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ARTICLE INFO ABSTRACT

Keyword: Using first-principles calculations, we predict the existence of two dimensional (2D) pentagonal ZnO, (penta-
Penta-ZnO, Zn0y) sheet and confirm that penta-ZnO, is dynamically and mechanically stable. Due to its unique atomic
Flexibility configuration, penta-ZnO, has intrinsic negative Possion's ratio, contrary to the most existing materials.

First principles Furthermore, Penta-ZnO, is much more flexible than graphene-like ZnO and penta-graphene in elasticity. Using

the Heyd-Scuseria-Ernzerhof (HSE06) functional, the calculated indirect energy band gap is 4.53 eV, which is
corresponding with optical gap (4.54 eV). More interesting, in the visible range of light, we find that penta-ZnO,
has very low reflectance (0.0035%). Together with the expected zero absorption below the band gap, the light
transmittance of penta-ZnO, is almost 100% in a broad spectral range. Our study demonstrates that penta-ZnO,
possesses unique stable structure and promising mechanical, electronic and optical properties, which offers
great potential in a wide range of applications in optoelectronics. Especially, the high flexibility and high light

transmission make the penta-ZnO, to be a promising candidate for transparent electrodes.

1. Introduction

Metal oxides are a fascinating class of materials with diverse
physical, chemical, and electronic properties [1]. Metal oxides are
widely used in electronic and magnetic devices, heterogeneous cata-
lysis, and other applications [2]. Among the metal oxides, zinc oxide
(ZnO) has attracted extensive attention for half a century as a unique
material because of its semiconducting and piezoelectric properties.
Configurations of ZnO include hexagonal wurtzite and cubic zinc
blende structures. ZnO with hexagonal wurtzite structure is the most
thermodynamically stable and is thus the most commonly found form
[3]. ZnO not only has a wide band gap (~3.37 eV) and a large excitation
binding energy (~60 meV), but also possesses excellent piezoelectricity
[4—6]. These unique properties lend it to a variety of applications such
as in transparent electronics, ultraviolet (UV) light emitters, piezo-
electric devices, chemical sensors, spin electronics, and catalysis [5].
The wurtzite ZnO can exist with a large number of morphologies such
as nanotube, nanowires, nanobelts, nanorings, nanohelixes [3,7,8].

The advent of graphene, a two-dimensional (2D) honeycomb lattice
of sp>-bonded carbon atoms, and its extraordinary properties [9,10]
has triggered the development of new classes of two-dimensional
materials, particularly those with an intrinsic band gap. Graphene-like
ZnO (g-ZnO) is one of them. Structurally, Zn atoms are located in the

same plane as the O atoms. The bonding configuration of the Zn and O
atoms in the ZnO layers changes from the sp® tetrahedral in the
wurtzite structure to sp? trigonal coordination [11-13]. Consequently,
the binding energy of g-ZnO is greatly less than that of the wurtzite
structure [11]. Monolayer g-ZnO has a direct band gap of 3.37 eV,
which is promising for switching electronics applications [3]. ZnO
single layers are much more flexible than graphite single layers in
elasticity and stronger than boron nitride single layers in piezoelec-
tricity [7]. Very recently, the 2D metastable carbon allotrope, penta-
graphene, composed entirely of carbon pentagons and resembling the
Cairo pentagonal tiling, was proposed [14]. It is shown that while the
unique pentagonal crystal symmetry provides a dynamical stability (for
temperatures up to 1000 K), the buckled nature of the penta-graphene
leads to a negative value for its Poisson’s ratio. Furthermore, unlike
graphene that needs to be functionalized for opening a band gap,
penta-graphene possesses an intrinsic quasi-direct band gap as large as
3.25 eV, which is close to that of ZnO and GaN. Inspired by this study,
B,C [15], BN, [16] CN, [17], SiC, [18]and AIN, [19] with pentagonal
lattices have also been reported. As far as we know, the two-dimen-
sional pentagonal structure composed of zinc and oxygen elements has
not been reported.

In this paper, we propose a 2D all-pentagon sheet with a chemical
formula, ZnO,. This new structure, termed as penta-ZnO», is composed
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of three atomic layers, rather than the other 2D zinc oxide in which all
atoms are in the same plane. Using first-principles density functional
calculations, we present a comprehensive theoretical study on penta-
Zn0,. The calculated results confirm that penta-ZnO, is not only
dynamically and mechanically stable, but also much more flexible than
g-ZnO in elasticity. Penta-ZnO, also has an intrinsic negative Possion's
ratio. Normally, for most materials including all the other compounds
of oxygen and zinc, the Possion's ratio is positive. For penta-ZnO,, the
stoichiometry ratio Zn:O is 1:2, which is quite different from the ratio
(1:1) of the previously known oxygen and zinc compound structures
[7,20,21]. Penta-ZnO- intrinsically has a very high transmittance of
light in the visible range. The flexible display requires flexible structure
and high transmittance in the visible range of light. The research
results will show that the penta-ZnO, can be used for all cases
transparent conducting layers are required, ranging from display, PV,
LED, detector, etc.

