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ABSTRACT

Piezoelectricity is a unique material property that converts mechanical energy to electrical one or vice versa. In order to call a
matter piezoelectric, it should be in non-centrosymmetric structure and have sufficiently large band gap. Graphene has none of
these properties in its natural composition. It is shown that, coaxing the graphene structure can give piezoelectric property to
this non-piezoelectric material. In this study, the size effect of the triangular holes and their placements on the structure to the
piezoelectricity are investigated theoretically via density functional theory based calculations. According to the calculation
results, while the size of the cavity effects the piezoelectricity, layout of the similar shaped triangular cavities do not change
the piezoelectric coefficient.
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1. INTRODUCTION

Piezoelectricity is a unique property of the semiconductors or insulators with non-centrosymmetric
structures. Piezoelectricity is the ability of certain materials to generate an electric charge in response to
mechanical stress or vice versa. From the discovery of the piezoelectric effect [1] to present day,
researchers endeavor to find natural or artificial effective piezoelectric materials to meet the needs of
time. Most commonly used piezoelectric materials are in bulk phases and they are not suitable to produce
nano-dimensional devices. Besides, vast majority of effective three dimensional piezoelectric materials,
such as the most commonly used Pb(Zr,Ti)O3 or PZT-based compositions, contain more than 60% mass
of toxic lead.

Today’s technological demands compel researchers to find novel, piezoelectric materials to construct
nano-sized devices. Reproducibility of single layered structures from their bulk phases was shown with
the isolation of the single layer graphene from the multi layered graphite. This development encourages
the researchers to investigate electronic, optical and photonical properties of these materials and bring
up to their availability in next generation nanophotonic and nanoelectronic applications [2-4]. And also,
monolayer materials show different properties when compared to their multilayer structures [5]. For
example, two dimensional structures no longer protect their inversion symmetry which they have in bulk
phases [6]. This situation enables these two dimensional materials to exhibit piezoelectric properties
which they do not have in their bulk structures. Experimental observation of the graphene and other
two-dimensional materials [7-9] has paved the way of production of ultra-thin structures with innovative
physical properties. The target of this technology is to keep under control the nanoscale deformation
and motion. In order to provide the dynamical control of the graphene based non-piezoelectric structures
under applied electric field, it is necessary to acquire piezoelectric properties.

For the last few years researchers trying to find the answer of how graphene can exhibit piezoelectric
property. To achieve that, first centrosymmetry must be corrupt and then its needed to investigate if the
forbidden energy gap is formed or not. Jin et.al [10] reported that the formation of the pretty neat
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triangular holes during the experimental growth of the hexagonal boron nitride structures by the
secondary effect of the electron beam. With the high-resolution transmission electron microscopy
(HRTEM) images they showed the holes can be formed in different sizes but in the same directions
(Figure 1). Sharma and Chandratreise [11], reported that graphene can show piezoelectric property by
coaxing it with nonsymmetrical holes. They showed that the triangular hole breaks centrosymmetry and
transforms the graphene into piezoelectric. Their results are close to natural piezoelectric materials,
quartz (~%72) and boron nitride (~%36). Reed and Ong [12] reported that by adding extra atoms (Li,
K, H, F and their combinations H and F, F and Li) to the graphene structure it is possible to make
graphene piezoelectric. Calculated piezoelectric coefficients differentiates related with the add-atom,
and the highest piezoelectric coefficient is 5.5x10™'" Cm™ [12] when compared to 2D graphene like boron
nitride structure 3.71x10'° Cm™ [13]. d3; strain piezoelectric coefficient of the graphene oxide structures
were calculated as 0.24 pmV™' by Chang et. al [14]. This value is comparable with the maximum ds;
coefficient of the engineered piezoelectricity of graphene 0.3 pmV™' [12], and three dimensional
piezoelectrics such as wurtzite GaN and boron nitride (BN); 0.96 pmV™' [15] and 0.33 pmV' [16],
respectively. Band-piezoelectric effect on biaxial strained graphene was studied by Wang et. al.
According to their results, application of biaxial strain enables the formation of a small (~90 meV)
bandgap on graphene and this brings 37 nCN™' piezoelectric coefficient which is twice as high compared
to traditional piezoelectric materials [17]. Rodrigues et. al experimentally measured the piezoelectric
coefficient of the single-layer graphene deposited on the Si/SiO, substrates as 1.4 nmV~', this value is
twice of the modified lead zirconate titanate [18]. Technological requirements, wide range of application
area and availability of reproducibility of high quality samples and also theoretical and experimental
proof of the piezoelectric response of these two dimensional structures, opened the way of using them
as pressure sensors, transducers, high voltage generators, etc [19-21]. Beside all these advantages, this
novel two dimensional materials have the capability to take the place of lead contained piezoelectrics.

