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Piezoelectricity is closely related with the performance and application of piezo-
electric devices. It is a crucial issue to understand its detailed fundamental for
designing functional devices with more peculiar performances. Basing on the first
principles simulations, the ZnO piezoelectric tunnel junction is taken as an example
to systematically investigate its piezoelectricity (including the piezopotential energy,
piezoelectric field, piezoelectric polarization and piezocharge) and explore their
correlation. The comprehensive picture of the piezoelectricity in the ZnO tunnel
junction is revealed at atomic scale and it is verified to be the intrinsic characteristic
of ZnO barrier, independent of its terminated surface but dependent on its ¢ axis
orientation and the applied strain. In the case of the ZnO c axis pointing from right
to left, an in-plane compressive strain will induce piezocharges (and a piezopotential
energy drop) with positive and negative signs (negative and positive signs) emerging
respectively at the left and right terminated surfaces of the ZnO barrier. Meanwhile a
piezoelectric polarization (and a piezoelectric field) pointing from right to left (from
left to right) are also induced throughout the ZnO barrier. All these piezoelectric
physical quantities would reverse when the applied strain switches from compres-
sive to tensile. This study provides an atomic level insight into the fundamental
behavior of the piezoelectricity of the piezoelectric tunnel junction and should have
very useful information for future designs of piezoelectric devices. © 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http:/creativecommons.org/licenses/by/4.0)).

[http://dx.doi.org/10.1063/1.4954696]

. INTRODUCTION

@ CrossMark
eclinkte

Piezoelectricity, a well-known effect discovered as early as 1880, has received much attention
in the past decades and various devices basing on piezoelectric effect have been exploited and
show excellent performances.'™ The proverbial conventional piezoelectric material is the perov-
skite structured Pb(Zr;_4Tix)O3 (PZT) due to its high piezoelectric coefficient, which has been
extensively used in piezoelectric sensors, actuators and energy generators.>>® However, PZT is
mainly used in the ceramic field whereas less used in the electronic and optoelectronic fields since it
is electric insulating. As a piezoelectric candidate using in electronic and optoelectronic functional
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devices, the piezoelectric material should be electrically conductive. Recently, the promising candi-
dates of piezoelectric materials to be used in electronic and optoelectronic fields have been focused
on the piezoelectric semiconductor materials in the wurtzite oxide, nitride and sulfide, such as the
ZnO, GaN and CdS, etc.”'" In particular, on the basis of profuse nanostructures,'' and abundant
unique characteristics'?> ZnO has been considered as the most excellent piezoelectric semiconductor
material, which can be utilized to construct functional nanodevices. Nowadays, lots of novel ZnO
nanodevices with extraordinary performances have been fabricated’”-'*!* and widely applied in the
fields of electronics, piezotronics, optoelectronics and so on.'>~!7

The extraordinary performance and extensive application of the ZnO device are closely related
to its piezoelectricity. Understanding the detailed fundamentals of ZnO’s piezoelectricity and its
impact is a crucial issue for innovatively designing and fabricating ZnO functional devices with
more peculiar performances. There have been many investigations on this issue basing on the con-
tinuum model and semiempirical model using the finite element method and molecular dynamics
method. For example, Wang et al.'®2° have studied the piezoelectric potential (piezopotential)
spatial distribution and its influence on the local contact dictated transport character in strained ZnO
nanowires and established the fundamental theory of piezotronics basing on the continuum model
and finite element method. The piezoelectrically induced electric polarization and the associated
potential as well as the piezoelectric coefficients in ZnO nanowires were also studied by Sen et al.?!
and Hoang et al.>> Basing on the semiempirical molecular dynamics, the piezoelectric constant and
polarization of ZnO as well as their size effect and surface effect have also been investigated.?>~2
Besides, first principles simulations have also been employed to study the piezoelectricity of ZnO
devices recently. On the basis of the first principles simulations, Zhang et al.”® investigated the
piezoelectric effect as well as the piezoresistance effect in strained ZnO tunnel junctions and re-
vealed its giant piezoelectric resistance effect. Agrawal et al.? also researched the giant piezoelectric
size effect in ZnO nanowires. More recently, the potential barrier and polarization in strained ZnO
tunnel junctions as well as their size effects were also studied.”” Meanwhile, it was reported that the
atomic scale origin of piezoelectricity in the wurtzite ZnO is due to the asymmetric hybridization
between the Zn 3d2-4p, self-mixed orbital and the O 2p, orbital along the polar ¢ axis.?® Moreover,
using the density function theory and Poisson equation, the strain dependent piezocharge distribu-
tions at Ag/ZnO interfaces have been investigated and the width of the piezocharge distribution at
the local interface, which reputedly can not be provided by the classical piezotronic theory, has been
obtained.”

