
 
 

Delft University of Technology

Position-Controlled Fabrication of Vertically Aligned Mo/MoS2 Core–Shell Nanopillar
Arrays

Maduro, Louis; Noordam, Marc; Bolhuis, Maarten; Kuipers, Laurens; Conesa-Boj, Sonia

DOI
10.1002/adfm.202107880
Publication date
2021
Document Version
Final published version
Published in
Advanced Functional Materials

Citation (APA)
Maduro, L., Noordam, M., Bolhuis, M., Kuipers, L., & Conesa-Boj, S. (2021). Position-Controlled Fabrication
of Vertically Aligned Mo/MoS2 Core–Shell Nanopillar Arrays. Advanced Functional Materials, 32(5),
[2107880]. https://doi.org/10.1002/adfm.202107880

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1002/adfm.202107880
https://doi.org/10.1002/adfm.202107880


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A4eb67b67-072d-4ae7-a1f6-2e30c1587d55&url=https%3A%2F%2Fcareers.evonik.com%2Fen%2Fopportunities-science%2F%3Fat_medium%3DwebsiteWILEY%26at_campaign%3DWILEY-Q4-2021%26at_creation%3Dbanner%26at_variant%3Dchemist-en&pubDoi=10.1002/adfm.202107880&viewOrigin=offlinePdf


www.afm-journal.de

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2107880 (1 of 9)

ReseaRch aRticle

Position-Controlled Fabrication of Vertically Aligned 
Mo/MoS2 Core–Shell Nanopillar Arrays

Louis Maduro, Marc Noordam, Maarten Bolhuis, Laurens Kuipers, 
and Sonia Conesa-Boj*

The fabrication of 2D materials, such as transition metal dichalcogenides 
(TMDs), in geometries beyond the standard platelet-like configuration 
exhibits significant challenges which severely limit the range of available 
morphologies. These challenges arise due to the anisotropic character of their 
bonding van der Waals out-of-plane while covalent in-plane. Furthermore, 
industrial applications based on TMD nanostructures with non-standard mor-
phologies require full control on the size-, morphology-, and position on the 
wafer scale. Such a precise control remains an open problem of which solu-
tion would lead to the opening of novel directions in terms of optoelectronic 
applications. Here, a novel strategy to fabricate position-controlled Mo/MoS2 
core–shell nanopillars (NPs) is reported on. Metal-Mo NPs are first patterned 
on a silicon wafer. These Mo NPs are then used as scaffolds for the synthesis 
of Mo/MoS2 core/shell NPs by exposing them to a rich sulfur environment. 
Transmission electron microscopy analysis reveals the core/shell nature of 
the NPs. It is demonstrated that individual Mo/MoS2 NPs exhibits signifi-
cant nonlinear optical processes driven by the MoS2 shell, realizing a precise 
localization of the nonlinear signal. These results represent an important step 
towards realizing 1D TMD-based nanostructures as building blocks of a new 
generation of nanophotonic devices.
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their position within the substrate. While 
these conditions have been fulfilled with 
astonishing degree of precision in the case 
of conventional semiconductor materials[8,9] 
and heterostructures built upon them,[10–13] 
the same level of control remains to be 
achieved for 2D materials such as those 
of the transition metal dichalcogenides 
(TMD) family.

Realising the size- , morphology-, and 
position-controllable fabrication of verti-
cally-aligned 1D TMD nanomaterials would 
make possible opening several novel direc-
tions in terms of applications. Specifically, 
1D TMD-based heterostructures which 
combine different materials would benefit 
from a greatly expanded portfolio of tun-
able properties, leading to emerging func-
tionalities different from those found in 
the individual components. For instance, 
core–shell WOx-WS2 nanowires have been 
shown to outperform stand-alone 2D 
TMD-based capacitors due to the interplay 
between the conductive WOx core and a 
WS2 shell that favors fast ionic adsorption 
and transport.[14] Likewise, MoOx-MoS2 

nanowires exhibit an enhanced HER catalytic activity compared 
to 2D layers of MoS2, thanks to the interplay between the con-
ductive MoOx core and the catalytically active MoS2 shell.[15,16]

