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ABSTRACT: The remarkable piezoelectric characteristics man-
ifested by two-dimensional (2D) materials render them immensely
coveted candidates for deployment in nanoscale energy harvesting
tools. In this study, we demonstrate the generation of nanoenergy
from the tribo-piezoelectric effect in a 2D BeO bilayer system by
employing first-principles density functional theory calculations.
We find that compression and sliding motions between two BeO
layers produce a substantial tribo-piezoelectric effect. Lateral
sliding of the upper BeO layer while the bottom BeO layer
remains fixed engenders tribological energy from the vertical
resistance force. Through tribological energy conversion, we show
how BeO bilayers may overcome the interfacial sliding barrier and
generate tribo-piezoelectricity. We obtain maximum energy
corrugation in the range of 101—301 meV and shear strength in the range of 0.4—2.38 GPa during vertical compression. The
highest out-of-plane piezoelectricity is obtained when the bilayers are in the A—A stacking configuration by lateral sliding. A
maximum induced voltage of ~0.22 V is attained through the vertical compressive sliding of the upper layer. These findings offer
potential opportunities for harvesting nanoenergy from the tribo-piezoelectric effect of BeO systems, paving the way for advancing
the field of self-powered sensors, wireless electronics, and wearable devices.
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B INTRODUCTION

Energy harvesting technologies that can generate electricity
from mechanical motion have received significant attention
recently.' ° The piezoelectric effect is a widely used method to
generate electrical energy from mechanical stress.”*’ ' The
triboelectric effect, which involves the generation of charge
separation due to friction between two materials, is another
promising approach for energy harvesting.u_18 In this context,
nanogenerators based on tribo- and piezo-electric effects of
materials have attracted increasing attention'*~>" due to their
small size and scalability for various applications, such as self-
powered sensors,”” wireless electronics,””** and wearable
devices.”>*° However, tribo-piezoelectric nanogenerators
(TPNGs) are still relatively inefficient compared to other
energy harvesting techniques, such as solar cells”” or
thermoelectric*® generators. Improving the efficiency of
TPNGs is a major challenge and requires optimizing the
materials and device design to maximize energy conversion.
The reduction of dimensionality can result in notable
deviations in the material's properties from their bulk
counterparts, often exhibiting unique or unexpected character-
273 For example, two-dimensional (2D) graphene
exhibits exceptional electrical and thermal conductivity as
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well as extraordinary mechanical strength, doped 2D h-BN*7
demonstrates unusual optical and magnetic behaviors, and 2D
metal dichalcogenides® show auspicious tunable band gap
energies and catalytic edge effects. Piezoelectricity is another
interesting and significant trait of 2D materials because it
enables the transfer of energy between electrical and
mechanical forms. Compared to bulk materials, 2D crystal
structures exhibit a higher degree of anisotropy, which is
characterized by a reduced number of symmetry elements.*”
The elimination of inversion symmetry in 2D structures is a
common occurrence, leading to the emergence of piezoelectric
properties in such materials. Compounds that display planar
and buckled hexagonal structures can disrupt inversion
symmetry and therefore demonstrate piezoelectric proper-
ties."” The exceptional piezoelectric properties exhibited by 2D
materials make them a highly desirable candidate for utilization
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in the next generation of energy harvestin% devices, trans-
ducers, sensors, and actuator applications.”*

In recent years, several 2D materials have been shown as
promising candidates for the development of nanoscale energy
harvesting devices."' ~*Transition-metal dichalcogenides”"
(TMD) and Janus WSSe or WSTe monolayers have been
found to display both vertical and in-plane piezoelectric
properties. The generation of ferroelectricity due to sliding
motion is reported for several bilayer structures of 2D
materials.”* ™' Moreover, it has been demonstrated that
group-III nitride bilayers display robust triboelectric and
piezoelectric characteristics.”> In this context, monolayer
honeycomb beryllium oxide (BeO) has recently garnered
significant interest in the realm of nanoscale device fabrication
due to its unique properties, including a large electronic band
gap (~6 eV),> exceptional mechanical strength, superior room
temperature thermal conductivity (~270 W/m-K),”*>* high
excitonic binding energy,’® and remarkable optical proper-
ties."* The anticipated substantial variation in electronegativity
among the constituent elements, namely, Be (1.57) and O
(3.44), seen in BeO is likely to lead to considerable
polarization upon mechanical agitation. BeO offers excellent
piezoelectric behavior (has the highest piezoelectric stress, e},
coefficient among group II—IV oxide compounds®”), leading to
the generation of electric charge in response to applied
mechanical stress. Although 2D BeO is anticipated as a
promising tribo-piezoelectric material for nano energy
generation, a comprehensive understanding of the mechanisms
underlying the piezoelectric and triboelectric phenomena
involved in developing 2D BeO-based nanogenerators is
currently lacking. Therefore, it is imperative to investigate
the mechanism by which mechanical deformation and friction
generate electrical potential prior to utilizing these materials
for nanogenerator applications.