It is well known that the first principles simulation is an important method for calculating
electronic structures based entirely on quantum mechanics and basic physical constants without
any artificial parameters. It can provide basic information to quantitatively understand the piezo-
electricity at atomic scale. In spite of extensive studies on the ZnO’s piezoelectricity, however, to
the best of our knowledge, most of them focus on its sporadic piezoelectric properties and little
literature has been done to report the comprehensive picture of its piezoelectricity, especially with
the method of atomic scale first principles quantum theory. Although there has been a general
impression on the piezoelectricity of ZnO devices (strain will result in piezocharge, piezopotential,
piezoelectric field and even piezoelectric polarization in ZnO devices), it is still of great significance
to clearly reveal the comprehensive picture of ZnO’s piezoelectricity in the view of atomic scale
and explore the correlation between various piezoelectric physical quantities, which is important in
quantitatively understanding the piezoelectric effect and guiding the innovative design of peculiar
ZnO functional devices.

Accordingly, employing first principles quantum simulations, we take the ZnO piezo-
electric tunnel junction as an example to systematically investigate its embedded piezoelec-
tricity (including the piezopotential energy, piezoelectric field, piezoelectric polarization and the
piezocharge) and explore their correlation. The comprehensive picture of the piezoelectricity
in the ZnO tunnel junction is revealed at atomic scale and it is verified to be the intrinsic
characteristic of ZnO barrier, independent of its terminated surface but dependent on its ¢ axis
orientation.
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Il. SIMULATION DETAILS

The following simulations are based on the density functional theory (DFT) within the gener-
alized gradient approximation with Perdew-Burke-Ernzerhof parameterization (GGA.PBE)*’ per-
formed in Vienna ab initio simulation package (VASP).?!*> A plane wave basis set with 500 eV
energy cutoff based on the projector-augmented wave method (PAW)?? is used for the calcula-
tion. A 9 x 9 x 3 k-point mesh in the Brillouin zone based on the Monkhorst-Pack method** are
used for the structure optimized relaxation. Meanwhile, the energy convergence criterion is set to
0.01 meV. To obtain accurate calculation results, the k-point mesh is increased to 13 x 13 x 3 for the
self-consistent calculation.

The simulated piezoelectric tunnel junction is schematically shown in Fig. 1(a). It is con-
structed by a piezoelectric barrier sandwiched with two electrodes. Due to its non centrosymmetric
structure, the piezoelectric barrier possesses two dissimilar terminated surfaces, which will result
in a potential energy drop throughout itself and a subsequent built-in electric field as well as a
spontaneous polarization. When an external strain is applied on it, the piezoelectric barrier will
exhibit piezoelectric characteristic and result in a series of changes in the potential energy, built-in
electric field, polarization and charge distribution. Here we will comprehensively investigate these
changes and explore the embedded piezoelectricity at atomic scale. Meanwhile we will also verify
its inherence (i.e., relevant with terminated surfaces or not).