However, achieving regular arrays of position-controlled verti-
cally aligned 1D TMD-based heterostructures remains an open 
challenge. Until now, a variety of bottom-up approaches, that is, 
chemical vapor deposition growth,[17,18] direct wet chemical syn-
thesis,[19,20] and solvothermal reactions,[21] have been deployed for 
the fabrication of low-dimensional TMDs nanostructures. One 
significant difficulty facing these techniques when assembling 
1D nanostructures based on TMD materials lies in the aniso-
tropic (van der Waals out-of-plane and covalent in-plane) char-
acter of their bonding, which favors the formation of platelet-like 
structures when growing them using bottom-up approaches and 
thus limits the range of available morphological configurations.

Realizing the exciting potential of vertically-aligned 1D TMD-
based heterostructures for technological applications thus 
clearly demands a reproducible, flexible, and size-, morphology-, 
and position-controllable fabrication strategy. With this motiva-
tion, here we develop a novel approach for the fabrication of 
metal/TMD core–shell 1D nanostructures based on the combi-
nation of top-down and bottom-up methods, and demonstrate 
its feasibility for the fabrication of vertically aligned Mo-MoS2 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202107880.

1. Introduction

Vertically aligned 1D nanostructures have repeatedly demon-
strated their relevance for applications ranging from biological 
sensors[1–3] and single electron emitters[4,5] to clean energy har-
vesting.[6,7] Effectively deploying 1D nanostructures for such 
applications requires achieving an excellent and reproducible 
control of their sizes, shapes, and morphologies, as well as of 

© 2021 The Authors. Advanced Functional Materials published by  
Wiley-VCH GmbH. This is an open access article under the terms of 
the Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
or adaptations are made.
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core–shell heterostructures denoted as nanopillars (NPs). Our 
strategy builds upon the two-step process,[22] and is based on 
the sulfurization of the as-prepared Mo NPs in a chemical 
vapor deposition (CVD) setup[22,23] leading to core–shell Mo/
MoS2 1D NPs. State-of-the art transmission electron micros-
copy (TEM) combined with high-resolution electron energy-loss 
spectroscopy (EELS) is used to confirm the structural nature 
of the as-fabricated Mo/MoS2 core–shell NPs. Our analysis is 
complemented with nonlinear optical measurements which 
demonstrate clear evidence of enhanced second order processes 
generated entirely by the MoS2 shells of individual NPs.

This nonlinear response is found to be qualitatively similar 
to that of reference MoS2 flakes, with the NP configuration 
offering key advantages such as precise localisation of the non-
linear signal at the wafer scale.

The results of our work demonstrate that vertical core–shell 
1D nanostructures can also be fabricated with TMD materials 
with a high degree of morphology- and position-control. While 
here we have considered Mo/MoS2 NPs as a proof-of-concept, 

our approach is fully general and can be deployed for other 
TMD materials such as WS2 or MoSe2.

2. Results

2.1. Fabrication of Mo-Based NP Scaffolds

Figure  1 illustrates the workflow of the strategy adopted for 
the fabrication of the Mo-based nanopillar (NP) arrays, based 
on deep-reactive ion etching at cryogenic temperatures. These 
Mo NP arrays will provide the scaffolds for the subsequent  
Mo/MoS2 core–shell NPs. We first deposit a low-stress Si3N4 layer 
followed by sputter-deposition of a Mo metal layer. The height 
of the resulting Mo NP scaffold can then be adjusted by varying 
the thickness of the initial sputtered Mo-metal layer. Here, the 
thickness of the Mo-metal layer is varied between 350 nm and  
880 nm. Afterward, a spin coating of hydrogen silsesquioxane 
negative tone resist is carried out on top, as indicated in Figure 1a, 

Figure 1. a–d) Workflow of the strategy adopted for the fabrication of Mo-based nanopillar (NP) arrays. e–h) SEM images of square cross-section Mo-
based NP arrays. Panels (e) and (g) display NPs with height of 500 nm, while those in (f) and (g) exhibit a height of 350 nm. The width of the NPs 
varies from 250–300 nm in (e) and (f) to 100–150 nm in (g) and (h). The scale bars are 1 µm.