In this work, we explore the tribo-piezoelectric properties of
2D BeO through a comprehensive analysis utilizing ab initio
density functional theory (DFT) calculations. Based on the
investigated tribo- and piezoelectric responses, we propose a
compression-sliding BeO nanogenerator. The shear strength,
polarization deviation, and energy changes due to the changes
in the in-plane sliding motion and the vertical distance
between the two BeO layers have been calculated. Our findings
indicate that the induction of vertical polarization in bilayer
BeO can be achieved through transverse sliding along a specific
direction of the BeO monolayers. During the transition to the
A—A configuration with a fixed interlayer distance, there is a
notable enhancement in the vertical polarization and no
occurrence of triboelectric charges. The observation suggests
that the generation of piezoelectricity has been induced
through an increase in vertical polarization,” as opposed to
the production of triboelectricity via tribological means.*® It is
noteworthy to state that tribo-piezoelectricity is distinct from
traditional piezo-triboelectricity since triboelectric charges are
never produced by interlayer sliding.

B MODEL AND CALCULATION METHODS

We first considered a bilayer of BeO made of vertically stacking two
BeO monolayers in order to explore the mechanical resistance and
distortion. Bilayer BeO has a rhombic unit cell consisting of two
beryllium (Be) and two oxygen (O) atoms. In order to attain the
translation along the xy plane, the lower BeO layer was kept stationary
while the upper BeO layer experienced transverse sliding. Accordingly,
the system is translated to various points on the xy plane. Structural
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optimization was performed in each translated point while a fixed
vertical distance was maintained between the oxygen atoms of the
upper and lower BeO layer. All through the in-plane horizontal
moving of the top BeO layer on the xy plane with a constant interlayer
spacing, the potential energy surface (PES) was quantified using the
expression:

EPES(x! )’) = E(x, )’) — Enin (1)

With Epgs(x, ) signifying the PES at the xy coordinates. Herein, PES
implies the potential energy of the structure due to the translation of
the upper layer at various points across the xy plane while E(x, y)
represents the energy achieved at a particular xy coordinate of the
system, and E_; stands for minimum value of E(x, y) at which the
total energy of the system is at its lowest. We obtained the
comparative vertical polarization at a distinct xy coordinate (Pp)
through the relation:

i )

Here, d and A correspond to the dipole moment in the vertical
direction and the area of the bilayer’s unit cell. At the primary
optimized state, charges are transferred to the oxygen atoms of the
BeO sheets, attributable to the greater degree of electronegativeness
of the oxygen atoms (3.44) compared to the beryllium atoms (1.57)
which results in the out-of-plane polarization of the charges.
Consequently, primary vertical polarization with zero (0) normal
force (Ppy) is taken as null. The polarization deviation surface’
(PDS) while performing the in-plane xy sliding was computed from
the absolute value of the vertical polarization from the relation:

5P(x)y) =PD(xr J’) — Py (3)

where 6P(x, y) is the PDS and Pp(x, y) stands for the vertical
polarization at a distinct xy coordinate. A greater degree of the vertical
dipole moment and polarization is expected, while the sliding
resistance force between the two BeO sheets is accounted for. We
determined the shear strength related to the in-plane xy translation of
the upper layer as:

B

Bwr
A

(4)

where 7 refers to the interlayer shear strength, which is attained from
the highest static resistance force (Fyy) acting upon the BeO sheet
with the area A during the lateral moving process of the upper layer.

