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Low-Temperature Synthesis of GeTe Nanoparticles

-

— Marek Bouska,” Yaraslava Milasheuskaya,” Miroslav Slouf,"” Petr Knotek,®

Stanislav Pechev,'™ Lubomir Prokes ' Lukas Pecinka, Josef Havel, Miroslav Novak,™

Roman Jambor,”™ and Petr Némec*®

Nanoparticles can offer an alternative approach to fabricate
phase-change materials. The chemical synthesis of GeTe nano-
particles using organometallic precursors exploits high-boiling
solvents and relatively high temperatures (close or even above
crystallization temperatures), as reported in the available
literature. The aim of this work is the preparation of GeTe
nanoparticles by a low-temperature synthetic method exploit-
ing new organometallic precursors and common organic
solvents. Indeed, different preparation methods and character-
ization of GeTe nanoparticles is discussed. The characterization
of the prepared nanomaterial was performed on the basis of X-

Introduction

Binary and ternary metal and semimetal chalcogenides have
received increasing interest over the last decades. These
materials are found in applications such as energy devices, fuel
and solar cells, light-emitting diodes, Li-ion batteries, and
thermoelectric devices. In case of thermoelectrics, GeTe-based
materials are heavily studied to enhance their figure-of-merit
and other properties. In detail, in comparison with typical
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ray diffraction, transmission electron microscopy, scanning
electron microscopy with energy dispersive X-ray spectroscopy,
laser ablation time-of-flight mass spectrometry, Raman scatter-
ing spectroscopy, and dynamic light scattering. The results
show that the low-temperature synthetic route leads to
amorphous GeTe nanoparticles. Exploited organometallic pre-
cursor is stabilised by neutral ligand which can be isolated after
the reaction and repeatedly used for further reactions.
Furthermore, GeTe nanoparticle size can be tuned by the
conditions of the synthesis.

thermoelectric material such as Bi,Te;, GeTe-based thermo-
electrics present high figure-of-merit >2.0 and an energy
conversion efficiency beyond 109%."

GeTe-based materials exist in different forms: bulk materials
(including single crystals), thin films, fibers, and nanoparticles
(NPs). Bulk GeTe-based materials can be prepared by different
methods such as solid-state reaction, melting spinning, ball
milling mechanical alloying, Bridgman-Stockbarger single crys-
tal growth, hot extrusion, etc Chalcogenide-based thin films
which are important for a number of applications including
phase change memories, optical sensing, nonlinear optical
applications etc. are fabricated using deposition methods such
as pulsed laser deposition,”? sputtering,”’ metal organic chem-
ical vapour deposition,” hot wire chemical vapour deposition®
or atomic layer deposition.” Furthermore, step index and
photonic crystal fibers, transparent from visible region up to the
mid-infrared and presenting large nonlinear refractive index,
can be made from chalcogenide glasses.” It is worthy to note
that the ternary Ge—Sb—Te materials became famous because
of Ovshinsky’s discovery as new class of materials that are
capable of quickly and reversibly transforming between
amorphous and crystalline phases.” These reversible phase
transitions can be induced by the electric field or light and have
become the basis for optical recording applications.” Later on,
a quick and reversible phase transition was also observed for
binary GeTe itself as reviewed recently.” However, all men-
tioned techniques require sophisticated fabrication equipment.
In addition to bulk, fiber or thin film forms of GeTe-based
materials, they can also be prepared in the form of NPs through
a solution process.'” Thus, the synthesis of well-defined GeTe
NPs either in the amorphous or in the crystalline form seems to
be rather important, especially when the presence of NPs with
various diameters gives the possibility of controlling the
dimensions of nanostructures of tellurium-based materials."”

