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ABSTRACT We demonstrate an organic/inorganic hybrid energy-harvesting platform, based on nanostructured piezolelectric arrays
embedded in an environmental-responsive polymer matrix, which can self-generate electrical power by scavenging energy from the
environment. A proof of principle device is designed, fabricated, and tested using vertically aligned ZnO nanowires and heat as the local
energy source. The device layout takes advantage of the collective stretching motion of piezoelectric ZnO NWs, induced by the shape-
change of the matrix polymer, to convert the thermal energy into direct current with output power densities of ~20 nW/cm? at a
heating temperature of ~65 °C. The responsive nature of polymeric matrices to various stimuli makes this nanostructured piezoelectric
architecture a highly versatile approach to scavenging energy from a multitude of environments including fluid-based and chemical-

rich systems.
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— ncouraging progress has been made recently in the
= development of nanowire (NW)-based piezoelectric
A nanogenerators.' "® In fact, exciting results from
various groups working on ZnO, poly(vinylidene fluoride)
(PVDF), barium titanate (BaTiOs5), and lead zirconate titanate
(PZT) have shown device architectures with different power-
ing modes including alternating current (ac)*~" and direct
current (dc).” One key limitation, however, of many piezo-
electric-based nanogenerators is the requirement of me-
chanical energy sources (e.g., mechanical vibration or mo-
tion) to generate electrical current. This restricts the use of
these nanodevices to a general environment where a direct
mechanical energy source is available. To activate the mo-
tion of nanopiezoelectric materials through alternate energy
sources, such as thermal, photonic, and/or chemical, it will
be crucial to investigate new methods of coupling the
piezoelectric transducers directly to media that can convert
a nonmechanical energy source into piezoelectric strain.
This capability will enable materials to be submersed in a
variety of environments that have both nontraditional power
sources such as mechanical vibrations/motion and pressure
gradients as well as traditional power sources such as light,
heat, and chemical energy.

In this work, we report a self-powered platform that relies
on the response of a polymeric film to drive the piezoelectric
effect in a nanowire array. To test the concept of polymer
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facilitated mechanical-to-electrical conversion, we chose to
study the well-reported ZnO nanowire system that can be
grown by different routes including chemical vapor deposi-
tion'®'" or solution-based techniques'? and embed the NW
array in an environmental-responsive organic polymer.'” In
comparison to other ZnO NW-based nanogenerators, the
deformation of the ZnO NWs in our devices are not directly
induced by external forces, but rather caused by the shape
change in the polymer matrix as it responds to external
stimuli. With this hybrid approach, the NWs are near
uniformly distributed inside the polymer matrix and can
deform collectively under stimulation, thus each individual
piezoelectric transducer can contribute power to the device.
Using a thermal energy source as our test stimulant, we
demonstrate that dc electric currents can be generated by
the expansion of the polymer matrix with a simple, cheap
device architecture. In addition, since our platform utilizes
matrix-assisted mechanical-to-electrical conversion, we have
the ability to design energy-harvesting structures that are
tuned to scavenge energy from a variety of sources including
light, heat, pressure, chemical, and mechanical.

A schematic of our nanoconverter (NC) is shown in Figure
la. An array of vertically aligned ZnO (n-type) NWs is
embedded in the environmental-responsive polymer poly-
(vinyl chloride-co-vinyl acetate-co-2-hydroxypropyl acrylate)
(PVC). Vertically aligned ZnO NWs were epitaxially grown
on 2 mm x 2 mm a-plane sapphire substrates via a chemical
vapor transport and condensation (CVTC) process as de-
scribed elsewhere.'* The scanning electron microscopy
(SEM) image of the as-grown ZnO NWs (Figure 1b) shows
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FIGURE 1. Design and fabrication of a ZnO-PVC polymer hybrid energy nanoconverter (NC). (a) Schematic of an NC device. (b) Top-view SEM
image of the as-grown ZnO NWs on sapphire. The density of the NWs is about 30/um?. Inset: 30° tilt view of the vertically aligned ZnO NWs.
(c) A SEM image of the nanowire array after infiltrating with the PVC polymer and oxygen plasma etching. About 50 % of the NWs are exposed
after plasma etching. (d) A characteristic I—V plot of an NC device showing rectification behavior and a turn-on voltage of ~400 mV.