For all the computations in this study, we utilized first-principles
density functional theory (DFT) calculations as implemented in the
plane wave self-consistent field (PWscf) Quantum Espresso®”®" suite.
We used the Kresse—Joubert projected augmented wave®" (KJPAW)
potentials to describe the interactions between the electrons and ions,
while the Perdew—Burke—Ernzerhof® generalized gradient approx-
imation®" (PBE—GGA) was applied for the electron-correlation
functional. The interaction between the two successive bilayers was
avoided by introducing an adequate free space exceeding 20 A along
the z-axis. A T-centered 15 X 15 X 1 Monkhorst—Pack®® grid was
employed to sample the first Brillouin zone of the unit cell. To
incorporate the van der Waals (vdW) intermolecular attractive forces,
we used the optB86b-vdW® introduced by Klimes et al. The
optB86b-vdW is an improved version of the vdW-density functional®®
in which the original vdW density®>%® functional was substituted by
the optB86b exchange functional to calculate more precise
interatomic spacings and energies in equilibrium for a large variety
of structures. The cutoff of the plane wave basis was taken as 50 Ry
while the charge density cutoff was taken as 500 Ry. For the ground-
state electron density to converge, we applied 1077 au as the energy
cutoft value. The convergence threshold on the force on the atoms
was 107 Ry/au for calculating precise force and stress.

B RESULTS AND DISCUSSION

The optimized structural parameters of free-standing single-
layered BeO were initially studied. Our calculation yielded 2.66
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Figure 1. Bilayer structures of BeO with (a) A—B stacking pattern, (b) A—C stacking pattern, and (c) A—A stacking pattern. The green atoms
represent the Be atoms, while the red atoms demonstrate the O atoms. The lattice parameter is represented by “a”, and the interlayer distance is
represented by “d”. (d) Phonon dispersion relations for all the stacking configurations.

A for the lattice constant along with a Be—O bond length of
1.535 A, where the structure of the BeO single layer was fully
relaxed. This is in close agreement with previous studies.’>®’
The BeO layer exhibits a planar honeycomb structure, similar
to graphene, with no buckling present in the structure. The
BeO bilayer was adapted by stacking two BeO layers vertically.
Our study suggests that A—B and A—C were the two stable
geometric configurations for the BeO bilayer, as confirmed by
the absence of negative frequencies in the phonon dispersion
relations (Figure 1d). As shown in Figure la, the A-B
configuration has a bilayer structure with the O atom of the
upper layer directly above the Be atom of the lower layer and
the Be atom of the upper layer in the middle of the hexagon
formed by the lower BeO sheet.

The A—C stacking geometry (Figure 1b) has the Be atoms
of the top layer directly above the O atoms of the lower layer,
while the O atoms of the upper layer are in the middle of the
hexagon of the lower BeO sheet. The vertical distance between
the O atoms of the upper and lower layers is taken as the
interlayer spacing between the two monolayers. To obtain
equilibrium interlayer spacing, the variation of the binding
energy of the bilayer as a function of interlayer spacing is
calculated. The A—B and A—C configurations yielded
optimum interlayer distances of 3.03 and 3.04 A, respectively.
As the optimum interlayer spacing correlates with the
maximum negative binding energy, it signifies stable electronic
features.”®” The binding energy of a system renders
information on the system’s stability in that a higher negative
value of the binding energy signifies the structure is more
stable. For the BeO bilayer system, a negative binding energy is
obtained for interlayer spacings ranging from 3.03 to 2.63 A. In
order to apply vertical compression sliding of the upper BeO
layer and achieve greater energy corrugation, this range of
interlayer spacing is then taken into consideration as a basis to
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evaluate the spacing distance that results in a stable
(exothermic) structure.

The influence of the transverse xy sliding of the upper BeO
layer with respect to the lower BeO layer is studied for two
distinct interlayer spacings, 3.03 and 2.63 A. The sliding
induces a change in the potential energy and the polarization
deviation at the surface. Figure 2a,b shows the PES and the
PDS plots of the BeO system at these two interlayer spacings.
The PES and the PDS plots exhibit a periodic pattern, which is
consistent with the hexagonal honeycomb geometry of the
layered BeO. The structures with the maximal and minimal