To investigate the atomic scale microscopy piezoelectricity, the typical piezoelectric material
ZnO and its tunnel junction Ag-ZnO-Ag are taken as examples. According to the crystal structure of
ZnO as shown in Fig. 1(b), ZnO films possess two different terminated surface structures, labeled as
the zigzag type ZnO film and the polar type ZnO film, respectively. Note that the separation energy
to form these two kinds of ZnO films is different. However, in order to compare, explore, verify and
show the inherence of the hidden piezoelectricity more clearly, these two kinds of ZnO films are
both taken to construct ZnO tunnel junctions, named as Ag-ZnO-Ag_zigzag and Ag-ZnO-Ag_polar
respectively. The ZnO tunnel junctions are constructed by aligning the (0001) oriented ZnO films
with the Ag (111) electrodes according to their atom stacking sequences. On the basis of the
conventional treatment method, the unit cell lattice constants in the x-y plane of electrodes are set
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FIG. 1. (a) Schematic illustration of a piezoelectric tunnel junction under strain. Strain is applied along the in-plane
lattice basic vectors. (b) Atomic structures of two ZnO piezoelectric tunnel junctions with different ZnO terminated surface
structures whereas identical ¢ axis orientation. The red dashed panes indicate the terminated and interfacial structures.
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as those of the ZnO barrier.>>* Note that although the ZnO terminated surface structures in the
two tunnel junctions are different, the c axis orientation of the central ZnO barrier is identical. It
is pointing from the right electrode to the left electrode. The constructed tunnel junctions comprise
6 single Zn-O layers in the central barrier region sandwiched by 8 and 7 Ag layers as the left and
right electrodes, respectively. It is periodically expanding in the x-y plane perpendicular to the c
axis. The in-plane lattice constants of the constructed tunnel junction free of external strain are
set as those of the bulk ZnO (~3.29 A). Then external strain is applied in the system’s x-y plane
along the directions of the in-plane lattice basic vectors, as shown in Fig. 1(a). Strain is defined
as n = (a — ap)/ag, where a and ag are the in-plane lattice constants of the tunnel junctions with
and without strain respectively. Positive strain means tensile strain while negative strain is compres-
sive strain. Positions of each atom and the out-of-plane lattice constant along z direction of the
constructed ZnO tunnel junctions at each strain are fully relaxed.

lll. RESULTS AND DISCUSSIONS

A. Structure based potential energy drop, built-in electric field, spontaneous
polarization and charge distribution

It is well known that structure will affect and even determine properties. Due to the different
ZnO terminated surface structures, electrical properties in the two ZnO tunnel junctions will exhibit
distinct features. Figs. 2(a) and 2(c) depict the dissimilar electrostatic potential energies of elect-
ron in the two ZnO tunnel junctions free of external strain. The oscillatory black line and the
smooth red line are the planar average (PA) potential energy and its smoothing curve (i.e., the
double macroscopic average (DMA) potential energy).’’° It can be seen that there is a potential
energy drop throughout the ZnO barrier due to the non centrosymmetric structure of ZnO, which
is consistent with other report.>> Furthermore, the potential energy drops in the two ZnO tunnel
junctions are in opposite directions because of their different terminated surface structures. The
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FIG. 2. Planar average (PA) electrostatic potential energy and charge density along z direction of the two ZnO tunnel
junctions without strain. Their double macroscopic averages (DMAs) are also plotted (red lines). The dotted line labels
the position of each atomic layer.
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outmost atomic layers of the ZnO barrier in the left and right interfaces are Zn and O layers
respectively in the Ag-ZnO-Ag_zigzag tunnel junction whereas they are O and Zn layers respec-
tively in the Ag-ZnO-Ag_polar tunnel junction. It is known that the electric potential of the cation
(Zn) is positive whereas it is negative for the anion (O). Thus the potential energy of electron in
the Zn terminated surface is lower than that in the O terminated surface. Therefore the potential
energy of the ZnO barrier increases along the z direction in the Ag-ZnO-Ag_zigzag tunnel junction
whereas decreases in the Ag-ZnO-Ag_polar tunnel junction. The potential energy drop implies a
built-in electric field in the ZnO barrier. By linear fitting the DMA energy drop of the central
ZnO barrier, we can estimate the opposite built-in electric fields in the Ag-ZnO-Ag_zigzag and
Ag-ZnO-Ag_polar tunnel junctions to be about 0.52 V/nm and —1.21 V/nm, respectively. Here the
direction of positive electric field is pointing from the left electrode to the right electrode, i.e., the
opposite direction of the ZnO c axis.

