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Piezoelectric Energy Harvesting Using Solar Radiation Pressure
Enhanced by Surface Plasmons at Visible to Near-infrared
Wavelengthst

Jae-Hoon Ryu,*® Ha Young Lee,*® Sung-Hyun Kim,*® Jeong-Yeon Lee,*° Jun-Hyeon Jang,? Hyung Soo
Ahn,? Sun-Lyeong Hwang,® Robert A. Taylor,*? Dong Han Ha*¢ and Sam Nyung Yi*®?

A light-pressure electric generator (LPEG) device, which harvests piezoelectric energy using solar radiation enhanced by
surface plasmons (SPs), is demonstrated. The design of the device was motivated by the need to drastically increase the
power output of existing piezoelectric devices based on SP resonance. The LPEG device was fabricated by forming a crater
structure capable of concentrating light on a GaAs (100) substrate and by sequentially depositing layers to form an indium
tin oxide (ITO)/Ag/Pb (Zr,Ti)Os (PZT)/Pt/Ti structure. The solar radiation pressure can be used as an energy source by
employing an ITO/Ag double layer to excite the SPs in the near-infrared (NIR) and visible light regions. The LPEG with the ITO
layer generates an open-circuit voltage of 295 mV, a short-circuit current of 3.78 pA, and power of 532.3 uW/cm? under a
solar simulator. The power of the LPEG device incorporating the ITO layer increased by 38% compared to the device without
the ITO layer. The effect of the ITO layer on the electrical output of the LPEG was analysed in detail by measuring the
electrical output when visible and NIR light were incident on the device using optical bandpass filters. In addition, finite-
difference time-domain (FDTD) simulation confirmed that the pressure of the incident light can be further amplified by the
ITO/Ag double layer. Finally, the energy harvested from the LPEG was stored in capacitors to successfully illuminate red

light-emitting diodes (LEDs).

Introduction

In recent decades, remarkable improvements in medical
technology and the quality of life have resulted in the rapid
growth of the world population and, consequently, energy
consumption.! On the other hand, fossil fuels are being
gradually depleted, and environmental pollution and climate
change problems are worsening owing to the use of energy
sources based on fossil fuels. Therefore, the development of
alternative renewable energy sources or energy harvesting
technologies are essential for the future.23 Renewable energy
sources include solar radiation,*> wind,® water flow,” heat,® and
hydrogen,® of which solar radiation is the most accessible and
eco-friendly energy source on Earth.10.11 Typical technologies
for harvesting solar energy include solar cells that convert light
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energy into electrical energy,1?2 and solar thermal technology,
which converts absorbed solar light into thermal energy.13 More
recently, solar radiation pressure (SRP) has been used as an
energy source to propel solar sails in space.* Because the SRP
reaching the earth's surface is very weak, approximately 4.6
UPa, the application thereof is limited. However, considering
that the radiation pressure is proportional to |E|? (where E is
the electric field), SRP could be expected to become a useful
energy source provided it is significantly amplified.

The excitation of surface plasmons (SPs), a phenomenon in
which free electrons collectively oscillate on a metal surface
when light is incident on a dielectric-metal interface, has the
effect of greatly amplifying the intensity of the electric field near
the metal surface.1> SPs are classified as a propagating surface
plasmon transmitted in the form of a surface plasmon polariton
along the dielectric-metal interface and the localised surface
plasmon, oscillation of charges confined to a nanosized metal
surface.® In particular, noble metal nanoparticles (NPs) such as
Ag and Au generate SPs when the incident light consists of
electromagnetic waves in the visible region.17.18 In addition, the
wavelength of the generated SPs varies depending on the size,
shape, spacing, and the dielectric medium surrounding the
metal NPs.1920 The strong amplification of the electric field
around the metal NPs by SPs has found application in surface-
enhanced Raman spectroscopy (SERS)?! and enhancement of
the solar cell efficiency.22 For example, Lee et al. fabricated a
SERS substrate based on gold nanostar assemblies on metal
films and used it for the ultrasensitive detection of target



molecules.?3 Hao et al. achieved a current density of 23.34
mA/cm2 and power conversion efficiency of 16.53% by
integrating core—shell tetrahedral nanostructures into a
perovskite solar cell.2* However, because metals experience
large optical losses and have high negative real-part
permittivities, strong electric field amplification by SPs cannot
be expected in the NIR region.?>