the nanowire diameters ranging from 60—120 nm, lengths
between 7—10 um, and an areal density of ~30/um?. After
growth, the NW forest was infiltrated by drop-casting a 1 %
PVC solution (in 1,4-dioxane) on the substrate. The physical
and mechanical properties of PVC polymers allow for room-
temperature formation of uniform, flexible thin films. After
drying the PVC film at room temperature, the top surface
was oxygen plasma etched to clean and expose the NW tips
for making electrical contacts. A typical SEM image of the
exposed NW tips (~0.5 um long) is shown in Figure 1c. After
etching back a portion of the PVC film, the NW density is
measured to be ~15/um?, leaving ~50 % of the NWs unex-
posed. A 200 nm Au/5 nm Ti top contact electrode (~1 mm?
contact area) was deposited via electron beam evaporation.
The bottom electrode was defined by placing silver paste on
the underlying ZnO thin film that formed during the growth
process. The electrical transport characteristics of the nan-
odevices were tested using a standard electrical probe
station (Signatone S-1160) equipped with tungsten micro-
manipulator probes, a power source meter (Keithley 2602),
and recording software. Figure 1d displays a characteristic
I—=V curve of a fabricated NC array that shows the current
rectification behavior of the device and a turn on voltage of
~400 mV. The electronic barrier formed at the metal—
semiconductor (Au-ZnO) interface is a key component in the
operation of the device and is discussed in more detail later.

The PVC film has a coefficient of thermal expansion (CTE)
of 70 x 107%/K compared to sapphire and ZnO with CTEs
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of 8 x 107%/K and 3 x 107%/K, respectively. The substantial
CTE mismatch between the substrate and the polymer film
can lead to large residual stresses inside the PVC film upon
a temperature change/fluctuation. Therefore, a piezoelectric
nanowire array embedded in such a polymer matrix should
be perturbed by the internal strain within the polymer as
the temperature is elevated, providing a direct thermal-to-
mechanical-to-electrical transformation in the ZnO NC. We
tested this hypothesis by placing a Peltier hot plate under-
neath the sapphire substrate and thermally stimulating the
device. To get a good approximation of the temperature on
the top side of the NC device as a function of heating voltage,
a small k-type thermal couple was placed on the NC surface
and the temperature was recorded at various heating volt-
ages (Figure 2a). A strong short-circuit current on the order
of tens of nanoamperes (nA) was observed from the nan-
odevice (Figure 2b) at various heater voltages. The corre-
sponding open-circuit voltages of the device were also
measured (Figure 2¢) and showed a direct relationship with
temperature. The resistance of the NC remained relatively
constant at ~90 kQ over the narrow heating temperature
range we used (see Supporting Information Figure S1). As
evident from the short-circuit current and open-circuit volt-
age traces, there is a slight lag in the recorded values in
comparison to the applied voltage to the heater. This lag is
likely due to the time it takes heat generated by the Peltier
device to transfer through the sapphire/ZnO film and into
the polymer as supported by Figure 2a. The stability of the
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FIGURE 2. Power generation of an NC under thermal stimulation. (a) The temperature profile measured from the top surface of the NC at
different Peltier heating voltages. (b) Electric current generated from an NC while heating with the Peltier at voltages of 2, 4, 6, and 8 V (blue
dashed lines). (c) Same as (b), but the generated voltage is being plotted. Note that the temperature in the devices does not immediately
return back to room temperature [also see plot in (a)] after the Peltier heater is turned off during both voltage and current measurement
experiments. (d) The electric current (red trace) and output power density of the nanoconverter (blue trace) when connected to different
external loads. A Peltier heating voltage of 8 V (~65 °C) was used for each measurement. A maximum output power density is observed
when the external load is close to the internal resistance of ~90 K. (e) The maximum output power by an NC at heating temperatures
ranging from room temperature to ~65 °C. The maximum output was determined by connecting different loads to an NC device and monitoring

the electric current, as seen in (d).

NC devices is also important, specifically how reproducible
the peak and baseline current levels are during the “power-
up” and “power-down” modes, respectively. We have re-
peatedly cycled our devices over many hours of operation
and have not seen any significant changes in the power
output, although continual testing will be necessary to fully
understand degradation pathways in the NCs.

