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Abstract

:

In the present work, the noncentrosymmetric 2D ternary Janus monolayers Al   2  XX’(X/X’ = S, Se, Te and O), Si   2  XX’(X/X’ = P, As, Sb and Bi), and A   2  PAs(A = Ge, Sn and Pb) have been studied based on first-principles calculations. We find that all the monolayers exhibit in-plane d   12  , and out-of-plane d   13   piezoelectric coefficients due to the lack of reflection symmetry with respect to the central A atoms. Moreover, our calculations show that Al   2  OX(T = S, Se, Te) chalcogenide monolayers have higher absolute in-plane piezoelectric coefficients. However, the highest out-of-plane values are achieved in the Si   2  PBi monolayer, larger than those of some advanced piezoelectric materials, making them very promising transducer materials for lightweight and high-performance piezoelectric nanodevices.
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1. Introduction


During the last 10 years, the study of two-dimensional (2D) materials has received a lot of attention as a result of the successful exfoliation of a graphene monolayer and the revealing of its special properties [1,2,3]. This class of materials can have significantly different, and sometimes unexpected properties compared to their bulk counterparts [4,5].



Among these, the Janus materials, which are characterized by two faces with two different local environment, have received rapidly increasing attention in recent years [6,7,8,9]. This new type of 2D material is successfully predicted by using first-principles calculations and is exfoliated mechanically from its bulk. The Janus-type two-dimensional (2D) monolayers have been studied extensively both experimentally and theoretically. They have many new physical properties that are not present in bulk structures or other conventional 2D materials. They also possess many exceptional physical properties, making them good candidates for many fields like electronics, optoelectronics, and catalysis. For instance, the potential of these stable 2D In   2  X   2  X’ (X and X’ = S, Se, and Te) for photocatalytic and piezoelectric applications have been predicted by first-principles calculations [10]. Tuan et al. have predicted by first-principles calculations a novel stable Janus group III chalcogenide monolayers Al   2  XY   2   (X/Y = S, Se, Te) suitable for applications in high-performance electronic nanodevices [8]. It has also been demonstrated by using first-principles calculations that the Janus Si   2  XY (X,Y = P, As, Sb, Bi) monolayers have the potential for applications in spintronic devices [11]. Very recently, Yungang et al. [9] demonstrated that Nb   3  SBr   7   and Ta   3  SBr   7   bilayers are promising photocatalysts for water splitting due to their experimental feasibility and their distinct characteristic such as robust coexistence of intrinsic charge separations, ultrahigh solar-to-hydrogen (STH) efficiencies, and strong absorptions.



Piezoelectricity is a particularly interesting and useful property that has attracted tremendous interest because it allows for energy conversion between electrical and mechanical energy or vice versa. The growing demands for nanoscale and diverse functional piezoelectric devices have oriented researchers to explore low-dimensional piezoelectric materials. However, the piezoelectric effect is an electromechanical interaction between stresses and strains, and polarizations and electric fields in noncentrosymmetric semiconductors and insulators [12,13,14]. It has been revealed that the lack of mirror symmetry in Janus structures has resulted in many new physical effects that are not present in symmetric structures such as the piezoelectric effect. This class of piezoelectric materials has numerous promising applications in sensors, transducers, actuators, active flexible electronics, and energy conversion devices [15,16]. As shown by Yonghu et al. [17] the coupling of topology and piezoelectricity in Janus MTeS (M = Ga and In) monolayers may offer a new platform for novel spintronic and piezotronic device applications. Additionally, the monolayer Fe   2  IX (X = Cl and Br) becomes a viable platform for multifunctional spintronic applications with a large gap and high Curie temperature, due to the combination of piezoelectricity, topology, and the ferromagnetic ordering [18]. Furthermore, the coexistence of piezoelectricity and magnetism and their interaction in 2D materials can be utilized for making piezoelectric-based multifunctional nanodevices [19,20]. Despite the existence of many works about piezoelectricity properties based on binary 2D materials, few works are down for 2D ternary. However, the search for new materials with large piezoelectric coefficients remains a challenge for nanogenerators, ultrasensitive mechanical detectors, and consumer touch-sensor applications. Here, by using the density-functional perturbation theory, we have predicted the piezoelectric coefficients of some stable Janus monolayers, including Al   2  XX’(X/X’=S, Se, Te and O), Si   2  XX’(X/X’=P, As, Sb and Bi) and A   2  PAs(A=Ge, Sn and Pb). These Janus monolayers are distinguished by the lack of mirror symmetry. We find that all the monolayers exhibit an in-plane d   12   and out-of plane d   13   piezoelectric coefficients. Our first-principles calculations show Al   2  OX(T = S, Se, Te) chalcogenide monolayers have larger absolute in-plane piezoelectric coefficients. However, the highest out-of-plane value is achieved in the Si   2  PBi monolayer, higher than those of some advanced piezoelectric materials.