Transparent conductive oxides (TCOs) such as Al:ZnO,
Ga:Zn0O, and indium tin oxide (ITO) exhibit excellent electrical
conductivity and high light transmittance in the visible region,
and their optical properties can be controlled by adjusting the
extent of doping or their chemical composition.26-28 Thus, many
studies have been conducted on NIR plasmonic materials
because TCOs exhibit low optical loss, particularly in the NIR
region.2? In most TCO materials, the crossover wavelength (the
wavelength at which the real part of the permittivity switches
from positive to negative for certain materials) exists in the NIR
region.30 Furthermore, the behaviour of a TCO approximates
that of a metal when the wavelength of the incident light is
longer than the crossover wavelength.31 In addition, because
TCOs have a positive permittivity for visible light, they are also
used as dielectric materials.3233 Currently, the most popular
TCO material is ITO because it can be heavily doped.2834 Ma et
al. adjusted the surface plasmon resonance (SPR) frequency in
the NIR region by controlling the dopant concentration, and the
size and shape of ITO NPs.3> Hong et al. studied the effect of the
dielectric environment on the optical properties of the Ag layer
by comparing the SPR frequency and absorption intensity of the
ITO/Ag and TiO,/Ag bilayers in the visible region.3¢

In previous studies, we amplified the laser radiation
pressure sufficiently to stimulate Pb(Zr,Ti)O3 (PZT) by forming Pt
and Ni layers with nanoroughness on the slope of the crater
structure.37.38 Moreover, by optimising the type and thickness
of the upper electrode such that the SPs are well developed in
the visible band, a power density of 396 uW/cm?2 was obtained
upon irradiation with the solar simulator.3® However, because
the output of SRP-based piezoelectric devices is still insufficient
for real-life applications, improvements to increase the power
output are required. To date, we have only used light from the
visible wavelength range, but because the NIR region accounts
for more than 50% of the total energy of sunlight reaching the
earth’s surface,%04! the power of an LPEG is expected to be
greatly improved by using both visible and NIR light together. In
this study, to improve the output of a light-pressure electric
generator (LPEG), a rough ITO/Ag bilayer capable of generating
SPsin the NIR and visible regions was created on the inner slope
of the crater. By forming a rough ITO layer with high
transmittance in the visible region on the rough Ag layer, the
total pressure of the incident light was enhanced by generating
SPs in the NIR and visible regions from the ITO and Ag layers,
respectively. The electric field distribution in the Ag and ITO
layers as a function of the wavelength of light was analysed by
conducting finite-difference time-domain (FDTD) simulation,
and the dependence of the device output on the wavelength
was confirmed by separating the sunlight into its wavelength
components using optical filters. In addition, the possibility of
real-life application was demonstrated by illuminating red light-
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emitting diodes (LEDs) by harvesting electrical energy with the
LPEG.

Experimental details
Fabrication of LPEG

Firstly, a crater structure was fabricated on a GaAs (100)
substrate by wet chemical etching,*2 and then a Pt (100 nm)/Ti
(10 nm) layer was deposited on this substrate using e-beam
evaporation. Next, a sol-gel solution of PZT (Zr: Ti=52:48, 0.4
mol/L, Quintess) was spin-coated onto the Pt/Ti layer at 3000
rpm for 45 s, followed by pyrolysis processes on a hot plate at
250 °Cfor 5 min and 300 °C for 3 min. This was followed by rapid
thermal annealing at 650 °C for 5 min under a nitrogen
atmosphere. To fabricate a PZT layer with the appropriate
thickness and excellent piezoelectric properties, the spin-
coating and RTA processes were repeated four times.
Subsequently, a Ag layer with a thickness of 60 nm was
deposited by e-beam evaporation using a shadow mask. The
final layer was deposited by spin coating ITO NPs in ethanol
solution (Sn 10 %, particle size 20—70 nm, RNDKOREA) diluted
to 10 wt% at 3000 rpm for 40 s, with subsequent exposure to
heat on a hot plate at 130 °C for 5 min. The spin-coating and
heat-treatment processes were repeated twice to obtain an ITO
layer with the desired roughness and thickness. A detailed
schematic of the experimental process is presented in Fig. S1 in
the Supporting Information.

