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Abstract 

GeSe and SnSe have great potential in nuclear detector devices. Under irradiation, 

the formation and migration of point defects may affect their properties and 

performance significantly. In this study, a comparative study of vacancy formation and 

migration in GeSe and SnSe has been carried out using first-principles methods. It is 

shown that in both compounds cation vacancies form much easier than anion vacancies, 

and that cation vacancies have a lower barrier to migration than anion vacancies in 

GeSe and SnSe. For both Ge vacancy and Sn vacancy, the migration is anisotropic and 

the [322] direction is the most favorable migration pathway. The migration energy 

barrier are 0.54 eV for Ge vacancy and 0.46 ~ 0.52 eV for Sn vacancy, suggesting that 

vacancy clusters are relatively easy to form in both compounds, which may influence 
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the application of GeSe and SnSe in nuclear detector devices.  
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1. Introduction 

Selenium-based layered compounds XSe (X=Ge, Sn), in which the X-Se bilayers are 

attached by the van der Waals force and weak bonding [1], are IV-VI compounds with 

nontoxic and environmentally friendly characteristics among the selenides [2,3]. In 

recent years, the GeSe and SnSe compounds have attracted extensive attention, due to 

their large band gap [4], anisotropic spin transport properties [1], high mobility [5], high 

stability [6], and high energy resolution [7], which are beneficial for their potential 

applications in solar cells [8,9], optoelectronic devices [10,11], thermoelectric materials 

[12,13], electronic memory devices [14], and lithium intercalation batteries [15,16]. 

Especially, the GeSe [17,18] and SnSe [19,20] have been reported to be promising 

candidates as nuclear detector devices [20,21]. 

The radiation detection devices are frequently exposed to different radiation 

environments during their applications, e.g., neutron, electron and gamma radiation, 

which may result in the generation of various defects like vacancies interstitials, and 

antisite defects, and these defects influence the performances of detector devices [22-

24]. Investigation of the defect formation and migration, is therefore important to gain 

fundamental understanding of the material properties under radiation environment. The 

defect properties of GeSe and SnSe have attracted the attention of researchers since 

2010 [25,26]. For GeSe, it has been found that the Ge vacancy (VGe) possesses the 

lowest formation energy under both Ge-rich and Se-rich growth conditions [18] and it 

has been postulated VGe results in insulating-to-metallic transition in the two-

dimensional material [27]. For SnSe, the Sn vacancy (VSn) and Se vacancy (VSe) are 
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easily formed under Se-rich and Sn-rich conditions, respectively [28]. Huang et al. also 

found that the type of created defects depends on the chemical environment, and the 

VSn and Sn interstitial defects result in metallic properties of SnSe [29]. Experimentally, 

Straitrova et al. suggested that the VSn dominates in the low-temperature region, and 

VSe and vacancy clusters will form in the high-temperature region [30]. Despite these 

investigations, the defect migration behavior of GeSe and SnSe still remains unknown. 

Under irradiation defect migration can affect directly the number, distribution and 

agglomeration of defects and consequently microstructure and physical properties, 

which may influence the overall performance of nuclear radiation detection device. 

Investigation of migration behavior of GeSe and SnSe, thus, is necessary to understand 

their radiation response. 

In the present work, a density functional theory (DFT) method is employed to 

investigate vacancy formation and migration in XSe (X=Ge, Sn). The vacancy 

formation energy, migration energy barrier and migration pathway in XSe (X=Ge, Sn) 

are determined and compared. Besides, the effects of vacancy defect on electronic 

structures of XSe (X=Ge, Sn) are studied. The presented results may advance the 

fundamental understanding of the behavior of GeSe and SnSe under irradiation.  