2. Computational Details and Methods


Our DFT calculations are performed by using the Vienna ab initio simulation package (VASP) [21] and the projector-augmented wave method (PAW) with a cutoff energy of 600 eV. For the exchange-correlation potential, the generalized gradient approximation (GGA) within the Perdew–Burke–Ernzerhof (PBE) formalism is employed [22]. The Brillouin zone integration is sampled by using a  Γ -centered   16 × 16 × 1  k-point grid. For the all Janus A   2  XX’ monolayers, a vacuum spacing higher than 20 Å along the the direction perpendicular to the plane is included to avoid interactions between two neighboring images.



Elastic stiffness was calculated, including ionic relaxations by using the finite differences method [23]. However, the piezoelectric stress coefficients were calculated by employing the density functional perturbation theory (DFPT) method [23]. For more accurate results, a dense k-point mesh   25 × 25 × 1   is used. All the structures are fully relaxed by using 10    − 6    eV and 10    − 3    eV/Å as convergence criteria for total energy and Hellmann–Feynman force, respectively. The localization of electrons in one unit cell with one monolayer is estimated by using the electron localization function (ELF) analysis, which was introduced in quantum chemistry to identify regions of space that can be associated with electron pairs [24].




3. Results and Discussion


3.1. Crystal Structures and Symmetry


In this paper, 15 possible models of A   2  XX’ monolayer, including Al   2  XX’(X/X’ = S, Se, Te and O), Si   2  XX’(X/X’ = P, As, Sb and Bi) and A   2  PAs(A = Ge, Sn and Pb) are modeled. Figure 1 shows the top and side views of the optimized lattice structure of the Janus A   2  XX’ monolayers. The unit cell has a hexagonal symmetry with a C    3 v    space group, and are made up of one X atom, one X’ atom, and two A atoms layers sandwiched between X and X’ atomic layers in the sequence X-A-A-X’. The absence of inversion symmetry distinguishes these monolayers from their parent binary structure.



It was proven by previous theoretical works [11,25,26,27,28] based on static energy, phonon spectrum, and ab initio molecular dynamics simulations that all the Al   2  XX’ monolayers have thermal and kinetic stability. Meanwhile, DFT calculations that use different exchange-correlation functionals, such as PBE and HSE06, have been used to report the band structures of these monolayers. The calculated structural parameters of Al   2  XX’ monolayers are listed in Table 1. The obtained results are in good agreement with the available data [11,25,26,27].




3.2. Elastic Theory and Properties


According to the symmetry group of our 2D compounds, only four elastic constants are nonzero, C   11  , C   22  , C   12  , and C   66  . Due to the symmetry of structures, we have C   11   = C   22   et C   66   =   1 2  (C   11  -C   12  ). The calculated elastic constants C    i j    are listed in Table 2. By checking the Born–Huang stability criteria [25]: C   11   > C   12  , C   22   > 0, C   66   > 0, and C    11  2   - C    21  2   > 0, we show that all the monolayers satisfy the stability condition.