Simulations

We investigated the optical properties of the ITO layer and the
electric field distribution according to the wavelength of the
light source for 10,000 fs using the commercial Lumerical FDTD
software. Perfectly matched layers with completely absorbed
light were applied to the upper and lower layers of the FDTD
region. The electric field monitor was set to include part of the
object, and the total-field scattered field source propagated
along the y-axis at the top of the object. The materials of the
structure were applied using built-in tools (GaAs and Ag), and
ITO was applied by importing the complex refractive index data
library of the spectroscopic ellipsometry software (J.A. Woollam
Co.). The model was constructed by referencing the FE-SEM
images to obtain the size and shape of the Ag and ITO layers.

Characterisation

The overall crater structure was observed using a high-
resolution 3D microscopy (VHX-7000, KEYENCE). The cross-
sectional structure of the crater and the roughness of the Ag
and ITO layers were measured using field-emission scanning
electron microscopy (FE-SEM; CLARA, Tescan). The voltage and
current output of the LPEG by solar radiation were measured
using a source meter (2400, Keithley), and the crystallinity of the
PZT layer was confirmed using a Raman spectrometer
(UniDRON, Uninanotech). The variation of the output
characteristics of the LPEG according to the solar radiation
wavelength were measured using an optical filter (Edmond
Optics).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. (a) Schematic diagram of the working mechanism of the LPEG with the ITO/Ag double layer. FDTD simulation results (on a logarithmic scale) of the electric field distribution

for wavelengths of (b) 532 and (c) 1600 nm.

Results and discussion

Fig. 1(a) shows schematic diagrams of the cross-sectional layer
structure and the operating mechanism of the LPEG device that
produces electrical energy via SRP. (i) The unique structure we
created to amplify the weak SRP was designed as a crater-type
LPEG device with ITO/Ag/PZT/Pt/Ti layers in the crater
structure. The Ag and ITO layers that amplify the SRP are
composed of grains less than 100 nm in size. (ii) The electric field
could be amplified by exciting the SPs with visible light using a
metal layer of Ag, Au, or Pt with a surface roughness of less than
100 nm.37.38 We fabricated an energy-harvesting device with
improved efficiency using a wide range of solar radiation by
amplifying the SRP in both the visible and NIR regions using an
ITO/Ag double layer. The device is designed such that when
sunlight illuminates the inside of the crater, NIR light generates
SPsin the ITO layer, whereas the visible light penetrates the ITO
layer and generates SPs in the Ag layer. Therefore, the intensity
of the electric field of the solar radiation is expected to be
amplified from the visible to the NIR light region. (iii) Because
the light pressure is proportional to |E|2 (Pressure = E2/C20), the
intensity of the electric field, that is, the SPs are amplified
sufficiently to deform the piezoelectric material beneath the
ITO/Ag layer, electrical energy is generated as a result of the
piezoelectric effect in the PZT layer.

We performed FDTD simulations to analyse the response of
the LPEG according to the wavelength of light, and the results
are shown in Fig. 1(b) and (c) for 532 nm (visible) and 1600 nm
(NIR) light sources, respectively. For the simulation, the ITO
layer was composed as randomly placing ITO NPs with a
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diameter of 20—70 nm, and the Ag layer was reproduced by
setting grains with a diameter of 60 nm by referring to the FE-
SEM results. As shown in Fig. 1(b), the visible light penetrated
the ITO layer, thereby significantly amplifying the electric field
strength in the narrow gap between the Ag grains. On the other
hand, as shown in Fig. 1(c), the NIR light amplified the electric
field between the air/ITO interface and the ITO NPs, although
this amplification was weaker than that in the Ag layer. In other
words, Fig. 1(b) and (c) indicate that both visible and NIR light
can be used as energy sources by incorporating a rough ITO/Ag
double-layered structure.