In the wurtzite ZnO, each ion (Zn or O) is tetrahedrally coordinated with four other type ions
(O or Zn), forming a tetrahedral unit. However, due to the non centrosymmetry of ZnO, the center
of the positive charge is displaced with respect to that of the negative charge along the c¢ axis, which
results in a spontaneous polarization in the ZnO barrier free of external strain. By calculating the
atomic Born effective charges of ZnO using density functional perturbation theory (DFPT)**#! and
then multiplied by the relative displacement along z direction between the cation and anion in every
ZnO tetrahedron per unit volume, the average spontaneous polarizations of the ZnO barriers in the
Ag-ZnO-Ag_zigzag and Ag-Zno-Ag_polar tunnel junctions free of external strain are estimated to
be 0.073 C/m? and —0.039 C/m?, respectively. It is worth noting that since the DFPT implemented
in VASP is not suitable for metallic systems (ZnO barrier with metallic electrodes), the atomic Born
effective charge of ZnO barrier under each strain is obtained from its bulk material with correspond-
ing strain. Here the positive direction of the polarization is also pointing from the left electrode
to the right electrode, i.e., the opposite direction of the ZnO c axis. We can see that although
the spontaneous polarizations (0.073 C/m? and —0.039 C/m?) as well as the built-in electric fields
(0.52 V/nm and —1.21 V/nm) in the Ag-ZnO-Ag_zigzag and Ag-ZnO-Ag_polar tunnel junctions
free of external strain are in opposite directions, the direction of the spontaneous polarization is
identical with that of the built-in electric field in each ZnO tunnel junction.

By applying the Poisson’s equation,?® the planar average charge density distributions along z
direction in the two ZnO tunnel junctions free of external strain can be derived from the planar
average electrostatic potential energies, which are shown as the black lines in Figs. 2(b) and 2(d).
Meanwhile, their double macroscopic averages (DMAs) are also plotted as the red lines. Here the
electron potential energy and subsequent charge density comprise the contributions from the ionic
potential and the electron Hartree potential. It can be seen that the charge densities in the inner
Ag electrode and the inner ZnO barrier are flat and the total charge amount is zero since the ZnO
systems are electrically neutral.>” However, in the interface regions, we can see an obvious charge
transfer and accumulation due to the interaction between the ZnO barrier and the electrode.

In both ZnO tunnel junctions, we can see that there are distinct distortions nearby interfaces
in both potential energy and charge density as a result of the interface effect. Furthermore, due to
the non centrosymmetric structure of ZnO, the left and right terminated surfaces of ZnO barrier is
dissimilar, which results in the consistent potential energy drop, built-in electric field and sponta-
neous polarization in each tunnel junction. In addition, the directions of these electrical properties
in Ag-ZnO-Ag_zigzag and Ag-ZnO-Ag_polar tunnel junctions are respectively opposite since the
terminated surface structures in these two tunnel junctions are different. So all these electrical
properties of the two ZnO tunnel junctions free of external strain are induced based on structure.

