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ABSTRACT

Herein, we demonstrate the fabrication of sub-20 nm MoS, horizontal nanowire arrays on silicon substrates using a self-
assembled block copolymer assisted in situ inclusion approach. Microphase separated long-range ordered polystyrene-b-
polyethylene oxide (PS-b-PEO) block copolymer (BCP) line-space nanopatterns were achieved through thermo-solvent
annealing. The patterns produced had long-range order and domain sizes > 1 um. The BCP structures were lightly etched and
modified by anhydrous ethanol to facilitate insertion of molybdenum precursor within the film maintaining the parent BCP
arrangements. Horizontal ordered molybdenum oxide nanowire arrays were then fabricated by ultraviolet (UV)/ozone treatment
at room temperature. The oxides were converted to sulphides by thermal evaporation at different temperatures in Ar/H,
environment. X-ray photoelectron spectroscopy revealed the composition and phases of the molybdenum oxide and sulphide
nanowires. Elemental mapping was performed to investigate the interfaces between the oxide and sulphide nanowires with the
substrate surface. The formation and stability of the sulphide nanowires were studied at different temperatures. The
photoluminescence and Raman properties were studied at different formation temperatures to investigate defects and estimate

the number of layers.
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1 Introduction

Recent advances in the fabrication of ultrathin monolayered
materials have enabled investigations of new low-dimensional
physics such as massless Dirac fermions and anomalous quantum
Hall effects [1, 2]. Two-dimensional (2D) materials hold particular
interest in this regard. MoS, is a typical example, a member of
layered transition metal dichalcogenide family of materials. Bulk
MoS, is semiconducting with an indirect bandgap of 1.2 eV,
whereas it changes to a direct gap of 1.8 eV in monolayer form [3].
MoS, in nanotube and nanowire forms is also interesting for its
electronic and optical properties due to quantum mechanical
confinement [4, 5]. However, the formation of dense arrays of
MoS, nanowires on substrates for potential use in integrated
circuits and other electronic nanowires is challenging and remains
an objective; the deposition and organization of preformed MoS,
nanotubes or nanowires at substrates seem unlikely in structures
consistent with dense device fabrication [6-9]. An alternative
approach may be patterning of molybdenum oxide (MoOs) and
sulfurization to form arrays. MoO; is a relatively inexpensive n-
type semiconductor material widely used as a catalyst for partial
oxidation of hydrocarbons or for selective catalytic reduction of
NO, [10]. Also, it has been used in the field of gas sensing, solid
lubricants, electrochromic applications and as an anode in Li-ion
battery technology [11].

Formation of dense nanowire arrays for nanodevices can be

achieved by photolithography and chemical-based self-assembly is
an attractive approach for creating nanowires with complex
chemistries. Generally, dense nanowires can be prepared by
several bottom-up techniques and need to be organised into the
desired device setting, which remains a challenge though
significant progress has been made [12,13]. Among different
nanofabrication bottom-up methods, directed self-assembly
(DSA) of microphase-separated structures of block copolymer
(BCP) is considered favourable for its high throughput, low cost
and simplicity for generating line and space shaped patterns on
substrates [6,14-16]. The nanowires prepared by this BCP
approach do not require further steps to arrange themselves for
the nanodevice applications. However, there are still several
challenges such as defects, controllability and self-assembly
kinetics for wider applications of the BCP [17]. We have
previously investigated this approach for development of MoS,
nanowires on silicon using a polystyrene-b-polyvinylypyridine (PS-
b-P4VP) system. Herein, we extend these studies towards an
alternative BCP template, PS-b-PEO, investigating in more depth
the formation of the nanowires and studying their optical
properties. A key advantage of the improved methodology here is
the use of a cylinder BCP system since the alignment (orientation
to the surface plane) of line-space patterns is easier compared to
lamellar systems since control of the interfacial interactions is less
problematical [18]. Further, we are able to produce patterns with

Address correspondence to Tandra Ghoshal, ghoshalt@tcd.ie, g_tandra@yahoo.co.in; Michael A. Morris, morrism2(@tcd.ie

it % £ 2wt

Tsinghua University Press

@ Springer

o
L
=
<
<
o
—_
©
Lo}
0
[0}
o




2146

very high order and domain sizes in excess of a micron. This
allows us to carry out in depth characterisation due to the
regularity of the patterns and the feature sizes. These structures are
amenable to material modification because both blocks are present
at the surface. MoO; nanowire arrays are realized by an
established in-situ selective inclusion (into the BCP patterns)
methodology [19,20]. Low-temperature sulfurization converts
[21] MoO; into MoS, without disturbing the parent nanowire
pattern revealing significant integrity with the substrate [22].