Fig. 2(a) shows a high-resolution 3D optical image of the
crater, which is the operating part of the device based on the
mechanism described in Fig. 1(a). The crater structure has an
open top and bottom and becomes narrower toward the
bottom. The depth of the crater is approximately 95 um, as
shown in Fig. S2 in the Supporting Information, which almost
coincides with the thickness of the GaAs substrate after the
lapping process. Fig. 2(b) shows a cross-sectional FE-SEM image
of the inside of the crater. The slope of the crater was composed
of ITO/Ag/PZT/Pt/Ti/GaAs layers, and the thicknesses of the PZT
and ITO layers were approximately 900 and 500 nm,
respectively. Fig. 2(c) shows a top-view FE-SEM image of the ITO
NPs deposited inside the crater and shows that ITO NPs with
sizes of 20-70 nm overlap each other. Fig. 2(d) shows the
Raman spectrum of the PZT layer measured using 532 nm laser
light at room temperature. The Raman modes of E(2TO), ET+B1,
A1(2TO), A1(2TO), and A1(3LO) of PZT are clearly observed at
Raman shifts of 205, 275, 330, 591, and 740 cm.4344 Qur
analysis of the Raman spectrum revealed that the PZT inside the
crater exists in the tetragonal phase with excellent piezoelectric
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Fig. 2. (a) High-resolution 3D optical image of overall view of the device. (b) Cross-sectional FE-SEM image of the inside of a crater. (c) Top-view FE-SEM image of the ITO layer. (d)
Raman spectrum of the PZT layer inside the crater. (e) Particle size distribution of the rough Ag layer and fitted curve of the as-deposited Ag layer. (f) Transmittance (red) and

absorptance (black) of the rough ITO layer computed using the FDTD method.

properties.*> As shown in the top-view FE-SEM image acquired
after deposition of the Ag layer (Supporting Information, Fig.
S3(a) and (b)), the outer surface of the crater is a relatively
dense thin film with few grains, whereas the inner surface of the
crater is composed of numerous nanoscale grains. The
nanoscale roughness inside the crater was formed when the
PZT sol-gel solution was spin-coated.3® Fig. 2(e) shows the
roughness size distribution of the Ag layer obtained from the FE-
SEM image in Fig. S3(b). The surface of the Ag layer is mainly
composed of numerous grains with sizes ranging from 40 to 90
nm, with an average size of 63.83 + 1.16 nm. These large
variations in the roughness can greatly enhance the electric
field at the surface, as the SP is excited by the visible wavelength
component of solar radiation.*647 An FDTD simulation was
performed to determine the optical properties of the top ITO
layer. ITO NPs with a size of 20-70 nm were randomly placed to
form a layer with a thickness of 500 nm, and the absorptance
was calculated using the equation Absorptance 1
(Transmittance + Reflectance). Reflection hardly occurred at
any wavelength (Supporting information, Fig. S4). Fig. 2(f)
shows the transmittance (red curve) and absorptance (black
curve) of the 500 nm thick ITO layer. As shown in the figure,
because the ITO layer mostly transmitted light with
wavelengths in the range of 400 to 600 nm, the intensity of the
visible light incident on the surface of the Ag layer was hardly
reduced. However, the absorptance at the ITO layer gradually
increased as the wavelength of the incident light became
longer, and most of the light was absorbed when the
wavelength of the incident light was approximately 1500 nm or
longer. This indicates that the NIR component of the incident
light is absorbed by the ITO layer to excite the SPs.35 In other
words, the Ag layer amplifies the visible light component of the
incident light, whereas the ITO layer amplifies the NIR
component of the incident light at a lower amplification rate
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than the visible component. These results confirm that an LPEG
with a double-layered structure comprising a rough ITO layer on
a Ag layer can contribute to increasing the efficiency by using
incident light with both visible and NIR wavelengths.

