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ABSTRACT: Scaling information bits to ever smaller dimensions is a
dominant drive for information technology (IT). Nanostructured phase
change material emerges as a key player in the current green-IT endeavor
with low power consumption, functional modularity, and promising scalability.
In this work, we present the demonstration of microwave AC voltage induced
phase change phenomenon at ~3 GHz in single Sb,Te; nanowires. The
resistance change by a total of 6—7 orders of magnitude is evidenced by a
transition from the crystalline metallic to the amorphous semiconducting
phase, which is cross-examined by temperature dependent transport measure-
ment and high-resolution electron microscopy analysis. This discovery could
potentially tailor multistate information bit encoding and electrical
addressability along a single nanowire, rendering technology advancement for
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neuro-inspired computing devices.
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onvolatile memory cells with high read/write speed have

been the quest in the past decades for superior
performance in computing and communication electronics.'
Phase change materials (PCM) have evolved into the industrial
development stage when the traditional technologies deceler-
ate. PCM demonstrates a competitive read/write speed
compared to flash and embedded memories in solid state
drives.*"® With their high speed and remarkable cycling
endurance, PCM in nanostructured forms is considered as a
potential replacement for storage-class memory with excep-
tional computing performance and reduced power consump-
tion.

Ge,Sb,Tes has been extensively studied by slow passive
heating and annealing”’ to judiciously separate out the
amorphous, cubic, and hexagonal crystalline phases.”” In
comparison, the binary Sb,Te; compound has similar phase
change properties but a lower melting temperature'® than that
of Ge,Sb,Te;. This implies reduced power requirement for
information encoding and thus relieves the heating problem on
an integrated device chip. In addition, Sb,Te; attracts
increasing research interests due to the existence of linearly
dispersed surface states'' in the band structure, which could
bring new perspectives from quantum mechanics in future
device designs.

Conventional operation of phase change random access
memory (PCRAM) is based on the transition between the
crystalline and amorphous phases, which can yield several
orders of magnitude difference in the electrical resistance.”*"”
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In such a design, applying a direct current (DC) voltage pulse
in a single step to memory cells is the most common method
to switch memory states.”'” In our work, we present alternate
current (AC) voltage sweep measurements from radio
frequency to microwave range on Sb,Te; nanowires, which
reveal a systematic stepwise increase in DC resistance at ~3
GHz above a power threshold. The samples are cross-
investigated by transport measurements, as well as high-
resolution electron microscopy analysis on segments with and
without undergoing the AC voltage sweeps.

This unique phenomenon suggests that one can change the
resistance with an AC knob tuning frequency or adjusting
power level. This extra degree of freedom for memory state
switching can lead to innovative developments in PCRAM for
neuromorphic computation. It provides a futuristic technique
to control the amount of phase change in the material, which
can be utilized to obtain the optimum crystalline—amorphous
ratio in order to reach a targeted resistance as an intermediate
memory state. Consequently, such intermediate states pave the
way to a new frame of applications of multilevel storage with a
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Figure 1. (a) SEM image of a Sb,Te; NW on a Si/SiO, substrate, (b) and (c) illustrate the EDX color mappings of the respective Sb and Te
elements, (d) EDX spectra, and (e) XRD spectra of Sb,Te; nanowires. The peaks fit with the rhombohedral structure of Sb,Te; (PDF # 00-015-
0874). (f) TEM image, with lower right SAED inset showing the crystalline structure and upper left cross-section HRTEM inset displaying the

stacked quintuple layers (QL).

simple device, which is very difficult to achieve with the
traditional heating or application of voltage pulses.

Sb,Te; has a bulk band gap of 0.28 eV and simple surface
states consisting of a single Dirac cone in the band gap. The
pristine crystalline structure of Sb,Te; thin films and nanowires
is hexagonal, and the primitive cell is rhombohedral (R3m).
Our previous studies on the nanowires have revealed the single
crystalline structure with repeating quintuple layers of (Te—
Sb—Te—Sb—Te) with an interlayer distance of 0.309

m.'""*7" We have also in the past performed low-
temperature magnetoresistance measurements and angle
resolved photoemission spectroscopy on the nanowires
synthesized by the same setup as presented in this work.
The observed periodic Aharonov—Bohm type oscillations are
attributed to transport in topologically protected surface states
in the p-type Sb,Te; nanowires, with a Fermi level that situates
around 40 meV below the I'- point."'