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Most of the solution synthetic routes are realized at
relatively high temperatures and strongly depend on the
reaction conditions. For example, the reaction of R;PTe (R is
octyl) with Gel, at 180°C provided rhombohedral GeTe
microcrystals,"® but similar starting materials provided amor-
phous GeTe NPs in the presence of R;P, R;PO, and dodeca-
nethiol at 250°C."™ The reaction of R;PTe with Ge[N(SiMes),],
strongly depends on the temperature: amorphous GeTe NPs
could be prepared at 170°C, while the temperature of 250°C
provided rhombohedral GeTe NPs."™ Finally, amorphous GeTe
NPs were prepared from GeCl,dioxane and Te(SiEty), at
150°C.I"¥ Therefore, all above mentioned syntheses have to be
carried out in high-boiling solvents such as dodecanethiol,
hexadecylamine, octadecene or oleylamine."*"® Moreover, all
these approaches proceed close to the crystallization temper-
atures of bulk GeTe (Tc=180°C)"¥ or sputtered films of GeTe
(Tc=170°C)."" However, Caldwell etal. reported that the
crystallization temperatures for the GeTe NPs depends on the
size and observed crystallization temperature of 350 and 400°C
for 2.6 and 1.8 nm GeTe NPs, respectively."

Based on above-mentioned facts, the aim of this work was
to prepare the GeTe NPs at temperatures significantly below
the crystallization temperature in the common organic solvents.
Such low-temperature solution-based synthetic routes could be
an appropriate alternative low-cost method for generating
dimensionally controlled GeTe nanomaterial. Indeed, in the
present paper we report on the low-temperature synthesis of
GeTe NPs using the organometallic precursor, tetrahydrofuran
(THF) as solvent, and we discuss the influence of the temper-
ature on the size of GeTe material. Finally, the GeTe NPs were
characterised by X-ray diffraction, transmission electron micro-
scopy, high-resolution scanning electron microscopy, scanning
electron microscopy with energy dispersive X-ray spectroscopy,
laser ablation time-of-flight mass spectrometry, Raman scatter-
ing spectroscopy, and dynamic light scattering.

Experimental sections

NMR spectroscopy. The NMR spectra for 'H, *C{'H}, and *'P{'H} were
obtained using a Bruker Avance 500 NMR spectrometer. Internal
referencing based on residual protio-solvent signals was used for
the 'H and "*C{'H} spectra. External referencing with H;PO, (85 %)
was utilized for the 3'P{"H} NMR spectra.

X-ray diffraction analysis. X-ray Diffraction experiment was per-
formed on a Malvern Panalytical X'Pert Pro MPD diffractometer,
using Co radiation in reflection mode. Powder sample was with-
drawn from its closed Ar-protected container, then put on a
corundum diffractometer sample holder. 48 minutes diffraction
pattern was collected within the 15° <26 <80° range.

Transmission electron microscopy (TEM). A small volume (2 pL) of the
nanoparticles was dispersed in ethanol and dropped onto the
standard TEM copper grid covered with electron transparent
carbon film. After 2 min the excess of the solution was removed by
touching the bottom of the grid by a thin strip of filtration paper in
order to avoid oversaturation and nanoprecipitation during the
drying process, then the specimens were left to dry completely,
and after drying they were transferred to a TEM microscope (Tecnai
G2 Spirit Twin 12; FEI company, Czech Republic) and observed at
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accelerating voltage of 120 kV. Standard bright field imaging (TEM/
BF) was applied to observe the morphology of the particles,
energy-dispersive analysis of X-rays (TEM/EDX) yielded the elemen-
tal composition, and selected area electron diffraction (TEM/SAED)
was used to verify the crystalline structures. The experimental
electron diffraction patterns were transformed to 1D-diffractograms
(by means of ProcessDiffraction”®) and compared with theoretical
X-ray diffraction patterns (calculated with freeware Python package
EDIFF) of the expected crystalline structures of GeTe (the three
known GeTe crystalline modifications — rhombic o-GeTe, cubic B-
GeTe, and orthorhombic y-GeTe™ - were obtained from Crystallog-
raphy Open Database®").

Scanning electron microscopy (SEM) with energy-dispersive X-ray
(EDX) spectroscopy. SEM EDX was performed on TESCAN, VEGA 3,
EasyProbe, Brno, Czech Republic. Standard uncertainties of the EDX
measurements were =+2 at.%. Typically, the EDX measurements
were performed at 3 spots per sample and averaged.

