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1. Supplementary Note 1 - experimental details 29 

Si-SiO2 substrates with 90 nm oxide layer were used for steady-state photoluminescence (PL), 30 

Raman spectroscopy and X-ray photoemission spectroscopy (XPS). Quartz substrates were 31 

used for time-resolved photoluminescence (TRPL), ultrafast pump-probe measurement, and 32 

PL diffusion measurements. The samples were encapsulated for ultrafast pump-probe 33 

measurements, and other measurements are carried out on samples without encapsulation.  34 

 35 

2. Supplementary Note 2 - calculation details 36 

First-principle calculations of formation energies were carried out based on the density 37 

functional theory (DFT) with the Perdew-Burke-Ernerhof (PBE) exchange-correlation 38 

functional as implemented in the VASP code. The all-electron projector-augmented wave 39 

(PAW) method was adopted, where 4d55s1, 5d46s2, 3s23p4, 1s1, 2s1, and 3s1 are treated as 40 

valence electrons for Mo, W, S, H, Li and Na atoms, respectively. The plane-wave energy 41 

cutoff is set to 600 eV. A Monkhorst-Pack Brillouin zone sampling grid with a resolution of 42 

2π × 0.03 Å−1 is adopted to ensure that all the enthalpy calculations are well converged with 43 

an error less than 1 meV/atom. Structural relaxations were performed with forces converged 44 

to less than 0.01 eV Å−1. The 3×3 hexagonal supercell of monolayer MoS2 and WS2 were 45 

utilized to display various available adsorption sites in MoS2/ WS2 for M1 (H, Li, Na) 46 

adsorption.  A vacuum spacing of 20 Å was provided along a perpendicular direction to the 47 

plane of MoS2/ WS2 between two adjacent periodic layers in order to avoid any spurious 48 

interactions. Detailed structure information is listed below.  49 

 50 

Taking MoS2 as the example, the stability of various adsorption sites is calculated from their 51 

formation energy, which is defined as:  52 = − − #( 1)  

where  is the total energy of M1 (H, Li and Na) adsorbed MoS2,  is the energy 53 

of MoS2 before the adsorption and 	is the energy of an isolated M1 atom. According to the 54 

definition, the structure with a more negative formation energy is more stable.  55 

 56 



3. Supplementary Note 3 - PL data for chemical treated MoS2 and 57 

WS2 58 

 59 

Supplementary Fig. 1 PL enhancement scatter plots of spectral position of the peak emission 60 

and peak H-TFSI-treated monolayer MoS2 PL counts extracted from PL maps of MoS2 61 

monolayer on Si-SiO2 (90 nm) after surface treatment with different concentrations of H-62 

TFSI in 1, 2-dichloroethane. 63 

 64 

The PL of pristine MoS2 is usually undetectable due to the low PL intensity, and the 65 

corresponding statistic scatter plots of pristine MoS2 are not presented. As the PL of pristine 66 

WS2 is detectable, the corresponding pristine monolayer scatter plots are also shown in 67 

Supplementary Fig. 2. For chemically treated WS2 samples, we performed PL mapping on the 68 

same monolayer as on the pristine sample to obtain more direct observation of the PL 69 

enhancing strength of different chemical treatments. The PL of pristine WS2 is 70 

inhomogeneous, and the position of PL maxima varies between 615 nm and 630 nm, which 71 

may be due to randomly-distributed disorder potentials, trions, dielectric disorder as well as 72 

interactions with optical phonons.1–3 Upon chemical treatments, the PL of both MoS2 and 73 

WS2 increase and blue shift statistically, indicating an reduction of trions in both materials. 74 

This trend agrees well with previous observations reported by other groups.4–6   75 
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 77 

Supplementary Fig. 2 Photoluminescence scatter plots showing a peak H-TFSI-treated 78 

monolayer MoS2 PL counts, b peak Li-TFSI-treated monolayer MoS2 PL counts, c peak Na-79 

TFSI-treated monolayer MoS2 PL counts, d peak H-TFSI-treated and corresponding pristine 80 

monolayer WS2 PL counts, e peak Li-TFSI-treated and corresponding pristine monolayer 81 

