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ABSTRACT: Synthesis routes to forming novel materials are
oftentimes complicated and indirect. For example, Ta,S¢ has only
been found as an unwanted byproduct of certain chemical
reactions, and its properties were unknown. However, here we —
demonstrate the growth of Ta,S; wires with steel-like tensile
strength, which are also precursors for the first controlled synthesis
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of long, mesoscopic Ta,O5 wires and superconducting Ta,0;_,S, (Insulator)

wires. Single-crystal wires of tantalum pentasulfide, Ta,S;, were Ta.S Ta, 05 S,
first grown using vapor transport from polycrystalline XTa,Ss, >

sulfur, and TeCl, in fused-quartz tubes, where X = Ba or Sr. (Semiconductor) (Superconductor)

Crystals form as long wires with lengths on the order of a few

centimeters and varying cross sections as small as 25 ym’. They were found to have steel-like tensile strength, and their crystal
structure was determined using X-ray diffraction to be monoclinic with space group P2/m and with lattice parameters a = 9.91(7) A,
b=3.82(5) A, and ¢ = 20.92(2) A. Electrical resistivity measurements reveal Ta,S; to be a narrow band gap semiconductor with E, =
110 meV, while a Debye temperature @, = 97.0(5) K is observed in specific heat. Tantalum pentasulfide wires were then converted
to insulating tantalum pentoxide (Ta,O;) wires after calcinating them for 30 min in air at 900 °C. Finally, tantalum pentoxide wires
were converted to tantalum oxysulfide (Ta,05_,S,) wires after annealing them in CS, vapor for 30 min at 900 °C. The oxysulfide
crystal structure was determined using X-ray diffraction to be that of f-Ta,O;s. Electrical and magnetic measurements reveal
Ta,0;5_,S, to be metallic and superconducting with T, = 3 K.

B INTRODUCTION examine their role in the production of long mesoscopic wires of
electrically insulating Ta,Os and, in turn, metallic/super-
conducting mesoscopic wires of Ta,O;_,S,. All wires were
mesoscopic in thickness and macroscopic in length. Our results
provide the synthesis routes for three compounds in wire form,
consequently laying the experimental pathway for growing new

The synthesis pathways to form advanced materials are not
always direct. To date, Ta,Ss has only been reported as an
unwanted nonmetallic inclusion in etched, pure tantalum"* and
as an unwanted byproduct3 in thin-film production (e.g, CdS).
Furthermore, there are no reports of the controlled formation of inorganic, thin, long wires. The physical attributes of these
any single-crystalline binary tantalum chalcogenides with ratio com oun) ds ané their wire n;or holoay offer potential for novel
2:5 (e.g, Ta,Ss, Ta,Ses, Ta,Tes, etc.). Regarding the oxide, for racfical applications i phology P ey
decades, tantalum pentoxide’s (Ta,Os) tunable properties*™’ P PP '
have fortified its usefulness as an antireflective coating material, B RESULTS AND DISCUSSION
as a dielectric component for capacitors found in powered and . . ) )
powerless devices, and as a key material in photocatalysis.* " Propert'es of 'Ta255 eresf For the synthesis of single-
Although Ta,O nanowires have high photocatalytic hydrogen c.rystalhne Ta,S, wires (seellgy)fgerlmental Methods), polycrystal-
evolution efficiencies attributed to their large surface-to-volume i}ne XTa,S5 (X = Sr or Ba) was first prep ared. Our efforts to
ratios and crystallinity,9 to date, lengths beyond nanowires have orm Ta,S; by heating Ta,0; powder in CS, .led only to bulk
not been realized but are highly desired *~° TaS, powder, and attempts to form Ta,S; wires from Ta,O4
Similar to Ta,Os nanowires, Ta,Os nanocomposites with powder, sulfur, and TeCl, in a closed ampule were a.lso not
sulfur doped at 0.5 to 3.75 atomic % were shown to have succ.essfu.l. Th-e fornlléer attempt mlrrored. observatl‘ons of
enhanced photocatalytic efficiencies'! when compared to the previous investigators ~ and may suggest an inherent difficulty

undoped. Enhanced efficiencies were, in part, due to improved

crystallinity and increased surface area. In that example and Received:  November 20, 2020 8IOMEGA __

many others,"””'* sulfur-doped and undoped Ta,Os were Accepted: February 3, 2021 io @
[ ==

