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Abstract

WO,/WS, core/shell nanowires were synthesized using a scalable fabrication method by combining wet chemical etching
and chemical vapor deposition (CVD). Initially, WO; nanowires were formed through wet chemical etching using a potas-
sium hydroxide (KOH) solution, followed by oxidation at 650 °C. These WO; nanowires were then sulfurized at 900 °C to
form a WS, shell, resulting in WO;/WS, core/shell nanowires with diameters ranging from 90 to 370 nm. The synthesized
nanowires were characterized using scanning electron microscopy (SEM), Raman, energy-dispersive X-ray spectroscopy
(EDS), X-ray diffractometry (XRD), and transmission electron microscopy (TEM). The shell is composed of 2D WS, layers
with uniformly spaced 2D layers as well as the atomically sharp core/shell interface of WO;/WS,. Notably, the WO,;/WS,
heterostructure nanowires exhibited a unique negative photoresponse under visible light (405 nm) illumination. This negative
photoresponse highlights the importance of interface engineering in these heterostructures and demonstrates the potential
of WO4/WS, core/shell nanowires for applications in photodetectors and other optoelectronic devices.

Graphical Abstract

1. Fabrication process for WO,/ WS, core/shell nanowires
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1 Introduction

Nanowires have shown great potential for various applica-
tions, including supercapacitors [1, 2], transparent films [3,
4], electronics [5], gas sensors [6—8], antibacterial applica-
tions [9, 10], and in photocathodes [11] or electrocatalysts
for hydrogen production [12]. Their physical structure, with
high length-to-diameter ratios, is ideal for sensors, lasers,
and LEDs due to the large surface area-to-volume ratio [13,
14]. The synthesis method significantly influences the physi-
cal and chemical properties of nanowires.

Transition Metal Dichalcogenides (TMDs), with the
chemical formula MX, (where M represents a transition
metal and X represents a chalcogen), exhibit unique proper-
ties [15, 16]. When at the monolayer level, the bandgap of
TMDs transitions from indirect to direct [17], significantly
enhancing their light-matter interaction and resulting in
unique excitonic effects. This transition is particularly nota-
ble in WS,, where the bandgap changes from 1.32 eV in the
bulk form to 2.03 eV at the monolayer level, which sub-
stantially improves photoluminescence intensity and opti-
cal properties [18, 19]. With its tunable bandgap and high
wear resistance, WS, is considered suitable for applications
in supercapacitors, solar cells, electro/photocatalysts, and
various types of batteries [20].

In our study, we used wet chemical etching to remove
parts of the bulk material, resulting in WO;/WS, core/shell
nanowires. This top-down approach facilitates the scalable
fabrication of ordered nanowire arrays. Starting with W
foil, we synthesized core/shell nanowires to produce inte-
grated one-body structures and sulfurized the surface using
the chemical vapor deposition (CVD) method to form WS,
shells. The fabricated WO5/WS, core/shell nanowires were
tested for a photoresponse. These nanowires demonstrated
a negative photoresponse, where conductivity decreases
upon illumination. This finding emphasizes the importance
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of interface engineering and the unique properties of 2D
materials.

