
melting is consistent with their respective bulk melting temperatures: 1064 °C for Au, 2334 °C for Ru, and
3017°C for Ta*. The observed significantly lower melting temperatures in these in-situ STEM experiments
compared to their bulk melting temperature can be attributed to the nano-sized dimensions of the layers,
the ultralow vacuum level (~10® mbar) in STEM column, and the stress imposed by neighboring layers*'**,
When biasing was applied to these samples, after completion of heating experiments, electromigration was
observed again and, in some case, it showed long pm-scale migration of atoms (see SI Fig. 13). These
observations confirm that upon biasing the core and electrode layers of the PMTJ device experience both
considerable electromigration and joule heating. They also indicate that during operation of the device, in
the presence of electromigration, the meltdown should occur at even lower temperatures than those

observed in pure heating measurements.



Conclusions

In conclusion, in-situ electrical biasing STEM experiments performed on nanopillar PMTJ devices provided
several new insights into the structural changes in the device during its breakdown. Two distinct stages and
their underlying mechanisms were identified. It is observed that, at relatively small currents (< 500 pA), a
significant electron-current-driven electromigration takes place resulting in roughening of interfaces and
intermixing of core CoFeB|MgO|CoFeB layers of the PMTJ, and formation of ultra-thin regions in the MgO.
In addition, a degradation of nanopillar edges is observed including a formation of nanoscale surface
contacts between top and bottom Ta electrodes. These two sources of initial structural modifications of the
PMT]J nanopillars are the main mechanisms of the device’s soft breakdown and should be taken into
consideration in new MTJ designs. At relatively high currents (> 700 pA), or high number of biasing cycles,
the layers of the PMTJ melt resulting in complete breakdown of the device. Separate heating experiments
point to fact that this melting of the layers occurs at much lower temperatures compared to their bulk melting
point. Au contact starts to melt at temperature as low as ~250 °C, followed by the Ru layer at ~450 °C inside
TEM. Since at these biassing currents strong electromigration also takes place, the actual melting of the
layers in the function devices might occur at even lower temperatures further emphasizing the importance

of temperature increase and electromigration in new MTJ device designs.

This in-situ STEM study also paves the way for real-time, atomic-level investigation of other
nanoscale devices, providing analysis of the structural and compositional changes that take place in the
devices during their operation. The insight from such observations will be instrumental for finding ways to

improve the design, quality, and reliability of these nanoscale devices.
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