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Piezo-Semiconductor Coupled Model for the Simulation of

Zinc Oxide 1-3 Piezo-Composite

Emmanuel Dumons,* Louis Pascal Tran-Huu-Hue, and Guylaine Poulin-Vittrant

Semiconducting effects in zinc oxide nanowires-based nanogenerators greatly
impact their performances. A coupled model integrating piezoelectric and
semiconducting properties is developed with a finite element method to
better understand the phenomena involved in this kind of device made with a
process including chemical bath deposition of the nanostructures and their
polymer encapsulation. Free carriers and surface traps are taken into account
to give some keys to explain differences between previous theoretical and
experimental works. This model is first validated on a single nanowire with a
10'® cm~3 n-doping level by comparison with analytical calculations. For this
comparison, surface traps are not taken into account as no analytical solution
is available considering them. Second, n-doping levels (between 10'2 and 10'®
cm~3) and surface traps densities (between 10% and 10'2 cm~2) lead to

As amonocrystalline piezoelectric material,
zinc oxide (ZnO) has many advantages such
as its availability as a raw material, its bio-
compatibility, and its compliance with the
RoHS directive.l*! However, this material
has also semiconducting properties (type
11-VI) and most of the time a high n-doping
due to the presence of many defects in the
crystal,>®l responsible for a performance
decrease due to free electrons that screen
the direct piezoelectric effect.

To target an efficient and inexpensive
energy harvester, different solutions have
been proposed in the literature, at differ-
ent stages such as design, manufacturing

variations of the generated piezopotential of two orders of magnitude. The
control of these two semiconducting properties is a real challenge for this
kind of application. Furthermore, simulation results show that the benefic
effect of 1-3 piezo-composite is still present even for a high n-doping level of

10" cm—3.

1. Introduction

In the era of the Internet of Things and the multiplication of de-
vices needing electrical energy to actuate, sense, and commu-
nicate, nanogenerators (NGs) have been a promising technol-
ogy for many years.[!!l They have prompted many works to use
them as energy micro supply in order to get free from batter-
ies. Until now, most of them have not supplied enough power to
reach an industrial scale. Unfortunately, no standard measure-
ment exists but average surface power usually lies between 1 and
100 uW cm~2 depending on the excitation used.[>?]
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process, and downstream circuit integra-
tion. Regarding the design of the NGs, at
the GREMAN laboratory, the choice was
made to favor a 1-3 piezo-composite us-
ing vertically oriented ZnO piezoelectric
nanowires (NWs) embedded in a dielec-
tric polymer matrix. Piezo-composites have
been used for a long time and have shown
interesting advantages, especially for ultrasonic transducer
applications.[”] These structures modulate the mechanical and
electrical properties, then leading to an enhanced electromechan-
ical coupling coeflicient. To target relatively low production costs
of ZnO NWs, the Chemical Bath Deposition (CBD) method offers
a simple and industrialisable way to produce ZnO NWs on large
substrates.[®! To deliver maximum converted energy to the elec-
tric load, various electronic circuits can be connected to the NG
output, the basic ones being simple AC-DC converters.[®) When
the harvested energy is sufficient, active circuits can be used and
increase the efficiency of the full conversion chain.l1%1!l

In this work, we focus on the semiconducting properties in-
cluding the surface traps of ZnO NWs. This paper shows how
they modify the direct piezoelectric effect and the generated volt-
age in a 1-3 piezo-composite NG when a compression force is
applied. It is known that CBD leads to a very high doping rate of
the ZnO NWs,['2] which theoretically should lead to a quasi-total
screening of the piezopotential. Nevertheless, the measurements
carried out on NGs incorporating such ZnO NWsl?! reach volt-
age levels that are in contradiction with the hypothesis of quasi-
total screening of the piezopotential. These experimental results
suggest that additional phenomena coexist, such as surface traps
that could limit the number of free electrons in the NWs core.
This could explain why energy harvesting is possible thanks to
ZnO NW-based NGs. These surface traps should be added to the
existing model of the NG that is itself not trivial, as the NG is

© 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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a multi-layer and composite structure presenting coupled piezo-
electric and semiconducting phenomena. In the literature, differ-
ent types of theoretical studies take into account both phenomena
with either analytical calculations or simulations in compression
mode. Some of them concern a single NW314l or an NW sur-
rounded by the polymer.['>-17:12] Part of these studies add surface
traps to their model and show how this effect is important at the
nanoscale.l'”!2] Nevertheless, the studies showing the benefits of
the 1-3 piezo-composite design!'®8-2% have not yet integrated
the semiconducting effect with surface traps.

