N
N

N

HAL

open science

Enhancing the Output Voltage of Piezoelectric
Nanogenerators Based on ZnO Nanowires Grown by

Chemical Bath Deposition Using Compensatory Cu
Doping

Manuel Manrique, Vincent Consonni, Sarah Boubenia, Hervé Roussel,

Mohammed Zeghouane, Sébastien Labau, Sébastien Cavalaglio, Catherine

Pudda, Véronique Jacob, Gwenael Le Rhun, et al.

» To cite this version:

Manuel Manrique, Vincent Consonni, Sarah Boubenia, Hervé Roussel, Mohammed Zeghouane, et
al.. Enhancing the Output Voltage of Piezoelectric Nanogenerators Based on ZnO Nanowires Grown
by Chemical Bath Deposition Using Compensatory Cu Doping. Energy Technology, 2024, 12 (5),
pp.2301381. 10.1002/ente.202301381 . hal-04509878

HAL Id: hal-04509878
https://hal.univ-grenoble-alpes.fr /hal-04509878v1
Submitted on 12 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.univ-grenoble-alpes.fr/hal-04509878v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

RESEARCH ARTICLE

W) Check for updates

Energy Technology

ion, Conversion, Storage, Distribution

www.entechnol.de

Enhancing the Output Voltage of Piezoelectric
Nanogenerators Based on ZnO Nanowires Grown
by Chemical Bath Deposition Using Compensatory

Cu Doping

Manuel Manrique, Vincent Consonni,* Sarah Boubenia, Hervé Roussel,
Mohammed Zeghouane, Sébastien Labau, Sébastien Cavalaglio, Catherine Pudda,

Véronique Jacob, Gwenael Le Rhun, and Bassem Salem*

The screening effect in ZnO nanowires (NWs) coming from the high density of
free electrons has emerged as one of the major issues for their efficient inte-
gration into piezoelectric devices. Herein, the compensatory Cu doping of ZnO
NWs grown by chemical bath deposition in the high-pH region using Cu(NO;),
and ammonia as chemical additives is developed and the effects of a postde-
position thermal annealing under oxygen atmosphere are investigated. It is
shown that the Cu dopants are incorporated into ZnO NWs with an atomic [Cu]/
[Zn] ratio in the range of 50-65 ppm and undergo a migration process into their
bulk after thermal annealing. Importantly, the electrical resistivity of Cu-doped
ZnO NWs is found to increase by afactor of 4 compared to unintentionally
n-doped ZnO NWs. The increase is even more pronounced after different thermal
annealing, reaching a factor exceeding 100, which is explained by the redistri-
bution of hydrogen- and nitrogen-related defects along with the thermal acti-
vation of Cu dopants. Additionally, it is revealed that a rigid piezoelectric
nanogenerator based on a Cu-doped ZnO NW matrix exhibits the highest output
voltage and effective piezoelectric coefficient ds3°% thanks to the reduction of
the screening effect, opening perspectives in the field of piezoelectric devices.

1. Introduction

Harvesting energy from nature to develop
self-powered nanodevices /nanosystems!*~®
has been on the spotlight of the research
community over the last years. Unlike
renewable energy sources such as light
or heat, ubiquitous vibrations from body
movement and fluid flow permanently pro-
vide mechanical energy whose conversion
into electrical energy can be directly
achieved by devices based on piezoelectric
nanogenerators (PNGs).”™! Furthermore,
the energy conversion efficiency can be
enhanced when PNGs are based on an inte-
grated nanowire (NW) matrix."” Among
the different piezoelectric materials, such
as GaN, BaTiOs, AlN, or Pb(Zr,Ti;_,)Os3,
ZnO is a prominent candidate considering
its abundancy and biocompatibility for
human wearable devices or biomedical
diagnostics."''®! The chemical synthesis
of ZnO NWs can be carried out by various
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techniques,!'”) the chemical bath deposition (CBD) operating at
low temperature (70-90°C) being one of the most attractive
sustainable wet chemical routes.’®*!! Nevertheless, the high
concentration of intrinsic/extrinsic point defects in ZnO NWs
grown by CBD[?? severely affects their piezoelectric properties,
causing a significant loss of the PNG performances. When a
mechanical stress is applied on the top face of ZnO NWs grown
along the polar c-axis,**! a piezoelectric potential is subsequently
generated. At the same time, a migration process of free charge
carriers (i.e., free electrons) toward the positive pole of the cre-
ated electric field takes place, leading to a decrease and/or neu-
tralization of the piezoelectric potential. This phenomenon is
known as the screening effect of the piezoelectric potential 2+
whose magnitude is directly correlated with the density of free
charge carriers. In the case of ZnO NWs grown by CBD, for
which a high density of free electrons lying in the range of
5 x 10"7-1.5 x 10" cm > has been measured,”’ " the screen-
ing of the piezoelectric potential significantly increases for den-
sities of free electrons exceeding 10'® cm™3.3*34

In order to overcome this limitation, many approaches have
been carried out including surface O, plasma treatment,?*>>¢!
p-n junction formation,?’% thermal treatment,*” and rare-
earth element doping.*!! Another promising solution relies on
the compensatory doping with acceptor atoms, leading to the
recombination of electron—hole pairs and then to the reduction
of the density of free electrons. Thus, the doping with IA (e.g., Li,
Na, K), VA (e.g., N, P, As), and IB (Cu, Ag, Au) group elements
has emerged as being a great solution for the integration of ZnO
NWs into PNGs.[*>* The acceptors from IA and IB groups
substituting for Zn sites present low ionization energies, relative
to the valence band maximum, which have been calculated as 90,
170, 320, 200-250, 350, and 450 meV for Liz,, Naz,, Kz, Agzn,
Cuizy,, and Aug, respectively.l*>*®! In particular, owing to the
small ionic radius of IA group elements, they might occupy inter-
stitial sites, requiring a thermal treatment for their activation into
substitutional sites.*”! Moreover, the doping with VA (e.g., N, P,
As) group elements substituting for O sites is expected to be less
efficient owing to their higher calculated ionization energies.*”!
Considering the factors mentioned above, as well as its abund-
ancy and cost, Cu has emerged as a great candidate for the com-
pensatory doping of ZnO. A recent work reported that ZnO NWs
can be doped by CBD with Cul*® by using copper nitrate as a
chemical additive in an aqueous solution containing zinc nitrate
and hexamethylenetetramine (HMTA), and by promoting the
adsorption and incorporation processes of Cu dopants through
the adjustment of the pH of the chemical bath. Moreover, accord-
ing to ab initio calculations, an acceptor energy level in the range
of 0.7-1eV above the valence band maximum of ZnO"*> is
expected for Cu. In the literature, many reports revealed the
acceptor behavior of Cu atoms in ZnO nanostructures grown
by different methods, but the compensatory Cu doping and its
effects on the electrical properties of ZnO NWs grown by CBD
and, consequently, on the piezoelectric properties of a PNG
based on these nanostructures have not been revealed until now.