WS2 PL counts, and f peak Na-TFSI-treated and corresponding pristine monolayer WS2 PL 82 

counts. Data derived from raw spectra from PL maps. 83 

 84 
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 86 

Supplementary Fig. 3 a A typical optical microscope image of mechanically exfoliated WS2 87 

sample on Si-SiO2 (90 nm) substrate. b PL scatter plots showing peak PL counts of 20 88 

pristine monolayer WS2 samples (20 samples from sample 1 (S1) to sample 20 (S20) are 89 

measured; on sample S4 and Sample S7, two different monolayer flakes (F1 and F2) are 90 

measured). c PL enhancement scatter plots showing peak PL counts of H-TFSI-treated 91 

monolayer WS2 (10 pristine WS2 samples from S11 to S20 are treated with H-TFSI). d PL 92 

enhancement scatter plots showing peak PL counts of Li-TFSI-treated monolayer WS2 (10 93 

pristine WS2 samples from S1 to S10 are treated with Li-TFSI). 94 

 95 

As shown in Supplementary Fig. 3, 20 different WS2 monolayer samples are investigated. 96 

The monolayer area on each sample varies from 50 to 150 μm to obtain a reasonably big data 97 

set. 10 WS2 monolayer samples are treated with H-TFSI in DCE and the other 10 WS2 98 

monolayer samples are treated with Li-TFSI in methanol. As shown in Supplementary Fig. 3 99 

b, pristine WS2 samples are intrinsically doped to different levels and the distribution of PL 100 

peak positions from pristine WS2 samples covers a wide range, varying by more than 60 meV. 101 



The PL intensity of the pristine WS2 samples also shows huge variations. The high PL 102 

intensity can be more than 30 times brighter in comparison with the low ones. On the other 103 

hand, after both chemical treatments the PL peak position blueshifts accompanied by a more 104 

uniform emission profile. Moreover, the PL intensity is largely enhanced, and in general the 105 

PL intensity of Li-TFSI-treated WS2 samples doubles that of H-TFSI-treated ones despite of 106 

the variation of the pristine monolayer properties. 107 

 108 

 109 

Supplementary Fig. 4 a PL enhancement scatter plots showing peak Na-TFSI-treated 110 

monolayer WS2 PL counts. b Maximum PL spectra for pristine and Na-TFSI-treated 111 

monolayer WS2. 112 
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 114 

Supplementary Fig. 5 a Chemical structures of K-TFSI and M2(TFSI)2 (M2 = Mg, Ca and 115 

Cu). PL scatter plots showing peak counts of b pristine and K-TFSI-treated WS2, c pristine 116 

and Mg(TFSI)2-treated WS2, d pristine and Ca(TFSI)2-treated WS2, and e pristine and 117 

Cu(TFSI)2-treated WS2. 118 
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 120 

Supplementary Fig. 6 a Maximum PL spectrum for pristine and K-TFSI-treated monolayer 121 

WS2. b Maximum PL spectrum for pristine and Mg(TFSI)2-treated monolayer WS2. c 122 

Maximum PL spectrum for pristine and Ca(TFSI)2-treated monolayer WS2. d Maximum PL 123 

spectrum for pristine and Cu(TFSI)2-treated monolayer WS2. The decomposed Lorentzian 124 

peak fitting is presented in dash line and the cumulative peak fitting is presented in solid line. 125 

 126 

To further evaluate if the cationic radii of TFSI salts play a role during the chemical 127 

treatments and if other TFSI salts can also enhance PL of TMDSs, we also investigated the 128 

effect of other five TFSI based ionic salts on the PL enhancement of WS2. Mg(TFSI)2 and 129 

Cu(TFSI)2 show smaller cationic radii compared to Li-TFSI, while Na-TFSI, K-TFSI and 130 

Ca(TFSI)2 show larger cationic radii compared to Li-TFSI.7 As shown in Supplementary Fig. 131 

2-6, these ionic salts all have positive effect on the PL of WS2 and the treatments cause 132 

blueshift of PL spectra of WS2. Interestingly, the PL enhancement of WS2 are similar by K-133 

TFSI, Mg(TFSI)2 and Ca(TFSI)2 treatments, although their cationic radii are quite different. 134 

Thus, no concrete relationship between cationic radii and PL tuning strength can be drawn. 135 

 136 

570 600 630 660 690

2.18 2.07 1.97 1.88 1.80

0

1000

2000

3000

4000

5000

570 600 630 660 690

2.18 2.07 1.97 1.88 1.80

0

1000

2000

3000

4000

5000

570 600 630 660 690

2.18 2.07 1.97 1.88 1.80

0

1000

2000

3000

4000

5000

570 600 630 660 690

2.18 2.07 1.97 1.88 1.80

0

1000

2000

3000

4000

5000

620 nm

617 nm

 Pristine
 K-TFSI treated

C
o

un
ts

Wavelength (nm)

626 nm

WS2

615 nm

618 nm

 Pristine
 Mg(TFSI)2 treated

C
ou

nt
s

Wavelength (nm)

624 nm

WS2

Energy (eV)Energy (eV)