The first part of this paper describes the principle of the
piezoelectric-semiconductor coupled model (PZ-SC model) im-
plemented in COMSOL Multiphysics using the « Solid Mechan-
ics » and « Semiconducting » modules and compares it with
a simple analytical case well studied in the literature.l'*] In the
second part, this paper shows the consequences of the piezore-
sponse of taking into account semiconductor effects, including
those created by surface traps. The aim of this study is to pro-
vide a better understanding of the involved phenomena when
NGs harvest mechanical energy and to know what are the trends
on the generated voltage when NG key parameters are changed.
In particular, this study shows that the beneficial effect of the
piezo-composite structure 1-3 is maintained, even if the opti-
mum point is modified due to the semiconducting properties.

2. Piezoelectric-Semiconductor Coupled Model

2.1. Assumptions of the Study

This theoretical study is based on Finite Element Method (FEM)
using COMSOL Multiphysics software (COMSOL Mulitphysics is
a trademark of the company COMSOL).

The system for this work is a ZnO NW as a single crystal of
wurtzite form (class 6 mm) obtained by CBD on a ZnO nucle-
ation seed layer with a Zn polarity.[?!! The NW shape is supposed
cylindrical with an axis of revolution coinciding with the c-axis of
the crystal. The NWs have a radius R of 40 nm and a height h
of 500 nm. These values belong to the measurement ranges ob-
tained after the NWs were manufactured on Au/ZnO seed layer
at the GREMAN laboratory.®!

This NW is studied in a compressive mode using static me-
chanical load along the c-axis (considered as the z-axis of the
frame). It is assumed that the ZnO material remains within the
linear elastic domain due to the low mechanical constraints ap-
plied to the system.

This NW is considered either alone and electrically isolated, or
placed in a polymer matrix all electrically isolated or subjected to
periodic conditions simulating the presence of other NWs.

In this study, the semiconductor properties of the ZnO ma-
terial are added to its piezoelectric properties thanks to a multi-
physics coupling not directly provided by the software.

Based on the ANSI/IEEE standard 176-1987,2?) the constitu-
tive equations of a linear piezoelectric system (neglecting ther-
mal effects) link two extensive variables (S,: strain component
and D;: electric displacement field component) and two intensive
variables (T;: stress component and E,: electric field component).

Using the independent variables (S, E) with i,j,k,1 = 1,2,3:

T; = CUEvkl Su — e By 1)
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Di=¢ey Sy + eiEk ()

where ¢l is an elastic stiffness component at the constant elec-

ikl
tric field, e a piezoelectric “e” component, and ei? a permittivity
component at constant strain.

The h/R aspect ratio of the ZnO NW is sufficiently high to
simplify the 3D study into a 1D study along z-axis.

Then the constitutive equations of piezoelectricity (in con-
tracted Voigt notation) Equations (3) and (4) and semiconductors
Equation (5) are as follows:

T; = 53E3 S; —e53E; (3)
Dy =ey; Sy + €5, F; 4)
, on

= E.+¢gD ,,— 5
Jn3 = NqH, 3383 T 4Ly 53 0z )

where j, ; is the electron current density z-component, n the elec-
tron density, g the elementary charge, u, ;; the electron mobil-
ity zz-component and D, ;; the electron diffusion coefficient zz-
component.

These 1D equations are coupled to Newton’s law (Equation 6),
Gauss’s law (Equation 7), and the charge conservation Equa-
tion (8):

0T, _ 0 6
5 - (6)
oD
5 = 1(-n+Np) 7)
ajn,S
0z =0 ®)

and solved at static equilibrium (without other force than the
compression ones) for n-doped SC (N is the concentration of
donors).

2.2. Piezoelectric-Semiconductor Coupling Model

The original coupling model of the « Solid Mechanics » and
« Semiconducting » modules of COMSOL software has been im-
plemented as shown in Figure 1.

The output variables originating from one module are used
as input variables for the other module so that the implemented
coupling is bidirectional.

This model can be used for any kind of piezoelectric NG made
with semiconducting NWs (ZnO, GaN, ...) whatever the manu-
facturing method. Input parameters such as NW doping level or
surface traps density and traps energy level are needed to apply
this model.

For the studies without surface traps, this model is close to pre-
vious ones!'>23 but when we add surface traps, this model differs
from the others!'?* because the recombination of free electrons
assisted by surface traps is modeled without surface charges (see
Section 3.2 for more details). In our model, it is also possible to
specify the energy level of these traps in the SC gap. This model
will also be used in further works for dynamic studies and for
different metal contacts (ohmic or Schottky) with electrodes.

© 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 1. Principle diagram of the PZ-SC coupled model.