High-resolution scanning electron microscopy (HR-SEM). HR-SEM
image was obtained using a JSM-7500F (JEOL, Tokyo, Japan)
microscope with the accelerating voltage of 15 and 20 kV.

Raman scattering spectroscopy and dynamic light scattering. Raman
scattering spectra excited by a laser operating at the wavelength
A=785 nm were measured with a Dimension P2 (Lambda Solution,
USA). The Raman spectra were reduced according to the Gammon-
Shuker equation.”” The hydrodynamic size of the particles D,, was
analysed by the dynamic laser scattering DLS (90Plus/BI-MAS
Analyzer, Brookhaven Instruments Corp., USA) operated at 660 nm
with a light output of 35 mW. Dy values were measured for 30 s at
10 replications, and these data were statistically processed in the
form of a histogram. Experimental details of both methods and
sample preparation are given in Ref.?**"!

Laser ablation (LA) time-of-flight mass spectrometry (TOF MS). Mass
spectra were recorded on a MALDI-7090 mass spectrometer
(Shimadzu Kratos Analytical, UK) using an Nd-YAG laser (A=
355 nm). The laser energy was scaled in arbitrary units (a.u.) from 0
to 180. The irradiated spot size was 100 um in diameter. For
measurements with higher resolution AXIMA Resonance mass
spectrometer (Shimadzu Kratos Analytical, UK) hybrid quadrupole
ion-trap time-of-flight mass spectrometer was used. The instrument
was equipped with a nitrogen pulsed laser (A=337 nm). Mass
spectra were recorded in the 100-1500 m/z range. All measure-
ments were performed in both positive and negative reflectron ion
modes. External mass calibration in both ionization modes was
performed using clusters of red phosphorus giving an accuracy
better than +20 mDa. Computer modelling of the isotopic
envelopes using Launchpad software (Kompact version 2.9.3, 2011)
from Kratos Analytical Ltd. (Manchester, UK) was used to determine
stoichiometry of the detected clusters. For LA TOF mass spectrom-
etry, sample of GeTe was dispersed in 1 mL of THF. The suspension
in THF was sonicated for 5 min before deposition on the target. A
1 uL sample of a suspension was deposited on a stainless-steel
target and dried under an air stream at room temperature (RT). The
target was then introduced into a mass spectrometer, and the
measurements started once the pressure decreased below 107° Pa.
First, mass calibration was carried out using red phosphorus as the
standard (with mass error being less than +50 mDa for all
measurements) and each mass spectrum was then accumulated
from at least 10 shots using 500 profiles.

Chemicals. Te powder (30 mesh, purity 99.997%) was purchased
from Sigma-Aldrich (Steinheim, Germany). For comparison, GeTe
powder (purity 99.999%) was purchased from ThermoFisher
(Kandel, Germany). Red phosphorus was bought from Riedel
deHaén (Hannover, Germany), tetrahydrofuran and dichlorome-
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thane were purchased Sigma-Aldrich (Steinheim, Germany). All
solvents were dried using Pure Solv-Innovative Technology equip-
ment. Deuterated solvents such as CDCl; was purchased from
GenChem, heated with solvent-appropriate drying agents, distilled
under an argon atmosphere, degassed, and stored over molecular
sieves. Starting materials such as diisopropyl phosphine oxide,
Palladium(ll) acetate, 1,1-bis(diphenylphosphino)ferrocene, triethyl-
amine, Germanium(ll)  chloride  dioxane complex (1:1)
(GeCl,(dioxane)),, silver trifluoromethanesulfonate (AgOTf), lithium
triethyl borohydride (1 M solution in THF) were purchased from
Sigma Aldrich and used as received.

Results and Discussion
Synthesis of GeTe Nanoparticles

All air-sensitive and moist operations were performed under an
inert atmosphere using the standard Schlenk technique. The
N,N-chelating ligand L (L is {2-[(Me)C=N(C¢H;—2,6-iPr,)]-6-
[(iPrO),P=01C;H;NH™?¥ was used to stabilise the initial ionic Ge-
based complex [LGeCl]* [OTf]~ (1) (Scheme 1; more details are
given in SI).