The elastic properties of the A   2  XX’ monolayers are examined in terms of the in-plane Young modulus and the Poisson ratios. Due to hexagonal symmetry, A   2  XX’ monolayers are mechanically isotropic.



In terms of these elastic constants, the layer modulus is


   γ  2 D   =  1 2   (  C 11  +  C 12  )  .  



(1)




The angular dependence of the in-plane Poisson’s ratio (   ν  2 D    ( θ )   ) and Young’s modulus (Y     2 D    ( θ   )) are obtained from the following formulas [1]:


   ν  2 D    ( θ )  =     C 12   S 4  − B  S 2   C 2  +  C 12   C 4     C 11   S 4  + A  S 2   C 2  +  C 22   C 4      



(2)






   Y  2 D    ( θ )  =     C 11   C 22  −  C  12  2     C 11   S 4  + A  S 2   C 2  +  C 22   C 4      



(3)




where   S = s i n ( θ )  ,   C = c o s ( θ )  ,   A =     C 11   C 22  −  C  12  2    C 66    − 2  C 12    and   B =  C 11  +  C 12  −     C 11   C 22  −  C  12  2    C 66     .



The orientation-dependent values for the all monolayers reveal strong isotropy of Young’s modulus as well as Poisson’s ratio. As an example, we show in Figure 2 the angular dependence of the Poisson’s ratio (a) and Young’s modulus of Al   2  SSe monolayer. We find that   ν  2 D    and   Y  2 D    plots are perfect circulars, implying that these monolayers have highly isotropic elasticity due to their 2D isotropic atomic structures. The corresponding computed values are listed in Table 2. For the all monolayers, our calculated values of the elastic stiffness are in concordance with the available data [11,25,26]. The Young’s moduli values are obviously smaller than those of other well-known 2D materials, such as graphene, hexagonal boron nitrite layer and MoS   2   [29,30,31], demonstrating their mechanical flexibility and can resist significantly to the mechanical strain. The calculated   ν  2 D    values of all the monolayers except Si   2  PBi are less than 0.33, which implies that these monolayers are brittle based on the Frantsevich rule [32,33].




3.3. Piezoelectric Properties


In A   2  XX’, the difference in atom size and electronegativity, as well as the different bond types between Al-X (d    A − X   ) and Al-X’(d    A −  X ′    ) all contribute to unequal charge distributions in the systems as shown in the inset of the Figure 3, resulting in noncentrosymmetric materials. As an example, the planar average of the electrostatic potential energy of Al   2  SSe is shown in Figure 3. As can clearly be seen, a significant potential difference between the two sides of the monolayer, reflecting the formation of an internal electric field and surface work function difference (  Δ Φ  ). For the other compounds, the planar average of the electrostatic potential energy is calculated and the extracted work function difference is regrouped in Table 1, which is proportional to the magnitude of the dipole moment according to the Helmholtz equation [34].



The aforementioned properties, such as the lack of inversion symmetry and the intrinsic polar electric field, are two possible causes for the emergence of piezoelectricity in the materials. The relaxed-ion third-rank piezoelectric tensors e    i j k    and d    i j k   , which are the sum of ionic and electronic contributions, can be evaluated by


   e  i j k   =  e  i j k   i o n   +  e  i j k   e l c   =   ∂  P i    ∂  ε  i j      



(4)




and


   d  i j k   =  d  i j k   i o n   +  d  i j k   e l c   =   ∂  P i    ∂  σ  i j     ,  



(5)




where   ε  i j   ,   σ  i j    and P   i   represent the strain, stress, and polarization tensors, respectively. For 2D materials,   ε  i j    =   σ  i j    = 0 for i = 3 [16].



By using the Voigt notation, (1 = xx, 2 = yy, 3 = zz, 4 = yz, 5 = zx, and 6 = xy) [35]. The second-rank piezoelectric tensors e    i j    and d    j k    are related via the elastic stiffness tensor by


   e  i j   =  d  i k    C  j k   .  