Table 1. Boundary conditions for the analytical and numerical comparison.

Boundary conditions Mechanical Electrical
NW top face Compression load of 1 MPa Isolated
NW lateral face Free Isolated
NW bottom face Compression load of 1 MPa Isolated

2.3. Analytical and Numerical Comparison

This multiphysics coupling model has been validated by com-
paring the analytical and numerical results obtained in the case

of a single NW subjected to a compression |T,,| = 1 MPa at
both ends. The schematic of the simulated structure is shown
in Figure 2a.

The boundary conditions for this study are described in
Table 1:

Under these conditions, Newton’s second law implies that the
stress is constant in the NW:

=T ©)

All donors are assumed to be ionized, so the electronic concen-
tration at equilibrium n,, is equal to the concentration of donors
N7 The electronic concentration can be expressed as

n=n, +An (10)

with An the local variation of the electronic concentration.

Assuming that Anis very small compared to n,, analytical solu-
tions for the electronic concentration, the electric field amplitude,
and the piezopotential along the NW axis can be calculated.!']
They are shown with the numerical results in Figure 2b—d.

These numerical results are in good agreement with the an-
alytical ones. Relative errors of 2%, 11%, and 8% are estimated
respectively for the electronic concentration, the electric field am-
plitude, and the piezopotential.

When considering T; constant, it can be demonstrated that
there are linear relationships between electric field and strain
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Figure 2. a) Schematic of the simulated structure with the compression
loads (black arrows); Fora 10'® cm~3 doping level, evolution along the NW
median axis of b) the electronic concentration, c) the electric field ampli-
tude, and d) the piezopotential; e) Piezopotential (colors) and electric field
(black arrows) in a median plane.
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Figure 3. Comparison of the evolutions along the NW median axis of the
electric field amplitude and a) the strain zz-component and b) the electric
displacement field amplitude.

(Equation 11) and between electric field and electric displacement
(Equation 12).

1
Ey = o (63555 = Tex) (11)
33
1 €33
E3 =z D3 - _Text> (12)
-+ 6353 ( 653

33

This is confirmed by simulation results that give similar evo-
lutions for these pairs of quantities along the z-axis, as shown in
Figure 3a,b.

As a conclusion, this study validates the PZ-SC coupled model
in a simple case. However, more complex configurations with
electrodes, polymer matrix embedding the NWs, or surface de-
fects of ZnO NWs cannot be solved analytically. In the following,
such more realistic configurations will be studied using the new
FEM model, to decrease the gap between theoretical studies and
experimental values measured on NGs, as observed in the litera-
ture.
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Figure 4. Comparison of piezo-potential distributions in a NW median
plane in function of doping level (from left to right: 10', 5 x 10™, 103,
and 5x 10"° cm™3).

Table 2. Boundary conditions for the effect of the doping level.

Boundary conditions Mechanical Electrical

NW top face Compression load Isolated
of 1 MPa

NW lateral face Free Isolated

NW bottom face Roller Metallic contact

(ohmic type)

3. Results and Discussion

Throughout this section, no external electrical circuit is con-
nected to the NW taken alone or embedded with polymer: the
calculated voltage is therefore the open circuit voltage. To approx-
imate the experimental electrical conditions,?°! the presence of a
metal electrode at the lower end of the NW is simulated using
an ohmic « Metal Contact » boundary condition. Mechanically, a
uniform compression of 1 MPa is applied to the upper surface of
the NW and the lower surface is in a « Roller » condition.

3.1. Effect of the Doping Level on a Single NW

As explained in the introduction, the existence of free electrons
in the n-doped ZnO NWs results in the piezopotential screen-
ing. Figure 4 presents the distribution of the piezopotential in a
median plane of a compressed NW for several doping levels: the
higher the doping level, the higher the screening effect.

The boundary conditions for this study are described in
Table 2:

The « Roller » boundary condition avoids local normal dis-
placements of the NW bottom face but allows tangent ones to
model the influence of a fixed substrate. This kind of boundary
condition is more realistic than the « Fixed constraint » one be-
cause lateral local displacements for this face are allowed. The
bottom electrode is simulated with the « Metallic contact (ohmic
type) » boundary condition to have a zero equipotential surface.

© 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Evolution of the open-circuit voltage between both ends of the
NW in function of the n-doping level.

The voltage (positive potential difference between both ends)
of the NW is plotted as a function of the doping level in Figure 5.

It can be noted that the voltage obtained for a very low doping
of 10" cm™ is reduced by a factor of 10 when the doping level
reaches 10'® cm~* and becomes almost zero for a very high dop-
ing level of 10" cm~? that corresponds to the doping level of ZnO
NWs obtained by CBD.[!2]

To discuss the conversion efficiency of the direct piezoelectric
effect in the present work, an effective coefficient g including
other effects than piezoelectricity can be quantified.

