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Supplementary Note 

SN1. Photoluminescence quantum yield (PLQY) measurements and analysis: 

Photoluminescence quantum yield (PLQY) is the key metric to evaluate the optical quality of 

two-dimensional semiconductors, which limits the optoelectronic device performances. For 

quantitative evaluation, the calibrated PLQY of spin-on MoS2 was measured using a 

customized micro-PL instrument described in detail in previous studies1,2, defined as: 

𝑃𝐿𝑄𝑌 = 	
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 

An Ar ion laser with a 514.5 nm line was used as the excitation source. All PL signals were 

collected using a 50× objective lens and passed through a 550 nm dielectric long-pass filter to 

obtain the emission signal from the MoS2. The PL signal was dispersed by a spectrometer with 

a 340-mm focal length and 150 groove-mm-1 grating and detected using a Si CCD (charge-

coupled device) (Andor iDUS BEX2-DD). Before each measurement, the CCD background 

was deducted from the PL acquisition signal. 

The systems’ relative sensitivity versus wavelength was evaluated by measuring the 

response of a virtual Lambertian black body light source created under the objective via 

illumination from a temperature stabilized lamp (ThorLabs SLS201) imaged onto a diffuse 

reflector (> 1 cm thick spectralon) surface. Calibrations were performed using a sample with a 

known QY close to 100% (rhodamine 6G in methanol)3 using a procedure which has been 

previously used to measure QY of other 2D materials4,5. The percentage of generated photons 
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which are able to escape from the sample was extracted following the approach in literature6. 

SN2. Calculation of adsorption energy of Mo3S9 monomer: 

Adsorption energy E!"# is calculated by the following equation to determine the interaction strength 

between Mo3S9 monomers and various substrate surfaces. 

E!"# = 𝐸$%$&' − (𝐸()%'&$*+	-%!." + 𝐸/0()$(1*	)203&4*) 

Where 𝐸$%$&' is the total system energy of the molecule adsorbing onto the surface, 𝐸()%'&$*+	-%!." 

represents the energy of Mo3S9 molecule in isolation, and 𝐸/0()$(1*	)203&4*  is energy of the clean 

substrate surface. Given the structural complexity of Mo3S9, where Mo atoms are arranged in a 

triangular configuration surrounded by in-plane and out-of-plane S atoms7–9, four initial configurations 

(C1-C4, as shown in Figure S13a) were explored to study the influence of molecular orientation on 

adsorption strength. In configuration C1, the molecule is oriented with its Mo plane parallel to the 

surface and the out-of-plane doubly bonded S atoms facing the substrate. Configuration C2 is arranged 

similarly to C1 but with the opposite side containing two doubly bonded and two singly bonded S atoms 

directed toward the substrate. Configuration C3 adopts an edge-on orientation with the molecule 

perpendicular to the surface and interacting with surface atoms primarily through the doubly bonded S 

atoms at its edge. Configuration C4 features an asymmetric tilted orientation where the molecule 

engages the surface with two singly bonded S atoms. Analysis shows that configuration C1 consistently 

leads to the most stable adsorption state with the most negative adsorption energy, while configuration 

C3 results in the least stable states with a thermodynamically unfavorable energy change (Figure S13). 

SN3. Comparison of top and bottom-gate modulation of spin-on MoS2: 

First devices were fabricated directly on a 300nm SiO2/p-doped silicon substrates to compare the 

performance of SiO2 bottom-gated structures with and without a 30nm thick ALD Al2O3 top layer 

serving as a passivation layer and/or top-gate dielectric. This setup allows for the assessment of the 

appropriate device configuration that would lead to an improved electrical performance within the same 

channel. Depending on the presence of Al2O3 layer and gate modulation (SiO2-bottom or Al2O3-

top), the IDS and corresponding conductance (gd) clearly separate into two regimes, while the 
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current amplification features are well indicative with increasing bias regardless of the gate 

modulation. As shown in Figure S18d, the device exhibits better transfer characteristics, 

including an on-current (Ion) of 3 μA and an on/off ratio of 1.92 × 103, under the top-gate 

modulation with Al2O3 compared to bottom-gate modulation without Al2O3 layers. We 

extracted a field-effect mobility (μeff) of both cases from the following equation. 

𝜇!"" =	𝑔# 𝐿 𝑊𝐶$%𝑉&'⁄  

Where L and W are the length and width of the channel, respectively. gm and Cox represent the 

transconductance and the capacitance of the gate dielectric. We found that the μeff of spin-on 

MoS2 is significantly enhanced to 0.125 cm2/Vs, approximately 130 times greater than that 

without the Al2O3 encapsulation. This is attributed to the n-doping effect of the top Al2O3 across 

the MoS2 channel and contact regions.10,11 The dielectric screening effect can also contribute 

to the improved mobility and corresponding subthreshold swings.12 Based on these results, we 

optimized the device structure as top-gated FETs and evaluated the electrical uniformity of 

spin-on MoS2 grown at 650℃ and 750℃. 

SN4. Memristor devices based on spin-on MoS2: 

Au and Ti were selected as the bottom and top electrodes, respectively, due to their electrochemically 

inertness under the applied electric fields. This selection eliminates interference from the electrodes, 

allowing us to focus on the inherent properties of spin-on MoS2, likely mediated by sulfur vacancies. 

For the formation of the active channel, a monolayer MoS2 was prepared via spin-coating and annealing 

at 750℃, then transferred onto a substrate with pre-formed Au electrodes through an etchant-free 

transfer. 
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Supplementary Figures 
Formation and characteristics of spin-on MoS2 via metal xanthate molecular chemistry: 

 

Figure S1 | Molecular structures of a, Mo(S2COEt)4 and b, triangular monomer of Mo3S9. 

