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New phases of group IV-VI Semiconductors in the 2D hexagonal structures are 

predicted and the unusual physical properties are revealed. The structures of 

monolayer group IV-VI Semiconductors are similar to blue phosphorene and each 

unit has the same ten valence electrons. The band gap of 2D hexagonal group IV-VI 

semiconductors depends on both the thickness and stacking order. Atomic 

functionalization can induce ferromagnetism and the Curie temperature can be tuned. 

Gapped Dirac Fermions with zero mass are developed and this makes it exceed that of 

graphene. The Fermi velocity can be compared to or even above that of graphene.  
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Introduction

  Two-dimensional layered materials such as graphene, MoS2, In2Se2, stanene, 

Cr2Ge2Te6 and CrI3 have exhibited rich and unconventional physics such as Dirac 

fermions, valley Hall effects, topological insulator state, intrinsic ferromagnetism and 

giant tunneling magnetoresistance.1-12 Different from other 2D materials, black 

phosphorene (BP) is a mono-elemental semiconductor, and it was predicted to have 

an ultrahigh mobility up to 26000 cm2V-1s-1. BP has received tremendous research 

attention since the BP field effect transistors were fabricated.13-16 Blue phosphorene, 

an allotrope of BP, has been recently synthesized in the experiments and it is an 

indirect band gap semiconductor with the stability comparable to black 

phosphorene.17-21 Two-dimensional III-VI chalcogenides semiconductors have high 

carrier mobilities. 3-7 Recently two-dimensional layered group IV-VI semiconductors 

MX (M=Ge, Sn; X=S, Se) have been synthesized in the experiments.22-25 SnSe 

monolayer is an analog of BP and each unit cell contains 4 atoms and 20 valence 

electrons.26 Ferroelectricity and piezoelectricity were demonstrated in MX (M=Ge, Sn, 

Pb; X=S, Se, Te).27-30 The structures of monolayer group IV-VI Semiconductors are 

similar to BP and each unit has the same ten valence electrons. Layered group IV-VI 

semiconductors have a much larger oxidation barrier compared to BP which yields the 

much stronger structural stability and they don't deteriorate in ambient conditions.26

Here we report the study of hexagonal honeycomb group IV-VI semiconductors in 

the layered formula. The hexagonal layered group IV-VI semiconductor is an analog 

of blue phosphorene but with a stronger structural stability. Moreover the electronic 

and magnetic properties can be modulated in a larger range. Valley effects, 

ferromagnetic states, Dirac fermions, and large spin-orbit splitting can be realized. 

Computational methods

  Theoretical calculations were performed by using the Quantum Espresso Package.31 

The Perdew–Burke–Ernzerhof (PBE) type of generalised gradient approximation 

exchange correlation functional was used.32 Long-range van der Waals (vdW) 

dispersion corrections according to DFT-D3 procedure with Becke–Jonson damping 

were taken into account.33-37 Moreover, calculations of using the PBE type of 
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generalised gradient approximation exchange correlation functional with non-local 

vdW dispersion corrections according to the vdW-DF2 procedure were also used to 

benchmark the calculations.38-43 Furthermore, 500 eV was used as the cut-off energy 

of plane-wave basis set. The energy convergence criterion for the electronic wave 

function was set as 10−6 eV. The geometry optimization was considered to converge 

when the residual force on each atom was smaller than 1×10−3 eV/Å. A 20 Å thick 

vacuum layer normal to the plane was used to eliminate longitudinal interactions 

between the super cells. A 12×12×1 Monkhorst–Pack k-point mesh was used for the 

sampling of the Brillouin zone. 

Result and Discussions

  The optimized structures of monolayer and bilayer SnSe are shown in Fig. 1. The 

monolayer SnSe has a hexagonal honeycomb structure and the puckering between Sn 

and Se atoms is 1.56 Å as shown in Fig. 1a and Fig. 1d, respectively. The cohesive 

and formation energies of monolayer SnSe are respectively -7.68 and -0.72 eV per 

unit cell. The formation energy is defined as follows

           (1)   f tot i i
i

H E n

where Etot is the total energy of the group IV-VI semiconductors, µi denotes the 

chemical potential for species i of the crystalline bulks, and ni is the corresponding 

number of atoms added to the supercell. 