Fig. 3(a) shows a schematic diagram of the experimental
setup for measuring the device output to confirm the effect of
the ITO layer. The wavelengths from the solar simulator (AM
1.5G) were classified into four groups using various types of
optical bandpass filters: band | (300—2500 nm: solar light), band
11 (400-750 nm: visible light), band Il (750-2500 nm: entire NIR
region), and band IV (1000-2500 nm: part of the NIR region).
Fig. 3(b) and (c) show the open-circuit voltage (Voc) and short-
circuit current (lsc) of the LPEG according to the wavelength
band of the incident light with and without the ITO layer,
respectively. All electrical outputs of the LPEG were measured
before and after the formation of the ITO layer on the same
device and were self-rectified.3® For band I, the LPEG with the
ITO layer generated V. of 295 mV and Isc of 3.78 pA, whereas
the LPEG without the ITO layer generated only Vo of 253 mV
and I of 3.25 pA. Hence, both Vo and I of the LPEG with the
ITO layer increased by approximately 16% compared with the
LPEG without the ITO layer. For band Il, the LPEG with the ITO
layer generated Vo. of 264 mV and Isc of 2.6 YA, whereas the
LPEG without the ITO layer generated a lower V. of 236 mV and
lsc of 2.52 pA. The presence of the ITO layer slightly increases
both the voltage and current; that is, the intensity of the electric
field is enhanced by the SPs generated at the ITO/Ag interface.
This is attributed that ITO has high transmittance and positive
real part of the permittivity in the visible region (functioning as
a dielectric layer).3233.36 An FDTD simulation was performed to
confirm the electric-field distribution inside the crater with and
without the ITO layer in the visible band. The electric field
distributions in the Ag layer at 532 nm, and in the Ag layer, and
ITO/Ag layer at 633 nm are shown in Fig. 3(d)—(f). For incident
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and load resistance.

light with a wavelength of 532 nm, the Ag layer generated a
stronger electric field than the ITO/Ag layer (Fig. 3(d) and Fig.
1(b)). This is because the SPs are strongly excited by green light
when Ag with a roughness size of 60—-80 nm is interfaced with
air,*® but when the Ag is interfaced with the ITO, the SPR
wavelength is shifted. However, when light of 633 nm
wavelength was incident, a stronger electric field was generated
in the ITO/Ag layer than in the Ag layer. In general, the SPR
wavelength is sensitive to the dielectric properties of the
surrounding medium and tends to undergo redshift as the
refractive index of the surrounding medium increases.4%50
Because the ITO has a higher refractive index than air
(nair=1),5152 the SPR wavelength is redshifted in the Ag layer. For
band lll, the LPEG with the ITO layer generated Vo of 193 mV
and I of 730 nA, whereas the LPEG without the ITO layer
generated only Vo of 148 mV and Isc of 570 nA. The ITO layer
enhanced the voltage and current of the LPEG by 30% and 28%,
respectively, compared to the LPEG without the ITO layer. For
band IV, the LPEG with the ITO layer generated Vo of 11 mV and

This journal is © The Royal Society of Chemistry 20xx

lsc of 17 nA, whereas that without the ITO layer generated only
Voc of 2 mV and Isc of 4 nA (inset in Fig. 3(b) and (c)). As shown
in Fig. 3(b), in Band lll, light in the wavelength range of 750—
1000 nm contributed the most to the increase in output. This
result was probed by simulating the electric field distribution in
the Ag layer and ITO/Ag layer at 800 nm and 900 nm, and in the
Ag layer at 1600 nm using FDTD, and the results are shown in
Fig. S5(a) and (b), and Fig. 3(g)—(i). For incident light at
wavelengths of 800 and 900 nm, the ITO/Ag layer (Fig. S5(b) and
Fig. 3(h)) enhances the electric field at the interface between
the Ag and ITO roughness more than the Ag layer only (Fig. S5(a)
and Fig. 3(g)). The SPR wavelength appears to be red-shifted
owing to the change in the refractive index of the medium
around the Ag layer, and the electric field is enhanced even in
the NIR region (800 nm and 900 nm). At the longer wavelength
of 900 nm, the electric field hardly increased at the interface
between the rough Ag layer and air (Fig. 3(g)), whereas the
electric field strengthened between the NPs in the ITO layer
(Fig. 3(h)). This explains why the output of the LPEG with the ITO

