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Electronic structure of MoS2 with dopant impurity 

 

We perform the electronic structure analysis and investigate the effect of the impurity dopants on 

the density of states (DOS) of monolayer MoS2. In addition to the neutral case, we also examine 

the electronic structure of MoS2 with dopant impurity at a different charge state (i.e. q= +1 or q= -

1). In Fig. S1, the dopant-induced Kohn-Sham (KS) states appear close to the valence band 

maximum (VBM), and therefore substitution of group-V elements at S site seems promising to 

introduce p-type doping. Conversely, the substitutional doping of group-VII elements at S site (see 

Fig. S2), introduces KS states close to the conduction band minimum (CBM). However, as 

emphasized in the main text, the KS eigenvalues of the impurity levels are not quasiparticle energies 

and should not be misunderstood as excitation energies or binding energies. 

 

 

 

 

 



 

Figure S1. The density of states (DOS) of the substitutionally doped monolayer MoS2 with Group-

V elements. The spin up and spin down states are shown as orange and purple solid lines, 

respectively. The left column is the DOS of (a) N-doped (c) P-doped (e) As-doped (g) Sb-doped 

monolayer MoS2 at neutral charge state (q=0), and the right column is the DOS of (b) N-doped (d) 

P-doped (f) As-doped (h) Sb-doped monolayer MoS2 at negatively charged state (q= -1). 

 



 

Figure S2. DOS of the substitutionally doped monolayer MoS2 with the group-VII elements. The 

spin up and spin down states are shown as orange and purple solid lines, respectively. The left 

column is the DOS of (a) F-doped (c) Cl-doped (e) Br-doped (g) I-doped monolayer MoS2 at neutral 

charge state (q=0), and the right column is the DOS of (b) F-doped (d) Cl-doped (f) Br-doped (h) 

I-doped monolayer MoS2 at positively charged state (q= +1). 

 

 

 

 



Charge correction method and charge transition level 

 

In the main text, we defined the formation energies of dopant impurity at different charge states as 

following. 

𝐸𝑓
𝑞
= 𝐸𝑡𝑜𝑡

𝑑𝑒𝑓𝑒𝑐𝑡
(𝑞) − 𝐸𝑡𝑜𝑡

𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒
− ∑𝑁𝑖𝜇𝑖 + 𝑞(𝜀𝑣 + 𝜀𝐹) + 𝐸𝑐𝑜𝑟𝑟.        (1) 

 

Chemical potentials (𝜇𝑖) are determined by the total energies of the reference systems. For S and 

solid phase dopants such as As and Sb, the energies of bulk systems are used. For gaseous dopants 

such as N, the energies of gas molecules are used. For Mo, the chemical potential is determined by 

the difference between the total energy of monolayer MoS2 and the chemical potential of S. The 

𝐸𝐹 ranges from 0 eV (VBM) to the band gap size 1.79 eV (CBM) in these calculations.  

The charge correction energy, 𝐸𝑐𝑜𝑟𝑟 , is the correction to the total energy defined as 𝐸𝑐𝑜𝑟𝑟 =

(𝐸𝑀
𝑖𝑠𝑜 − 𝐸𝑀

𝑠𝑢𝑝𝑒𝑟
) + 𝑞∆𝑉, which consists of two parts; the first part is the finite-size effect that 

results from employing the supercell geometry, which causes the spurious interaction between 

images. The second part is the level alignment-like term (𝑞∆𝑉) due to the introduction of neutral 

dopant impurity and the electric potential difference between DFT calculation and the model 

system (explained below) when charged.  

By analyzing the charge density difference between q= -1 and q=0 states of N-doped monolayer 

MoS2, we find that the additional negative charge for q = -1 state is localized on the N site (see 

Figure S3). The plane-integrated charge density difference along x-axis (Figure S3b) and along z-

axis (Figure S3c) show that the additional charge is localized at the position of N and can be 

modeled as a 3-dimensional single Gaussian charge centered at the dopant site. This is similar to 

the charge correction method implemented in our previous study for intrinsic defects such as S 

vacancy.1  

Now, the charge correction can be explicitly expressed in the following form:  

 

𝐸𝑐𝑜𝑟𝑟=𝐸𝑓
𝑞
− 𝐸𝑓𝑜𝑟𝑚(𝛼) = −(∑ 𝑠𝑖 𝛼𝑖⁄ + 𝑡3/𝛼

35
𝑖=1 ),    (2) 

and 𝐸𝑓𝑜𝑟𝑚(𝛼) = 𝐸𝑓
𝑞
+ ∑ 𝑠𝑖 𝛼𝑖⁄ + 𝑡3/𝛼

35
𝑖=1 . (3) 

 

Here, 𝛼 is the size of the supercell, fitting parameters t3= -6.84, s1 = -3.85, s2 = 54.11, s3 = -404.62, 

s4 = 1401.12, and s5 = -1851.12. Specifically, 𝛼= 6 for a 6x6 supercell and the charge correction 

energy calculated by plugging in 𝛼= 6 to the above expression gives 0.20 eV. 

The calculated formation energy of N impurity at different charge states are shown in Fig. S4 as a 

function of Fermi level. The charge transition level is defined as the Fermi level at the crossing 

point of the two lines with different slops. 

 



 
 

Figure S3 (a) The charge density difference of N-doped monolayer MoS2 at charge state of q= -1 

and q=02. Plane-integrate charge density difference profile (b) along x direction (in-plane) and (c) 

along z direction (perpendicular to the plane).  The position of N dopant is (0,0,0). 

 

 

Figure S4. The formation energies of N dopant impurity with various charge states in a 6x6 

supercell of monolayer MoS2 as a function of Fermi level. The charge correction is included for 

each charge state, q= +1 (red) and q= -1 (blue). 

 

 

 



Charge transition (0/-1) (0/+1) 

Dopant N P As Sb F Cl Br I 

CTL value  

(from VBM) 
0.865 0.532 0.468 0.738     

CTL value  

(from CBM) 
    -1.226 -0.967 -0.998 -1.104 

 

Table S1. CTL values of Nitrogen group (N, P, As, Sb) and Halogen group (F, Cl, Br, I) dopants 

at S site of monolayer MoS2. 
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