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This paper presents a cascade-type compact hybrid energy cell (CHEC) that is capable of individually and
concurrently harvesting solar and strain energies. The cell is made up of an n-p homojunction nanowire
(NW)-based piezoelectric nanogenerator and a nanocrystalline/amorphous-Si:H single junction cell.
Under optical illumination of ~10 mW/cm? and mechanical vibration of 3 m/s? at 3 Hz frequency, the
output current and voltage from a single 1.0 cm?-sized CHEC, 280 pA and 3.0 V, respectively, are suffi-
cient to drive low-power commercial electronics. Six such CHECs connected in series generate enough
electrical power to light emitting diodes or drive a wireless strain gauge sensor node.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Solar [1-5] and vibration [6-8] energies are most commonly
available in the ambient environment. They can be harvested,
converted into electrical energy and used to operate autonomous
wireless sensor networks (WSNs) [9]. However, vibrations gen-
erate power only while motion persists and solar energy is sig-
nificant only when optical illumination is sufficient. Thus, a tech-
nology that can harvest energy from both sources would produce
more reliable and substantial power output. The nanotechnology-
based compact hybrid energy cell (CHEC) proposed here can in-
dividually and concurrently harvest vibrations and/or solar en-
ergies [10,11].

Various CHECs have been proposed for harvesting vibration,
solar, thermal and chemical energies [10-29]. For example, func-
tioning CHECs made of intrinsic ZnO nanowires (NWs) and organic
polymer blends have been reported to harvest strain and solar
energies [10-15]. Semiconductor NWs exhibit unique features for
energy harvesting applications, such as enhanced surface area,
high mechanical flexibility, high sensitivity to small forces, better
charge collection, enhanced solar energy absorption through light
trapping, and amenability to function as a template for other
structures [2,3]. On the other hand, the increased surface area in
high aspect-ratio NW structures may also cause greater non-
radiative recombination across local junctions/interfaces due to
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surface defects, which often undercuts these advantages [30-32].

In typical hybrid energy harvesters, the components that sca-
venge different types of energy are designed and fabricated in-
dependently, following distinct physical principles. Due to their
different output characteristics, each energy harvesting modality
requires its own power conversion and management circuitry. For
example, piezoelectric nanogenerators (NGs) have large output
impedance and can produce high voltage but low current, while
solar cells (SCs) have small output impedance, with high current
but low voltage [14]. Designing compact cells that can effectively
and simultaneously harvest energy from multiple types of sources
will increase their applicability and levels of output power. Com-
plementary harvesting can also be used to improve the output
characteristics by increasing output current and voltage simulta-
neously. Achieving these goals requires innovative and integrated
methods, materials, and structures [10,11].

Herein, we present the first cascade-type transparent vibration/
solar energy cell synthesized on a polyethylene naphthalate (PEN)
flexible substrate. The cascade-type CHEC's monolithically-in-
tegrated two-terminal structure substantially suppresses the large
interfacial electrical losses typically encountered in mechanically
stacked devices. Furthermore, integrating the solar cell on top of
the piezoelectric nanogenerator significantly enhances output
power density, through effective, simultaneous and com-
plementary harvesting of ambient strain and solar energies. The
cell consists of a vertically-aligned n-p ZnO homojunction NW-
based nanogenerator and a hydrogenated nanocrystalline/amor-
phous silicon (nc/a-Si:H) n*-i-p™* junction solar cell. The device's
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full inorganic heterostructure improves chemical stability and
mechanical durability. It can function as a sensor, a solar cell, or a
nanogenerator.

2. Materials and methods
2.1. ZnO n-p homojunction NW growth

The ZnO homojunction NWs are grown hydrothermally [33]. A
SiN buffer layer and aluminum-doped ZnO (AZO, 2 wt% Al,O3
+98 wt% ZnO) layer are deposited onto a pre-cleaned poly-
ethylene naphthalate (PEN) substrate using radio-frequency (RF)
magnetron sputtering at 150 °C. The SiN buffer layer improves the
surface properties of the substrate. The AZO layer serves as a
conductive electrode as well as a seed layer for subsequent ZnO
NW growth. The aqueous solution for growing n-type ZnO NWs is
a mixture of zinc (Zn) nitrate hexahydrate (25 mM), hexamethy-
lenetetramine (25 mM) and aluminum (Al) nitrate nonahydrate.
The atomic ratio of Al to (Al+Zn) in the mixture solution is con-
trolled at 3 wt%. To obtain p-type ZnO NWs, a doping reagent, li-
thium (Li) nitrate (75 mM), is added to the solution (heavily p-
type). The solution is kept at a constant temperature of 88 °C
during growth, and the ZnO NW length is simply controlled by
growth time (~500 nm/h): one hour for the n-type section im-
mediately followed by an additional half hour for the Li-doped p-
type section. Additionally, the n-n homojunction NWs are pre-
pared with intrinsic (effectively n-type) NW growth procedure for
use as control samples in the experiments [33]. All samples are
cleaned using a standard process.

