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Impact of the GaN nanowire polarity on energy harvesting
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We investigate the piezoelectric generation properties of GaN nanowires (NWs) by atomic force
microscopy equipped with a Resiscope module for electrical measurements. By correlating the
topography profile of the NWs with the recorded voltage peaks generated by these nanostructures
in response to their deformation, we demonstrate the influence of their polarity on the rectifying
behavior of the Schottky diode formed between the NWs and the electrode of measurement. These
results establish that the piezo-generation mechanism crucially depends on the structural
characteristics of the NWs. © 2074 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4880101]

Today it is highly desirable that nanodevices, such as
sensors for environment monitoring, nomad electronics, or
electronic board, operate without external batteries. To
respond to this request, energy harvesting has received these last
years a great attention. Among the alternative sustainable energy
resources, the mechanical deformations and vibrations (such as
body movements, sound vibrations, hydraulic movements,
wind, and friction) present the advantages to be ubiquitous and
available at all time. The piezoelectric nanowires (NWs) have
emerged as excellent candidates to convert these types of energy
into electrical energy. In fact, thanks to the superior mechanical
properties (larger elasticity deformation, higher flexibility, and
resistance),’ higher sensitivity to applied force,'” and higher
piezoelectricity properties® in comparison with properties of
the same material in bulk form, the NWs have the potential to
fundamentally improve the electrical generator performance.

In 2006, the generation of electrical energy from the me-
chanical deformation of ZnO NWs has been demonstrated
by Professor Wang from the Georgia Institute of Technology
in USA.® This concept has been also demonstrated for other
piezoelectric 1D-nanostructures such as CdSe,7 CdS,8 PZT,9
and BaTi03.'% IMI-Nitrides nanostructures, despite their strong
piezoelectric properties,”'" have been much less studied. The
first electric generation resulting from the deformation of GaN
nanorod has been evidenced in 2007.'> But it is only since
2010, that III-N NWs are investigated for the realization of gen-
erators. Among nitride materials investigated, we found NWs
of GaN,B’15 AIN, and AlGaN,16 and more recently InN.!7-18

In spite of the current research efforts on nanomaterials
with the increased discussions on the benefits of nanowires
to improve the energy conversion efficiency, there is a lack
of fundamental understanding of piezoelectric properties of
these nanostructures. This lack compromises the prediction
of the piezoelectric potential, the improvement of the me-
chanical to electrical energy conversion, and thus the
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development of optimized nanowire based piezo-generators.
Only few studies have been reported on the properties of
GaN NWs dealing with their piezoelectric generation
capacity. Hence, it has been recently demonstrated that pie-
zoelectricity in individual GaN NWs is six times stronger
compared to bulk material® and that the piezoelectric poten-
tial created inside the nanostructure is proportional to the
NW deflection and saturates for the large deflections.'*

In this Letter, we investigate the piezoelectric generation
mechanism involved in bended GaN NWs by atomic force
microscopy equipped with a Resiscope module for electrical
measurements. We evidence the strong impact of the polarity
of wurtzite NWs on their piezoelectric response. By correlat-
ing the topography profile of the deformed nanostructures
with the recorded voltage peaks, we demonstrate the impact
of the Nitrogen polarity of the GaN NWs on the rectifying
behavior of the Schottky diode formed between the NWs
and the electrode of measurement, the electric contact ensur-
ing the charge recuperation for piezo-generation.'”

GaN NWs were grown on Si(111) substrates in a
plasma-assisted molecular beam epitaxy (PAMBE) chamber,
active nitrogen being supplied by a radio-frequency plasma
cell. The substrate temperature was fixed at 800 °C and the
growth was performed under N-rich condition with an N/Ga
ratio of about 1.36. Prior to the growth of GaN NWs, a
2.5-nm-thick AIN buffer layer was deposited on the sub-
strate.”® The GaN NWs formed under these conditions are
vertically aligned NWs with hexagonal shape delimited by
{10-10} planes®' (Fig. 1(a)). Due to the strong flexibility of
GaN NWs and in order to finely characterize the piezoelec-
tric properties of GaN NWs when they are deformed, we
have partly encapsulated them into a thin polymethyl meth-
acrylate (PMMA) layer in order to increase their mechanical
resistance (Fig. 1(b))."? Consequently, a higher deflection
force could be used to improve the resolution and the reliabil-
ity of the measurement. In these conditions, the emerging
GaN NWs are characterized by a height of 121 * 37 nm, a di-
ameter of 88 = 21 nm and a density of 3.8 x 10'° NW/cmz.