Compound 1 is soluble in polar organic solvents such as
THF or CH,Cl,, but almost insoluble in toluene and hexane.
Compound 1 was characterised by NMR spectroscopy (com-
plete NMR details are shown in SI; for NMR spectra, see
Figures S1-S4 in SI). The *'P{"H} NMR spectrum of 1 revealed
singlet resonance at d 12.7 ppm, which is shifted downfield as
compared to the value found for the starting ligand L (6
7.2 ppm).”¥ This downfield shift is a clear proof of the P=0—Ge
interaction in 1. The presence of the OTf anion in 1 was
confirmed by the quartet signal in *C{'"H} NMR at 6 119.5 ppm
flanked with "J('°F, C)=319.4 Hz due to the presence of the
CF; group. Finally, the '"H NMR spectrum of 1 showed the
singlet resonance at 6 2.57 ppm of (CH;)C=N being shifted
downfield compared to the free ligand L (6 2.25 ppm). This
downfield shift proves the existence of the C=N—Ge interaction
in1.

Complex 1 was tested as a suitable precursor for further
synthesis of GeTe NPs. Therefore, the reaction of 1 with

CH,
NR
i) GeCl, dioxane. —NR ot HyC
ii) AGOTf —
N ®
> \ /) _ = N—-Ge R=
\
\ 7 "
i, _P=0 _
OPr |, OrPr/Fl’i HsC
' CHj,
L 1
#
C] NR
—NR [T —NR
— ® +Li,Te, THF — —
N—Ge | —————> N—-Ge |—> N +GeTe|
\ 7/ NI \ /7 \ \ /
Cll iy r.t. with sonification €|
—, i 0 —, P—
o © iih -70 *C o'Pr/'TI °© o, °©
O'pr o'Ppr P
1 [L->GeTe] L

Scheme 1. Preparation of GeTe NPs via the complex [LGeCI] ™ [OTf]™ (1).
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suspension Li,Te, prepared in situ, was tested (Scheme 1, for
details - SI). Li,Te was added dropwise via a cannula to the THF
solution of 1 at RT and stirred for 24 hours. The resulting
suspension was filtered and the solid material was washed with
THF. Subsequently, this solid was redispersed in THF, the
suspension was sonicated (FisherBrand FB15053H ultrasonic
bath, 560 W (Fisher Scientific, UK)) for 10 minutes and the
particle size of this solid material was characterised by dynamic
light scattering (DLS). The histogram of the hydrodynamic size
(Dy) was bimodal, formed from the signal of the primary
particles and further from their agglomerates. Primary GeTe
particles (D;=60 nm, Figure 1 - black curve) were agglomer-
ated to the highly populated particles GeTe with D;=700 nm,
i.e. the mean Dy increased to the 550 nm, similar to other
systems of metals'®**, oxides**® or layered perovskites®” in
the environment out of distilled water.”®

Therefore, the reaction conditions were modified and the
Li,Te suspension was added to the sonicated THF solution of 1
at RT. The reaction was subsequently sonicated for an addi-
tional 10 minutes. The short time of sonication was chosen
because it is well known that a longer time of sonication led to
the disappearance of nanoparticles and promoted re-
agglomeration.”®*#* Fyrther procedures were similar as de-
scribed in the previous case. The histogram of Dy, for solid GeTe
prepared by this method was again bimodal (Figure 1 - blue
curve), with maximums at 115 nm and agglomerates GeTe at
255 nm. Thus, sonication did not allow isolation of nano-GeTe
particles either. Finally, the influence of temperature was
investigated. Thus, the Li,Te suspension was added dropwise to
the THF solution of 1 at —50°C, the solution was stirred for an
additional 4 h at this temperature and warmed to RT. Further
procedures were similar as described previously. The histogram
of Dy for solid GeTe prepared by this low-temperature method
revealed that the hydrodynamic diameter of the primary
particles was 71 nm (Figure 1 - red curve).