Q
studied in their electrically insulating states because undoped Published: February 18, 2021 e
Ta,05 has a wide energy gap'> of ~4 €V. K
In this report, we describe the first controlled synthesis of -
Ta,Ss wires with steel-like tensile strength. Afterward, we
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Figure 1. Tantalum wire conversions; a comparative data summary for wires of Ta,Ss, Ta,0s, and Ta,0;_,S,. Top row indicates the transformation
route used to obtain Ta,O; and Ta,05_,S, from Ta,S;. Middle row depicts optical images and electrical properties of Ta,Ss, Ta,05, and Ta,05_,S,
from left to right. Squares within optical images represent 1 mm? footprints. Bottom row shows the indexed crystal structure and structure parameters
for Ta,Ss, Ta,05, and Ta,04_,S, from left to right. The figure can be expanded to view fine details in optical images.

in controlling the formation of bulk and therefore single-
crystalline Ta,S; from powder Ta,Os. The presence of other
elements'” may be required to drive the reaction toward Ta,S
(e.g., strontium and barium used in our experiment) and may
also clarify why controlled formation of Ta,Ss has eluded the
materials community.

Ta,S; wires are gray. Remarkably, their tensile strength is
similar to steel at ~1000 MPa (Figure SI and Table S1). They
are semiconducting with an approximate band gap of E, = 110
meV, estimated from the linear fit of In(p(T)/p(295 K)) = E,/
2kpT from the temperature region 48 K < T < 87 K. The
variables p(T), Eg, kg, and T are the electrical resistivity, energy
gap, Boltzmann constant, and temperature, respectively. Room-
temperature electrical resistivity was estimated from a pelletized
sample to be 1800 € cm. Magnetic susceptibility measure-
ments for 2 K to 296 K reveal Ta,S; to be very weakly
paramagnetic. Within a detection limit™* of 0.1—0.3%, energy-
dispersive X-ray spectroscopy (Figure S2) reveals the ratio of
tantalum to sulfur at 2:5 (Table S2). Electron back-scattering
diffraction (EBSD) patterns in Figure S2 show that the grown
Ta,Ss wires are indeed single crystalline with the same
crystallographic orientation along lengths of more than a few
microns (see Figure S3 for indexing of Ta,S;’s EBSD pattern).
Ta,Ss’s powder diffraction pattern can be indexed to a
monoclinic primitive cell (Figure 2c) with space group P2/m
and lattice parameters a = 9.91(7) A, b = 3.82(5) A, and ¢ =
20.92(2) A.

The specific heat C/T at constant pressure measured on
tantalum pentasulfide over the temperature range 0.5 K < T < 10
K is shown in Figure 2g. Fitting the data to C/T = yT + AT°
within the depicted temperature range yielded the electron and
phonon contributions to specific heat to be y = 0.0073(2) mJ/
mol K? and /3 = 0.0018(9) mJ/mol K* respectively. The Debye
temperature, @p, was calculated to be 97.0(S) K. The magnitude
of ®Op is comparable to transition-metal tantalum sulfides
BaTa,S (Op = 94 K'7) and SrTa,S, (Op = 89.4 K'°). Chen et
al.”' utilized the density functional theory plane-wave method to
estimate the Debye temperature of #-Ta,O; to be approximately
412 K.

Properties of Ta,05; and Ta,05_,S, Wires. Once Ta,S;
wires are available, Ta,O; wires can be easily formed within 30
min by exposing them to air at 900 °C. This results in wires
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whose only optical difference from Ta,S; is their white color.
Ta,O is indexed to*> orthorhombic f-Ta,O;. Thus, Ta,S; and
Ta,Oy differ in color and crystal structure but are shaped
mesoscopically similar (Figures 1 and S4). Energy-dispersive X-
ray spectra (EDS) data for Ta,O; wires (Figure 2a) show that all
sulfur is removed, within detection limits, during the evolution
from Ta,S; to Ta,Os. Powder X-ray diffraction shows Ta,Oq
wires to be crystalline. Further measurements are needed to
determine whether it is single crystalline or not.