The scanning electron microscope (SEM) image in Figure
la shows a single Sb,Te; nanowire on a Si/SiO, substrate.
Energy dispersive X-ray (EDX) spectroscopy mapping for Sb
and Te are displayed in Figure 1b,c, respectively. The
mappings of Sb and Te illustrate uniform elemental
distributions along the nanowire. From the EDX spectra in
Figure 1d, the atomic ratio of Sb:Te is calculated to be 2:3.
Powder X-ray diffraction (XRD) (Rigaku Ultima IV diffrac-
tometer) is carried out in §/26 mode with a scan speed of 4°/
min. The crystal structure is confirmed to be rhombohedral
(PDF # 00-015-0874), as shown in Figure le. A TEM image of
the top view of the nanowire is displayed in Figure 1f, showing
that the growth direction is along [1120]. The lower right inset
depicts the corresponding selected area electron diffraction
(SAED) pattern, verifying its single crystalline nature. The
upper left inset of Figure 1f is the cross-section TEM image of
a nanowire, manifesting the repeating quintuple layers (QL).

Three nanowire (NW) samples have been investigated at 77
K for microwave (MW) responses, with their results plotted
separately in Figure 2b—d, with Figure 2a depicting the circuit
diagram of one NW device on a Si/SiO, substrate. Clearly, the
common phenomenon for all three NWs is the increase in the
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electrical resistance sharply around 3 GHz, independent of the
geometry or material of the electrodes contacting the NWs.
NW1 with Nb electrodes at 1 ym apart has an initial resistance
of about 2800 Q. Its AC sweep measurement is plotted in
Figure 2b, indicating a resistance jump to 3350 Q at 3 GHz in
the first forward sweep from 10 MHz to 4 GHz. Similar results
are observed in NW2 (Figure 2c) and in NW3 (Figure 2d),
both fabricated with Ti/Au source and drain electrodes at 2
pum apart. It has been shown from the comparison of 2-probe
and 4-probe measurement that the contact between either Nb
or Ti/Au to the nanowire is of ohmic nature with negligible
contact resistance (data not shown).

NW2 sample was selected for subsequent continuous
backward and forward AC sweeps at a power level around
—30 dBm (1 pW) after the initial forward sweep displayed in
Figure 2e. For the first three sweeps shown (backward in black
line, forward in red line and backward in blue line), the
resistance starts to slightly increase between 2.8 and 3 GHz for
both forward and backward direction. Then at the subsequent
sweeps, the resistance change becomes much more pro-
nounced when the frequency reaches 3 GHz. The final sweep
spikes the resistance to a saturation level of 10 Q at 3 GHz, as
illustrated in the green line.

NW?2 was further investigated for the resistance change by
passive heating to verify that the resistance change originated
from a phase change and not due to other artifacts such as
oxidation or decomposition. The test results are shown in
Figure S1 in the Supporting Information. The reversibility of
high and low resistances in alternating short and long heating
steps verifies that the sample after AC sweeps had gone
through phase transition.

After the two samples (NW2 and NW3) reached the
saturation levels, the resistances were measured from 77 K to
room temperature. It was found that the resistances of both
samples first increased and peaked at ~100 K (as shown in
Figure 3a,b), then they decreased exponentially with increasing
temperature. Arrhenius semilog fittings of In R vs 1/(kgT)
(where R is the DC electrical resistance, kg is the Boltzmann
constant, and T is the temperature) between 110 and 300 K
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Figure 2. (a) SEM image of a contacted single Sb,Te; nanowire along with the measurement circuit diagram. (b)—(d) Electrical resistance
measurements at first forward AC voltage sweeps from 10 MHz to 4 GHz with 0.33 s DC integration time. Consistent increases occur at ~3 GHz
for all three NW samples. NW3 in (d) is plotted in logarithmic scale as the resistance rise at 3 GHz jumps out of the preset range of DC
measurement. (e) Subsequent continuous backward and forward AC voltage sweep results for NW2 at ~1 yW power level. The sweep directional

arrows of color correspond to the data plotted by the same color.

are plotted, as shown in the insets. The results reveal that the
transport is governed by thermal excitation conduction with
two distinct regions between 110—220 and 220—300 K, with
respective activation energy around 48 and 100 meV. These
values are close to the thermal activation energies attributed to
phonon-assisted hopping of small polarons, ie. localized
charges that are “self-trapped” within potential wells produced
by distorting the surrounding atoms.'® The exact transport
mechanism is by itself a fascinating topic, which requires
additional studies with Seebeck and Hall measurements. In
contrast to NW2 and NW3 samples, the pristine reference
sample NW4, which did not undertake microwave sweeps,
keeps a linear relation of resistance—temperature (R—T) with
R(Q) x 0.95 (Q/K)-T (K), as shown in Figure 3¢, manifesting
a metallic behavior as in the initial state with a typical
temperature coefficient estimated to be ~0.0014/K.