J. Name., 2013, 00, 1-3 | 5
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layer is higher than that of the LPEG without the ITO layer (Fig.
1(c) and Fig. 3(i)) when light with a wavelength of more than
1000 nm is incident. However, at this longer wavelength, the
rate at which the electrical output increases is too low
compared to other wavelength bands. This is considered to be
a consequence of the incident light in the NIR region exciting
the SPs in the ITO layer, but the rate at which the electric field
strengthens as a result of the SPs is low compared to that of Ag.
Fig. 3(j)—(l) show graphs of the measured voltage, current, and
calculated power with external load resistances varying from 1
kQ to 1 MQ under a solar simulator to compare the output
performance of LPEGs with and without ITO. Regardless of the
presence of the ITO layer, as the load resistance increased, the
voltage gradually increased and saturated. In contrast, the
current gradually decreased with increasing load resistance.
The saturated values of the output voltage and current were
higher when the ITO layer was present. The power density was
calculated using the equation P = V2/R (where P is the power, V
is the output voltage, and R is the load resistance). The
maximum power density of the LPEG with the ITO layer is 532.3
UW/cm? at a load resistance of 80 kQ, which is approximately
38% higher than that of the device without the ITO layer (384.6
MW/cm?2 at 80 kQ).

Fig. 4(a) shows the output voltage generated by four LPEGs,
each with an ITO layer, connected in series under the solar
simulator. An output voltage of approximately 1.2 V was
generated. Hence, a sufficiently high output voltage can be
produced by increasing the number of LPEGs connected in
series. To store the output energy of the four LPEGs with the
ITO layer, 10, 100, and 220 uF capacitors were charged to a
constant voltage, and the charging curves are shown in Fig. 4(b).
In general, piezoelectric devices require a rectifier because they
generate AC output, whereas LPEG generates DC output, so a
rectifier is not required in the capacitor-charging circuit (inset in
Fig. 4(b)). Four LPEGs connected in series could charge 10 puF,
100 pF, and 220 pF capacitors up to 1.15 V within 8.5 s, 88.6 s,
and 221.2 s, respectively, but a degree of voltage loss occurred
during the energy storage process. The energy stored in the
capacitor was calculated with the equation E = 1/2-C-V2 (where
E is the stored energy, Cis the capacitance, and V is the charged
voltage), and the input power of the capacitor was calculated
by dividing the stored energy by the charging time. For a 100 uF
capacitor, the amount of energy stored from four LPEGs in
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series was approximately 66.125 wJ, and the input power was
0.746 pW. As shown in Fig. 4(c), the energy stored in the
capacitors from the LPEGs was used to illuminate red LEDs.
Three 100 uF capacitors charged at 1.15 V were connected in
series (Fig. 4(c) inset, total 3.45 V) to successfully illuminate
eight red LEDs connected in parallel using the stored electrical
energy. These results indicate that the piezoelectric energy
generated by the SRP can be used to drive small electronic
devices.

Conclusions

In summary, we designed a piezoelectric device capable of using
a wide range of solar light from the visible to the NIR region
using an ITO/Ag double layer. The device was fabricated by
sequentially depositing layers to form an ITO/Ag/PZT/Pt/Ti
structure on a crater formed on a GaAs (100) wafer using wet
chemical etching. Visible and NIR light were shown to excite the
SPs in the rough Ag layer and rough ITO layer, respectively,
thereby amplifying the electric field on the surface. In response,
the amplified SRP deformed the piezoelectric material to
generate electrical energy. To analyse the effect of the ITO layer
on the electrical output of the LPEG device, optical filters were
used to measure the electrical output when visible and NIR light
were incident on the device; in both cases, the output voltage
and current of the LPEG with the ITO layer were higher than
those of the LPEG without the ITO layer. These results were
analysed because ITO has both dielectric and metallic
properties in the visible and NIR regions, respectively. To
explain the experimental results, the electric field distribution
in the Ag and ITO layers according to the wavelength of the
incident light was confirmed by FDTD simulation, which showed
a similar trend to the experimental results. In comparison with
the LPEG without the ITO layer, the output power of the LPEG
with the ITO layer increased by 38% under the solar simulator.
Finally, red LEDs were turned on by storing the electrical energy
generated by the serially connected LPEGSs in capacitors. These
results indicate that piezoelectric devices based on solar
radiation could be used to drive various low-power electronic
devices.
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