In the present work, ZnO NWs are grown by CBD in the high-
pH region to evaluate the incorporation process of Cu dopants
using Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and inductively coupled plasma mass spectrometry
(ICP-MS) measurements. The effect of the Cu doping and its
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thermal activation are assessed through two-point probe electri-
cal resistivity measurements. The influence of the morphology of
the vertically integrated ZnO NW matrix grown by CBD and of its
Cu doping on the piezoelectric properties of PNGs is eventually
decoupled, showing the great promise offered by Cu dopants to
drastically enhance the performance of PNGs.

2. Results and Discussion

2.1. Compensatory Cu Doping and Thermal Annealing Effect
on the Physicochemical Properties of ZnO NWs

The doping of ZnO NWs by CBD occurs through the addition
of a dedicated chemical precursor containing the dopant
(e.g., AlCl5,PY AI(NO;);,5% Ga(NOs)3,”* and so on). By carefully
adjusting the pH conditions, the adsorption process of dedicated
ion complexes on the charged surfaces of ZnO NWs proceeds,
resulting in the incorporation process of dopants. When using
column-IB dopants like Cu, both electrostatic and chemical
forces have been found to play a role to drive the adsorption pro-
cess in the low- and high-pH regions.*¥! In the present work,
Cu(NO;), was used as the chemical additive and the initial
pH (pHo) of the chemical bath was set to a value of 10.6. In
the present high-pH region, Cu(NHs),*" complexes acting as
the predominant Cu(II) species are formed and readily adsorbed
on the negatively charged top polar c-planes of ZnO NWs
(pH > 8.7 +0.2).°" The incorporation of Cu dopants is thus
favorable following the adsorption process of Cu(NHs)4*" com-
plexes from electrostatic and chemical forces. Yan et al. further
calculated via density functional theory that, under oxygen-rich
conditions corresponding to the high-pH region, the Cu dopant
can occupy the Zn site as Cug, acting as an acceptor with a low
formation energy.l*”) Moreover, owing to the expected low super-
saturation of Cu(II) species, the precipitation of Cu,0 and CuO-
based residual phases is thermodynamically not favorable.*®!

The morphological properties of both unintentionally n- and
Cu-doped ZnO NWs grown by CBD with a [Cu(II)]/[Zn(II)]pam
ratio of 0% and 5%, respectively, are shown in Figure 1 using
field-emission scanning electron microscopy (FESEM) images.
An epitaxially vertical growth on the preferentially c-axis-oriented
polycrystalline ZnO seed layer is observed.*®! Concerning their
morphological properties, the unintentionally n-doped ZnO
NWs have a mean length of 6.7 +0.2 pm with tapered shape
top faces (Figure 1a,b), while Cu-doped ZnO NWs reach a mean
length of 7.34+0.1um with flat hexagonal shape top faces
(Figure 1c,d). The tapered shape top face results from a high axial
growth rate along the polar c-axis, which occurs at the expense of
the radial growth along the nonpolar m-axis.**! On the contrary,
the hexagonal flat shape is consecutive to a possible obstruction
of the axial growth®® by the adsorption process of Cu(NHs),*"
complexes on the polar c-plane of ZnO NWs.[*&>*

In addition, it is well known that the coexistence of heteroge-
neous and homogeneous growth processes occurs during the
growth of ZnO NWs by CBD (i.e., on the substrate and into
the bulk solution, respectively). The dominance of each growth
process depends on the solubility of Zn(II) species, which can be
modified by the presence of chemical additives. In the present
study, as ZnO NWs were grown using a chemical bath with a
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Figure 1. Cross-sectional FESEM images of ZnO NWs with a [Cu(ll)]/[Zn(I1)]patn ratio of a,b) 0% and c,d) 5%. The scale bar corresponds to 1pm.

large volume for an extended length of time, the presence of NH3
and Cu(NOs), might have a major impact on the depletion of
chemical reactants contributing to the heterogeneous growth.
Accordingly, the amount of chemical reactants available for
the formation of unintentionally n-doped ZnO NWs is expected
to be smaller than that of Cu-doped ZnO NWs. This may also
account for the different morphologies of n- and Cu-doped
ZnO NWs resulting from the different depletion rates of chemi-
cal reactants.

Furthermore, neither Cu,0 nor CuO nanocrystals are
detected when growing Cu-doped ZnO NWs in the present
high-pH region.