2.2. Fabrication of the compact hybrid energy cell

The solar component of the CHECs consists of a stack of n*-i-p*
nc/a-Si:H thin-film layers, deposited on top of the synthesized n-p
and n-n homojunction ZnO NWs by plasma-enhanced chemical-va-
por deposition (PECVD) at a substrate growth temperature of 150 °C.
A 13.56 MHz PECVD cluster system is first used to deposit 60 nm of
n* nanocrystalline (nc)-Si:H thin-film onto the NW array at an RF
power density of 194 mW/cm?, using a combination of SiH4/H,/pH3
gases. Immediately after, a 500 nm thick i-a-Si:H intrinsic absorber
layer is deposited at a power density of 9 mW/cm? by flowing SiHa,
followed by 60 nm of p* nanocrystalline (nc)-Si:H deposited at a
power density of 43 mW/cm? using SiHu/H./B,Hg process gases.
Lastly, a 200 nm thick AZO layer is deposited as a transparent front
contact. Photolithography is then employed to pattern the stack into
arrays of square CHECs. Silver conductive paste is used to glue Cu wire
leads onto the top and bottom AZO electrodes. The completed stacks
are packaged in polydimethylsiloxane (PDMS), Dow Corning Sylgard
184, pre-mixed with curing agent at a ratio of 10:1 w/w, and then
degassed to prevent contamination, damage, and moisture penetra-
tion from the ambient environment.

2.3. Structural and device characterization

The morphology of the as-grown ZnO NWs is obtained using a
Zeiss Orion Plus helium ion microscope (HIM). Optical character-
ization of the NW structures is performed using a UV/Visible
spectrophotometer (Shimadzu, UV-2501PC). The ZnO nanowires in
the CHECs were grown following methods validated in a previous
study [34] and shown to successfully incorporate Li ions into the
ZnO lattice, resulting in p-type doped nanowires. The current-
voltage (I-V) curves of the CHECs and their junction capacitance
are measured using a Keithley 4200-SCS semiconductor char-
acterization system, calibrated before measurement to keep the
system noise at or below 1fF in a wide frequency range (1 kHz—

10 MHz). The photovoltaic parameters are measured under 1-sun
AM 1.5G radiation from an ABET Sun 3000 Class AAA solar simu-
lator with a Keithley 2400 source/meter. Piezoelectric character-
ization is carried out using a system that includes a closed-loop
controller (Vibration Research Corporation, VR9500) and a linear
shaker (Labworks Inc., ET-126B-1) to provide sinusoidal waves
simulating a vibration source with a known amplitude and fre-
quency. Output piezoelectric voltage and current signals are
measured using low-noise voltage/current preamplifiers (Stanford
Research System Model SR560/570) and a National Instruments
I/0 module (NI CompactDAQ USB-9239). The input resistances of
the voltage and current preamplifiers are 100 MQ (SR560) and
10 kQ (SR570), respectively. To minimize electromagnetic inter-
ference, the two copper wires connected to the device under test
are twisted together. All measurements are conducted at ambient
room temperature.

3. Results and discussion

Fig. 1a shows a schematic diagram of a fabricated CHEC and its
architecture. An equivalent circuit of the CHEC, showing the NG
and SC connected in series, appears in Fig. 1b. The nc/a-Si:H
nt-i-p™* layers are integrated directly on top of the underlying
lithium-doped ZnO nanowire layer. Two types of ZnO NWs are
employed in the device fabrication: ZnO n-p homojunction NWs
and ZnO n-n homojunction NWs. Fig. 1¢ shows a photograph of the
patterned array of CHECs with varying side lengths (from 1 mm to
1 cm) and insulation separation. This array configuration provides
the basis for effectively comparing the output for a range of CHECs.
Fig. 1d shows a cross-sectional helium ion microscope (HIM) im-
age of a typical CHEC, and confirms the monolithic and seamless
integration between the nc/a-Si:H n*-i-p™* layers and the under-
lying ZnO NW layer. The ZnO NWs are functioning as the piezo-
electric material for mechanical energy conversion and as the
electron transport layer for photocurrent collection of the solar cell
component. Fig. 1e shows top-view HIM images of the as-grown n-
p and n-n homojunction ZnO NWs, revealing uniform growth of
high-density and vertically-aligned NWs. The average length and
diameter of these NWs are ~750 nm and 80 nm, respectively.

