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A chemical route to synthesize single-crystalline Ge;Sb,Te, (GST-
124) hexagonal nanoplatelets is reported, showing the first exam-
ple of obtaining colloidal GeSbTe nanoalloys in solution phase.

Ternary alloys of chalcogenide nanomaterials have stimulated
considerable interest due to their unique electrical, optical,
and phase-change properties. Multiple dimensional nano-
structured chalcogenides, such as AgInS,, CulnSe,, and
GeSbTe, have been synthesized in vapor or solution phase via
arrested precipitation, VLS growth, and template growth
etc."”® These nanomaterials have been used as building blocks
for a variety of applications, including photovoltaic devices,”®
light-emitting diodes,’ energy storage devices,'® fluorescence
biological imaging,"' phase-change memories,"”> and
thermoelectrics."

Colloid synthesis in solution phase has the advantages of
producing nanomaterials with various shapes and composi-
tions and large production output. However, ternary GeSbTe
(GST) types of nanostructures are yet to be synthesized in so-
lution. The reported material related to the GST system is bi-
nary GeTe. For example, GeTe nanomaterials of various
shapes, such as faceted octahedral single crystalline, cube-
shaped, size-tunable and amorphous structures, were
synthesized."*"® Therefore, how to synthesize ternary compo-
sitions of colloid GST nanomaterials remains a challenging
issue to overcome.

Herein, we report the GST-124 hexagonal nanoplate syn-
thesis, which represents the first example of ternary GST
nanoalloys in the solution route. GST-124 nanoplates were
synthesized using a Schlenk line system under an argon
stream. Gel,, SbCl; (or Sb(OAc);) and Te were dissolved sepa-
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rately in portions of the organic solution (OLA/OA/TOP/
HMDS). Sb precursors, including SbCl; or Sb(OAc);, were
added to induce the formation of ternary GST nanoplates.
Each precursor solution was injected sequentially into OLA
preheated to 130 °C (see the ESIT for experimental details).
The reaction temperature was then increased to 320 °C at the
rate of 2 °C per minute, and the solution was aged for 4 h to
form the GST-124 nanoplates.

Fig. 1a shows the XRD patterns of the GST-124 nanoplates
using SbCl; as the precursor during the synthesis. All the
detected peaks in the XRD patterns are indexed as those from
the rhombohedral GST-124 crystals [(R3m)(166) space group]
with hexagonal cells (Fig. 3b) and lattice constants a, = 0.427
nm and ¢ = 4.06 nm (Fig. 1b), which are in agreement with
those of the high-temperature phase (230 °C, hexagonal phase)
at different annealing temperatures of the GST-124 film.>°

Fig. 2a shows the SEM image of the GST-124 nanoplates
using SbCl; as the precursor during the synthesis. The aniso-
tropic growth phenomenon of the GST-124 nanoplates is
likely ascribed to the presence of surfactants, including OLA,
OA, and TOP capped on the surface of the nuclei, leading to
the difference in surface energy; it may have also resulted
from the crystal nucleation and growth mechanism as
reported in other synthetic approaches, such as PVD,*!
MOCVD,**** and bulk annealing.** Although GST-124
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Fig. 1 (a) XRD analysis of the GST-124 nanoplates; the expected spec-
trum of the GST-124 stable phase is also shown (red line). (b) Simulated
rhombohedral structure of GST-124.
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Fig. 2 (a and b) SEM images of as-prepared nanoplates using SbCls as
the Sb source. (c-g) Single GST-124 nanoplates. (h) Diagonal length
and thickness distribution histogram of the nanoplates. (i) Schematic
diagram of a single GST-124 nanoplate defining the diagonal length
and thickness. Scale bar in (c-g), 100 nm.
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Fig. 3 (a) TEM image of a group of GST-124 nanoplates. (b—f) HR-TEM im-
ages at different positions of a single GST-124 nanoplate. Insets of (c-e): the
corresponding FFT patterns of the HRTEM images with a zone axis of [772].

nanoplates tend to aggregate with themselves, the nanoplates
can be segregated by spin-coating (Fig. 2c-g). The statistical
results of the diagonal length and thickness distribution of
the GST-124 nanoplates measured from the SEM images are
458.4 + 57.4 nm and 49.4 + 8.0 nm, respectively (Fig. 2h). A
suitable precursor is important to form GST-124 nanoplates
of high quality. Although using Sb(OAc); as the precursor can
also obtain GST nanoalloys, the product shapes are irregular
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and more self-aggregated (Fig. S1, ESIt), which is probably
because the nucleation and growth are affected by the poor
solubility of Sb(OAc); in TOP.

