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This article focuses on two different approaches to create nanoscale transition metal chalcogenide
materials. First, we used chemical nanofabrication, a combination of top-down patterning and bottom-
up solid-state synthesis, to achieve control over the shape, size, and ordering of the patterned
nanomaterials. We demonstrated orientational control over nanocrystals within sub-300 nm patterns of
MoS; and formed free-standing nanostructures of crystalline NiS,. In addition, crossed line arrays of
mixed metal chalcogenide nanostructures were achieved, and TaS, nanopatterns were made by the
chemical transformation of tantalum oxide templates. Second, we developed a one-pot procedure using
molecular precursors to synthesize two-dimensional NbSe,, TaS, and TaSe, nanoplates and one-
dimensional NbSe, wires depending on the relative amount of surfactants in the reaction mixture.
Prospects for these transition metal chalcogenide nanomaterials with controlled shapes and

Nanomaterials

morphologies will be discussed.

© 2008 Elsevier Inc. All rights reserved.

1. Background

Metal chalcogenide materials are important in a broad range of
applications from solar cells [1,2] to catalysts [3,4] to low-friction
surfaces [5,6]. In particular, transition metal chalcogenides (TMCs)
have demonstrated promise for battery electrode materials [7,8],
photovoltaic devices [9], and photocatalysts [10,11]. Reducing the
size and controlling the shape of TMCs to nanoscale dimensions
has resulted in enhanced properties compared to bulk. For
example, fullerene-like TMC nanotubes (e.g. MoS,, TiS,, and
WS,) are more air-stable and show a greater loading capacity of
Li [12]. Both characteristics are important for battery storage
capacity [13]. In addition, HfS, nanotubes show photolumines-
cence that is blue-shifted compared to the bulk [14]. Spherical
inorganic fullerene TMC materials, such as WS,, also demonstrate
superior wear resistance and longer lubrication lifetimes com-
pared to TMC powders [13,15]. Hollow MoS,-nanoparticles can
exhibit an order of magnitude lower frictional coefficient than
bulk sputtered MoS, and are more stable because of their closed
cage configuration [16].
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Other layered TMC materials, such as TaS,, TaSe,, and NbSe,,
show complex electronic properties such as superconductivity
and charge density wave (CDW) behavior [17-20]. In the case of
NbSe,, the superconducting transition temperature (T.) can be
reduced by decreasing the number of layers [21]. NbSe,
nanostructures consisting of ca. 12 layers have shown a slight
decrease (0.3K) in T. [22]. Conversely, TaS, nanowires have
exhibited an elevated T. compared to the bulk (0.6-3.4K) [23].
Confining the size or reducing the dimension of the materials has
also facilitated investigations of new mesoscopic phenomena. For
example, one-dimensional (1D) chains of TaSs, NbSe; and TaSe;
have been especially important in studying CDW behavior in
reduced dimensions [24-26]. Nanowires and ribbons made from
NbSe; demonstrate an order of magnitude suppression in the
resistivity around the CDW transition temperature compared to
bulk NbSes; from size effects, and wires consisting of less than
2000 chains show insulating behavior at low temperatures
(<50K) [27,28]. Also, in 1D TaS; nanostructures, CDWs were
responsible for ohmic conduction at low temperatures [29].
Despite the intriguing possibilities of observing quantum-size
effects on superconductivity, there are few reports on different
synthetic methods to nanoscale diselenide materials [19,20,22,
26,30-32].

Using broad classifications, there are three different routes to
generate nanoscale TMC materials: (1) chimie douce (soft
chemical) synthesis, (2) solvothermal methods, and (3) high-
temperature solid-state reactions. MoS, nanoclusters have been
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synthesized within inverse micelles [11], and MoS,, MoSe;, WS,
and WSe, nanoparticles have been grown starting from transition
metal (M) carbonyl and chalcogen (E) precursors [33]. Nanopar-
ticles produced using solution-based methods, however, are
generally amorphous and require further annealing treatments
to improve crystallinity. Although solvothermal methods can
produce improved crystalline materials compared to chimie douce
processes, a challenge is size control [34-37]. An advantage is that
a variety of binary (e.g. NiSe,, CoSe,) and ternary metal
chalcogenides (e.g. AgsSnSe, and AggSnSeg) can easily be grown
using solvothermal chemistry [38-41]. Under high-temperature
conditions, inorganic fullerene-like nanoparticles and multi-
walled inorganic nanotubes have been produced, such as WS,
nanotubes starting from WOs3_, particles [42] and MoS,, WS,, and
MoSe, particles and nanotubes from the decomposition of
ammonia salts ((NH4);ME4;) or metal trichalcogenides (ME3)
[43-47]. None of these methods, however, can facilitate the
assembly of nanoscale TMC materials into specific locations on a
substrate. Such control is critical for investigation of their
properties at the single nanostructure level and also for direct
integration into devices. Early efforts for organizing MoS,
nanowires have used the step edges of a graphite surface as a
template [48,49], although the structures are usually transferred
to a different substrate for chemical sensing and other applica-
tions.