B. Strain induced piezopotential energy and piezoelectric field

Besides the influence factor of structure, strain should also play an important role in the ZnO
tunnel junction since the ZnO barrier is piezoelectric. To investigate the impact of strain and explore
the embedded piezoelectric behavior, strain dependent electrostatic potential energy is studies. The
DMAs of potential energy in the inner ZnO region for the two ZnO tunnel junctions under strain are
shown in Fig. 3. Here the potential energy at the center of the ZnO barrier is set as the referenced
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FIG. 3. (a)~(d) Double macroscopic average (DMA) of electrostatic potential energy in the inner ZnO region for the two
ZnO tunnel junctions under strain. (¢) The derived piezopotential energy profile of the ZnO barrier, which is the intrinsic
characteristic of ZnO barrier, independent of its terminated surface but dependent on its ¢ axis orientation.

zero-point energy. It can be seen that strain can adjust the potential energy drop of the ZnO barrier.
In the Ag-ZnO-Ag_zigzag tunnel junction, the potential energy near the left interface decreases and
that near the right interface rises with the increasing compressive strain. As a result, the potential
energy drop gets steeper and steeper under compressive strain. When a tensile strain is applied, the
slope of the potential energy drop gradually flattens. However, the evolution trend of the poten-
tial energy drop in the Ag-ZnO-Ag_polar tunnel junction is reverse. The potential energy drop in
the Ag-ZnO-Ag_polar tunnel junction gradually flattens under compressive strain whereas it gets
gradually steeper under tensile strain.

The variation of potential energy with strain implies a strain induce reversible piezopotential
energy in the ZnO barrier. To explore the hidden piezopotential energy from above strain dependent
potential energies, one needs to lay flat the potential energy of the ZnO barrier without strain to
eliminate the structure based potential energy. After laying flat the DMA potential energies of
ZnO barriers in the two tunnel junctions without strain, the embedded strain induced piezopotential
energy is shown in Fig. 3(e). It is found that the piezopotential energy is followed by both the
Ag-Zn0O-Ag_zigzag and Ag-ZnO-Ag_polar tunnel junctions since their ZnO c axis orientations are
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FIG. 4. Dependence of the total built-in electric field in the inner ZnO region of the two ZnO tunnel junctions on strain.

identical. In the case of the c axis of ZnO barrier pointing from right to left, a negative piezopoten-
tial energy in the left terminated surface of ZnO barrier will emerge whereas a positive piezopoten-
tial energy will emerge in the right ZnO terminated surface when a compressive strain is applied.
The piezopotential energy distribution throughout the ZnO barrier will be reversed after applying a
tensile strain. The magnitude of the piezopotential energy increases with the increasing strain. Note
that this derived piezopotential energy is the intrinsic characteristic of ZnO barrier and is indepen-
dent of the terminated surface structure but dependent on the c axis orientation of ZnO. The calcu-
lated potential energy within the ZnO barrier under strain as shown in Fig. 3 is comprised by the
dissimilar terminated surfaces induced structural potential energy and the reversible strain depen-
dent piezopotential energy. The opposite evolution trend of the potential energy drop in the two ZnO
tunnel junctions under strain is resulted from the inverse structure based initial potential energy.

The strain induced reversible piezopotential energy also implies a reversible strain dependent
piezoelectric field, which is coupling with the structure based electric field and then forms the
total built-in electric field as shown in Fig. 4. The total built-in electric fields of the strained
Ag-ZnO-Ag_zigzag and Ag-ZnO-Ag_polar tunnel junctions are positive and negative respectively,
which are the same as their structure based electric fields without strain. It implies that strain adjusts
the built-in electric field on the basis of the structure based electric field. The total built-in electric
field in the Ag-ZnO-Ag_zigzag tunnel junction increases with the increasing compressive strain
and decreases with the increasing tensile strain. On the other hand, in the Ag-ZnO-Ag_polar tunnel
junction, the total built-in electric field decreases under compressive strain and increases under ten-
sile strain. This reverse evolution trend is due to the opposite structure based built-in electric fields
of the two ZnO tunnel junctions free of external strain. Meanwhile, it also implies the structure
independent piezoelectric field in the ZnO barrier under strain. For both two ZnO tunnel junctions,
after filtering out the structure based built-in electric field, we can find that a positive piezoelectric
field (in the opposite direction of the ZnO c axis) will emerge in the ZnO barrier under compressive
strain whereas a negative piezoelectric field will be induced under tensile strain. This piezoelectric
field is an intrinsic characteristic of ZnO barrier and dependent on the applied strain as well as the
ZnO c axis orientation.

