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to develop piezoelectric devices. In-depth understanding
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at the nanometer scale and opens new perspectives to
improve the electromechanical coupling properties of the
nanowires, a prerequisite for developing highly efficient
piezo-generators ready for technological transfer.
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The piezoelectric nanowires (NWs) are considered as promising nanomaterials to develop high-efficient
piezoelectric generators. Establishing the relationship between their characteristics and their piezoelectric
conversion properties is now essential to further improve the devices. However, due to their nanoscale
dimensions, the NWs are characterized by new properties that are challenging to investigate. Here, we use
an advanced nano-characterization tool derived from AFM to quantify the piezo-conversion properties of
NWs axially compressed with a well-controlled applied force. This unique technique allows to establish the
direct relation between the output signal generation and the NW stiffness and to quantify the electromecha-
nical coupling coefficient of GaN NWs, which can reach up to 43.4%. We highlight that this coefficient is
affected by the formation of the Schottky nano-contact harvesting the piezo-generated energy, and is
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Introduction

Thanks to their large surface-to-volume ratio, high crystalline
quality and nanometer scale dimensions, semiconductor
nanowires (NWs) offer unique advantages for a wide range of
applications."™ In particular, NWs presenting piezoelectric
properties appear as promising active nanostructures for a new
generation of piezoelectric sensors®'® and harvesters.''
Especially, the sub-100 nm-wide NWs present the particularity
to exhibit novel properties, non-existing or non-significant at
micrometric scales that can lead to a strong modulation/modi-
fication of their characteristics. The exaltation of the piezoelec-
tric coefficients,'®™® the modulation of the free carrier
concentration'®?® or the formation of nano-contact at the NW/
electrode interface®! are examples of these nanoscale phenom-
ena. In-depth understanding of these new properties is crucial
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These results constitute a new building block in the improvement of NW-based nanogenerator devices.

to take full advantage of the 1D-nanostructures and thus
develop high-efficiency NW-based devices.

However, characterization at the nanoscale is challenging,
especially when dealing with the electrical properties. Indeed,
the usual methods are often unsuitable for NWs. The develop-
ment of new nano-characterization techniques is required.

For piezoelectric properties, the atomic force microscope
(AFM) equipped with the piezo-response scanning mode (reverse
piezoelectric effect) allows to quantify the piezoelectric coefficients
of single connected 1D-nanostructures, such as NWs'® or nano-
fibers.”* By contrast, the characterization of piezoelectric conver-
sion properties of NWs (direct piezoelectric effect) is challenging
since no commercial system is available. In recent years, the piezo-
electrical generation from various single 1D-nanostructures has
been demonstrated by laterally bending them using in-house-AFM
systems.>* "’ Although this experimental approach allows quantify-
ing the output voltage (OV) generation capacity, it does not give
access to the mechanical behavior of the nanostructures. In
addition, the induced lateral bending does not reflect the main
deformation undergone by the 1D-nanostructures integrated into
the devices, which are mainly deformed axially.

In situ SEM and TEM techniques have also been recently
used to study the electromechanical properties of InAs,>®*°
ZnO*® or BaTiO;*' NWs. The main advantage of these tech-
niques relies in the possible correlation of the piezoelectric
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properties of the investigated nanostructures, with their
mechanical deformation, as well as their crystal structure, size
or defects. However, following this characterization method-
ology, the nanostructures are transferred from their growth
substrate and individually connected. It is thus difficult to
establish an electromechanical behavior in a statistic way.
Moreover, the experiments are performed under vacuum,
which modulates the concentration of surface charges, known
to affect the free carrier concentration within the materials
and thus the screening of the piezo-charges.”®*> The con-
ditions are, in these specific situations, non-representative of
the ones met in the devices.