This report is of significance combining simplicity,
controllability (morphology and orientation of BCP) and cost
using self-assembly with an “in-situ” inclusion technique followed
by ultraviolet (UV)/ozone treatment to generate MoO; and MoS,
horizontal nanowire arrays. The morphology, interfaces and
elemental composition of the arrays were systematically studied
using scanning electron microscopy (SEM), cross-sectional
transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS) and elemental mapping. Photoluminescence
and Raman measurements were also performed for defect-related
studies on the samples synthesized at different temperatures.

2 Results and discussion

In this report, we have used a cylindrical phase forming PS-b-
PEO, yielding a morphological arrangement of PEO cylinders
inside a PS matrix after solvent mediated microphase separation.
The spin-cast films were exposed to different annealing solvents,
temperatures and time to achieve the desired structural
arrangement and orientation of the PEO cylinders with minimal
defects. The solvents used were toluene and tetrahydrofuran
(THF). Cyclical flipping of cylinders or local disordered and/or
mixed orientation was realized when using either toluene or THF
solely at different temperatures and annealing time [22, 23]. It is
seen that a 1:1 volume ratio of toluene/THF mixture (in separate
reservoirs) at annealing temperature of 50 °C for 3 h provides
almost defect-free parallel orientation of PEO cylinders in PS
matrix. Figures 1(a) and 1(b) show the representative atomic force
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microscopy (AFM) and SEM images of the BCP after exposure to
this solvent respectively. The AFM image in Fig. 1(a) indicates
ordered parallel cylindrical arrangements without de-wetting. The
SEM image (Fig.1(b)) also indicates similar structural
arrangements of PS and PEO microdomains despite their similar
densities and average atomic number. The film surface is at
uniform level with a thickness of around 42 nm as measured by
ellipsometry. The average measured centre-to-centre cylinder
distance is 42 nm with a cylinder diameter of 19 nm.

The morphological evolution of the films with annealing time
when other processing conditions remained unchanged is shown
in Fig. 2. 30 min exposure forms perpendicularly orientated PEO
cylinders across the whole substrate. Film thickness undulations
and non-uniform feature sizes are also realised (Fig. 2(a)). Figure
2(b) shows mixed perpendicular and parallel orientations of the
cylinder across the wafer at an annealing time of 1 h. The average
measured centre-to-centre cylinder distance and diameter are
uniform and similar for both orientations. The parallel cylindrical
orientation dominates at 1.5 h (Fig. 2(c)) annealing time but is
accompanied by formation of small islands with perpendicular
cylinders. This is related to non-uniform thickness of the film (+ 2
nm). The parallel-only cylinder orientation was achieved as the
annealing time increased to 2 h (Fig. 2(d)). The average measured
centre-to-centre cylinder distance is the same as before (42 nm a
diameter 19 nm). However, large domain sizes (> 1 um) with
good long-range ordered, uniform thickness and cylinder
diameter were realized only after 3 h annealing (Figs. 1(a) and
1(b)). The high periodicity of these patterns is significantly greater
than the observed previously [24] and allows much better
characterization because of their regularity.

Here, toluene and THF are used together to affect microphase
separation. Toluene and THF are selective solvents for PS, since
the solubility parameter difference of toluene with PS is much
smaller (|8;y — Ops| = [18.3 — 18] = 0.3 MPa') than that with PEO
(|6161 — Bpro| = |18.3 — 20.2| = 1.9 MPa™). Similarly, the solubility
parameter difference of THF with PS is (|0pyr — Ops| = [18.5 — 18]
= 0.5 MPa") is also smaller than with PEO (|&yyz — Opgo| = |18.5 —

Figure1 Representative topographical ((a) and (c)) AFM and ((b) and (d)) SEM images of the PS-b-PEO (42k-11.5K) after microphase separation in toluene/THF
mixture at 50 °C for 3 h and ethanol treatment at 40 °C for 16 h respectively. Insets of (b) and (d) show the corresponding magnified images.
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Figure2 AFM images of the films annealed in toluene/THF mixture at 50 °C with the annealing time of (a) 30 min, (b) 1 h, (c) 1 h 30 min and (d) 2 h respectively,
showing the morphological evolution.