(6)




For our Janus monolayers the point-group symmetry belongs to 3m, and the nonzero piezoelectric stress tensors, e    i j    are given as


   e  i j   =     .   .   .   .    e 15     e 12       e 12     −  e 12     .    e 15    .   .      e 31     e 31     e 31    .   .     .  








For 2D materials e    i j   2 D    =d    i k   2 D    C    j k   , where M     i j   2 D   = M /  l z   , (M = e or d), and   l z   is the length of the unit cell along the z direction.



Based on Equation (6), the unique in-plane and out-of-plane piezoelectric coefficients e    12   2 D   , d    12   2 D    and e    31   2 D   , d    31   2 D   , respectively, are nonzero. The corresponding piezoelectric tensors matrix can be written as


      0   0    e  12   2 D        e  12   2 D      −  e  12   2 D      0      e  31   2 D      e  31   2 D     0     =     0   0    2  d  12   2 D         d  12   2 D      −  d  12   2 D      0      d  31   2 D      d  31   2 D     0     ×      C 11     C 12    0      C 12     C 11    0     0   0    C 66      .  











The d   22   and d   31   can be calculated by


   d  12   2 D   =   e  12   2 D     C 11  −  C 22     



(7)




and


   d  31   2 D   =   e  31   2 D     C 11  +  C 22    .  



(8)




In the following, we use e    i j    and d    i j    instead of the e    i j   2 D    and d    i j   2 D    symbol, respectively. In this work, we adapted the relaxed-ion method, which is the sum of electronic and ionic parts to calculate the piezoelectric coefficients, which is the more reliable method compared to that of the clamped-ion one [36]. To verify the reliability of the applied method, we have first computed piezoelectric stress coefficient e   11   for 1H-MoS   2   monolayer and found a predicted value as higher as ∼2.27 × 10    − 10   C/m, in excellent agreement with the experimental value and the reported theoretical studies [12,37]. By using the above procedures, we derive the piezoelectric coefficients e    i j    of the all monolayers. The results are shown in Figure 4. More significantly, these Janus monolayers with broken mirror symmetry possess, in addition to in-plane e   12  /d   12   nonzero out-of-plane piezoelectric coefficients e   13  /d   13  . The minus sign in calculated values indicates the direction of polarization.



As shown in Figure 4a and Figure 5a for a given metal element A, the monolayers containing heavier chalcogenide atoms (Te, Se and S) have the higher in-plane piezoelectric coefficient   ∣  e 12  ∣  /  ∣  d 12  ∣   values. Compared with other 2D piezoelectric materials such as MoX   2   (X = S, Se, Te) and MoTO (T = S, Se, Te) with a value of 3.64–5.43 pm/V [30,38], the Janus Al   2  OX(T = S, Se, Te) chalcogenide monolayers have larger absolute in-plane piezoelectric coefficients by several folds. More noticeably,   ∣  d 12  ∣   attains 18.20 and 17.42 pm/V for Al   2  TeO and Al   2  SeO monolayers, respectively, in same order of magnitude as the Janus M   2  SeX (M = Ge, Sn; X = S, Te) monolayers [13], which makes them appropriate for 2D piezoelectric sensors and nanogenerators. Some materials, such as the monolayers Al   2  TeSe and Si   2  PBi, have large d   12   values but small e   12   values because their Young’s moduli are small, limiting the amount of force applied in electric field-induced deformations.