Today, establishing a direct correlation between the
mechanical and piezoelectrical properties, in a configuration
compatible with the device one, is of crucial importance to
further improve NW-based device architectures and perform-
ances. To quantify direct piezoelectric measurement in device
compatible conditions, we use a unique advanced nano-
characterization tool based on AFM probing the piezo-conver-
sion properties of GaN NWs axially compressed with a well-
controlled applied force. The choice of the III-Nitride materials
and more specifically of the GaN NWs is motivated by their
high-piezoelectric conversion capacities. In fact, the output
signals generated by III-N NWs in response to an external
mechanical input exceed the ones obtained with other piezo-
electric 1D-nanostructures, such as CdS,>* CdSe,” PZT,*®
BaTiO;,*" KNBO;,** GaAs®! and even ZnO**?*® which is today
the most widely used semiconductor in the NW-based piezo-
generators. Hence, for a single nanowire, outputs ranging
from several tens of millivolts (mV) to several hundreds of mv
(up to 550 mV) for GaN*’**” have been measured, while output
voltages for ZnO NWs does not exceed 90 mV per NW.*® With
our unique instrument, we can measure simultaneously and
thus correlate the OV generated by each NW of the array and
its NW deformation rate. In other words, we can access the
piezo-conversion of a large number of individual NWs and
establish a general behavior on a statistically representative
ensemble of nanostructures. Thus, for the first time, we are
able to establish experimentally the relation between the OV
generation and the NW stiffness, and we can quantify the elec-
tromechanical coupling coefficient of GaN NWs. We demon-
strate that this coefficient reaches up to 43.4% and is extremely
sensitive to nanometer scale phenomena. Especially, we show
that this coefficient is affected by the formation of the
Schottky nano-contact® through which the piezo-generated
energy is harvested; and by the expression of the surface
charge effects, which are known to have an important impact
for sub-100 nm wide GaN NWs.*®

Methodology

Today, the most common method to measure direct piezoelec-
tric response of vertically oriented 1D-nanostructures uses in-
house-AFM equipped with an electrical module. The conduc-
tive AFM tip, operating in the usual contact mode, induces a
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local deformation of the nanostructure, while simultaneously
measuring the generated electric potential resulting from its
deformation. To ensure the piezoelectric charge collection,
this technique is based on the combination of an Ohmic and a
Schottky contact formed respectively at the substrate/nano-
structure and nanostructure/conductive AFM tip (electrode)
interfaces®*® (ESI S1f). These measurements are performed
without any external polarization.***”

In all reported measurements, the AFM tip always induces a
lateral bending of the NW. This local deformation produces an
internal piezoelectric field within the NW, which generates an
output electrical signal (ESI S21).*?7*"*> However, the
bending, which increases with the applied force is high, is
extremely difficult to quantify from a mechanical point of
view: the effective local force consists of two mixed com-
ponents (normal and lateral), which are difficult to quantify in
scanning mode. This results in even more complex mechanical
response combining compression and bending. In these con-
ditions, it is not straightforward to establish a correlation
between the electrical and mechanical properties of the NWs
and thus improve their electromechanical coupling, therefore
the piezo-generator device efficiency. Furthermore, due to the
NW-based device architecture and the type of applied defor-
mation, the nanostructures are mainly deformed axially, so
studies under bending are irrelevant for practical applications.
The usual AFM technique is thus not well suited for correlating
the properties of single NWs with the NW-based device
performances.

To simultaneously characterize the piezoelectric and
mechanical properties of 1D-nanostructures under conditions
reflecting their deformations experienced in real devices, we
use an unique AFM module based on a conducting probe AFM
system working in an intermittent contact mode (Fig. 1a)
inspired by the so-called ‘pulsed force mode’ (PFM), a low fre-
quency non-resonant mode originally developed for local
mechanical measurements.”® On this method, some modifi-
cations have been performed in order to allows us quantifying
the piezoelectric response of individual NWs under a well-con-
trolled and purely axial force. Where the z-piezo supports the
NW sample, the technique consists in introducing a sinusoidal
modulation on the AFM z-piezo at a frequency between 100 Hz
and 2 kHz (i.e. far below the cantilever fundamental reso-
nance), in order to oscillate in close proximity to the probe so
that the tip furtively hits the sample surface at each period.
The oscillation amplitude is adjusted so that the tip alternates
contact and non-contact every cycle. The maximum repulsive
force is measured from the deflection signal and is used as a
feedback parameter, ensuring well-controlled scan conditions.
The main advantages of this approach are: (i) the friction is
considerably reduced compared with the classical permanent
contact mode; and (ii) the low operating frequency leaves
enough time to properly measure physical parameters simul-
taneously such as the generated OV and the topography during
each cycle. Thus, AFM characterization of soft samples
becomes possible and it is therefore applicable to sub-100 nm
wide NWs.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1

(a) Schematic view of the new conducting AFM technique working in intermittent-contact piezoelectric mode, inspired by the so-called

‘pulsed force mode’ (PFM). Combined with a specifically adapted Resiscope module, the AFM system allows quantifying the piezoelectric response
of individual GaN NWs resulting from their deformation under a well-controlled axial normal force; (b) schematic views of the measurement prin-

ciple and of the equivalent electrical circuit of the AFM system.