The cohesive energy was calculated by the following equation:

            (2)  coh tot i i
i

E E n E

where Ei is of the total energy of an isolated i-atom. 

The Bilayer and monolayer exhibits drastically different physical properties for 

graphene.44-45 The stacking order and twisting can modulate the electronic properties 

of 2D materials.46-49 For the stacking of bilayer SnSe, six high-symmetry 

configurations are considered. The most stable configuration is shown in Fig. 1b and 

1e and the total energy is 0.08~0.13 eV smaller than other configurations. We have 

also considered the bilayer SnSe in the similar configuration as that of In2Se2, but the 

relaxed structure can’t form the two-dimensional In2Se2 type structures. For the 
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two-dimensional In2Se2 type structures, each In has one and three covalent bonds with 

the neighbouring In and Se atoms respectively.3-7 Since In and Se have three and two 

valence electrons, thus In and Se atoms are fully paired in the two-dimensional In2Se2 

type structures.

  The Sn atoms on the top layer are in the hollow positions of the Se atoms on the 

bottom layer. We denote this hexagonal close-packed (HCP) stacking as AB 

configuration. The second most stable configuration is shown in Fig. 1c and 1f. The 

Sn atoms on the top layer are right above the Se atoms on the bottom layer and we 

denote this stacking as AA configuration. The total energy of AB configuration is of 

0.01~0.06 eV, smaller than other configurations, obtained from the VDW-DF2 

calculations. The vdW gaps between sheets for AB and AA configurations are 3.02 

and 3.85 Å, respectively. 

(a)                   (b)                    (c)

(d)                   (e)                    (f)

(g)                    (h)                    (i)
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Fig. 1. Geometric structures of 3×3 SnSe unit cell and the band structures. Top views of (a) 

monolayer, (b) AB and (c) AA stacking bilayer. Side views of (d) monolayer, (e) AB and (f) AA 

stacking bilayer. Band structures of (g) monolayer, (h) AB and (i) AA bilayer. Orange (blue) and 

red (green) denote Se (Sn) atoms on the first and second layer, respectively. The vdW gap values 

are noted in (e) and (f). 

The calculated band structures of SnSe monolayer, AB and AA stacking bilayer are 

shown in Fig. 1g, 1h and 1i respectively. The band gap of monolayer SnSe is 2.14 eV. 

The valence band maximum (VBM) and conduction band minimum (CBM) are along 

ΓK and MΓ respectively. The band structure of monolayer SnSe mimics that of blue 

phsophorene, but the SOC is stronger. The SOC induced energy splitting of VBM and 

CBM are 70 and 45 meV respectively. The interlayer coupling has modified 

significantly the band structure. The band gap has been reduced to 0.73 and 1.22 eV 

for AB and AA stacked SnSe bilayer. The interlayer coupling of AB stacking is 

stronger than that of AA stacking for SnSe bilayer. In the hexagonal crystal structures, 

the hexagonal close-packed (HCP) configurations were the most stable. The interlayer 

coupling and overlap of wave functions were the maximum in the HCP configurations, 

which resulted in the reduction of the total energy. Thus AB stacked SnSe bilayer is 

more stable than AA stacked SnSe bilayer. The band gap of AA stacking is 1.67 times 

that of AB stacking. The SOC energy splitting of VBM for SnSe bilayer is nearly the 

same as that of monolayer. Due to the absence of inversion symmetry, the valley-spin 

coupling effects exist.