300

Figure 2. (a) Calculated PES measured in meV and (b) PDS
measured in pC/m due to in-plane sliding of the BeO bilayer. The
figures on the left and right pertain to interlayer distances of 3.03 and
2.63 A, respectively. The black dot is used to indicate the location of
A—A and A—C stackings resulting from sliding.
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Figure 3. (a) Plotting the maximum deviation of polarization (pC/m) against the corresponding maximum sliding energy barriers (meV). (b)
Variation of the interlayer spacing in the BeO bilayer versus deviation of the interlayer shear strength (blue line with filled blue circles) and

maximum sliding energy barriers (black line with black circles).

potential energy are identified using the PES. During the xy
sliding, the bilayer system demonstrates the maximum
potential energy (300 meV for interlayer distance 2.63A)
when it is translated to the A—A configuration (Figure 1c). In
contrast, the potential energy is minimal when the bilayer
system is translated to the A—B and A—C stacking
configurations. Because the potential energies of the A—B
and A—C configurations are very similar, it is unclear which
structure should be used as the starting point. Therefore, we
also calculated the PDS to verify the configuration taken as the
initial position. As Figure 2b suggests, the vertical polarization
is highest (1.0 pC/m) when the bilayer system resembles the
A—A configuration. In addition, polarization is enhanced
considerably (2.80 pC/m) when the system is compressed to a
lower interlayer distance (2.63 A). In contrast to the A—A and
A—C configurations, the A—B configuration exhibits a
relatively small polarization. Therefore, the A—B stacking
configuration will be the initial position for further study, and
the A—A pattern will be the end point. It is noted that the A—A
configuration is not energetically favorable if no mechanical
restriction or stimulus is applied to the system. Only a
horizontal driving force greater than the resistive force and
interlayer shear strength can cause the A—B configuration to
transition to the A—A pattern during in-plane xy sliding.

As translating to the A—A geometry while a constant
interlayer spacing is maintained improves the vertical polar-
ization substantially, the interlayer sliding and the associated
sliding resistance can be viewed as a tribological phenomenon.
Thus, the in-plane inlayer sliding that causes the enhancement
of the out-of-plane vertical polarization is considered as a tribo-
piezoelectric event. The tribological energy conversion results
in piezoelectricity, which exceeds the sliding resistance energy
barrier. For the BeO bilayer system to be translated into the
A—A stacking configuration, it is necessary to apply an external
translational force as well as pressure, and the tribological
energy is thus transformed into electrical energy. As the
interlayer spacing is kept fixed, the triboelectric effect is
maintained by means of conquering the interlayer sliding
energy barrier induced by the resistance and shear strength.
Therefore, the tribo-piezoelectric effect is responsible for the
out-of-plane vertical polarization prompted by the lateral
sliding of the bilayer system.

Cai and co-workers also reported this type of tribo-
piezoelectric phenomenon in bilayer systems comprising
Janus transition metal dichalcogenides.”’ InN and XN (X =
B, Al, Ga) structures are also reported to show a similar tribo-
piezoelectric effect.’>’" However, in contrast to the earlier
analyses in which the triboelectric effect generated static
charges,” in this analysis, piezoelectricity was generated by the
tribological energy. The energy corrugation (AE) in the PES
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plot is therefore dependent on the vertical friction of resistance
between the layers and an increase in the interlayer friction and
resistance will result in a greater corrugation of the energy.”’
The variation trend of the highest polarization deviation
(AP,.) with respect to the highest energy corrugation
(AE,) is shown in Figure 3. Obviously, AP, increases
linearly with the rise of AE_,. The degree of vertical
polarization achieved is directly proportional to the amount
of energy needed to overcome interlayer resistance. Using eq 4,
one can calculate the relative shear strength based on the
highest static resistance force due to the lateral sliding process.
The shear strength and interlayer separation of the BeO bilayer
structure are correlated, as illustrated in Figure 3 (right
column). Throughout the vertical compression, we obtained
maximum energy corrugation in the range 101—301 meV and
a shear strength ranging from 0.4—2.38 GPa for the BeO
bilayer system. The values are rather similar to those obtained
by Cai et al. for Janus transition metal dichalcogenide.”!
However, the BeO bilayer system has a greater value of
polarization (1—2.69 pC/m) compared to the bilayers of the
Janus TMD:s and also greater than that of &-BN (0.6—2.3 pC/
m and 2.1 pC/m, respectively). Moreover, the h-BN
nanogenerators are reported to show a relatively low AE_,
(210 meV) in contrast to that of the layered BeO system. In
addition, an exponential growth in shear strength and
maximum energy corrugation is noticed with the decrease in
layer spacing. Hence, vertical compression sliding is an
excellent method for enhancing the efficiency of the tribo-
electric to electrical energy conversion.

