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Figure S1. XPS measurements on the Zr−/Hf−doped MoS2 monolayer. (a)−(c) XPS scans Mo 3d, S 
2p, and Zr 3d core levels collected from Zr−doped MoS2 sample. (d)−(e) XPS scans Mo 3d, S 2p, and 
Hf 4f core levels collected from Hf−doped MoS2 sample. 

The binding energies of Mo4+(3d3/2) and Mo4+(3d5/2) orbitals doped with Zr and Hf 
increased by 0.1 eV and 0.2 eV, respectively, compared to undoped ones. This is due to 
the small electronegativity of Zr and Hf, which leads to weaker binding on S atoms after 
replacing Mo atoms, resulting in stronger interaction between Mo and S atoms. It also 
affects the bonding mode of Mo atoms, which indirectly proves the formation of O-Hf-S 
bonds. But the size of Zr atoms and Mo atoms is similar, causing less deformation, so the 
enhancement effect is not as significant as that of Hf element. In addition, we also meas-
ured the binding energies of Zr4+(3d3/2), Zr4+(3d5/2), and Hf4+(4f5/2), Hf4+(4f7/2) orbitals, veri-
fying the successful doping of Zr and Hf elements. 

 
Figure S2. XPS measurements on the Gd−/Dy−doped MoS2 monolayer. (a)−(c) XPS scans Mo 3d, S 
2p, and Gd 4d core levels collected from Gd−doped MoS2 sample. (d)−(e) XPS scans Mo 3d, S 2p, 
and Dy 3d core levels collected from Dy−doped MoS2 sample. 
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Similar to the doping of transition group element Hf, the doping of Gd and Dy also 
affects the 3d3/2 and 3d5/2 orbitals of Mo, and the peak displacement increases by 0.2 eV 
after doping. The peak position of the 2P orbital of S remains unchanged. Correspond-
ingly, the chemical environment of Gd and Dy itself is also affected by the hexagonal lat-
tice of MoS2, and their binding energy shifts towards a larger direction. Here, we believe 
that they are still +3 valence ions. 

 
Figure S3. (a) The optical microscopy image of Zr−doped MoS2 monolayer. The scale bar is 4 µm. 
(b) PL spectra of Zr−MoS2 and pure MoS2 were obtained with a 532 nm laser. Inset: Spatially resolved 
PL intensity mapping at 661 nm for Zr−MoS2 monolayer. 

 
Figure S4. Gd−MoS2 film obtained when GdCl3 is used as dopant.(a) and (b) are the optical micros-
copy image of Gd−MoS2 films when the GdCl3 content is less than 0.5% and more than 0.5%, respec-
tively. 

Due to the low melting and boiling points of chlorides and their ability to transport, 
when the amount of GdCl3 added is low, the grown samples are mostly isolated triangles 
with a size of 20 µm (Figure S4a); When the amount of GdCl3 added increases, GdCl3 also 
plays a transport role, leading to more nucleation on the growth substrate, large area film 
formation, and only a few very small triangles (Figure S4b). Therefore, the addition 
amount should be minimized as much as possible to avoid significantly affecting the ef-
fective material partial pressure in the system and affecting the synthesis of single−layer 
MoS2 crystals. 
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Figure S5. (a) The optical microscopy image of Dy−doped MoS2 monolayer. (b) PL−Mapping spectra 
of Dy−doped monolayer MoS2. According to luminescence intensity, the spectrumof (b) is divided 
into two regions: bright (1) and dark (2). (c) The PL spectra of Dy−doped and undoped MoS2 mon-
olayer and (d) shows a three fold difference in intensity between the two regions after normalization. 

 


