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Abstract: We have designed a method of harvesting electrical energy using plasmon-enhanced
light pressure. A device was fabricated as a cut cone structure that optimizes light collection so
that the weak incident light pressure can be sufficiently enhanced inside the cut cone to generate
electrical energy. An increase in the device’s current output is a strong indication that the pressure
of incident light has been enhanced by the surface plasmons on a platinum layer inside the cut
cone. The electrical energy harvested in a few minutes by irradiating pulsed laser light on a
single micro device was possible to illuminate a blue LED.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Sunlight is one of the most important ‘green’ renewable energy sources, as it is ubiquitous. Solar
cells, which convert light energy into electrical energy through the photovoltaic effect, are the
most common way in which we harvest energy from light [1,2]. A less common use of light
as an energy source is light pressure, which refers to the pressure on the surface of an object
when light hits that object. To date, the practical uses of light pressure are optical tweezers and
solar sails. Optical tweezers trap and manipulate micro or nano objects by using strong light
pressure formed by a highly focused laser beam or in a “hot spot”, a very small space where the
electromagnetic (EM) field is tremendously enhanced by surface plasmon resonances [3–11].
Meanwhile, a solar sail (Light Sail 2), launched by “The Planetary Society”, is now flying through
space propelled only by the force of light particles emitted by the sun [12]. The solar sail works
efficiently because there is no air resistance in outer space [13–15].

A small amount of energy can be harvested by using piezoelectric materials to convert
vibrational energy into electrical energy. At this time, there are various methods of applying
vibration energy. For example, X. Wang et al., obtained 0.15 nA and 0.7 mV output by vibrating
a zigzag Pt electrode on a silver ZnO nanorod using ultrasonic waves [16], Y. Qi et al., produced
PZT in the form of a nanoribbon and pulled it left and right to obtain an output of ∼2.5 µA/mm2

[17]. Human motion, sound waves, and wind can give force to piezoelectric materials and the
resulting energy can power a variety of devices such as LEDs, nanosensors, and flexible devices
[18–28]. Researchers’ interest in piezoelectric materials has increased over the past decade due
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to their various applications in sensors and wearable or implantable devices [29–33]. Light
pressure can also exert mechanical stress on piezoelectric materials. However, natural light
pressure of approximately 4.5 × 10−6 N/m2 on the Earth’s surface is so weak that, until now, it
has not been possible to produce enough electrical energy to operate electronics by irradiating
the piezoelectric devices with natural light.

Meanwhile, surface plasmons (SPs) are a phenomenon in which electrons on a metal surface
collectively vibrate due to an electric field being applied to a conductive metal interfacing with
a dielectric. There are two types of surface plasmons: extended surface plasmons (ESPs) and
localized surface plasmons (LSPs), and the coupling between them produces ultrahigh local
optical field enhancement [34,35]. ESPs are confined to the vicinity of the interface between
a metal and a dielectric medium and can propagate along the metal surface. ESPs can also be
excited on metal surfaces with periodic structures or random roughness which provide additional
momentum to photons to match the momentum of the SPs [36,37]. On the other hand, LSPs
are excited on metal nanostructures smaller than the wavelength of the incident light as a result
of the coherent interaction between the oscillating electric field and the conduction electrons
[35,38,39]. For structures where metal nanostructures are present on a metal surface, both ESPs
and LSPs can be excited by incident light. ESPs, propagating along a metal surface, form an
enhanced evanescent EM field near the metal surface. The intensity, |E|2, of the strong EM field
formed by LSPs on the metal nanostructure surface sustaining ESPs can be further enhanced
by the coupling of LSPs and ESPs [35]. As examples, M. Abutoama et al., studied ultrahigh
electromagnetic field enhancement using silver grating [40,41] and described the ESPs-LSPs
coupling process at Au nano-bipyramids on the Ag thin film geometry [42]. And W. Liang et
al., presented the SERS response for the multiplex plasmonic arrays and observed an enhanced
photocurrent response attributed by LSPs [43].