20.2| = 1.7 MPa"). Short-period solvent annealing gives a vertical
orientation because this represents the least entropically hindered
route to microphase separation, as the PEO cylinder length is
limited to the thickness of the films. However, at extended time
periods the cylinders can relatively easily re-orientate parallel to
the substrate surface less favoured entropically when this
orientation is thermodynamically favoured. This occurs at the
exact monolayer film thickness (used here) as this ensures the
PEO cylinders only have a PS interface. With other non-
monolayer film thicknesses, thermodynamics is less favourable for
the parallel orientation [25]. This thickness variation at shorter
annealing time may result from spin-coating and/or trapped
solvent. Solvents can be trapped in the film because of vitrification
of the film during solvent removal [26]. This can “freeze-in” both
film irregularities as well as solvent swelling thickness changes.
The increased order and the uniformity of pattern orientation for
the longer annealing time are probably due to increased film
smoothness.

The microphase separated PS-b-PEO thin films with parallel
cylinder orientation were used as a template to prepare
molybdenum oxide and sulphide nanowire arrays by in-situ
inclusion methodology as reported previously by our group
[19-24,27-30]. PEO microdomains were used for selective
incorporation of metal ions into the template. This is realised by
etching and/or modification of the PEO site through immersing
the film in anhydrous ethanol at 40 °C for 16 h. Structural
arrangement, dimensions and ordering remain unchanged after
the treatment. The AFM and SEM images (Figs. 1(c) and 1(d))
show some increase in the phase contrast after this treatment,
indicating etched/modified PEO microdomains. The higher
magnification SEM image in the inset of Fig. 1(d) is consistent
with this partially porous structure. No thickness change of the
polymer film was observed after ethanol treatment. The ethanol
treatment is a pre-requisite to form well-defined oxide
nanopatterns described as an “activation step”. It was also
important to dry the films and carry out cation inclusion as
quickly as possible presumably to minimize adventitious water

uptake. Longer exposure to ethanol and higher temperatures
resulted in structural degradation.

Oxide nanowires are formed by our established in-situ
inclusion methodology [27, 28, 30] that incorporate the metal ions
into the PEO component via spin coating of the precursor
solution. Ordered large-area molybdenum oxide nanowire arrays
are realized with uniform size/shape and an arrangement that
mimics the original BCP patterns (Fig. 3(a)). The inset of Fig. 3(a)
shows the average diameter of the nanowires is 16 nm (a small
contraction compared to that of as-synthesised BCP films) and is
equal throughout the entire length. The PS matrix excludes the
possibility of the ethanol mediated metal ion inclusion because of
its hydrophobic nature. The similarity of the chemical structures
of PEO monomers [(CH,CH,0)-] and ethanol molecules (H-
CH,CH,0-H) is important and ethanol is highly effective in
swelling the PEO domains and allowing infiltration. Intra or
intermolecular coordination chemistry between metal ions and
PEO via electron donation from the PEO block is also important
for effective inclusion [31,32]. Considering the fact that spin
coating was performed for just a few seconds, diffusion through
the pores and enrichment of the solid inside the pores must be a
rather rapid process. The effectiveness of this simple solution
mediated inclusion supports the suggestion that the ethanol
activation step does not involve PEO removal and that PEO is
present at the surface [28]. Complete removal of the PEO was
achieved during the ethanol activation step, it would be highly
unlikely that significant amounts of metal uptake and controlled
selected area placement would have occurred because the PS
matrix would be hydrophobic and the concentration of metal in
solution is rather low.

