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absorption (XAS) at TLS 09A2. These findings indicate that 
a model based on the diffusion length of H on graphene 
and the size effect of Ti SACs should be developed. Figure 
2(a) presents the hydrogen spillover and diffusion ability 
of the H atoms near each SAC and single-cluster catalyst. 
Figure 2(b) shows the simulated relationship between the 
number of atoms in the Ti SAC and the hydrogen storage 
efficiency. The result suggests that SACs have the highest 
hydrogen storage capacity. Figure 2(c) depicts the perfect 
condition for 100% hydrogen storage: a TiH6 SAC structure 
on graphene.

In summary, Wu and Chen designed and simulated 
hydrogen spillover from single-atom to single-cluster 
catalysts by precisely controlling the coverage of Ti on 
graphene. The atomic nature of C−H bonds on graphene 
and the optimal H storage capacity were spectrally 
characterized using ARPES, XPS, and XAS. Given the short 
migration distance of H atoms diffusing on graphene at 
room temperature, the simulation results provide a general 
rule that will enable rational design of carbon-supported 
physisorbed metal catalysts for chemisorbed H storage 
through spillover. (Reported by Sheng-Shong Wong, 
National Cheng Kung University)

This report features the work of Chung-Lin Wu, Chia-Hao 
Chen and their collaborators published in ACS Energy Lett. 7, 
2297 (2022).
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Spatially Resolved Patterned Doping in Monolayer 
Transition-Metal Dichalcogenides 
Area-selective doping of transition metals on the micron scale was achieved in tungsten-based 
dichalcogenides using a novel “open-replace-close” technique.

I n recent years, monolayer transition-metal 
dichalcogenides (TMD) have attracted tremendous 

attention, owing to their potential for electronic, magnetic, 
optical, and catalytic applications. It has been recently 
recognized that substitutional doping of transition-
metal atoms in monolayer TMDs is extremely useful for 
controlling their exotic physical and chemical properties, 
which can be improved for applications.1−3 Substitutional 
doping of transition-metal atoms is an established method 
to tune material properties, which is typically carried out 
during the epitaxial growth of material films,2 but it does 
not allow the spatial control of the doping material.3 
In a recent collaborative study reported in Nanoscale, 
researchers in Japan and Taiwan have developed a novel 
method to achieve area-selective doping on tungsten-

based TMD monolayers.4 In order to carry out spatial 
characterization of their micron-scale doping method, 
the authors used a combination of techniques, including 
optical spectroscopy, scanning-transmission electron 
microscopy (STEM), scanning photoelectron microscopy 
(SPEM), and micro-X-ray photoelectron spectroscopy 
(µ-XPS), and confirmed the efficacy of their “open-replace-
close” (ORC) technique for the area-selective doping of 
monolayers.

Figure 1 (left panel, see next page) shows a schematic 
diagram of the three phases of the ORC substitution process 
for WSe2 doped with Cr. In Phase I, the desorption of Se 
under the assistance of hydrogen proceeds according to the 
 chemical reaction WSe2 (s) + H2(g) → WSe2-x(s) + H2Se(g),  
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which generates or “opens” Se 
vacancies (VSe) in the monolayer. 
In Phase II, chromium(III) oxide 
is placed near the sample and 
heated up to the reaction 
temperature and it undergoes 
defect-assisted interdiffusion 
to serve as a source Cr dopant. 
Chromium oxide undergoes 
reduction at elevated 
temperatures according to the 
chemical equation Cr2O3 + 3H2 
→ 2Cr + 3H2O. The Cr species 
reaching the WSe2 surface form 
low-energy Cr–VSe complexes, 
which become embedded into 
the lattice and can undergo 
interdiffusion with W atoms. 
This is the “replace” phase as 
Cr atoms replace W atoms in 
the lattice. Finally, in Phase III, 
chalcogen vapor is introduced, 
which repairs the lattice and 
“closes” the reaction. Figure 1(a) 
(right panel) shows a schematic 
of the area-selective doping 
of Cr in a monolayer WSe2 
film using graphene as a mask. 
Figure 1(b) shows a scanning 
electron microscopy (SEM) image 
of the pristine WSe2 (light grey) 
film covered by a pre-patterned 
graphene mask made by e-beam 
lithography. Figure 1(c) shows 
the SEM image after the ORC 
process is carried out. Figure 
1(d) shows the atomic-resolution 
STEM annular dark field (ADF) 
image of WSe2 exposed to H2 
flow before Cr doping, which 
corresponds to Phase I, in which 
a high number of Se vacancies 
are observed (highlighted by 
yellow dotted circles). Finally, to 
confirm the successful doping of Cr 
in the unmasked WS2 region, authors 
performed STEM characterization 
of the ORC-reacted WS2/WSe2 
interface. Figure 1(e) shows the 
ADF image of the interface between 
Cr:WS2 and Gr/WSe2. It can be seen 
that the Cr dopants are substituted 
at the W sites and exist only in the 
WS2 domain with a darker contrast 
(highlighted by purple dotted circles).