Adv. Funct. Mater. 2021, 2107880
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and subsequently baked in two consecutive steps of 150°C and 
220°C for 2 min each. Next, the desired design of the array, 
including dimensions, cross-section shape, and pitch are then 
written using electron beam lithography (Figure  1b). After cryo-
genic deep reactive ion etching in a SF6/O2 gas mixture, Figure 1c, 
and the removal of the remaining resists with HF, the etched Mo-
metal layer exhibits the desired design, leading to the end result 
shown in Figure  1d. Further details of the Mo NPs fabrication 
process can be found in Section S1, Supporting Information.

Figure  1e–h displays scanning electron microscopy (SEM) 
images of the square cross-section Mo-based NP arrays char-
acterized by widths varying from 250–300 nm (Figure  1e,f) 
to 100–150 nm (Figure  1g,h). The height of these Mo NPs is 
around 500 nm in Figure 1e,g and 350 nm in Figure 1f,h. The 
same strategy has been successfully deployed for the design 
and engineering of Mo NP arrays exhibiting different cross-sec-
tional geometries,[24] specifically for triangular, hexagonal, and 
circular cross-sections (see Figure S1, Supporting Information).

2.2. Synthesis and Characterization of Mo/MoS2 Core–Shell  
NP Arrays

Inspired by the Mo seed-mediated MoS2 growth,[22] we now 
adopt the same strategy by using the Mo-based NP array as 
scaffolds to seed the growth of Mo/MoS2 core/shell nano-

pillars arrays. The synthesis of the Mo/MoS2 core/shell 
nanopillars is carried out in a chemical vapor deposition (CVD) 
system under a sulfur-rich environment. The sulfurization 
takes place at ambient pressure. A reaction temperature of 
650°C and an Ar gas flow of 150 sccm are used. Under these 
conditions, the outer surface of the Mo NP turns out to be 
MoS2 resulting in the formation of core–shell Mo-MoS2 NPs.
Figure  2 displays SEM images of the sulfurized Mo-based 

NP arrays. Three sulfurization times were considered, namely 
5, 7.5, and 10 min. Figure 2a,c corresponds to Mo NPs sulfur-
ized during 5 min while Figure  2b,d to 7.5 min. The pitch in 
Figure  2a–d is 500, 1500, 300, and 1500 nm, respectively. The 
presence of MoS2 on the sulfurized NPs is confirmed by means 
of Raman spectroscopy measurements, see Figure  S2, Sup-
porting Information. Specifically, these measurements find 
two Raman modes located at 381  m−1 and at 407  cm−1, cor-
responding to the in-plane E2

1
g  and out-of-plane A1g Raman 

modes of trigonal prismatic 2H-MoS2, respectively.
For reaction times of 5 min, it is found that the MoS2 shell 

follows reasonably close the shape of the original Mo scaffolds, 
while for 7.5 min their surfaces are somewhat less defined. 
The presence of surface roughness for sulfurization times 
of 7.5 min or longer can be traced back mainly to the energy 
accumulation which takes place in the MoS2 shell during sul-
furization. Indeed, the higher the amount of Mo amount con-
sumed, the thicker the MoS2 shells become, and hence the 

Figure 2. SEM images of the sulfurized square Mo-based NP arrays. Panels (a) and (c) correspond to NP sulfurized during 5 min, while the NPs in (b) 
and (d) are sulfurized during 7.5 min. Each of these arrays corresponds to a different width of the original Mo NPs, namely 300 nm (a,b) and 150 nm  
(c,d). The scale bars in (a,c) are 2 µm and in (b,d) are 5 µm.
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energy accumulated at the shell increases accordingly.[25,26] This 
energy is released by the separation of part of the MoS2 layers, 
giving place to the roughness that is observed. This trend is 
also observed for those Mo NPs that have been sulfurized for 
10 min (see Figure S3). Furthermore, after sulfurization, the 
NPs from the arrays with pitch values equal or smaller than 500 
nm exhibit a marked horizontal MoS2 growth localized at their 
base, leading to a large uniform film at the base of the whole 
array as displayed in Figure 2a,c.

