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1. PL spectra of F4TCNQ-doped 2L-MoS2   

   

 We observed the PL spectrum of F4TCNQ doped 2L-MoS2 as shown in the Fig. S1. The 

PL intensity enhancement and blue shift of PL peak of A exciton, which is similar to those 

observed for 1L-MoS2, are observed. This result indicates that the extraction of electrons 

also occurred in the 2L-MoS2 by F4TCNQ doping.  

Fig. S1 PL spectra of 2L-MoS2 with and without F4TCNQ doping  
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2. Series of data of decomposed results of PL spectra 

   

 Figure S2 shows the decomposed PL spectra of F4TCNQ-doped 1L-MoS2 at each doping 

step. All spectra are normalized by the peak height. The PL spectra can be decomposed into 

three components: A exciton PL (X; ~1.88 eV; red line), A trion PL (X
−
; ~1.84 eV; blue 

line), and B exciton PL (B; 2.05 eV; green line), as described in the main text. Although the 

shape of the PL peak differs in each 1L-MoS2, reflecting the doped electron density, all PL 

spectra are well reproduced (orange lines) by the sum of three peak components.  

 

3. PL spectral change of 1L-MoS2 with p-type (TCNQ) and n-type (NADH) dopants 

 Figure S3 shows the decomposed PL spectra of 1L-MoS2 before and after chemical 

doping with p-type (TCNQ) and n-type dopants (NADH). These PL spectra also can be 

decomposed  into three components: A exciton PL (X; ~1.88 eV; red line), A trion PL (X
−
; 
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Fig. S2 Series of decomposed PL spectra of F4TCNQ-doped 1L-MoS2 
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~1.84 eV; blue line), and B exciton PL (B; 2.05 eV; green line). The shape of the PL 

spectra of the as-prepared 1L-MoS2 differs depending on the sample’s initially doped 

electron density. We prepared less-electron-doped 1L-MoS2 for the NADH doping 

experiment to confirm the electron injection effect.  

 

4.  PLE spectra of 1L-MoS2 

 We measured excitation photon energy dependence of PL spectra of 1L-MoS2 as shown in 

Fig. S4 (a). The spectral shape does not change with changing excitation energy. The peak 

A can be decomposed into the exciton (X; ~1.88 eV; red line) peak and the negative trion 

(X
−
; ~1.84 eV; blue line) peak. The PL excitation (PLE) spectra of 1L-MoS2 of the exciton 

(X) and trion (X
−
) peak are obtained in the range between 1.9 and 2.4 eV as shown in Fig. 

S4 (b). The absorption spectrum of 1L-MoS2 taken from Ref. S1 is also plotted for 

comparison. The PLE spectrum of trion shows the resonant excitation peak of B exciton 

observed in absorption spectrum which suggests that the trions are formed via excitons.  

 

 

Fig. S3 PL spectra of 1L-MoS2 before and after chemical doping with p-type (TCNQ) and n-

type dopants (NADH). 
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5. Analysis of PL intensity of excitons and trions in 1L-MoS2 with chemical doping 

within the framework of a three-level model 

The rate equations for the population of exciton Nx and trion Nx
− can be expressed as 

Xtr
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Fig. S4 (a) PL spectra of 1L-MoS2 measured by various excitation photon energy. The 

very small peak at 1.92 eV in the bottom spectrum comes from the Raman peak. (b) 

The PLE spectra monitored at the excitons (X) and trions (X
−
) peak of 1L-MoS2. The 

absorption spectra of 1L-MoS2 (black circles) is taken from the previous study by Mak 

et al.
S1

. 
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where n is the number of doping steps, ktr(n) is the formation rate of the trion from the 

exciton, and G is the optical generation rate of excitons. The populations of excitons and 

trions derived from the steady-state solutions of these equations are expressed as 
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where the decay rates of the exciton and trion are denoted as 
'
ex and tr, respectively. The 

PL intensity of the exciton (Ix) and trion (Ix
-) can be expressed on the basis of the 

relationship where the PL intensity is proportional to the exciton (trion) populations as 

follows: 
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where ex and tr express the radiative decay rate of the exciton and trion, respectively. 

For simplicity, the change of these values with chemical doping is assumed to be small and 

neglected in the analysis. However, experimental determination of them is the important 

issue as a future work. With consideration of PL spectral shape, the PL spectra at 0 g/ml 

(0.3 g/ml) in our experiments correspond to those at applied gate voltage of 0 V (-70 V) in 

the FET gating experiments at room temperature.
S2

 The absorption spectrum of exciton 

only slightly changes in this region. This suggests that the change of radiative decay rate in 

our experimental range is small. Therefore, we assume that the radiative decay rate of 

exciton is independent of carrier density in this region for simplicity. The coefficient A 

expresses the collection efficiency of luminescence. The parameters
'
ex = 0.002 ps

−1
, tr = 

0.02 ps
−1

, and ktr(0) = 0.5 ps
−1

 in this analysis were based on the previously reported values 
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obtained from transient absorption measurements.
S3

 The best-fit parameters of AGγex and 

AGγtr to reproduce the experimental results shown in Fig. 2d are 10 and 1.5, respectively. In 

the condition studied here (i.e., ktr >> 
'
ex), the PL intensity of the exciton (Ix) and trion (Ix

-) 

can be approximately expressed as 
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As shown in Fig. 2d, the experimental behavior of the exciton PL intensity Ix strongly 

depends on the extent of F4TCNQ doping, whereas the trion PL intensity Ix
- is insensitive to 

the level F4TCNQ doping; these results can be explained by eqs. (S7) and (S8).    

 

6.  Mass action model 

The mass action law associated with the trions
S4

 is used to evaluate the doped electron 

density in 1L-MoS2. In this scheme, the following relation is obtained: 
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where T is the temperature, kB is the Boltzmann constant, Eb is the trion binding energy 

(~20 meV),
S2

 and me (0.35m0) and mh (0.45m0) are the effective mass of electrons and 

holes,
S5

 respectively, where m0 is the mass of a free electron. The effective masses of an 

exciton mx and a trion mx
- can be calculated as 0.8m0 and 1.15m0, respectively. Using these 

parameters, the trion PL intensity weight is expressed as  
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.            (S10) 

The trion PL intensity weight calculated from eq. (S10) is shown in the inset of Fig. 4b.  
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