The chemical composition of the molybdenum oxide
nanowires after UV/ozone treatment was confirmed by XPS
studies. A typical XPS survey spectrum (Fig. 3(b)) of molybdenum
oxide nanowires confirms the expected presence of Si, O, C and
Mo. The C 1s signal is relatively small, which demonstrates
effective removal of carbon species during processing. Its intensity
is consistent with those of adventitious material formed by
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Figure3 (a) SEM images of MoO; nanowires after spin-coating precursor-ethanolic solution onto the modified template followed by UV/ozone treatment at room
temperature. (b) Survey, (c) Mo 3d and (d) O 1s XPS spectra of MoO; nanowires respectively.

adsorption and other contamination during sample preparation.
Mo 3d high-resolution XPS spectra are shown in Fig. 3(c). The
spectrum shows two well resolved spectral lines at 231.5 and
235.3 eV, which are assigned to Mo 3d;, and Mo 3d,, spin—orbit
components respectively [33]. These values are in good agreement
with the polycrystalline form of MoO; and suggest that the as
formed nanowires are polycrystalline [34, 35] The spectra show no
evidence of splitting or broadening within the resolution of the
instrument, indicating the Mo was present in a single
environment. The XPS O 1s spectrum shown in Fig. 3(d) shows a
slightly broadened peak. Gaussian-Lorentzian curve-fitting
provides individual binding energies of 529. 8 and 531.1 eV. The
majority high intense peak at 531.1 eV is related to oxygen species
reacted with metal and related to oxidation state of MoO; [36].
The small intense peak corresponds to Si-O bond originated from
the exposed Si substrate.

Figure 4(a) shows the SEM image of the sulfurized nanowires.
The well-separated nanowires remain intact at the substrate
surface after sulfurization. Long range ordered uniform diameter
nanowires were realized after the transformation. The average
diameter of the nanowires is 15 nm and equal throughout the
entire length with a centre-to-centre nanowire distance of 42 nm
as the parent BCP structure. Thus, sulfurization process does not
affect the structure and morphology of the BCP. The chemical
composition of the molybdenum sulphide nanowires was
confirmed by XPS studies. A typical XPS survey spectrum (Fig.
4(b)) of molybdenum sulphide nanowires confirms the expected
presence of Si, S, O, C and Mo. The C 1s signal is consistent with
that of adventitious material. The chemical composition of the
molybdenum sulphide nanowires was confirmed by Mo 3d high-
resolution XPS spectrum shown in Fig. 4(c). The spectrum
showed two Mo 3d spin-orbit coupled contributions at 230.2 and
2333 eV, which are assigned to Mo 3d;, and Mo 3d;,
respectively. These peak positions are reflective of the
semiconducting behaviour of MoS, (2H-MoS,) [37, 38]. The S 2p
high resolution XPS spectrum shows two well-resolved peaks at
162.6 and 163.9 eV, which are assigned to S 2p;, and 2p,;, in the
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2H-MoS, phase respectively as shown in Fig. 4(d) [39]. The Mo
and S are present in the 1:2 atomic ratio and also suggest the
formation of MoS,. In addition to the main features, a new small
peak is located at a higher binding energy (235.3 eV), which is
ascribed to Mo®, probably due to surface oxidation of the
nanowires [39]. The XPS O 1s spectrum shown in the inset of Fig.
4(d) showed a symmetrical peak at binding energy of 529.8
corresponding to the Si-O bond from the exposed substrate
between the nanowires.

The precise structural arrangement, positions and interfaces of
the Si, silica and molybdenum oxide nanowires were obtained
from high resolution EDAX mapping. A carbon layer was
deposited on top of the oxide nanowires as a protecting layer
during FIB lamellae preparation to enhance the contrast between
nanowires. No defects or delamination was observed at the
interface between the substrate and the nanowires reflecting the
bonding, efficiency and structural integrity of the nanowires
during FIB processing. Figure 5(a) shows well separated, uniform
diameter ordered nanowires on the substrate surface. The
nanowires have a compressed hemispherical shape and may
reflect the spherical cross-section of the PEO domains of the BCP.
No agglomerated or irregular diameter nanowires can be seen.
The diameter of the nanowires was around 16 nm with an average
height of 4 nm. The higher magnification image shown in Fig.
5(b) confirms that the nanowires were thicker at the middle in
comparison to the sides. They were residing on a thin native oxide
layer on the Si substrate. Elemental composition was confirmed by
high resolution EDAX mapping and the distributions of Mo, O
and Si are shown in Figs. 5(c) and 5(d). The STEM image again
confirms the shape and sharp interfaces of the nanowires on the
substrate. Figure 5(c) shows a homogeneous distribution of Mo
corresponding to each nanowire and a sharp elemental interface
to the substrate surface, suggesting no inter-diffusion occurs. The
O and Si maps confirm the presence of oxides on the nanowire
and passive layer and the substrate respectively.