To confirm that the electrical signals are generated from
the NC device and not an artifact of our experimental setup,
we carried out lead exchange experiments on various
devices. When the high source and low drain probes were
reversed on the electrical contacts of the device, we recorded
current levels of similar magnitude but opposite signs (see
Supporting Information Figure S2), indicating that the cur-
rent flow was being driven by the NC and not by residual
potentials generated by the measurement electronics. To
verify that the electrical circuit setup was not interfering or
causing any artificial voltages or current we tested the noise
level of the probe station by connecting different external
loads (1—500 k) in series without the NC device (see
Supporting Information Figure S3). Depending on the resis-
tance load, we found that the noise level in the electric
current ranged from ~50 nA (for 1 kQ resistor) to ~0.1 nA
(for 500 k€2 resistor) with an upper end in the voltage noise
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of ~50 uV. Therefore, using the measured resistance of ~90
kQ for our NC device, we predict a noise current contribution
of <0.6 nA to our measured values.

The maximum output power from our NC device was
measured by connecting different external loads in series.
In general, at a given heating temperature the maximum
power-output of our NC device was achieved when the
external load approximately equals the internal resistance
of the device (Figure 2d). The effective contact area
determined for a typical NC is ~1.0 mm x 1.0 mm, which
yields power density values of 1 —19 nW/cm? for temper-
atures ranging from 22—65 °C (Figure 2e). Even though
the device configuration and performance are not opti-
mized, the power densities are sufficiently high enough
to meet the power requirements to drive many nanowire
and nanotubes-based devices used for sensors and other
nanoelectronic architectures.'>~'®

The physical working principle of the organic—inorganic
hybrid device can be understood based on the piezoelectric
behavior of ZnO NWs. The NWs have their c-axis oriented
perpendicular to the substrate (parallel to growth axis) and
produce a piezoelectric field potential when the Zn and O
atoms are nonsymmetrically moved due to strain on the
crystal. As illustrated in Figure 3a—b, this charge separation
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FIGURE 3. Working principle of the NC device. (a) Charge distribu-
tion within the ZnO NWs after heating (left) or cooling (right). The
blue and red colors indicate a negative and positive potential relative
to the ground state, respectively. The bottom of the wire is the
interface between the NW and the sapphire substrate. (b) Schematic
illustrating the steady-state (top) and thermally agitated (bottom)
state of the ZnO NWs embedded in a PVC matrix. As the polymer
expands relative to the substrate, a stress along the axis of the NWs
is generated. (c) Voltage generated by an NC device heated in an
oven from 20 to 165 °C (red symbols). At temperatures above ~100
°C, the NC loses its ability to generate power because the PVC
undergoes structural relaxation above its glass transition point (T
~ 65 °C).

in the ZnO nanowires can be induced by the surrounding
polymer matrix, which acts as a pulling handle on the NWs
as the polymer expands. Prior to heating, the PVC matrix
lies in a steady state (assuming constant ambient tempera-
ture), but expands vertically and laterally as thermal energy
is added to the system. The polymer is not permitted to
expand isotropically because it is supported by the underly-
ing substrate, and therefore subjects the NWs to an axial
tensile stress along the c-axis. It is possible the NWs also
undergo lateral stress that slightly bends the NWs, but this
motion is likely a weak contribution to the overall electrical
signal. The thin underlying ZnO film on top of the sapphire
substrate likely has little impact on the power-generation
ability of our devices. Our electrical current measurements
(i.e., direction of current flow) shown in Figure 2a—c indicate
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that the tops of the ZnO wires (at the polymer—metal contact
interface) become increasingly negative as the temperature
rises and are positively charged at the other end (Figure 3a).
Note that the initial electronic state of the ZnO surfaces (e.g.,
the side surface), which could influence the polarity of the
top and bottom portions of NWs, may be generated by the
oxygen plasma treatment used to expose the NW tips.'’