We suppose that the reaction of 1 with Li,Te produced an
unstable complex [L—GeTe] that decomposes into the GeTe
material together with the free ligand L. However, the low
temperature slows down this decomposition and provides the
GeTe NPs. The presence of ligand L was always detected in the

1004
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Figure 1. Histograms of the hydrodynamic diameter for GeTe particles

redispersed in THF and sonicated for 10 min: synthesis at RT (black);
synthesis at RT together with ultrasonication (blue); synthesis at —50°C (red).
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reaction mixture after the addition of Li,Te. Additionally, after
the isolation of GeTe NPs, we were able to use the filtrated THF
solution containing the ligand L, for the synthesis of another
batch of 1 and GeTe NPs. This low-temperature procedure was
repeated three times, and prepared GeTe NPs were character-
ised by other techniques.

Characterisation of GeTe Nanoparticles

The prepared GeTe nanoparticles were further characterised by
TEM, SEM EDX, HR-SEM, Raman scattering spectroscopy, XRD,
and LA TOF mass spectrometry. At room temperature, the
powder XRD patterns exemplified in Figure 2 show two very
broad halos and no diffraction peaks, which demonstrates an
amorphous material.

TEM characterisation of the prepared GeTe nanoparticles is
summarised in Figure 3. Bright field imaging (TEM/BF; Figure 3a)
showed that the particles were isometric, rounded, without
sharp crystal facets, and of average size ca 20 nm. The

powder sample at 25°C E

1400

onal (PDF-04-001-7916)
R (PDF-04-006-2042) E|
oo | 1

1100

00 |

Intensity (arb. units)

s
2609

Figure 2. Room temperature powder X-ray diffraction (CoKa A= 1.790 A)
pattern of GeTe sample. Blue and red lines correspond to X-ray diffraction
pattern of low temperature hexagonal (rhombohedral) GeTe and high
temperature cubic GeTe phase, respectively. Data were used from the
database Powder Diffraction Fille PDF-4+-2023.

PXRD{a-GeTe)
PXRD(G-GeTe)

—— PXRD{y-GeTe)
SAED(C-film)

—— SAED(GeTe NP}

Intensity

o N & o

Figure 3. TEM analysis of GeTe nanoparticles: (a) TEM/BF - bright field image
showing the morphology of the nanoparticles, (b) TEM/SAED - 2D-electron
diffraction pattern, (c) comparison of experimentally determined 1D-electron
diffraction pattern (dark red line) with control sample containing only the
supporting carbon film (light red line) and d 1D-powder X-ray diffraction
patterns of a-GeTe (light grey), B-GeTe (medium grey), y-GeTe (dark grey
line), and (d) TEM/EDX - energy-dispersive analysis of X-rays showing
elemental composition of the nanoparticles.
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experimental electron diffraction pattern (TEM/SAED; Figure 3b)
did not display any sharp peaks, which documented that the
particles were amorphous. This observation was consistent with
the XRD results. Two of the three observed broad diffraction
maxima of the analysed GeTe nanoparticles roughly corre-
sponded to the amorphous carbon supporting film (compare
light red and dark red lines in Figure 3c). The highest diffraction
maximum of GeTe nanoparticles, observed at ~2 A, indicated
certain periodicity in otherwise amorphous material. The fact
that the observed particles were an amorphous form of GeTe
was confirmed by energy dispersive spectroscopy (Figure 3d).
The EDX spectrum was dominated by the strong peaks of Cu
and C (signal from the supporting carbon coated copper grid as
the nanoparticles were quite small) and peaks of Ge and Te
(confirmation of the NPs elemental composition). The peak of
oxygen (at E=0.52 keV) suggested a certain oxidation of the
nanoparticles. The peak of silicon could be attributed to the
fluorescence from Si-detector.?"