The noncentrosymmetric crystal structure of the A   2  XX’ monolayers in the out-of-plane direction gives rise to the finite out-of-plane piezoelectric constant. For all the monolayers presented in this work, the value of the out-of-plane strain piezoelectric coefficient d   31   (Figure 5b) is about two orders of magnitude lower than the in-plane coefficient d   12  . This means that vertical piezoelectric polarization due to vertical strain is much stronger than that of the in-plane strain. But these values are still comparable to other 2D materials such as Te   2  Se, MoSTe, In   2  SSe, TiNX    0.5   Y    0.5   (X, Y = Cl, Br, F) and 1T-MX   2   (M = Zr and Hf; X = S, Se, and Te) [16,39,40]. The highest d   31   value (2.95 pm/V) is achieved in the Si   2  PBi and Si   2  PSb monolayers, higher to those of some advanced piezoelectric materials such as MoSTe, GaN wirtzite, M   2  XX’(M = Ga, In; X, X’ = S, Se, Te and X≠X’) and MM’X   2   (M, M’ = Ga, In and M’≠M; X = S, Se, Te) [16,36]. This value is also comparable to that of the Janus Te   2  Se multilayers with antiparallel orientations, CrF    1.5   I    1.5   , Sb   2  Te   2  Se, Sb   2  Se   2  Te, TePtS and TePtSe [14,16,41,42]. This significant out-of-plane piezoelectric effect would give these Janus monolayers a variety of functions in piezoelectric applications.



By comparing the d   31   of the six 2D Janus Si   2  XX’ monolayers, we conclude that the absolute value of the out-of-plane piezoelectric coefficient d   31   increases with the electronegativity difference between the atoms on both sides of the monolayer, X and X’. This finding is also valid for the Al   2  XX’ monolayers. This is understandable given that the difference in atomic sizes of X and X’ breaks the reflection symmetry along the vertical direction, resulting in vertical piezoelectric polarization, which becomes stronger when the electronegativity difference between atoms increases.





4. Conclusions


On the basis of first-principles calculations, we have systematically studied the piezoelectric properties of some Janus 2D monolayers, Al   2  XX’(X/X’ = S, Se, Te and O), Si   2  XX’(X/X’ = P, As, Sb and Bi) and A   2  PAs(A = Ge, Sn and Pb). The absence of inversion symmetry in these Janus structures gives rise to in-plane and out-of-plane piezoelectric coefficients. Our calculations, by using the DFPT method, reveal that the monolayers containing heavier chalcogenide atoms (Te, Se and S) have a higher in-plane piezoelectric coefficient larger than those of the widely studied 1H-MoX   2  (X = S, Se, Te) monolayers. Moreover, all the monolayers are characterized by out-of-plane piezoelectric coefficients e   31  /d   31  , due to the lack of reflection symmetry with respect to the central A atoms. The highest values of d   31   (∼2.9 pm/V) are achieved for the Si   2  PBi and S   2  PSb monolayers due to their mechanical flexibility.
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Figure 1. Top and side views of the prototype structure of the A   2  XX’ monolayers. 
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Figure 2. Orientation dependence on the in-plane Poisson’s ratio (  ν  2 D   ) and Young’s modulus (Y    2 D   ) of Al   2  SSe monolayer. 
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Figure 3. Planar average of the electrostatic potential energy for the Al   2  SSe. In the inset, the electron localization function (ELF) of the Al   2  SSe. The arrow indicates the direction of the local electric field. 
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Figure 4. Piezoelectric coefficients (a) e   12   and (b) e   13   of 15 different structures of A   2  XX’ monolayers. 
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Figure 5. Piezoelectric coefficients (a) d   12   and (b) d   13   of 15 different structures of A   2  XX’ monolayers. 
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Table 1. The lattice constant (a), A-A (d    A − A   ), A-X (d    A − X   ), A-X’d    A −  X ′     bond lengths and the work function difference   Δ Φ   of 15 different structures of A   2  XX’ monolayers.
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Monolayer

	
a

	
d     A − A    

	
d     A − X    

	
d     A −  X ′     

	
    Δ Φ    




	

	
(Å)

	
(Å)

	
(Å)

	
(Å)

	
(eV)