The simplest way to achieve enhanced EM fields is to irradiate light on the cut cone structure.
This advantage of EM field enhancement makes it very useful for piezoelectric energy harvesting
applications. For instance, it might be able to generate electrical energy to power the IoT-gas
sensor, -temperature sensor or –bluetooth beacon with integration of an energy harvester. This
method is expected to be an alternative to other energy harvesting technologies which use wind,
sound, heat, friction, and magnetic fields as energy sources [16,28,44–47]. For this purpose,
we have fabricated a light pressure electric generator (hereafter LPEG) with a unique cut cone
structure, where the incident light reflects multiple times and resonates with SPs inside the cut
cone, thereby maximizing the optical pressure exerted on the surfaces of the devices. First,
we made an open cut cone structure by wet-chemically etching a GaAs (100) wafer. Metal,
piezoelectric material, and a second layer of metal were deposited sequentially on the inside of the
cut cone. We obtained an average current of 3.2 µA and a voltage of 200 mV by irradiating pulsed
laser light of 401 nm wavelength and 11.1 mW power into an LPEG with a PZT layer between
platinum (Pt) layers. In this experiment we used PZT and BNKT as piezoelectric materials. PZT
is an inorganic compound in which lead (Pb), zirconium (Zr), titanium (Ti), and oxygen (O) are
combined, and has the chemical formula Pb(Zrx Ti1−x)O3. As a ceramic perovskite material,
it exhibits a piezoelectric effect in which a potential difference is formed by the polarization
difference when pressure is applied. PZT is the most commonly used piezoelectric ceramic
because of its higher sensitivity and operating temperature than other piezoelectric ceramics.
And another piezoelectric material, BNKT is an inorganic compound in which bismuth (Bi),
sodium (Na), potassium (K), titanium (Ti), and oxygen (O) are combined and has the formula
Bi1/2(Na0.78K0.22)1/2TiO3. Although BNKT has low piezoelectric properties (d33, pC/N), it is
harmless to the human body because it does not contain lead, so many studies of BNKT are
currently being conducted. Our result was to illuminate a blue light emitting diode (LED) with the
harvested electrical energy after charging for 6 min using 30 capacitors connected in series. We
have therefore demonstrated that it is possible to harvest electrical energy from plasmon-enhanced
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light pressure to operate electronic devices by using a unique cut cone structure and piezoelectric
material.

2. Fabrication

Figure 1 shows a schematic illustration of the fabrication process for the LPEG. The following is
a detailed description of the process: (i) A circular pattern with a diameter of 50 µm was formed
on a GaAs (100) wafer capped with 300 nm-thick SiO2 using photolithography. The photoresist
(GXR-601) and the SiO2 layer were sequentially removed using acetone and a buffered oxide
etchant, so only the GaAs region corresponding to the cut cone was exposed. (ii) Then, the
thickness of the wafer was adjusted to 150 µm by lapping it in order to control the size of the cut
cone. (iii) The lapped wafer was pasted onto a glass and etched in a solution of H2SO4: H2O2:
H2O= 1: 5: 5 for 2 h at room temperature, and during this process a cut cone was formed [48].
(iv) The bottom electrode of Pt/Ti (100 nm/10 nm) was deposited by e-beam evaporation. (v) A
PZT layer was coated on the bottom electrode as follows; a commercial PZT solution of 0.4 mole
was spin coated at 3000 rpm for 45 s, followed by pyrolysis processes on a hot plate at 250 °C for
5 min and 300 °C for 3 min in the air. An appropriate output is produced by setting the thickness
of the PZT to at least 400 nm. Since the piezoelectric properties are generally stronger as the
thickness of the piezoelectric material increases, the PZT layer coating process was repeated four
times to avoid the layer being too thin. The PZT layer then underwent rapid thermal annealing at
650 °C for 5 min in a nitrogen atmosphere. (vi) Finally, the top electrode of Pt (100 nm) was
deposited on the PZT layer by e-beam evaporation. The coating process of the BNKT layer was
the same as that of the PZT layer, except that the pyrolysis was performed sequentially in air at
350 °C for 5 min and at 400 °C for 10 min. The details of the process are shown in Fig. S1 of
Supplement 1.

Fig. 1. Illustration of the fabrication process for the LPEG.

3. Details of the LPEG

In this experiment, we concentrated on the study of a structure capable of focusing light as
efficiently as possible, to see if electricity could be generated by plasmon-enhanced light pressure.
We chose a cut cone structure as the most efficient way to collect light. Figure 2(a) shows a
schematic diagram of the concept of an LPEG device which harvests electric energy whenever
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light is irradiated. The roughness increases the localized surface plasmon intensity, which in
turn generates electricity. The device has a structure in which top Pt electrode/piezoelectric
material/Pt/Ti/ layers are deposited one by one on the cut cone region with both the top and
bottom open. Platinum covering the inside of cut cone simultaneously acts as the electrode and
enables surface plasmon formation. The laser light acts on the Pt nanostructures inside the cut
cone, generating a plasmon-enhanced optical force to deform the PZT [Fig. 2(b)].