After different thermal annealing of both unintentionally
n- and Cu-doped ZnO NWs, no evolution of their morphological
properties occurs. The Raman scattering spectra of as-grown and
annealed unintentionally n- and Cu-doped ZnO NWs were
recorded in the low wavenumber range from 70 to 800 cm™'
and calibrated from the Si line at 520.7cm™', as shown in
Figure 2a. The indicative optical phonon modes of the wurtzite
structure of ZnO NWs are observed at 99 (E,'°%), 380 (A;(TO)),
~438 (B, and 574 (A;(LO))cm '.F7 The second-order
modes are located at 203 (2TA/2 E,'°%), 333 (E,"#"-E,"Y), and
483 (2LA) cm™'. Concerning Cu-doped ZnO NWs, no Cu,0-,
CuO-, or Cu(OH),related Raman peaks are detected,*®
regardless of the thermal annealing used. Furthermore, for both
unintentionally n- and Cu-doped ZnO NWs, additional modes
(AMs) attributed to dopant-induced defects appear after thermal
annealing. They are related to the presence of extrinsic impuri-
ties including Al, Ga, N, Sb, and Fe,P? probably coming from the
ammonia added in the chemical bath. Villafuerte et al. assigned
these AMs to ZnO B, silent modes located at 275 (B,'°%), 581
(B,"8"), and 643 (TA + B,"®") cm ') which become Raman
active due to the breakdown of the translational crystal symmetry
after thermal annealing.®! Particularly, the increase of the
Raman peak around 580cm™' for thermal annealing at 300
and 500 °C is the result of the coupling of the two B,™¢" and
A;(LO) modes owing to their wavenumber proximity.
Interestingly, the increase in the intensity of the E,"#" peak along
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with the decrease of its full width half maximum, as the anneal-
ing temperature is increased, reveals an improvement of the crys-
tallinity of unintentionally n- and Cu-doped ZnO NWs after
thermal annealing, as depicted in Figure 2b. Additionally, the
position of the E,"&" peak shifts to lower wavenumber as the
annealing temperature is increased, indicating a possible relaxa-
tion of the residual stress along the c-axis of the wurtzite struc-
ture of ZnO NWs.1°%%! For unintentionally n-doped ZnO NWs,
the E,"¢" peak significantly shifts from 437.7 cm ™! (as-grown) to
436.8cm™ (800 °C), which probably originates from the redistri-
bution of hydrogen- and nitrogen-related defects through the
thermal annealing.*” For Cu-doped ZnO NWs, the E,"&" peak
slightly shifts from 437.8cm™' (as-grown) to 437.3cm™!
(300 °C), from which a plateau is reached. Interestingly, Cu is
expected to preferentially occupy Zn sites to form Cugz, owing
to its similar ionic radius of 74 pm (Zn*"), 77 pm (Cu'™), and
73pm (Cu®").P%%* This leads to a distortion of the lattice of
ZnO NWs, ! and consequently a possible modification of the
Raman line shape induced by a change of phonon contribution,
as explained by Samanta et al. through the alloy potential fluctu-
ation within a phonon confinement model.[*”)

XPS spectra centered on the Cu 2p core level, as presented in
Figure 2c, reveal the Cu 2p; ; and Cu 2ps, peaks pointed at 952.5
and 932.7 eV, respectively, of Cu-doped ZnO NWs after thermal
annealing. The XPS spectra confirm that neither Cu,0 nor CuO
residual phases are formed because no prominent satellite peaks
in the range of 940-944 eV are detected,'® which is in agreement
with Lausecker et al.**! Concerning the Cu 2p;), peak, owing to
its weak intensity, it is difficult to accurately evaluate the Cu oxi-
dation state. Indeed, the Cu 2ps, peak could be the contribution
of Cu(0), Cu(I), or Cu(Il) centered at 932.63, 932.18, and 933.11,
respectively.[®® Moreover, the contribution of each Cu oxidation
state can depend on the thermal annealing. For instance, Sultana
et al. studied the structural properties of CuO thin films after
different annealing at 250, 550, and 850 °C for 10 min under
Ar atmosphere, and showed that the Cu 2p;,, peak intensity
is mainly related to an evolution of the Cu(Il) contribution.”!
The latter is high for as-deposited films, then severely decreases
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Figure 2. a) Raman spectra, b) E,""8" Raman peak evolution, c) XPS spectra centered on the Cu 2p, and d) O 1s core levels of unintentionally n- and
Cu-doped ZnO NWs after thermal annealing at different temperatures under O, atmosphere.

until 550°C, and finally increases at 880 °C, while the Cu(0)/
Cu(I) contribution remains almost constant regardless the
thermal annealing. Another work conducted by Garces et al. con-
firmed a change of the oxidation state from Cu(I) to Cu(Il) after a
thermal annealing for 1h at 900 °C in ZnO crystal with trace of
Cu.*® From these studies, in order to evaluate the possibility of a
modification of the oxidation state of Cu, the O 1s and Zn 2ps,
core levels were fitted for both unintentionally n- and Cu-doped
ZnO NWs after thermal annealing, as shown in Figure 2 and S1,
Supporting Information, respectively. A clear shift of the O 1s
(530.3 eV) as well as the Zn 2p;; (1021.6 V) peaks toward higher
energies is observed as a function of the thermal annealing. This
could be the result of an enrichment of hydroxyl groups in sur-
face of ZnO NWs, resulting from an exodiffusion process of
hydrogen,*”! as explained by Gaffuri et al.®! In this context, a
bonding in the form of Cu(OH), (Cu(Il)) with two peaks at
933.1 and 934.5eV in the Cu 2p3/2 range could be expected
in our samples.®® Then, given the fact that the present XPS
measurements are recorded from data provided up to about
5nm below the surface of Cu-doped ZnO NWs, the decrease
in the intensity of the Cu 2p;,, peak highlights a reduction of
the amount of Cu at their surfaces after thermal annealing.
Furthermore, an ICP-MS analysis quantifying the amount of
Cu in the bulk of ZnO NWs reveals that the atomic [Cu]/[Zn]
ratio lies in the range of 50-65 ppm and hence remains stable
before and after annealing. By considering six atoms of Zn in
one hexagonal crystallographic cell, i.e., 4.2 x 102 atcm ™ of
Zn, we could expect 2.1-2.7 x 10" atcm™> of Cu, regardless

Energy Technol. 2024, 12, 2301381 2301381 (4 of 12)

the thermal annealing used (Figure S2, Supporting
Information). The combination of FESEM, Raman scattering,
XPS, and ICP-MS studies shows the successful incorporation
of Cu dopants into ZnO NWs, following the approach developed
by Lausecker et al.*®l and suggests that Cu dopants may exhibit
different oxidation states in the ZnO NWs after thermal
annealing.