To perform electrical measurements in such intermittent
mode, we associated the PFM-type actuation with a specifically
adapted version of our conversion and amplification
Resiscope’® module (allowing dynamic resistance measure-
ments over a very wide range (10°-10"> Q)) previously used in
standard contact mode.>” In particular, we brought the possi-
bility to precisely define, for each intermittency cycle, the
moment at which the electrical information is collected during
the brief contact duration when the tip applies a controlled
normal force on the NW. As a result, due to the near absence
of friction, we can image only the voltage generated by the
pure axial force exerted by the tip on each NW (Fig. 1b). As for
the classical AFM contact mode, the charge collection is
ensured with ohmic/Schottky base/top contacts and without
any external polarization of the nanostructures. However, in
this experimental configuration, the piezo-generated energy is
harvested through an intermittent and fast electric contact. To
ensure reliable electrical measurements,”' the investigated
samples have been technologically prepared.

Firstly, the NWs have been mechanically consolidated. In
fact, the investigated p-doped GaN NWs, grown by plasma
assisted molecular beam epitaxy are characterized by sub-
100 nm wide diameters (Fig. 2a) and by a strong flexibility.>”
In consequence, a small constant normal force of few nN is
sufficient for folding up the NWs towards the substrate surface
or the neighbouring NWs, and inducing a leakage of the piezo-
electric charges created inside the NWs in response to its
deformation. In addition, these extreme deformations of the
NWs do not allow the establishment of a stable AFM tip/NW
contact required for performing reliable electrical measure-
ments. To circumvent these problems, the mechanical resis-

This journal is © The Royal Society of Chemistry 2022

tance of the NWs was increased by partially embedding their
base into a polymethyl methacrylate (PMMA) resist layer as
schematized in Fig. 2b and c.

Secondly, the quality and stability of the electrical contact
are crucial.”"*> Because the contact with the NW top is estab-
lished under fast conditions, potential instability of the
contact can affect the measurement.*> To circumvent this
problem, instead of using the NW/tip interface as in the con-
ventional AFM approach,>?” the Schottky contact is deloca-
lized by depositing directly on the NW top a thin 5 nm-Cr/
20 nm-Pt top electrode (Fig. 2d). As we can see on Fig. 2e, the
top electrode is localized on the NW tips without forming a
continuous layer on their edges. Only isolated particles of
metal are visible on their edges. This configuration thus avoids
connecting the residual metallic film deposited on the PMMA
top, and allows to ensure to the top deposition the role of elec-
trode to harvest the piezo-generated output signal. The cross-
section view shows well how the bottom of the NWs are
embedded into the PMMA matrix, while their emerging part is
characterized by the Schottky electrode localized on their top.
Thus, thanks to the presence of this specific top electrode, a
metal/metal contact is thus formed between the conductive
p-type doped diamond AFM tip and the NW, leading to a more
stable contact and thus a more efficient energy harvesting
under fast AFM scanning conditions.

Following our unique experimental configuration, the GaN
NWs are axially deformed. Under this vertical compression
input, a positive piezo-potential in created in the top portion
of the NW*" (ESI S31), where the deformation is the strongest.
The investigated GaN nanostructures being slightly p-doped
(¢f Methods), the Schottky diode is positively biased and thus

Nanoscale, 2022, 14, 4965-4976 | 4967
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(a) GaN NWs grown by plasma-assisted molecular beam epitaxy; (b—d) schematic representation of the preparation for the GaN NW sample

for AFM measurements. Hnw-initt Hembed.-nw @nd Hiesist define respectively the initial NW height, the protruding NW height after consolidation and
the resist height; (e) SEM images of tilted top view and cross-section view of the electrically connected NWs with a thin 5 nm-Cr/20 nm-Pt Schottky

electrode directly deposited on the top of each NW forming the array.

allows collecting the positive output signal.*"*® In addition,
because the topographic and electrical signals are simul-
taneously recorded under a well-controlled axial deformation,
it is thus possible to directly correlate the mechanical pro-
perties of the NWs and their piezo-conversion properties.

Results and discussion
Piezo-conversion measurements

The electromechanical coupling properties of GaN NWs are
investigated under a well-controlled axial compressive force
(defined as the constant normal force, CNF) evolving between
40 and 220 nN (Fig. 3). The 2D mappings of output voltage
(OV) peaks generated by each NW of the array (Fig. 3b) experi-
mentally demonstrate, for the first time, the piezoelectric
response of individual NWs under axial mechanical input.
Equivalent to NWs investigated by AFM under bending,>”"*?
and in agreement with the theoretical predictions,*” the direct
piezoelectric effect is demonstrated: the OV generation
increases with the axial applied force. The statistical analysis
of the electrical mappings (Fig. 3¢), approximated by Gaussian
functions (Fig. 3d), details the variation of the average and
maximum OV as a function of the CNF (table of values is pre-
sented in ESI Table S17). Especially, it evidences a bimodal dis-
tribution of the average OV values.