SEM images of focus ion beam (FIB) cross-sections per-
formed for two different NP arrays are displayed in Figures 3a,b.  
The lighter (darker) contrast highlights the Mo metal core 
(MoS2 shell). The original Mo NP widths are 200 and 300 nm 
for Figures 3a and 3b, respectively, with a pitch value of 500 nm  
and a sulfurization time of 7.5 min for both arrays. The infor-
mation extracted from these cross-sectional SEM images is 
used to determine the thickness of the MoS2 shell in both the 
lateral and top sides for the NP arrays considered. By aver-
aging over 10 NPs in each of these two arrays, one can assess 
the dependence of the MoS2 shell thickness along the lateral 
and top sides of the NP as a function of the pitch, displayed 
in Figure 3c and 3d, respectively. On the one hand, the thick-
ness of the MoS2 shell in the lateral side appears to be larger 
as the pitch is increased, with the NPs with original Mo width 
of 200 nm exhibiting the thicker shell. One possible explana-
tion for this trend is that the direct flux of the sulfur precursor 

impinging on the Mo NP sidewalls is one of the main pathways 
contributing to the growth of MoS2. This contribution decreases 
when the distance between Mo NPs (pitch) is reduced due to 
the competition between nearby NPs. Concerning the growth 
of the MoS2 shell along the top side, we observe that the thick-
ness of the MoS2 shell does not vary with the pitch of the Mo 
NPs for a original width of 200 nm. For the NPs with larger 
original width instead (300 nm), the shell thickness increases 
with respect to the pitch.
Figure 4 displays the results of the high-resolution transmis-

sion electron microscopy (HR-TEM) analysis of a FIB cross-
section carried out on a core–shell Mo/MoS2 NP synthesized 
with a reaction time of 7.5 min. First of all, Figure 4a displays a 
low-magnification bright-field TEM image of the cross-section 
TEM lamella. The difference in contrast highlights the core–
shell morphology of the NPs, with the darker contrast of the 
Mo-metal core surrounded by the brighter one of the MoS2 
shell. The presence of Mo metal in the core and of MoS2 in 
the shell of the NPs is further confirmed by the EELS analysis 
reported in Figure  S4, Supporting Information, which identi-
fies the characteristic bulk plasmon peaks of metallic Mo (in 
the core) and of MoS2 (in the shell region). Then, Figure 4b–e 
show HR-TEM images acquired at different positions of the 
Mo/MoS2 interface in the same NP, namely at the top for 
Figure  4b and at the sidewalls for Figure  4c,d. This analysis 
demonstrates how the majority of the MoS2 layers (basal 

Figure 3. a–b) SEM images of FIB cross-sections carried out for two different NP arrays. The original Mo NP widths are 200 nm (a) and 300 nm (b), 
with a pitch value of 500 nm and a sulfurization time of of 7.5 min for both arrays. The scale bar is 1 mµ . The lighter (darker) contrast indicates the 
Mo core (MoS2 shell). c,d) Average thickness of the MoS2 shell growth (evaluated over 10 NPs in each case) in the lateral (c) and top sides (d). The 
error bar indicates the standard deviation over the measured NPs. The increase in the MoS2 shell growth for larger pitches highlights the effect of the 
competitive growth-regime between nearby NPs.

Adv. Funct. Mater. 2021, 2107880
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planes) grow perpendicularly to the sidewalls of the Mo NP 
core, a configuration which increases the number of exposed 
edge sites. A high density of MoS2 exposed edge sites is known 
to be advantageous for many applications, due to the high 
reactivity that these edge sites exhibit. The distance between 
adjacent MoS2 layers is determined from a intensity line pro-
file (Figure  4f) recorded on the black rectangle in Figure  4e 
from the lateral region of the shell. The interlayer distance is 
measured to be around 0.64 nm, consistent with the spacing 
for the basal planes of hexagonal 2H-MoS2 nanostructures.[22] 
Furthermore, we find that the orientation of the MoS2 layers 
in the shell behaves in a similar fashion for the different reac-
tion times; the reaction time mostly dictates the amount of 
Mo consumed and transformed into MoS2, see Figure  S3b,c, 
Supporting Information.