2.2. Compensatory Cu Doping and Thermal Annealing Effect
on Electrical Properties of ZnO NWs

The electrical properties of unintentionally n- and Cu-doped ZnO
NWs were assessed using a two-point probe electrical resistivity
measurement through the bottom transistor devices, whose
architecture and realization are shown in Figure 3a,b, respec-
tively. The ZnO NWs were first sonicated in isopropyl alcohol
and then dispersed onto a p™" Si(100) wafer covered with a
Si3N, insulating layer. Then, the optical lithography process
was used to define the electrode contacts. After development
of the photoresist, the contacts were obtained by the deposition
of a metallic stack of 100 nm thick Ti layer and 300 nm thick Au
layer using an e-beam evaporator, followed by a lift-off process.
The current I at room temperature and under ambient atmo-
sphere was measured by applying a voltage V sweeping from
—1 to +1V between the two metallic contacts, resulting in the
typical I-V curve shown in Figure 3c. Eventually, the resistance
R of each ZnO NW was obtained from the slope of the linear I-V
curves.
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Figure 3. a) Schematic of a single ZnO NW contacted bottom transistor.
b) Top-view FESEM image of a contacted ZnO NW. c) Typical I-V curves
for an as-grown and annealed unintentionally n-doped ZnO NW and for an
as-grown and annealed Cu-doped ZnO NW.

The statistical analysis of the resistance R over the segment [
(referring to the length between the two metallic contacts of
~4 pm) of the contacted ZnO NW was performed as a function
of its radius . The deduced R/l values were compared with exper-
imental data recorded using a four-point probe resistivity mea-
surement on ZnO NWs grown by metal-organic chemical
vapor deposition (MOCVD), carbothermal reduction, hydrother-
mal process, and CBD in the low-pH region, as shown in
Figure 4a. There exists a dependence of R/l values as on r, regard-
less of the chemical synthesis. The electrical conduction can be
driven by two different mechanisms in the ZnO NWs: when r is
smaller than 25nm,?"”" a surface electron depletion region
resulting from chemisorption processes of O, and OH™
ions!”%7% occurs and leads to higher R/l values; in contrast, when
r is above 25 nm, a bulk-like electrical conduction in a flat-band

www.entechnol.de

regime dominates, where electrons flow through the core of the
ZnO NW.

Following this claim, Villafuerte et al.”?! delimited the bulk-
like electrical conduction region for ZnO NWs grown by
CBD, where the R/I values are proportional to 1/r*, as shown
by the dashed lines in Figure 4a. For the present work, the
as-grown unintentionally n- and Cu-doped ZnO NWs exhibit
R/l values inside this region. Then, a clear variation of R/l values
is observed as a function of the annealing temperature. For unin-
tentionally n-doped ZnO NWs, the R/l values progressively
increase from 2.0 x 10” to 1.3 x 10°Qum ™' as the annealing
temperature reaches 800°C. The same trend is noticed for
Cu-doped ZnO NWs, but the R/l values ranging from
1.2 x 10% t0 8.9 x 10 Q um ™" are systematically higher for each
annealing temperature.

The electrical resistivity p was estimated through the equation
p = RS, where S is the effective electrical conduction section of
the NW. The last parameter can be written as S = zr?, for which
a bulk-like electrical conduction is considered.”" As expected
from the plot of R/l values as a function of r, the electrical
resistivity of ZnO NWs increases with the thermal annealing,
as presented in Figure 4b. The p mean value for unintentionally
n-doped ZnO NWs is of 4.8 mQ cm, and continuously increases
from 1.7 x 10" mQ cm through 1.8 x 10> to 1.6 x 10* mQ cm for
annealing temperatures of 300, 500, and 800 °C, respectively. As
for Cu-doped ZnO NWs, the p mean value is higher and of
20.2 mQ cm, and continuously increases from 3.1 x 10° mQ cm
through 1.4 x 10° to 1.7 x 10" mQ cm for annealing temperature
of 300, 500, and 800 °C, respectively. The parameters needed for
calculating the p value are shown in detail in Figure S3,
Supporting Information.

It is well known that the two-point probe method could induce
an apparent higher electrical resistivity as result of the occur-
rence of a significant contact resistance. In the present work,
we assume a lower contact resistance for as-grown ZnO NWs
because their obtained R/l values lie in the same region as those
reported using the four-point probe method on ZnO NWs grown
by CBD in ref. [31]. Then, a progressive increase in the contact
resistance following the thermal annealing is expected, reaching
its largest influence on the electrical characterizations of

(a)101 (b) 108
Lord (2013) - Hydrothermal Thermal annea“ng:
Lord (2013) - Carbothermal reduction
109 - De Luna Bugallo (2015) - MOCVD As grown ™ 107 4 f
Cossuet (2018) - O Polarity - CBD | 3000~
Cossuet (2018) - Zn Polarity - CBD
108 4 Villafuerte (2020) - CBD u 1084
A ZnO NW - CBD (This work) Y =
®  ZnO:Cu NW - CBD (This work) 800°C G
T 107 4 c 10°4 T
ES E
g 10° A > 104 2
=~ Lee|
14 1054 oot z 10°4 T
~eo - Son @ - ' b
104 S~lx L, Tea_m - & 402
10% ] Ry 10" [ ZnOoNW
= ~| ®  ZnO:Cu NW
102 T T 10° T T
20 100 & O N »
' ) Q@{X > .("Q °
Wire radius (nm) . Thermal annealing (°C)

Figure 4. a) R/l values versus r for the present work and as compared to experimental data reported on ZnO NWs grown by chemical synthesis: hydro-
thermal process,?®! carbothermal reduction,”® MOCVD,"" and CBD®?2" in the low-pH region (image inspired from ref. [22]). b) Electrical resistivity of
unintentionally n- and Cu-doped ZnO NWs for different thermal annealing under O, atmosphere during 1 h.
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Cu-doped ZnO NWs annealed at 800 °C, which present the high-
est p values. Following this hypothesis, only these NWs were
measured using a four-point probe method, as shown in
Figure S4, Supporting Information, revealing a decrease in the
p value by a factor of 100. It is worth noticing that, after the ther-
mal annealing at 800 °C, the four-point probe measured electrical
resistivity of Cu-doped ZnO NWs is still higher than the initially
overestimated electrical resistivity of unintentionally n-doped
ZnO NWs assessed by the two-point probe method. The present
observation implies that the evolution of electrical resistivity
involves an additional factor beyond the influence of the contact
resistance.

