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Potential two-dimensional (2D) van der Waals crystals with mechanical flexibility, transparency, and
low cost are viable material platforms for future nanodevices. Resistive switching behavior in 2D
layered Sb,Te; nanosheets is demonstrated. Nearly three orders of magnitude switch in sheet
resistance were realized for more than 20 cycles. The observed hysteretic behavior is due to the
change between crystalline and amorphous phases under a melt-quench-recrystallization mechanism.
More importantly, the energy required to amorphize the nanosheets decreases exponentially with
layer thickness reduction. It is expected that scaling to the ultimate two-dimensional limit in chalco-
genide nanosheet-based phase change devices may meet or even exceed the energy efficiency of neu-

robiological architectures. Published by AIP Publishing. https://doi.org/10.1063/1.5013099

Resistive switching in layered materials molybdenum
disulphide (MoS,) has been studied.! By passing current
through MoS,, Joule heating had caused a temperature rise in
the material to reach the low resistance phase. In 1968,
Ovshinsky reported that this effect could be reversed by rapid
heating and cooling under a melt-quench mechanism,” making
the material suitable for memory implementation. As the
extraction of atomic monolayers from layered bulk materials
was proved to be possible (with the isolation of graphene) in
2004, the exploration efforts on a large number of two-
dimensional (2D) materials, including Ti02,3 MoSz,3 WSz,3
and In,Se; (Ref. 4), have been actively pursued. What’s more,
the prototypes of logic switches,” radio-frequency (RF) transis-
tors,6 interconnects,7’8 solar cells,9 and various types of sen-
sors'®'? have all been reported on 2D materials. While a key
element in future electronic systems, non-volatile memory has
not yet been found to be composed exclusively of a single 2D
nanosheet.

Hereby, we demonstrate resistive switching behavior in
2D layered Sb,Te; nanosheets. Antimony (III) telluride
(Sb,Te3) is a layer-structured material with phase change prop-
erties suitable for applications in nonvolatile random access
memory.”> Due to crystalline-amorphous phase transitions
under a melt-quench-recrystallization mechanism, the hysteretic
behavior was observed and the on/off ratio in resistance was
nearly three orders of magnitude for over 20 cycles. More
importantly, we discovered that the energy required to amorph-
ize the nanosheets would decrease exponentially with layer
thickness reduction, indicating an extremely low power con-
sumption when the scaling phase changes layered materials to
the ultimate two-dimensional limit (In the Sb,Te; material
case, 1nm for 1 quintuple layer). The discovery of resistive
switching behavior in two-dimensional materials opens up the
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possibility of developing memory,'* logic," and synaptronics'®
with flexible manufacturing techniques and heterostructured
designs.3

Device fabrication began with a 300 mm (100) Si wafer,
which was oxidized on both sides to a depth of 100 nm. The
oxide on the back of the wafer was etched away with hydro-
fluoric acid. A single step of UV photolithography was per-
formed on the front side and developed before depositing a
nominal 5nm Ti/50nm Au layer followed by liftoff to pro-
duce 50 um x 50 um contact pads separated by interdigitated
electrodes. Where the nanosheets crossed the contacts and
were suspended over a channel without contamination at the
interface, an ohmic interface was formed (R2 >9.9). Sb,Te;
(Alfa Aesar, 99.999% purity) was sourced in the form of
6 mm lumps. The lumps were cleaved with a razor blade to
remove the outer surfaces which may have been contami-
nated with oxygen from the atmosphere. Next, nanosheets of
Sb,Te; were then extracted by micromechanical exfoliation
and transferred onto the substrate with embedded interdigi-
tated electrodes. It is noted that our group simultaneously
works on the bottom-up deposition process for Sb,Tes, try-
ing to realize memristors based on ultrathin Sb,Te; nano-
plates.'”'® Optical Microscopy (Olympus, BX60MF5) and
Scanning Electron Microscopy (SEM, FEI Dualbeam 600)
were employed to determine the locations where a nanosheet
crossed the raised contacts. The Scanning Electron
Microscopy (SEM) images and the corresponding Atomic
Force Microscopy (AFM) line-scans of several prepared
nanosheets are shown in Figs. 1(a)-1(f). Different sizes and
thicknesses of Sb,Te; crystals were obtained suspending
across the raised Ti/Au contacts. X-ray diffraction from an
ensemble of Sb,Te; nanosheets confirms that the crystal
structure of nanosheets is hexagonally symmetric in space
group RBm no. 166 with lattice constants a=b =4.26 A and
¢ =30.458 A as shown in Fig. S1."
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FIG. 1. (a)(c) Scanning electron
microscopy (SEM) images of the exfoli-
ated Sb,Te; nanosheets crossing two Ti/
Au metal contacts. (d)~f) AFM line-

scans, taken along the bottom electrical
contact and across the nanosheet, show
the physical thickness.
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The electrical measurements for the Sb,Te; Phase
Change Random Access Memory (PCRAM) devices were
performed in a cryogenic/vacuum probe station (Lakeshore,
CPX) with a semiconductor parameter analyzer (Agilent,
B1500A) mainframe. The resistance of the device is mea-
sured by sweeping voltage and measuring current, calculated
by initial I-V characteristics in Fig. 2(a). Initially, the nano-
sheets are in a crystalline phase that exhibits low electrical
resistance and ohmic behavior at the metal contacts.