Nonetheless, through the vertical compressive sliding, a
modification in the bilayer structure can be observed, which is
attributable to the in-plane strain produced by the vertical
stress. When the spacing between the BeO layers is reduced,
changes occur in the interaction within the bilayer atoms; the
more the interlayer spacing is decreased from the equilibrium
position, the stronger the effect develops. The BeO bilayer has
a lattice constant of 2.66 A at the equilibrium interlayer spacing
(3.03 A). However, when the interlayer distance is reduced to
2.73 and 2.63 A, the lattice constant becomes 2.45 and 2.39A,
respectively. Structural optimization is performed each time
the vertical stress is incorporated into the bilayer system, and
the altered lattice parameters are taken into consideration for
further computations.

In order to study how the charges contribute to the tribo-
piezoelectric features observed in the BeO bilayer, we
calculated the charge density difference of the bilayer system
using the relation below,

AY = Yoo — Yy

pper YL

ilayer ower (5)

https://doi.org/10.1021/acsaelm.3c01404
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Figure 4. Visualizing the ob86-vdW weighted charge density differences in BeO bilayers. The figures display both top and side views of various
stacking patterns. The top row illustrates the A—B configuration with interlayer spacings of (a) 3.03 and (b) 2.63 A. The bottom row showcases the
A—A configuration with interlayer spacings of (c) 3.03 and (d) 2.63 A. Green spheres denote Be atoms, and red spheres denote O atoms. Charge
accumulation is depicted in yellow, while charge depletion is shown in cyan.

Here, Ygjj,ye, stands for the total charge density of the BeO
bilayer, Y. refers to the charge density of the upper layer,
while Y., symbolizes the charge density of the lower BeO
layer. Figure 4 illustrates the charge density difference of the
A—A and A-B stacking configurations for the two different
interlayer spacings, 3.03 and 2.63 A. It can be seen that the
charge increases near the oxygen atoms of the upper and lower
layers as well as at the bilayer interface for both of the
interlayer distances (Figure 4). Furthermore, translating the
A—B stacking configuration to the A—A pattern results in a
drastic escalation in the magnitude of charge near the oxygen
atoms. The charge density difference of the A—A configuration
is enhanced substantially when the interlayer spacing is
decreased from 3.03 to 2.63 A. The increase of charge near
the oxygen atoms of the bilayer implies a greater out-of-plane
polarization for the A—A configuration. The alteration of
interlayer distance leads to variations in the average charge
density difference between the top and bottom Ilayers.
Therefore, we calculated the average charge density differences
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between the top and the bottom layers of the BeO bilayer. The
initial application of this method involves applying zero normal
force (F, = 0) along the z-axis. The charge density difference of
the upper layer and the lower layer (symbolized as AY e,
and AY ., respectively) are quantified using the relations:

— vO (6]
AYupper = Y tpper = Y Upper(,=0) (6)
and
AYLower = YSower - Ygower(P;]:O) (7)

Here, ngper and YP,.., stand for the average charge densities
of the oxygen atoms in the upper and lower monolayers,
respectively along the z-axis, while ngper(F“=0) and Yﬁ,wer(Fﬂ:(,)
are the average density of charges for the upper and lower
layers with zero normal force, respectively. The change of the
average charge density difference of the upper and lower layer
as a function of interlayer spacing ranging from 3.03 to 2.63 A
is illustrated in Figure Sa,b. One can clearly observe that
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Figure 5. (a, b) Average charge density differences in the BeO bilayer (at scale of 0.001 e/A*) of the upper and lower monolayers for the (a) A—B
pattern and the (b) A—A pattern versus the variation in the interlayer spacing. The electrodes connected with the surface of the upper and lower
layers of the (c) A—B and (d) A—A configurations accumulate relative induced charge and voltage. (e) Gain in charge due to sliding of the two

monolayers of the BeO bilayer.

reducing the interlayer separation results in an increased
average density of charges on the two monolayers. The
magnitude of the charge density is greater for the lower layer
compared to the upper layer for the A—B configuration during
the application of vertical compression to the bilayer system.
However, the dominant contribution of the density of the
charge comes from the upper layer in the A—A configuration.
The redistribution of the charges in the top and bottom layers
of the BeO bilayer is in line with the result of the charge
density difference of the bilayer shown in Figure 4.