Energy (eV)Energy (eV)

618 nm

 Pristine
 Ca(TFSI)2 treated

C
ou

nt
s

Wavelength (nm)

620 nm

WS2

620 nm

617 nm

 Pristine
 Cu(TFSI)2 treated

C
ou

nt
s

Wavelength (nm)

625 nm

WS2

a b

c d



 137 

In order to gain mechanistic insight to the chemical treatments on TMDS for PL enhancement, 138 

we immersed H-TFSI and Li-TFSI treated WS2 monolayer samples in the solvents DCE and 139 

methanol, respectively. After 5h, no obvious PL change is observed. As illustrated in 140 

Supplementary Fig. 7, the PL intensity of H-TFSI or Li-TFSI treated monolayer WS2 sample 141 

drops after 24h immersion in the solvents. However, the PL intensity is still much higher than 142 

that of pristine WS2, which suggests that there is a strong interaction between the chemical 143 

and WS2 surface and not all of it can be washed away. In contrast to the PL scatter plots of H-144 

TFSI treated WS2 after 24h immersion in DCE, where the PL peaks remain blueshifted 145 

compared to that of the pristine WS2 sample, the PL scatter plots of Li-TFSI treated WS2 146 

show emission from trions in the longer wavelength after 24h immersion in methanol. This is 147 

ascribed to the weak alkaline nature of methanol. After 24h immersion in solvents, the PL 148 

intensity can be restored to a great extent by conducting the chemical treatment again. This 149 

phenomenon suggests there is no chemical reaction involved during the chemical treatment. 150 

In addition, the PL enhancement effect of H-TFSI in DCE and HBr in H2O is also compared 151 

to further certify that dissociated H+ is not the only requirement for large PL improvement 152 

(Supplementary Fig. 8). Moreover, we do not observe phenomena that the emission on the 153 

edge of monolayers turns brighter than that of central parts even when the monolayers are 154 

immersed in the solution with ionic salts for only a few seconds. The relationship between 155 

cationic radii and PL tuning strength is not observed, either. Therefore, we rule out the 156 

hypothesis that intercalation between the monolayer and substrates may play an important 157 

role in enhancing the PL intensity of monolayer TMDSs, which is contradictory to the 158 

previous study.8 Detailed discussion is as follows. 159 

 160 

Part of our experimental results and conclusions are contradictory to previously reported 161 

results in the literature (ACS Nano 2017, 11, 9390-9396). In that paper, Li-TFSI did not show 162 

superior PL enhancement effect on TMD monolayer compared to H-TFSI. That literature also 163 

came up with a new mechanism for chemical treatment on general TMD monolayers, where 164 

the intercalation of cations between TMD surface and substrate may play an important role in 165 

PL enhancement. 166 

 167 

We first would like to clarify that the TMD material utilized in the 2017 paper is monolayers 168 

grown using chemical vapour deposition (CVD) processes, while the monolayers studied in 169 

our work is mechanic exfoliated. One reason for the different results can be the different 170 



nature of defects existing in these two studied samples. The second difference is the 171 

concentration of H-TFSI and Li-TFSI is 0.2 mg/mL, and the solvent for Li-TFSI is a 9:1 172 

mixture of 1,2-dichlorobenzene (DCB) and 1,2-dichloroethane (DCE) in the 2017 paper. 173 

However, the increase in concentration is proven to enhance the PL intensity of treated 174 

TMDSs further in our experiments (Supplementary Fig. 1) and saturates at 0.02 M (5 mg/mL).  175 

The concentration in our study is fixed at 0.02 M (5 mg/mL). More importantly, the ionic 176 

salts like Li-TFSI shows limited solubility and cannot fully dissociate in DCB or DCE, 177 

methanol is, therefore, chosen to be the solvent for Li-TFSI treatment in our study. 178 

Furthermore, some phenomena reported in the 2017 paper like PL intensity enhanced but not 179 

blueshifted or that enhancement appears only at part of monolayer area close to the edge are 180 

not observed in our study. In addition, since we study the same cation from different salts and 181 

acids (HBr, Supplementary Fig. 8) and no relationship between cationic radii and PL tuning 182 

strength cannot be drawn (discussed in Page SI 8), we can carefully rule out the hypothesis 183 

that intercalation between the monolayer surface and substrate play an important role in PL 184 

enhancement of TMDSs at the moment. 185 

 186 

 187 

 188 

Supplementary Fig. 7 a PL enhancement scatter plots showing peak PL counts of pristine, 189 