Fig. 2. (a, b) Schematic diagrams show the concept of energy output from a deformed
perovskite structure that increases the intensity of light passing into the cut cone and the
intensity of localized surface plasmons (LSPs) increased by surface roughness inside the cut
cone.

Figure 3(a) depicts a cut cone made by wet-chemical etching a single GaAs (100) wafer. The
cut cone was open at both top and bottom. The cut cones used in the fabrication of the sample
were elliptical cut cones with a bottom slit width of 20 - 35 µm, obtained by etching a GaAs
(100) wafer with a thickness of 150 µm as described earlier. Figure 3(b) is a cross-sectional
FE-SEM image obtained following the vertical cutting of the cut cone region and it clearly shows
the top and bottom of the cut cone open. Figures 3(c) and (d) are planar FE-SEM images taken
in the early stages of making the bottom opening. In most cases, the top of the cut cone was a
wide angled elliptical shape, but the bottom was a long, narrow slit. The inner surface of all cut
cones comprised two large crystal planes and two small ones, due to the anisotropic etching rate.
Cut cones with circular shape tops were rarely obtained while the bottom slits were consistently
narrow and long, as shown in Fig. 3(d). The shape and size of the cut cone depend on the
wafer surface index and thickness, mixing ratio of the etching solution, the etching time, and
the shape of photo mask pattern [48]. We also fabricated cut cones in the same way using Si
(100) substrates, but their inner surfaces consisted of four symmetrical (111) crystal planes, with
both the top and bottom of each cut cone forming a square opening [49]. In this case, the above
Pt electrode layers and the beneath PZT layer were electrically shorted along the boundaries
between the crystal planes, so we could not use it as an LPEG device (Fig. S2 of Supplement
1). FE-SEM images in Figs. 3(e), (f), (g), and (h) were observed after depositing the top Pt
electrode. Figures 3(e) and (f) show the thickness of the PZT layer increasing towards the base
of the cut cone, being approximately 400 nm thick at its upper part but approximately 900 nm
at its lower part. The inner surface of the cut cone was significantly different from the surface
of the flat region outside the cut cone as shown in Figs. 3(g) and (h). In the flat region outside
the cut cone, the surface Pt layer featured irregular shaped discs with a diameter of 100 − 300
nm, in a tight configuration without pores. On the other hand, the surface Pt layer inside the
cut cone wall mostly consisted of ball-shaped grains and pores measuring less than 100 nm in
width. These numerous nanograins can also acts as “hot spots”, where the electric field is greatly
enhanced by SPs [50]. We presume that the unique structure of the cut cone with its slanted walls
and open slit at its base help to give the Pt layer its grained and pored nanoscale roughness. It
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appears that the nanoscale surface roughness of the cut cone wall causes multiple reflections of
the incident light inside the cut cone, and also excites SPs on the top Pt layer, which results in the
great enhancement of the EM field in the vicinity of the top layer.

Fig. 3. (a) Three-dimensional illustration of the wet-chemical-etched GaAs in the form
of a cut cone shaped microvoid structure with a slit at the bottom and surface indices. (b)
Cross-sectional FE-SEM image of etched GaAs. (c, d) Planar FE-SEM images of cut cones.
Cross-sectional images of (e), point E and (f), point F shown in (c), respectively, showing a
PZT layer between two Pt layers. (g) Flat surface Pt layer outside the cut cone. (h) Grained
and pored nano-roughness of surface Pt layer along the cut cone wall.

4. Conversion of plasmon-enhanced light pressure into the electrical energy

The LPEG generated current pulses, when it was irradiated by pulsed laser light, and the average
pulse duration time of the current pulse was approximately 0.10 s when rotating the optical
chopper at 72 rpm (Visualization 1). A photograph and a schematic of the measurement procedure
are shown in Figs. 4(a) and (b), respectively. For the irradiation with laser light at a wavelength of
401 nm and power of 11.1 mW, a PZT-based LPEG generated an average current of approximately
3.2 µA, as shown in Fig. 4(c), and the charge amplifier gave 25 pC in Figs. 4(e) and (f). We
also fabricated another kind of LPEG, in which lead-free BNKT was used as the piezoelectric
material between Pt electrodes, as shown in Fig. 4(d). The output current of a BNKT-based
LPEG was reduced noticeably to 1 µA when compared to that of a PZT-based LPEG, due to
the smaller piezoelectric coefficient d33 of the BNKT layer compared to that of the PZT layer
(Fig. S3 of Supplement 1). The response of our piezoelectric devices with cut cone structure to
light irradiation was prompt and accurate, enabling current pulses to be generated immediately
whenever laser light was irradiated on them.