Given that the morphological properties are not affected by the
different thermal annealing (see Figure S5, Supporting
Information), the continuous increase in the electrical resistivity
for both unintentionally n- and Cu-doped ZnO NWs with the
annealing temperature is associated with a redistribution of
hydrogen-related defects and Cu dopants in their bulk.
Villafuerte et al. showed that the interstitial hydrogen in bond-
centered site (Hpc) and zinc vacancy-hydrogen (Vz,-3H) defect
complex, both of them with a low formation energy, act as the
dominant shallow donors in ZnO NWs grown by CBD."*? In con-
trast, the Vz,—No—H defect complex with a moderate formation
energy behaves as a deep acceptor.*”) These hydrogen-related
defects mainly modulate the optical and electrical properties
of ZnO NWs, and their nature and concentration further depend
on the thermal annealing!” and pH® conditions. For both
unintentionally n- and Cu-doped ZnO NWs grown by CBD in
the high-pH region and thus under oxygen-rich conditions,
the high concentrations of Hpc, Vz,—3H and Vz,—No-H defects
are expected.’® This leads to the high values for the free charge
carrier density and consequently to the low values for the elec-
trical resistivity presented in Figure 4b. Then, by increasing
the annealing temperature under O, atmosphere, the Vz,—3H
defect complexes dissociate and the Hpc defects undergo an exo-
diffusion process, while the No-H and V,—No-H defect com-
plexes are progressively formed and activated.*”) This leads to a
decrease in the free charge carrier density and hence to a contin-
uous increase in the electrical resistivity as presented in
Figure 4b. However, the Cu-doped ZnO NWs systematically
exhibit higher p mean values regardless of the annealing temper-
ature, indicating the occurrence of additional physical phenom-
ena. This could be explained by the combination of 1) an effective
incorporation and migration process of Cu dopants into the bulk
of ZnO NWs as revealed by Raman spectroscopy, XPS, and
ICP-MS; 2) a change of the oxidation state of the Cu dopants; and
3) a possible thermal activation of the Cu dopants. West et al.
demonstrated the formation of deep {Cuz,"(3d"%)-Zn;"(4s")}°
defect complexes through the association of [Cuz,"(3d'%)]”
acceptor defects with intrinsic Zn;"(4s') donor defects using
magneto-optical photoluminescence studies.”* The formation
of these defect complexes, coupled to a migration process acti-
vated by thermal annealing, could lead to an increase in the elec-
trical resistivity of ZnO NWs.”>”% For instance, Hsu et al.
reported that a Cu doping process can introduce a low density
of free holes in ZnO NWs when grown by vapor phase transport,
resulting in a decrease of the density of free electrons and
consequently in an increase of the electrical resistivity.®
For the present work, a similar behavior is expected for as-grown
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Cu-doped ZnO NWs, which could explain the higher electrical
resistivity measured as compared to unintentionally n-doped
ZnO NWs. Second, the thermal energy (xksT-kg: Boltzmann’s
constant) transferred to the Cu-doped ZnO NWs during the ther-
mal annealing is of 49.3, 66.5, and 92.3 meV as the annealing
temperature is set to 300, 500, and 800 °C, respectively. A previ-
ous work from Pan et al. showed that the Cu acceptor has an
ionization energy of 53 meV, which is reached by an increase
of the valence band maximum level of ZnO by sulfur (S) alloying,
resulting in a decrease of the bandgap energy (~3.2 V) as well as
the acceptor Cu level.”” Then, given the fact that ZnO NWs
grown at pH, ~10.6 present a bandgap energy around
3.24eV,P3 a thermal activation of Cu dopants inside the
Cu-doped ZnO NWs may proceed, leading to the higher values
for the electrical resistivity. Finally, the electrical resistivity gap
between unintentionally n- and Cu-doped ZnO NWs progres-
sively increases with the temperature annealing, suggesting
more efficient electron-hole pair recombination induced by
Cu dopants and thus a reduction of the density of free charge
carriers. Following this idea, the mean charge carrier density
n was estimated from the p mean values through the equation
, where q is the absolute value of the electron charge

s
(1.6 x 1072 C) and pyy refers to the electron mobility. For
as-grown unintentionally n-doped ZnO NWs, the uyyw value
reported from longitudinal optical phonon—plasmon coupled
modes using Raman spectroscopy was found to lie in the range
of 30-60 cm” V' s 7.1l Consequently, the n value is found to be
around 3 x 10" cm ™. For as-grown Cu-doped ZnO NWs, the n
value could be around 1.5 x 10'® cm™> by considering the iy
value as lying in the range of 15-30cm?V~'s ' [6*7881 By
assuming that the critical concentration n. for the Mott transition
separating the nonmetal/insulator versus metal electrical
conduction regimes is 4.2 x 10'® cm ™, both the considered
unintentionally n- and Cu-doped ZnO NWs exhibit a metallic
electrical conduction before thermal annealing, for which the
mean charge carrier density exceeds 10*° cm™>.

2.3. Cu Doping Effect on Performances of a ZnO NW-Based
PNG

The PNG fabrication process is described in Figure 5a. ZnO
NWs were grown by CBD on 2.5 x 2 cm? Si substrate covered
by a stack of a ZnO seed layer and a bottom electrode (50 nm
thick Au layer over 10 nm thick Ti layer) deposited by dip-coating
and e-beam evaporation, respectively (1). Then, the ZnO NW
matrix was encapsulated by a parylene-C layer, which was depos-
ited by vacuum deposition and polymerization process according
to the Gorham method (2).%*) The 1 x 1cm? top electrode
assisted by a mask was obtained by the stack of three metallic
layers: 20 nm thick of Ti layer, 250 nm thick of Al layer, and
100 nm thick of Au layer using e-beam evaporator (3). Finally,
both the bottom and top electrodes were contacted by two Cu
wires using a conductive resin (4). As a comparison, some
PNGs were encapsulated with PDMS to protect them from exter-
nal natural factors.

Two different PNGs were fabricated according to the [Cu(II)]/
[Zn(11))]barm ratio of 0% and 5% in the chemical bath for the CBD
of unintentionally n- and Cu-doped ZnO NW matrix (PNG-A and
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Figure 5. a) Fabrication steps of a PNG, b) morphological properties of the integrated ZnO NW matrix with [Cu(I1)]/[Zn(11))]batn ratio of 0% (PNG-A) and
5% (PNG-B), c) cross-sectional FESEM image, and d) picture of a final ZnO NW-based PNG device.