2. Computational details

Atomic structure optimizations and electronic structure calcula-
tions are carried out using density functional theory (DFT) as
implemented in the Vienna ab initio Simulation Package(VASP) [22].
Projector augmented wave (PAW) [23] method is used to treat the core
electrons. Plane waves with a kinetic energy cutoff of 600 eV are used to
expand the valance electron (3d'°4s® for Zn, and 2s?2p* for O)
wavefunctions. Perdew—Burke—Ernzerhof (PBE) exchange-correlation
functional within generalized gradient approximation(GGA) [24] and
Heyd-Scuseria-Ernzerhof (HSE06) [25,26] functional are used. The 2D
system is separated from its periodic images by a vacuum distance of
20 A in the perpendicular direction to avoid virtual interactions. The
tetrahedron method with the Blochl corrections [27] give a good
account for electronic density of states (DOS). The first Brillouin zone
is sampled by a 14x14x1 k-point grid within the Monkhorst—Pack
scheme [28] for the primitive unit cells in most of our calculations. We
have tested the total energy convergence to be within 0.01% difference
with respect to the number of k points. For geometry relaxation, the
convergence thresholds for total energy and atomic force components
are set at 107° eV and 1073 eV A1, respectively. To check the dynamic
stability, phonon properties are calculated using finite displacement
method implemented using the supercell method through the
PHONOPY code [29] and a (4x4) supercell is constructed to calculate
the atomic forces by using VASP.

3. Results and discussion
3.1. Structural properties

The optimized 2D pentagonal crystal structure of ZnO, possesses P-
42;m symmetry (space group no. 113) with a tetragonal lattice as shown
in Fig. 1. The optimize lattice constants are a = b = 4.49 A. The relaxed
structure of penta-ZnO, is composed of three atomic layers with Zn atoms
in the middle layer and O atoms on the top and bottom layers, which is
different from g-ZnO where Zn and O atoms are located in the same
plane. The unit cell contains four oxygen atoms and two zinc atoms, which
is denoted by black dashed lines in Fig. 1. Each zinc atom highlighted in
gray is 4-coordinated with four oxygen atoms highlighted in red. In the
unit cell of penta-ZnO,, the ratio of the number of atoms between Zn and
O is 1:2, which is quite different from the 1:1 ratio of the most previously
known oxygen and zinc compound structures, such as wurtzite and
graphene-like ZnO structures [3]. From the side view, a buckling of
h=0.8 A is observed, leading to a 2D sheet with a total thickness of 1.60 A,
which is larger than that of penta-graphene (1.20 A) [14]. The “thickness”
of this sheet is defined as the vertical coordinate difference between the
oxygen atoms in the top and bottom layers, which is expected to be
significantly smaller than that if it would be measured by AFM. The Zn-O
and 0-O bond lengths are 1.984 A and 1.497 A respectively. The bond
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Fig. 1. Top and side views of optimized structure of penta-ZnO,. Gray and red spheres
represent zinc and oxygen atoms, respectively. The square marked by black dashed lines
denotes a unit cell. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

angle of 00.zn.0, Ozn-02zn, and 0z, 0.0 are 100.3°, 106.4°, and 115.1°
respectively. The specific binding energy E;, was calculated using the
formulaE,=(E.— Y, n,E,)/ Y. n,, where E, denotes the energy of a single
isolated atom and n, denotes the number of atoms of one particular type
in the unit cell. E;, is the total energy of the unit cell. The specific binding
energy of penta-ZnO, is -4.203 eV/atom, lower than -4.123 eV/atom of g-
ZnO and higher than -4.473 eV/atom of wurtzite ZnO [7].

3.2. Phonon dispersion and thermodynamic properties

Next we study the dynamical stability of penta-ZnO- by calculating
its phonon dispersion. The unit cell of penta-ZnO, has six atoms,
suggesting that there are 18 modes for any one q vector or 18
dispersion curves. The results are presented in Fig. 2(a). There is no
imaginary frequencies in the entire Brillouin zone, which confirms that
penta-ZnO, is dynamically stable. The two highest optical modes are
separated from others by a large phonon gap of around 8 THz. The
vibration modes below 5 THz including the three acoustic bands and
three optical bands are mainly contributed by Zn due to its larger
atomic mass [30]. Detailed analysis of the atom-resolved phonon
density of states (PhDOS) reveals that the bonds between the O atoms
are predominant in the dispersionless high-frequency modes shown in
the right pattern of Fig. 2(a).

