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Abstract: The low-dimensional II-VI group semiconductors have recently emerged as interesting 

candidate materials for the tailoring of two dimensional (2D) layered structures. Herein, a series of 

the cage-like nanoporous composed of spheroidal hollow cages (ZnO)12, cutting from the high 

symmetrical cubic SOD cage-like polymorph as building block, is proposed. We have performed 

the density-functional tight binding (DFTB+) calculations on the structural, electronic and 

mechanical properties of this few-layer SOD-cage-block nanosheet series, to investigate the effects 

of structural modification and sheet thickness on their structural, electronic, and mechanical 

properties. Optimized geometries, formation energy, phonon spectra, electronic band structure, and 

elastic tensor calculation has ensured the energetically, dynamical and mechanical stability for the 

sheets. Furthermore, the theoretically found nanosheet series possess an intrinsic wide direct band 

gap preserving from wurtzite tetragonal-based bonding. This high symmetry wide bandgap 

semiconductor nanosheet series and their derivatives are expected to have broad applications in 

photocatalysis, and biomedicine. 
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1. Introduction 

To date suggesting novel 2D materials with unique electronic and optical properties of low-

dimensional systems are in the focus to create the nanosheet (NS) materials, that are promising for 

sustainability applications, e.g. such as catalysis, biocompatible polymeric and biomedicine. Zinc oxide 
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(ZnO) material, along with wurtzite and zinblende stable phases, has been found in a large number of 

polymorph with substantially different properties, and hence, applications. ZnO with all its phases, is 

one of the most important metal oxide materials in bio-medicine application due to its excellent 

biocompatibility, strong ultraviolet (UV) absorption and antibacterial properties. Further, ZnO 

nanopaticle, nanoporous crystalline and NS are promising materials for various application in opto-

electronic as well as antibacterial, drug delivery and bio-imaging [1, 2].   

Experimentally benefited from the most advances in self-assembly technology, various nano- and 

micro-scale clusters can now be organized into a variety of the ordered three-dimensional (3D) lattices, 

that opens up the realized possibility of designing low-dimensional nanoporous material structures from 

a set of atomic-level secondary building blocks [3-5]. So far, realizing ZnO in new low-density low-

dimensional structures is of considerable interest.  Nanoclusters, in particular cage-like spheroid, are of 

special interest since they offer a novel bottom-up mean of creating a large variety of structurally 

different materials without changing its common material composition such as metal oxides material 

compunds. Thus, beside the traditional experimental approach, many low-density structures/allotropes 

of ZnO have been predicted computationally from first principles theoretical calculation recently [6-11].  

Since the initial work of Ref. [12, 13], Bromley et.al. have firstly proposed a "bottom up" scheme 

by taking stable smallest “magic cluster” nanocages, i.e. Sodalite (SOD) (ZnO)12 as secondary building 

blocks, proving that that there is no barrier to stop their coalescing to form various possible nanocage-

like porous phases such as, e.g. SOD, LTA, and FAU. On the basis of this approach we have found a 

novel nanoporous solid phases of (ZnO)16-cluster-assembled novel named as AST [14], which is later 

confirmed by extensive structural searches using the minima hopping method of ZnO cage-like bulk 

phases motifs [15]. Furthermore, the extended seek for the families of possible cage-like structures of 

individual clusters toward the nanostructured materials design has continue with several other high 

symmetric “magic cluster”, e.g. spheroidal cages (ZnO)24, proposing two novel cage-like nanoporous 

polymorphs in cubic lattice frameworks [16].  

In the present work, we propose a scheme for designing a series of the cage-like porous nanoshet 

originated from SOD’s ZnO structures. Our approach relies on the construction by the bottom up 

approach from the spheroid magic cluster of (ZnO)12 keeping its chemical composition unchanged. We 

argue that this approach could provide a viable way to design nanoporous NS models computationally. 

We discuss the stability and the electronic structures of these materials based on calculations within the 

formalism of density functional based tight binding (DFTB+) by means of the binding energy computed 

within DFTB+ approach, phonon calculation and lattice distortion’s elastic calculation. We show that 

all the reported structures are wide direct band gap semiconductors. Their electronic band structures are 

finally examined in detail.  