C. Strain dependent piezoelectric polarization in the ZnO barrier

Hereinabove, we have seen that there is a spontaneous polarization in the ZnO barrier due to the
misalignment between the centers of the positive charge and negative charge in the ZnO tetrahedral
unit. Besides the structure induced spontaneous polarization, the total average polarizations of ZnO
barriers in the Ag-ZnO-Ag_zigzag and Ag-ZnO-Ag polar tunnel junctions under strain are also
shown in Figs. 5(a) and 5(b), respectively. It can be seen that the total polarization is linearly
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FIG. 5. Total average polarization of ZnO barrier in the two ZnO tunnel junctions under strain and the derived strain induced
piezoelectric polarization profile of the ZnO barrier.

dependent on the applied strain, which is also reported in ZnO nanowires.*> In the Ag-ZnO-
Ag_zigzag tunnel junction, the total polarization is enhanced under tensile strain whereas it will be
weaken and even reversed under compressive strain, which is consistent with experimental results.?’
The spontaneous polarization is almost counteracted under the compressive strain of —2%. On
the other hand, in the Ag-ZnO-Ag_polar tunnel junction, the total polarization exhibits a distinct
behavior. It is enhanced with the increasing compressive strain whereas weaken and even reversed
with the increasing tensile strain. A tensile strain of about 1% should be applied to counteract the
spontaneous polarization in the Ag-ZnO-Ag_polar tunnel junction. Similarly, this opposite evolu-
tion trend of the total polarizations in the two ZnO tunnel junctions should be due to their reverse
structure based spontaneous polarizations.

The above total polarization under strain is actually composed of the structure based sponta-
neous polarization and the strain induced piezoelectric polarization. The piezoelectric polarization
can be defined as the difference of polarization in the tunnel junctions with and without applied
strain. Thus basing on Figs. 5(a) and 5(b), the strain induced piezoelectric polarization profile can
be derived and is shown in Fig. 5(c). It is found that the piezoelectric polarization is also followed
by both the ZnO tunnel junctions. In the case of the ¢ axis of ZnO barrier pointing from right to left,
a piezoelectric polarization pointing from right to left will be induced in the ZnO barrier after apply-
ing an in-plane compressive strain to the barrier. The induced piezoelectric polarization in the ZnO
barrier can be reversed by switching the applied strain from compressive to tensile. Meanwhile,
the magnitude of the piezoelectric polarization increases with the increasing strain. This reversible
piezoelectric polarization is also the intrinsic characteristic of ZnO barrier and is independent of the
terminated surface structure but dependent on the ¢ axis orientation of ZnO barrier. We have to note
that, hereinabove, the direction of the structure based spontaneous polarization in each ZnO tunnel
junction free of external strain is identical with that of the structure based built-in electric field.
However, from the comparison of the piezoelectric polarization and the piezoelectric field, we can
find that the piezoelectric polarization and the piezoelectric field under identical strain are in oppo-
site directions. Actually, the strain induced piezoelectric field is associated with the depolarization
field, which will resist the piezoelectric polarization.
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D. Strain induced piezocharge in the ZnO barrier

For a piezoelectric tunnel junction under strain, the piezocharge is an important factor and all
other piezoelectric physical quantities (including the piezopotential, piezoelectric field and piezo-
electric polarization, etc.) are associated with the pirzocharge distribution. According to the clas-
sical piezoelectric theory, the strain induced piezocharge can be defined as the charge difference
between the devices with and without strain. The piezocharge density distribution of ZnO barrier in
the two ZnO tunnel junctions under different strains is shown in Fig. 6. The position of each atomic
layer is labeled by the dotted line. From this atomic scale piezocharge density distribution, we can
clearly see the distinct piezoelectric effect. The strain dependent piezoelectric effect exits not only
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FIG. 6. Piezocharge density distribution of ZnO barrier in the two ZnO tunnel junctions under strain. The position of each
atomic layer is labeled by the dotted line.
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in the interface regions but also in the inner ZnO region. The calculated piezocharge distribution is
abrupt and shows obvious atomic scale fluctuation.?” It can be seen that the applied strain does not
obviously affect the structure of the piezocharge density distribution but will change its magnitude.
In the Ag-ZnO-Ag_zigzag tunnel junction, the piezocharge density increases with the increasing
compressive strain. When the applied strain switches from compressive to tensile, the sign of the
piezocharge density is also reversed. The magnitude of the piezocharge density also increases with
the increasing tensile strain. Similar strain interrelated evolution trend of the piezocharge density
can be found in the Ag-ZnO-Ag_polar tunnel junction.

