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Introduction
Hard disk drives (HDDs) and USB flash memories are the core
components in computers that are used to store data. These
memory devices are nonvolatile. The storage data in the
world’s computers and servers continue to increase, consum-
ing large amounts of energy to access the servers. Computing
and analysis using big data especially require huge storage
memories with high-speed access. However, present HDDs
and flash USB have fatal issues related to access speed.
“Storage-class memory (SCM)” has been proposed to over-
come these issues.! Although magnetoresistance random-access
memory (MRAM),” phase-change RAM (PC-RAM),’ resistance
change RAM,* and ferroelectric RAM?® have been explored
thus far, since 2017, PC-RAM has been the leader with the
launch of the device Optane by Intel and Micron Technology.®
The memory mechanism of PC-RAM is simple, relying on
an amorphous to crystal phase transition in a Ge-Sb-Te chalco-
genide alloy that produces a three orders of magnitude electric
resistance change.” The alloy was invented in the late 1980s
by Panasonic,*’ and it was first commercialized as a nonvola-
tile recording film in rewriteable optical discs (DVD and Blu-ray)
in the 1990s. The Ge,Sb,Te; composition shows the best
performance for write-erase durability, large optical contrast
(refractive index), and switching speed.!” Due to its excellent
performance and success in optical memory, the alloy was soon
applied to electric resistive memory because of its large resis-
tance contrast between the amorphous and crystal states.

Topological memory using phase-change

Nonvolatile memories (NVMs) are key devices in computers to save a user’s information.
Besides flash memory, several types of NVMs that use magnetoresistance, resistance
change of metal oxides, and phase change of chalcogenide alloys have been studied. Among
these, phase-change random-access memory (PC-RAM) is competitive from the viewpoint
of switching speed, high durability, and scalability. In 2017, Intel and Micron Technology
shipped commercial devices named Optane that use a phase-change material as storage
class memories. Condensed-matter physicists have recently been attracted to phase-change
materials because of their functionality as topological insulators. If the topological phase
state is controllable and applied to PC-RAM, electron spin transfer and storage effects will
be further available in addition to electrical resistance switching.

Development of interfacial phase-change
memory
One area of needed improvement in PC-RAM is the current
relatively low efficiency of switching energy consumption
compared with competitive devices. The recording and erasing
mechanism in PC-RAM is simple. For the Ge-Sb-Te alloy, the
difference in electric resistance values between the amorphous
(high) and crystalline (low) states is large (three orders magni-
tude). The crystalline and amorphous states are called SET and
RESET, respectively. The phase transitions from SET to RESET
and from RESET to SET are carried out by injecting an electric
current high and low for a certain length of time. In the transition
from SET to RESET, the Ge-Sb-Te alloy needs to be heated to
the melting point (>930 K), followed by a rapid quench to form
an amorphous state, whereas the reverse transition needs to be
heated to the crystallization temperature (~430 K). Therefore, this
RESET process consumes relatively high Joule heating energy.'

To reduce the energy consumption, several thermal-
management technologies have been proposed, and adoption
of a low thermal conductive protection layer adjacent to the
memory cell has been implemented.! From the first law of
thermodynamics, the smaller the melting portion, the lower
the Joule heating energy. Therefore, recently reported memory
cell size has been designed to be less than a few tens of nano-
meters, as shown in Figure 1.'>"

An alternative solution to overcome the issue is to use the
second law of thermodynamics—reducing entropic energy loss
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TI is attributed to the topological nature of the
electronic bandgap.? In insulators with sig-
nificantly large spin—orbit interaction (SOI),
the lowest conduction band and the uppermost
valence band may be reversed by the energy
due to SOI.?* Although normal insulators (NIs)
usually have a bandgap with or without SOI,
insulators with reversed bands by SOI are dif-
ferent from NIs in topology. When the TT and
NI electronic bands touch due to the TI surface
contacting the NI surface, the wave functions
(Bloch wave) from the TI and NI must com-
bine at the interface to create new electronic
band structures. In this case, two topologically
different bandgaps must be tied together at the
interface. The wave functions from the TI tunnel
to the NI side across the interface, but the trans-
mitted wave functions inside the NI are not influ-
enced by the SOI energy. Therefore, the inverted