2. Computational Details 

2.1. Theoretical structure prediction approach 

In this section, following our recent approach for theoretically predicting ZnO crystal hollow 

structures [14,16-18], the secondary building blocks were chosen to be high in symmetries and large in 

HOMO-LUMO gap, which is generally believed as if criteria of stability [19,20]. Starting out from a 

three dimensional porous crystalline of SOD’s ZnO phase, we engrave out it with layered patterns, 

leaving out the porous polymeric frame work NS of originated SOD cage-like spheroid cluster. The 

structure is subsequently be set layer-by-layer, added thick vacuum layers, imitating 2D model structure, 

symmetrized and centerized to get the NS’s unit cell (UC) (see Figure 1). Then structures are 

energetically relaxed to get the final structure reported in characteristic Table 1. 
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Our porous NS structures reported herein are characterized by number of mono-block layer n, 

denoted as SOD-n, which consist of the whole SOD cage as the secondary building blocks (see Figure 

1). The odd-numbered porous NS have higher UC’s symmetry than the even ones. For the illustration 

purpose, only the several smallest NS’s structures are shown in Figure 1. 

 
 

 
 

Figure 1. The ZnO porous NS structures designed in this work (a) SOD 3D bulk phase  

(b) SOD-1 (the NS with a monolayer of SOD cage) (c) SOD-2, (d) SOD-3. Small (red) balls are O atoms,  

big (gray) ones are Zn. The thin reactagular frame is the NS’d unit cell. The transparent polyhedral 

 (orange and/or green) is to show the SOD cage-host as secondary building block. 

2.2 Density functional based tight binding plus method        

Our calculations were performed within the spin-polarized, charge self-consistent, density 

functional based tight binding plus (DFTB+) approach [21-24]. This DFTB+ method is based on a 

second-order expansion of the spin-dependent Kohn-Sham total energy functional with respect to a 

given reference charge and magnetization density. With all matrix elements and orbitals are derived 

from the first principles calculation, this method is benefited from on a small basis set of atomic orbitals 

and two-center non-orthogonal Hamiltonian, allowing extensive use of look-up table. The Kohn-Sham 

equations are solved self-consistently using Mulliken charge projection. The approach has been proven 

to give transferable and accurate interaction potential as well as numerical efficiency  allowing  

molecular dynamic simulation of supercell containing several hundred up to a thousand atoms. In our 

calculations the Slater–Koster parameter set and its transferability have been successfully applied in 

several previous DFTB+ works [14, 25-26]. The benchmark for the DFTB+ numerical scheme used 

herein has been carried out in our recent study [16-18] using first principle DFT method as implemented 

in Vienna Ab-initio simulation package [27-28] for some ZnO hexagonal hollow structures with the 

Perdew-Burke-Ernzerhof (PBE) [29], PBEsol [30], and Heyd-Scuseria-Ernzerhof (HSE06) [31] 

functional. There comparison shows an excellent agreement between DFT and DFTB+ results and 

claims that DFTB+ is a reasonable method for our work. 
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3. Results and Discussions 

3.1. Formation energy and energetic stability 

During the energy relaxation process, all the designed porous NS’s structures survive without 

structural collapse, indicating that they are physically relevant and might actually lead to low-

dimensional porous NS phases of ZnO. As shown in Figure1 as well as in the detail Characteristic Table 

1, the surface reconstruction has occurred with those outer surface atom due to the dangling bonds. This 

causes some deformations of bond lengths and angles (see Table 1), causing the Zn atom go more in-

side to the NS. The influence of such surface reconstruction and the quantum confinement effect is also 

reflected in the band gap value. For the energetic stability, the formation energy of proposed few-layer 

NS with respect to their stable bulk form, which is determined by the the difference between the average 

energy of the NS’s atoms and that of the atoms in the bulk, i.e. 3D, SOD’s state. It is determined  in 

term of per-atom energy by means of 

𝐸𝐹𝑜𝑟𝑚 =  
𝐸𝑁𝑆

𝑁𝑎𝑡𝑜𝑚
−  

𝐸𝑆𝑂𝐷
𝑏𝑢𝑙𝑘−𝑝ℎ𝑎𝑠𝑒

𝑁𝑎𝑡𝑜𝑚
𝑏𝑢𝑙𝑘−𝑝ℎ𝑎𝑠𝑒   

where ENS is the total DFT energy of the studied NS, Natom  - the number of the atom in a unit cell of NS, 

ESOD
bulk-phase  the total DFT energy the parent 3D SOD phase and Natom

bulk-phase - the number of Zn and O 

atoms in the SOD bulk phase unit cell. The value of formation energy w.r.t bulk porous phase in a range 

of 0.08-0.3 eV/atom show that the NS is in the semiconductor state as their parent bulk phase. The value 

of the formation energy is directly connected to the degree of the bond’s distortion occurs to perfect sp3 

configuration of SOD due to dangling bond at the surface. Figure 4 below shows the dependence of the 

formation energy vs. NS thickness in term of the number of layers. This shows that by increasing the 

NS thickness the formation energy is lowering, which results in the more stability.  