PNG-B, respectively). The CBD was performed in the high-pH
region with a pHg value of 10.6 for 3 h at 85 °C. Furthermore,
it is worth mentioning that a reference-PNG (without ZnO
NW) was also manufactured in order to reveal a possible piezo-
electric contribution from the parylene-C layer.

The morphological properties of the vertically integrated ZnO
NW matrix are shown and summarized in Figure 5b. The PNG-A
has an integrated unintentionally n-doped ZnO NW matrix with
the higher mean density (122-NW pm™?), larger aspect ratio
(defined as the ratio between the length divided by the diameter;
in this case 54), and higher deposited volume (0.9 um?). The
PNG-B has an integrated Cu-doped ZnO NW matrix, for which
the mean density, aspect ratio, and deposited volume are of
118 NW pm 2, 47, and 0.78 pm?, respectively. In addition, the
conformity of the parylene-C layer deposited on these devices,
i.e., a good isolation of the NW matrix along with a top dielectric
layer allowing a capacitive contact between the top of the NW
and the top electrode, was verified as shown in Figure 5c.
Furthermore, no short-circuit was detected on any final device
(Figure 5d) by measuring an internal impedance value higher
than 10 MQ for both PNG-A and PNG-B.

In order to characterize the piezoelectric properties, a vertical
force was applied over an area of around 0.2 cm? on the top elec-
trode of the PNG through a mechanical shaker. The latter was
connected to a force conditioner device that provides an electrical
signal (force sensor) as a function of the applied force and time.
This electrical signal and the generated piezoelectric signal
(piezosignal) by the PNG were simultaneously measured with
an oscilloscope, as shown in Figure 6a. Moreover, by keeping
constant the distance between the PNG and the shaker for all
the piezoelectric characterizations, the mechanical compression
cycle was controlled by the frequency and magnitude of a sinus-
mode power supplier of the mechanical shaker. Concerning the
piezoelectric signal, three different regimes are observed.®
Initially, the beginning of the mechanical compression leads
to a fast polarization of the ZnO NW matrix of the PNG

Energy Technol. 2024, 12, 2301381 2301381 (7 of 12)

(i-e. the creation of an electrilca dipole inside a bent NW), result-
ing in an appearance of external charges in the electrodes and
thus a positive voltage peak is achieved. Subsequently, an elec-
trostatic interaction between the positive pole of the created
polarization and the free charge carriers inside the ZnO NWs
occurs (i.e. the screening effect), reducing the polarization as
long as the mechanical deformation time decreases (in other
words when the mechanical compression reaches its highest
magnitude), and hence reducing in this way the external charges
in the electrodes until the total neutralization of the piezoelectric
polarization, for which no charges are generated and the voltage
plummet as consequence. Eventually, at the end of the compres-
sion cycle (release), the same charge creation and transfer occurs
in the other way, inducing a symmetrical opposite voltage.
The applied vertical force over the PNG was determined from
the force sensor signal by calculating the compression cycle
momentum (integration of the force sensor signal) divided by
the compression cycle duration. In addition, the PNGs were
tested in both forward and reverse connection to confirm a real
piezoelectric signal from the signal inversion achieved by revers-
ing the connection polarity. Ideally, the piezoelectric signal must
be symmetric when changing the polarity connection of the
PNGs; however, the test bench used was not equipped to
characterize PNGs in open-circuit conditions, leading to lower
piezoelectric signals in reverse connection, as shown in
Figure S6, Supporting Information. As a result, only the forward-
connection data are shown in the present work. From reference-
PNG characterizations, we confirm that the obtained output
voltage is due to the piezoelectric phenomenon from ZnO
NWs. Thus, PNG-A and PNG-B were characterized under low
forces (0.5-5 N) and low frequency (0.5-5 Hz) as they are the typ-
ical mechanical and frequency ranges present in daily life (people
walking,®*! human breathing and heart beating,® soft finger
tapping,®”! etc.), i.e., lower mechanical stress and frequencies.
As expected, according to the mathematical description of the
piezoelectric effect (coupling between Hooke and electric
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Figure 6. a) Piezoelectric characterization of a PNG along with the test bench schematic (inset). b) Output voltage of PNG-A as a function of applied force
at 0.5 Hz, and ¢) as a function of working frequency at constant applied force of 1.6 N. Summary of output voltages of PNG-A and PNG-B d) before and
e) after PDMS encapsulation, under different applied forces and working frequencies. f) Output voltage comparison between both PNGs under the same
applied force condition. g) Durability of the PNG-B under 2.5 N applied at 1 Hz for 180 min. h) Effective piezoelectric coefficient da3°" calculated from
piezoelectric signal of PNG-A and PNG-B as a function of working frequency.

displacement field equations), a progressive increment of the pie-
zoelectric signal is obtained as long as the mechanical stress
increases (i.e., the compressing force), as shown in Figure 6b
and S7, Supporting Information for PNG-A and PNG-B,
respectively. Furthermore, the piezoelectric signal exhibits a
direct correlation with the working frequency, as revealed in
Figure 6c¢. Indeed, a current (I) will be generated according to

the equation: I =32 = dy; x A x 4, where AQ is the charge

generated under a mechamcal stress (Ao) applied over an

Energy Technol. 2024, 12, 2301381 2301381 (8 of 12)