 

2. Computational details 

All the calculations are carried out using the Vienna Ab-initio Simulation Package 

(VASP) code based on the projector augmented wave method [31,32]. The exchange-

correlation effects are treated using the Perdew-Burke-Ernzerhof functional under the 
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generalized gradient approximation (GGA) [33]. A cutoff energy of 500 eV for plane 

wave basis set and a 4×4×4 Monkhorst-Pack k-mesh for Brillouin-zone integrations are 

used for structural relaxation and electronic structure calculations. The convergence 

criteria for total energies and forces are 10-4 eV and 10-3 eV/Å, respectively. The full 

relaxation is performed during the structural optimization. For defective GeSe and SnSe, 

a 1×3×3 supercell consisting of 72 atoms is employed to avoid the interaction between 

the adjacent defects. In the present work, four types of vacancy, i.e., Se vacancy (VSe) 

and Ge vacancy (VGe) in GeSe, and VSe and Sn vacancy (VSn) in SnSe, are taken into 

account, as shown in Figure 1. The climbing image nudge elastic band (CI-NEB) [34,35] 

theory is used to find the minimum energy pathway (MEP) for vacancy diffusion. 

Besides, the transition state configuration at the saddle point is provided. The 

considered migration path for vacancy defects are illustrated in Figure 1. 

 

3. Results and discussion 

3.1 The ground state properties of bulk GeSe and SnSe 

The GeSe and SnSe belong to the family of compounds with layer-type orthorhombic 

structure in the 𝐷2ℎ
16 (no. 62) space symmetry group at low temperature, which can be 

considered as a distorted NaCl rocksalt structure [36]. The unit cell includes eight atoms, 

and the atoms of X (X=Ge, Sn) and Se are bonded by three Se and X (X=Ge, Sn) atoms, 

respectively, as shown in Figure 1. It is known that van der Waals force exists in the 

layer-type materials, whereas the X-Se bilayers are also attached by the weak bonding. 

Especially, the SnSe show strong inter-layer coupling, which is due to the lone-pair 
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electron of Sn and much stronger than that of the van der Waals interaction. In addition, 

the van der Waals corrections high-estimates the binding energy and can not give the 

better lattice structure than that of PBE [37], while the van der Waals corrections will 

result in the expensive calculations. Thereby, the van der Waals corrections not 

considered in present work. Table 1 presents the optimized lattice constants, along with 

the experimental and other theoretical results for comparison. For GeSe, the obtained 

lattice parameters are a=11.12 Å, b=3.87 Å and c=4.55 Å, which are larger than the 

experimental values of a=10.84 Å, b=3.83 Å and c=4.39 Å [38] due to the 

overestimation of GGA method. In the literature, the calculated lattice constants range 

from 10.85 to 11.31 Å, 3.83 to 3.91 Å, 4.33 to 4.49 Å for a, b and c, respectively [39-

41] . For SnSe, the calculated lattice constants are a=11.74Å, b=4.21 Å and c=4.54 Å, 

which are in reasonable agreement with experimental data of a=11.50 Å, b=4.15 Å and 

c=4.44 Å [42] and other theoretical data (a~11.53-11.81 Å, b~4.17-4.22 Å and c~4.4-

4.57 Å) [39-41]. The band gaps of GeSe and SnSe are determined to be 0.84 and 0.61 

eV, respectively, which are comparable to the calculated values of 0.87 and 0.69 eV 

reported by Ding et al [39]. 

 

3.2 Formation energy of vacancies in GeSe and SnSe 

The vacancy (absence of an atom) is one of common intrinsic defects that is of central 

importance to many physical and chemical processes taking place in compounds. The 

formation energies of vacancy defects under both Se-rich and Ge-rich/Sn-rich 

conditions are presented in Table 2, along with other calculated results for comparison. 
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The vacancy formation energy can be calculated from the expression: 𝐸𝑓 = 𝐸𝑑𝑒𝑓𝑒𝑐𝑡 −

𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 + ∑ ∆𝑛𝑖𝜇𝑖𝑖   [43,44]. Here, 𝐸𝑑𝑒𝑓𝑒𝑐𝑡  is the total energy of the defective 

supercell, 𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡 is the total energy of the perfect supercell, ∆𝑛𝑖 is the number of 

atoms removed from the perfect cell and 𝜇𝑖 is the chemical potential of species i. For 

bulk XSe (X=Ge, Sn), the chemical potential of X and Se satisfy the following 

constraints: 𝜇𝑋 ≤ 𝜇𝑋
𝑏𝑢𝑙𝑘 , 𝜇𝑆𝑒 ≤ 𝜇𝑆𝑒

𝑏𝑢𝑙𝑘  and 𝜇𝑋 + 𝜇𝑆𝑒 = 𝜇𝑋𝑆𝑒
𝑏𝑢𝑙𝑘  [45], where 𝜇𝑋

𝑏𝑢𝑙𝑘 , 

𝜇𝑆𝑒
𝑏𝑢𝑙𝑘 and 𝜇𝑋𝑆𝑒

𝑏𝑢𝑙𝑘 are the total energy of bulk X, bulk Se and bulk XSe, respectively. 

Under X-rich and Se-rich growth conditions, the chemical potential of Se and X can be 

defined by: 𝜇𝑋 = 𝜇𝑋
𝑏𝑢𝑙𝑘 , 𝜇𝑆𝑒 = 𝜇𝑋𝑆𝑒

𝑏𝑢𝑙𝑘 − 𝜇𝑋  and 𝜇𝑆𝑒 = 𝜇𝑆𝑒
𝑏𝑢𝑙𝑘 , 𝜇𝑋 = 𝜇𝑋𝑆𝑒

𝑏𝑢𝑙𝑘 − 𝜇𝑆𝑒 , 

respectively. As shown in Table 2, for GeSe under Ge-rich condition, the formation 

energies of 1.33 eV for VGe and 1.59 eV for VSe compare well with the corresponding 

values of 1.14 and 1.59 eV reported by Mukherjee et al. [18]. Under Se-rich condition, 

the formation energies of 0.86 eV for VGe and 2.06 eV for VSe are also comparable to 

the results of Mukherjee et al. [18]. It is noted that the formation energy of VGe is smaller 

than that of VSe under both Se-rich and Ge-rich growth conditions, indicating that VGe 

is more favorable in GeSe crystal. Similar phenomenon has been observed by Gomes 

et al. [27], who carried out DFT/GGA calculations on GeSe, and found the VGe has 

smaller formation energy than VSe under both Se-rich and Ge-rich conditions. For SnSe, 

the formation energy of 1.74 eV for VSn is larger than that of 1.23 eV for VSe under Sn-

rich condition, and the formation energy of 0.84 eV for VSn is smaller than that of 2.02 

eV for VSe under Se-rich condition, suggesting that the vacancy formation in SnSe 

crystal depends on the chemical environment, which is consistent with the results 
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reported by Zhou et al. [28]. These results show that in both compounds the cation 

vacancy is much easier to form than anion vacancy under Se-rich condition, and the 

VGe and VSn have comparable formation energies. It is also noted that under cation-rich 

condition the VGe and VSe prefer to form in GeSe and SnSe, respectively, and such 

discrepancy may be resulted from the difference in interaction between <Se-Ge> and 

<Se-Sn> bonding. 

 

3.3 Migration pathway and energy barrier of vacancy defects in GeSe and SnSe 

3.3.1 Migration of cation vacancy in GeSe and SnSe 

Using NEB method, the VGe and VSn vacancy migration in GeSe and SnSe are further 

investigated. The migration barriers for VGe in GeSe and VSn in SnSe along the [010], 

[001], [322] and [011] directions (as shown in Figure 1) are plotted in Figures 2 and 3, 

respectively. For VGe migration along the [010] direction, there are two energy barriers, 

i.e., 0.78 and 0.14 eV, to overcome along the minimum energy path. It is noted that the 

two saddle-points has almost identical total energies, which is due to the symmetrical 

geometrical structure along the [010] direction originating from the orthorhombic 

structure of GeSe. In the case of VGe migration along the [322] direction, there are two 

different saddle-points with the same energy barriers (0.54 eV), and an energetically 

stable state is found between two saddle-points. As shown in Figure 2, the migration of 