To confirm the crystallographic and compositional proper-
ties of the GST-124 nanoplates, TEM and EDS investigations
were performed. The TEM image of a group of GST-124 nano-
plates is shown in Fig. 3a. The high resolution TEM (HRTEM)
image of a single nanoplate shows a clear fringe. Images of
different areas (Fig. 3c-f) inside a single GST-124 nanoplate
show clear single crystalline nature (Fig. 3b-e), and the corre-
sponding fast Fourier transform (FFT) patterns show the
same results. The measured d-spacing of 0.31 nm between
the adjacent lattice planes in Fig. 3d corresponds to the {107}
planes and the measured d-spacing of 0.21 nm in Fig. 3e cor-
responds to the {110} planes. All chemical compositions are
homogeneous throughout the GST-124 nanoplates as re-
vealed by elemental mapping (Fig. 4). EDS quantitative analy-
sis of different selected nanoplates confirmed that the com-
position is Ge; ¢Sb,,Te; s (Table S1 and Fig. S2, ESI}),
showing that these GST nanoplates are slightly Sb rich and
Te poor.

To measure the electrical properties of the GST-124 nano-
plates, a SiN,, membrane device was assembled. A single GST-
124 nanoplate with a diagonal length of around 500 nm was
spin-coated onto a SiN, substrate and then was connected to
a FIB-deposited platinum (Pt) line. A SiO, layer was deposited
to prevent oxidation (Fig. 5a). FIB was used to accurately de-
posit Pt at a specified position, especially for such a small
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Fig. 4 (a-d) Elemental mapping images of a GST-124 nanoplate using
EDS show that Ge, Sb, and Te elemental signals are overlaid (red for
Ge, blue for Sb, and green for Te). (e) EDS spectrum of a single GST-
124 nanoplate.
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Fig. 5 (a) SEM image of a SiN, membrane device. (b) Magnified SEM
image of a single GST-124 nanoplate device connected to a FIB-
deposited Pt line. (c) DC (I-V) sweep of a GST-124 nanoplate.
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nanoscale device. A low intensity of the ion-beam was used to
connect the GST-124 nanoplate to the Pt line (Fig. 5a).

The diagonal lengths of three GST-124 nanoplates in SiNx
membrane devices are 449, 542 and 502 nm (Fig. 5a and S3,
ESIT), respectively. Eight DC (I-V) sweeps of different GST-
124 nanoplates (Fig. 5¢ and S3 and S41) show ohmic behavior
with two-point probe resistance values in the same order of
magnitude from 26 to 49 kohm, which indicates the crystal-
line state. However, crystalline GST compounds, especially
for those having single phases along the pseudo-binary line,
have a resistivity of about 1 mohm cm in hexagonal phase.
The corresponding resistance is expected to be a few hundred
ohms based on the value of 350 ohms computed from the ap-
proximate calculation of the electrical resistance for the crys-
tal size as reported here (see Fig. S51 for more details). This
inconsistency in excessive resistance is probably attributed to
the contact resistance induced by the two-point probe
method as previously reported by Meister et al.>

In conclusion, a solution route to synthesize colloidal
GST-124 nanoalloys is reported, showing the first example of
ternary PCM colloid nanomaterial synthesis in solution
phase. The GST-124 nanoplates have uniform diagonal sizes,
thicknesses, and compositions and are single crystalline with
low electrical resistance, which may serve as new building
block materials for nanoscale devices. Other ternary or even
quaternary PCM nanomaterials might also be synthesized in
solution, thus advancing the development of colloid mate-
rials chemistry.
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