After synthesizing Ta,S; and Ta,O; wires, one might ask if it is
possible to reverse the reaction. Exploring the idea further,
Ta,O5 wires were sulfurized in nitrogen gas laden with CS, for
30 min. Surprisingly, this led to the formation of Ta,O;_,S,
wires that were black (Figure 1 and Figure S4). This process can
be reversed by recalcinating Ta,O;_,S, in air for 30 min to
recreate Ta,O; wires. EDS data were taken on Ta,O,_.S,
(Figure 2b) to compare to Ta,0O; (Figure 2a). It is clear from
the data that sulfur is present in the former material but absent
from the latter. Sulfur content, x, was estimated from the EDS
spectra of Ta,O;_,S, to be ~3.6 (+0.2), under the assumption
that tantalum content is not altered during the reaction. In other
words, approximately 75% of oxygen is replaced with sulfur. The
accuracy of “x” was checked with large samples and a
microbalance. However, with 8.5 mg (+0.5 mg) of Ta,O;
converted to 9.2 mg (+0.5 mg) of Ta,0;5_,S,, we see x = 2.2
(£0.7). We believe that the discrepancy between the value
derived from the microbalance and the one calculated from EDS
(x = 3.6) is due to an error in the weighing methodology.
Improved calculations are possible with even larger samples;
however, it is not currently feasible since our synthesis pathway
produces low yields.

Similar to Ta,Og wires, X-ray diffraction reveals Ta,0;_,S,
wires to be crystalline, but further measurements are required to
determine if it is also single crystalline. Tantalum oxysulfide,
Ta,04_,S,, was indexed to the same orthorhombic structure and
lattice parameters as Ta,Os, within uncertainties (Figure 2c).
This means Ta,0; and Ta,05_,S, are structurally indistinguish-
able.

The formation of oxysulfide wires from Ta,Og wires is quite
surprising since Ta$, is the expected product after the reaction
of Ta,O5 powder with CS, or H,S."® Our results reveal that
Ta,O; in wire form seems to accept substitutions of sulfur from

https://dx.doi.org/10.1021/acsomega.0c05656
ACS Omega 2021, 6, 5445—5450
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Figure 2. Properties of Ta,Ss, Ta,0s, and Ta,0;_,S, wires. (a) EDS obtained from Ta,O; and oxysulfide (b) Ta,0Os_,S, where x ~ 3.6. (c) X-ray

diffraction scans of Ta,S;, Ta,0;5, Ta,05_,S,, and TaS, obtained with Cu Ka radiation. X-ray scans for Ta,O; and Ta,0;_,S, were indexed to
orthorhombic f-Ta,0;. The X-ray pattern for TaS, can be indexed to

23

22

rhombohedral 3R-Ta$,, where asterisks depict unreacted Ta,0s. (d)

Temperature-dependent electrical resistance of pelletized T2,S;. An energy gap, E,, was found to be approximately 110 meV from the temperature
region 48 K < T < 87 K. (e) Normalized resistance versus temperature of pelletized Ta,O;_,S, within the superconducting region at low temperature

below 6 K where T,

c-onset

~ 3 K. The inset displays the entire metallic region of resistance for Ta,05_,S,. (f) Magnetic susceptibility y of pelletized

Ta,0;_,S, with width = 3 mm, length = S mm, and thickness = 0.5 mm. y data (open symbols) obtained after cooling the sample in zero magnetic field
to 2.1 K, followed by application of the magnetic field H = 38 Oe and warming of the sample during the measurement; this is the shielding curve. The
solid symbols were obtained by cooling from 6 Kin H = 38 Oe; this is the Meissner curve. (g) Specific heat capacity C/T vs T* of pelletized Ta,Ss below

10 K. The Debye temperature, ©p, derived from the plot is 97.(5) K.

CS, for oxygen without undergoing a structural change to the
3R-Ta$, rhombohedral structure,” as one would expect.