VGe along the [010] direction is impeded by the energy barriers of 0.87 and 0.29 eV. It 

is noticable that the VGe defect is more difficult to migrate along the [011] direction, as 

indicated by the large energy barriers of 1.30 and 0.61 eV. Obviously, the energy 



9 

barriers of VGe strongly depend on the migration directions, and the VGe defect prefers 

to migrate along the [322] direction. 

As shown in Figure 3, the migration behavior of VSn is also anisotropic. The VSn 

defect is easier to migrate along the [322] direction, as indicated by the relatively small 

energy barrier values of 0.46~0.52 eV. The vacancy diffusion along the [011] direction 

is the most difficult due to the large energy barrier of 2.02 eV. This is similar to the case 

of VGe in GeSe. For VSn migration along the [010] direction, the migration energy 

barriers are 0.76 and 0.10 eV, and the total energy difference between the two saddle-

points is only 0.02 eV. The migration energy barriers along the [001] direction are 

comparable to those for [010] direction, i.e., 0.72 and 0.23 eV, in which the VSn moves 

from one lattice site to its nearest-neighboring lattice site. As shown in Figures 2 and 3, 

the migration mechanisms for VGe along the [010] and [001] directions exhibit similar 

character to those for VSn, as indicated by the comparable migration barriers and similar 

migration paths including two saddle-points. It is noted that the migration barrier of 

0.54 eV for VGe along the [322] direction is comparable to that of 0.46~0.52 eV for VSn, 

indicating that both VGe and VSn are easily to diffuse along the [322] direction, and the 

vacancy cluster may form in GeSe and SnSe crystals. This is consistent with the 

experimental results reported by Straitrova et al. [30], who observed the formation of 

vacancy clusters in SnSe crystal.  

To further understand the migration behavior of vacancy defects, the migration path 

and the atomic structures of saddle-point and local energy minimum site are analyzed. 

For the migration along the [322] direction, both VGe and VSn have two saddle-points 
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(denoted as point A and B) and one local energy minimum site (as shown in Figure 2 

and Figure 3). The local geometrical structures of saddle-point A, local minimum site 

and saddle-point B for VGe and VSn migration are shown in Figure 4 and related bonding 

distances are given in Table 3. For VGe migration, at saddle-point A the Ge atom is 

coordinated by three Se atoms and its location is 0.46 Å away from the plane consisting 

of Se1, Se2 and Se3 atoms [see Figure 4(a)]. The bonding distances between Ge and its 

three neighboring Se (Se1, Se2 and Se3) atoms in defective GeSe are determined to be 

2.34, 2.51 and 2.48 Å, respectively, exhibiting asymmetric characters. As for the local 

minimum site, the Ge atom is located at the center of a tetrahedron and coordinated by 

four Se atoms. The <Ge-Se> distances are calculated to be 2.36, 2.42, 2.53 and 2.49 Å 

for Se1, Se2, Se3 and Se4, respectively. When the Ge vacancy migrates further, the 

chemical bonding for Ge atom changes again. At saddle point B, bond breakage for 

<Ge-Se3> occurs and the Ge atom is located at a position with a vertical distance of 0.3 

Å from the plane consisting of Se1, Se2 and Se4 atoms. The <Ge-Se1>, <Ge-Se2> and 

<Ge-Se4> bonding distances are 2.30, 2.36 and 2.38 Å, respectively. As compared with 

the case of local energy minimum site, these bonds all become more covalent.   