To assess the energy required for a RESET switch, a sin-
gle pulse of 10ns pico- watt (pW) and 10ns edge time was
performed with the device in the low-resistance state (LRS).
The voltage during switching was measured in real time via
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FIG. 2. (a) Initial I-V data show the electrical resistance of the nanosheet
device in its initial LRS. (b) Device is subjected to a voltage pulsed with the
50ns width and 5 ns edge times. A switch to the HRS is observed for pulse
amplitudes greater than 6 V. (c) A high voltage I-V is performed to SET the
device to the LRS, in line with the early experiments done by Waterman
et al. A negative differential resistance is observed, indicating that the
device returns to the original crystalline phase. (d) A low voltage I-V sweep
confirms the return to the original crystalline phase. The small decrease in
resistance and the increase in linearity of the I-V sweep over that in (a) can
be attributed to contact annealing during pulsing.
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an oscilloscope. When ultra-short voltage pulses of arbitrary
polarity called RESET pulses are applied to the nanosheets,
a dramatic decrease in conductivity is observed as shown in
Fig. 2(b). Once in the high-resistance state, or HRS, the
application of direct current can return the device to its origi-
nal low-resistance state, or LRS, as shown in Fig. 2(c) by
way of the negative differential resistance.'® The application
of the direct crystalline phase is thermo-dynamically favor-
able, and the phase reached via pulsing is metastable. After
pulsing, the device was again measured with a low voltage
I-V sweep, as shown in Fig. 2(d). The resultant high current
indicates that the device has returned to a low resistance
state. Besides switch behavior, it is noticed that the resis-
tance is lower than the initial value [shown in Fig. 2(a)]. We
attributed it to the contact annealing during current pulsing.
To test whether the resistance switch is repeatable, we
conducted pulse testing and measurements for the Sb,Te;
devices, as shown in Fig. 3(a). Besides the semiconductor
analyzer, a B1530A module, an Agilent 3250A pulse genera-
tor unit, and an oscilloscope (Lecroy, WaveAce) were
equipped. Figures 3(b) and 3(c) illustrate R-V characteristics
of the nanosheet device under RESET pulses and SET
pulses, respectively. The RESET pulses have the 10 ns pulse
width and 10ns edge time, whereas the SET pulses have a
longer pulse width (100 us) and edge time (100 us). To eval-
uate the performance of nanosheet phase change memory,
the device is cycled through RESET and SET pulses for 20
times. The resistance switching ratio (RSR) is 813 £ 168,
nearly three orders of magnitude window between SET and
RESET temperatures, starting in the amorphous phase,
which is plotted in Fig. 3(e). Crystallization was observed
starting at 360K, and full crystallization indicated by a
return to the LRS is found at 380 K. Figure 3(f) shows the
device conductance under SET pulses of the increasing pulse
width. These electrical characterization studies strongly indi-
cate that resistance switching in these nanosheets is due to
the crystalline-amorphous phase change under a melt quench
mechanism. Sb,Te; exhibits an unusual bonding mechanism
favorable to glass formation. The amorphous state is reached
through the application of a fast and high-energy thermal
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FIG. 3. (a) Custom built pulse measurement equipment for pulse testing and
measurement of PCRAM devices. (b) R-V characteristics of the device
under RESET pulses and (c) SET pulses. RESET pulses have the 10 ns pulse
width and 10ns edge time. SET pulses have a longer pulse width (100 us)
and edge time (100 us). The insets of both (b) and (c) show the I-V data
from which the R-V data are extracted. (d) RESET-SET cycling of the
device. Repeated RESET-SET pulses were applied to the device to measure
the RSR and cycling stability of the devices. (e) Resistance as a function of
temperature starting in the amorphous phase. Crystallization was observed
starting at 360 K, and full crystallization indicated by a return to the LRS is
found at 380K. (f) Graph showing the conductance of a device with SET
pulses of the increasing pulse width. The minimum SET switching time
found to be between 1 and 10 us for the device.

pulse that briefly brings the material above the melting point,
as illustrated in Fig. 4. The application of thermal energy can
bring the material above the melting temperature. If the
material is cooled fast enough, it quenches it to an amor-
phous phase. The application of a lower-energy pulse results
in a temperature above the crystallization point but below
the melting point, bringing the material back to the thermo-
dynamically favorable crystalline phase.