The vdW layer-separations of various bilayer hexagonal honeycomb group IV-VI 

semiconductors of 2D hexagonal MX (M=Ge, Sn, Pb; X=S, Se, Te) are listed in table 

1. The vdW layer-separations of HCP stacked AB bilayer are smaller than these of 
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AA stacked bilayer. Their averaged vdW gaps of AB and AA bilayers are 2.89 and 

3.77 Å, respectively for 2D hexagonal MX (M=Ge, Sn, Pb; X=S, Se, Te). The 0.88 Å 

vdW gap difference indicates the large difference of interlayer coupling strength due 

to the different stacking venues. The band gaps of monolayer and bilayer hexagonal 

honeycomb group IV-VI semiconductors are listed in table 2. We are noted that the 

theoretical and computational 2D Materials Databases from first-principles 

calculations have been produced.50-52 The calculated results regarding monolayer are 

in good agreement with Computational 2D Materials Database.50 The general trend is 

that the heavier the atoms are, the smaller the band gaps will be. The averaged band 

gap of monolayer MX is 1.87 eV. Monolayer PbSe and PbTe are direct band gap 

semiconductors and all others are indirect band gap semiconductors. The averaged 

band gap of AB bilayer is only 30.48% of that of monolayer. Thus interlayer coupling 

can greatly change the band gap. The averaged band gap of AB bilayer is 62.63% of 

that of AA stacking. The interlayer coupling strength of 2D materials can be 

effectively tuned by the hydrostatic pressures.53-56

Table 1. VdW gaps (Å) of bilayer hexagonal MX.

GeS GeSe GeTe SnS SnSe SnTe PbS PbSe PbTe

AB bilayer 3.07 2.85 2.72 3.06 3.02 2.93 2.78 2.79 2.84

AA bilayer 3.84 3.69 3.83 3.77 3.85 3.88 3.62 3.70 3.77

Table 2. Band gaps (eV) of monolayer and bilayer hexagonal MX.

GeS GeSe GeTe SnS SnSe SnTe PbS PbSe PbTe

Monolayer 2.43 2.37 1.46 2.27 2.14 1.55 1.91 1.64 1.07

AB bilayer 1.19 0.79 0.37 0.85 0.73 0.41 0.34 0.30 0.13

AA bilayer 1.61 1.31 0.95 1.26 1.22 0.88 0.351 0.37 0.20

  

2D hexagonal MX semiconductors are functionalized by halogens and oxygen that 

can tune the electronic and magnetic properties. The calculated structures of F 

functionalized 2D MX are shown in Fig. 2. F atoms are chemisorbed on Ge and Sn 
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atoms. The adsorption energy is calculated by 

            (3)( ) /   ad total substrate adatomE E E nE n

where Etotal is the total energy of the whole system (MX substrate plus adatoms); 

Esubstrate is the total energy of the pristine MX substrate; Eadatom is the total energy of an 

isolated adatom. The adsorption energy is positive when the adsorption is exothermic. 

The larger adsorption energy indicates a stronger interaction between substrate and 

adatoms and a more stable system. The adsorption energy is 3.88, 4.01 and 4.06 eV 

for F adsorption on GeSe, SnS and SnSe monolayer, respectively. 

The spin density distribution is shown in Figs. 2g, 2h and 2i. The net spin is mainly 

localized on the F-adsorbed group IV and three neighboring group VI atoms. The 

magnetization is projected to atoms. For the F adsorbed GeSe, the Ge and one 

neighboring Se have the magnetic moment of 0.29 and 0.37 μB, respectively. The 

other two neignboring Se atoms have the magnetic moment of 0.09 μB and the F atom 

has the magnetic moment of 0.13 μB. For F adsorberd SnSe, the Sn has the largest 

magnetic moment of 0.39 μB and the neighboring Se atoms have the total magnetic 

moment of 0.51 μB. The F adatom has 0.09 uB. For F adsorberd SnS, the Sn has the 

magnetic moment of 0.43 μB and the three neighboring S atoms have the total 

magnetic moment of 0.46 μB. The F atom has 0.08 μB magnetic moment. Though the 

detailed atomic magnetization distribution is different, the total magnetic moment is 

the same. Each F adatom will result in the total magnetic moment of 1 μB. The 

atomic-decomposed magnetic moment is shown in Table 3. These five atoms 

compose 97 percents of the total magnetic moment.