As shown in Figure 4(b), the local geometrical structures of saddle-point A, local 

minimum site and saddle-point B for VSn migration show very similar character to those 

for VGe migration. At saddle point A, the Sn atom is three-coordinated with Se1, Se2 

and Se3 atoms with bonding distances of 2.53, 2.61 and 2.66 Å, respectively, and the 

vertical distance between Sn and the (Se1-Se2-Se3) plane is 0.40 Å. In the case of local 

energy minimum site, the Sn atom migrates through a tetrahedron consisting of Se1, 
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Se2, Se3 and Se4 atoms, and the respective <Sn-Se> bonding distances are 2.54, 2.56, 

2.70 and 2.68 Å. At saddle point B, the <Sn-Se3> bond breaks and the Sn atom is 

coordinated with Se1, Se2, and Se4 atoms with bonding distances of 2.61, 2.57 and 

2.66 Å, respectively. The vertical distance between Sn and the (Se1-Se2-Se4) plane is 

calculated to be 0.4 Å. Comparing the <Ge-Se> and <Sn-Se> distances in the local 

geometrical structures, we find that the differences in bonding distances between <Ge-

Se> and <Sn-Se> bonds range from 0.1 to 0.31 Å, i.e., the <Sn-Se> bonds are generally 

weaker than <Ge-Se> bonds. In the literature, the ionic radii for Ge and Sn have been 

reported to be 1.21 and 1.40 Å, respectively [46]. Due to the larger ionic radii and lower 

electronegativity of Sn, the <Sn-Se> bonds are generally weaker than <Ge-Se> bonds. 

Consequently, the VSn migrates relatively easier than VGe and vacancy clusters are easier 

to form in SnSe crystal. 

 

3.3.2 Migration of anion vacancy in GeSe and SnSe. 

  For anion vacancy migration in GeSe and SnSe, we also consider four migration 

directions, i.e., [010], [001], [5̅4̅4]̅ and [011] directions (as shown in Figure 1). The 

results of migration barriers for VSe in GeSe and SnSe are plotted in Figures 5 and 6, 

respectively. For GeSe with VSe defect, as shown in Figure 5, the defect migration 

barrier along the [010] direction is 1.22 eV. Along the [5̅4̅4]̅  direction, the VGe 

migration is impeded by the energy barriers of 0.14 eV, 0.21 eV and 0.06 eV, which is 

the easiest migration direction. For VSe migration along the [001] and [011] direction, 

only one saddle-point exists and the migration energy barriers are 1.85 and 2.36 eV, 



12 

respectively, which are larger than those along the [010] and [5̅4̅4]̅  directions. For 

SnSe with VSe defect, the migration energy barrier is 1.83 eV along the [010] direction, 

which is larger than the value of 1.07 eV along the [5̅4̅4]̅ direction and close to the 

value of 1.89 eV along the [011] direction. In the case of [011] direction, the migration 

energy of 3.51 eV is much larger than that along the other three directions, indicating 

that it is more difficult for VSe defect migration along this direction. It is noted that the 

migration energies of VSe in GeSe are larger than those of VSe in SnSe for each 

considered specific direction, i.e., VSe migration in SnSe is much easier to occur than 

that in GeSe. Besides, it is found that along each specific direction the migration energy 

of VGe or VSn is smaller than that of VSe in both GeSe and SnSe, suggesting that cation 

vacancy migration in XSe is easier to occur than anion vacancy migration.    

 

3.3.3 Migration of vacancies in GeSe and SnSe between two neighboring layers. 

The migration of cation and anion vacancies between two neighboring layers in 

GeSe and SnSe are also considered. The migration direction is indicated in Figure 1 

and the energy change with diffusion coordinate is plotted Figure 7. It is noticeable that 

the vacancy migration in GeSe and SnSe between two neighboring layers are very 

similar to each other, and in all cases only one saddle-point exists along the migration 

path. In GeSe, the migration energy barrier of 1.33 eV for VGe is smaller than that of 

1.86 eV for VSe. Similar phenomenon is also found in SnSe, for which the migration 

energy barrier of 1.00 eV for VSn is smaller than that of 1.78 eV for VSe. These results 

indicate that cation vacancy migration between layers is easier than anion vacancy 
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migration in both GeSe and SnSe.  