Vertical compression of the A—B stacking of the BeO bilayer
leads to the migration of a reasonable number of electrons to
the O atoms. When the upper and lower surfaces are
connected to electrodes, a small amount of voltage (along
with small inducive charges) will be engendered, as shown in
Figure Sc. Translation of the bilayer to the A—A stacking
configuration while maintaining the same interlayer spacing
results in a greater number of electrons being concentrated
near the oxygen atoms. Subsequently, there will be higher
induced charges on the top electrode, and the magnitude of
the voltage developed between the upper and lower electrodes
will be greater, as shown in Figure 5d. Such compression-
sliding action in the bilayer system offers a potential way for
converting mechanical energy to electricity. Additionally,
Figure Se demonstrates the charge gained at the upper and
lower layers when the upper layer is vertically slid. The charge
gain (e) is estimated by detracting the charge for the
corresponding monolayers of the A—A and A—B stacking
arrangements.

In order to enumerate the magnitude of the maximum
voltage generated for the A—A stacking, the difference of the
electrostatic potential between the oxygen atoms of the upper
and lower layers is quantified. The variation of the electrostatic
potential difference (AU) while changing the interlayer
spacing is calculated through the expression:
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AU = AUypper = AUpgyper (8)

With

AUypper = ngper - Ulcl)pper(F.FO) 9)

and

AU pyer = Ul?ower - U&wer(&=o) (10)
where ngper and Up,,. refer to the average electrostatic

potential of the oxygen atom of the upper layer and lower
layer, respectively. U8pper(F,,=0) and Uﬁ)wer(Fn:O) stand for the
average electrostatic potential of the oxygen atom of the upper
layer and the lower layer, respectively, with the normal force
being zero (0). As Figure 6 suggests, with the decrease of the
interlayer spacing, vertical polarization and potential difference
between the upper and lower layers increase substantially.
During the compression scheme of the A—A configuration, we
achieved a generated voltage ranging from 0.15 to 0.22 V by

0.25
020 _‘\'_‘\\‘\O—‘\‘\
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Figure 6. Change of the electrostatic potential differences between
the upper- and lower-layer’s O atoms for the AA configuration. The
inset expresses the evaluation of the generated electric voltages
between A—B and A—A configurations when compressing the
interlayer spacing of the BeO bilayer from 3.03 to 2.63 A.
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the relation ¢ = —, Y where ¢ is the amount of voltage induced

and e is the unit charge. Large surfaces may store more charge
and provide an enhanced terminal voltage, which affects the
peak-induced voltage. When compared to theoretically
calculated data, the highest power density and induced output
voltage acgulred by the experiment often show less than 20%
difference.

Finally, a compression-sliding motion nanoenergy harvesting
device is demonstrated to use the BeO bilayer as a
nanogenerator. The prototype of the anticipated nano-
generator is shown in Figure 7. For the experimental

Figure 7. Prototype of BeO bilayer-based sliding and compression
nanogenerator. A bilayer of BeO is sandwiched between two
electrodes, with the probe placing above the top electrode.

development of the suggested nanogenerator, we utilize the
nanoscale probing scheme”*™7° with a view to encompass force
or rotation on a sheet, or a small number of layers of material
orientated in a particular direction. Herein, a smaller BeO
sheet slides on a comparatively larger BeO monolayer, in
accordance with the perpendicular and transversal movement
applied through the probing tip. Two edges of the BeO bilayer
structure are connected to two electrodes, while the movement
of the flake is regulated by a probe connected to the upper
electrode. The probe is de51gned to act as a conductor that
connects to the lower electrode.”” The most common gold
(Au) electrode could be used in the present prototype.
Moreover, recent Au/TMD research has demonstrated
comparable electrical properties, confirming that the Au
electrode has no significant influence on the TMD layer.*”*
In addition, as our further analysis reveals, the gold electrode
shows minimal effect on the tribo-piezoelectric properties of
the BeO bilayers, and adhesion of the gold electrode to the
layered BeO surface has greater strength than the adhesion
between the two BeO layers. Similar to a conventional
electrical system, a voltage drop occurs in the real world due to
factors such as wire resistance, load resistance, and the junction
at the probe tips. Furthermore, in practical applications of
tailoring electrical voltage through vertical sliding cycles of the
probe tips, slight variations in the output results can be
attributed to pressure fluctuations. The influence of utilizing a
Au electrode is examined by considering a relaxed Au-
supported BeO monolayer, as depicted in Figure 7.