The piezo-response of NWs is directly related to their
degree of deformation, which itself strongly depends on their
dimensions. In the present study, NWs are synthesized follow-
ing the self-assembled growth mode. The nanostructures are

4968 | Nanoscale, 2022, 14, 4965-4976

thus characterized by a small dispersion in terms of height
and diameter, which results in a dispersion of flexibility/
stiffness. This dispersion allows spanning a significant range
of stiffness values within one sample. Thereby, we could estab-
lish experimentally the intrinsic relation between the piezo-
generated OV and the NW stiffness (Fig. 4) for three CNFs (80,
120 and 160 nN).

The stiffness has been quantified by using the experimental
NW height variation (Al) in response to the action of the CNF
(F). The F = f(Al) plot (ESI S4t) shows a linear dependence for
low to moderate CNFs (<200 nN). The y-axis intercept of the
linear part corresponds to the initial NW height and its slope
represents the NW stiffness (k, in the unit of Nm™") which
indeed follows the Hooke’s law, F = k-Al. At higher F and for
the NWs of lower stiffness, the data deviate from the ideal
Hooke’s law, Al being larger than expected. This indicates that
these NWs start to bend under the action of the CNF (ESI S47).
The stiffness can also be considered through the elastic
modulus quantity, defined as the ratio between stress and
strain: § (Pa) = o/¢ (ESI S471). Quantified with this method, the
stiffness presents equivalent dependence with the CNFs.

Both experimental OV-k (Fig. 4a) and OV-§ (Fig. 4b)
relations evidence the direct piezoelectric effect: the more
important is the NW deformation (directly linked to its
stiffness), the higher is the OV generation. Nevertheless, two
regimes can be distinguished. For high-k (low-5) NWs, called
“rigid” NWs (k 2 5 Nm™" or § < 3.5 GPa), the OV only weakly
varies with stiffness. The NWs are characterized by a high
rigidity, which limits their degree of compression under a
given CNF and thus prevents the creation of a strong piezoelec-

This journal is © The Royal Society of Chemistry 2022
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(a) (10 ym x 5 pym) topographic AFM image recorded for an applied force, so-called Constant Normal Force (CNF), of 180 nN. The colour dis-

persion illustrates the distribution in height resulting from the self-assembled growth mode used to synthesize the GaN NWs; (b) (10 pm x 5 ym) 2D
mappings of OV generated by GaN NWs in response to an axial compression induced by the AFM tip with a CNF of 60, 100, 140 and 180 nN; (c) stat-
istical analysis of 2D electrical mappings for an applied force evolving in the 40-220 nN range. A bimodal distribution of the averaged OV is evi-
denced as it is clearly visible in (d), showing examples of the OV distribution for three CNFs, approximated with Gaussian functions.

tric field. By contrast, for low-k (high-5) NWs, called “flexible”
NWs (k<5 Nm™" or § 2 3.5 GPa), the OV steeply increases by
more than one decade. The NWs being more flexible, it is
easier, under an equivalent CNF, to create a higher piezoelec-
tric field and thus generate a stronger OV. These two distinct
regimes correspond to the OV bimodal distribution observed
on Fig. 3c: the first (second) distribution is related to the
“rigid” (“flexible”) NWs.

The piezoelectric mechanism is conceptually illustrated in
Fig. 5. Therefore, the difference in the OV variation slope
between the two regimes probably refers to a different mode of

This journal is © The Royal Society of Chemistry 2022

deformation. While for “rigid” NWs, we can assume a purely
axial deformation (Fig. 5a), for “flexible” NWs, a deformation
combining axial compression and a slight buckling of the NW
body is more likely. Thus, for an equivalent CNF, the resulting
strain field within the “flexible” NWs is more complex than in
“rigid” NWs, and their deformation is more important. In this
case, the proportion of buckling, which depends on the NW
aspect ratio*®*® plays a critical role in the NW piezo-response.
For k in the [3-5 Nm™'] range (or § in the [3.5-4 GPa] range),
we assume that a soft buckling occurs via twinning/twisting
along the NW body, as observed and simulated in 1D-