 

3.3.4 Effect of temperature on the migration energy barrier 

In order to investigate the effect of temperature on the migration barriers, the VGe and 

VSn migration along the [322] direction are chosen for study due to easy formation of 

cations and lower migration energy. The structures of defective crystal are obtained 

based on the experimental the thermal expansion coefficients [47-49]. Figure 8 shows 

the variation of energy barriers of the VGe and VSn migration along the [322] direction 

with temperature. For the Ge vacancy in GeSe, the energy barrier decreases from 0.68 

to 0.59 eV when the temperature changes from 0 to 400 K. Similar trend of migration 

barriers with temperature has been found in the case of VSn in SnSe, i.e., varying from 

0.58 to 0.49 eV as the temperature varies from 0 to 400 K. These results show that the 

energy barriers decrease with increasing temperature, which has been observed in other 

materials like Na+ ion migration barriers in Na11Sn2PS12 [50] and the oxygen and 

gallium vacancy migration barriers in β-Ga2O3 [51]. Additionally, we also found that 

the energy barrier values of 0.58~0.49 eV for VSn defect in SnSe are smaller than those 

for VGe in GeSe along same direction, meaning that the cation vacancy in SnSe is easier 

to migrate under complex radiation environments. 

 

3.4 Effects of vacancies on the electronic structure of GeSe and SnSe 

The band structures of perfect and defective GeSe and SnSe are further calculated to 

explore the effects of vacancy defects on their electronic properties. As shown in Figure 
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9(a) and (c), the band gap of 0.64 eV for defective GeSe with VSe is found to be smaller 

than the value of 0.84 eV for perfect GeSe, while the introduction of VGe results in an 

insulating-to-metallic transition. Similarly, the VSe defect in SnSe also results in a 

reduction of band gap from 0.61 eV to 0.40 eV, and the VSn defect also leads to a 

transition from insulator to metal. These results suggest that the introduction of vacancy 

defect in GeSe and SnSe modifies their band structures significantly. 

The projected density of state (DOS) distribution for perfect and defective GeSe and 

SnSe are presented in Figure 10. For perfect GeSe, the valance band maximum (VBM) 

is dominated by Se 4p states hybridized with Ge 4p and Ge 4s states, and the conduction 

band minimum (CBM) is mainly contributed by the 4p states of Ge and Se. Comparing 

the DOS of defective and perfect GeSe, we find that the metallicity of VGe originates 

from the interaction between Se 4p, Ge 4p and Ge 4s states, and the impurity energy 

level of VSe is located near the VBM. For SnSe, the VBM of perfect state is mainly 

contributed by the Sn 5s and Se 4p states, and the CBM is dominated by the Sn 5p and 

Se 4p states. As the VSn is introduced, the metallicity is caused by the Sn 5s and Se 4p 

states distributing on the Fermi level. For defect SnSe with VSe, the impurity level is 

also near the VBM, similar to the case of GeSe. The calculations show that in both 

GeSe and SnSe, the VSe acts as a deep donor, and the effects of vacancy defects on the 

electronic structure of GeSe and SnSe are very similar to each other. 

Effective mass characterizes band dispersion and is one of the important parameters 

to understand the electronic and transport properties of materials. To analyze the carrier 

transport, the effective masses of electrons and holes of ideal and defective SnSe and 
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GeSe are calculated by the definition [52]: 𝑚∗ = ±ℎ (
𝜕2𝐸

𝜕𝑘2
)
−1

, where 𝐸 is the energy 

of band as a function of the wave vector 𝑘. The results are presented in Table 4. It is 

notice that the electrons and holes effective mass in GeSe are always larger than those 

in SnSe, and the values of electrons effective mass are always smaller than those of 

holes in both GeSe and SnSe compounds. For GeSe, the electrons effective mass 

decrease from 0.64m0 to 0.54m0 and holes effective mass increase from 0.66m0 to 

0.93m0 with the introduction of VGe. For the case of SnSe, the electrons effective mass 

of 0.28m0 and holes effective mass of 0.42m0 for SnSe with VSn are closer to that of 