area (A) of a material with a piezoelectric coefficient (ds3).**

It is worth noticing here that Q only varies with ¢. By increasing
the working frequency (i.e., by decreasing At), the strain rate (3%
of the ZnO NW matrix increases along with the generated cur-
rent | flowing in the external load (Rjoaq), i-e., in the amplifier/
filter system of the test bench shown in Figure 6a (inset).
Subsequently, according to the Ohmic law [ = R,,4V, an increase
in the piezoelectric voltage (V) occurs, as reported in refs. [89,90].
The output voltage obtained for different applied forces at
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different working frequencies of the PNG-A and PNG-B, before
and after encapsulation with PDMS, are summarized in
Figure 6d,e, respectively. Interestingly, the PNGs exhibit higher
piezoelectric signals after a PDMS encapsulation, displaying
minimum values of about 100 mVpp and maximum values of
more than 1Vpp, regarding the highest signal of about
80 mVpp without encapsulation. The improvement of the output
voltage could be attributed to a coupling between piezoelectric
and triboelectric effects, the latter induced by the friction
between the PDMS layer and metallic top electrode of the
PNG. However, it is worth mentioning that the mechanical
shaker arm was carefully isolated with a 5 mm thick cardboard
piece to minimize a possible triboelectric effect when applying
the mechanical stress. A reference-PNG (i.e.,, without any
ZnO NWs but only parylene-C between the two electrodes) with
PDMS encapsulation was characterized as well, giving a maxi-
mum electrical signal of =20 mVpp, response that was not
observed before encapsulation, whose value, however, remains
lower than the piezoelectric signal values of PNG-A and
PNG-B. Furthermore, regardless of the test condition and
PDMS encapsulation, despite PNG-A presents a better ZnO
NW matrix morphology for piezoelectric effect (i.e., slightly
higher aspect ratio and density), PNG-B provides higher piezo-
electric signals that are stable over time, as shown in Figure 6f,g,
respectively, and the gap becomes greater as a function of
working frequency. These findings thus indicate an additional
beneficial effect involving the Cu doping. In order to elucidate
this effect, the effective piezoelectric coefficient ds; of the
device was calculated by using the approach developed by
Lopez Garcia et al. This considers the PNG as a capacitor (C)
discharging over a resistive external load Rjo,qg (corresponding
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to the input impedance of the amplifier/filter equipment con-
nected to the PNG-100 M), allowing us to write ds;° as
Co X V[Fapplied, Where V and F,,jeq are the generated voltage
and applied force, respectively.” In the present work, C, was
calculated from the time constant 7 (t = Cy X Rjp,4) determined
by fitting the exponential decay piezoelectric voltage, as shown in
Figure S8, Supporting Information. Therefore, the ds3* coeffi-
cients of PNG-A and PNG-B are shown in Figure 6h as a function
of working frequency, whose values at 0.5 and 1 Hz are in the
same range with values reported in the literature.”>** Given
the fact that ds;" does not depend on the applied force and
on the output voltage,”" the observed increase of these values
with the working frequency could be the result of a progressive
rise of generated current during the mechanical compression
cycle, leading to higher output voltages.®**% Interestingly,
PNG-B exhibits higher d;;* values than PNG-A, regardless of
the working frequency.

The reported piezoelectric coefficient improvement is in
agreement with Raman spectroscopy, XPS, ICP-MS, and resistiv-
ity measurements: Cu dopants are incorporated into ZnO NWs
and decrease their density of free electrons by hole—electron pair
recombination,*&¢4 resulting in an increase of the electrical
resistivity and thus a strong reduction of the screening
effect,**3%*4 as shown in Figure 7. Then, more external charges
are generated during the mechanical stress cycle, leading to an
improvement of the d3;* coefficient as well as the output voltage.
Thus, the ecofriendly low-temperature CBD method, which
successfully forms ZnO NWs doped with Cu, opens up:
1) new pathways for enhanced flexible/rigid PNG fabrication,
and 2) interests on the morphological, optical, and electrical
properties of ZnO NWs with a different range of Cu doping.

(b) nSwZnONWs — 1 5 % 101%cm~3

..... Lu(l)
D> hole-electron pair recombination

o: mechanical stress
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Figure 7. Electrical field generated in an a) unintentionally n-doped and b) Cu-doped ZnO NW under mechanical stress (?et ?{, respectively). The

aie;) refers to the spontaneous electrical field along the c-axis generated by the nonzero dipole moment induced in ZnO NWs under mechanical stress, as
result of the movement of positively and negatively charged planes composed of zinc and oxygen atoms, respectively.l?*! For unintentionally n-doped ZnO
NWs, for which a higher density of free electrons (n.) than Cu-doped ZnO NWs is expected, a strongest screening potential occurs through electrostatic
interactions between the created positive pole and free electrons. For Cu-doped ZnO NWs, by recombination of hole—electron pair, the density of free
electrons reduces as well as the screening effect, leading to higher electrical field (|E;| > |Ey|). Hence, when the PNG is connected to an external load,

N o
more external charges are attracted by E,, resulting in enhanced output voltages of PNG-B.
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3. Conclusion

In the present work, Cu-doped ZnO NWs have been grown by
CBD in a high-pH region using Cu(NOjs), and NHj3 as chemical
additives, and their structural morphology and electrical proper-
ties have been compared to the one of unintentionally n-doped
ZnO NWs. The vertically aligned unintentionally n- and
Cu-doped ZnO NWs have subsequently been subjected to a ther-
mal annealing under oxygen atmosphere for 1 h at 300, 500, and
800 °C. Notably, the Cu-doped ZnO NWs exhibit flat hexagonal
shape top faces while unintentionally doped ZnO NWs have
tapered shape top faces, both of them keeping their structural
morphology after thermal annealing. The Raman spectroscopy
analysis has demonstrated the formation of pure ZnO NWs
excluding the formation of Cu,0 or CuO nanocrystals as residual
phases, along with a change in the shape of the ZnO-related
EM&" peak, probably induced by a phonon contribution alter-
ation resulting from a lattice distortion. The lattice distortion
of ZnO NWs may be attributed to the redistribution of hydrogen-
and nitrogen-related defects, as well as the Cu dopants, with
respect to the annealing temperature. Furthermore, XPS spectra
and ICP-MS analysis have shown the successful incorporation of
Cu dopants into ZnO NWs with an atomic [Cu]/[Zn] ratio rang-
ing from 50 to 65 ppm, along with the subsequent migration of
Cu dopants potentially changing its oxidation state into the bulk
of ZnO NWs after thermal annealing. In addition, two-point
probe electrical resistivity measurements have indicated a
continuous increase in the electrical resistivity of unintentionally
n-doped ZnO NWs as the annealing temperature increments,
ranging from 4.8 mQ cm for pristine NWs to 1.6 x 10* mQ cm
at 800 °C. In the case of Cu-doped ZnO NWs, the incorporation
of Cu dopants leads to a significant reduction of the density of
free electrons, resulting in higher electrical resistivity values,
ranging from 20.2 mQ cm for pristine NWs to 1.7 x 10’ mQ cm
at 800 °C, indicating their thermal activation. These findings have
promoted the development of a PNG based on a Cu-doped ZnO
NW matrix, resulting in an improved output voltage. The present
device has produced twice the output voltage of a PNG based on
an unintentionally n-doped ZnO NW matrix when tested under
soft mechanical forces applied at low frequencies. Consequently,
the compensatory Cu doping has been proved to be an effective
strategy for enhancing the piezoelectric properties of ZnO NWs
by reducing the screening effect through the decrease of the den-
sity of free electrons. The resulting improvement of the effective
piezoelectric coefficient ds; originating from the compensatory
Cu doping opens perspectives in the field of piezoelectric devices
such as PNGs and pressure/strain sensors.

