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Chalcogenides undergoing crystallinamorphous (order (a)
disorder) phase transitions exhibit distinct resistance states that can
be reversibly switched by temperature or electric fieltl These
“phase-change” compounds are the material bases for nonvolatile
optical memory, such as CD and DVand they are now being
actively investigated as a medium for universal solid-state memory
that may replace dynamic and flash random access menfories.
Despite their widespread use, however, the exact mechanism of
their respective phase changes is still under delvamoreover,
the evolution of the phase-change properties as a function of
material size has not been fully explored.

Over the past decades, the chemical methods to prepare various
nanostructures have advanced considerably. Although early syn-
thesis efforts were directed mostly toward nanocrystal quantum (b) (202)
dot$~8 and 1V, IlI-V semiconductor nanowires (NW$}° new
methods to prepare metal oxide!” and chalcogenid&°NWs have
also begun to emerge. The preparation and characterization of
nanoscale phase-change materials should provide valuable informa-
tion on the size scaling of the phase-switching properties and may
also provide insight into the mechanism that cannot be gleaned
from experiments on bulk materials.

Here we report the synthesis of single-crystalline germanium (021) (220) (008)
telluride (GeTe) NWs and nanohelices (NHs) with reproducible (003) (024) |I l (042)
phase-switching properties. Bulk GeTe has long served as a \“M_.U.J

prototype for phase-change materials as a result of its simple T T T T

Intensity (Arb. Unit)

composition and structuf&-22 Crystalline (amorphous) GeTe is a 20 30 40 50

semiconductor with a band gap of0.1 (0.8) eV, with a room- 20 (degree)

temperature resistivity of- 107 (10%) €-cm?? Amorphous GeTe o 1 (a) SEM image of GeTe NWs and NHs, as grown on a,Sio

can be obtained by cooling molten GeTe rapidiyl0* K s~%)3 substrate and (b) XRD pattern of the reaction product.

and can be converted back to the crystalline phase by heating it

above the glass transition temperatlige~ 145 °C. that the average diameter of GeTe NWs is#6830 nm with lengths
The synthesis of GeTe NWs and NHs was achieved by a vapor reaching up to 5@m. Typical GeTe NHs have an average helix

transport method, assisted by metal nanoparticle cataf&tBulk diameter of 135+ 30 nm, with widely varying pitch (Figures S2

GeTe (99.99%, Sigma-Aldrich) was evaporated at the center of aand S3 in Supporting Information).
horizontal tube furnace, and the reaction product was collected The structures of the GeTe NWs and NHs were examined using
downstream on a SiOsubstrate covered with colloidal Au  X-ray diffraction (XRD) and transmission electron microscopy
nanoparticles{5—10 nm in diameters). Optimum source temper- (TEM). Figure 1b shows a representative XRD pattern of an as-
ature ), pressureR), time (), and Ar carrier gas flow ratek{ow) synthesized sample and demonstrates unambiguously that NWs and
for the growth of NWs and NHs wergé = 400°C, P = 10 Torr, NHs exhibit the low-temperature, rhombohedral form of GeTe
t =8 h, andkqow = 140 sccm. The reactions at lower temperatures (JCPDS file 47-1079). The TEM images shown in Figure 2 also
(T = ~200-300°C) yielded Te NWs, whereas high-temperature confirm the single-crystallinity of NWs and NHs. Selected area
reactions T > 500 °C) yielded thicker GeTe NWs mixed with  electron diffraction (SAED) patterns from individual NWs and NHs
crystalline chunks. The NWs and NHs composed of GeTe were indicate that a majority of NWs grow along the [220] direction
obtained only in the presence of Au nanoparticles. (~20% of NWs also grow along the [003] and [202] direction),
Figure 1a shows a representative scanning electron microscopywhile the helical axes of NHs always coincide with the [202]
(SEM) image of as-grown products and confirms that the reaction direction. The SAED patterns did not change when the electron-
produces predominantly NWs and NHs. Energy-dispersive X-ray beam spot was moved along NW and NH lengths, indicating that
spectrometry (EDS) analyses show that Ge and Te are present in ahey are single crystals.
1:1 ratio in these structures (Figure S1 in Supporting Information).  The fact that the Au nanoparticles are necessary for the synthesis
Images of the reaction products from multiple reaction runs show suggests that GeTe NWs and NHs are produced via metal-catalyzed
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Figure 2. (a) TEM image of a GeTe NW. Upper inset: SAED pattern
indexed for rhombohedral GeTe. Lower inset: High-resolution TEM image.
(b) TEM image of a GeTe NH. Insets: SAED patterns obtained at two
different locations. (c)—V characteristics of a crystalline (upper gray)/
amorphous (lower black) GeTe NW device. Amorphous NWs spontaneously
convert to a crystalline form wheX exceedsVy. (d) Conductance of a
NW device upon application of amorphization (AP) and crystallization (CP)
voltage pulses. In APY = 4 V andzam = 500 ns, while in CPY =1V
andreyst = 10 ms.