Figure 1. Cross-sectional transmission electron micrograph of 7.5-nm (width) x 17-nm
(length) confined phase-change memory cells. (a) Array of memory cells, and (b) zoomed-in
view of a single cell. Note: PCM, Ge-Sb-Te alloy phase-change film; BEC, bottom electric
contact. Reprinted with permission from Reference 13. © 2010 IEEE.

in switching.'* After discovering that the large electric resis-
tance change in Ge-Sb-Te alloys relies on the bonding states
(octahedral or tetrahedral) of Ge and Te atoms,'® a nonmelting
switching model was proposed.'® Experimental fabrication of
the engineered materials was started in 2008.!7 The metamate-
rial has to be designed from a superlattice, in which GeTe
layers and Sb,Te, layers are alternately stacked as shown
in Figure 2. By exchanging the positions of Ge atoms with
adjacent Te atoms in the GeTe bilayers, the resistance change
is attained. It should be noted that the Sb,Te; layers do not
take part in the phase transition or resistance change, and
only provide a scaffold for the Ge position switching. The
device performance of the superlattice-PC-RAM composed
of a GeTe/Sb,Te; multilayer was first reported in 2011,
and a reduction of the RESET switching energy by 90% was
demonstrated.'® The superlattice-PC-RAM has been called
interfacial phase-change memory (iPCM). However, it was
discovered that iPCM has another feature related to the topo-
logical state in quantum mechanics (described next)."”

Topological insulator and chalcogenide crystals

A topological insulator (TI) is an insulator in the bulk state,
with a current that can flow along the edges or surfaces?2? and
have a special conductive state. The unusual behavior of the

Metamaterial
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m 40 nm

Figure 2. Metamaterial (superlattice) flm composed of
[(GeTe),(Sb,Tes)],, blocks deposited on a Si wafer under a
stress-free condition.”
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bands return to a normal bandgap in a NI.

The NI wave functions that tunneled into the TI undergo SOI,
and band inversion thereby occurs. The only way to accommo-
date these two different twisted bandgaps is to close the bandgap
once at the interface using a linear dispersion connection band
(called Dirac cone) between the valence band top and conduc-
tion band bottom. Here, notice that a NI is not limited to solids
or liquids; even vacuum or air could be a good candidate for a
NI. Therefore, the surface of a TI in vacuum or air is conductive.

Theoretical predictions*?¢ followed by experimental con-
firmations*”* have reported many chalcogenides as TTs.*° The
topological properties of Group V-VI type chalcogenides are
tightly protected by both time reversal and spatial inversion
symmetry, where the compounds are not magnetic and the
crystal lattice has inversion symmetry. Among them, Bi,Se;,
Bi,Te;, and Sb,Te; are known as typical three-dimensional
(3D) TIs,>* which have a surface conductive mode where elec-
tron scattering is greatly suppressed. It is interesting to note
that these chalcogenides are composed of a five-atomic-layer
unit called a quintuple layer (QL). QLs are weakly bonded
by van der Waals forces through Te—Te bonds located at both
outsides of QLs; for example, in Sb,Te,, one QL is made of a
Te-Sb-Te-Sb-Te arranged layer (thickness = 1 nm). When
the number of QLs is less than three, the top and bottom surface
helical spin modes are coupled through the film thickness, losing
the topological surface state.?'*?