Nanoscale, 2022, 14, 4965-4976 | 4969
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Fig. 5 Schematic representation of the piezoelectric field distribution within the GaN NWs and the corresponding output signal generated in
response to an equivalent axial mechanical input as a function of the nanostructure stiffness/elastic modulus (linked to the NW diameter D and
height H). k and 5 are respectively expressed in Nm™ and in GPa. Al illustrates the NW height variation in response to its deformation. (a) For NW
stiffness higher than ~5 Nm™ (elastic modulus lower than 3.5 GPa), the deformation is purely compressive. The degree of compression, and thus the
resulting piezoelectric field created within the nanostructure, increases with the NW stiffness decrease; (b) for stiffness in the [3-5 Nm™] range
(elastic modulus in the [3.5—-4 GPa] range), a soft reversible buckling occurs via twinning/twisting along the NW body which tends to add com-
pression in the NW and thus leads to an enhanced piezoelectric generation. (c) For NW stiffness lower than 3 Nm™ (elastic modulus higher than 4
GPa) and for a strong CNF, a stronger buckling occurs with a portion of the NW being laterally bent. This results in a reduced strain state, leading to
a lowered piezo-potential and thus a reduced output signal.
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nanostructues.*® > This deformation mechanism tends to add
compression in the NW,***? leading to an enhanced positive
piezo-potential and thus to a higher piezo-generation (Fig. 5b).
Due to the high flexibility of GaN NWs,”” and because the
applied deformation does not exceed few percents, the buck-
ling deformation is assumed to be reversible.”®? This reversi-
bility is supported by the integrity of NW piezo-response, non
drastically decreased or disappeared with the successive
measurements (Fig. 3). By contrast, for NW stiffness lower
than 3 Nm™" (elastic modulus higher than 4 GPa) and for a
strong CNF, we assume a stronger buckling with a portion of
the NW being laterally bended (Fig. 5¢). In this case, the NW
presents a complex distribution of the strain field with tensile
and compression regions®® (ESI S2f). In consequence, the
internal piezoelectric field is not characterized only by a posi-
tive value (case when the wire is fully compressed) which will
increase with the degree of compression. It is characterized by
the sum of a positive field created within the compressive
portion of the NW and a negative field created within the
tensile portion of the NW. The total piezo-potential is then
lowered and thus leads to a reduced output signal. The onset
of this regime is experimentally confirmed by the piezo-
response plotted in Fig. 3c. While the average OV of the first
NW population (the “rigid” NWs) increases continuously with
the CNF, the average OV of the second population (the “flex-
ible” NWs) and the maximum OV generation increase before
decreasing for CNF higher than 200 nN.

Results displayed in Fig. 3 and 4 thus experimentally estab-
lish that the double OV distribution of our NWs is linked to
their stiffness and their deformation modes.

In the specific case of high flexible NWs, our estimation of
their stiffness is most certainly underestimated. In order to
avoid any ambiguity, only the NWs with a stiffness >5 Nm™"
(elastic modulus lower than 3.5 GPa), thus being purely axially
compressed, will be considered in the following of the
manuscript.

Figure of merit: Eelectromechanical coupling coefficient

Currently, in the literature, the value of OV is considered to
quantify the piezo-conversion capacity of NWs, which is not
entirely rigorous. For the sake of comparison, we provide the
OV values measured in this study under a purely axial com-
pression. The values, reported in Table 1 for CNFs of 100 and
200 nN, equalize, or even exceed, those generated by various
unique 1D-nanostructures, such as ZnS,>> Cds,>® CdSe,””
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CdTe®® and ZnO nanowires,***> while they are tested under
AFM according to the “classic” mode leading to a stronger
deformation for an equivalent applied CNF (ESI S17).

To illustrate the powering capacity of the NWs axially com-
pressed (deformation compatible with device conditions), the
following equation is used: P = (V:/Ry.) - p, where V; is the
output voltage generated by the i-th NW, Ry, is the resistance
across which the measurement is performed (R, = 1 GQ) and p
is the surface density of NWs (8 x 10° NW em ™2 in the present
study). The results, also reported in the Table 1, give an idea of
the potential of GaN NW as building blocks of high-efficient
nano-piezo-generators.

However, the OV cannot be a universal criterion since its
values are sensitive to the deformation mode, the applied
force, the load resistance and the electronic measurement
system. It is thus extremely difficult to compare different
systems and misleading to discuss the piezo-conversion
capacity by considering only this parameter.