2. Introduction to methodologies

Our work has focused on expanding the strategies for creating
nanoscale TMC materials beyond semiconductors and has ex-
plored unique approaches for producing TMCs based on refractory
metals. Moreover, these nanomaterials can be grown in ordered
arrays, with sizes that are easily tunable, and with unusual but
controllable shapes. We have carried out solid-state reactions on
surfaces, where patterned arrays of metal nanostructures are
chemically transformed [50-52], and in beakers, where molecular
precursors are decomposed in a one-pot synthesis [53].

Fig. 1A outlines how solid-state reactions can occur on a
substrate patterned with metal nanostructures. First, phase
shifting photolithography (PSP) with a hard-PDMS (polydimethyl-
siloxane) mask is used to generate sub-250nm trenches in a
negative tone photoresist [54]. After metal deposition and
removal of the photoresist template, metal nanostructures
are patterned and chemically converted into their metal chalco-
genide by heating the substrate in a quartz tube furnace in the
presence of H,S gas or Se vapor sublimed from Se powder. In
general, refractory metals (Ta and Mo) required much higher
temperatures (> 850 °C) for chemical transformation compared to
softer metals (Ni and Ag), where temperatures were less than
400°C.

Fig. 1B depicts our one-pot approach to synthesize metallic
TMC nanomaterials. First, the appropriate molecular precursors
(usually NbCls or TaCls), chalcogen sources (Se, Na,S, or S), and
amine surfactants were combined under nitrogen into a three-
necked flask. This mixture was vigorously stirred at elevated
temperatures (>250°C) for several hours to form a black
suspension. The amorphous intermediates were then extracted
and washed with organic solvents (hexanes or ethanol) prior to a
second high-temperature annealing step to achieve crystalline
nanostructures [53]. In this procedure, the surfactant also served
as the solvent, and the relative concentrations of these were
critical for achieving shape and dimensionality control. The
remaining sections of this paper will focus on specific examples
of our work that highlight the novelty, versatility and flexibility of
the two approaches.
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Fig. 1. (A) Scheme of the chemical nanofabrication procedure to generate
patterned arrays of nanoscale transition metal chalcogenide (TMC) materials and
(B) scheme of the one-pot, soft chemical synthesis of TMC nanostructures.

3. Solid-state chemistry on surfaces

3.1. Transition metal sulfide nanomaterials

Thin films of TMC materials have been prepared by a variety of
methods, ranging from sequential deposition of constituent
materials followed by annealing [55] to wet deposition from
single-source precursors [56] to chemical vapor deposition [57].
From these precedents, we optimized our chemical transforma-
tion conditions by converting e-beam deposited thin metal films
to their crystalline TMC analogues by heating the metal substrates
in a quartz tube furnace under H,S gas. For example, to create
MoS, films, we heated thin films of Mo under 850°C in the
presence of Ar/H,S for 4 h and discovered that the overall sizes of
the crystals scaled with the thickness of the Mo film. In addition,
patterned microscale structures (ca. 1pm or larger) of Mo
exhibited polycrystalline structures similar to those in the films.

To test whether reducing the sizes of the Mo patterns to
nanoscale dimensions would make a difference, we patterned
surfaces with sub-250nm features. A thin (3-5nm) adhesion
layer of Cr was used to keep the Mo nanopatterns on the
substrate. The chemical conversion conditions were identical to
those described above for unpatterned Mo films. Interestingly, we
observed that the relative orientation of the MoS, crystals could
be controlled simply by altering the location of the nanopatterned
Mo substrate within a quartz tube furnace (total length = 13”)
[51]. Fig. 2A shows patterned MoS,-lines where the c-axes of the
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Fig. 2. Scanning electron microscopy (SEM) images and glancing angle X-ray diffraction (GAXD) spectra of patterned MoS, lines with nanocrystals whose c-axes are
primarily oriented (A) perpendicular to the substrate and (B) parallel to the substrate. Adapted from Ref. [51].