The next investigation was to find out whether one can
achieve segment-wise encoding along one nanowire sample,
i.e., to obtain different resistance states in desired segments of
one single wire. Four electrodes were fabricated across a long
nanowire over 10 yum (NWS, as shown in the inset of Figure
4a). The segment of NW between contacts 2 and 3 undertook
AC sweeps to get switched from the low-resistance to the high-
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resistance state, whereas the segment between electrodes 4 and
S was afloat, not connected to either the DC analyzer or the
MW power source. Figure 4a shows the AC sweeping results of
the segment between electrodes 2 and 3 at 77 K. The first
sweep at —26 dBm MW power, below the threshold power
level, did not induce a resistance change at 3 GHz, whereas the
second sweep at —24 dBm MW power increased the resistance
sharply at 3 GHz. After continuous forward and backward
sweeping at 77 K and —24 dBm, the NW reached and
saturated at a high-resistance state. Additional forward and
backward AC sweeps did not yield any further resistance
changes (see Figure S2 in the Supporting Information). The
R—T relation of this segment between electrodes 2 and 3 is
plotted in Figure 4b,c upon cooling and upon warming after
the AC sweeps, respectively. The linear relation during cool
down indicates that the initial low-resistance state has metallic
behavior, consistent with the reference NW4 sample shown in
Figure 3c. After the high-resistance state is reached, the
resistance decays exponentially with increasing temperature
(Figure 4c). The inset in Figure 4c shows the Arrhenius
semilog fitting, confirming the two ranges of thermal activation
transport as that of NWs 2 and 3. In Figure S3 of Supporting
Information, it shows that the segment between electrodes 4

https://dx.doi.org/10.1021/acs.nanolett.0c03421
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Figure 3. Temperature dependent resistance measurements during
warming up from 77 to 300 K: (a) NW2 (inset: corresponding
Arrhenius semilog plot with linear fittings, showing two regions of
thermal activated transport); (b) NW3 (inset: corresponding
Arrhenius correlation, confirming the two regions with respective
activation energy of ~48 and ~100 meV); (c) NW4 reference sample
with linear regression fit in red demonstrating metallic behavior.

and S in NW35 has maintained a linear R—T relation after the
AC sweeps on the other segment between electrodes 2 and 3.
These results demonstrate that the AC sweeps can change
locally the resistance of a single nanowire, which renders a blue
print of selective phase change based nanowire bit-train.
High-resolution TEM analysis on the two segments in NWS$
after AC sweep was performed to examine the microstructure,
as shown in Figure S. Figure Sa shows the SEM image of the
to-be-carved-out regions for cross-section TEM analysis, as
indicated by yellow and blue arrows. Figure Sb shows the
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Figure 4. (a) AC voltage sweep at 77 K across electrodes 2—3 of
NWS. Resistance starts to increase sharply at 3 GHz above a threshold
power of —24 dBm (red line). Inset: optical image of NWS with four
electrodes. (b) R—T plot at cool down for NW segment 2—3 before
AC sweeps, showing linear metallic conducting behavior. (¢) R—T
plot at warm up stage after MW switching to high-resistance state,
showing exponential drop in resistance with increasing temperature.
Inset: Arrhenius plot shows the two thermal activation regions,
consistent with the results from NW2 and NW3.

cross-section TEM image in the segment between contacts 2
and 3, which has been subject to AC sweeps. Panels d and f of
Figure 5 are the high-resolution TEM and FFT images with
hazy ring patterns, indicating that the region D is
predominantly amorphous, corresponding to the high-resist-
ance and semiconducting behavior. Region B shows the same
structural features, whereas regions A and C show a layered
structure, likely to be in transition to amorphous state (refer to
Figure S4 in Supporting Information). In contrast, Figure Sc
shows the cross-section TEM image of the segment between

https://dx.doi.org/10.1021/acs.nanolett.0c03421
Nano Lett. 2020, 20, 8668—8674
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Figure 5. TEM cross-sectional analysis of NWS$ after AC sweeps. (a) SEM image of NWS after AC sweep measurements. Yellow and blue arrows
indicate the segments selected for TEM cross-section imaging: between contacts 2 and 3 (underwent AC sweep) and between contacts 4 and §
(without AC sweep). (b) TEM cross-section image of a slice of NWS segment between contacts 2 and 3 covered by a Pt protective layer, with high-
resolution TEM and FFT analysis indicating an amorphous phase, as shown in (d) and (f). (c) TEM cross-section image of a slice of NWS segment
between contacts 4 and S covered by a Pt protective layer, with high-resolution TEM and FFT analysis indicating a polycrystalline phase, as shown

in (e) and (g).

contacts 4 and S, which has not been subject to AC sweeps.
Apart from the amorphous and layered structures respectively
shown in regions E and F, region G reveals a polycrystalline
structure with clear diffraction spots, as shown in the high-
resolution TEM image and FFT image (Figure Se,g). This
region contributes dominantly to the low-resistance and
metallic conduction behavior. Furthermore, the Sb and Te
elemental composition and stoichiometry are measured by
EDX in the center of NWS, and the detailed results are shown
in the Supporting Information. Both segments in NWS$ have
similar EDX spectra (Figure SS in Supporting Information)
and the atomic ratio of Sb:Te is confirmed to be 2:3 (Figure
S6), which reveals that the nanowire has minimal oxidation or
composition change from the AC sweep measurements.