2.3. Nonlinear Optical Response

2D materials have generated ample attention because of the 
nonlinear optical (NLO) response induced by their charac-
teristic inversion symmetry breaking.[27,28] As an illustration, 
second-order nonlinear optical processes have been reported in 
MoS2 flakes,[29] where it is found that their intensity increases 
exponentially when decreasing the number of layers. This indi-
cates that MoS2 monolayers should be the most efficient thick-
ness in order to enhance second-order processes.

With this motivation, here we characterise in detail the NLO 
response of the Mo/MoS2 core-shell NPs. For these meas-
urements, NP arrays with two different values of the pitch  
(400 and 1500 nm) and of the original Mo NP widths (150 nm 
and 300 nm) are considered. For all samples, the optical setup 
(e.g. laser powers) is identical to ensure a consistent compar-
ison. A schematic of the optical setup adopted is displayed in 
Figure 5a. Two different color ultrashort laser pulses with wave-
lengths of 775 and 1200 nm are used, with a pulse duration 
of 150 fs at a 80 MHz repetition rate and a linear horizontal 
polarization. The average power of the laser pulses is set to 
0.8 and 1.9 mW for the 1200 and 775 nm pulses, respectively. 
A linear translation stage in the 1200 nm beam path is used 
to synchronize the laser pulses. The two different color laser 
beams are then combined using a dichroic mirror and focused 
at the sample using a microscope objective (Olympus UPL-
SAPO, NA = .95) at a perpendicular angle. In this way, both 
laser pulses are spatially and temporally overlapped to generate 
the nonlinear signals. The generated nonlinear signals are col-
lected using the same microscope objective. After removing 
the reflected fundamental light with low-pass filters, the non-
linear emission is measured using a spectrometer (Princeton 
Instruments, Acton 2300I). Figure 5b displays the optical image 
acquired on the Mo/MoS2 core–shell NP array with pitch sizes 
of 1500 and 300 nm of original Mo NP width.

Figure 5c shows the nonlinear optical response recorded on 
Mo/MoS2 NPs from the array with 400 nm pitch and 300 nm  

Figure 4. HR-TEM analysis of a FIB cross-section carried out on a core–shell Mo-MoS2 NP synthesized with a reaction time of 7.5 min. a) Low-mag-
nification HR-TEM image where the dark (light) contrast highlights the Mo-core (MoS2 shell). b–d) High-resolution images of the top (b) and sides 
(c,d) of the NP revealing how the MoS2 layers grow perpendicular to the Mo core surface. e) Magnification of the region marked with a blue square in 
(d). f) Intensity line profile acquired over the black rectangle in (e) quantifying the spacing between the MoS2 layers.

Adv. Funct. Mater. 2021, 2107880
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width. The response of these NPs is compared with that of 
the corresponding original (pre-sulfurization) Mo NPs and 
from the Si/Si3N4 substrate. Five peaks can be identified in 
the Mo/MoS2 NP spectrum, which can be attributed to the fol-
lowing processes: second-harmonic generation (SHG) where 
ωSHG  = 2ω1200 and ωSHG  = 2ω775, third-harmonic generation 
(THG) where ωTHG  = 3ω1200, sum-frequency generation (SFG) 
where ωSFG = ω775 + ω1200, and four-wave mixing (FWM) where 
ωFWM = 2ω775 − ω1200. The Mo/MoS2 NP spectrum exhibits large 

signals arising from the second-order processes, SHG and SFG, 
which are essentially absent from both the substrate and the 
original Mo NPs. The fact that second-order nonlinear signals 
do not appear in the Mo NP reference confirms that these are 
entirely generated by the MoS2 shells. Concerning the third-
order nonlinear signals, FWM and THG, these are already 
present in the substrate, though interestingly the FWM peak 
is also enhanced in the Mo/MoS2 NPs as compared to the Mo 
NP reference. Furthermore, we have compared this nonlinear 

Figure 5. Overview of the nonlinear optical measurements acquired on the core-shell Mo/MoS2 NPs. a) Schematic of the optical setup. b) Optical 
image of the Mo/MoS2 NP array with pitch of 1500 nm and Mo NP width of 300 nm. c) The acquired nonlinear optical response on Mo/MoS2 NPs 
from the array with 400 nm pitch and 300 nm width. The response of the Mo/MoS2 NPs (blue) is compared with that of the corresponding original 
(pre-sulfurization) Mo NPs (original) and with the response from the Si/Si3N4 substrate (green). d) SFG signal for the Mo/MoS2 NPs corresponding 
to arrays with different pitches and Mo NP widths. e) Raster scan image of the same SFG signal over the NP array displayed in (b).