MoS, nanocrystals are oriented roughly parallel to the substrate
(the plates are on their edges); this morphology was formed at
distances 3-4” downstream from the furnace entrance. Fig. 2B
shows MoS, crystals oriented where the c-axes are mostly
perpendicular to the substrate; this orientation was formed
9-10” downstream from the entrance. If the features of the
patterned Mo were larger than 250 nm, no preferential orientation
was observed. MoS; can exhibit three different polytypes: 2H-
MoS, (hexagonal), 3R-MoS, (rhombohedral), 1T-TaS, (tetragonal)
[49]. We used glancing angle X-ray diffraction (GAXD) to
characterize the crystal structure of the patterned nanostructures
in order to preserve their integrity on the surface. Comparison of
the diffractograms indicated that the relative intensities of the
peaks, especially those along the (00I) direction, verified the
different crystal orientations imaged using SEM. The observed
Cr,S3 peaks can be attributed to conversion of the Cr adhesion
layer. Under our conditions, we observed only the 3R polytype.
To demonstrate the versatility of our chemical transformation
approach to pattern other TMC nanomaterials, we generated a
wide range of materials starting from different metals [52]. Fig. 3A
shows a portion of a large area (>1in?) array of NiS,-lines
patterned on a 400nm pitch. Interestingly, the nanocrystals
within these lines appear to overlap, and indeed, Fig. 3B confirms
that the orientation of the nanocrystals follows the curve and
direction of the metal template. GAXD spectra were consistent
with bulk cubic NiS, (Pa—3, PDF #01-089-3058) (Fig. 3C). In
general, we observed that TMC materials with higher symmetries
(such as NiS,, Ag,S and Ag,Se) tended to form more intercon-
nected crystals than layered compounds like MoS, (Fig. 2) [52].
Because the NiS, nanocrystals were connected within the
patterned structures, we could also generate free-standing
structures. Here, we modified the nanopatterning method but
kept the chemical transformation conditions the same. Fig. 4
outlines the procedure to generate NiS, rings: (1) PSP is used to
define the overall shape in positive tone photoresist on Si (100)
substrates; (2) Cr is deposited and then lifted-off to form slots in
the Cr film, which acts as an etch mask; (3) the patterned
substrate is anisotropically etched to form v-grooves in the Si into
which Ni is deposited by e-beam (Cr mask is then removed); and
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Fig. 3. (A) SEM image of nanoscale NiS; lines generated on a 400 nm pitch and (B)
SEM image of NiS, rings. The tilt angle is 45°. The zoomed-in areas depict how
nanocrystals within a NiS, ring overlap with each other and follow the curved
direction of the pattern. (C) GAXD spectrum of nanopatterned NiS, lines exhibiting
characteristic diffraction peaks for cubic NiS,. Adapted from Ref. [52].

(4) the Ni is converted to NiS, and then released from the Si
template [52]. These NiS, nanostructures can be dispersed into
solution or transferred to a variety of substrates.
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Fig. 4. Scheme and corresponding SEM images of the steps for generating free-
standing NiS; nanostructures: (1) pattern-positive tone photoresist; (2) deposit Cr,
lift-off, and then etch Si through Cr mask; (3) deposit Ni within etched Si and
remove the Cr and (4) react with H,S gas and then release from Si template.

3.2. Patterned mixed metal chalcogenide nanomaterials

The robustness of the patterned metal chalcogenide nanos-
tructures enables us to generate crossed arrays out of the same as
well as different materials. In the former case, the patterning is
trivial as long as the metal templates can withstand multiple
photolithographic steps. In the latter case, care must be taken
when selecting the first patterned TMC nanomaterial so that it can
handle the subsequent photolithography steps (processing of the
next metal) as well as the second chemical conversion reaction.

Besides the ability to create metal sulfide nanomaterials, chemical
nanofabrication can also produce metal selenide nanostructures.
Fig. 5A depicts a crossed array of Ag,Se lines that overlap other Ag,Se
lines that were made from crossed Ag lines that were converted in the
presence of Se vapor (~8 mTorr at 200 °C). We demonstrated that
arrays of NiS, lines crossed with Ag,Se lines could be generated
(Fig. 5B). Here NiS, was patterned first because it was stable at the
lower reaction temperatures used for the conversion of Ag to Ag,Se.
Although neither Ag,Se nor Ag,S nanostructures appeared to exhibit
nanocrystalline structure (patterned lines appeared smooth), GAXD
identified crystalline planes [52].

