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Ternary telluride nanocrystals have gained increasing interest as
materials for thermoelectric, optoelectronic, and phase-change
memory applications. Synthetic approaches for colloidal multi-
component tellurides however remain sparse. Here, we report a
convenient, amide-promoted synthesis for Ag—Sb—Te nanocrystals
with small sizes and narrow size distributions (e.g., nanocrystal
diameters of 3.5 + 0.8 nm). We focus on achieving composition
control for Ag—Sb—Te nanocrystals by adjusting the ratio of
cationic precursors and find a broad solid solution range for
Ag,Sb; _,Te; s ,x nanocrystals (x is from 0.3 and 0.6), which extends
beyond that measured in Ag-Sb-Te thin films. The ability to
produce size- and composition-controlled Ag—Sb—Te nanocrystals
is a first step in achieving bottom-up assembled Ag—Sb-Te semi-
conductors for device applications.

Introduction

Tellurides are promising candidates for a broad range of applica-
tions, such as infrared detection," photoluminescence,’
photovoltaics,®> phase change memory,* and thermoelectrics.’
Taking the example of thermoelectrics, several tellurides exhibit
high figures-of-merit, zT' (e.g., Bi,Te;° PbTe,’ GeTe,® and
AgSbTe,”'®). Ternary Ag-Sb-Te is particularly interesting for
thermoelectrics, owing to spontaneous cationic ordering in nano-
scale domains™'* and bond anharmonicity."* This contributes
to glass-like phonon scattering, decreasing the lattice thermal
conductivity while still enabling good electrical conductivity,
therefore increasing the thermoelectric figure of merit.

The bulk Ag-Sb-Te material system has a single ternary
phase with a nominal stoichiometry of AgSbTe,."* This phase
has a characteristic octahedral rock-salt-type arrangement of
atoms, tolerating small non-stoichiometry (e.g., Sb-rich
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Ag,Sb,_,Te, s_, with x up to 0.41'*'%). Understanding the for-

mation and compositional range of rock-salt-type Ag,Te-Sb,Te;
solid solution in the Ag-Sb-Te material system is important for
designing thermoelectric devices due to composition-dependent
effects such as nanoscale domain ordering, atomic vacancy
concentration, and inclusions of secondary phase.''*"#

In general, colloidal nanocrystals promise new opportu-
nities for device engineering. In addition to allowing non-
vacuum solution-based fabrication, colloidal nanocrystals can
be thought of as building blocks, enabling the properties of the
thin film to be tuned through judicious control of the size,
composition, and surface chemistry of the nanocrystals.’® In
the context of thermoelectrics, such bottom-up fabrication of
semiconductors has been shown to increase interface
scattering®®>' and thus improve thermoelectric performance.
Thermoelectrics assembled from nanocrystals of Bi,Te;,>>*3
PbS-Ag,*"** CuFeSe,** and other materials,>**” which are then
sintered, show lower thermal conductivity compared to bulk
materials. Achieving better control of the individual nanocrystal
building blocks and nanocrystal surface (i.e., which often
become the grain boundaries of sintered films) allow highly
flexible design of thermoelectric devices.

Telluride nanocrystals remain notably less developed than
other chalcogenide materials. This is likely associated with the
lack on tellurium precursors and the air sensitivity of telluride
nanomaterials. While many binary telluride nanocrystals have
been successfully synthesized (i.e., CdTe,*® HgTe,> GeTe,*
etc.), there is only a handful of reports of size-uniform multi-
component telluride nanocrystals.>*" In fact, synthesis of col-
loidally stable AgSbTe, nanocrystals has only been reported
once.” The authors prepared ternary AgSbTe, and quaternary
Ag-Pb-Sb-Te nanocrystals via reverse micellar approach, per-
formed at room temperature. However, this synthesis lasts
more than 10 hours and results in large size dispersion of
nanocrystals, ranging from 3 to 15 nm. In a later publication,
good composition and size control for colloidally stable qua-
ternary AgPb,,SbTe,.,, (m between 1 and 18) is achieved.*?
While promising properties for application in thermoelectrics
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are demonstrated, the Pb-free composition (i.e., AgSbTe,) is not
reported.

Here, we present an amide-promoted synthesis, which
yields small Ag,Sb, ,Te; 5, nanocrystals with tunable compo-
sition between Agy 3Sb,,Te; , and Agy¢SbosTeoo (i.e., x ranges
from 0.3 to 0.6). The choice of synthetic approach is motivated
by previous success in preparing various chalcogenide
nanocrystals.>**** Due to improved nucleation rates, amide-
promoted synthesis typically provides small size nanocrystals
and quantitative reaction yields at short reaction times.