2 Experimental Methods

The growth of the WO;/WS, core/shell nanowires was car-
ried out in the order shown in Fig. 1. Initially, a 100 um
thick W foil (Nilaco, Japan) was drop-casted with a 10 wt%
potassium hydroxide (KOH) solution (>85%, Duksan, South
Korea) using a spin-coater. The drop-casted foil was then
oxidized at 650 °C for 40 min, forming WO; nanowires.
Subsequently, sulfurization was performed using the CVD
method at 900 °C for 40 min with an Ar gas flow of 100
sccm, synthesizing the WO,/WS, core/shell nanowires.
The morphologies and microstructures of WO5/WS,
core/shell nanowires are analyzed by field emission scan-
ning electron microscopy (FE-SEM) (Scios2, Thermo Fisher
Scientific). Raman spectroscopy characterization was per-
formed using a Horiba LabRAM HR Evolution Nano system
equipped with a 532 nm laser source. X-ray diffractometer
(XRD) (EMPYREAN, Malvern Panalytical) was conducted
using a 2 T-omega scan (10-90°2Th., step size 0.0260°2Th.)
and Cu K-« (0.154060 nm) radiation. For the preparation of
the cross-sectional transmission electron microscope (TEM)
sample, we employed a Dual-Beam focused ion beam (FIB)
(Scios2, Thermo Fisher Scientific) using a 30 kV gallium
(Ga) ion beam for the lift-out technique. The sample was
then examined using a high-resolution (HR) TEM (Talos
F200X, Thermo Fisher Scientific) equipped with energy-dis-
persive X-ray spectroscopy (EDS), operating at an accelera-
tion voltage of 200 kV. Photoresponsiveness measurements
were performed using a 405 nm laser source with a power
intensity of 80 W/m?, while prepared nanowires were con-
nected to a custom-built probe station and a semiconductor
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Fig. 1 Schematic of the fabrication process for WO;/WS, nanowires, including KOH etching, oxidation, and CVD sulfurization, leading to WO,

nanowires and the WS2 shell formation

@ Springer



Electronic Materials Letters (2025) 21:87-93

89

parameter analyzer (HP 4156A) for two-terminal electrical
measurements.

3 Results and Discussion

Figure 2 presents the characterization of WO; nanowires and
WO,/WS, core/shell nanowires. Figure 2a demonstrates that
core/shell nanowires were uniformly synthesized across the
entire surface, centered around the core. After oxidation, the
areas coated with KOH solution turned white, while after
sulfurization, they exhibited a blue color on the surface. Fig-
ure 2b shows SEM images of densely packed WO; nanow-
ires, which offer a large surface area, with diameters of
approximately 200 nm and lengths of 8—10 um, formed after
KOH etching of the W substrate and oxidation at 650 °C.
Figure 2c exhibits the top-view SEM image of the WO,
nanowires after sulfurization at 900 °C. The morphology of
the WO5/WS, nanowires resembled disordered "forest-like"
clumps, with many nanowires oriented in different directions
and exhibiting varying diameters.

The structural quality of WO5/WS, nanowires was further
assessed using Raman spectroscopy with a 532 nm laser
at room temperature. Figure 2d presents the Raman spec-
tra obtained from WO;/WS, nanowires on a W foil. The
Raman bands located at 420 cm™" and 350 cm™! correspond
to the W—S stretching vibrations of WS,, associated with the
A, and El2g modes, respectively. Additionally, the Raman
spectra exhibit peaks at 321 and 581 cm™!, indicative of
the first-order and second-order Raman modes of 2D WS,.
A minor peak at 700 cm™! is attributed to the stretching
modes of O-W-0 bonds [21], confirming the presence of
WO; alongside WS,. Notably, prior to sulfurization, Raman

(a)

—_—
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characterization of the as-prepared WO; nanowires distinctly
reveals the stretching modes of O—W-O bonds [22]. The
Raman spectra at various points are shown in Supplementary
Information Fig. S1.

XRD analysis was subsequently conducted to examine
the structures of the WO; and WO5/WS, samples. Figure 2e
indicates that the peaks of WO; correspond to hexagonal
WO; (ICDD 01-085-2460). The XRD patterns are domi-
nated by sharp (002) diffraction peaks, signifying a high
degree of crystallinity and strong orientation along the
c-axis of the crystal structure. In Fig. 2f, the XRD patterns
reveal peaks at 14.3°, 28.0°, and 33.8°, characteristic of WS,
(ICDD 01-084-1399), corresponding to the (003), (006),
and (012) crystal planes, respectively. The peaks indicate
that the WO,/WS, nanowires were successfully synthe-
sized. Both samples show prominent WO; peaks at 23.6°
and 48.2°, which are associated with the (002) and (004)
planes. The peak corresponding to WS, is relatively weaker
than WO;, owing to the thinness of the WS, layer. Addition-
ally, the (200) lattice plane of the W substrate is consistently
observed at 58.3°.