For non-semiconducting piezoelectric materials, the g;; coef-
ficient links the electric field and the stress in open-circuit condi-
tions ( D; = 0 C.m~2) (Equation 13).

Ey=g3 T (13)

For bulk ZnO, g;, = 0.064 V.m.N~1.26]

For semiconducting piezoelectric materials, Figure 2b shows
that the electric field varies along the length of the NW. By using
the mean value of the electric field, the effective coefficient g&ff
can be defined by (Equation 14):

(E)
off _ \53/z 14
g33 T3 ( )

www.advtheorysimul.com

where (E;), is the mean value of E; along the z-axis.

To evaluate the effective coefficients g& of other works taken
from the literature, (E;), is determined thanks to the positive
open-circuit voltage AV, . and the ZnO NW length h (Equa-
tion 15).

AV, 15
. (1s)

<E3>z =

This estimation method of g is applied to literature data re-
garding single ZnO NW modeling and the corresponding results
are listed in Table 3.

The same comparison is done with experimental studies taken
from the literature. Table 4 lists the effective g&f coefficients cal-
culated using Equations (13) and (14).

Tables 3 and 4 show that there is a wide dispersion in the g&ff
values, probably due to different simulation models or experi-
mental configurations. Moreover, all the experimental g¢f values
are greater than the theoretical ones and greater than the g5, value
of bulk ZnO.

That means that numerous effects (surface traps, mechan-
ical behavior of the materials for static, quasi-static, and dy-
namic modes, mechanical excitation profile, ZnO NWs polari-
ty...) should be added in theoretical models to have a better con-
vergence between theory and experiment. In the next section,
we develop the influence of the surface traps in the new PZ-SC
model.

3.2. Effect of Surface Traps on a Single NW

One way to explain the experimental values listed in Table 2 is
to take into account an important effect for SC materials, that
is inherent to surface traps.** At the end of the CBD, NWs are
dried in the air, which favors the adsorption of oxygen molecules
that act as electron acceptor defects as demonstrated in the
literature.3°! In the present simulation, electron acceptor traps
are added at an energy level of 2.25 eV above the ZnO valence
band edge (ZnO bandgap: 3.40 eV). This value corresponds to
the electron traps energy level created by superoxide ions O on
ZnO surface after oxygen molecules adsorption.**] The surface
traps create an homogeneous electron current density J, (Equa-
tion 16) through the surface

]n' Pext = _an (16)

Table 3. Effective g33 values extracted from theoretical studies published in the literature.

Ref. n-doping [cm~3] AV, [mV] h [um] (E3), [V.m™] Force F3 [N] Area A [m?] T; [Pa] g Vm.NT]
[13] 1E16 60 2 3E4 442E-9 7.1E-14 6.25E6 0.0048
[27] 1E12 0.15 5 10E-6 5E-13 2E7 1.5E-6
[16] 1E16 20 0.6 3.3E4 1E6 0.033
[15] 1E16 42 4 1.05E4 442E-9 7.1E-14 6.25E6 0.0017
[14] 1E16 3 1.2 2.5E3 85E-9 2.6E-14 3.3E6 7.6E-4
[12] 5E172) 730 5 1.5E5 1E6 0.15

[17] 1E16%) 66 0.6 1.1E5 1E6 0.12
This work 1E18%) 5 0.5 1E4 1E6 0.01

% means surface traps effect taken into account
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Table 4. Effective g33 values extracted from experimental studies published in the literature.

Ref. AV, [mV] h [um] (E3), [V.m™] Force F; [N] Area A [m?] T, [Pa] g [Vm.NT]
[28] 270 0.57 4.7E5 3 1E-4 3E4 15.7
[29] 9100 0.5 1.8E7 13 1.2E-4 1.1E5 164
[8] 6800 0.7 9.7E6 3 1E-4 3E4 323
[30] 37 000 10 3.7E6 100 1E-4 1E6 3.7
[37] >6000 1.1 >5.5E6 6 1E-4 6E4 >92
[32] 4480 2.4 1.9E6 4.9 1E-3 4.9E3 388
[33] 170 25x%x2 3.4E4 49 3E-4 1.6E5 0.21
Table 5. Boundary conditions for the effect of surface traps.
Boundary conditions Mechanical Electrical
NW top face Compression load Isolated
of 1 MPa
NW lateral face Free Isolated and Trapped assisted surface recombination
(with Discrete energy levels)
NW bottom face Roller Metallic contact (ohmic type)

that implies a decrease in the total number of free electrons in
the ZnO NW.