This monolithic CHEC can exploit piezopotential under com-
pressive strain and photovoltaic potential under ambient optical
illumination, to generate electrical power. The CHECs, when placed
solely under optical illumination, function as traditional solar cells
and produce continuous photocurrent output. The photocurrent
flows from the n*-nc-Si layer to the p*-nc-Si layer, or from the
left (the bottom) to the right (the top), as illustrated in Fig. 1a.
When a compressive force is applied, negative piezopotential (V—)
is generated at the AZO/n-ZnO NW interface (bottom) and positive
piezopotential (V+) at the p-ZnO NW/n*-nc-Si interface (the top).
The photovoltaic potential and the piezopotential are in the same
direction and thus are added together [11]. The combined poten-
tial creates a stronger voltage drop between the positive (top) port
and the negative (bottom) port, which drives current through an
external load. Owing to the high interfacial energy barrier, elec-
trons accumulate at the interface between the p*-nc-Si layer and
top AZO electrode until the resulting potential balances the pie-
zopotential in an equilibrium state. Once the compressive load is
released, the piezopotential drops to zero, and the electrons ac-
cumulated around the p*-nc-Si layer flow back to the bottom AZO
electrode via the external circuit. Consequently, a negative electric
pulse is generated and the system returns to its initial equilibrium
state [35].

Fig. 2a shows the measured optical absorption spectra of the n-
p and n-n homojunction ZnO NW arrays in the wavelength range
of 380-800 nm. The peak absorption wavelength is observed at
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Fig. 1. (a) A schematic diagram of a CHEC made of n-p homojunction ZnO NWs grown on a flexible substrate (cross sectional view). (b) A schematic showing an equivalent
circuit of the hybrid energy cell. (c) A photograph of patterned CHEC arrays. (d) A cross-sectional helium ion microscopy (HIM) image of a fabricated CHEC. (e) HIM images of

the n-p (top) and n-n (bottom) homojunction ZnO NW arrays.

A=~385 nm in the n-n homojunction ZnO NWs, corresponding to
a bandgap energy of ~3.2 eV. This absorption feature can be at-
tributed to the interband optical transition near the conduction/
valence band edges of ZnO. The peak absorption in the n-p
homojunction NWs exhibits a slight red shift to a longer wave-
length of ~390 nm. The n-p homojunction ZnO NWs also show
stronger optical absorption over the visible and near-infrared

wavelength range compared with the n-n homojunction ZnO NW
arrays. The shift in peak wavelength and stronger optical absorp-
tion of n-p type CHECs enhance photocurrent generation and may
improve solar photon harvesting. A few absorption strength os-
cillations can be observed in the wavelength range between 600
and 800 nm, and can be attributed to the Fabry-Perot resonance
along the layer growth direction.
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Fig. 2. The measured (a) optical absorption spectra for the n-p and n-n ZnO
homojunction NWs and (b) current density-voltage (J-V) characteristics of 2 mm
n-p and n-n CHECs under AM 1.5G illumination with 100 mW/cm? light intensity.

Fig. 2b shows the current density-voltage (J-V) curves of the
2 mm-sized n-n and n-p CHECs under AM 1.5G illumination with
100 mW/cm? light intensity and no mechanical strain. The n-n
CHECs produce a short-circuit current density (Jsc) of 8.7 mA/cm?,
an open-circuit voltage (V,c) of 0.731V, a cell fill factor (FF) of
39.6%, and a power conversion efficiency (1) of 2.53%. The CHECs
with n-p homojunction NWs achieve a higher current density (Jsc)
of 9.5 mA/cm? and efficiency (1) of 2.96%, but similar voltage (V,.)
of 0.735V and FF of 42.3%. The devices' low solar power conver-
sion efficiency (PCE) is attributed to the roughness of the surfaces
and interfaces among the solar cell layers due to their deposition
on top of ZnO NWs, roughness further exacerbated by a soft
substrate. The marginal improvement in the output current and
efficiency of the n-p CHECs over those of the n-n CHECs might be
attributable to the marginally superior optical absorption and the
lower internal impedance of n-p homojunction NWs.