The SPDOS for F adsorbed MX monolayer is shown in Figs. 2j, 2k and 2l. F 

adatom has strong hybridization with the substrate which results in the band gap states. 

Accordingly the band gap of MX monolayer is reduced and strong spin-polarization is 

generated. In the vicinity of Fermi level, the spin up and down states are staggered. 

Both the band gaps of spin up and down states are reduced due to the F adsorption. 

For F adsorbed GeSe, the band gaps of spin up and down states are 1.75 and 1.15 eV, 

respectively. For F adsorbed SnS, the band gaps of spin up and down states are 2.02 

Page 7 of 21 Nanoscale



and 0.91 eV, respectively. For F adsorbed SnSe, the band gaps of spin up and down 

states are 1.93 and 0.75 eV, respectively. Compared to the pristine monolayer, the 

band gaps have been reduced. Especially, the band gap of spin down state has been 

reduced to less than half that of pristine monolayer. 

Table 3. Atomic-decomposed magnetic moment (μB) of the atoms for the F 

functionalized MX.  

1 2 3 4 5
GeSe 0.29 0.13 0.37 0.09 0.09
SnS 0.43 0.10 0.30 0.08 0.08
SnSe 0.39 0.09 0.33 0.09 0.09

.
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(a)                   (b)             .       (c)

(d)                     (e)                    (f)

(g)                     (h)                     (i)

  
(j)                     (k)                    (l)

Fig. 2. Optimized structures and electronic structures of F functionalized 2D MX. Top views of F 
doped (a) GeSe, (b) SnS and (c) SnSe; side views of F doped (d) GeSe, (e) SnS and (f) SnSe. 
Isosurfaces of the spin density distribution of F doped (g) GeSe, (h) SnS and (i) SnSe. SPDOS of 
F doped (j) GeSe, (k) SnS and (l) SnSe.  
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  The increase of F concentration further tunes the electronic and magnetic properties 

of MX. Here we define the full monolayer coverage as every Sn on the top layer 

absorbing one F. The optimized structure and the distribution of net spin of one 

monolayer coverage of F atoms are shown in Fig. 3a and 3b respectively. Each F 

adatom has a chemical bond with Sn. All atoms are magnetic. Sn, Se and F atoms 

have the magnetic moments of 0.37, 0.45 and 0.18 μB, respectively. The side view of 

optimized structure and band structure w/ SOC are shown in Fig. 3c and 3d, 

respectively. There are eight bands in the forbidden gap of SnS indicating the 

insulator-to-metal transition. The existence of magnetization has broken the 

time-reversal-symmetry. The spin up and down bands have the SOC energy split of 

0.23 eV at Γ in the vicinity of Fermi level. 

(a)                                  (b)  

  

(c)                                (d)  
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Fig. 3. Optimized structures and electronic structures of F functionalized SnSe. (a) Top view, (b) 
net spin density distribution, (c) side view and (d) band structure of F doped SnSe.
  

The magnetic exchange coupling between magnetic atoms was investigated. The 

total energy difference between the ferromagnetic (FM) and antiferromagnetic (AFM) 

states is defined as follows:

                      (4)                                     AF FE E E  

The magnetic exchange interactions between the magnetic atoms in the Heisenberg 

model are expressed as follows:

                   (5)  ij i j
i j

H J S S


  

where Jij denotes the magnetic exchange coupling between two nearest-neighbouring 

magnetic atoms and Si represent the spin of magnetic atom i. The spin of the atom is 

given by S = (N↑ − N↓)/2;57-58 here, N↑ and N↓ denote the number of spin-up and 

spin-down electrons, respectively. The Curie temperature (TC) as estimated by using 

the mean field method was as follows: 57-60

               (6)     
2 ( 1) 1

3 


 C ij

i jB

S ST J
k N

where N is the number of magnetic atoms. The results of Tc calculated from mean 

field solutions of Heisenberg model are usually in fair agreement with experimental 

results.58 Since the spin fluctuation effects are neglected, the calculated Tc is above 

the experimental result and the error is around 30~40 percents. The ΔE=69.3 meV 

was found so that ferromagnetic state is more stable than the antiferromagnetic one. 