To achieve a matching lattice parameter with the Au
substrate, the lattice parameter of BeO is under a compressive
strain of 4.2%. The resulting optimized interlayer spacing
between Au and the BeO layer is determined to be 2.54 A,
indicating physical adsorption at the Au-BeO interface. The
binding energies per atom for the Au/BeO and BeO bilayers
were computed to be —0.604 and —0.0375 eV, respectively. A
substantially larger adsorption force exists between the Au
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electrode and the BeO contact than exists between two BeO
monolayers. A similar outcome was observed in the contact
between Au and Janus TMD structure.”’ Figure 8 displays the
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Figure 8. (a) Top view and (b) side view of the gold (Au)/BeO
heterostructure. (c) Partial density of states (PDOS) of the BeO
bilayer and (d) PDOS for the Au-BeO heterostructure.

atom partial density of states for the Be and O atoms in both
the BeO monolayer and the Au/BeO interface. At the interface
of Au/BeO, the Fermi level of monolayer BeO is observed to
be pinned toward the conduction band, which suggests the
presence of an n-type contact. The formation of an interlayer
Schottky barrier in the Au-BeO contact results in increased
contact resistance, thereby restricting the transfer of charge
carriers across the two interfaces. Previous theoretical studies
on the contacts between metals and 2D materials corroborate
our findings. As per the tribo-piezoelectricity mechanism
illustrated in Figure S, the contact between the electrode and
the BeO layer results in the generation of inductive charges,
while no transfer of charge occurs from the BeO to the
electrode. The presence of a Schottky barrier at the interface
between the metal electrode and the BeO layer is expected to
impede the flow of charges.

Hence, it can be inferred that the impact of the metal
contact on the tribo-piezoelectricity of the BeO bilayer is
insignificant. Moreover, recent studies on Au/TMD have
demonstrated analogous electrical properties, suggesting that
the TMD layer is marginally influenced by the Au electrode.””

The aforementioned findings imply that the tribo-piezo-
electric behavior of the BeO bilayer is negligibly impacted by
the Au contact, and the compression-sliding scheme is
consistent and reliable when used with the BeO bilayer. The
interlayer resistive and sliding forces enable the conversion of
mechanical energy to electrical energy. The tribological energy
therefore contributes to a large portion of the generation of the
electrical energy. The amount of electrical energy generated
can be estimated by:

Egiete = Eqpiga ~ Pt

(11)

where Eg, is the electrical energy produced, Epygq stands for
the tribological energy, and P is the quantity of the electrical
power produced by the nanogenerator at a particular time t.
The setup of Figure 7 can also be studied as a spring-force
modeling’ because the sliding force is applied to the template
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in a defined direction. The following relations can be used to
attain the triboelectric energy and the electrical power
produced in each translation cycle:

. _ XIAE,,
Tblge — 24 (12)
P Epga  XIIAE,
T 2at (13)

Here, the displacement of the probe in each translation cycle is
represented by X, while a is the lattice constant of the bilayer.
The quantity of the power delivered by the BeO nanogenerator
is therefore determined by the probe’s sliding speed (X/t) as
well as the maximum energy corrugation (AE,y,,,), i.e., maximal
height of the sliding force barrier. Once pressure is applied
vertically to the bilayer prototype through the probe, it leads to
a decrease in the interlayer separation, and a higher amount of
power is produced. In effect, 1 to 100 nm s™'*' of sliding speed
can be achieved with the probe tips. If all of the tribological
energy is transformed into electrical energy, the tribo-
piezoelectric property will produce power with the density
ranging from 299.6992 to 29969.92 yW/cm® in each sliding
cycle, for a sliding speed of 1—100 nm s~' when the interlayer
separation is lowered to the value of 2.63 A. Based on
experimental findings, a tribo-piezoelectric nanogenerator is
capable of providing 7 uW/cm? power density.’® Earlier
analyses reported that the power density provided with the
piezoelectric' nanogenerators is between 4.41 to 5.92 yW/cm?,
while for the triboelectric”’ nanogenerators, the range of power
density output is 400 to 50,000 #W/cm? In contrast to prior
theoretical and experimental studies on nanogenerators
consisting of graphene oxide and bilayer PVDE-TrFE,'
monolayer MoS, flake,”* h-BN polypropylene, GaN nano-
wire®! array and Janus transition metal dichalcogenide,”’ and
2D group-III Nitrides,”” our proposed BeO bilayer provides
ample maximal power output, as well as a significant amount of
induced electrical output voltage (as summarized in Table 1).