Based on the calculated phonon spectrum, a series of thermody-
namic properties can be derived in terms of the harmonic approxima-
tion. The free energy F(T), entropy S(7) and heat capacity at constant
volume C,,(T) are given by applying the following formula [31,32]:

F(T) = Eqq+Eyp+kpT fF(u))ln{l — exp[—hw/(kgT)]}do

(€))
_ hO)/kBT
S = kB{/ explholgD—1" 240
ho
— /F(m)ln{l - exp[—]}du}}
kgT (2)
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Thermodynamic properties: Free energy (F), entropy (S) and heat capacity (Cy) for
penta-ZnO,.
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where E, is the total energy, E,, is the zero point energy, h is the
Planck’s constant, F(w) is the phonon density of states and T is
temperature. In this work, the free energy (F) is equal to the Gibbs
free energy (G) because the calculations were carried out under 0 GPa.
Fig. 2(b) show the temperature-dependent free energy (F), entropy (S)
and heat capacity at constant volume (C,,) of penta-ZnOs. Both entropy
(S) and heat capacity (C,) increase with the increasing temperature,
but free energy (F) exhibits a reverse trend. As the temperature
increases from 0 K to 1000 K, the entropy (S) increases from 0 J mol”
K to 309.23Jmol! K, but free energy (F) decreases from
36.14 kJ mol™ to -155.25 kJ mol™. The smaller the Gibbs free energy
is, the better the thermal stability of compounds is. Hence, the
calculated Gibbs free energies show that the thermal stability of
penta-ZnO,. When the temperature is about 400 K, the free energy is
equal to zero. When the temperature is higher than 400 K, it is less
than zero, which suggests that penta-ZnO, may be stable. For the heat
capacity (C,,), with increasing temperature, it increases sharply and is
proportional to T® at lower temperature, which exhibits strong
dependence on temperature when temperature is less than 400 K.
Then the heat capacity (C,,) increases slowly in the higher temperature
region and tend to the Dulong—Petit limit (145.47 J mol™ K'). It
indicates that the interactions between Zn and O atoms primarily
occur in the low temperature region.
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Fig. 3. Strain energy of penta-ZnO, under different kinds of in-plane strain.
3.3. Mechanical stability and elastic properties

We calculate the elastic constants in order to explore how lattice
distortions affect the structural stability of penta-ZnO,, and to examine
its mechanical stability. The elastic constants can be derived by fitting
the energy curves associated with uniaxial, biaxial and shear strains.
These curves are plotted in Fig. 3. After fitting, the 2D coefficient C3°
must be renormalized by the z lattice parameter corresponding to the
spacing between 2D layers [33]. Thus, the elastic constant calculation
shows C;;=C,,=44.79 GPanm. C;» and Cg¢s are obtained to be
-6.38 GPanm and 5.74 GPa nm, respectively. The absolute values of
these elastic constants are much smaller than that of 265 GPa nm, -18
GPa'nm and 37.82 GPa nm for penta-graphene respectively [14]. In
other words, the stiffness of penta-ZnO, is smaller than that of penta-
graphene, and penta-ZnO, is more prone to deformation. Obviously,
these elastic constants satisfy Born-Huang criteria [34,35], namely,
C11C25-C12% > 0 and Cgg > 0, indicating that penta-ZnO, is mechani-
cally stable. Based on the obtained elastic constants [36], the in-plane
Young’s modulus E and Poisson’s ratio v can be calculated using
E=(C112-C12%)/C11 and vi2=vy;=C;5/Cy; respectively. The in-plane
Young’s modulus of penta-ZnO, is 43.88 GPa nm, which is less than
1/2 times of g-ZnO (101.2 GPa nm) and 1/6 times of penta-graphene
(263.8 GPanm) [7,14]. The lower value the Young’s modulus of
material is, the more flexible the material is. Therefore, penta-ZnO,
is much more flexible than penta-graphene and g-ZnO in elasticity
along x axis and y axis directions in the 2D material plane. More
interestingly, the value vi,=v>;=-0.14 indicates a negative Possion's
ratio, contrary to the positive values found for most existing materials
including all the other compounds of oxygen and zinc. The magnitude
of this negative Possion's ratio is much larger than -0.068 for penta-
graphene by about a factor of 2 [14]. This fact means when this
material is stretched, it expands transversely in the elastic range much
easier than penta-graphene. Normally, a material with a positive
Possion's ratio shrinks in the transverse direction when subjected to
a uniaxial expansion. Nearly all auxetic materials whose microstruc-
tures have been specifically engineered to generate a negative Poisson’s
ratio are bulk materials [37]. In contrast to structure-engineered bulk
auxetics, the negative Poisson’s ratio is intrinsic in the penta-ZnO»
sheet.