The microstructures of WO3/WS, core/shell nanowires
were examined cross-sectionally using TEM Fig. 3a pre-
sents a low-magnification cross-sectional bright field (BF).
The TEM image of the nanowires revealed a cuboid-like
morphology with a WO; core of approximately 300 nm
in diameter and a WS, shell of around 30 nm thick. The
detailed crystallinity of the nanowires was investigated by
high-resolution (HR-) TEM. Figure 3b shows the cross-
sectional HR-TEM image of the nanowires along with
the fast Fourier transform (FFT) of each segment. The
HR-TEM image shows that the shell is composed of 2D
WS, layers with uniformly spaced 2D layers as well as
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Fig.2 Characterization of WO; nanowires and WO4/WS, core/shell
nanowires. a Optical image of the large-area sample. SEM images
of b WO; nanowires before sulfurization and ¢ WO3/WS, nanowires
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after the CVD sulfurization. d Raman spectra showing peaks of both
WS, and WO;. XRD patterns of ¢ WO; nanowires and f WO,;/WS,
nanowires, confirming the heterostructure
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Fig.3 Cross-sectional TEM characterization of the WO4/WS, analysis of each material (red for WO; and blue for WS,). ¢ HR-TEM
nanowires. a Low-magnification TEM image of WO,;/WS, core/ image showing the WS, layer-by-layer structure
shell nanowire. b HR-TEM image of WO;/WS, nanowires, with FFT

the atomically sharp core/shell interface of WO5/WS,. To further examine the elemental distribution within the
The 6.4 A spacing corresponds to the (100) crystal plane ~ WO,/WS, core/shell structure, EDS-STEM was employed
of hexagonal WO;, while the stacking of WS, (003) lay-  on the WO3/WS, nanowires. Figure 4a shows that high-
ers exhibits an interplanar spacing of 6.2 A. The red FFT angle annular dark field (HAADF) images confirmed the
reveals the presence of the highly crystalline hexagonal  successful synthesis of a WO;/WS, heterostructure, with
structure of WO; which is investigated along the [001] 2D WS, layers forming a shell on the outer surface of the
zone axis, while the blue FFT shows the layer-by-layer =~ WO; core, formed through etching and oxidation of the W
formation of WS,. Figure 3c illustrates the WS, shell  foil substrate. The EDS elemental mapping in Fig. 4b, taken
structure, consistently approximately 30 nm thick and  at relatively low magnification, clearly shows the localized
composed of roughly 30 layers, formed around the WO;  distribution of W, O, and S. W and O are concentrated in the
nanowire in a layer-by-layer arrangement, encapsulating  core, while S is predominantly in the shell, further verify-
the WO3 core. ing the core/shell structure. Figure 4c presents qualitative

Fig.4 EDS mapping images
of WO,/WS, nanowires of a
each element, combined, and b
the localized distribution of W,
O, and S, showing the spatial
segregation of elements within

the core and shell regions. ¢
EDS spectrum obtained from
the nanowires, confirming the
elemental composition. d EDS
composition line profiles of O,
S, and W across the WO5/WS,
nanowires along the line shown

in b, further demonstrating the (c) w (d) 60 5
core/shell structure with a well- - s
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and quantitative EDS spectrum obtained from the WO5/WS,
nanowires, indicating the stoichiometric distribution of ele-
ments in their areas. For a more detailed analysis, Fig. 4d
displays the EDS atomic fraction of each element profiled
along the line shown in Fig. 4b. This analysis confirms that
an approximately 50 nm thick WS, shell is uniformly formed
on the 400 nm diameter WO; core surface, demonstrating a
clear and sharp interface between them. EDS point analysis
showed a well-synthesized composition with W:O=1:3 and
W:S =1:2 (Supplementary Information, Fig. S2).