As a control experiment, the device shown in Fig. 4(g) was used, where the piezoelectric layer
was replaced with an insulating SiO2 layer, which generated no current. As another control
experiment, we also prepared a device with a Pt/PZT/Pt structure on a flat GaAs (100) substrate,
as shown in Fig. 4(h). The top Pt surface of the device was the same as that shown in Fig. 3(g).
In other words, there were no nanoscale grains or pores on the surface, so we did not expect any
enhancement of the EM field due to the SPs by visible light. No current was generated by this
device either when it was illuminated by laser light. From the results of Fig. 4, we see that in
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Fig. 4. (a) Experimental setup for measuring the electrical output of an LPEG, following
irradiation by pulsed laser light. Inset of (a) is an optical image of a sample placed on a
micro-stage. (b) Schematic diagram of the measuring system. Insets of (c), (d), (g) and (h)
show the structure of each device. (c, d, g) The devices have the same cut cone structure, but
the materials between Pt electrodes differ as (c) PZT, (d) BNKT, and (g) SiO2. (e, f) The
behavior of charge formation and discharge at PZT layer. (h) A PZT device fabricated on
a flat GaAs (100) substrate. While rotating the optical chopper at 72 rpm, laser light at a
wavelength of 401 nm and power of 11.1 mW was used to irradiate each device.

a structure with a Pt cut cone with a hot spot surface, current was generated in both PZT and
BNKT (which have piezoelectric properties), but not in SiO2. In addition, a device made of
PZT, but without a cut cone structure, shows no current generation because it cannot collect light
efficiently and no multiple reflection of the incident light is possible. Therefore, we propose that
the light pressure was enhanced by SPs inside the unique cut cone structure with its nanoscale
surface roughness as shown in Fig. 3(h). Here, the light pressure P, is given by

P = 2I/c = E2/c2µ0, (1)

where I is the intensity of impinging light, c is the velocity of light, E is the electric field, and µ0
is the permeability of free space. For 1.4 W/cm2 laser intensity with 11.1 mW power and beam
diameter of 1 mm, P= 4.65 × 10−5 N/m2 (about 10 times the magnitude of natural solar pressure
on the Earth’s surface), and is too weak to generate any piezoelectric current in a device with a
flat structure.