Experimental

Materials

Antimony(m) chloride (SbCl;, 99.999%) and tellurium (Te, broken
ingots, 99.999%) are purchased from STREM; silver trifluoro-
acetate (CF;COOAg, AgTFA, 98%), lithium Dbis(trimethylsilyl)-
amide (LiN[Si(CHz3)s],, 95%), oleylamine (techn., 80-90%) and
ethanol (anh., >95%) from Acros Organics; oleic acid (techn.,
90%), tri-n-octylphosphine (TOP, 97%), hexane (anh., 95%) and
toluene (anh., 99.8%) from Sigma Aldrich.

General remarks on synthesis

All syntheses are carried out in an air-free environment using
standard Schlenk line technique. Oleylamine and oleic acid are
purified from water residues by heating to 100 °C under
vacuum for at least 1 h. The solvents are then transferred into
the glovebox. All other chemicals are used as purchased.
Injection mixtures and stock solutions are prepared in a
N,-filled glovebox. Stock solutions of 0.1 M cation salts are
prepared by dissolving respective amounts in oleylamine at
70 °C. In order to handle SbCl; in oleylamine, the precursor
solution needs to be heated to 40 °C. A stock solution of 1 M
tellurium in TOP (ie.,, TOP:Te) is prepared by dissolving
elemental Te at 220 °C and subsequent filtering of the cold
solution.

Synthesis of AgSbTe, and Ag,Sb, ,Te, 5, nanocrystals

In a typical synthesis, 0.5 mL AgTFA in oleylamine (0.05 mmol)
and 0.5 mL SbCl; in oleylamine (0.05 mmol) are diluted in
5.5 mL dried oleylamine and transferred to a three-neck flask.
After heating the solution under vacuum to 80 °C, the atmosphere
is changed to N,. Next, a mixture of 2.5 mmol LiN[Si(CH3);],
dissolved in 1 mL TOP and 1 mL TOP:Te (1 mmol) is swiftly added
to the flask. After 1 h at 80 °C the heating mantle is removed and
8 mL toluene and 8 mL oleic acid are added to the hot crude
solution.

After cooling down naturally, the solution is transferred into
the glovebox, where another 12 mL toluene is added. Upon
mixing with an equal amount of ethanol, the turbid mixture is
centrifuged at 6000 rpm for 3 minutes. The precipitate is
redispersed in 4 mL toluene.

Non-stoichiometric Ag,Sb; ,Te; s , (ie., other than AgSbTe,)
nanocrystals are achieved by changing the Ag:Sb precursor ratio
(0.1 mmol cation precursors in total), while the large excess of Te
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and LiN[Si(CH3)3], is maintained. In this work, a Ag: Sb precursor
ratio from 2: 8 to 7:3 is explored.

Characterization of nanocrystals

TEM images are acquired on a Hitachi HT7700 operating at
100 keV, while HRTEM and STEM/EDX images are taken on a
FEI Talos operating at 200 keV. For transmission electron
microscopy (TEM), the crude nanocrystal solution is drop-cast
on a Cu-mesh TEM grid. Ethanol soaking allows a sufficient
removal of organics. For the detailed imaging of the stoichio-
metric AgSbTe, samples, the TEM samples are prepared with
purified and filtered colloidal solutions. Size distributions are
evaluated by measuring > 100 particles per sample with ImageJ
software.

Energy-dispersive X-ray spectroscopy (EDX) data are mea-
sured with a FEI Quanta 200 FEG SEM microscope, operating at
30 keV. X-Ray diffraction (XRD) measurements are carried out
on a Rigaku SmartLab 9 kW System with a rotating Cu anode
and a HyPix-3000SL 2D solid-state detector. Rietveld refinement
is performed with FullProf Suite software. For EDX and XRD
analysis, colloidal solutions are additionally purified with etha-
nol and centrifugation, redispersed in hexane and drop-cast
onto the respective sample holders. Details of ICP-OES mea-
surements are given in the ESL7

Results and discussion

Multicomponent nanocrystals containing cations from
different groups (e.g., I-III-VI or I-V-VI) pose a synthetic
challenge due to the need to balance the reactivity of the
constituent cations.'® In particular, Ag and Sb exhibit very
different electronegativities, and Sb*" is known to easily
undergo disproportionation.*® Furthermore, while a number
of synthetic protocols exist for ternary I-V-VI sulfides®’>° and
selenides,**"**™** synthesis of I-V-VI tellurides poses additional
challenges due to a high reactivity of Te-precursors and
decreased stability.>* Since amide-promoted syntheses have
enabled size and composition control of various nanocrystals
including silver chalcogenides,® I-III-VI selenides*® and
tellurides,> I-V-VI selenides®® and GeTe,*® we explore an
amide-promoted synthesis for I-V-VI tellurides.