0.25 and 0.45m0 for perfect crystal, respectively, indicating that the influences of VSn 

on the electron and hole effective mass are more slightly. For the introduction of Se 

vacancy, the electrons effective mass of 2.02m0 and holes effective mass of 2.78m0 for 

defective crystal are much larger than those of perfect crystal in GeSe. Similarly, the 

effective mass of 0.47m0 and 1.43m0 for electrons and holes in defective crystal are also 

larger than those of perfect crystal in SnSe. These results indicate that the introduction 

of anions vacancies result in the lower carrier mobility and reduced performance of 

radiation detection due to the introduction of impurity level near VBM arising from the 

existence of vacancy.  

 

Conclusions 

In summary, the formation energy, migration energy barrier and migration pathway 

for vacancy defects in GeSe and SnSe are systematically studied using a first-

principles method. These results show that in GeSe the VGe is more favorable than VSe 



16 

under both Ge-rich and Se-rich conditions, and the vacancy formation in SnSe depends 

on the chemical environment, i.e., the VSe is more preferable under Sn-rich condition 

while the VSn is easier to form under Se-rich condition. Among different diffusion 

paths, the [322] direction is shown to be the most favorable. The migration energy 

barriers along the [322] direction are predicted to be 0.54 eV for VGe in GeSe and 0.46 

~ 0.52 eV for VSn in SnSe, indicating that both vacancies are relatively easy to migrate 

in their respective compounds, which may result in the formation of vacancy clusters 

in GeSe and SnSe crystals. Besides, it is found that the cation vacancies are easier to 

migrate than anion vacancies in GeSe and SnSe. Generally, the vacancy formation and 

migration in GeSe and SnSe exhibit similar character, and the migration of VSn is 

slightly much easier than that of VGe due to the weaker interaction of <Sn-Se> bonding 

than that of <Ge-Se> bonding. In addition, introduction of vacancy defect in GeSe and 

SnSe modifies their electronic structures significantly, i.e., band gap is reduced or 

metallicity is induced. The existence of cations vacancies effect slightly on the 

transport properties and interdiction of anions vacancies results in lower mobility and 

reduced transport properties of GeSe and SnSe. Fortunately, the anions vacancies are 

difficult to formation and migration in GeSe and SnSe. It predicts that the GeSe and 

SnSe are promising material for application of nuclear detector devices.   
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Table 1. The calculated lattice constants of GeSe and SnSe. The experimental and 

theoretical results available in the literature are listed for comparison. 

Compound  a (Å) b (Å) c (Å) 

GeSe Our Cal. 11.12 3.87 4.55 

 Exp.[38] 10.79 3.82 4.38 

 Exp.[53] 10.84 3.84 4.40 

 Other Cal.[39] 10.95 3.83 4.49 

 Other Cal.[40] 10.85 3.9 4.331 

 Other Cal.[41] 11.31 3.91 4.45 

SnSe Our Cal. 11.74 4.21 4.54 

 Exp.[42] 11.50 4.15 4.44 

 Other Cal.[39] 11.75 4.20 4.44 

 Other Cal.[40] 11.53 4.17 4.4 

 Other Cal.[41] 11.81 4.22 4.47 

 Other Cal.[54] 11.74 4.21 4.57 
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Table 2. The vacancy defect formation energy (eV) of XSe (X=Ge or Se) under X-rich 

and Se-rich conditions. The theoretical results available in the literature are also listed 

for comparison. Vx: X vacancy (X= Ge or Sn). 