From a first-order approximation (see Supporting Infor-
mation), without considering the polarization and dielectric
screening effect, the electric potential (U) created during
tension can be calculated from U = [ApE /(ApE, + AnwEnw)]
X [(0p = AT X (Lnu/dss)], where Ep is the Young’s
modulus of PVC (2900—3300 MPa),?° Ey,, is Young’s modu-
lus of ZnO (~100 GPa), o is the thermal expansion coef-
ficient of PVC (~70 x 107° /K), O iS the expansion
coefficient of ZnO (~3 x 107° /K) along the c-axis,?"** Ly,
is the NW length (~5 um), AT is the change of the temper-
ature, dss is the piezoelectric constant (~14.3—26.7 pm/V)
of aZnO NW along the c-axis,”” and A, and A, are the cross-
sectional area fractions of the polymer and nanowire,
respectively. This idealized expression suggests that the
maximum piezoelectric output voltage for a PVC matrix can
be in the range of a few volts, but experimentally we observe
values around 10 mV. Among the factors that influence the
output potentials include the free carrier density of the ZnO
NWs (which creates a screening effect and reduces electric
potentials) and the nature of the Schottky barrier (which
affects the charge separation).®* As expected, for a softer
polydimethylsiloxane (PDMS) polymer (see below) the strain
is predicted to be about 3 orders of magnitude lower. The
lateral expansion of the PVC polymer, which can induce
bending in the NWs, can also generate charge separation
across the lateral direction leading to positive or negative
potentials on the side surfaces of the NWs.?> However, as the
side surface of the NW tips is in constant contact with the
Au electrode, the fields generated by the displacement of
Zn?* and O®” ions are immediately neutralized. As a result,
the contribution of the bending motion to the overall piezo-
electric effect of our NC is expected to be small and can
generally be ignored.

To better understand the nature of the polymer-induced
tensile strain in the piezoelectric nanowires, we replaced the
PVC matrix with a softer polydimethylsiloxane (PDMS)
polymer. The small Young’s modulus of PDMS (0.36—0.87
MPa), compared to PVC (2900—3300 MPa),*® should pro-
duce a weaker tensile strain, assuming similar adhesion
interactions between the polymer and semiconductor, on
the ZnO nanowires even though the CTE of PDMS (310 x
107°/K)*® is higher than PVC (70 x 107%/K). Both polymers
have high electrical resistivities (~10'®> Qcm) and low ther-
mal conductivities (<0.2 W/m - K) leading to similar electrical
insulation and temperature gradients across the polymer
film. Under similar heating conditions (~50 °C) the PVC
infiltrated NC produces about a 20-fold higher current level
than the ZnO arrays filled with PDMS (see Supporting
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Information Figure S4). In addition, if the polymer matrix is
removed without disrupting the contacts, no signal is gener-
ated (see Supporting Information Figure S5). Both of these
controls help support a piezoelectric driven power and
validate that the polymer matrix has a significant effect on
the output properties of the NC devices.

As noted above, the energy barrier created at the
metal—semiconductor interface is important in our mech-
anism for current generation. Given that the work functions
of Au and Ag are 5.1 and 4.2 eV, respectively, the electron
affinity (E,) of ZnO is 4.5 eV, and without considering the
near-surface state effects®®?” the top Au—znO interface
likely forms a Schottky-type barrier compared to the more
ohmic bottom contact. The entire electric transport mech-
anism described in Figure 1a is therefore controlled by the
top Au—ZnO interface. When the negatively charged top
surface (generated during tensile stress) is connected to the
Au contact, the Au—ZnO interface is forward biased and
electric current flows across the interface. Likewise, when
the top surface is positively charged (generated under
compression), the Au—ZnO interface is reverse biased and
little electric current will flow across the junction. The strong
self-generated electric current (Figure 2b) and direction of
electron flow supports this hypothesis. The model of the
nanowire motion depicted in Figure 3a,b also suggests that
the vertical alignment and Schottky contacts are key factors
to generating dc power. As the PVC matrix begins to expand
and exert stress on the NWs, a piezoelectric potential is
generated along the nanowire axis due to the polarization
of the Zn** and O ions in the crystal. Because of the
Schottky-like interface and slow neutralization of the strain
field in the nanowire, the piezoelectric potential can exist
for long periods of time (tens to hundreds of seconds).?®*®
It is likely that our piezoelectric potential, given the slow
deformation time of the polymer, is significantly reduced
during the thermal experiments. Indeed, replacing the ther-
moplastic matrix with faster responding matrices would be a
direct route to enhance the performance of our NC devices. As
the ZnO nanowires are strained by the expanding polymer,
electrons begin to flow across metal—semiconductor junctions
where the piezoelectric potential is high enough to overcome
the interfacial energy barrier. This process can continue for long
periods of time (minutes to hours) given the large number of
metal—semiconductor energy barriers present across the nano-
wire array. Our dc signal is therefore due to a collective
contribution of independent nanowires discharging as the
strain induced piezoelectric potential overcomes the local
interfacial energy barriers between the nanowire and metal
contact.