One of the most common methods to measure the piezo-
electric effect in NWs consists in involving lateral bending

© 2014 AIP Publishing LLC
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FIG. 1. (a) SEM image of GaN NWs grown by Plasma Assisted MBE; (b)
3D-topographic AFM image of partially encapsulated GaN NWs with PMMA.

of the nanostructure with simultaneous measurement of gen-
erated electric potential. This method requires a very sensi-
tive measurement system, since the generated voltages and
currents tend to be small when a single NW is tested. In this
work, the electrical measurements were performed by an
AFM in vertical configuration equipped with a modified
Resiscope module.”” The AFM technique brings the advant-
age of the scanning and deflection measurements capabilities
with a nanometer scale resolution. The Resiscope, which in
its standard form allows dynamic resistance measurements
over a very wide range (10°-10'? Q) in usual AFM scanning
conditions, has been adapted in order to allow investigations
on piezoelectric properties of NW samples similarly to the
method used by Wang and coworkers.® During scanning
over the array of vertical NWs, the conductive AFM tip,
which is brought into contact with the surface under a con-
trolled and constant normal force, induces a local bending of
the nanostructures. In response to this deflection and due to
the piezoelectric effect, the NWs generate a voltage which is
detected through the conductive AFM tip. In this measure-
ment method, the external electrical is connected via an
Ohmic contact formed between the NWs and the substrate,
and a Schottky contact formed between the NW top and the
AFM tip. In fact, concerning this last point, because we used
a 30° cone-shaped doped-diamond tip characterized by a
normal spring constant of 0.29 N/m, and because the electron
affinity of the GaN is 4.1eV and the work function of the
doped-diamond is around 4.8eV,” the diamond-GaN

Appl. Phys. Lett. 104, 213105 (2014)

contact forms a Schottky barrier which ensures the charge
recuperation for piezo-generation.'” Throughout measure-
ments, both the topographic and the electrical signals were
recorded continuously and simultaneously. In our specific
instrumental configuration, we do not apply any external
voltage. The voltage waveform generated by the NW is
observed across a load resistance Ry of 1 GQ.

Figure 2 presents the AFM equipped with Resiscope
module topographic image and the corresponding 3D images
of output voltage peaks of the partially encapsulated GaN
NWs recorded at a constant normal tip force of 173 nN.
The output voltages measured are negative which indicate a
n-type conductivity of our GaN NWs.?* This experimental
result is consistent with the n-type residual doping of GaN
obtained with our growth conditions. GaN NWs generate an
average output voltage about —74 mV, with the largest value
reaching —443 mV. This latter value represents the highest
output voltage reported for GaN-based NWs.'?

In all the conductive AFM scans presented above, each
voltage peak is correlated to the location of a nanowire.
However, if we precisely analyze the correspondence
between the topography profile of a given NW (Fig. 3(a))
and the corresponding voltage peak (Fig. 3(b)), we observe
that the output signal is detected when the AFM tip gets in
contact with the side of the n-doped GaN NW (Fig. 3(c)),
i.e., when the deflection of the nanowires starts and the tip is
in contact with the stretched side of the NW. The opposite
behavior is observed with n-doped ZnO NWs: in this case,
the output signal is generated when the tip is in contact with
the compressed side of the NW.?*%” To understand this dif-
ference, we have to consider the piezoelectric properties of
the constituting material. Due to the absence of inversion
symmetry characterizing the wurtzite structures, the (0001)

FIG. 2. (a) AFM equipped with Resiscope module topographic image and
(b) corresponding 3D output voltages collected by AFM-Resiscope for a
constant normal force of 173 nN.
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FIG. 3. Topographic (a) and output voltage (b) images of GaN NWs
recorded by AFM-Resiscope for a normal constant force of 173 nN. The
scanning direction is indicated by the arrows. (c) Corresponding topographic
and electric profiles. The localization of the profile is materialized by the
dashed line on Figs. (a) and (b). The output signal is detected only when the
AFM tip starts to deflect the NWs, i.e., when the tip is in contact with the
stretched side of the NW. We remark here that the NW diameter is higher
than the one measured by SEM. This oversizing is attributed to the tip/sur-
face convolution.

and (000-1) surfaces of wurtzite III-nitrides, namely metal-
face and N-face, respectively, are not equivalent. These two
facets have different properties®® " and the internal polar-
ization along the z-axis of the NWs depends on the polarity
of their top surface. We have previously shown that the GaN
NWs synthesized under the growth conditions used for the
present experiment, are terminated by an N-polar surface
(N-polarity).20 The spontaneous polarization (Psp) is aligned
with the z axis and oriented from N to Ga atoms. Thus, Pgp
is parallel to the growth direction in our NW sample
(Fig. 4(a)). However, this orientation plays a crucial role in
the orientation of total polarization which includes the piezo-
electric component created inside the nanostructures in
response to an external applied force.