This current increases with R, , the recombination rate of these
specific traps, which depends on their energy level &, and their
surface density N;:

R, = nC,N, [1 ~f <1+ L exp (—ﬂ»] (17)
n n-'t t gD kBT

where C, is the average capture probability of an electron, f, the
occupancy factor of the traps (in this study, equal to one-half),
gp the degeneracy factor (in this study, equal to one), &, the n-
doped Fermi energy level, kj, the Boltzmann’s constant and T the
temperature.

This model differs from those previously published in the
literaturel1217:2324] that consider surface charge density as a con-
sequence of the surface traps presence.

Due to the nanostructured nature of ZnO, these effects may
have greater consequences than for the bulk material because of
a higher surface-to-volume ratio.

In the present study, acceptor traps are introduced as a bound-
ary condition on the lateral face of a very highly n-doped NW (dop-
ing value of 10" cm™3).

The boundary conditions for this study are described in
Table 5:

Due to the surface traps, a depletion zone and a bending of
the energy levels of the top of the valence band and the bottom of
the conduction band appear close to the NW surface as shown in
Figure 6a,b. This implies a decrease in the total number of free
electrons and thus a decrease in the screening effect mentioned
in paragraph 3.1.

With a surface traps density N, = 10> c¢m~ (order of mag-
nitude for ZnO NWs in literature),[*®] the voltage obtained with
a high doping level of 10'® cm~* is equivalent to the value ob-
tained with a low doping level of 10" cm™~3 without surface traps.
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In other words, considering surface traps inside a highly doped
NW increases the generated voltage by a factor of 100 as shown
in Figure 6c¢. The surface traps density seems to increase when
the NW diameter decreases,3®! which reinforces the interest in
nanostructuring. This shows that the existence of surface traps is
a possible explanation for the voltage values measured on nano-
generators and published in the literature.

3.3. Effect of a Polymer Encapsulation on a Single NW

In most NGs, ZnO NWs are embedded in a polymer matrix that
may be PMMA, 31 PDMS, 1?38 or Parylene C,!®! both to increase
the mechanical robustness and prevent internal discharges be-
tween adjacent NWs. This design can be seen as a 1-3 piezo-
composite, concept introduced by Newnham et al. in 1978,%% the
main difference being the imperfect alignment of ZnO NWs or-
thogonally to the substrate.?8] Furthermore, to prevent electrical
contact between SC ZnO NWs and the top electrode, the NGs
manufactured at GREMAN laboratory work in a capacitive mode,
thanks to a Parylene C layer deposited on top of the 1-3 piezo-
composite structure.’] When connected to an external circuit,
this capacitor can be charged or discharged in function of me-
chanical excitation. But in the present studies, no external electri-
cal circuit is connected to the NG, and the capacitive layer charges
when a compressive load is applied in a quasi-static mode.

To show the effect of the polymer matrix, we consider, in the
first step, the polymer coating on the top of the NW, which in-
duces a dielectric capacitive layer. Then, in a second step, the
model will include the polymer coating on the top and the lat-
eral side of the NW, which corresponds to the real environment
of the NW inside an NG. The Supporting Information presents
a similar study performed when the polymer is present on the
lateral side of the NW only, which corresponds to a more classi-
cal 1-3 piezo-composite. For all these studies, a high doping level
of 10" cm™? is considered and 10" cm™? is the highest value for
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surface traps density that allows the simulation to converge when
the ZnO NW is embedded in the polymer matrix.

3.3.1. Effect of the Polymer Thickness Above the NW

In this part, a dielectric polymer layer is added on top of the NW. A
1 MPa external stress is applied on the top surface of the polymer.
The schematic of the simulated structure is shown in Figure 7.
The boundary conditions for this study are described in
Table 6:

The dependence of the open circuit voltage across the NW with
the polymer thickness has been studied for a high n-doping level
and different surface traps densities (Figure 8).

It can be seen, in Figure 8, that the greater the thickness of
the polymer, the greater the voltage. Nevertheless, this effect sat-
urates beyond a given polymer thickness. This saturation appears
due to two opposite effects for the electric field in this layer that
tend to compensate for each other: the discontinuity of the elec-
tric field at the ZnO/polymer interface increases with the poly-
mer thickness but the mean value of this electric field decreases
(see the Section 3.3.1 with Figure S1 (Supporting Information) to
have more details about this saturation).

Below 50 nm, the polymer thickness has an impact on the volt-
age amplitude but voltage is not the only important criterion to
take into consideration for energy harvesting. The free charges
accumulated over the electrodes are equally important!*®] as they
determine the stored electrical energy.

