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The fabrication of �D materials, such as transition metal dichalcogenides 
(TMDs), in geometries beyond the standard platelet-like con�guration 
exhibits signi�cant 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/MoS� 
core�shell nanopillars (NPs) is reported on. Metal-Mo NPs are �rst patterned 
on a silicon wafer. These Mo NPs are then used as sca�olds for the synthesis 
of Mo/MoS� 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/MoS� NPs exhibits signi�-
cant nonlinear optical processes driven by the MoS� shell, realizing a precise 
localization of the nonlinear signal. These results represent an important step 
towards realizing �D 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 ful�lled with 
astonishing degree of precision in the case 
of conventional semiconductor materials[�,�] 
and heterostructures built upon them,[�����] 
the same level of control remains to be 
achieved for �D materials such as those 
of the transition metal dichalcogenides 
(TMD)�family.

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

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

However, achieving regular arrays of position-controlled verti-
cally aligned �D TMD-based heterostructures remains an open 
challenge. Until now, a variety of bottom-up approaches, that is, 
chemical vapor deposition growth,[��,��] direct wet chemical syn-
thesis,[��,��] and solvothermal reactions,[��] have been deployed for 
the fabrication of low-dimensional TMDs nanostructures. One 
signi�cant di�culty facing these techniques when assembling 
�D 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�con�gurations.

Realizing the exciting potential of vertically-aligned �D TMD-
based heterostructures for technological applications thus 
clearly demands a reproducible, �exible, 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 �D nanostructures based on the combi-
nation of top-down and bottom-up methods, and demonstrate 
its feasibility for the fabrication of vertically aligned Mo-MoS� 

The ORCID identi�cation number(s) for the author(s) of this article 
can be found under https://doi.org/��.����/adfm.���������.

�. Introduction

Vertically aligned �D nanostructures have repeatedly demon-
strated their relevance for applications ranging from biological 
sensors[���] and single electron emitters[�,�] to clean energy har-
vesting.[�,�] E�ectively deploying �D nanostructures for such 
applications requires achieving an excellent and reproducible 
control of their sizes, shapes, and morphologies, as well as of 
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core�shell heterostructures denoted as nanopillars (NPs). Our 
strategy builds upon the two-step process,[��] and is based on 
the sulfurization of the as-prepared Mo NPs in a chemical 
vapor deposition (CVD) setup[��,��] leading to core�shell Mo/
MoS� �D NPs. State-of-the art transmission electron micros-
copy (TEM) combined with high-resolution electron energy-loss 
spectroscopy (EELS) is used to con�rm the structural nature 
of the as-fabricated Mo/MoS� core�shell NPs. Our analysis is 
complemented with nonlinear optical measurements which 
demonstrate clear evidence of enhanced second order processes 
generated entirely by the MoS� shells of individual�NPs.

This nonlinear response is found to be qualitatively similar 
to that of reference MoS� �akes, with the NP con�guration 
o�ering 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 
�D nanostructures can also be fabricated with TMD materials 
with a high degree of morphology- and position-control. While 
here we have considered Mo/MoS� NPs as a proof-of-concept, 

our approach is fully general and can be deployed for other 
TMD materials such as WS� or MoSe�.

�. Results
�.�. Fabrication of Mo-Based NP Sca�olds

Figure� � illustrates the work�ow 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 sca�olds for the subsequent  
Mo/MoS� core�shell NPs. We �rst deposit a low-stress Si�N� layer 
followed by sputter-deposition of a Mo metal layer. The height 
of the resulting Mo NP sca�old 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 ��� nm and  
��� nm. Afterward, a spin coating of hydrogen silsesquioxane 
negative tone resist is carried out on top, as indicated in Figure��a, 

Figure �. a�d) Work�ow 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 ��� nm, while those in (f) and (g) exhibit a height of ��� nm. The width of the NPs 
varies from ������� nm in (e) and (f) to ������� nm in (g) and (h). The scale bars are � �m.
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and subsequently baked in two consecutive steps of ����C and 
����C for � min each. Next, the desired design of the array, 
including dimensions, cross-section shape, and pitch are then 
written using electron beam lithography (Figure� �b). After cryo-
genic deep reactive ion etching in a SF�/O� gas mixture, Figure��c, 
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� �d. Further details of the Mo NPs fabrication 
process can be found in Section�S�, Supporting�Information.

Figure� �e�h displays scanning electron microscopy (SEM) 
images of the square cross-section Mo-based NP arrays char-
acterized by widths varying from ������� nm (Figure� �e,f) 
to ������� nm (Figure� �g,h). The height of these Mo NPs is 
around ��� nm in Figure��e,g and ��� nm in Figure��f,h. The 
same strategy has been successfully deployed for the design 
and engineering of Mo NP arrays exhibiting di�erent cross-sec-
tional geometries,[��] speci�cally for triangular, hexagonal, and 
circular cross-sections (see Figure�S�, Supporting Information).

�.�. Synthesis and Characterization of Mo/MoS� Core�Shell  
NP Arrays

Inspired by the Mo seed-mediated MoS� growth,[��] we now 
adopt the same strategy by using the Mo-based NP array as 
sca�olds to seed the growth of Mo/MoS� core/shell nano-

pillars arrays. The synthesis of the Mo/MoS� 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 
����C and an Ar gas �ow of ��� sccm are used. Under these 
conditions, the outer surface of the Mo NP turns out to be 
MoS� resulting in the formation of core�shell Mo-MoS��NPs.

Figure� � displays SEM images of the sulfurized Mo-based 
NP arrays. Three sulfurization times were considered, namely 
�, �.�, and �� min. Figure��a,c corresponds to Mo NPs sulfur-
ized during � min while Figure� �b,d to �.� min. The pitch in 
Figure� �a�d is ���, ����, ���, and ���� nm, respectively. The 
presence of MoS� on the sulfurized NPs is con�rmed by means 
of Raman spectroscopy measurements, see Figure� S�, Sup-
porting Information. Speci�cally, these measurements �nd 
two Raman modes located at ���� m�� and at ���� cm��, cor-
responding to the in-plane E2

1
g  and out-of-plane A�g Raman 

modes of trigonal prismatic �H-MoS�,�respectively.
For reaction times of � min, it is found that the MoS� shell 

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

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

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

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

Figure�� 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/MoS� NP synthesized 
with a reaction time of �.� min. First of all, Figure��a displays a 
low-magni�cation bright-�eld TEM image of the cross-section 
TEM lamella. The di�erence 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 MoS� 
shell. The presence of Mo metal in the core and of MoS� in 
the shell of the NPs is further con�rmed by the EELS analysis 
reported in Figure� S�, Supporting Information, which identi-
�es the characteristic bulk plasmon peaks of metallic Mo (in 
the core) and of MoS� (in the shell region). Then, Figure��b�e 
show HR-TEM images acquired at di�erent positions of the 
Mo/MoS� interface in the same NP, namely at the top for 
Figure� �b and at the sidewalls for Figure� �c,d. This analysis 
demonstrates how the majority of the MoS� layers (basal 

Figure �. a�b) SEM images of FIB cross-sections carried out for two di�erent NP arrays. The original Mo NP widths are ��� nm (a) and ��� nm (b), 
with a pitch value of ��� nm and a sulfurization time of of �.� min for both arrays. The scale bar is � m� . The lighter (darker) contrast indicates the 
Mo core (MoS� shell). c,d) Average thickness of the MoS� shell growth (evaluated over �� 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 MoS� shell growth for larger pitches highlights the e�ect of the 
competitive growth-regime between nearby NPs.
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