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Nanoprobe Based Information Processing:

Nanoprobe-Electronics

Bao Yi, Long You, and Jeongmin Hong*

With computational architectures becoming data-centric and with the rise of
in-memory computing, the role of memory will be ever more crucial. In turn,
storing massive amount of data demands for ultra-low power and non-volatile
types necessitating new memory technologies. Here, a controllable
nanoelectromechanical (NEM) spin memory is proposed for compact
nonvolatile memory arrays. It combines the advantages of both
nanomechanical and spin-transfer torque (STT) magnetic memory devices to
overcome fundamental scalability roadblocks of non-hybrid alternatives. The
hybrid system paves the way to a new memory technology in the regime of
sub-10-nm lateral size with a sub-1-MA cm~2 switching energy.

1. Introduction

Spintronic devices are one of the candidates for their nonvolatility
with sufficiently high endurance that satisfies the ever-growing
requirement for nonvolatile and recyclable working memory
in state-of-the-art information and communication technology
(ICT) systems.l'l Another nonvolatile memory technology that
could be scaled to an even higher areal densities utilizes nano-
electromechanical systems (NEMS).2! If combined, these two
technologies might provide the memory capabilities that are un-
matched by any other alternative.

Flash memory market is the fastest growing memory sec-
tor because of the continuously increasing demand for portable
electronics.}] So far, memory cell size reduction increases
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storage capacity and the density of the
device stacks while lowering cost per
bit. However, fundamental scaling lim-
itations for the flash memory cell op-
erating voltages and the physical thick-
ness of the tunneling dielectric layer
pose a significant challenge for contin-
ued scaling in the sub-10-nm regime.*!
Therefore, alternative systems and struc-
tures have been proposed to overcome
the scaling bottleneck of the conventional
memory cell.?] The pursuits of a vari-
ety of memory technologies have been
attempted to succeed the current flash
memory technology because they allow
for the most compact durable data storage and can be fabricated
using a relatively simple process that is more suitable for 3D in-
tegration, arguably the emerging trend in next-generation infor-
mation processing industries.>*!

Programmable resistance devices such as phase-change mem-
ory (PC-RAM) and resistive RAM (ReRAM) have been explored
for cross-contact memory applications, but generally require a se-
lector device within each memory cell to reduce unwanted leak-
age current through unselected cells during a read operation; oth-
erwise, the size of the array will be severely limited, resulting in
poor memory-array area efficiency. The selector devices require
additional process steps and can significantly reduce the cell cur-
rent, resulting in a slower read operation.

Nonvolatile memory is promising due to its stability, scal-
ability, and longer retention.”] There are two main poten-
tial contenders for next-generation nonvolatile memory, mag-
netoresistive (MR) memory, and nanomechanical memory,
respectively.®%] Each contender has its pros and cons. MR de-
vices are known to have superior non-volatility and recyclability,
while nanomechanical devices offer superior scalability. Here, we
present a study on a nanoprobe-based memory device that lever-
ages the advantages of both spintronics and NEMS technologies.

2. Results and Discussion

The NEM switching under study was controlled by scanning
probe microscopy (SPM).°! The tip and the substrate in this ex-
periment were fabricated using a special nanofabrication pro-
cess as reported in our previous publications.'”) Each side of
the structure contained a magnet with an insulation layer and
the structure shows a strong perpendicular magnetic anisotropy
(PMA).['1121 We investigated a new device that exploits the advan-
tages of both the NEMS and spintronic technologies. Particularly,
we demonstrated that nanomagnets placed on the NEM elements
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Figure 1. The overall schematics of the probe-based device structures.
There are two sides of the structures: one is probe and the other is mag-
netic substrates. Nanoprobe based spin transfer torque magnetic tunnel
junction structures (STT-MT]s). A) MT) devices with parallel state on the
left. MT) devices with anti-parallel state on the right. Spin-polarized cur-
rents change the magnetization direction on media side. B) A Nanoprobe-
base magnetic tunnel junction. C) All-in-one probe based magnetic device
with magnetic tunnel junction stacks on top of the probe.

could be used as highly scalable non-volatile, and robustly con-
trolled memory. The STT switching experiments conducted on
extremely high-anisotropy L1, phase media showed a remark-
ably energy-efficient switching capability.

Figure 1A shows the schematic concept of the device and there
are two sides of the structures: one is a probe and the other
is magnetic substrates. Nano-probe based spin transfer torque
magnetic tunnel junction structures (STT-MT]s) show two states:
parallel state (“on” state) and anti-parallel state (“off” state). Spin-
polarized currents change the magnetization direction on media
side. A full Nano-probe-based magnetic tunnel junction shows
all-in-one probe based magnetic device with magnetic tunnel
junction stacks on top of the probe.

For a variety of practical memory operations, we tested two
alternative probe-media configurations as shown in Figure 1B.
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First, it is “half magnet probe”, with one magnet on each side,
the probe and media, respectively. Here, we test half probe with
high stability, with an L1, ordered magnet on the media side.
The second is “all-in-one probe”, with both magnets separated by
an insulation layer, all deposited on the probe-side as shown in
Figure 1C. All the configurations offer alternative ways to test the
hybrid approach. For low energy switching, the all-in-one probe
shows continuous scaling down to the sub-5-nm size range. We
calculated the size of the structure by the resistance and assumed
the maximum resistance will sub-5-nm range. Half junctions
with high density spins, on the order of 10° spins, ensure switch-
ing relatively large high-stability media structures.