3.4. Electronic properties

To study the electronic properties of penta-ZnOs,, we calculate its band
structure and corresponding total density of states (TDOS) and partial
density of states (PDOS), using the Heyd-Scuseria-Ernzerh (HSE06)
[25,26] functional, as shown in Fig. 4(a). The valance band maximum
(VBM) and the conduction band minimum (CBM) are located on the M-T'
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Fig. 4. (a) Electronic band structure, total density of states (TDOS) and partial density of states (PDOS) of penta-ZnO,. The Fermi level is shifted to 0.00 eV. (b) Three dimensional (3D)
plots of charge density difference of penta-ZnO, (up and down patterns are for top and side views respectively). (c—e) are 2D plots of charge density difference of penta-ZnO,. The planes
of (c—e) are along the dashed lines PE, PF and PG in (b) respectively and perpendicular to the plane of the paper.

path, but at slightly different k points: (0.217, 0.217, 0) for CBM, and
(0.333, 0.333, 0) for VBM. Thus, penta-ZnO- is an indirect band-gap
semiconductor with a band gap of 4.53 eV. However, because the VBM
dispersion is rather small, about 91 meV below the VBM, at the same k
point of the CBM, penta-ZnO- could be regarded as a quasi-direct band-
gap semiconductor. The band gap is larger than that of wurtzite ZnO
material (3.37 eV) [3]. In the TDOS, there is a very high peak above the
Fermi level and the corresponding energy value is about 4.3 eV, which is
consistent with band structure. The calculated PDOS suggests that the
highest occupied band are mainly dominated by O-2p states, while the
lowest unoccupied band are mainly contributed by Zn-4s states.

In order to understand the chemical bonding of penta-ZnO,, we
computed the charge density difference of penta-ZnQO,, which is defined
as the total charge density with the contribution of isolated Zn and O
atoms being subtracted. In the 3D charge density difference plots
(Fig. 4(b)), yellow and blue refer to regions of electron accumulation
and depletion, respectively. The dashed line PE crosses the first oxygen
atoms layer of the penta-ZnO, sheet, and the dashed line PF crosses the
neighboring O atoms, and the dashed line PG crosses the neighboring
O and Zn atoms. Fig. 4(c—e) are 2D plots of charge density difference of
penta-ZnO.. A positive value (solid contour line) indicates an increase
in electron density and a negative value (dashed contour line) means
the electron density loss with respect to the superposition of the atomic
electron density. The planes of Fig. 4(c—e) are along the dashed lines
PE, PF and PG in Fig. 4(d) respectively and perpendicular to the plane
of Fig. 4(b). The plotted plane of Fig. 4(c) is parallel to the penta-ZnO,
sheet and crosses the neighboring O atoms to show the charge transfer
of the neighboring O atoms. Fig. 4(c) shows that there is electronic
charge accumulation in the middle of the bond between the neighbor-
ing O atoms, which indicates that the O-O covalent-like bonds are
formed. There is obviously electronic charge accumulation region that
is around O atom and vertical with the O-O bond, which indicates the
antibonding state property. The plotted plane of Fig. 4(d) crosses the
neighboring O atoms as well, but it is perpendicular to the penta-ZnO,
sheet. Fig. 4(d) indicates there is also an antibonding state electronic
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charge around O atoms. Moreover, according to Fig. 4(c) and (d), there
are areas of electronic charge accumulation around the neighboring O
atoms, which indicates that the n-like bond between the neighboring O
atoms are formed, besides the O-O covalent-like bonds. The plotted
plane of Fig. 4(e) crosses the neighboring O and Zn atoms to visualize
the characteristics of bonding between them. There is electronic charge
depletion around the Zn atoms and the electronic charge is obviously
accumulated near O atoms. Thus, there are certain electronic charge
transfers from Zn atoms to O atoms. The bond between Zn and O
atoms shows the ionic bond property.