Similarly, the structural arrangement, positions and interfaces
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Figure4 (a) SEM images of MoS, nanowires formed by thermal evaporation of sulphur powder at 450 °C in an Ar/H, gas flow. (b) Survey, (c) Mo 3d, and (d) S 2p

XPS spectra of MoS, nanowires (inset is O 1s XPS spectrum).

Figure5 (a) and (b) Cross-sectional TEM images of MoO; nanowires on Si substrate. (c) and (d) STEM and elemental mapping of MoO; nanowires.

of the Si, silica, and converted molybdenum sulphide nanowires
were also obtained from high resolution EDAX mapping. Similar
processing steps were followed for the lamellae preparation. Well
ordered MoS, nanowires with uniform diameter were noticed, as
shown in Figs. 6(a) and 6(b). The average diameter of the
nanowires is 15 nm with centre-centre spacing of 42 nm. The
shape and sharp interfaces confirm these have been converted
from the MoO; nanowires without any structural defect.
Elemental composition was confirmed by high resolution EDAX
mapping and the distributions of Mo, O and S are shown in Figs.
6(c) and 6(d). The mapping was realized for two of the nanowires
as shown by the STEM image (Fig. 6(c), top)). The map (Fig. 6(c),
bottom)) shows a homogeneous distribution of Mo corresponding
to each nanowire and a sharp elemental interface to the substrate
surface suggesting no inter-diffusion occurs. The S map (Fig. 6(d),
top)) confirms the formation of sulphide nanowires. No oxides
(Fig. 6(d), bottom)) were detected on the nanowires and complete
conversion of the oxides to sulphides was confirmed. The oxide
was present only on the passive layer on the substrate surface.

The stability of the MoS nanowire arrays was examined
through the conversion process by varying the sulfurization
temperature while keeping all other parameters unchanged.
Figures 7(a) and 7(b) show the SEM images of the sulfurized
nanowires prepared at 550 and 650 °C for 1 h respectively. Both of
the images reveal well-attached and arranged MoS, nanowires on
the substrate though the thermal decomposition temperature of
the nanowires was reported as 650 °C [40]. The MoO; nanowires

were formed by in-situ inclusion process either intra- or
intermolecular coordination of PEO with the metal ions followed
by a slow UV/ozone treatment to remove any solvent, oxidize and
cross-link metal ions forming oxide and remove the organic part
simultaneously. This process leads to robust attachment of the
oxide with the substrate [28]. MoS, nanowires formed by
sulfurization through the evaporation of sulphur powder which
reacts with MoOj at higher temperature, replaces the oxygen with
sulfur which is also considered as a rather slow process. The
conversion process was terminated after the desired optimum
time for sulfurzation is also another reason that the nanowires
remained intact with the substrate. The diameter of the nanowires
remains the same as those fabricated at lower temperature. Few
small white spots can be seen on top of the nanowires prepared at
550 °C. Thickness undulation was also noticed. Although frequent
white clusters or lumps are visible throughout the wafer for the
sample prepared at highest transformation temperature. These
defects are related to the higher evaporation rate of the sulphur
powder and faster reaction/conversion rate of oxide to sulphide.
The clusters were formed by the deposition of the sulphur powder
on top of the nanowires. This is obvious from the XPS survey
spectra (not shown, see the Electronic Supplementary Material
(ESM)) as higher amount of sulphur detected with increasing the
transformation temperature. Longer conversion time also causes
frequent white spot and nanowire delamination. The amount of S
was 6.88 at%, 837 at% and 1122 at% for the nanowires
fabricated at 450, 550 and 650 °C respectively.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 6 (a) and (b) Cross-sectional TEM images of MoS, nanowires on Si substrate. (c) and (d) STEM and elemental mapping of MoS, nanowires respectively.
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Figure7 (a) and (b) SEM images of MoS, nanowires formed at 550 and 650 °C in an Ar/H, gas flow. (c) PL and (d) Raman spectra of MoS, nanowires formed at

different temperatures.