The physical properties of tantalum oxysulfide are equally
surprising. As the temperature decreases, its electrical resistance
is metallic, dropping to approximately 40% of the room-
temperature value before the onset of superconductivity at T, ~
3 K. The electrical resistance is essentially zero at T < 1 K.
Meissner and shielding volume fractions at T = 2.1 K, the low-
temperature limit of our equipment, revealed by magnetic
susceptibility measurements were 0.58 and 5.2%, respectively, as
shown in Figure 2f. Note that it is not uncommon to observe
small Meissner fractions in sulfides despite bulk super-
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conductivity.'>'” Thus, a narrow band gap semiconductor
(Ta,Ss) is oxidized to form an insulator (Ta,Os) that is
sulfurized to form a metallic superconductor (Ta,04_,S,), all
while maintaining the morphology of mesoscopic wires.

B DISCUSSION

The electronegativity and size of oxygen and sulfur likely dictate
the dynamics and outcome of the following reactions: Ta,Ss —
Ta,O; and Ta,Oy — Ta,0,_,S,. The former reaction
completely replaces sulfur for oxygen probably because oxygen’s
ionic volume is 2.25 times smaller than sulfur’s and is more
electronegative.24 However, the latter transformation demands a

https://dx.doi.org/10.1021/acsomega.0c05656
ACS Omega 2021, 6, 5445—5450
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Figure 3. Synthesis temperature cycles for Ta,S;. (a) Temperature cycle of contents placed in the hottest zone of the CS, tube furnace. (b)
Temperature cycle of mixture in a sealed quartz tube placed in a tube furnace. (c) Optical images of Ta,Ss wire growth attempts in sealed quartz tubes
as temperature slowly decreases. Images are views of the coldest end of two sealed quartz tubes, parallel to the long axis of each tube, in a heated furnace.
Top row indicates Ta,Ss wire growth, while the bottom row shows attempts to grow Ta,S; wires in the presence of water. Dotted circles enclose the
formation of a sulfur-rich surface which grows first at around 816 °C, as indicated by the darkened center region. Ta,Ss sprouts from this surface as
shown by the arrow at 783 °C. Below 783 °C, Ta,S; continues to grow as indicated by the “cloudy” region surrounding the center dotted circle that
remains unchanged. In the presence of water, however, something forms at around 753 °C, as indicated by the dotted triangle and then disappears as
the temperature decreases. Quartz tubes with water yielded no Ta,S; wires.

larger atom (sulfur) that is also less electronegative to replace
oxygen, leading to an incomplete substitution under similar
synthesis conditions. The existence of a simple compound such
as Ta,S; that can easily transform to other compounds (Ta,O;
and Ta,0;_,S,) while maintaining the structural morphology is
unusual, and the fact that each of the three reported compounds
has widely varying electronic properties adds to the novelty of
this work.

Superconductivity in oxysulfides is exceedingly rare.”> Since
the first reported bulk bismuth oxysulfide superconductor,
Bi,0,5,”° [T. = 4.4 K], only bismuth-based, BiS-layered
oxysulfide compounds have been reported.”” These include*®
LaOBiS, [T, = 3.6 K] and”” La, ,Euy;0,BisAgy¢Sn,,Ss [T. =
3.64 K], which have between four and seven elements.
Therefore, Bi,O,S; and Ta,0;_,S, can be considered “simple
oxysulfides,” as they are composed of only three elements each.
Thus, Ta,0;_,S, is one of the few known oxysulfide super-
conductors and the first simple transition-metal oxysulfide
superconductor containing only a transition metal, oxygen, and
sulfur.

The discovery of superconductivity in Ta,O;_,S, makes it and
Bi,0,S; the only known superconducting ternary oxysulfides.”®
Bismuth oxysulfide has BiS layers that are presumed to play a
role in superconductivity, like CuO layers do in high-
temperature superconducting cuprates.”” Further work is
needed to determine the atomic arrangement for Ta,O;5_,S,
and, most importantly, the nature of its superconductivity. Large
single crystal Ta,0;_,S, samples are needed to elucidate the
above matters.