When the NW is laterally bended, an asymmetric strain
is created across the NW. The outer face of the nanowire is
stretched leading to a positive strain, while the inner face is
compressed leading to a negative strain. As a consequence
of this strain field, a piezoelectric polarization (Ppz), which
comes from a relative displacement of the Ga cations with
respect to the N anions along the stress direction, appears
inside the NW. Under compression, Ppy is oriented
anti-parallel to the spontaneous polarization and thus ori-
ented opposite to the growth direction, while under stretch-
ing, Pp; is parallel to the Ppg and aligned with the growth
direction (Fig. 4(b)). A resulting piezoelectric field is cre-
ated inside the NW volume. Due to the specific orientation
of the piezoelectric polarization in the N-polar GaN NWs,
the electric potential distribution evolves approximately
between Vgt at the compressed facet and Vg at the
stretched facet (Fig. 4(c)). Due to this electric potential vari-
ation through the NW volume, two different processes occur
at the Schottky contact formed between the top of the n-type

Appl. Phys. Lett. 104, 213105 (2014)
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FIG. 4. (a) Representation of a NW and of the atomic arrangement of N-
polar GaN structure. The spontaneous polarization is oriented from the nitro-
gen atoms towards the gallium atoms; (b) Strain distribution into the NW
bent by conductive AFM tip; (c) Potential distribution into the NW; (d)
Schottky contacts establish between the top of the NW and the conductive
AFM tip for the stretched (right representation) and compressed (left repre-
sentation) facets. These contacts lead, respectively, to a directly and a re-
versely biased Schottky diode.

doped GaN NWs and the conductive AFM tip (Fig. 4(d)).
When the AFM tip starts to deflect the GaN NW, the contact
between the tip and the stretched side is a positively biased
Schottky diode (AV=Vm— Vg >0, where Vm is the
potential of the metal tip, which is nearly zero). In conse-
quence, charges flow across the interface driven by the pie-
zoelectric potential. This results in an external output
voltage detected across the load resistance. By contrast,
when the conductive tip reaches the compressed face of the
NW, the conductive AFM tip-GaN NW contact is a re-
versely biased Schottky diode (AV =Vm — Vg™ <0) and
there is no charge flow across the interface, explaining the
absence of output voltage discharge.

By comparison, the n-type doped ZnO nanowires are
characterized by the metal polarity, i.e., the NWs are termi-
nated by Zn atoms.>*? As for Ga-terminated GaN material,
the metal-polarity of the ZnO NWs orients the Pgsp in the
(0001) direction (anti-parallel to the growth direction) (In
wurtzite materials, the polarity is called metal-face when three
of the bonds of the metal atoms with tetrahedral coordination
face towards the substrate. By contrast, the polarity is called
anion-face (N-face for GaN or O-face for ZnO) when three
bonds face in the growth direction). The piezoelectric polar-
ization in metal-polar structures is thus oriented in the oppo-
site direction of the anion-polarity structures (N-terminated
GaN or O-terminated ZnO). Consequently, the electric poten-
tial through the metal-polar ZnO NWs evolves between Vg~
at the compressed facet and Vg™ at the stretched facet. This
potential distribution explains the difference in the generation
behavior between ZnO and our GaN nanowires. The different
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Schottky diode behavior between the two materials is thus a
direct consequence of the polarity of the wurtzite NWs. The
understanding of this mechanism is essential to clarify the pie-
zoelectric generation by NWs, to improve their energy con-
version efficiency and to integrate them in adapted
architecture of devices.

In summary, we have studied the piezo-generation prop-
erties of GaN NWs synthesized by PA-MBE. Under external
mechanical solicitation of the nanostructures applied via an
AFM system equipped with a Resiscope module for electric
measurements, we have demonstrated that due to the N-polar
character of the GaN NWs, the rectifying behavior of the
Schottky contact created at the AFM-tip/NWs interface is
inversed with respect to the n-type ZnO NW system. This
behavior shows that the piezo-generation mechanism cru-
cially depends on the structural characteristics of the NWs.

The improvement of the conversion efficiency and the
prediction of the piezo-potential in 1D-nanostructures
require a good knowledge of their structural and mechanical
properties, but also a fine understanding of the strong role of
the piezoelectric properties. To access at these properties,
specific analyzes are necessary, notably by taking into
account the impact of non-linear piezoelectricity in the strain
nanostructures.’> >

The authors thank J. Alvarez and L. Largeau for fruitful
discussions.
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