The photoluminescence (PL) spectra were recorded for the
MoS, nanowire arrays prepared at different temperatures (Fig.
7(c)). The nanowires synthesized at lowest temperature exhibit a
PL peak at around 668 nm (1.85 eV) corresponding to a direct
band gap transition indicating semiconducting behaviour
consistent with the XPS assignment. The nanowires synthesized at
higher sulfurization temperatures of 550 and 650 °C also exhibit
PL peaks around 670 nm (1.85 eV) and 674 nm (1.84 eV)
respectively. The peaks are broader than that synthesized at the
lowest temperature, probably indicating a higher density of point
defects and defect clusters. This is likely due to the formation of S
vacancies in MoS,. The formation of defects for the higher
sulfurization temperature annealing may facilitate formation of
vacancy clusters with different configurations [40]. These defects
with different clustering configurations might be related to
different exciton binding energies causes broadening of the
observed defect related PL peaks.

High frequency mode Raman spectroscopy was carried out to
confirm the 2D nature of the MoS, nanowires prepared at
different temperatures (Fig.7(d)). The spectrum shows two
distinct peaks at 384 and 404 cm™* for a sulfurization temperature
of 450 °C, which correspond to the E',, vibrational Mo-S bond
along the base plane and the A, vibration of sulphur along the
vertical axis, respectively [41]. The high-frequency modes, E,, and
Ay, shift away from each other with increasing number of layers
and can be used to determine the number of individual 2D layers.
The electronic structure of bulk MoS, is modified as the number
of layers is reduced from few to single layers leading to a transition
from indirect to direct bandgap due to increment in PL quantum
yield. Also, an emission band around 680 nm becomes detectable
for few-layers and is maximum for single layer MoS,, and thus,

Tsinghua University Press

obtaining single-layer samples is crucial for most of the
applications [37]. The most commonly used parameter for the
direct estimate of the number of layers, N, is the frequency
difference (Aw) between the Ey, and Ay, Aw = Ay, — By, [42]. The
nanowires prepared at lowest temperature consists of single layer
corresponds to 20 cm™ frequency interval [43]. Generally, E,,
mode redshifts while A;, mode blueshifts with the increasing
number of layers. Addition of layers increases interlayer van der
Waals forces which suppress the atomic vibrations and the actively
increases the force constants leads to the blueshift of A;, mode.
While the redshift of the E,, mode is caused by the surface effects
due to adjacent layers. The increase in the dielectric screening
reduces the long-range Columbic interaction between the effective
charges and thus the overall restoring forces [41]. From Fig. 7(d) it
is noticed that small broadening, intensity increase and blueshift of
A, mode to 405 cm™ and redshift of E,, mode to 383.5 cm™ for
the MoS, nanowires prepared at 550 °C corresponds to Aw =
21.5 cm™ for the double layers [42]. The Raman spectrum is
evidently broadened and the intensity also increases for the
nanowires synthesized at highest temperature. As reported in
previous studies [44, 45] the presence of defects is expected for the
broadening of high-frequency Raman modes as well as in
activation of defect induced peaks, which is consistent with our
SEM, XPS and PL studies. The measured Aw = 23.5 cm™
corresponds to three layers for the MoS, nanowires prepared at
650 °C.

3 Conclusions

Highly regular patterns of sub-20 nm horizontal MoS, nanowire
arrays on Si substrate were fabricated using self-assembled PS-b-

4 \é ff ? £ “é L @ Springer | www.editorialmanager.com/nare/default.asp
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PEO BCP line-space microphase separated arrangements. The
BCP structures were achieved by a thermo-solvent approach and
their morphological evolution was studied by varying the solvent
annealing time. The BCP structures were etched and modified by
anhydrous ethanol at 40 °C for the inclusion of molybdenum
precursor within the film to form oxide nanowires maintain the
BCP arrangements. Horizontal molybdenum oxide nanowires
were fabricated after spin-coating precursor-ethanolic solution
onto the modified template followed by UV/ozone treatment at
room temperature, which led to the formation of oxide and
complete removal of polymer. The conversion to sulphide was
realised by thermal evaporation of sulphur powder at different
temperatures in an Ar/H, gas flow. XPS spectra reveal the
formation of MoO; and MoS, nanowires. The SEM images depict
uniform diameter of the nanowires. The TEM images and
elemental mapping confirm the formation of well separated oxide
and sulphide nanowires on substrate surface. The nanowires have
sharp elemental interfaces of Si, Mo, S and O. The formation and
stability of the sulphide nanowires were investigated at different
temperatures of 450, 550 and 650 °C. Frequent white spots and
clusters were realized on top of the nanowires at higher
temperatures. The PL spectra show a semiconducting behaviour
of MoS, prepared at lowest temperature. The Raman spectra
reveal increment of the layers of the 2D MoS, nanowires with
increasing the sulphurization temperature. The higher
temperatures reveal similar PL and Raman behaviour but the
broadened spectra indicate the formation of defects and vacancy
related clusters.