The tensile strength of the Ta,05 and Ta,0;_,S, wires could
not be quantified within the limits of our measurement
apparatus because they were soft and brittle. Careful micro-
manipulation of these phases could not be achieved because they
lacked physical strength. However, due to the flexibility and
steel-like tensile strength of Ta,Ss;, many physical shapes of
Ta,05 and Ta,0,_,S, wires are obtainable after oxidizing Ta,S;
wires and sulfurizing its products. Therefore, physical
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manipulation of all wires to form specific geometries is possible,
which might enable the formation of uniquely shaped single-
photon detectors® or superconducting loops for SQUID
sensors in quantum device applications.

Although our synthesis process (Figure 3) is reproducible and
completely bypasses forming the bulk phases of the sulfide,
oxide, and oxysulfide compounds, it is grossly inefficient. During
the synthesis of Ta,S; wires, less than ~0.1% of the starting mass
(CS, + Ta,04 + SrCO; or BaCO; + TeCl,) is converted to
wires. Oxygen, tellurium, carbon, and barium or strontium are
considered waste elements in this context. However, as
previously indicated, such mass inefficiencies may be necessary
to form the elusive Ta,S; phase.

Finally, the nearly cyclical relationship among the synthesis of
Ta,Ss, Ta,0s, and Ta,O5_,S, wires might suggest a possible
route to create crystalline Ta,Se; wires. Se’”’s electro-
negativity’' is approximately 2% less than $>7, and its ionic
volume is 2.8 times larger than oxygen’s, as opposed to S~ being
2.4 times larger than oxygen.”* These factors may be adequate to
allow formation of Ta,Se; by exposing Ta,Ss (or Ta,0s) to a
selenium-rich atmosphere at elevated temperatures. On the
other hand, our synthesis results suggest that Ta,Tes may be
difficult, if not impossible, to form. Tellurium was not detected
in our Ta,S; wires, within EDS detection limits, although it was a
component of the chemical vapor transport agent. This may be
because tellurium’s electronegativity’' is nearly 20% less than
sulfur’s, and its ionic volume is 3.93 times larger than oxygen’s,24
thus hindering the growth of the oxytelluride phase,
Ta,0;_,Te,. Tantalum sulfide’s (Ta,Ss) energy gap is 110
meV, around 500 times less than tantalum oxide’s (Ta,Os)
energy gap.'” If tantalum selenide (Ta,Se;) exists, its gap might
be smaller, or may even vanish, possibly giving rise to another
new conducting wire with novel physical properties.

B CONCLUSIONS

Single-crystal Ta,Ss wires reveal narrow band gap semi-
conducting behavior below 296 K with energy gap E, = 110

https://dx.doi.org/10.1021/acsomega.0c05656
ACS Omega 2021, 6, 5445—5450
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meV. Ta,S’s unit cell is indexed to a monoclinic structure whose
space group is most likely P2/m. High-temperature calcination
of Ta,Ss wires converts them to insulating Ta,05 wires. High-
temperature sulfurization of Ta,O; wires leads to metallic,
superconducting Ta,O_,S, wires.