vapor-liquid—solid growth!23 Indeed, the TEM investigations
indicate that some NWs and NHs have GeTe/Au alloy nanopatrticles

attached at the ends, providing evidence for this mechanism (Figure

S4 in Supporting Information). The growth of NHs with variable
pitch is difficult to understand based simply on the structure of the
underlying GeTe lattice. One possible explanation may be the
different growth speeds for opposite NH surfaces at the metal
GeTe interfaced! but the exact mechanism needs further elucida-
tion.

The phase-change characteristics of individual GeTe NWs were
investigated by measuring the curreht{ voltage ¥) character-
istics of a NW device. The devices were fabricated by transferring
NWs to a SiQ-covered Si substrate either mechanically or via drop
casting after sonication in isopropyl alcohol. Nickel contacts were

then defined by standard electron-beam lithography. The completed

devices were covered with40-nm thick SiQ to prevent oxidation
and evaporation of GeTe. The inset to Figure 2c shows a SEM
image of a typical device.

The typical resistivity of the single-crystalline GeTe NWs was
~1074 Q-cm at room temperature, and it increased with increasing
temperature, consistent with the metallic behavior of bulk G&Te.
These metallic GeTe NWs could be amorphized by melting and
cooling them rapidly via a short voltage pulse, as shown in Figure
2c,d# Specifically, when the voltage pulse with a magnitude of 4
V and temporal widthr,, of ~100—-500 ns was applied, the
resistance suddenly increased by a factor-@f*—107, signaling
the occurrence of a crystalline-to-amorphous transition. After

switching, the device remained in the high resistance state as long (19)

asV was kept below 0.5 V. Importantly, four-probe measurements

The reverse, amorphous-to-crystalline transition could be induced
reproducibly either by thermal annealing abdyeunder inert gas
or by voltage-induced Joule heatit@he voltage-induced change
is particularly important as it is a prerequisite for realizing purely
electrical nonvolatile memory devices. As shown in Figure 2c, when
V above a thresholdW,: typically ranging from 0.5 to 2 V) was
applied to the amorphous NW device fors exceeding 1 ms, the
resistance of the device dropped sharply by up to 7 orders of
magnitude. After switching, the device remained highly conductive,
even when the voltage was reduced to zero. The amorphization
crystallization cycle could be repeated multiple times in the same
device, as clearly demonstrated in Figure 2d. In the recrystallization
step, lowV and longr.ys; allowed the slow heating and cooling of
GeTe and thus ensured that NWs have time to recrystallize
properly?? It was also found that the values\df, andzc,s generally
increased withz,y,, corroborating the correlation between the
amorphous domain size and thg.

Single-crystalline GeTe NWs and NHs reported here may provide
a convenient and promising material for future nonvolatile memory
technology. Moreover, the reversible, nonvolatile resistance switch-
ing of GeTe NWs should allow the fundamental investigation of
the size scaling of the phase-change characteristics as well as the
detailed study of the phase-change mechanism.
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