Research on the negative photoresponse in WS, materials
has gained significant attention for its potential in optoelec-
tronic devices [23, 24]. Negative photocurrent response is
the phenomenon where a material's conductivity decreases
upon illumination, contrary to the typical increase observed
in most materials. This has been demonstrated in layered
WS,/reduced graphene oxide hybrids under Infrared (IR)
illumination [23] and in WS, nanosheets decorated with Au
nanoparticles under 450 nm laser illumination [24].

Figure 5 illustrates the negative photodetection character-
istics of WO;/WS, under 405 nm visible light, using a con-
tinuous wave (CW) laser source at an intensity of 80 W/m?
with 1 s on/off cycles. In Fig. 5a, the overall photodetection

response is depicted, highlighting the material's ability
to detect light and showing negative photoresponse for a
405 nm laser source and applied bias of 1 mV. A magnified
view of three representative light cycles is shown in Fig. 5b,
providing a closer look at the material's responsiveness to
periodic light exposure. The inset image reveals the actual
sample with Au contacts, demonstrating the physical setup
used for the measurements. Figure 5c illustrates the photo-
current versus time at varied bias voltages of 0.1, 1, 2, and
5 mV, where no significant photoresponse was observed at
10 mV, showcasing the material's performance under differ-
ent electrical conditions. Finally, Fig. 5d details the depend-
ence of the photocurrent on the applied bias voltage, empha-
sizing the relationship between the electrical bias and the
photocurrent.

Negative photoresponse in WS, can be attributed to
several mechanisms, primarily involving charge transfer
processes and the interaction between different materials
or nanostructures. It is proposed that upon illumination,
photogenerated carriers are trapped at interface or defect
states, reducing overall conductivity [25, 26]. This trap-
ping, likely influenced by the band alignment and inter-
face states between the WO; 1D core and WS, 2D shell,
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Fig.5 a Negative photoresponse of WO3/WS, under 405 nm visible
light at a laser intensity of 80 W/m? with 1 s on/off cycles under a
1 mV bias. b Magnified view of three representative light cycles, pro-
viding a closer look at the material’s negative photoresponse behav-

ior. Inset: Actual sample with Au contacts. ¢ Photocurrent versus time
at varied bias voltages (1 s on/off cycles). d Dependence of generated
photocurrent on the applied bias voltage, illustrating the relationship
between electrical bias and photoresponse
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prevents carriers from contributing to current flow, lead-
ing to a negative photoresponse upon 405 nm illumina-
tion. The observed negative photoresponse in the WO,/
WS, core/shell heterostructure, potentially enhanced by
charge trapping at the interface between WO; and WS,,
is assumed to be driven by the staggered band structure
between two materials [23, 24, 27]. This alignment facili-
tates charge separation and may lead to electron trapping at
the interface, thereby reducing the overall carrier density
under illumination. This behavior seems consistent with
previously reported results in WS,/Au nanoparticle-deco-
rated nanosheets and WS,/RGO hybrids, where interface
states play a role in trapping photogenerated carriers and
suppressing photocurrent under light exposure [23, 24].

4 Conclusion

In summary, WO;/WS, core/shell nanowires were syn-
thesized by CVD sulfurization at 900 °C following KOH
solution wet chemical etching and oxidation. The mor-
phological characteristics and elemental distribution of
the WO,/WS, core/shell heterostructures were examined
using SEM, Raman, XRD, TEM, and EDS. The WO,/WS,
heterostructure nanowires exhibit a distinct negative pho-
toresponse under visible light illumination. This behavior,
combined with the detailed morphological and structural
analysis, indicates the potential of these nanowires for
applications in photodetectors and other optoelectronic
devices. The successful synthesis of these heterostruc-
tures demonstrates a robust method for creating advanced
nanomaterials with tunable properties, paving the way for
further exploration and development in photodetection and
optoelectronics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13391-024-00524-w.
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