The corresponding TC is 199.8 K. The ΔE was 8.6 and 64.3 meV for F monolayer 

doped GeSe and SnS respectively, which implies that the magnetic coupling is weaker 

than that of F doped SnSe. The TC is 24.8 and 185.4 K for F monolayer adsorbed 

GeSe and SnS respectively. One F adatom can induce one μB in GeSe, SnS and SnSe. 

However the F monolayer adsorbed GeS doesn't exhibit any magnetism. All F 

functionalized PbX (X=S, Se, Te) don't exhibit magnetism. Similar ferromagnetism 

has been found in hydrogen functionalized graphene monlayer.59
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  The concentration of halogen atoms is further increased. Both the top and bottom 

surfaces are functionalized with halogen atoms. The optimized structures of Cl atoms 

functionalized SnSe are shown in Fig. 4a and 4b. There are four atoms in linear like 

structure in each unit cell. The band structure of Cl atoms functionalized SnSe is 

shown in Fig. 4c. The band gap is 1.452 eV. Cl functionalization results in indirect to 

direct band gap transition for SnSe. Both the CBM and VBM move to the K point and 

they have the spin energy splitting of 29 meV. The band structure in the vicinity of 

Fermi level obeys the relativistic band dispersion

      (7)    
2 4 2 2 2

Apex F FE E m v v k   h

Where vF is the Fermi velocity, k is the wave vector, and m is the rest effective mass. 

According to our fitting, the Fermi velocity is around 8.53×105 and 7.48×105m/s for 

electron and hole carriers respectively, and the rest mass is zero.  

  The band gap is 1.113 eV at K for Br functionalized SnSe as shown in Fig. 4d. The 

indirect band gap is 1.086 eV. The SOC energy split is 46 and 71 meV for CBM and 

VBM respectively. The band structure obeys the relativistic band dispersion as E.q. (7) 

in the vicinity of band gap at K. The Fermi velocity of electron carrier is around 9.35

×105 and 6.23×105 m/s for electron and hole carriers respectively in the vicinity of 

K and the rest mass is zero. The band structure of -OH functinalized SnSe is shown in 

Fig. 4e. It has an indirect band gap of 2.078 eV. The VBM has a SOC energy split of 

47 meV. The top valence band resembles the relativistic band dispersion as E.q. (7) in 

the vicinity of K. The Fermi velocity of electron carrier is around 1.35× 106 m/s, 

which is above that of graphene. The rest mass is zero.

F atoms are used to functionalize both the top and bottom surfaces of SnSe. The 

optimized structure is similar to the Cl functionalized SnSe. The indirect band gap is 

2.093 eV. Both CBM and VBM are not at K. The top valence band resembles the 

relativistic band dispersion as E.q. (7) in the vicinity of K. The Fermi velocity of 

electron carrier is around 1.25×106 m/s, which is above that of graphene. 
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(a)                                  (b)  

(c)                               (d)  

(e)                                (f)  

Fig. 4. Optimized structures and electronic structures of F functionalized 2D MX. (a) Top and (b) 
side views of F doped SnSe. Band structures of (c) Cl, (d) Br, (e) OH and (f) F dopoed SnSe. 

Conclusions
The hexagonal 2D MX semiconductors are predicted and the unusual physical 
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properties are revealed. The interlayer coupling can reduce the band gap and stacking 

order has the strong influence. The electronic properties can be modulated by atomic 

functionalization. Semiconductor-metal-semiconductor transitions are realized. 

Halogens adsorption can induce high TC ferromagnetism. Gapped Dirac Fermions 

with ultra zero masses are developed. The Fermi velocity can be above that of 

graphene.                                                                                                                                                                                                                          
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