A schematic of the reaction is shown in Fig. 1a. The use of Ag
acetate, AgCl or Agl salts, as well as of Sbl;, resulted in
formation of binary Ag,Te, so we select AgTFA*! and SbCl; as
elemental sources. The combination of highly acidic AgTFA and
relatively stable SbCl; compound allow formation of the
desired ternary product. Lithium amide and tellurium in TOP
are swiftly added to the cation salts dissolved in oleylamine.
Due to the higher reactivity of Ag compared to Sb, this reaction
results in the initial formation of Ag, ,Te seeds followed by the
incorporation of Sb (Fig. 1b and c). The cation-exchange
process appears slow and Ag-Sb-Te nanocrystals prepared at
shorter times are Sb-deficient. This can be explained by the
rearrangement of the anionic sublattice upon conversion from
Ag, ,Te to AgSbTe,. A reaction time of 1 h is therefore used to

This journal is © The Royal Society of Chemistry 2020
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a) TOP:Te
:LiN[Si(CHg)gl time
CF,COOAg + SbCl, 80°C Ag,,Te

b)

Fig.1 (a) Reaction schematic of amide-promoted synthesis of AgSbTe,
nanocrystals; (b) and (c) crystal structures of Ag,Te and AgSbTe, (Ag atoms
shown in orange, Sb in blue, and Te in yellow); (d) and (e) TEM image of
stoichiometric AgSbTe, nanocrystals and corresponding size histogram;
() HR-TEM image of a single AgSbTe, nanocrystal with its Fourier transform
as inset.

ensure a completion of this cation-exchange process. A mea-
sured yield of reaction is over 90%, which further corroborates
a near complete uptake of all cations. Long reaction times at
low temperatures have been previously shown to not deteriorate
the size distribution of chalcogenide nanocrystals, prepared via
amide-promoted syntheses.**

Synthesis of Ag,Sb;_,Te; 5, nanocrystals requires an excess
of lithium amide, which facilitates a fast conversion of the
initial Ag and Sb precursors to intermediates with high enough
and balanced reactivity. When halving the amount of amide,
formation of binary Ag,Te byproduct is observed. The tellurium
precursor (TOP:Te solution) is also added in excess (here,
10-fold with respect to cations). Lower concentrations of tellurium
under the same reaction conditions lead to an incomplete synth-
esis, thus impeding composition control. Also, remaining SbCl;
reacts to Sb,O; upon addition of oleic acid. We hypothesize that
high excess of tellurium is necessary due to low reactivity and slow
diffusion of the TOP:Te adduct at the studied reaction tempera-
tures. Finally, a successful synthesis is observed only in a narrow
temperature window around 80 °C. This temperature likely slows
the reaction enough to prevent immediate formation of silver
telluride compounds, while still being high enough to enable
antimony to be incorporated in the structure.

The resulting AgSbTe, nanocrystals have a size of 3.5 +
0.8 nm (Fig. 1d and e). HR-TEM shows single crystalline
particles with a characteristic interatomic distance of 6.07 A
(Fig. 1f and Fig. S1, S2, ESIt), which is close to the experimental
bulk lattice constant (a = 6.0667 A).** STEM-EDX measurements
of nanocrystal sub-monolayers confirm that indeed ternary
nanocrystals have been formed (Fig. S3, ESIT).

While the crude solution is filterable, purification is a
crucial step to obtain Ag-Sb-Te nanocrystals in volatile sol-
vents. Although AgSbTe, is known to be notoriously unstable,**
we found that it is possible to preserve colloidal stability for
1-2 days by adding oleic acid and toluene to the hot crude
solution. During nanocrystal growth the solution is dark purple
from an excess of tellurium (Fig. S4, ESIT) and with the addition
of oleic acid, the solution turns brown and warms up. After

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

a) SbCl, (mmol) C) i
0.7 05 0.3
@D — " H = %
Q & 8 S B
c (.0. L £ ’\’\ l_x
=K 2 b
o o 1€ o
B0l L c o,
hliTo) . [))
i o <
<‘<E'a°° e sjngle phase ; = e
0.3 0.5 0.7
AgTFA (mmol)
b
) 5 —I—0.6
lf — 055
g"‘ ———05
<c(»x ——11+——045
£ | —m—04
x
. 0.3:
3 4 ) Ba A
Diameter (nm) X=03 mm
Fig. 2 (a) Composition of Ag,Sb;_xTers_x nanocrystals as a function of

cation precursor ratio; (b) size distributions and (c)-(g) TEM images of
Ag,Sby_,Te;s_, with variable x. Scale bars in (c)—(g) are 20 nm.

addition of the oleic acid and toluene, the purification proce-
dure (i.e., addition of ethanol, centrifugation, and redispersion
in toluene) should be performed without delay or else leaching
of Ag is observed. Oleic acid replaces the oleylamine at the
surface of the nanocrystals and the toluene decreases the
viscosity of the solution to ensure good mixing. In particular,
surface Sb-atoms are stabilized well with oleic acid since they
form a hard Lewis acid-base pair. Attempting to remove the
oleylamine without addition of oleic acid leads to nanocrystals
that are no longer colloidally stable.