	
Al   2  SO

	
3.36

	
2.60

	
2.26

	
2.00

	
0.30




	
Al   2  SeO

	
3.42

	
2.59

	
2.38

	
2.03

	
0.42




	
Al   2  TeO

	
3.49

	
2.63

	
2.61

	
2.06

	
0.24




	
Al   2  TeS

	
3.85

	
2.58

	
2.41

	
2.63

	
0.16




	
Al   2  TeSe

	
3.96

	
2.57

	
2.53

	
2.65

	
0.59




	
Al   2  SeS

	
3.67

	
2.60

	
2.44

	
2.35

	
0.06




	
Si   2  PAs

	
3.62

	
2.37

	
2.37

	
2.31

	
0.47




	
Si   2  PSb

	
3.76

	
2.36

	
2.54

	
2.36

	
0.57




	
Si   2  PBi

	
3.81

	
2.34

	
2.63

	
2.38

	
0.39




	
Si   2  AsSb

	
3.84

	
2.34

	
2.57

	
2.45

	
0.26




	
Si   2  AsBi

	
3.92

	
2.34

	
2.65

	
2.49

	
0.79




	
Si   2  SbBi

	
4.08

	
2.35

	
2.69

	
2.64

	
0.26




	
Ge   2  PAs

	
3.73

	
2.50

	
2.45

	
2.39

	
0.29




	
Sn   2  PAs

	
4.03

	
2.90

	
2.59

	
2.65

	
0.087




	
Pb   2  PAs

	
4.18

	
3.04

	
2.68

	
2.74

	
0.270
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Table 2. The 2D elastic constants C    i j   (N/m), Young modulus   Y  2 D    (N/m), Poisson ratio   ν  2 D   , Shear modulus G    2 D    (N/m), and layer modulus   γ  2 D    (N/m) of the Janus monolayers A   2  XX’.






Table 2. The 2D elastic constants C    i j   (N/m), Young modulus   Y  2 D    (N/m), Poisson ratio   ν  2 D   , Shear modulus G    2 D    (N/m), and layer modulus   γ  2 D    (N/m) of the Janus monolayers A   2  XX’.





	Monolayer
	C    11   
	C    12   
	C    66   
	    Y  2 D     
	    ν  2 D     
	    G  2 D     
	    γ  2 D     





	Al   2  SO
	96.54
	24.68
	35.92
	90.23
	0.25
	35.92
	60.61



	Al   2  SeO
	84.45
	26.80
	28.82
	75.94
	0.31
	28.82
	55.62



	Al   2  TeO
	47.24
	15.85
	15.69
	41.92
	0.33
	15.69
	31.55



	Al   2  TeS
	65.77
	13.01
	26.37
	63.19
	0.19
	26.37
	39.39



	Al   2  TeSe
	62.20
	13.23
	24.48
	59.38
	0.21
	24.48
	37.72



	Al   2  SeS
	75.50
	15.58
	29.96
	72.29
	0.20
	29.96
	45.54



	Si   2  PAs
	112.95
	16.96
	47.99
	110.40
	0.15
	47.99
	64.95



	Si   2  PSb
	94.02
	13.96
	40.03
	91.95
	0.14
	40.03
	53.99



	Si   2  PBi
	52.36
	24.72
	13.82
	40.69
	0.47
	13.82
	38.54



	Si   2  AsSb
	88.94
	16.01
	36.46
	86.05
	0.18
	36.46
	52.48



	Si   2  AsBi
	80.65
	18.74
	30.95
	76.30
	0.23
	30.95
	49.70



	Si   2  SbBi
	70.54
	15.95
	27.29
	66.93
	0.22
	27.29
	43.24



	Ge   2  PAs
	98.80
	20.54
	39.12
	94.52
	0.20
	39.12
	59.67



	Sn   2  PAs
	73.34
	17.80
	27.77
	69.02
	0.24
	27.77
	45.57



	Pb   2  PAs
	44.19
	6.57
	18.80
	43.21
	0.14
	18.80
	25.38
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