3.2 Thermodynamical stability 

To confirm the dynamical stability, phonon dispersion of all the porous NS phases have been 

calculated using finite displacement method as implemented in the phonopy program [32]. All phonon 

spectra results are shown in Figure 2, we have found that all the vibrational frequencies of NS series are 

positive in the first Brillouin zone, demonstrating clearly that studied NS phases are dynamically stable, 

i.e. they are located at the real minimum of the potential energy surface. We note that for all NS, a 

remarkable phonon gap is observed in the phonon spectra. 

3.3 Mechanical stability 

While the phonon calculation is the test of whether a proposed 2D configuration would be 

dynamically stable, or the structure represents a minimum of the potential energy surface. It is necessary 

to assess also the effect of lattice distortion on structural stability ensuring the positive-definiteness of 

strain energy following lattice distortion. Thus, we have performed a test for the distortion of the NS’s 

unit cell shape, by calculating the components of the stiffness tensor corresponding to uniaxial 

deformations along the major axis, i.e. the C11, C12 and C66 components in the Voigt notation. As 

suggested in [33,34] the material structure is considered as mechanically stable if they obey the Born–

Huang criteria. In our 2D NS case, the three following criteria are met (i) C11 > 0, (ii) C66 > 0 and (iii) 

C11 > |C12|. The stiffness and compliance tensor of all NS structures are given in Table 1 as component 

C11, C12 and C66 (in our tetragonal NS’s symmetry the C11= C22). 
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Figure 2. Phonon spectra of the studied NS series: a) SOD-1, b) SOD-2, c) SOD-3, d) SOD-4, e) SOD-5. f) 

SOD-6, g) SOD-7, h) SOD-8. 

   

Figure 3. Band structure of some representative NS structure. Fermi energies are set to zero. Gap value and the 

structures name is in the graphs. 

3.4 Electronic band structure 

Determining whether the nanoporous NS phases, if synthesized, would possess novel properties, we 

explore their electronic structures. Figure 3 shows the band structures of some smallest NS structures, 

i.e. SOD-1, SOD2 and SOD-3. It is noted that their gap fall below the bulk porous SOD phase value 

(4.26eV) and the ZnO wurtzite phase. Our calculations show that the band gap of the series varies from 
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3.43eV  to 3.89eV among the series. It is also should be noted that within the used scheme, DFTB+ 

calculations overestimate the band gap, which is 3.44 eV for wurtzite ZnO from low temperature 

experimental measurements [35]. To benchmark of this value, by DFTB+ we obtained the ZnO wurtzite 

band gap of 4.16eV and ZnO zincblende band gap is 3.73eV, which can be considered close enough to 

the above experimental value. Thus, these results show that all the new 2D porous NS are still wide band 

gap semiconducting, though smaller than wurtzite one, with direct gap at the Gamma point (see Figure 

3). On the other hand, the designed NS’s result in major differences with bulk phase in electronic band 

flattening at the valence band (see Figure 3). The reason for this observation, is due to the void open in 

the cage parent’s structure restricting band-forming capacity. Further we also observed the dependence 

of band gap on the NS thickness measured here in the number of the layers (see Figure 4) as the band-

gap energy decreases with the increasing the number of the mono-block layer, i.e. the thickness. This 

dependence is follow up the rule of quantum confinement. Overall, our result confirms that the energy 

gap of the porous NS’s series, which is an important parameter towards technological applications, is 

sensitive to NS thickness. 

 

Figure 4. The dependence of the formation energy (left axis) and the band gap (right axis) on the NS thickness 

(in number of layers). 