Besides the overall evolution trend of the piezocharge density, there seems to be a subtile
opposite evolution trend of the piezocharge densities on the left and right sides of each atomic layer.
To verify it and investigate the quantitative dependence of the piezocharge on the applied strain,
the total charge densities on the left and right sides of each atomic layer in the ZnO barrier are
calculated under various strains. Here the total charge density on each side of each atomic layer
is obtained by taking an integration of the planar average charge density distribution along the z
direction in corresponding interval. Note that the calculated total charge density is closely related
to the integral interval. From Figs. 2(a) and 2(c), we can observe the unartificial divisions (the peak
and (or) the valley in the planar average potential energy) between adjacent atomic layers. Since the
charge density is obtained basing on the potential energy by applying the Poisson’s equation, these
unartificial divisions are adopted to determine the integral interval in calculating the total charge
density on each side of each atomic layer.

Fig. 7 shows the strain dependent total charge densities on the left and right sides of each Zn
layer and O layer in the Ag-ZnO-Ag_zigzag tunnel junction. The left side and the right side of the
nth A (A denotes Zn or O) atomic layer are labeled as nA_L and nA_R, respectively. The interfacial
Zn and O layers are marked in the figure and the evolution trend of the total charge density is indi-
cated by the solid line. It is found that, before applying external strain, the total charge densities on
the left and right sides of each Zn layer or each O layer are not zero (i.e., not electrically neutral). It
means that the charge distribution in the ZnO barrier is not uniform even in the tunnel junction with
no strain. There are negative and positive total charge densities on the left and right sides of each Zn
layer respectively in the Ag-ZnO-Ag_zigzag tunnel junction free of external strain. After applying
external strain, all the Zn layers exhibit identical strain interrelated evolution trend of the total
charge density. Both the total charge densities on the left and right sides of each Zn layer exhibit a
decreasing tendency with the increasing compressive strain whereas an increasing tendency with the
increasing tensile strain. At the same time, before applying external strain, the total charge densities
on the left and right sides of each O layer in the Ag-ZnO-Ag_zigzag tunnel junction are positive
and negative, respectively. Contrarily, after applying external strain, both the total charge densities
on the left and right sides of each O layer increase with the increasing compressive strain whereas
decrease with the increasing tensile strain. Basing on these strain interrelated evolution trends of the
total charge density on each side of each atomic layer as well as the definition of piezocharge, the
strain induced piezocharge profile of each Zn and O layers in the Ag-ZnO-Ag_zigzag tunnel junc-
tion can be derived and shown in Fig. 7(c). In the case of the c axis orientation of ZnO barrier point-
ing from right to left, there will be positive piezocharges emerging on the left sides of both the Zn
and O layers and simultaneously negative piezocharges will emerge on their right sides when an in-
plane compressive strain is applied to the ZnO barrier. Contrarily, after applying an in-plane tensile
strain to the barrier, negative and positive piezocharges will respectively emerge on the left and right
sides of both the Zn and O layers. Note that this is a factitious single atomic layer treatment method
to intuitively perceive and apprehend the strain induced behavior of pizocharge. For the actual
ZnO barrier, these emerging piezocharges on each side of each atomic layer are coherent together
throughout the barrier and finally emerge at the terminated surfaces of the barrier. This reversible
strain induced piezocharge is consistent with above strain dependent piezopotential energy, piezo-
electric field and piezoelectric polarization (see the generalization in the following conclusion).