3.3. Tantalum oxide and tantalum sulfide nanomaterials

Although we have highlighted the advantages of this chemical
conversion approach to generate TMC nanomaterials, there are
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Fig. 5. SEM images of (A) Ag,Se crossed line arrays (pitch: 10 um x 25 um) and (B)
NiS; lines crossed with Ag,Se lines (pitch: 400 nm x 2 um). Adapted from Ref. [52].

two potential limitations: (1) the metal deposited by e-beam must
not damage the photoresist template and (2) the substrate
supporting the metal nanopatterns must not react with the
chalcogen source. The former is problematic primarily for
refractory metals (such as Ta, Nb, and Mo), which can cause
significant heating of the e-beam chamber during deposition. The
elevated temperatures cause the photoresist polymer to cross-
link, and standard lift-off in organic solvents cannot be easily used
to produce the metal nanopatterns. We overcame this challenge
by first exposing the photoresist to an oxygen plasma and then
sonicating the substrate in water. Ta nanopatterns were fabricated
using this modified approach to lift-off and then subjected to
typical sulfidization conditions in the tube furnace. In contrast to
the Mo system, which could be converted directly to MoS, from
the as-deposited Mo nanopatterns, the Ta patterns did not
converted to TaS, without an intermediate oxidation step.

Not surprisingly, we found that the oxidation temperature
(650-850°C) had a significant impact on the crystallinity and
morphology of the tantalum oxide (Fig. 6). As the temperature
increased from 650 to 750°C, the characteristic peaks of
orthorhombic Ta;Os (Pmm2, PDF #00-025-0922) increased in
intensity while the FWHM decreased. Such changes are char-
acteristic of improved crystallinity, although no marked differ-
ences in morphology were observed in SEM images (Fig. 6, insets).
Under an increased oxidation temperature of 850 °C, the TayOs
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Fig. 6. GAXD spectra and SEM images of lines of (A) nearly amorphous Ta,Os

oxidized at 650 °C, (B) crystalline Ta,0s oxidized at 750 °C, and (C) Ta,Os5 oxidized
at 850 °C. Note that (B) and (C) exhibit different crystal structures.
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Fig. 7. GAXD spectra and SEM images (insets) of near perfectly oriented TaS, lines
with the c-axis perpendicular to the substrate.

lines were faceted and adopted an alternate orthorhombic
structure (Ibam, PDF#00-054-0514). The lateral dimensions
increased from ~225 to ~280nm.

Fig. 7 shows crystalline TaS, structures obtained after heating
polycrystalline Ta;0s (650°C) in H,S at ~3Torr at 950°C. We
observed that using the oxides generated at lower temperatures
yielded more continuous TaS, nanopatterns than those from
more crystalline Ta,0s materials (850°C). Similar to 2H-MoS,,
2H-TaS; is a layered material with Ta atoms sandwiched between
two layers of trigonally coordinated S atoms. It is noteworthy that
the TaS, lines were oriented near perfectly with the c-axis
perpendicular to the fused silica substrate. The intense and
narrow (002) peak along with the weak (101) and (104) peaks
in the GAXD spectra (P63/mmc, PDF#01-080-0685) verified the
crystal orientation relative to the substrate. We attribute the
broad peak at ~22° to the polycrystalline silica substrate
(the (100) peak is at 22.4°, PDF#01-070-3315). Some etching of
the fused silica was also observed under the TaS, nanostructures
after the reaction.

4. One-pot synthesis of metallic TMC nanomaterials

As an alternative approach for controlling the crystal structure,
size, and shapes of TMC nanomaterials, we have also pursued
synthetic methods to grow layered, conducting ME, nanostruc-
tures. We have focused primarily on TaS, and NbSe, [53] because
these materials exhibit correlated electron phenomena, such as
superconductivity and CDW behavior. Using a one-pot synthesis,
we have developed procedures to generate 2D nanomaterials out
of TaS,, TaSe, and NbSe, and 1D nanomaterials from NbSe,. The
key for obtaining different dimensionalities was the relative
amount of surfactant (typically an amine) that stabilized
the chalcogen-rich (001) planes. Although quantification of the
absolute amounts of surfactant on the crystals was difficult to
determine, we could qualitatively tune the relative concentrations
of surfactant to ME, material to control dimensionality.