 

 

 

 

 

 

 

Figure S2 | Statistics results of grain sizes of spin-on MoS2 grown at 450℃,650℃, and 850℃. 
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Figure S3 | Characteristics of spin-on MoS2 as a function of precursor concentration. a, 
Concentration-dependent variations in thickness of amorphous MoS3 films (inset: height 
profile of a spin-coated film from a 10 mM solution). b, Raman and c, PL spectra of spin-on 
MoS2 at different concentrations of Mo(S2COEt)4. d, PL spectra of spin-on MoS2 on various 
substrates. 

 

 

 

Figure S4 | Experimental setup for calibrated measurement of PLQY of spin-on MoS2. 
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Figure S5 | A comparison of PLQY between spin-on MoS2 annealed at 650℃ and 750℃ with 
monolayer MoS2 (reference) exfoliated from a bulk single crystal produce by chemical vapor 
transport (CVT). 

 

 

Figure S6 | Characteristics of 10mM spin-on MoS2 as a function of post-annealing 
temperature. a, Raman spectra and b, FWHM profiles of A1g and E12g modes of spin-on MoS2 
under various annealing temperatures. c, PL spectra of spin-on MoS2 as a function of annealing 
temperature. 

 

 

 
Figure S7 | Cross-sectional STEM image of monolayer spin-on MoS2 shown in Figure 2f. 
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Evolution of chemical transformation from a-MoS3 to MoS2: 

 

Figure S8 | TGA-MS analysis of Mo(S2COEt)4. a, Mass loss and b, Mas-spectroscopy of 
released gas phase byproducts of thermally annealed Mo(S2COEt)4 precursor.  

 

 

 

 

 

Figure S9 | Evolution of O 1s core level in in-situ temperature dependent AP-XPS collected 
from a-MoS3 formed directly onto a silicon substrate. 
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Figure S10 | Reactive force-field (ReaxFF) molecular dynamics simulations of the 
transformation process from a-MoS3 to crystalline MoS2. a, Initial configuration of a 
triclinic crystal MoS3. b, a-MoS3 obtained via a melt-quenching technique from the crystal 
structure. c, a-MoS3 placed on four layers of 2H-MoS2. d, Evolution of a-MoS3 transformation 
to crystalline MoS2 during annealing at 1250K. 

 

 

Selective-Area formation of the spin-on MoS2: 

 

Figure S11 | Characterization of spin-on MoS2 formation across Al2O3-SiO2 step edge. a, 
Optical image of MoS2 over Al2O3-SiO2 surfaces and step edge. b, Raman spectra obtained 
across the Al2O3-SiO2 step edge region. c, A1g and d, E12g Raman maps around the region of 
the optical image in a. In this example ALD Al2O3 was deposited onto a SiO2/Si substrate. 
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Figure S12 | Selective area formation of spin-on MoS2 on SiO2/Si substrates with 
patterned Ti squares on the surface. a, Schematic of selective area formation of monolayer 
MoS2. b, Raman and c, PL spectra obtained across the Ti-SiO2 step edge region. d, A1g and e, 
E2g modes of Raman, and f, PL maps around the Ti-SiO2 step edge region. g, Mo 3d, h, S 2p, 
and i, Ti 2p XPS core levels obtained from the Ti and SiO2 regions. In this example evaporated 
Ti was deposited onto a SiO2/Si substrate. 
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Figure S13 | DFT calculated adsorptive states and energies of Mo3S9 monomer on various 
surfaces. a, Visualization of optimized adsorption states. Chemisorption and decomposition of 
Mo3S9 monomer was observed for all interaction configurations on the Ti and TiO2 surfaces. 
Energy of b, physisorption and c, chemisorption of Mo3S9 precursor on various surfaces at 
different interaction configurations. 
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Direct integration of high-k oxides on spin-on MoS2: 

 

Figure S14 | AFM and Raman results of the 5 nm Al2O3/a-MoS3 structure shown in Fig.5b 
after post-annealing. a, AFM image, b, Raman spectrum and mapping profiles of c, A1g and 
d, E12g modes. 

 

 

 

 

 

 

Figure S15 | a, Schematic illustration of three stacks of Al2O3/a-MoS2 and b, Raman mapping 
of E12g mode across three heterolayers (HL) stacks of Al2O3/spin-on MoS2.   
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Figure S16 | Types of grain boundaries (GBs) in spin-on MoS2. a, Stitched and b, vdW GBs. 

 

 

 

 

 

 

Figure S17 | Direct high-k oxide integration on spin-on MoS2. a, Raman, b, PL spectra, and 
XPS results at c, Mo 3d, d, S 2p, and e, O 1s core levels for the 3 nm Al2O3 deposited directly 
on post-annealed spin-on monolayer MoS2. 
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Electrical performance and device applications of spin-on MoS2: 

 

Figure S18 | Comparison of electrical performance of top-gated and bottom-gated spin-
on MoS2 formed at 750℃. a, Diode, b, Output, and c, Transfer curves of spin-on MoS2 
devices. 
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Figure S19 | Top-gated transistor characteristics of spin-on MoS2 formed at 650℃. a, 
Diode, b, Output, c, Transfer curves, and d, Mobilities distribution of spin-on MoS2 devices. 

 

 

 

 

Figure S20 | Spin-on MoS2 grown on sapphire substrates. a, Raman and b, PL spectra of 
spin-on MoS2 formed between 550℃ and 850℃. 
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Figure S21 | Bipolar memory switching behaviors as a function of channel sizes from spin-on 
MoS2 formed at 750℃. 

 

 

 

 

 

 

Fig. S22 | Bipolar memory switching curves of a memristor based on spin-on MoS2 formed at 
650℃. 
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