Issues on the application of topological states
to electronics devices

TIs have attracted much attention for future electronics device
applications and quantum computing, however, several tech-
nical issues must be overcome. The first is that topological
conductive channels only exist on the film surfaces (3D-TI) or
the edges (2D-TI). As the bottom surface of a T film contacts
a substrate or an electrode, only one surface is available for
passing a current in a 3D-TI film. The second is that since
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the conductive surface state is limited to a narrow thickness
near the surface, applications to a transistor configuration will
be challenging. The third is that TI films are usually obtained
by the cleavage of a small single crystal, which is fabricated
by chemical vapor deposition.?? This technology cannot be
easily transferred into a semiconductor production process.
Nevertheless, a variety of TI devices have been recently pro-
posed, including spin-control devices.** However, almost all
of the devices have only been operated at low temperatures
(<10 K), which is not consistent with theoretical suggestions
that T protected states by the time-reversal and spatial-inversion
symmetries are robust and can withstand thermal disturbances
even at room temperature.

iPCM as topological insulators

The switching film in an iPCM device is composed of a superlat-
tice of GeTe and Sb, Te, sublayers, which are alternately stacked.'®
As previously mentioned, Sb,Te, is a TI, whereas GeTe is a NI
with a narrow bandgap.** Thus, the superlattice has a repetitive
structure of (TI/NI),, where # is an integer. If the
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splits, which are the band states that appear when a high electric
field is applied to Au, for example.* This phase may be sensitive
to an external magnetic field. Ge-Sb-Te alloys do not generally
show a magnetic feature at room temperature, although a perfect
Ge,Sb,Te; crystal phase has been predicted to be a TT when a
strain is applied.**! When exchanging Ge and Te atom positions,
which is the original switching mechanism in an iPCM device,
the first and second phases show remarkably different band struc-
tures. It should be noted that the first phase has a Dirac cone at
the highest symmetry point even in the bulk state, whereas the
second phase has a bandgap. This means that an iPCM film can
function in principle for active device switching between a Dirac
semimetal and a bandgap insulator (ferroelectric insulator) by
controlling the external electric field strength.

Attempts to induce topological functionalities
from iPCM devices

Since the first demonstration of iPCM devices for suppres-
sion of the switching energy, the question of whether iPCM

sublayers of NI and TI are thick enough, the bot-
tom and top surface states of the adjacent TI-QLs E
cannot be hybridized.*' In this case, topological-
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that is, all the interfaces may become conductive < g ' % 1 re
channels as topologically protected states. 2T % Ge 1 .

Also, a topological conductive mode appears T AeEe GIB 00 Ep =
on the top and bottom surfaces in the superlat- nl] . ]
tice. Therefore, tuning each number of (TI/NI), ° - Q  sb re
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in an iPCM device enables control of the
topological states.*>* The stacking freedom
of iPCM films has the potential to overcome
the current passing through the channel issue
in TI devices mentioned previously. Another

Figure 3. Primitive cells of the [(GeTe),(Sb,Te;);] superlattice and the band-structure
difference. (a) High-resistive phase (called RESET-state) with spatial inversion symmetry
and (b) low-resistive ferroelectric phase (called SET-state) with broken symmetry. Note: E,
Fermi energy; M, I, and K are k-points in the reciprocal lattice.*®

advantage is that through the original memory

application, the superlattice fabrication method

has already been established using a sputtering Euo’ NI T g @ 1w ¢ o5 T~ inital (wio magnec fiod) '3
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ent phases—Te-Ge-Ge-Te, Ge-Te-Te-Ge, and 0.0
Ge-Te-Ge-Te in atomic arrangement along the

Voltage (V) Voltage (V)

GeTe[111] direction unit in an iPCM film. The
first and second phases satisfy the spatial inver-
sion symmetry, whereas the last phase breaks
it, which generates a ferroelectric phase.’*®
The symmetry differences are reflected in the
electronic band structures, as shown in Figure 3.
In the ferroelectric phase, spin degeneracies are
lifted, resulting in bands like such as Rashba

Figure 4. (a) Magnetoresistance under different magnetic field strengths of 0.8, 1.0, and
1.2 kOe, and (b) the associated resistance hysteresis in a typical interfacial phase-change
memory [(GeTe),/(Sb,Te,),]s device (see inset) at room temperature. Magnetoresistance
hysteresis occurs after the electric field (E) is turned off with a magnetic field (B) still present.
The black circles indicate the initial resistance (R) without an applied magnetic field, the
blue circles indicate resistance values with a magnetic field, the red circles indicate the first
R-V curve after removal of the magnetic field, and finally the black triangles correspond to
the second R-V cycle after the magnetic field was turned off. In each process, the initial
and terminated states were both RESET.® Note: V, voltage.
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structures is lifted, resulting in a response to an