Figure 1. HRTEM images of the holes on h-BN structure[10]

In this work, density functional theory (DFT) based theoretical calculations were held to investigate the
placement and size effect of the triangular holes on the piezoelectric performance of the graphene.

2. MATERIALS AND METHODS

Within the scope of current study, first-principles calculations based on the density functional theory, as
implemented in Vienna Ab-Initio Simulation Package (VASP) [22, 23], are performed. Generalized
gradient approximation (GGA) with in the Perdew-Burke-Ernzerhof (PBE) Formulation [24] and the
Heyd-Scuseria-Ernzerhof (HSE06) hybrid functionals [25, 26] are used to treat the exchange-correlation
interactions. The single electron wave functions are expanded into plane waves with the 600 eV kinetic
energy cut-off. 1x8x8 k-point mesh is used for structure optimizations with in the Monkhorst pack
scheme [27]. 107 and 10~ eV/A convergence criterion set for the electronic and ionic optimizations,
respectively. In order to minimize the interactions between the layers ~12 A vacuum space is set. In
order to apply the strain in a desired direction properly hexagonal structure is transformed into 2H mode,
which is composed of two hexagonal cells [13]. Berry’s phase approximation [28] is used to investigate
the polarization change under applied uniform strain, ranging from 0.02/-0.02 in steps of 0.01, along the
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y direction of the rectangular cell. Piezoelectric tensor, €
along the j direction as mentioned below [23, 29],

_on_ (on LIAYCI
eij - asj - (an)u + Zk (6uik)< aEi ) (1)

here, P; denotes the polarization change along the direction i, as a result of the g, strain applied in the j
direction. The first term in Equation (1) is named as the clamped-ion and defines the contribution of the
homogeneous strain to the piezoelectric tensor. Second term comes from the internal relaxation of the
ions. Uy, denotes the fractional coordinate of the i th ion along the k direction. Because of the crystal
symmetry, the number of the independent piezoelectric tensor coefficients is reduced. For the graphene,
only the e;; component of the piezoelectric stress tensor is needed. e;; relates the in plane strain to in-
plane electrical polarization. For each applied strain ions are kept in strained positions and clamped-ion
piezoelectric properties are computed.

ij 1s related with the g, polarization change

3. RESULTS

As mentioned above, triangular holes can be formed during the experimental growth of two-dimensional
structures [10] and from the theoretical results of the Sharma and Chandratreise [11], formation of
triangular holes can convert non-piezoelectric graphene to piezoelectric. From this point of view, to
clarify the size effect of the holes, two structure are prepared and named as 12H and 18H, Figure 2-a
and Figure 3-a, related with the number of the H atoms, which is used for passivation of the edges of
triangular holes. Bandstructure and piezoelectric coefficients are calculated using the relaxed structure
parameters which was obtained after optimization procedures. Lattice parameters and bond lengths were
given in Table 1. for the structures under study. Calculation results showed that, coaxing graphene with
triangular holes can induce forbidden energy gaps with the values 0.46 ¢V and 0.69 eV for 12H and 18H
structures, respectively. Now, structures with triangular holes, break the centrosymmetry of the
graphene and energy gap formed. Applying the Berry’s phase approximation to the 12H and 18H
structures, polarization change according to applied uniform strain calculated and given in Figure 4.
From Equation 1 the slope of the lines in Figure 4 gives the piezoelectric coefficients of the structures
under study, 1.704x10"° C/m? and 0.359 x10™'° C/m?, respectively.

Table 1. Cell parameters, bond lengths and the distances between triangular holes obtained from the
optimization calculations. In units of Angstrom