Adv. Funct. Mater. 2021, 2107880
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response of the Mo/MoS2 NPs with that on a reference baseline 
consisting of a monolayer MoS2 flake, representing the same 
material under a different configuration, for identical laser con-
ditions. As demonstrated by Figure S5, Supporting Information, 
the nonlinear spectra from the Mo/MoS2 NPs and from the hor-
izontal MoS2 flake exhibit the same qualitatively features, with 
the former offering precise localisation as key advantage.

Motivated by the observation of second-order nonlinear 
signals in the Mo/MoS2 NPs, we study their dependence 
with the array pitch size and width of the original Mo NPs in 
Figure 5d. The SFG signal is compared between Mo/MoS2 NPs 
from arrays with different representative values of the pitches  
(400 and 1500 nm) and Mo NP widths (150 and 300 nm), in all 
cases corresponding to 10 min of sulfurization time. For pitches 
of 400 nm, an enhanced intensity is observed for the thinner 
NPs with original Mo NP width of 150 nm. We note that here 
the contribution from different NPs may partially overlap due 
to the spatial resolution of the measurement (≈500 nm) arising 
from the finite spot size of the laser beams. For the larger pitch 
value, no dependence on the Mo NP width is observed. This 
analysis suggests that the second-order nonlinear response 
of the core–shell Mo/MoS2 NPs could be adjusted by suitable 
choices of the Mo NP width and the pitch size. Comparable 
results are obtained from shorter sulfurization times, specifi-
cally 5 min, as shown by Figure  S6, Supporting Information. 
While in such case the core/shell ratio is different as compared 
to the longer sulfurization times, as shown in the Figures S7 
and S8, Supporting Information, the overall nonlinear response 
appears to be comparable.

The origin of the reported nonlinear response is further elu-
cidated in Figure  5e. It displays the outcome of a raster scan, 
consisting of a false color map of the intensity of the SFG non-
linear signal, acquired over an Mo/MoS2 NP array with pitch 
value of 1500 nm, Mo NP diameter of 300 nm, and 10 min of 
sulfurization time. The contributions from the individual NPs 
are clearly distinguished, though their intensities may differ in 
some cases. Figure 5e highlights how the nonlinear response of 
the Mo/MoS2 NPs, entirely generated by the MoS2 shells, can 
be precisely localized at the wafer scale by means of the param-
eters of the original Mo NP array, such as the pitch.

Having established that the Mo/MoS2 core–shell NPs exhibit 
a nonlinear optical response comparable to that of horizontal 
flakes with the advantage of strong localization, a follow up 
publication will study in detail how this nonlinear response 
varies with respect to parameters such as the shell thickness 
and the cross-sectional geometry.

3. Conclusion

In this work, we have demonstrated for the first time the fea-
sibility of the fabrication of regular arrays of high-yield verti-
cally aligned 1D MoS2 nanopillars with detailed control on their 
size, morphology, and position on the wafer. Our approach is 
based on the combination of top-down (nanofabrication of Mo 
NPs as scaffolds via lithography and cryo-etching) and bottom-
up (sulfurization via CVD) methods, and used to realise 1D 
core–shell NPs composed by a Mo metal core and a MoS2 shell. 
By varying the fabrication and growth parameters, such as the 

distance between the Mo NPs and the sulfurization time, we 
can select the pitch between the Mo/MoS2 NPs, their cross-
sectional shape, and the thickness of the MoS2 shell among 
other parameters.