Since the PVC polymer used has a nominal glass transi-
tion temperature (Tg) of ~65 °C,*” it is expected that a device
infiltrated with PVC will lose its ability to harvest thermal
energy at temperatures above Ty due to the structural
relaxation and/or conformational changes in the polymer.
To test the operational temperature range of the NC, we
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continuously heated a device from room temperature to 165
°C in a furnace while monitoring its output performance.
Figure 3c displays the oven temperature and the output
voltage signals from the NC device as a function of time. The
plot illustrates that the output voltage signal (blue trace)
reaches its maximum (=22 mV) at ~100 °C before dropping
sharply down to zero after 145 °C. The rapid drop off in the
voltage is presumably due to the onset of structural relax-
ation within the polymer matrix as the glass transition
temperature is reached. Interestingly, after cooling the NC
device back to room temperature, we found that the nano-
device no longer had the same capability to convert thermal
energy into electric current (see Supporting Information
Figure S6). This is likely due to the ZnO NWs detaching from
the substrate during the heating process or degradation in
the metal-semiconductor interfaces.

The PVC polymer used in these experiments is a sufficient
thermal insulator (thermal conductivity ~0.19 W/m K), and
it is anticipated that thermal gradients will form across the
polymer film as well as locally around the ZnO nanowires.
To get a better understanding of the thermal gradient across
the polymer film, we measured the temperature at the top
of the polymer surface and the top of the ZnO thin film
(Figure 4a) using small (<0.5 mm) k-type thermocouples.
Since the as-grown ZnO nanowires are n-type semiconduc-
tors, the temperature gradient along the c-axis invokes a
negative and positive electric potential on the top and
bottom surfaces, respectively, suggesting that the potentials
we observed in Figure 2¢ could be the contribution of both
piezoelectric and thermoelectric effects. To differentiate the
thermoelectric from the piezoelectric potential, we homo-
geneously heated (i.e., the top and bottom sides of the device
have the same temperature) a device to about 42 °C in a
furnace, thus minimizing any temperature gradients across
the polymer film. As illustrated in Figure 4b, the isothermally
heated NC device produced an output potential that was
about 0.4 mV less than the potential produced with a similar
device heated from the backside only (Figure 2¢). At 42 °C,
under Peltier heating, the temperature gradient between the
top and bottom surface of the polymer (Figure 4a) is ~6 K.
The average Seebeck coefficient (S = —dV/dT, where dV is
the thermoelectric potential, and dT is the temperature
gradient) of the ZnO NWs is thus estimated to be —67 uVIK,
assuming the temperature gradient of the ZnO NWs is the
same as that of the polymer. However, since the thermal
conductivity of the ZnO NWs (3—10 W/m K)?° is substan-
tially higher than that of PVC, the estimated Seebeck coef-
ficient value is likely an upper limit. This value is reasonably
smaller than high performance thermoelectric materials
such as Bi,Te; (—287 uV/K, n-type). Comparing the output
performance of the isothermally and bottom-heated devices
suggests that over 94 % of the electric potential generated
comes from the piezoelectric contributions.”’

Further supporting data comes from control runs using
nonpiezoelectric silicon nanowire arrays (see Supporting In-
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formation Figure S7). Silicon nanowire arrays were synthesized
via an electroless etching approach®® which resulted in nanow-
ires with dimensions similar to the ZnO nanowire arrays (~100
nm diameters; 10 um lengths). As evident from the short-circuit
traces (see Supporting Information Figure S7), very small
currents are generated from a Si nanowire array infiltrated with
PVC. The measurable current output likely stems from a
thermoelectric effect that has recently been reported for silicon
nanowires.’>>* The dominance of the piezoelectric contribu-
tion is also supported by the elevated (above Ty) heating (Figure
3e) and the polymer exchange experiments (see Supporting
Information Figure S4).

In summary, we have demonstrated an energy conver-
sion platform that utilizes nanostructured piezoelectrics
embedded in an environmental-responsive polymer matrix
to convert thermal energy into electrical power. The device
architecture does not require elaborate top contacts or
electrodes to produce dc power as the output relies on the
collective discharging of individual transducers with different
metal—semiconductor energy barriers. Since our transduc-
tion mechanism is driven by the material coupled to the
piezoelectrics, we can tailor the infiltrating matrix and device
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design so that power can be scavenged from various energy
sources including light, mechanical, pressure, fluids, and/or
chemical. These promising results demonstrate the ef-
fectiveness of a matrix-assisted piezoelectric nanoenergy
converter and highlight the unique attributes of environ-
mental-responsive coatings in creating multifunctional na-
nopower devices and sensors.
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