  GeSe SnSe 

  VGe VSe VSn VSe 

Our Cal. X-rich 1.33 1.59 1.74 1.23 

 Se-rich 0.86 2.06 0.84 2.02 

Other Cal. X-rich 1.14a 1.59a 1.78b 1.17b 

 Se-rich 0.68a 2.05a 0.93b 2.03b 
aRef. [18]; bRef [28]. 
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Table 3 The <X-Se> bonding distances (Å) in defective XSe (X= Ge or Sn). The Δd 

represents the distance difference between <Ge-Se> and <Sn-Se> bonds. Vx: X vacancy 

(X= Ge or Sn). 

Sites Bonds VGe VSn Δd (Å) 

Saddle-point A <X-Se1> 2.34 2.53 0.19 

 < X-Se2> 2.51 2.61 0.1 

 < X-Se3> 2.48 2.66 0.18 

 < X-Se4> - - - 

Local minia site < X-Se1> 2.36 2.54 0.18 

 < X-Se2> 2.42 2.56 0.14 

 < X-Se3> 2.53 2.70 0.17 

 < X-Se4> 2.49 2.68 0.19 

Saddle-point B < X-Se1> 2.30 2.61 0.31 

 < X-Se2> 2.36 2.57 0.21 

 < X-Se3> - - - 

 < X-Se4> 2.38 2.66 0.28 
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Table 4 The effective mass of electrons (me) and holes (mh) for perfect and defective 

GeSe and SnSe, VX: X vacancy (X= Ge, Sn or Se). 

Crystal  me (m0) mh (m0) 

GeSe Perfect 0.64 0.66 

 VGe 0.54 0.93 

 VSe 2.02 2.78 

SnSe Perfect 0.25 0.45 

 VSn 0.28 0.42 

 VSe 0.47 1.43 
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Figure caption 

Figure 1 A schematic view of geometrical structure of unit cell for XSe (X=Ge, Sn). 

The considered migration directions for VX (X= Ge, Sn) and VSe are indicated by the 

dashed arrow. VX: X vacancy (X= Ge, Sn), VSe: Se vacancy. The black and blue dashed 

lines with arrow indicate VX and VSe migration direction in the same layer, and the red 

dashed line with arrow indicates the vacancy migration direction between two 

neighboring layers. 

Figure 2 The energy change with diffusion coordinate for Ge vacancy migration along 

[010], [322], [001] and [011] directions in GeSe. 

Figure 3 The energy change with diffusion coordinate for Sn vacancy migration along 

[010], [322], [001] and [011] directions in SnSe. 

Figure 4 A schematic view of optimized local configurations for saddle-points and 

local minima site during (a) VGe migration in GeSe and (b) VSn migration in SnSe 

along the [322] direction. Vx: X vacancy (X= Ge or Sn). 

Figure 5 The energy change with diffusion coordinate for Se vacancy migration along 

[010], [5̅4̅4]̅, [001] and [011] directions in GeSe. 

Figure 6 The energy change with diffusion coordinate for Se vacancy migration along 

[010], [5̅4̅4]̅, [001] and [011] directions in SnSe. 

Figure 7 The energy change with diffusion coordinate for the migration of Ge and Se 

vacancy in GeSe and Sn and Se vacancy in SnSe between two neighboring layers. 

Figure 8 Variation of migration energy barrier with temperature for VGe and VSn 

migration along the [322] direction. 
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Figure 9 The band structure of perfect (a) GeSe and (d) SnSe, defective GeSe with (b) 

VGe and (c) VSe, and defective SnSe with (e) VSn and (f) VSe. Vx: X vacancy (X= Ge, 

Sn or Se). (g) Schematic view of the first Brillouin zone and the K-path for band 

structure calculations in reciprocal space for orthorhombic structure of GeSe and SnSe. 

All K-path are considered to calculate the band structure, and we only show the the 

band structure with path G-X-S-Y-G-Z, which already is including the VBM and CBM.  

Figure 10 The projected density of states for perfect and defective (a) GeSe and (b) 

SnSe, Vx: X vacancy (X= Ge, Sn or Se). The fermi level is set to be 0 eV. 
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