Structure Cell Parameters Bond Lengths Distance
a b ¢ c-C C-H Between
Holes
Graphene 12.185 25.718 22.272 1.425 -- --
Figure 2-a  |12.185 25.718 22.272 1.424 1.083 --
Figure 3-a  |12.218 25.676 22.472 1.435 1.090 --
Figure 5-a | 12.185 25.718 44.544 1.426 1.086 12.336
Figure 6-a |12.185 25.718 44.544 1.428 1.095 14.642
Figure 7-a  |12.185 25.718 44.544 1.424 1.083 14.615
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Figure 2. a) Structure image; brown atoms denote C and pink atoms denote H
b) band structure graphic of 12H graphene
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Figure 3. a) Structure image; brown atoms denote C and pink atoms denote H
b) band structure graphic of 18H graphene
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Figure 4. Polarization change under applied uniform strain for different sized triangular holes on
graphene
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In order to see the effect of the triangular hole placements on piezoelectricity of the graphene, 12H
structure is enlarged to three different alignments. These sequences are named according to the
orientation of the pointed end of the triangles as face-same, face-in and face-out which were shown in
Figure 5-a, 6-a, 7-a. In order to prevent the interaction between triangular holes ~14 Angstrom distance
set. All of the structures optimized according to above procedure, cell parameters and atom positions
were used to calculate band structures and piezoelectric coefficients. Calculation results reveal that the
forbidden band gap values differs related with the layouts of the triangular holes. Calculated energy gap
values for the structures given in Figure 5-6-7 are 0.1 eV, 0.31 eV and 0.63 eV, respectively. Differently
from the base structure(12H structure), forbidden energy gaps occur at Z point of the Brillouin zone for
the face-in and face-out structures.

Encrgy (V)

(@)

Figure 5. a) Placements of the holes; brown atoms denote C and pink atoms denote H
b) bandstructure of the facesame structure
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Figure 6. a) Placements of the holes; brown atoms denote C and pink atoms denote H
b) bandstructure of the facein structure

(@) (b)
Figure 7. a) Placements of the holes; brown atoms denote C and pink atoms denote H
b) bandstructure of the faceout structure
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Following the same procedure for the single hole structures, polarization change is calculated according
to applied strain. As can be seen from the related figure, layouts of the triangular holes do not effect the
change of the polarization so all of the structures gives the same piezoelectric coefficient ~1.7x10"°
C/m?.

4 ] T | T T T |
L 8
30 m ouow 7]
I facesame )
"‘E 2= ®  facein ® ]
F .+ face 7
'-U-. e weout L ] N
& i
g o O -
.:.: | _
= - |
=+ N
£ 2 @ -
3 .
7 B S T B B B

-0.02 -0.01 0 0.01 0.02

Uniaxial Strain €,

Figure 8. Polarization change under applied uniform strain for the facesame, facein and faceout
structures

4. DISCUSSION

Experimentally observation of the formation of the triangular holes on 2D structures reinforces the
reality of this study. Piezoelectricity is known as the natural property of the wurtzite structures. Today’s
widely used piezoelectric materials are lead based structures like lead zirconate titanate (PZT), but they
are not environmental friendly substances because of the lead content. Researchers are in quest to find
lead free piezoceramics like bismuth ferrite (BiFeOs), bismuth titanate (BisTi3012) but their efficiency
and stabilities have not been confirmed yet. Also these materials are not eligible to use in
nanodimensional devices. Successful experimental growth of the two dimensional materials enable
researchers to negotiate this drawback. Electronical and optical properties of these 2D structures are
widely studied, but it is still needed to investigate the piezoelectric properties of these materials. In the
last few years, studies are focused on to solve this problem not only graphene but also transition metal
dichalcogenides, II-IV group materials, ZnO, etc. [8, 13, 30-36]. Experimental and theoretical
calculations show that these monolayer materials are promising piezoelectric structures. Among them,
graphene is one of the most known structure and needed to detailed investigation in view of
piezoelectricity. Our results show that graphene can be used as piezoelectric material when coaxed with
triangular holes. Size of the hole and the dimensions of the base graphene structure effects the
piezoelectric coefficient values. If the results for the 12H and 18H structures are taken into account,
inversely proportional ratio between the size of the holes and the piezoelectric coefficient. As the
structures repeat themselves in all space because of the periodicity, same piezoelectric coefficient results
for the 12H cell and the face-same structure can be predicted. Interestingly, layouts of the same sized
triangular holes do not effect the piezoelectricity of the structure. Numerical results of this study shows
that coaxed graphene is one of the good candidates for the 2D piezoelectric materials.

5. RESULTS

Naturally non-piezoelectric graphene can be shifted to piezoelectric material with nonsymmetric holes.
Band gap values and the piezoelectricity can be tuned by changing the size of the hole. Piezoelectric
coefficient of the structure is not effected by the layout of holes. Results of this study are comparable
with conventional bulk piezoelectric materials. With the use of these 2D materials in low power
electronic, sensors and nanoscale electromechanical systems are expected to have impact on size-weight
reduction and energy consumption of such devices.
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