Fig. 1:	 Schematic of the three phases (I–II–III) of the ORC reaction for the area-selective substitution of 
the W sublattice in WSe2. (a) Schematic of the area-selective doping of Cr in a monolayer WSe2 
film using graphene as the mask. (b) SEM image of the pristine WSe2 (light grey) film covered 
by a pre-patterned graphene layer. (c) SEM image of the Cr-doped WSe2 film in the same area 
as shown in (b). (d) An ADF image of WSe2 after heating at 700 °C under hydrogen flow. The Se 
vacancies are denoted by yellow dotted circles. (e) An ADF image of the interface of Cr:WS2 and 
Gr/WSe2. Cr dopants and Se vacancies are represented by purple dotted circles and yellow dotted 
circles, respectively. [Reproduced from Ref. 4]

Fig. 2:	 SHG mapping comparison of pristine and Cr-doped WS2. (a) SEM image of the three selected 
WS2 single crystals for SHG spatial mapping with the top two covered by graphene and the 
bottom one exposed for Cr doping. (b) Corresponding SHG images recorded at three excitation 
wavelengths. For Gr/WS2, the SHG image under excitation at 1260 nm exhibits a uniform intensity 
with no trion contribution. For Cr:WS2 under excitation at 1260 nm, SHG is clearly enhanced 
in the triangular region, which is attributed to the trion resonance. Weak exciton resonances 
are observed at 1220 nm, a spatial distribution contrary or opposite to the trion distribution in 
Cr:WS2, but the exciton resonance is relatively uniform in Gr/WS2. At 840 nm, the SHG intensity is 
enhanced by the band-nesting energy resonance, but exhibits a uniform intensity in both Cr:WS2 
and Gr/WS2. At all excitation wavelengths, Gr also produces very weak SHG. Intensity is indicated 
by a color scale. [Reproduced from Ref. 4]

(a) (b)

Next, the authors carried out a standard characterization of the WSe2 and 
Cr:WS2 films using Raman spectroscopy and photoluminescence to confirm the 
systematic increase of the Cr doping content. After confirming the systematic 
increase in the Cr content, the authors used multiphoton laser scanning 
microscopy to perform rapid imaging of second-harmonic-generation (SHG) 
resonances via the graphene-masked ORC reaction on individual triangular 
WS2 single crystals. SHG excitations were measured at 1220 and 1260 nm, 
corresponding to half the excitation energies of 2.03 and 1.97 eV in the SHG 
process and similar to the energies of the excitons and trions of WS2, respectively.5 
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Figure 2(a) shows an SEM image of three selected WS2 
single crystals (triangles) for SHG spatial mapping. The 
top two triangular crystals are covered by graphene, 
while the bottom triangular crystal is exposed for 
Cr doping. Figure 2(b) shows the corresponding 
SHG images recorded at three different excitation 
wavelengths. The images showed clear differences at 
wavelengths of 1260, 1220 and 840 nm as described in 
the following: (i) For Gr/WS2, the SHG image obtained 
under excitation at 1260 nm exhibits a uniform 
intensity indicating absence of trion contribution. On 
the other hand, for Cr:WS2 under excitation at 1260 
nm, SHG is strongly enhanced in the triangular region, 
and this is a signature of the trion resonance. (ii) In 
addition, weak exciton resonances are observed at 
1220 nm, which show a spatial distribution contrary or 
opposite to the trions in Cr:WS2. However, the exciton 
resonance intensity is relatively uniform in Gr/WS2. 
(iii) Finally, at 840 nm, the SHG intensity is enhanced 
by the band-nesting energy resonance, but a uniform 
intensity in both Cr:WS2 and Gr/WS2 is observed. 
Thus, the trion and exciton signals confirm the spatial 
presence and absence of Cr doping, respectively, as 
expected.

Figure 3 shows the SPEM and μ-XPS characterizations 
of pristine and Cr-doped WS2 carried out at TLS 09A1 
at the NSRRC. Figure 3(a) shows the SEM image of 
a WS2 single crystal covered with a pre-patterned 

Fig. 3:	 SPEM and μ-XPS characterizations of pristine and Cr-doped WS2. (a) SEM 
image of a WS2 single crystal covered with a pre-patterned graphene 
mask. (b) SPEM spatial mapping of W 4f. (c) SPEM spatial mapping of 
C 1s. (d) μ-XPS spectra of W 4f and S 2p taken from the Gr/WS2 (circles) 
and Cr:WS2 (squares) areas. Cyan and dark yellow areas in the spectra 
represent the fittings of Gr/WS2 and Cr:WS2, respectively. The inset 
corresponds to the SPEM chemical mapping image combined from (b) 
and (c). The scale bars in the figures are all 10 μm. [Reproduced from 
Ref. 4]

sublattice. They are hopeful that this method will meet 
the demand for both n- and p-channel transistors in future 
integrated circuits based on such a layered semiconductor. 
(Reported by Ashish Chainani)

This report features the work of Po-Wen Chiu and his 
collaborators published in Nanoscale 14, 16968 (2022). 
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graphene mask. Figures 3(b) and 3(c) show the SPEM 
spatial mapping of W 4f and C 1s, respectively. The spatial 
details of the single crystal and pre-patterned mask as 
observed in the SEM image are confirmed. Figure 3(d) 
shows the μ-XPS spectra of the W 4f core level and S 2p 
core level taken from the Gr/WS2 (circles) and Cr:WS2 
(squares) areas. In order to distinguish the doping effects of 
the masked and unmasked regions, peak deconvolution of 
the two areas was performed for both W 4f and S 2p levels. 
The peak areas of Gr/WS2 and Cr:WS2 are represented in 
yellow and cyan, respectively. The W 4f and S 2p binding 
energies exhibit an energy shift of 0.25 eV between the 
masked and unmasked regions. The red-shift of binding 
energy in the unmasked area indicates that the Fermi 
level moves closer toward the valence-band maximum of 
Cr:WS2 and confirms a p-type doping effect caused by the 
substitutional Cr atoms.4

Thus, the authors demonstrated an area-selective 
doping scheme for single-layer TMD materials by using 
a pre-patterned graphene mask, so that WS2 could be 
substitutionally doped with Cr in unmasked areas. The 
authors believe the core mechanism of this doping scheme 
lies in the controlled sublimation of chalcogen via a 
devised CVD process, during which dopant impurities can 
be embedded and substituted into the transition-metal 