TaSe, and TaS, nanomaterials were synthesized following the
outline in Fig. 1B [53] to form nanoplates with thicknesses
between 15 and 60 nm and lateral dimensions between 300 and
800 nm (Fig. 8). In brief, TaCls, elemental Se and dodecylamine
were combined under N, to form a black suspension of precursor
materials. After heating to 250°C for 4h and stirring vigorously,
the intermediate was extracted and washed repeatedly with
hexane, dried under vacuum, and then heated at 650 °C in a quartz
reaction flask for another 4h under N,. TaS, nanoplates were
synthesized by the same general procedure except substituting
solid S for Se, heating the intermediate to 250°C for 2h, and
annealing at 650 °C for 2h under N,. We found that crystalline
products were not obtained if the intermediate was annealed at
lower temperatures (<550°C) or for shorter reaction times
(<2h). In addition, we found that the relative amount of
surfactant at each step played an important role in the formation
of the nanoplates, which might explain why TaSe, or TaS,
nanoplates were not generated if the intermediates were
extracted with ethanol instead of hexane.

Powder X-ray diffraction (PXRD) patterns of TaS, and TaSe,
nanoplates were consistent with bulk 2H-TaSe, (PDF#01-73-
1799) and 2H-TaS, (PDF #01-80-0685) (Fig. 8, insets). The peaks of
the TaSe, and TaS, nanostructures were broad, and the increased
full width half max of the (002) peak in the XRD pattern indicates
a decreased number of layers along the c-axis. In contrast to the
surface-patterned, chemical transformation method to TaS,
nanomaterials (Fig. 7), the one-pot synthesis did not exhibit
well-faceted edges. Both the solution synthesis and the nanofab-
rication approaches, however, produced the same hexagonal
crystal structure (P63/mmc), although the temperatures required
to produce the TaS, nanomaterials were different. In the chimie
douce approach, 2D crystals were grown at 650°C from Ta
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2H-TaS;

Intensity (a.u.) '

A

Fig. 8. SEM images and PXRD patterns (insets) of a one-pot chemical synthesis of
(A) TaS, nanoplates and (B) TaSe, nanoplates.

precursors and surfactants, although no conversion was observed
from the nanopatterned Ta,Os5 structures until 950 °C.

Using reaction conditions similar to those for TaS, and TaSe,,
we have also synthesized NbSe, nanoplates and nanowires. The
primary difference for the niobium system was that the annealing
step occurred at a lower temperature, 450 °C. Nanoscale NbSe,
formed different morphologies depending on the washing
temperature of the intermediate. When the reaction mixture
was cooled to room temperature slowly (~5°C/min) before
washing with hexane, 2D lamellar plates were achieved
(Fig. 9A). The thicknesses of the nanoplates ranged from 10 to
70 nm and the lateral dimensions ranged from 500 to 1000 nm. In
contrast, when the black suspension was quenched rapidly with
room-temperature hexane, 1D nanowires were formed (Fig. 9B).
The NbSe, nanowires were tens of microns long and between 2
and 25nm in diameter. High-resolution transmission electron
microscopy (HRTEM) images revealed that individual nanowires
were polycrystalline and that the wires grew perpendicular to the
(002) direction [53]. The selected area electron diffraction (SAED)
pattern of several (3-5) nanowires exhibited slightly broadened
diffraction spots because occasionally the stacked NbSe, sheets in
the nanowires were not uniformly spaced along the length of the
wire. PXRD of the 2D and 1D-structures were consistent with 2H-
NbSe, (PDF#19-0872).

5. Concluding remarks

TMC nanomaterials can be generated on surfaces and in
beakers with control over their size, shape, and crystal structure.

Fig. 9. SEM images of (A) 2D nanoscale NbSe, plates. Inset shows a HRTEM image
of an individual nanoplate on its edge. (B) 1D nanoscale NbSe, wires. Top inset
shows a SAED pattern of a small number of nanowires. Bottom inset depicts a
HRTEM image of an 8.8-nm nanowire. Adapted from Ref. [53].

Such flexibility offered by chemical nanofabrication and soft
chemical methods opens new possibilities to study finite-size
effects, especially as a function of well-controlled sizes, on
correlated electron phenomena in TaS, and NbSe,. Moreover,
TMC materials patterned over multiple length scales can enhance
applications where large surface areas are important, such as in
chemical sensing and catalysis. Because multiple, different TMC
nanomaterials can now be easily patterned on a single substrate,
opportunities for multiplexed sensing and broadband absorption
for photovoltaics can also be envisioned. Moreover, we anticipate
that these new types of patterned and crystalline nanomaterials
will enable unique prospects for interrogating solid solutions and
solid-state chemical reactions at the nanoscale.
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