The SEM EDX results (shown in S| as Figure 5) suggested
that the composition (atomic percentages) of the resulting
nanoparticles is Ge,gTes, (+2 at.%). The distribution of elements
was clarified by the EDX results, which showed that the
germanium and tellurium elements were homogeneously
distributed in the whole sample. The samples were further
analysed by HR-SEM. The samples for this analysis were
prepared by the deposition of GeTe dispersion in THF on the
brass sample holder. After the evaporation of THF, samples
were coated with 15 nm of a gold conductive layer and SEM
scans were acquired at 15 kV of acceleration voltage. Two
different concentrations of GeTe in THF (5 mg/ml a 0.5 mg/ml)
were chosen to study the dependence of the concentration on
the size and formation of the agglomerates of the prepared
GeTe particles. This study showed that for a concentration of
5mg/ml, only GeTe agglomerates were formed (Figure 4A).
However, even in these agglomerates, particles can be found
with a size of approximately 136 nm (Figure 4A). However, a
decrease in concentration to 0.5 mg/ml led to the formation of
well-separated GeTe particles with a particle size of approx-
imately 155 nm (Figure 4B).

The Raman spectra (exemplified in Figure 5) for both
synthesised GeTe materials (synthesised at RT and —50°C) were
within experimental error identical, e.g. the temperature of the
synthesis effect mainly the size of the agglomerates, not the
local structure itself. The most intensive bands in the Raman
spectra are attributed to the vibrations in bending mode
(90 cm™": overlapping peaks assigned to the v,(F,) and v,(E)),
symmetric stretching modes (120 and 159 cm™": A, motion of
the corner and edge-sharing tetrahedra) and antisymmetric
stretching mode (221 cm™": v;(F,)) of the GeTe,_,Ge, tetrahedra,
Figure 452" The population of the different tetrahedra GeT-
e, .Te, was calculated in according to the Phillip's model2
for GeTe composition such as 6.25% GeTe, 25% GeTe;Ge,
37.5% GeTe,Ge,, 25% GeTeGe; and 6.25% GeGe,. The low
intensive band at 307 cm™' could be thus associated with the
presence of the Ge—Ge homopolar bond with the population
ca. 6-10% in the GeTe structure.®® The possible presence of the

-1

Te—Te stretching mode should be detectable at the 150 cm™,
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Figure 4. A) HR-SEM image of GeTe NPs (prepared from THF suspension,
5 mg/ml). B) HR-SEM image of GeTe NPs (prepared from THF suspension,
0.5 mg/ml).
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Figure 5. Raman spectrum of GeTe powder synthesised at —50°C.
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B4bl byt it is overlapped by the more intensive bands of A,
mode of the edge-sharing tetrahedra.

The Raman spectra are qualitatively comparable with the
spectra of the thin films of amorphous GeTe material prepared
by magnetron sputtering®?® or PLD techniques.”® When the
GeTe is in the form of nanowires® or in the form of thin film
prepared by CVD from organometallic precursors,*® the ratio of
signals representing edge/corner shared GeTe, tetrahedra
strongly decreases to about 1:5, which corresponds to the
structural preference of the corner-shared arrangement. In the
Raman spectra of the crystalline form of GeTe there is a
significant amplification and decrease in the bandwidth of the
signal at 90 cm '®%*<* due to the high Raman activity of the
rhombohedrally deformed rock-salt structure.

The LA TOF MS data of the synthesised GeTe material,
commercial Te, and commercial GeTe are shown in Figure 5. It
can be seen that ion clusters of binary GeTe were well detected
on the newly synthesised material. Only a binary cluster GeTe, "
was detected in commercial material, indicating the most stable
ion formed in the gas phase. In addition to Te,” clusters (n=1-
5), series of GeTe,” (n=2-4), GeTe,OH  (n=1-3), and
GeTe,O,H™ (n=1-4) clusters were detected in synthesised
materials. Several signals of contaminants from synthesis and/or
from solvents were observed, however they do not complicate
data evaluation (marked with asterisk in Figure 6).

Some new signals corresponding to Ge,Te,” were detected
when mass spectrometer equipped with quadrupole ion trap
(Axima Resonance) was used (Figure S6). The newly observed
signals of Ge,Te,” clusters were identified as those with the
number of Ge atoms: m=2-6 and number of Te atoms n=1-3.

Experimentally recorded mass spectra were compared with
theoretical ones. Comparison for m/z region 470-640 Da is
given as Figure S7. Identification shows clear agreement
between exact masses of given isotopes and the intensity ratio
of isotopes matches nicely with the theoretical ones.