B EXPERIMENTAL METHODS

To make single-crystalline Ta,S; wires, polycrystalline XTa,S;
(X = Sr or Ba) was first synthesized. The initial mixture of
stoichiometric carbonates SrCO; or BaCO; and commercially
available powdered Ta,O; was transferred to an alumina
crucible, which was placed in a tube furnace at room
temperature. Nitrogen gas was passed through an aeration
stone immersed in CS, and then through the tube furnace. The
tube furnace was contained in a fume hood to exhaust CS, fumes
from the laboratory. The following temperature cycle was
initiated (Figure 3a). It was ramped to S00 °C over an hour
where it remained for an hour, then ramped to 900 °C overa 3 h
period where it remained for another § h. Finally, the sample was
cooled to room temperature over a 1 h period. The sample was
then placed in an evacuated sealed quartz tube with sulfur at 2%
of its weight and TeCl,, which naturally produces chlorine gas in
the tube. The chlorine gas only served as a transport agent
during synthesis, and Te and Cl were absent from the wires. Just
enough TeCl, was added to create approximately 1 atm of
pressure at 900 °C; the required mass was calculated from the
dimensions of the quartz tube and the ideal gas law PV, ;. = nRT.
P, Voo 1, R, and T are the pressure (e.g., 1 atm), tube volume,
number of moles, gas constant, and temperature (e.g., 900 °C),
respectively. The quartz tube was then placed in a single-zone
tube furnace. For this cycle (Figure 3b), contents within the tube
were placed at one end (i.e., left side) of the tube, located at the
hottest spot in the oven, which was subsequently ramped to 900
°C over a 24 h period. The left side where the mixture was
located in our experiment was centered at the hottest spot of the
oven. The opposing end of the tube (ie, right side) was
approximately 19 cm away at a constant temperature difference
of 80 °C below the left side because of its distance from the
furnace’s hottest spot. The mixture (i.e., left side) was then slow
cooled to 600 °C over 14 days. Finally, the quartz tube was
cooled to room temperature over a 24 h period. This process
yielded gray-colored Ta,Ss wires on the right side of the tube.
Optical analysis of the radiated infrared light emitted from the
cold side during the second temperature cycle suggests that
Ta,S; wires grow below 783 °C (Figure 3c).

Three important things to note for successfully growing Ta,S;
wires are the presence of tellurium chloride (TeCl,), the effects
of temperature gradients, and slow cooling, as shown in Figure
3b. Wires did not form when TeCl, was removed or exchanged
for water as a transport agent. They also did not form if the
temperature was held at 900 °C for 14 days, as opposed to slow
cooling between 900 and 600 °C for 14 days.

Tantalum pentasulfide wires are transformed into Ta,O5 and
Ta,0;_,S, wires in the following manner. First, Ta,O; wires are
formed after calcinating Ta,S wires for 30 min in air at 900 °C,
after ramping to 900 °C within 20 min. Second, Ta,05_,S, wires
are formed after heating Ta,O5 wires in CS, for 30 min at 900
°C, after ramping to 900 °C within 20—30 min. The latter
process is reversible, so one can recreate Ta,O; wires from
Ta,0;_,S, wires by calcinating the oxysulfide in air for 30 min at
900 °C, after ramping to 900 °C within 20 min. Cooling rates to
acquire Ta,O; and Ta,0;_,S, may affect surface roughness but
are independent of their formation within the tested parameters.
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It must be noted that using Ta,0 powder does not yield
similar results; only Ta,O; wires produce Ta,O;_,S, wires when
reacted with CS,. Powdered Ta,O; reacting with CS, at 900 °C
yields TaS, powder (Figure 2¢).'8

For stoichiometry and structural phase identification, EDS
and powder X-ray diffraction data were collected on finely
crushed wires of Ta,S;, Ta,O;, and Ta,0;_,S,. EDS spectra
were acquired in a custom-built PHI 710 integrated scanning
Auger nanoprobe (Physical Electronics; Chanhassen, MN,
USA). A 20 keV electron beam was used to generate X-rays,
which were collected by a silicon drift detector (Bruker XFlash;
Billerica, MA). Quantification of EDS spectra was performed
using a ZAF model.”

For EBSD data, a 20 keV beam was used with the sample tilted
to 70° from the horizontal (i.e., electrons entered the surface at a
~20° grazing angle). The resulting EBSD patterns were
recorded on a phosphorus screen coupled to a CCD camera
(ThorLabs 1500M-GE-EX1; Newton, NJ). Electrical and
magnetic measurements were carried out with a Quantum
Design Physical Properties Measurement System. Ta,Sy’s
electrical resistance was measured with a four-probe dc method
on a pelletized sample of length 0.92(5) mm and cross-sectional
area 0.052(6) mm?. Current densities of around 190 mA/cm?
were utilized to avoid Joule resistive heating. The uncertainty in
electrical resistivity is about 5% due to geometrical errors.
Temperature-dependent resistance measurements were done
on Ta,0;_,S,. Ta,S; wires were pelletized for all measurements
except X-ray diffraction. A PASCO wireless force acceleration
sensor was used to measure Ta,Ss’s tensile strength. See Figure
S1 and Table S1 for tensile strength measurement details.
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