Long reaction times and a large excess of tellurium precursor
enables incorporation of all cations. Therefore, by changing
the ratio of the cation precursors, AgTFA and SbCl;, it is
possible to control the composition of nanocrystals over a wide
range (Fig. 2a and Table S1, ESIt). EDX analysis reveals that the
nanocrystal cation ratio generally follows the trend in cation
precursor ratio. ICP-OES measurements confirm the composi-
tion range, as well as absence of Li cations (Fig. S5, ESIf).
Towards Sb-rich Ag,Sb,_,Te,s_, nanocrystals, there is an
increase in Te-content, which likely balances a higher amount
of positive charges (Table S1, ESIf). For cation precursor
ratios Ag:Sb between 3:7 and 6:4, the resulting products are
Ag,Sb;_,Te; 5, nanocrystals of similar shape and size (Fig. 2b-g
and Fig. S6, ESIt). If the content of Ag precursor exceeds this
range, only a negligible amount of Sb is incorporated. Mean-
while, platelet formation is observed for large Sb precursor
amounts, which is typical for hexagonal Sb,Te;"® (Fig. S7 and
Table S1, EST}).
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Fig. 3 (a) XRD patterns of composition series of Ag,Sby_,Te;s , nano-

crystals and a bulk AgSbTe,; (b) positions of first peak as a function of
composition; (c) proposed composition range of ternary Ag—Sb—-Te phase
for bulk!¢->C and for nanocrystalline Ag,Sb; ,Te; s , materials.

Through HR-TEM (Fig. 1f and Fig. S1, S2, ESIt) and XRD
(Fig. 3a), we are able to identify single crystalline, cubic phase
nanocrystals, which indicate that nanocrystalline Ag,Sb; ,Te; 5
material exhibit a broad solid solution. The diffraction patterns
across this range correspond to the rock-salt phase of bulk
AgSbTe,. Further analysis of the crystal structure is given in the
ESIt (Fig. S8 and Table S2). With increasing Sb-content in
Ag,Sb;_,Te, s, nanocrystals, the XRD peaks shift to higher
angles (Fig. 3b). This corresponds to a smaller crystal lattice
constant with increasing Sb-content, which is consistent with
Sb** being a smaller cation (Fionicsb = 0.85 A) than Ag" (Fionicag =
1.15 A). At the same time, the small shift of XRD peaks suggests a
high degree of covalent bonding in rock-salt Ag,Sb; ,Te;s
nanocrystals (Ag and Sb have similar covalent radii of 1.45 and
1.39 A respectively) and thus only small ionic bonding character.
The tellurium sublattice of AgSbTe, and all solid solution
Ag,Sb;_,Te, s, materials is also notably smaller than for binary
Ag,Te or Sb,Te; materials (Fig. S9 and S10, ESI¥),***° additionally
proving a ternary composition of obtained nanocrystals.

This composition study highlights that it is possible to make
Ag,Sb; ,Te;s , alloys with x between 0.3 and 0.6 at the
nanoscale, which represents a larger range for solid solutions
than in bulk where solid solutions have only been reported only
between Agy.41SbosoTe; 00 and AgSbTe, (Fig. 3c).'***” This
larger accessible composition range in nanocrystals compared
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to the bulk can be associated with the soft crystal boundaries
(i.e., the small physical dimension of nanocrystals) or with the
cation-exchange formation mechanism (i.e., facilitating meta-
stable crystal structures).*®*°

Conclusion and outlook

In this communication, we present a synthesis for small
colloidal AgSbTe, and Ag,Sb;_,Te; s, nanocrystals. A careful
selection of cation and anion precursors, along with appropri-
ate reaction temperature and time, allows the formation of
ternary nanocrystals. Composition control is realized by varying
the cation precursor ratio, revealing a significantly larger solid
solution for Ag,Sb; ,Te;s , nanocrystals compared to bulk.
This novel synthesis is an important step forward towards
better understanding and further improvement of bottom-up
thermoelectric, optoelectronic, and memory devices, which are
built from telluride materials. Precise composition tuning for
non-stoichiometric compounds may exhibit superior properties
e.g., due to ordered network of atomic defects.*® The small size
of nanocrystals may kinetically hinder phase separation even
during the fabrication of thin films and pellets, thereby pre-
serving the non-equilibrium Ag:Sb ratios in such devices. In
the future, this amide-promoted synthesis could be up-scaled**
to achieve products on the gram-scale for device fabrication, as
well as extended to prepare other nanoscale I-V-VI tellurides.
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