4. Other remarks  

Because the calculated elastic constants of all studied phases satisfy the Born–Huang stability 

conditions, we conclude that our proposed porous NS structures are mechanically stable. Further to 

estimate the dependence of the relative strength of these porous NS phases, we have shown in Figure 5 

the dependence of the NS series elastic constant on their thickness, in term of the number of mono-block 

layer. Which shows that all the elastic constants go up almost linearly with the increasing of the NS 

thickness, see the dashed lines in Figure 5, which show the going trend  (see also Table 1). 
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Table 1. Calculated characteristics of the studied structures. 

Structures SOD-1 SOD-2 SOD-3 SOD-4 SOD-5 SOD-6 SOD-7 SOD-8 

Coord. number 3.50 3.64 3.71 3.76 3.80 3.83 3.85 3.86 

Crystal structure Tetrag. Tetrag. Tetrag. Tetrag. Tetrag. Tetrag. Tetrag. Tetrag. 

Symmetry groups Pmmm 

IT 47 

P-4m2 

IT 115 

Pmmm 

IT 47 

P-4m2 

IT 115 

Pmmm 

IT 47 

P-4m2 

IT 115 

Pmmm 

IT 47 

P-4m2 

IT 115 

Unit cell (atoms) 16 22 28 34 40 46 52 58 

In-plane Lat. 

param. Å (a,b) 

5.941 

5.958 

5.868 

5.868 

5.810 

5.851 

5.811 

5.811 

5.780 

5.815 

5,789 

5.789 

5.767 

5.796 

5.778 

5.778 

Average bond Å 1.993 

±0.069 

2.004 

±0.063 

2.010 

±0.056 

2.014 

±0.051 

2.016 

±0.047 

2.018 

±0.044 

2.019 

±0.041 

2.020  

±0.039 

Average angle 

Zn-O-Zn/O-Zn-O 

108.96 

112.09 

109.08 

117.74 

109.23 

111.28 

109.34 

111.03 

109.44 

110.85 

109.50 

110.73 

109.56 

110.63 

109.60 

110.57 

Formation 

ener//at. (eV) 

0.313 

 

0.227 0.179, 0.148 0.126 0.110 0.097 0.087 

Band gap eV 3.803 3.653 3.581 3.518 3.499 3.463 3.445 3.432 

NS’s Connolly 

surface area Å2 

141.37 181.22 225.28 265.26 303.89 344.52 385.41 425.33 

Stiffness tensor 

C11 (N/m) 

54.693 94.595 116.27 158.28 179.83 222.11 243.62 285.939 

C12 (N/m) 14.637 17.434 39.849 41.175 63.728 65.084 87.538 88.736 

C66 (N/m) 3.177 4.412 5.725 7.032 8.365 9.680 11.015 12.382 

Complian.tensor 

S11 (N/m) 

0.0197 0.011 0.010 0.0068 0.0064 0.0049 0.0047 0.0039 

S12 (N/m) -0.005 -0.002 -0.003 -0.002 -0.002 -0.001 -0.001 -0.001 

S66 (N/m) 0.3147 0.2267 0.1747 0.1422 0.1195 0.1033 0.0908 0.0808 

 

 

Figure 5. The dependence of the NS’s elastic constants (stiffness tensor components) vs thickness. 
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Naturally, it leads to higher flexibility and compressibility (with the lower constants) of this new 

series of porous NS phases. Therefore, these new nanoporous phases if synthesized, will be the 

promising candidates of mechanical meta-materials for replacing the expensive and mechanically fragile 

atomic or molecular selective materials. Their gap-engineering and large internal surface area of the 

hollow cage-host also serve as promising solutions for efficient solar-to-chemical energy conversion 

and photo-electrochemical water splitting alternately to TiO2 micro/nano patterned structures. 

5. Conclusions 

To date, the porous few-layer thin NS materials have been increasingly important because not only 

represent the scaling down in the thickness, but might also bring a possibility of tailoring their novel 

electronic, optical, and mechanical properties for various electronics and photo-catalytic device 

applications. We have proposed novel porous NS structures of the few mono-block-layer of ZnO SOD 

phases. Our analysis on their structural, electronics, mechanical and the thermodynamic properties 

clearly reveal that, these structures may describe the real porous low-density ultrathin nanosheet 

materials. The important factors for practical application are their ability for gap-engineering and the linear 

trend of sheet elastic strength with the thickness. Furthermore, we believe that these nanoporous sheets 

structures can be the prototype for other II-VI semiconducting materials, such as ZnS, CdSe, and CdTe. 
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