The best evaluation of the real potential of NWs consists in
quantifying the electromechanical coupling coefficient defined
by:

output electrical energy

n= (1)

input mechanical energy

The output electric energy generated by an individual NW
in one piezoelectric discharge is given by (ESI S57):

1 T 2

AWpiczo = ~————
Piezo ZRL +R/S

2)
where V is the piezo-generated OV and Ry, (1 G) is the load re-
sistance. R's (144 MQ) evaluated from (V) characteristics per-
formed on various single NWs includes the series resistance
(Rs) and the contact resistance, R¢, of the Schottky diode, as
well as the NW resistance, Ryw. Finally, = (3 ms) is the decay
time of the system, integrating both the 7gject.moa. Of the elec-
tronic module used for the measurements and the zyw of the
NW.

The input mechanical energy, corresponding to the elastic
deformation energy for axially compressing/releasing the NW
is given by (ESI S57):

AWeglast. = FAL (3)

where F is the applied CNF and Al is the NW height variation.
The electromechanical coupling has been estimated for
several individual NWs (k > 5 Nm™') deformed under a pure

Table 1 Average and maximum output voltages and output power density generated by the NWs in response to an applied force of 100 and 200 nN

100 nN

200 nN

Rigid NWs Flexible NWs Rigid NWs Flexible NWs
CNF (1% distribution) (2! distribution) (1** distribution) (2™ distribution)
Average OV (mV) 16 54 29 88
Maximum OV (mV) 111 159
Average output power density (mW cm™?) 0.20 2.33 0.67 6.20
Maximum output power density (mW cm™?) 9.86 20.22

This journal is © The Royal Society of Chemistry 2022
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Table 2 Electromechanical coupling coefficient calculated according to the eqn (1) for GaN NWs axially compressed with a deformation degree of

1%

NW Output Electo-mechanical NW Output Electo-mechanical NW Output Electo-mechanical
stiffness voltage coupling stiffness voltage coupling stiffness voltage coupling
(Nm™) (mV) coefficient (%) (Nm™) (mV) coefficient (%) (Nm™) (mV) coefficient (%)
4.9 13.1 31 5.6 7.9 9.9 7.8 6.8 7.8
4.9 11.6 29.1 5.9 6.9 20.4 8.1 7.5 9.4
4.9 15.2 43.4 5.9 8.6 15.5 8.6 5.8 5.9
5.0 14.2 35.5 6.0 10.1 21 11.1 7.0 6.9
5.1 12.1 27.3 6.9 6.2 8.5 13.1 8.6 7.7
5.3 10.4 11.3 7.3 5.9 6.2
5.4 14.4 39.1 7.6 5.7 5.9
a b
( )? 50 (b) NW Diameter (nm)
S 20 30 40 50 60 70 80 90 100 110
> u - rs‘ch;t‘k’y“ T i I [ ] [ ] e
© 40} = 50}
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Fig. 6 (a) Electromechanical coupling coefficient, , variation as a function of the NW stiffness for a deformation of 1%. The variation in the

5.9-43.4% range highlights that the coupling coefficient is not only driven by the NW mechanical characteristics. (b) Variation of 5 as a function of
the NW radius. The OV can also be affected both by the behaviour of the Schottky diode harvesting the generated OV, and by the influence of the

surface charge effects (SCE).

axial compression (Table 2). This estimation has been per-
formed for a NW deformation of 1%.

We show that the coupling efficiency varies in the
5.9-43.4% range and presents a decreasing exponential behav-
ior with the NW stiffness (Fig. 6a). This variation clearly
demonstrates that the coupling coefficient, directly pro-
portional to the OV, is not only driven by the mechanical
characteristics of the NWs. Two other parameters, often neg-
lected, affect the OV.

Influence of the Schottky diode nano-contact

The Schottky diode through which are collected the piezo-gen-
erated charges, and in particular its size, can significantly
affect the OV harvesting®' (Fig. 7a): when the radius of the
diode is lower than the depletion width (fixed by the doping)
in NWs, the conventional description of the Schottky diode
cannot be applied. The description of the Schottky nano-
contact must be considered,® where the effective Schottky