4. Experimental Section

Seed Layer Deposition and Synthesis of ZnO NWs: In order to deposit the
polycrystalline ZnO seed layers, a solution consisting of 375 mm of zinc
acetate dehydrate (Zn(CH3COO),.2H,0, Sigma—Aldrich) and 375 mwm
monoethanolamine (MEA, Sigma-Aldrich) mixed in pure ethanol was pre-
pared and stirred for 12h at 60°C and then at room temperature.
Afterward, precleaned Si(100) substrates in ultrasonic bath with acetone
and isopropyl alcohol were dipped into the solution under a controlled
atmosphere (<%14 hygrometry). Then, they were annealed on a hot plate
at 300 °C for 10 min to evaporate the organic solvent and kept for 1h at
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500 °C in an oven under air to crystallize the ZnO seed layer (ZnO/Si). For
the PNG fabrication, the same dip-coating process was employed to
deposit the polycrystalline ZnO seed layers on Si substrates covered by
a metallic stack, but the final crystallization step was obtained by keeping
the sample at 300 °C for 2 h 30 min in an oven under air (ZnO/Metal/Si).
To synthesize ZnO NWs by CBD, the ZnO/Si substrates were subse-
quently placed face down in sealed reactors containing a 150 mL aqueous
solution of zinc nitrate hexahydrate (Zn(NOs),.6H,0, Sigma—Aldrich) and
HMTA (Sigma-Aldrich) with an equimolar concentration of 30 mm. In
addition, 1.5 mm of copper nitrate hemipentahydrate (Cu(NO3),.2.5H,0,
Sigma—Aldrich) was added to the chemical bath to proceed with the Cu
doping using a [Cu(NOs),]/[Zn(NOs);] ratio of 5%. The initial pH of
the chemical bath at room temperature, denoted as pHo, was set to
10.6 following the addition of ammonia (NHs, Sigma—Aldrich). The sealed
reactors were placed in a regular oven heated at 85 °C for 21 h. For the
PNG fabrication, ZnO NWs were grown on ZnO/Metal/Si substrates,
according the previously described CBD method. This involved employing
a 50 mL aqueous solution of zinc nitrate hexahydrate and HMTA with an
equimolar concentration of 50 mm, along with 2.5 mm of copper nitrate
hemipentahydrate. The pHo of the chemical bath was set to 10.6 by adding
ammonia. The ZnO NW growth was achieved at 85 °C for 3 h. Finally, the
pristine unintentionally n- and Cu-doped ZnO NWs ([Cu(I)]/[Zn(I1)]bath
ratio of 0% and 5%, respectively) grown on ZnO/Si substrates were ther-
mally annealed in a tubular furnace under O, atmosphere for 1h at the
annealing temperatures of 300, 500, and 800 °C.

Characterization Techniques: The morphological properties of ZnO
NWs were analyzed with a FEI Quanta 250 FESEM instrument. Raman
spectroscopy was achieved using a Horiba/Jobin Yvon Labram spectrom-
eter equipped with a liquid nitrogen-cooled CCD detector. A 514.5nm
excitation line of an Ar* laser with a power on the sample surface lower
than 1 mW was focused on a spot size of 1 pm” using a 50x objective. A Si
reference sample was used for the spectral calibration in wavenumber
using the theoretical Raman line set to 520.7cm™'. The acquisition of
Raman spectra was achieved in the backscattering configuration, where
the laser probes an array of ZnO NWs from the top. XPS spectra were
performed on a customized Thermo Fisher Scientific Theta 300 system
with a monochromatized Al Ka source. Thermofisher Avantage software
was used to analyze the data. The XPS spectra were referenced with the 1s
neutral carbon peak at 284.8 eV. The chemical composition was deter-
mined with a NexION 1000 PERKIN ELMER ICP-MS instrument. The neb-
ulizer and spray chamber were a MEINHARD plus Glass Type C and Glass
Cyclonic at 2 °C, respectively. The He flow rates of nebulization, auxiliary,
and plasma gas were 1.02 mL min~', 1.2L min"", and 15 L min~", respec-
tively. The RF power was set at 1450 W. A KED mode was used with
4mLmin~" He (7% H,) as collision gas. The Si substrates were dipped
into a 0.8% nitric acid solution [HNOs3, Carlo Erba] to dissolve ZnO NWs.
The solution containing only the Si substrate was previously assayed to
make sure that no contaminants are released during the preparation.
The electrical resistivity measurements on single ZnO NWs were per-
formed with a two-probe measurement station connected to a Keithley
4200A-SCS parametric analyzer. The implemented test bench for the pie-
zoelectric characterizations of PNGs involved a SmartShaker K2007E01
(PCB Piezotronics) acting as a mechanical excitation source. A Keysight
33210A function generator supplied the shaker with an alternating electri-
cal signal, which was converted into a mechanical vibration. The latter
were transmitted to a mechanical arm attached to the shaker. Thus,
the mechanical stress could present values from 0.5 to 30 N applied over
an area of 0.2 cm? (i.e., from 25 kPa to 1.5 MPa) at different frequencies
between 0.1 and 9000 Hz. This mechanical stress was measured in real-
time by an ICP 208C02 (PCB Piezotronics) force sensor placed between
the shaker and the mechanical arm with a sensitivity of 11.24 mV N™".
Then, this sensor was connected to a ICP 480C02 (PCB Piezotronics) sig-
nal conditioner to optimize the transmitted signal. The piezoelectric
signal generated by the PNG was gathered by a Stanford Research
Systems SR560 amplifier in order to amplify it and/or filter the external
noise signals. Finally, a Teledyne LeCroy T3DSO2304 oscilloscope dis-
played the electrical signals coming from the PNG and the force
conditioner.
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