Larger 1 cm-sized CHECs were used to harvest more solar and
mechanical energies. Fig. S1a shows a typical current-voltage (I-V)
curve under dark conditions and no mechanical strain, with an
inset of a corresponding semilog I-V plot. Almost zero current
passes through the CHECs until the voltage exceeds a threshold
voltage. A rectifying characteristic is clearly exhibited, demon-
strating that the n-p and n-n homojunction NWs and n*-i-p* Si
thin film behave as well-defined diodes. The rectification ratio of
the n-p CHECs is 1.32 x 10* at bias voltages of —1 and +1 V. The
turn-on voltage is approximately 0.7 V for both types of CHECs.

The capacitance-voltage responses were measured (Fig. S2b) to
further reveal the electrical properties of the CHECs. The AC signal
was set to 10 mV at 5 kHz, while the DC bias was varied from —1V
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Fig. 3. The open-circuit voltage and short-circuit current of n-p and n-n CHECs at
(a) ambient indoor optical illumination level (~10 mW/cm?) and no mechanical
strain and (b) an acceleration amplitude of 3 m/s? and a frequency of 3 Hz under
dark conditions. (c) The output voltage of the CHECs for combined harvesting of
ambient indoor optical illumination of ~10 mW/cm? and an acceleration ampli-
tude and frequency of 3 m/s? and 3 Hz, respectively.

to +3 V. The anode was connected to the top AZO layer and the
cathode to the bottom AZO layer. The results show that capaci-
tance saturates at a larger value for a negative bias voltage
(~12 nF for n-p CHECs, ~15 nF for n-n CHECs) and at a much
smaller value for bias voltages (~0.4 nF for both CHECs) in the
range of 1-3 V. The measured capacitance exhibits a sharp drop as
the DC bias increases from 0 to +1 V. The n-p CHECs have lower
capacitance than the n-n CHECs because of the additional junction
capacitance associated with the n-p ZnO homojunction connected
in series with the interface capacitance of p-ZnO NW/n*-nc-Si and
the junction capacitance of n*-i-p* Si, resulting in a smaller
overall CHEC capacitance.

Fig. 3a shows the voltage output of the 1 cm-sized CHECs under
indoor ambient optical illumination (~10 mW/cm?) and no
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Fig. 4. (a) The charging curves of a 10 uF capacitor being charged by an n-p individual CHEC. The insets are the curves for the NG and SC components, separately. (b) A
photograph of eight blue and three white LEDs before and after being powered by a charged 1000 yF capacitor. (c) A photograph of two commercial strain gauges (the front-
side of a Wheatstone bridge) incorporated into the wireless sensor node. (d) The measured strain signals (top) without vibration and (bottom) with vibration from the

wireless strain gauge sensor.
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mechanical strain. DC-type photovoltaic output was obtained by
repeatedly turning the indoor light source on and offat 2sand 1 s
intervals. The n-p CHECs yield a higher open-circuit voltage
(~0.6 V) than the n-n CHECs (~0.55 V), but comparable current
output (~280 pA). From Fig. S1a, the resistance of the n-p CHECs
is derived to be 1.7 kQ at 1V, lower than the resistance (4.5 kQ) of
the n-n CHECs. The overall impedance obtained from combining
these resistances with the measured capacitance are (1.67 kQ) for
n-p type CHECs and (4.27 kQ) for n-n CHECs.

The piezoelectric response of the CHECs under dark conditions
is measured and presented in Fig. 3b. The CHECs were anchored on
a fixed stopper, and the shaker moved back and forth, applying
periodic strain to the NWs by striking the CHECs at the end of each
cycle [34,36]. The excitation frequency was set to 3 Hz, and the
acceleration amplitude to 3 m/s2. AC-type piezoelectric output -
positive and negative current passing through the external load -
can be observed as the n-p homojunction-based NGs (PNGs) un-
dergo cyclic mechanical strain, similar to results reported else-
where [35,37-39]. In this CHEC, the AC signal is produced from the
PNG part, while a positive DC signal is observed from the SC under
light illumination. The results show that the open-circuit voltage
Voc of the n-p CHECs is 138 times higher than that of the n-n
CHECs, reaching a maximum of +2.5V, and the maximum short-
circuit current I is more than twice that of the n-n CHECs. The
improved V. and Is. can be attributed to the substantial reduction
in mobile charge screening effect observed in the n-p homojunc-
tion.[34,40].