4 Experimental

4.1 Formation of block copolymer nanopatterns

PS-b-PEO was purchased from Polymer Source and used without
further purification (number-average molecular weight, M, (PS) =
42 kg:mol”, M,(PEO) = 11.5 kg-mol™, M,, (M,, = weight-average
molecular weight)/M, = 1.07). Highly polished single-crystal
silicon <100> wafers (p-type) with a native oxide layer were used
as substrates without any attempt to remove the native oxide layer.
Ultrasonication of the substrates in acetone and toluene separately
for 30 min removed dirt, grease etc. The BCP was dissolved in
toluene by stirring at room temperature to yield a 0.9 wt.%
solution for at least 12 h prior to use. Thin films of BCP were
formed by spin-coating the substrates at 3000 rpm for 30 s using a
SCS G3P-8 spin coater. The films were exposed to toluene/THF
mixed vapour with 1:1 volume ratio placed at the bottom of a
closed vessel kept at a temperature of 50 °C for different time to
induce microphase separation through the required chain
mobility. Both horizontally and vertically aligned PEO cylinders
were realized at different experimental conditions.

4.2 Fabrication of molybdenum oxide and sulphide
nanowires

Partial etching and modification of the horizontal aligned PEO
domain was carried out by immersing the substrate at 40 °C for
16 h in anhydrous alcohol. The substrates were then removed
immediately and dried to avoid condensation onto the film
surface. Following this, a molybdenum (V) chloride solution of
1 wt.% was prepared in anhydrous ethanol and spin coated onto
the modified film at 3000 rpm for 30 s. UV/ozone treatment for
3 h was used to oxidize the precursor and remove the polymer. A
UV/ozone system (PSD Pro Series Digital UV Ozone system;
Novascan Technologies, Inc., USA) was used. The molybdenum
sulphide nanowire was prepared by thermal evaporation of
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sulphur in a horizontal quartz tube furnace at 450 °C for 1 h. The
samples were heated at a heating rate of 15 °C:min™ under a
H,/Ar gas flow of 200 sccm. After sulfurization, samples were
cooled to room temperature. The nanowires were also fabricated
at different temperatures of 550 and 650 °C for 1 h and other
experimental parameters were kept unchanged.

4.3 Characterization

BCP film thicknesses were measured by an optical ellipsometer
(Woolam M2000). Surface morphologies were imaged by atomic
force microscopy (SPM, Park systems, XE-100) in tapping mode
using silicon microcantilever probe tips with a force constant of
60,000 N-m™ and a scanning force of 0.11 nN. Both topographic
and phase images were recorded simultaneously. Surface
morphologies were imaged by SEM (FEI Company, FEG Quanta
6700 and Zeiss Ultra Plus). Samples were prepared for TEM cross-
section imaging with an FEI Helios Nanolab 600i system
containing a high resolution Elstar™ Schottky field-emission SEM
and a Sidewinder FIB column. TEM and elemental mapping were
carried out on a FEI Titan instrument. XPS experiments was
performed with an Al Ka X-ray source operating at 72 W. The
high resolution core spectra peaks were deconvoluted and fitted
with using Gaussian-Lorentzian function with CASA software.
The PL spectra were recorded at laser excitation source
wavelength of 532 nm with the beam size about 10 pm and the
laser power of 0.3 mW. Each spectrum was recorded with 1 s
acquisition time to avoid local overheating induced by the laser.
Raman scattering spectroscopic data were collected with a
Renishaw inVia Raman spectrometer using a 514 nm 30 mW
argon ion laser and spectra were collected using a RenCam CCD
camera. The beam was focused onto the samples using either a
20x or a 50x objective lens. Spectra were collected at different
exposure time and laser intensities.
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