In literature, experimental works on NGs have been described
using various thicknesses of polymer as a capacitive layer but also
different polymers: 1 um of PMMA, 3% 7 ym of PDMS, 381 300 nm
of Parylene C.] Tt could be interesting to study experimentally
the influence of the thickness of the same polymer deposited on
equivalent ZnO NWs arrays.

3.3.2. Effect of the Polymer Matrix

In this part, the unit cell consists of an NW surrounded on top
and laterally by a polymer. For a constant polymer thickness on
top of the NW, the effect of the polymer width has been studied on
the piezopotential generated by the NW when a 1 MPa pressure
is applied on top of the polymer (Figure 9a). This study aims to
show the effects of the polymer width with or without surface
traps on the unit cell. A complementary study is provided when
considering the NW only surrounded laterally by a polymer in
Section 3.3.2 with Figures S3 and S4 (Supporting Information).

The total width of the unit cell is the sum of twice the polymer
width and the NW diameter (see Figure 9a). The NW is topped by
a constant thickness of the same polymer (in this study 50 nm).
Uniform compression of 1 MPa is applied on the entire top sur-
face of the unit cell. For this study, a high doping level and differ-
ent surface traps densities are considered.

The boundary conditions for this study are described in
Table 7:

It can be seen that with the addition of the dielectric poly-
mer layer on top of both the ZnO NW and the laterally embed-
ding polymer, the voltage increases with the polymer width as
for the case of the polymer matrix only (see Section 3.3.2 with
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Figure 6. a) Electronic concentration and visualization of the depletion
zone, b) Energy levels (in eV) in the function of the radial position, and c)
Evolution of the open-circuit voltage between both ends of the NW in the
function of the surface traps density (n-doping value 10" cm=3).

Figure 7. Schematic of the simulated structure (green: ZnO NW and cyan:
polymer layer) with the compression load (black arrows).
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Table 6. Boundary conditions for the effect of the polymer thickness.
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Boundary conditions Mechanical

Electrical

Polymer top face
1 MPa

Polymer lateral face Free

Polymer bottom/NW top interface

fields and fluxes)
NW lateral face Free
NW bottom face Roller

Compression load of

Default (continuity of

Zero charge

Zero charge

Insulator interface

Isolated and Trapped assisted surface recombination
(with Discrete energy levels)

Metallic contact (ohmic type)

2.3FT T T T T T 3
2.2 + g
2.1 1

191 q
181 B
1.7F q
1.6
1.5F
141
1.3F
1.2F
11F b

With surface traps 10 cm?
With surface traps 10'° cm? | |
With surface traps 10° cm™

Voltage (mV)
+ + + +

Without surface traps

0.9- + * + + + + 4
0.8

0.6 q
0.5t L L L

40 60 100

Polymer thickness (nm)
Figure 8. Evolution of the open-circuit voltage between both ends of the
NW in function of the polymer thickness (Parylene C) for different cases.

Figure S3a,b, Supporting Information). For the same mechanical
reasons,*? the wider the polymer submitted to the compressive
load, the higher the average stress in the NW and so the higher
the generated piezo voltage.

Figure 9b shows also that the presence of surface traps does not
change the curve shape of the voltage versus the polymer width:
there is a voltage gain when the traps are taken into account.

According to this simulation, the voltage increases with the
polymer width, but this corresponds to a single NW without tak-
ing into account the effect of neighbor NWs. To be more realistic,
and predict the behavior of a NW array, the model should take
into account the neighbor NWs around a single NW unit cell.

3.4. Effect of the NWs Density on the NG Voltage

In the case of a real NG, the deformation on the lateral face
of the polymer is not free. It is, therefore, necessary to take into
account the neighboring cells.

Here we propose to study the effect of the NWs surface density
over the NG voltage. The underlying purpose of this study is to
establish whether the 1-3 piezo-composite structure of the NG is
still benefiting from a better mechanical-to-electrical energy con-
version even with semiconducting properties.

When only the PZ phenomenon is considered, homogeniza-
tion of the electromechanical properties of 1-3 piezo-composites

Adv. Theory Simul. 2023, 2300369 2300369 (8 of 12)

was previously achieved by Smith and Auld.*!) However, these
calculations do not take into account any SC properties and can-
not be directly applied to ZnO. Considering that the homoge-
nized quantities are noted with a top bar, the electrical field is
expressed by Equation (18) in open-circuit condition, introduc-
ing a homogenized g;; coefficient noted g;; .

E; Zg? T, (18)

mV

(a) 9

a4t g
42} .