Although the solar cell (SC) component of the CHECs produces
a relatively higher output current — on the order of mA - its output
voltage is only around 0.5-0.6 V. Conversely, the output voltage of
the PNG can be as high as several volts, but its output current is
less than 1 pA. Hence, a hybridization of the SC and NG could
exploit both of their advantages, yielding a higher output current
and higher output voltage device. To demonstrate simultaneous
harvesting of solar and mechanical energies, the CHECs were
tested under indoor optical illumination and mechanical strain.
The measured open-circuit voltage is shown in Fig. 3c. During the
experiment, an acceleration amplitude of 3 m/s? at 3 Hz frequency
was applied continuously. An indoor illumination of ~10 mW/cm?
was applied for a short period (2 s), and then dark conditions were
resumed. For the n-p CHECs, the maximum output voltage exceeds
3V under both optical and mechanical excitation. The results
show that the voltage outputs from the SC component and the NG
component combine constructively, verifying that the CHEC can
simultaneously and individually harvest solar and mechanical
energies. The add-on effect is negligible (the right curve in Fig. 3c)
in the n-n CHECs because the piezoelectric voltage output is quite
small.

The hybrid energy cell's potential to charge capacitors, power
LEDs, and drive wireless sensor nodes is illustrated using the n-p
CHECs under ~10 mW/cm? illumination and an acceleration am-
plitude of 3 m/s? at 3 Hz frequency. Their pulsed voltage output is
rectified using a full-wave bridge. Fig. 4a shows the charging
curves of a 10 pPF capacitor charged by a 1 cm-sized CHEC. Under
optical illumination only, the capacitor can be charged from 0 V to
0.61 V in less than 0.3 s. Voltage remains constant afterwards (left
inset, Fig. 4a). Under mechanical excitation only, the voltage across
the capacitor increases slowly and almost linearly, reaching
~1.27 V in 580 s (right inset, Fig. 4a). Under combined optical and
mechanical input, the CHEC charges the same capacitor to a vol-
tage of 2.0V in 920 s. Comparison indicates that the hybrid cell
can effectively compensate for the lower voltage output of the
solar cell component.

To enhance the CHEC's output, six cells were integrated in
series to charge a 1000 pPF capacitor. The capacitor was then de-
ployed to power eight blue and three white LEDs connected in

parallel. The emitted light lasted for 0.5-1.0 s and is clearly cap-
tured against the background, in Fig. 4b.

The CHECs' capacity to sustainably drive a wireless sensor node
was tested on a commercial EH-LINK wireless sensor (strain
gauge) node (LORD Corporation). On this node, the output of six
CHECs connected in series was first rectified by the full-wave
bridge. The charge was stored in the 1000 pF capacitor. A custom-
made full Wheatstone bridge was implemented using four 350 Q
commercial strain gauge sensors (Vishay precision group) (Fig. 4c)
to measure the strain at the instrumented root of a cantilever
beam. The wireless strain sensor node was used to transmit the
measured strain signal to a USB base station connected to a
computer that acquired and recorded data. Fig. 4d shows the re-
corded strain signals obtained from this experimental setup. The
strain in the beam was measured by the wireless sensor node
powered by an electronic circuit consisting of the CHECs, the ca-
pacitor, and the full-wave bridge. Depending on whether the beam
was under mechanical excitation or not, measurable strain signals
were recorded (lower graph) or not (upper graph, Fig. 4d). When
the excitation frequency of the beam was set to 3 Hz and the ac-
celeration amplitude to 3 m/s?, the intermittently-measured strain
was about 1600 pe. These results demonstrate that the CHECs are
capable of powering commercial electronics.

4. Conclusion

This paper presents a compact hybrid energy cell (CHEC) made
of an inorganic solar cell monolithically integrated with a ZnO
piezoelectric nanogenerator. The nanogenerator is made of verti-
cally aligned n-p homojunction ZnO NWs hydrothermally grown
on a flexible substrate. The solar cell is made of n*-i-p* nc/a-Si:H
thin-films. The fabricated CHECs are demonstrated to harvest
strain and solar energies individually and concurrently. Employing
n-p junction based ZnO nanowires in the nanogenerator compo-
nent improves the piezoelectric voltage output of the CHECs by
more than two orders of magnitude (138 times). Under indoor
ambient illumination and mechanical excitation with an accel-
eration of 3 m/s? at 3 Hz frequency, the output current and voltage
from a single 1.0 cm-sized n-p junction-based CHEC were 280 pA
and 3.0V, respectively, enough to drive low-power commercial
electronics. Six such CHECs connected in series to charge a capa-
citor harnessed enough energy to light up 8 blue and 3 white LEDs
in pulsed mode or to drive a wireless strain gauge sensor node
intermittently. This cascade-type ZnO n-p homojunction NW CHEC
represents a significant step toward effective combined energy
harvesting from the ambient environment, offering a flexible
power supply for self-powered electronics.
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