Synthesis of Materials with GeTe NPs
The low-temperature synthetic method of GeTe NPs via the

decomposition of [L—GeTe] also allows the very efficient
combination of GeTe NPs with other substrates. We repeated

* Sample GeTe
* 1 ks
E * 3z S
SQ- . -9 & 2
@ 2 Te, > g © &
Te « o @ 5 & o Tes 2 ()
TR M Fgog™ © ¢}
R T U S| N .- .- ~
0‘7‘; Te, Te commercial
e 2,
5 2
T | g < Tes
g 100 il J ] lle .J...m e idlle e — —
g 3 GeTe commercial
2 s0 Te Xz .
N i ) -
g ool Ll ” Al
100 140 180 220 260 300 340 380 420 460 500 540 580 620

m/z

Figure 6. Comparison of the mass spectra of GeTe synthesised material,
commercial Te, and commercial GeTe in the 70-650 m/z region in the
negative ion mode. Asterisk (*) indicates m/z values corresponding to
contamination.
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the synthesis of GeTe NPs in THF at —50°C and in this solution
single wall carbon nanotubes (SWCNTs) in weight ratio GeTe:
SWCNT=1:1 and 5:1 were added. The reaction mixtures were
warmed at RT and the prepared material was characterised by
EDX and HR-SEM. EDX measurement confirmed the presence of
Ge and Te atoms in the samples. HR-SEM scans of the GeTe:
SWNCTs samples with two studied weight ratios showed a
different distribution of GeTe particles within the SWNCTs
matrix. The formulation with the weight ratio of GeTe:
SWCNTs=1:1 revealed the formation of only GeTe agglomer-
ates with nonuniform incorporation into the matrix of SWCNTs.
This led to the observation of GeTe-rich and GeTe-poor regions
(Figure 7A). On the contrary, a more homogeneous distribution
of GeTe agglomerates was found in samples with a weight ratio
of 5:1 (Figure 7B). It is worth noting that the GeTe agglomer-
ates in this sample are composed of particles with a size of
approximately 35 nm, therefore a clear influence of the
presence of SWCNTs on the size of the GeTe particles is found.

L e
ipm  JEOL
WD 7.8mm 095:41:19

X 22,000 15.0kV SEIL

X 80,000

20.0kV SEI

Figure 7. A) HR-SEM image of GeTe NPs with SWCNTs (prepared from THF
solution, weight ratio 1:1), B) HR-SEM image of GeTe NPs with SWCNTs
(prepared from THF solution, weight ratio 5:1).
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Conclusions

Amorphous GeTe nanoparticles were prepared by the original
low-temperature synthetic method employing a new organo-
metallic precursor stabilised by neutral ligand L which can be
isolated after the reaction and used for further reactions.
Modification of reaction conditions such as temperature,
sonication, or time led to preparation of different sizes of
nanoparticles, which were evaluated by DLS measurements.
The XRD patterns of GeTe nanoparticles confirmed that they are
of an amorphous nature. SEM EDX suggested that the
composition of the resulting nanoparticles is Ge,gTes, (+2 at.%).
HR-SEM of GeTe NPs showed homogeneity of the diameter of
the nanoparticles. TEM showed that the particles were
isometric, rounded, without sharp crystal facets, and averaged
~20 nm in size. The experimental electron diffraction pattern
did not display sharp peaks, which again documented that the
particles were amorphous. Raman scattering spectroscopy gave
insight into the local structure of the prepared nanoparticles.
LA TOF mass spectra of GeTe nanoparticles contain Te,” clusters
(n=1-5), GeTe,” (n=2-4) and Ge,Te,” (M=2-6, n=1-3)
species and some clusters contaminated by oxygen and hydro-
gen. In conclusion, a low-temperature synthetic method using
neutral ligands can be an effective route for the preparation of
chalcogenide-based materials in the form of amorphous nano-
particles. Finally, the easy low-temperature synthetic method of
GeTe NPs allows for a very efficient way to combine GeTe NPs
with different substrates. In future work, we plan to deposit
GeTe NPs in a form of thin films with the outlook of measure-
ment of their thermoelectric performance or other applications.
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