4972 | Nanoscale, 2022, 14, 4965-4976

barrier height, @3 becomes a function of the diode
size.’*®® The smaller is the diode size, the lower is the barrier

height and the more important is the tunneling effect. This
gives rise to a better energy harvesting and then to a highest
electromechanical efficiency. In the present work, the Schottky
diode is directly deposited on the top of each individual NW
(Fig. 2). The diode size is thus fixed by the NW diameter.
Plotting of the electromechanical coupling as a function of the
NW radius (Fig. 6b) unambiguously evidences a strong relation
between these two parameters (we remember here that each
considered NW is characterized by a degree of compression of
1%): for radius higher than 30 nm, the OV is almost
constant indicating its harvesting through a classical Schottky
diode. By contrast, for smaller radii, the coupling efficiency
strongly increases demonstrating that the OV is harvested
through a Schottky nano-contact. The boundary between these
two regimes points to a depletion width in our NWs of
~30 nm.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) Band diagrams of the interface between the GaN NW and the top metallic deposition playing the role of the Schottky diode. When the

radius of the NW is larger than the depletion width (30 nm estimated in our NWs), the conventional description of the Schottky diode is considered.
The Schottky barrier, @;Ch"“ky, is directly related to the band bending. By contrast, for NW radius smaller than the depletion width, the diode is gov-
erned by its nanometer size. The effective Schottky barrier is thus lowered with <I>Z.Ch°“ky < @écmtky, which gives rise to an enhanced harvesting of the
OV and thus an enhanced electromechanical coupling coefficient. (b) Schematic representation of the Fermi level pinning in p-doped GaN NWs
with different diameters, where @§Uce is the maximal surface barrier height and AE is the energy difference between the Fermi level and the
valence band minimum. For NW radius larger than the depletion width, the SCE do not affect the piezo-generation. By contrast, for NW radius
around 22-30 nm, the NW is fully depleted and SCE become favourable for piezo-conversion. However, when the NW radius becomes smaller than

22 nm, SCE turn out to be unfavourable. <1>gurfa°e is decreased, leading to an increase of the NW resistivity and thus to a degradation of the piezo-

response.

Influence of the surface charge effects (SCE)

The SCE, strongly pronounced in GaN NWs,*® give rise to
surface Fermi level pinning (SFLP) inducing the formation of a
depletion region along the NW edge with a width fixed by the
NW doping.®' Depending on the NW diameter, the SFLP leads
to a partial/complete depletion’®*° of the NW volume. This
induces an effective reduction of the free carrier concentration,
known to be detrimental to the piezo-response due to their
screening of the piezoelectric charges. The OV generation and
therefore the coupling efficiency (Fig. 7b) are thus affected. For
NW radius, Rxw, larger than the depletion width (30 nm esti-
mated in our NWs), the depletion zone surrounds a conduc-
tion channel. The existence of this conductive NW core

This journal is © The Royal Society of Chemistry 2022

implies that the SCE do not affect the free carrier concen-
tration and thus the piezo-conversion, 7 remaining approxima-
tively constant. By contrast, when Ryw is comparable to the
depletion width, the NW is fully depleted with a surface
barrier height, ®3%f  of the order of the SFLP. The free
carrier density and thus the screening effect are reduced,'®*°
enhancing the OV, which reach up to 43.4% for radii in the
22-30 nm range. In these conditions, the SCE are favorable for
piezo-conversion. However, when Ryw becomes really small,
SCE turn out to be unfavorable. @3¢ is decreased and the
carrier density reduction is so important that the NW becomes
highly resistive, thereby limiting also the piezo-charge circula-
tion with the external electrical circuit. The piezo-response is
degraded, as observed for Ryw smaller than 22 nm. These

Nanoscale, 2022, 14, 4965-4976 | 4973
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results experimentally illustrate the SCE influence, until to
now theoretically predicted,'®?*** on the piezo-conversion
capacity of single GaN NWs.

Conclusion

By using a unique advanced nano-characterization tool derived
from AFM to probe the piezoelectric response of GaN NWs
axially compressed with a well-controlled applied force, we
have directly correlated the output signal generation of NWs
with their mechanical characteristics and especially their
stiffness. In this way, we were able to experimentally highlight
the intrinsic link existing between the degree and the mode of
deformation of the GaN NWs and their piezo-response. Thus,
under axial compression, “rigid” NWs (k > 5 Nm™" or § < 3.5
GPa) are purely compressed and the generated OV is pro-
portional to the degree of compression. By contrast, for “flex-
ible” NWs, (k<5 Nm™" or § > 3.5 GPa), a deformation combin-
ing axial compression and a slight buckling of the NW body is
assumed. The OV is thus affected by the degree of compression
and buckling. In the extreme case (high applied force and very
flexible nanostructure), the buckling becomes bending and
leads to a degradation of the generated OV.