The strain dependent total charge densities on the left and right sides of each Zn and O layers
in the Ag-ZnO-Ag_polar tunnel junction are also calculated as shown in Fig. 8. We can see that,
besides the outmost atomic layers of ZnO barrier at the interfaces exhibit dissimilar behavior which
may be due to the strong interaction between the ZnO barrier and the electrode at the interfaces,
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the strain interrelated evolution trend of the total charge density on each side of the inner atomic
layer in the Ag-ZnO-Ag_polar tunnel junction is identical with that in the Ag-ZnO-Ag_zigzag
tunnel junction. Thus the derived piezocharge profile of the inner Zn and O layers under strain
in the Ag-ZnO-Ag polar tunnel junction as show in Fig. 8(c) is also identical with that in the
Ag-ZnO-Ag_zigzag tunnel junction, which also implies that this piezocharge is the intrinsic charac-
teristic of the ZnO barrier.
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FIG. 7. Strain dependent total charge densities on the left and right sides of each Zn layer (a) and O layer (b) in the
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total charge density is indicated by the solid line. (c) The derived piezocharge profiles of the inner Zn and O layers under
strain in the Ag-ZnO-Ag_zigzag tunnel junction.
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total charge density is indicated by the solid line. (c) The derived piezocharge profiles of the inner Zn and O layers under
strain in the Ag-ZnO-Ag_polar tunnel junction.

IV. CONCLUSIONS

In summary, the embedded piezoelectricity (including the piezopotential energy, piezoelec-
tric field, piezoelectric polarization and the piezocharge) and their correlation in two dissimilar
Ag-ZnO-Ag piezoelectric tunnel junctions with different ZnO terminated surface structures are
systematically investigated and explored basing on first principles quantum simulations. Results



065217-13 Zhang et al. AIP Advances 6, 065217 (2016)

show that all the studied physical quantities (i.e., the potential energy, built-in electric field, polar-
ization and charge distribution) in the ZnO tunnel junction under strain can be considered as
the composition of the structure based component and the reversible strain induced piezoelectric
component. It is found that the directions of the non centrosymmetric structure based potential
energy drop, built-in electric field and spontaneous polarization are consistent in each ZnO tunnel
junction but opposite in the two ZnO tunnel junctions due to their different terminated surface struc-
tures. Meanwhile, the reversible strain induced piezopotential energy, piezoelectric field, piezoelec-
tric polarization and piezocharge in the two ZnO tunnel junctions are identical since the ZnO c
axes of these two tunnel junctions are in the same direction. Actually, they are verified to be the
intrinsic characteristics of ZnO barrier basing on piezoelectric effect, which are independent of the
system’s structure but dependent on the c¢ axis orientation of the ZnO barrier and the applied strain.
As shown in Fig. 9, in the case of the c axis orientation of the ZnO barrier pointing from right to left,
after applying an in-plane compressive strain to the barrier, positive and negative piezocharges will
respectively emerge on the left and right sides of each Zn and O atomic layers and finally emerge
at the left and right terminated surfaces of the ZnO barrier. Simultaneity, a piezopotential energy
drop with negative and positive piezopotential energies emerging at the left and right terminated
surfaces is induced throughout the ZnO barrier. Furthermore, a piezoelectric polarization pointing
from right to left (in the same direction of the ZnO c axis) and a piezoelectric field (associated with
the depolarization field) point from left to right are induced in the ZnO barrier. The magnitudes of
all these piezoelectric physical quantities increase with the increasing compressive strain. When the
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applied strain switches from compressive to tensile, all these physical quantities would also reverse
and increase with the increasing tensile strain. This revealed comprehensive picture of ZnO’s piezo-
electricity provides a quantitative perception on the piezoelectricity effect in the view of atomic
scale quantum theory and may guide the further design of ZnO functional devices.
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