4t 4
3.8 .
36 .
34 .
3.2f .

sk _
2.8F - +
2.6 *
24f, .
2.2f .

Voltage (mV)

2 #
18F .
16F

+
+* +

With surface traps 10** cm? |

1.2 With surface traps 10° cm?

+
1rg [ ] Without surface traps
o8k . . . . ]

L
80 100

+
141 + L] + With surface traps 10%° cm™ | ]
L]
+
+

40 60
(b) Polymer width (nm)

Figure 9. a) Piezopotential for a 75 nm polymer width and a 10'" cm~2

NW surface traps density (black arrows showing compression), b) Open-
circuit voltage between both ends of the NW versus the polymer width for
different surface traps density values.
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Table 7. Boundary conditions for the effect of the polymer matrix.
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Boundary conditions Mechanical

Electrical

Polymer top face
Polymer lateral face Free
Polymer bottom/NW top interface

NW lateral/Polymer inner lateral

interface
NW bottom face Roller
Polymer bottom face Roller

Compression load of 1 MPa

Default (continuity of fields and fluxes)
Default (continuity of fields and fluxes)

Zero charge
Zero charge
Insulator interface

Insulator interface and Trapped assisted surface
recombination (with Discrete energy levels)

Metallic contact (ohmic type)

Zero charge

Homogenised 955 in o-c (V.m'1.Pa‘1)
o
o
[}

L

0 . . .
0 0.2 0.4 0.6 0.8 1
ZnO volume fraction

Figure 10. Evolution of the homogenized coefficient g3 in function of the
ZnO volume fraction.

Figure 10 presents the homogenized coefficient g;; calculated
using (21) for a ZnO volume fraction varying from 0 (absence
of ZnO) to 1 (absence of polymer) when SC properties are not
taken into account. This curve shows the benefit of the 1-3 piezo-
composite structure over a certain range of ZnO volume fraction
compared to the bulk material.

Hinchet et al.'% demonstrated that this benefit exists for nano-
generators with PZ properties only. The purpose here is to verify
that there is still an optimum of NWs density when SC effects are
added thanks to the new PZ-SC model, even with surface traps.

Using the current PZ-SC model, a 3D study is performed con-
sidering an array of NWs embedded in a polymer matrix by us-

Table 8. Boundary conditions for the effect of the NWs density.

ing periodic electrical boundary conditions (requiring the use of
the Electrostatics Module in addition to the PZ-SC model) and
mechanical boundary conditions applied to a unit cell. This par-
allelepiped unit cell contains a single ZnO NW with a high n-
doping level and surface traps. The bottom and top electrodes
are both simulated with equipotential surfaces.

The periodic conditions make it possible to simulate the
presence of other unit cells next to the one under study. Me-
chanically, the periodic condition forces both opposite faces
to have the same displacement field. Electrically, the periodic
condition forces both opposite faces to have the same electrical
potential.

The boundary conditions for this study are described in
Table 8:

Figure 11a shows the new model results representing the gen-
erated voltage as a function of the ZnO volume fraction for differ-
ent values of the n-doping level without surface traps. This new
geometry of the unit cell with periodic conditions implies the ex-
istence of a maximum voltage at a given optimal ZnO volume
fraction.

In Figure 11a, it can be seen that the beneficial effect demon-
strated by Smith and Auld is still present even when the SC prop-
erties of ZnO are taken into account. It can be seen that the op-
timum ZnO volume fraction and corresponding NWs density
strongly depend on the n-doping level of the NW as plotted in
Figure 11b.

Cross-sections of the unit cell with the electrical potential dis-
tribution are represented in Figure 12 for different n-doping lev-
els and different ZnO volume fractions.

It can be seen in Figure 12 that the beneficial effects of the poly-
mer in the 1-3 piezocomposite structure are modulated by the
free electrons due to the ZnO SC properties. For high n-doping
values and large polymer width, the electrical potential varies a

Boundary conditions Mechanical

Electrical

Polymer top face
Polymer lateral faces
Polymer bottom/NW top interface

NW lateral/Polymer inner lateral

interface
NW bottom face Roller
Polymer bottom face Roller

Compression load of 1 MPa
Periodic condition
Default (continuity of fields and fluxes)
Default (continuity of fields and fluxes)

Floating potential
Periodic condition
Insulator interface

Insulator interface and Trapped assisted surface
recombination (with Discrete energy levels)

Metallic contact (ohmic type)

Floating potential (same value than the metallic
contact)
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Figure 11. a) Evolution of the open-circuit voltage between both ends of
the NW in the function of the ZnO fraction for different n-doping levels
without surface traps b) Optimum ZnO volume fraction for different n-
doping levels without surface traps.

lot between the ZnO NW top part and the top electrode (see grey
arrows in Figure 12). The wider the polymer matrix, the higher
the potential variations. These variations in the potential profiles
(see Figure S5, Supporting Information ) are due in particular
to electric field discontinuities. These discontinuities appear in
the top part of the ZnO NW where there is a high electronic con-
centration and at the polymer/ZnO interface where polarization
surface charges are accumulated. In this study on the voltage gen-
erated by a 1-3 piezocomposite NG in a capacitive mode, there is
a trade-off between the mechanical benefit of the polymer matrix
and the electrical effects induced by both the polymer matrix and
the capacitive layer at the top part of the ZnO NW.