In brief, what we have observed are reproducible sharp
increases in resistance at ~3 GHz as a result of AC sweeps on
single Sb,Te; nanowires. The low- to high-resistance switch by
6—7 orders of magnitude at ~77 K is accompanied by a change
of metallic to semiconducting conduction characteristic, and
correspondingly from crystalline to amorphous structure. At
first glance, one may deduce from this evidence that the MW
power at about 1 W may have induced a phase change within
the Sb,Te; nanowire, via dielectric heating, comparable to that
in the 2.45 GHz microwave oven since the dielectric constant
of Sb,Te; at 77 K is on the same order of magnitude as that of
water at room temperature.'’ Based on the heat capacity
equation from Pashinkin et al,'” a rough calculation of the
energy required for a 2.5 um long, 200 nm in radius NW
segment to be heated from 77 to 403 K (130 °C) is ~0.1 nJ.
Thus, the 1 yW (=30 dBm) AC voltage could easily provide
enough energy to heat up and amorphize the NW. Indeed,
such heating has even caused morphology changes shown in
NWS (Figure Sa). Nevertheless, this interpretation fails to
address the facts that the transition occurs only at ~3 GHz,
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and also the phase change is concentrated locally in a segment
within a wire. Furthermore, besides the resonant frequency at 3
GHz, a sufficient power level is necessary to induce a phase
change. The minimum AC microwave power required for
switching varies in samples from —24 to —30 dBm. This sharp
transition above a power threshold further suggests an
electronic transition from the low-resistance to the high-
resistance state. Moreover, as frequency varies, at a constant
power level above the threshold, the induced resistance jump
only occurs at the resonant frequency of 3 GHz. This
reinforces that the phase change is resonantly driven from an
electronic nature, manifesting a different mechanism from the
thermal induced phase transition.

Such sharp transitions at a resonant frequency and above a
power threshold signal that the mechanism is of an electronic
transition nature. Recent work on bonding calculations and
simulations™™** suggests that the transition from the low-
resistance to the high-resistance state in PCMs originates from
the change of chemical bonding. Wuttig et al. has proposed a
new state of matter for materials, such as Sb,Te;, Ge,Sb,Tes,
GeTe, etc., so-called “incipient metals”.””**** Their unique
metavalent bonding goes beyond the characteristic parameters
for conventional solid state bonding and possesses a bonding
mechanism between those of covalency and metallicity, but at
the same time, distinctly different from both. We believe that
the origin of the phase transition we have observed is induced
by the distortion in bonds under charge shuffling resonating at
3 GHz, such as in the metavalent bonds formed between Sb
and Te layers by Sp electrons. As a result, it leads to the
transition from delocalized to localized electron distribu-
tions,”*~*’ rendering self-trap potential wells,”** and exhibiting
thermally activated transport as shown in the conductance
measurements. In depth investigations are required to
elucidate the nature of the atomistic bonding mechanisms.

https://dx.doi.org/10.1021/acs.nanolett.0c03421
Nano Lett. 2020, 20, 8668—8674
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In summary, cross-examined by charge transport and
electron microscopy measurements, the reproducible resist-
ance jump observed at 3 GHz during AC voltage sweeps is
evidenced by a transition from crystalline metallic to
amorphous semiconducting phase with 6—7 orders of
magnitude difference in resistance. This is the first demon-
stration of microwave resonance induced phase change.

This new phenomenon of microwave AC voltage induced
amorphization of crystalline phase change material is of
fundamental interest for both experimentalists and theorists
to unravel the physical nature of the phase change, especially
from the perspective of bonding mechanisms. In addition, it is
also unknown what role the surface states play in the phase
change in the Sb,Te; nanowire, which is known to have
topological surface state conduction. On the other hand, this
discovery could bring technology innovation for neuromorphic
computing devices. Operation at room temperature is
promising on the basis of our preliminary test on a nanowire
sample, which shows similar results (please refer to Figure S7
in the Supporting Information). With AC frequency tuning
and power level control for amorphization, along with
conventional thermal or DC voltage pulse for recrystallization,
one can envision potential multibit information encoding along
a single nanowire, i.e., a phase change nanowire based bit train,
which could have significant impact for green-IT and neuro-
inspired computing devices.
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