[a] & & K [p] "™ Can ook | LI external electric field. It is thought that TAUM
Top € 8500 1 treatment increases the amount of the Ge-Te-
i:w:l:*;”:*;]‘ﬂ 8000 51318 Ge-Te phase in the mixture phase, although
e | start intermixing with Sb,Te; sublayers has been
—_ 5wl recently discussed..““‘" The results i.ntrodlllc.ed
s Scan direction here are only a portion of the magnetic exciting
€ as007 AR~ 2660 0 phenomena that have not been reported yet.
IA:: SeTefs(Sbate ] i | :‘,g . .
| 3500 | L= sl Prospects for topological iPCM
| S -06 -04 -02 00 02 04 06 devices
‘ Magnetic Field (T) The functionalities of spin storage and large mag-

netoresistance for iPCM devices are promising
as future memory devices beyond x-point phase-
change memories. Once the present Ge-Sb-Te
alloy film is replaced with a superlattice com-
posed of GeTe and Sb,Te, sublayers, the switch-

Figure 5. Resistance change at 300 K of [(GeTe),(Sb,Te;).]:» (L = 2). (@) (Top) Crosspoint
device structure and (bottom) transmission electron microscope image. (b) Resistance (R)
responses to external magnetic field after 4 h thermal annealing under a magnetic field
(TAUM) treatment with current pulses (/, +100 pA). Blue and orange lines show the current
flow directions from bottom to top, and from top to bottom electrodes (E), respectively.
Magnetic field (B) was scanned from 0.5 T to +0.5 T.** Note: STEM, scanning transmission
electron microscope; HAADF, high-angle annular dark field; SL, superlattice.

ing energy can be suppressed to lower than 5 or

350

devices have topological characteristics has been explored
both theoretically' and experimentally.*> Approaching a small
magnet during a SET and RESET endurance test, we noticed
that the SET voltage shifted from 0.8 V to more than 2.0 V,
as seen in Figure 4.°® This occurred only when the magnet
was close to the device. Such an extraordinary response to an
external magnetic field has not been observed or reported in
PC-RAM. This magnetic response was observed only when
the Ge-Sb-Te alloy film is replaced with a superlattice com-
posed of GeTe and Sb,Te, sublayers despite both having the
same bulk composition ratio. It was also found that the mag-
netoresistance exceeded more than two orders of magnitude
at room temperature.

Our group at AIST, Japan, has recently reported detailed
magnetic responses and the mechanism of iPCM, using cross-
point-type devices.” As previously discussed, the iPCM films
generally have three different structures in the GeTe sublayers:
Te-Ge-Ge-Te, Ge-Te-Te-Ge, and Ge-Te-Ge-Te (ferroelectric)
along the GeTe[111] direction, which is normal to the inter-
faces with Sb,Te; QLs. As the free energies for the formation
of the three structures are almost identical at the iPCM film
deposition temperature (~500 K), the devices usually include
a mixture of the three phases.*® In such a mixed state, iPCM
devices do not usually show a magnetic response. However,
once an iPCM device is exposed to a magnetic field accom-
panied by electric current pulse injections (repetitive electric
field) at high temperature (>470 K) and cooled down to room
temperature while holding the fields, the device generates a
large magnetoresistance response, as shown in Figure 5. The
thermal treatment under an applied magnetic field and elec-
tric current injections was named thermal annealing under a

10% of present PC-RAM devices. Furthermore,
adding two in-plane electrodes in an iPCM device, input and out-
put of spin information could be possible with the help of vertical
electric field control. That is, one iPCM unit may work as a spin-
flow-circuit equipped with a switching gate. Networking such
units using superlattice wires may work as a quantum computer.
Such a combination of PC-RAM and MRAM characteristics can
yield more functionalized devices, and the advent of such a
device should occur in the not-too-distant future.
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