It seems very difficult to validate with experiments the trend
for the NWs density depending on n-doping level, as changing
this density on the same substrate would also affect their mor-
phology (length, radius) and thus their individual piezoelectric
response.

Figure 13a represents the generated voltage as a function of
ZnO volume fraction for different values of surface traps density
with the same n-doping level of 10" cm™3.
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We can see in Figure 13a that the beneficial effect of the 1-
3 piezocomposite structure creates an optimum that shifts pro-
gressively to a 6% ZnO volume fraction when the surface trap
density increases. This optimum is much more visible for high
surface traps densities. This seems to be consistent with typi-
cal 1-3 piezocomposite characteristics without SC properties (see
Figure 10) since the screening effect of free electrons is quite re-
duced for these surface traps densities.

In the case of a high n-doping level of 10"® cm™ and surface
traps density of 10" cm™2, as shown on Figure 13a, a maximum
voltage ~5 mV is reached at 6% optimum density. By referring
to Section 3.2 and Figure 6¢, the generated voltage is multiplied
by 20 when the surface traps density increases from 10" to 10"
cm2. Following this trend, the voltage would rise up to 100 mV,
which is closer to experimental values (see Table 4).

Figure 13a shows that the NWs surface traps density is an im-
portant parameter that modulates the value of the piezopotential
but also the optimum NWs density. It can be seen in Figure 13b
that, in this case, the optimum ZnO volume fraction increases
with the surface traps density due to the effect of the depletion
zone, and tends to the optimum fraction of a piezoelectric mate-
rial without SC properties.

These last two results show that aiming the optimum NWs
density for an NG fabrication process requires knowing two ma-
jor SC properties of the ZnO NWs: their n-doping level and sur-
face traps density. These parameters are difficult to measure and
could vary significantly from one fabrication to another, even with
the same process and materials.

For the NGs manufactured at GREMAN laboratory with
Au/ZnO or ITO/ZnO seed layer, the density is about 40
NWs/um? for an average NW radius of 35 nm.[®] These values
give a ZnO volume fraction slightly above 15%, which is higher
than the optimum value for high doping level and high surface
traps given by the simulation.

4. Conclusion

In the present study, a coupling between piezoelectric and semi-
conducting properties within a FEM simulation was presented to
predict the performance of semiconducting and piezoelectric ma-
terials such as ZnO or III-nitrides for mechanical energy harvest-
ing applications. We have shown the major effects of these semi-
conducting phenomena on the voltage generation by ZnO NWs
embedded in a Parylene C matrix, under an external pressure
corresponding to usual conditions in low-frequency mechanical
energy harvesting. We have also studied the influence of surface
traps on ZnO NWs lateral surface. Their presence can multiply
the generated voltage up to a factor of 100. Maximizing these sur-
face traps densities by decreasing the diameter of the NWs[3¢! or
by controlling the environment of the NWs!* is a promising idea
to improve the NG performance.

The influence of the polymer matrix around the NWs, thus
forming a 1-3 piezo-composite structure, implies the existence of
an optimum density that depends on the n-doping level and the
surface traps density. These two properties are difficult to mea-
sure, which makes the optimum density difficult to predict, while
this parameter seems strategic for the design of efficient NGs.

Nevertheless, there is still a gap between experimental and
simulated voltage values. More precisely, this gap depends on the
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Figure 13. a) Evolution of the open-circuit voltage in function of the ZnO
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ties and a n-doping level of 10'® cm=3

type of experiment performed on NGs. There are large discrep-
ancies between dynamic impact model*°! that gives a voltage of
37 V and compression in contact model*! that gives a voltage of
170 mV for quasi-equivalent stress level. Triboelectricity can also

Adv. Theory Simul. 2023, 2300369 2300369 (11 of 12)

greatly affect the voltage as it is known that this phenomenon
occurs much more frequently in impact mode than in contact
mode.

Further studies will focus on dynamic mechanical excitation
and calculation of the converted energy to explore the optimiza-
tion trends in that case.
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