In addition, we also broadened our study to a larger BeO
bilayer system consisting of a (3 X 3) bilayer supercell, which
yielded a power density output ranging from 299.7571 to
29975.71 uW/cm?. This value is a little higher than the result

Table 1. Comparing the Maximum Power Density and
Induced Output Voltage Achieved through the Tribo-
Piezoelectric Effect of the Anticipated Configurations with
Those Obtained from Previously Studied Configurations

tribo-piezoelectric
maximum power

maximum induced output
density (mW cm™2)

voltage (V)

proposed material  theoretical experimental  theoretical ~experimental
proposed 2D BeO ~30 0.22
bilayeﬁr2 of 2D h- ~25 0.172
BN~
bilayer of 2D ~74 0.20
InN"°
GaN nanowire 0.15-0.35
array®'
Janus TMD ~29.64 0.25
bilayers™'
monolaXer MoS, ~2x 1074 0.01825 0.015
flake®
h-BN ~29 X 107* 2.3

polypropylene'*
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attained for the BeO unit cell. Besides, the supercell yielded
0.225 V induced voltage and 2.69 pC/m polarization. The
supercell structure results in an increase in the surface area,
which then causes an upsurge in charge deviation and leads to
a rise in power density as well as the amount of voltage
induced. Given that there is an electro-mechanical setup
(probe pressure and output wire), it is also important to take
the calculation’s inaccuracy of the generated electrical voltage
into consideration.*””** In terms of energy harvesting
applications, the suggested BeO nanogenerators are promising
contenders, specifically for low-power devices and self-driven
sensors. Of late, the synthesis of BeO has undergone
substantial research and advancement. Zhang et al.*> reported
that the large-scale epitaxial growth of the BeO monolayer on
Ag (111) thin films and nanoelectronic and spintronic device
applications based on 2D BeO have experienced substantial
progress.”® It is therefore expected that the experimental
realization of BeO bilayer-based tribo-piezoelectric nano-
generators will become viable in the future. Although BeO-
based energy harvesting technologies are expected to have
promising implications in diverse areas, the environmental
impact and sustainability aspects of using such energy
harvesting devices, especially in applications such as wearable
devices, should be better understood. A comprehensive
analysis of the entire life cycle of BeO-based devices, from
raw material extraction to manufacturing, use, and disposal,

should be explored.

B CONCLUSIONS

In conclusion, the 2D BeO bilayer is thoroughly inspected to
validate the tribo-piezoelectric effect by using ab initio DFT
calculations. For lateral sliding, the BeO bilayer demonstrates
maximum potential energy (300 meV) with the A—A stacking
geometry rather than the A—B and A—C stacking structures.
Vertical polarization is the highest (2.69 pC/m) also when the
bilayer systems resemble the A—A configuration. For a
constant interlayer distance, vertical polarization increased
substantially for A—A stacking. Therefore, the tribo-piezo-
electric effect is responsible for the out-of-plane vertical
polarization induced by the lateral sliding of the bilayer system.
The amount of tribological energy was estimated by the degree
of shear strength and sliding resistive force. During vertical
compressive sliding, the BeO bilayer generates a voltage of
~0.22 V. By broadening the BeO bilayer system into a (3 X 3)
bilayer supercell, it has been found that power density output
significantly improves and ranges from 299.7571 to 29975.71
UW/cm?®. All of these findings strongly suggest that the BeO
bilayers could be used to design a stable, sophisticated, and
tremendously efficient nanogenerator for translating and
harvesting energy at the nanoscale.
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