Li-TFSI-treated, methanol 24 h immersed after Li-TFSI treatment, and Li-TFSI treated after 190 

methanol immersion monolayer WS2. b PL enhancement scatter plots showing peak PL 191 

counts of pristine, H-TFSI-treated, methanol 24 h immersed after H-TFSI treatment, and H-192 

TFSI treated after methanol immersion monolayer WS2. 193 
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 195 

Supplementary Fig. 8 PL enhancement scatter plots showing peak PL counts of pristine, H-196 

TFSI-treated, and HBr-treated monolayer WS2. 197 

 198 

The PL enhancement effect of H-TFSI and HBr is investigated. In our experiment, 0.02 M (5 199 

mg/mL) “super acid” H-TFSI in DCE (pKa =  ̶ 12) and 47% HBr in H2O (pKa =  ̶  9) are used. 200 

By definition, pKa value tells how much of the acid can actually dissociate, another strong 201 

acid HBr is, therefore, chosen in comparison with H-TFSI. Even though H-TFSI possesses 202 

higher pKa value, the low concentration leads to lower H+ concentration compared to acid 203 

HBr. The PL spectra of monolayer WS2 samples blueshift after both H-TFSI and HBr 204 

treatment due to p-doping effect (Supplementary Fig. 8). However, the PL intensity of H-205 

TFSI-treated WS2 samples is nearly 10 times higher than that of HBr-treated sample. This 206 

further suggests that previously proposed p-doping effect cannot fully explain the mechanism 207 

of chemical treatment on TMDSs. 208 
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 210 

Supplementary Fig. 9 a PL enhancement scatter plots showing peak MB-treated monolayer 211 

MoS2 PL counts. b PL enhancement scatter plots showing peak F4TCNQ-treated monolayer 212 

MoS2 PL counts. c Maximum PL spectrum for MB-treated monolayer MoS2. d Maximum PL 213 

spectrum for F4TCNQ-treated monolayer MoS2. The decomposed Lorentzian peak fitting of 214 

MB-treated MoS2 is presented in dash line and the cumulative peak fitting is presented in 215 

solid line. 216 
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 218 

Supplementary Fig. 10 a PL scatter plots showing peak pristine and MB-treated monolayer 219 

WS2 counts. b PL scatter plots showing peak pristine and F4TCNQ-treated monolayer WS2 220 

PL counts. c Maximum PL spectrum for MB-treated monolayer WS2. d Maximum PL 221 

spectrum for F4TCNQ-treated monolayer WS2. The decomposed Lorentzian peak fitting of 222 

MB and F4TCNQ-treated WS2 is presented in dash line and the cumulative peak fitting is 223 

presented in solid line. 224 

 225 

The PL mappings of MB and F4TCNQ-treated WS2 were performed on the same monolayers 226 

as on the pristine samples to obtain more direct observation of the PL enhancing strength of 227 

the chemical treatments. As shown in Supplementary Fig. 10, both MB and F4TCNQ 228 

increased the PL of WS2 slightly and blueshifted the PL spectra of WS2. However, the 229 

enhancements are much weaker compared to H-TFSI and Li-TFSI treatments, and there are 230 

still clear trion contribution form the emission of MB and F4TCNQ-treated WS2.  231 

 232 
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4. Supplementary Note 4 - Raman data for MB and F4TCNQ-234 

treated MoS2 235 

 236 

 237 

Supplementary Fig. 11 Raman spectra of a MB-treated, and b F4TCNQ-treated monolayer 238 

MoS2. The decomposed Lorentzian peak fittings of MB and F4TCNQ-treated MoS2 are 239 

presented in dash line and the cumulative peak fittings are presented in solid line. 240 
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5. Supplementary Note 5 - XPS data for pristine H-TFSI and Li-TFSI 242 

treated MoS2 243 

 244 

 245 

Supplementary Fig. 12 XPS spectra of pristine, H-TFSI-treated, and Li-TFSI-treated 246 

monolayer MoS2. a Core level spectra of S 2p. b Core level spectra of F 1s. c Core level 247 

spectra of Mo 3d. d Core level spectra of Li 1s. The Lorentzian peak fittings of pristine and 248 

treated MoS2 are presented are presented in solid lines. 249 

 250 

6. Supplementary Note 6 - DFT simulation data for WS2 251 

Supplementary Table 1 a DFT simulation of H and Li adsorption energies and the 252 

configurations on different positions of monolayer WS2 surfaces. 253 
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-2.29 -0.08 -0.27 

 Li 

   

-2.12 -0.65 -1.33 

 254 

 255 

Supplementary Table 1 b DFT simulation of Na, K, Ca and Mg adsorption energies and the 256 

configurations on different positions of monolayer WS2 surfaces. 257 

 ESv (eV) Esf (S) (eV) Esf (W) (eV) 