With this technique, we have also quantified the electrome-
chanical coupling coefficient of GaN NWs (NWs with a
stiffness >5 Nm™" (elastic modulus <3.5 GPa)), a required and
crucial figure of merit to discuss the real potential of NWs for
developing piezoelectric devices. This coefficient can reach up
to 43.4% in our GaN NWs. Thanks to the careful investigation
of the results, we have pointed that the coupling coefficient
(directly proportional to the OV) may not be affected only by
the NW mechanical characteristics, but can be also linked to
two other critical parameters. We have established that the
coupling coefficient is affected by the formation of the
Schottky nano-contact harvesting the piezo-generated energy
when the NW radius is lower than 30 nm, corresponding to
the depletion width in our GaN NWs. We have also experi-
mentally demonstrated, for the first time, that the electrome-
chanical coupling coefficient can be extremely sensitive to the
surface charge effects, strongly pronounced in sub-100 nm
wide GaN NWs. Thus, for NW radius higher than 30 nm, the
SC have no effect on the piezo-conversion. By contrast, for
lower radius, the expression of SCE is dominant: for radius
around 22-30 nm, SCE become favorable for piezo-conversion
due to advantageous screening effect of the free carrier into
the fully depleted NWs; but for NW radius smaller than
22 nm, SCE turn out to be unfavourable and lead to a degra-
dation of the piezo-conversion efficiency caused by the too
important resistivity of the NWs.

Even though the present study has been established as part
of AFM characterization, the applied axial compression as well
as the NW configuration with the Schottky electrode directly
deposited on the NW top, reflect the deformation and harvest-
ing conditions experienced in real nanogenerator devices.
Thus, these experimental establishments open new perspec-
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tives to improve the electromechanical coupling properties of
the NW, a prerequisite for developing high efficient piezo-gen-
erators ready for technological transfer. For example, the inte-
gration of our slightly p-doped GaN NWs with homogeneous
radius around 25 nm is a promising way.

Experimental
GaN NWs fabrication

GaN NWs were grown on Si(111)n" substrates following the
self-assembled free-catalyst methods by plasma-assisted mole-
cular beam epitaxy (PA-MBE), active nitrogen being supplied
by a radio-frequency plasma cell. The NW growth was per-
formed at 760 °C under N-rich conditions with an N/Ga ratio
of about 1.36. During the growth, the Mg cell was kept at
400 °C with the shutter closed in order to induce a p-type
residual doping of GaN NWs. Prior to the growth of GaN NWs,
a 2.5 nm-thick AIN buffer layer was deposited, allowing for a
better control of the NW nucleation, density and
orientation.®””®* This AIN interlayer presents a conductive
character as explained in previous reported works.>”***¢ The
GaN NWs formed under these growth conditions are vertically
aligned with hexagonal shape delimited by {10-10} planes®’
and present a Nitrogen polarity.®® They are characterized by a
height of 1050 + 200 nm, a diameter of 50 + 30 nm and a
density of 8 x 10° NW ecm ™2,

Sample preparation for characterization by AFM-Resiscope

The GaN NWs with their by sub-100 nm wide diameters are
characterized by a strong flexibility.”” To circumvent this
problem of high-flexibility inducing possible leakage of the
piezoelectric charges and instability of the AFM tip/NW
contact,>! the mechanical resistance of the NWs was increased
by partially embedding their base into a polymethyl methacry-
late (PMMA) resist layer. The PMMA was spin coated on the
sample surface after the NW growth and etch-back by using
reactive ion etching (RIE) with oxygen plasma to uncover the
top portion of the NWs. Then, a diluted-HF etching was per-
formed in order to remove the Ga,O; oxide layer formed on
the NWs top during the plasma treatment. For the set of piezo-
electric conversion measurements, the GaN NWs emerging
from the PMMA are characterized by a height equal to 200 +
200 nm, the diameter remaining unchanged. By combining
the NW and resist height measurements, performed by com-
bining AFM and SEM characterization, we have estimated the
resist height to ~850 nm.

In order to ensure reliable measurements of the piezo-gen-
erated energy and circumvent a potential and non-controllable
degradation of the contact, we have directly deposited the
diode on the NW top. After a wet etching step to remove
residual oxide present at the NW top, we have deposited by
electron beam evaporation a thin 5nm-Cr/20 nm-Pt top metal-
lic film playing the role of collecting electrode. For this step,
the NW sample was normally oriented regarding the metallic
charges to ensure a deposition localized at the NW top and

This journal is © The Royal Society of Chemistry 2022
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not covering the NW sidewalls. Thus, in these conditions, a
pure metal/metal contact is formed between the AFM tip and
the NWs, leading to a more efficient contact and thus energy
harvesting under fast AFM scanning conditions.
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