Whether the material reaches the glassy phase through a
super-cooled liquid state,?’ or is driven to amorphization by
the movement of ions via electrical wind-force,?! is a matter
of debate in the literature. It is agreed, however, that during
the thermal pulsing, atoms in the material lose long-range
order. When the thermal pulse is turned off sufficiently fast,
the material quenches into a glassy amorphous state with
low optical reflectivity and high electrical resistivity. While
no external coolant is used to quench the material, the term
quench is ubiquitously used to describe this phenomenon in
phase change chalcogenides.>' > A longer, lower-energy
pulse which raises the temperature above the crystallization
point, but below the melting point, allows the material to
return to the thermodynamically favorable crystalline phase
with high reflectivity and low resistivity.**
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FIG. 4. Schematic diagrams showing the operating principal of the phase-
change material system under the melt-quench mechanism.

The current, power, and energy as functions of time dur-
ing the RESET switching data were also collected, as shown
in Figs. 5(a)-5(c). The SET switching time was extracted by
applying 2.5V pulses with the logarithmically increasing
pulse width and edge time. Current is extracted from the
pulse voltage and LRS of the device as shown on top. The
power is calculated from P=1IV. The peak power during
RESET switching is found to be ~2.4 x 10~2 W as shown in
the middle image. Energy is extracted from integral over
time of the power curve (the area under the power curve is
highlighted in blue). The energy of the RESET switch is
<3.4x 107" J as shown in the bottom image. Power dissi-
pation during switching is estimated by the simple equality
P= V2/R, where P is the power, V is the voltage, and R is
the resistance. Energy dissipation with error is calculated by
taking the integral over time

t 13
EiAE:lJ V2di+ M—VJ vdt,
R )y R Jo

where E is the energy, AE is the variation, and t is the time.
An estimation of the cell resistance value is necessary, as the
testing methodology required to measure current during a
nanosecond-time-domain voltage pulse has not been real-
ized. This estimation was performed by applying Ohm’s law
to a current-voltage sweep of the device in the LRS, provid-
ing an upper bound of the power requirement. This upper
bound estimation of power is valid as long as the cell
increases its resistance value during switching to the HRS.
With the energy consumption information for each
PCRAM device, we investigated the relationship between
energy consumption and active layer thickness, as illustrated
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in Figs. 5(d) and 5(e). As the thickness of the nanosheet is
scaled down to nanoscale dimensions, not only is the energy
reduced due to less material volume but also the melting
point, a critical factor in phase change memory operation, is
significantly reduced according to previous studies on 1-D
nanowires.”>?® The energy dissipation with respect to the
nanosheet thickness is found to have an exponential relation-
ship. While the relationship is found to be approximately lin-
ear on a log-log scale, it is not assumed that this represents a
power-law relationship, as many possible distributions are
linear on such a scale.?” The reduction in energy dissipation
with the thickness represents a practical advantage over con-
ventional thin-film phase change memory in terms of energy
efficiency and device scalability. The exponential trend
should continue with further dimensional scaling, but the
ultimate scaling limit for the antimony telluride phase-
change material in the direction parallel to the crystallo-
graphic c-axis is one quintuple layer (~1nm thick or
one-third of the traditional unit cell). Previous solutions for
scaling phase change memory include using a nanowire
based phase-change memory,®® self-aligned nanotubes as
electrical contacts,29’30 and confinement within a nanotube.>!
While the performance metrics of 2D chalcogenide nano-
sheet phase change memory presented here are anticipated to
fall between that of the thin-film “mushroom cap” and the
more exotic 1D structures, employing a 2D nanosheet may
prove to be the most practical path towards ultimately scal-
able phase-change systems, as the “super-thin-film” could be
grown via viable material processes such as chemical vapor
deposition or atomic layer deposition. Top-down approaches
may be utilized to confine the lateral dimensions of the nano-
sheets, leading to the realization of 2D material-based phase
change device arrays for a range of applications including
high-capacity data storage and artificial neural networks.

To summarize, we have demonstrated resistive switching
behavior in 2D layered Sb,Te; nanosheets. The observed
repeatable HRS-LRS switching under externally applied electri-
cal pulses is due to the structural transition between crystalline
and amorphous phases under a melt-quench-recrystallization
mechanism. The energy required to amorphize the nanosheets

is observed to decrease exponentially with the reduced physical
layer thickness, indicating the potential benefit in ultra-scaled
phase-change material systems. Pushing to the two-dimensional
limit in chalcogenide phase-change devices could lead to the
implementation of those basic building elements for the next-
generation computing systems, including non-volatile memo-
ries and programmable logic and neurobiological devices with
very high energy-efficiency.

See supplementary material for the figure showing the
indexed X-ray diffraction spectrum of an ensemble of
Sb,Te; nanosheets exfoliated on a silicon surface.
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