 

Na  

 -1.72 
  

-0.47 

  

-0.78 

K  

-2.02 
 

-0.76 

 

-1.02 

Mg  

-0.90 
 

-0.06 

 

-0.15 

Ca  

-2.83 
 

-0.37 

 

-0.80 

 258 

Supplementary Table 1 c DFT simulation of bond energies between M1
+ and TFSI anion 259 

Bond Bond Energy (eV) 

H-TFSI 4.73 

Li-TFSI 5.37 

Na-TFSI 4.74 

K-TFSI 4.74 

 260 



As shown in Supplementary Table 1 a, b, similar with MoS2, all adatoms on WS2 present a 261 

clear preference of adsorption at sulphur vacancy sites compared to the surface of TMDSs. 262 

The adsorptions of Li adatom are generally energetically more favourable at surface sites 263 

compared to other M1 atoms. Even though that the adsorptions of M1 adatoms are 264 

energetically more favourable compare to M2 atoms, each M2 adatom contributes two positive 265 

charges, which explains the effectiveness of M2TFSI treatments on improving the PL. On the 266 

other hands, the effectiveness of M1-TFSI and M2TFSI treatments on enhancing PL of 267 

TMDSs may also be related to how strongly the cations interact with TFSI anion. This 268 

determines the amount of cations interacting with the surfaces of monolayer TMDSs, 269 

therefore, the bond energy between cation and TFSI anion is simulated.  As shown in 270 

Supplementary Table 1 c, all cations present weak interactions with TFSI anion. Moreover, 271 

since the solution with ionic salts used during the chemical treatments is dilute and excessive, 272 

we assume there are enough cations interacting with the surface of TMDSs in all cases. 273 

 274 

 275 

7. Supplementary Note 7 - pump-probe and TRPL spectra for MoS2 276 

 277 

 278 

Supplementary Fig. 13 Average lifetime versus PL count for H-TFSI and Li-TFSI treated 279 

MoS2 samples. Each data point plots the average lifetime (x-axis) and PL intensity (y-axis) 280 
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for a different spot measured from a 2D map taken on the monolayer flake for each chemical 281 

treatment. 282 

 283 

Supplementary Table 2. Fitting results for the rates with 15 µJ cm-2 in TRPL measurement. 284 

Sample A1 
τ 1 

(ns) 
A2 

τ 2 

(ns) 
A3 

τ3 

(ns) 

<τ> 

(ps) 

H-TFSI treated MoS2 0.23 0.73 1.25 0.23 0.003 10.00 320 

Li-TFSI treated MoS2 1.78 0.12 0.04 0.77 0.005 6.34 150 

 285 

 286 

 287 

Supplementary Fig. 14 Ultrafast pump-probe data of pristine MoS2. 288 
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8. Supplementary Note 8 - PL data for M3-Tf and Li-OAc-treated 290 

MoS2 and WS2 291 

 292 

Supplementary Fig. 15 PL enhancement scatter plots showing peak a Li-Tf-treated 293 

monolayer MoS2 PL counts, b pristine and Li-Tf-treated monolayer WS2 PL counts, c pristine 294 

and Na-Tf-treated monolayer WS2 PL counts, and d pristine and Li-OAc-treated monolayer 295 

WS2 PL counts. 296 
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9. Supplementary Note 9 - DFT simulation of anion adsorption on 298 

MoS2 surface 299 

 300 

Supplementary Fig. 16 DFT simulation of a Tf and b TFSI anion adsorption at sulphur 301 

vacancy sites of monolayer MoS2 surfaces. 302 

 303 



10. Supplementary Note 10 - Raman data for M3-Tf and Li-OAc-304 

treated MoS2 305 

 306 

Supplementary Fig. 17 Raman spectra of a Li-Tf-treated, b Na-Tf-treated, and c Li-OAc-307 

treated monolayer MoS2. The decomposed Lorentzian peak fitting of each spectrum is 308 

presented in short dash line and the cumulative fitting is presented in solid line. 309 
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11. Supplementary Note 11 - TRPL and PL diffusion data for Li-Tf-310 

treated MoS2  311 

 312 

 313 

Supplementary Fig. 18 a TRPL decay curve for Li-Tf-treated monolayer MoS2. b Spatial 314 

profile of the normalized PL intensity IPL at snapshot t = 0, 0.4 and 0.72 ns for Li-Tf-treated 315 

monolayer MoS2. c Corresponding σt
2 as a function of time. d Ultrafast pump-probe spectra 316 

of Li-Tf-treated monolayer MoS2.  317 

 318 
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