Programmable point contact measurement could perform
high sensitivity transport measurements. While the current was
applied, the probe was approaching the sample surface very
closely as the “point contact” state by the control of piezo element
mounted in SPM. The current between the tip and substrate con-
trols the size of the contract point. The mechanism is equivalent
to the conductive AFM. The resistance will be measured to define
the size of the contract regions. For the fabrication of the func-
tional probe, the standard stacks of W/ CoCr (10 nm)/ Ta (5 nm)/
CoFeB (1 nm)/ MgO (0.9 nm) on tip side were deposited as shown
in Figure 2A. State-of-the-art He+ based focused ion beam (FIB)
trimming was used to develop a nanoscale magnetic structure
on top of the tip as shown in Figure 2A. A perpendicular CoFeB
structure was trimmed by focused ion beam etching performed
by an Orion NanoFab system with He and Ne ion beams. From
the pristine W probe, several thin film stacks were deposited on
the top of the probes and FIB was milled to isolate the region.

From the substrate side, Ta/ FePt/ MgO thin film stacks were
fabricated, as also shown in Figure 2B. The media with a high
perpendicular magnetic anisotropy, on the order of 106 erg cc™!,
was fabricated through a standard lithographic process. Final fab-
ricated probe is shown in Figure 2B. The fabricated media struc-
ture was carefully tested via ultrahigh sensitive AFM in conjunc-
tion with MFM as shown in Figure 2C. The structure showed a
single domain state with a coercivity field of 50 Oe.

Figure 2D shows the probe writer. The left image illustrated
the normal states which have two resistance states: one is from
“probe” side and the other is “media” side. While sweeping

Final product

Figure 2. Probe fabrication of memory writer. A) A descriptive schematic of the device: a concept of writing the other magnet from the probe manipulated
by NEM switching. B) Fabrication process and final product of the media. C) AFM (left) /MFM (right) images of the final product. D) An illustrative
schematics of probe spin memory operation. The measured size of the media is 50 nm.
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Figure 3. All-in-one nanoprobe based computing device structure. A)
Current-induced magnetization change in media. Magnetic SPM micro-
graph shows the corresponding images of magnetization changes by vary-
ing the current states. The size of the structure is ~10 nm. B) A schematic
of the final structure. From the top Ta, CoFeB, MgO, CoFeB, and Ta are
deposited. The bottom Ta layer can be approaching to the media, a yellow
layer. C) Magnetic field dependence of |-V characteristics of the device.
IV characteristics of both probe and media stack with an applied mag-
netic field. D) While the probe and media establish the nanosized con-
tact “nanopoint-contact”, current Versus resistance characteristics deter-
mined very small switching energy and %MR.

current, the point contacts make a single resistance state. The
images indicate that the full system configurations pass spin po-
larized current to change the magnetization direction. The SEM
shows an image of the media structure.

As shown in Figure 3A, we tested a current dependent mag-
netization change to randomly switch the media. SPM results
on the bottom show the change of magnetization by sweeping
the current. Above the switching current, the images are clearly
switched as shown in Figure 3A. From the study, the magnetiza-
tion of the media can be easily controllable with the probe head to
switch perpendicularly magnetized both CoFeB and FePt-based
media stacks.

The micrographs on the top of Figure 3A indicate pro-
grammable current changes during the magnetic imaging. The
imaging corresponds to the change of the current from the
probe. Under the switching energy, the image (magnetization)
was flipped to red or yellow color. The switching phenomena
mean that magnetization is changed with respect to the change
of the switching energy variations.

Figure 3B,C show the schematic of the structure and the re-
sulting I-V characteristics using magnetic field dependence, re-
spectively. Magneto-transport measurement using point contact
shows the magnetization switching. Under the presence of no
magnetic field, parallel and anti-parallel switching was clearly ob-
served. Above the saturation magnetic field, the dependence de-
cays. The top left image shows the actual media structure which
consists of Ta/ CoFeB/ MgO thin film stacks. The switching cur-
rent was measured to be on the order of 10 pA with the current
sweep range of 50 pA was chosen.

A more suitable model would consider a material in the form
of a cluster where the energy exchange between excitations is less
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effective than in a crystal. Through the point contact mode, it is
ensured “the point contact” is on top of metallic substrate. We
explore the sub-10-nm region where one can expect switching
current reduction superior to that due to the linear scaling.

Figure 3D shows current versus resistance based on on/off
states. In this regime, the thermal reservoir, which usually ab-
sorbs the energy of excitations, becomes extremely small and is
unable to absorb the energy resulting from the magnetic dynam-
ics. Further, the model of continuous crystalline lattice becomes
invalid in this intermediate size range. A more suitable model
would consider a material in the form of a cluster where the en-
ergy exchange between excitations is less effective than in a crys-
tal in this range. The switching current is reduced by the small
size of the contact region.

3. Conclusion

We investigated a new device that exploits the advantages of both
the NEMS and spintronic technologies. Particularly, we demon-
strated that nanomagnets placed on the NEM elements could be
used as highly scalable non-volatile and robustly controlled mem-
ory. The STT switching experiments conducted on extremely
high-anisotropy L1, phase media showed a remarkably energy-
efficient switching capability. Given these advantages, this hybrid
approach paves the way to the nanomechanical spin memory
capable of ultra-high-density memory with ultra-fast data rates,
more than adequate thermal stability for achieving a square bit
as small as 2 nm on a side, given a pitch of 4 nm, corresponding
to areal densities above 1 TB in~2.
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