The resultant Mo/MoS2 NPs are then extensively character-
ized using SEM and HR-TEM measurements carried out on 
FIB cross-sections and complemented by the compositional 
information provided by EELS and Raman spectroscopy meas-
urements. We confirm the structural nature of the as-fabricated 
Mo/MoS2 NPs and demonstrate how the MoS2 layers grow per-
pendicularly to the sidewalls of the Mo NP core. This is in con-
trast with previous studies in the literature, where individual 
NPs or nanowires exhibiting a MoS2 shell are found to have 
their layers parallel to the sidewalls,[15] and hence surrounding 
the core. Our configuration thus benefits from the marked 
increase in the number of exposed edge sites, which is known 
to be advantageous for many applications due to the high reac-
tivity that they exhibit.[30,31] Furthermore, the nonlinear optical 
response of the Mo/MoS2 NPs is established, demonstrating 
the presence of second-order signal generated by the MoS2 shell 
of individual NPs which is highly localized at the wafer scale.

The results of this work demonstrate that vertical core–shell 
1D nanostructures can also be fabricated with TMD materials 
with a high degree of morphology- and position-control. While 
here we have considered Mo/MoS2 NPs as a proof-of-concept, 
our approach is fully general and can be deployed for other 
TMD materials such as WS2. In the same manner as traditional 
semiconductor (e.g., GaAs/AlGaAs[32,33] or Ge/Si[12]) core–shell 
nanowires led to an explosion of applications from optoelec-
tronics to energy harvesting, we foresee that also TMD-based 
1D nanostructures could play a key role as building blocks of a 
new generation of sensors, hydrogen evolution reactions, and 
optoeletronic devices.

4. Experimental Section
Sulfurization of the Mo-NPs: The sulfurization was carried out in a 

gradient tube furnace from Carbolite Gero with Argon as the carrier gas. 
The Ar flow was set up to 150 sccm for all the growths presented in this 
work. The wafer containing the Mo NPs was placed in the middle zone 
and gradually heated up to the reaction temperature. Once the sample 
reached the desired temperature, 400 mg of sulfur placed upstream 
from the sample was heated up to 220°C.

Cross-Section Sample Preparation for TEM Inspection: The cross-
sectional lamellas and cross-section SEM micrographs were prepared 
using a FEI Helios G4 CX focus ion beam milling system. For the 
cross-sectional lamellas, a protective Pt layer of 1 μm in thickness was 
deposited on top of the NPs arrays at a beam voltage of 30 kV and an 
ion beam current of 43 pA. The same ion beam current was used for 
creating the cross-sections.

Scanning Electron Microscopy Inspection: SEM micrographs were 
acquired in the Helios system at a beam voltage of 10 kV and beam 
current of 86 pA. Additionally, SEM micrographs were taken in a FEI 
NovaNano SEM system at a beam voltage of 5 kV and beam current of 
with a spot size of 3.5.

Transmission Electron Microscopy Measurements: The high-resolution 
transmission electron microscopy images displayed in Figure  4 were 
collected in an ARM200F Mono-JEOL microscope operated at 200 kV  
in TEM mode. In all these images, a spot of size 3 was used; the 
monochromator was activated without any slit. The electron energy-loss 
spectral image (EELS-SI) shown in Figure  6, Supporting Information, 
was also recorded in the same microscope using the STEM mode. The 
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monochromator was set up on with a slit of 0.1 μm inserted. A probe 
size of 6C, a CL2 aperture of 30 µm, and a camera length of 12 cm were 
employed. The EELS-SI was recorded using a a Gatan GIF Continuum 
spectrometer with dispersion of 0.015 eV  ch−1, the aperture of the GIF 
was set to 5 mm, and the pixel time was 1.3 s.

Nonlinear Optical Measurements: The specimen was illuminated with 
two synchronized laser pulses with wavelenghts of λ1 = 775 nm and λ2 = 
1200 nm that were temporally and spatially overlapped. The laser pulses 
were generated by a femtosecond laser oscillator (Tsunami, Spectra-
Physics) and an optical parametric oscillator (OPAL, Spectra-Physics). 
Both laser beams were focused onto the sample using a microscope 
objective (Olympus UP-LSAPO 40×/0.95), which also collects the 
emitted light originated through the nonlinear laser-NPs interaction. The 
collected light was filtered and imaged onto the slit of a spectrometer 
(PI, Spectra Pro 2300I) using a high-sensitivity cooled CCD camera.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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