3.5. Optical properties

In this section, the linear optical properties of penta-ZnO, are
derived from its reliable electronic structures using HSE06 method.
The optical properties of a material is described by the dielectric
function e(w) as a function of the frequency or the wavelength. It
consists of two parts €;(w) and e»(w).

e(w) = g (0)+ier(w) 4
The imaginary part e-(w) is expressed as [38]
4 o dSg
=— Py ()| ————
g2(w) ) § /l ()| Voo (k) ®)

The real part &;(w)of the dielectric function can be calculated from
the imaginary part e»(w) by Kramer—Kronig relationship [38]
g =1+ EP/—Q?ZSZ(m)Zdw’

T, oo (6)
All optical properties are obtained from the dielectric function [39].
The absorption coefficient I(w):

1®) = V2 @) (Ja () + &0 - W) @)

The reflectivity R(w):
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Because of the symmetry of penta-ZnO,, these optical properties in
xx direction are identic with those in yy direction. Then we only show
the optical properties in xx and zz directions in Fig. 5, although the xx
and yy directions are more meaningful than zz direction for a 2D
material. The imaginary part of the dielectric function allows to deduce
the optical transition between the conduction and valence band as
presented in Fig. 5(a). In xx (yy) and zz directions, the edge of the
imaginary part corresponds to the first transition occurring at 4.54 eV
(or 273 nm wavelength), corresponding to the band gap energy. It can
be attributed to the transition between O-2p states located at the top of
the valance band and Zn-4s states located at the conduction band
minimum according to the PDOS. The energy level corresponding to
the threshold of the imaginary part of penta-ZnO, locates much higher
than that of wurtzite ZnO (2.8 eV) [38] and g-ZnO (3.58 eV) [40].
Fig. 5(b) shows the absorption coefficient spectra of penta-ZnO,. These
absorption peaks in Fig. 5(b) is consistent with the imaginary part of
penta-ZnO,. Penta-ZnO, does not absorb visible light within the energy
range from 1.62 eV to 3.11 eV according to our calculated results and
has no absorption even in the near UV region of light. It is clearly
shown that the optical absorption edge of penta-ZnO, shifts to higher
energy compared with wurtzite ZnO [38] and g-ZnO [41]. Namely,
penta-ZnO, allows the extension of the absorption edge towards
shorter wavelength. This shift of the absorption edge can be related
to the increase of the energy band gap. The reflectivity R presented in
Fig. 5(c) is also an important optical property. In xx (yy) direction, it
shows that a weak reflectivity of less than 0.25% in the visible spectral

range of light. In zz direction, the calculated reflectivity of penta-ZnO,
is 0.0035%, which is much lower than that of wurtzite ZnO [38] and g-
ZnO [41]. The reflectivity of penta-ZnO, begins to rise steeply at about
5 eV. In xx direction, zero absorption and extremely small reflectivity
enable us to deduce that the light transmittance of penta-ZnO, is
almost 100%, higher than the wurtzite ZnO (75%-85%) [38] and the
doped g-ZnO (>90%) [42]. The refraction index denoted by n in
Fig. 5(d) is characteristic property which also helps us to describe the
behavior of light in the materials. In xx (yy) and zz directions, the
refraction index of penta-ZnO, remains at 1.10 and 1.04 in the visible
range of light respectively, and begins to increase until the energy
reaches around 5 eV. This fact allows the visible light transmit the
penta-ZnO, sheet maintaining the almost same direction for any
direction of incidence.

4. Conclusion

In this study, we investigated theoretically the stability, mechanical,
electronic and optical properties of penta-ZnO,. Our calculations demon-
strate that penta-ZnO, has buckled geometry. The structure is composed
of three atomic layers with Zn atoms in the middle layer and O atoms on
the top and bottom layers, rather than a single planar layer structure of g-
ZnO. Penta-ZnO- is not only dynamically stable because of no imaginary
frequencies in the phonon spectrum, but also mechanically stable because
the calculated elastic constants satisfy Born-Huang criteria. Penta-ZnO- is
a semiconductor with an indirect band gap of 4.53 €V, which is larger than
penta-graphene and previous ZnO materials. Especially, Penta-ZnO, has
intrinsic negative Possion’s ratio and is much more flexible than g-ZnO
and penta-graphene in elasticity. In the visible range of light, penta-ZnO,
has zero absorption, 0.0035% reflectivity and 1.04 refraction index in zz
direction. It is deduced that penta-ZnO, itself can possess very high
transparency in the visible ranges of light. In summary, penta-ZnO,
possesses unique stable structure and promising mechanical, electronic
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and optical properties, which gives the penta-ZnO» sheet many potential
applications in optoelectronic devices. It is worth mentioning that the high
flexibility and the high transmission of visible light make the penta-ZnO,
to be a promising candidate to be used in flexible devices for display and
detector, etc.
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