In order to confirm the enhancement of light pressure inside the cut cone by SPs, we measured
the dependence of output current from the LPEG according to the surface power density of the
light source and its wavelength measured in W/cm2. The results are summarized in Figs. 5(a)
and (b). For light of 401 nm, 531 nm, and 651 nm wavelengths, covering most of the visible
light range, the output current was linearly proportional to the average surface power density
of each pulse of incident light. We noted that the output current of an LPEG per unit of light
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energy was greatest at 401 nm, and this reduced gradually as the incident wavelength increased.
Moreover, all data points converged into a single straight line for normalized laser intensity, and
this indicated that the output current was predominantly determined by the incident laser intensity.
We performed the experiment again to observe the light pressure corresponding to the minimum
current (Fig. S4 of Supplement 1). When the laser intensity was reduced to 0.4% (light pressure
0.0188× 10−5 N/m2), a current of up to ∼ 15 nA could be observed. This result indirectly
shows that the device’s sensitivity is very high and that light is amplified very strongly in the cut
cone structure. We monitored the temperature of the sample, which was stable within± 0.2 °C
during measurement, confirming that the pyroelectric effect was negligible. The random surface
roughness acts as a coupler that matches the momentum of the photon and ESP. Thus, EM field
amplitude near the surface can be enhanced greatly due to the excitation of ESPs by visible light
and impart a force in the direction of propagation [36,37]. Especially, inhomogeneities in the
electric field intensity due to presence of plasmonic nanostructures on the metal surface provide
high field intensities. This phenomenon has been experimentally identified in surface enhanced
Raman scattering [51]. LSPs, confined to metal nanostructures smaller than the wavelength of the
incident light, also result in an intense EM field in the vicinity of the nanostructures. Moreover,
it is reported that the EM field intensity, ∝ |E |2, in the vicinity of nanostructures on a metal layer
sustaining ESPs can be enhanced by as much as 105 to 106 times by the coupling of LSPs and
ESPs [34,35]. We believe that the intensity of the EM field was also enhanced greatly in the
vicinity of the top Pt layer of the LPEG, due to the numerous Pt nanograins and pores on its
surface. In addition, we believe that the intensity of the EM field was further increased by the
incident light being reflected multiple times inside the cut cone. The resonant frequency of LSPs
depends on the size, shape and arrangement of the nanostructures and dielectric environment
[52]. Langhammer et al. found a general trend that the extinction peak maxima of novel metal
nanoparticles in air, where the maximum of surface plasmon field occurs, were redshifted as the
size of the nanoparticles increased [53]. More specifically, for Pt discs with a diameter of 76 nm,
120 nm, and 140 nm, they reported that the extinction peak maxima appeared at around 400 nm,
500 nm, and 600 nm, respectively. The results of Langhammer et al. are consistent with our
results; the output current of an LPEG with a top Pt layer on the cut cone wall consisting mostly
of grains less than 100 nm in size was greatest at 401 nm and decreased with increases to the
incident wavelength. In addition, Raman spectra measurements were performed to confirm the
difference in the surface plasmon intensity between the flat and cut cone (Fig. S5 of Supplement
1). As a result, the Raman intensity in the cut cone was about 4.16 times greater than that of
the flat at 1001 cm−1. This means that the surface enhanced Raman scattering phenomenon
is stronger in the cut cone. FDTD (finite domain time difference) and COMSOL multiphysics
simulation, a numeric calculation method, were performed to supplement the analysis on the
generation of plasmon and the deformation of PZT through the results of electric field, stress,
and electrostatic potentials on the roughened surface. The results in Fig. S6 of Supplement 1 are
the distribution plots for the increased electric field for the surface with and without roughness.
The electric field distribution of increased intensity can be seen between the nanosize particles.
Meanwhile, the COMSOL simulation results for the stress and electrostatic potentials difference
distributions formed in the PZT due to the increased electric field strength are shown in Figs. S7
and S8 of Supplement 1, respectively. If there is roughness on the surface, it can be seen that
the stress and potential in the PZT are significantly increased. Through this analysis, it can be
suggested that the increased electric field strength, that is, the light pressure, can deform the PZT
and form a potential difference. Figure 5 and Fig. S5 ∼ S8 of Supplement 1 strongly support the
premise that the intensity of EM field or light pressure exerted on the LPEG was enhanced by
SPs, thereby enabling devices to generate electric current.

We were able to illuminate an LED with the harvested electrical energy, thereby demonstrating
that the LPEG is capable of producing electrical energy from light pressure to operate electronics.
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Fig. 5. (a, b) Changes in the device output current with variation in laser intensity and
normalized laser intensity for three different wavelengths. The laser intensity of incident
light on the device was controlled by using a neutral density filter.

Figure 6(a) shows that a voltage of 0.19 V was obtained after charging 30 capacitors connected
in series (total 3 mF and 5.7 V) for 6 min using a PZT-based LPEG. Figures 6(b) and (c) clearly
show we succeeded in illuminating the blue LED with the harvested electrical energy. Thus, we
present the experimental observation of a mechanism to transform enhanced light pressure into
electric power using plasmonic nanostructures.

Fig. 6. (a) Charging of 30 capacitors connected in series (total 3 mF) with electrical energy
harvested by a PZT-based LPEG. A dotted arrow indicates when charging started. Inset
shows the output voltage for the irradiation of laser light of 401 nm and 1.4 W/cm2. (b, c)
Photographs show before and after the illumination of a blue LED with harvested electrical
energy, respectively.

5. Conclusions

We have developed novel microscale piezoelectric devices which convert plasmon-enhanced
light pressure into electrical energy. The devices, fabricated using GaAs (100) substrates, were
designed with metal/piezoelectric material/metal layers on unique cut cone structures, which
allowed weak incident light pressure to be sufficiently enhanced inside the cut cone for the
generation of electrical energy. More specifically, SPs excited on the top Pt layer with its
numerous nanograins and pores significantly enhanced the EM field in the vicinity of the layer.
The dependence of the device’s electrical output on the power and wavelength of the incident
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light strongly supports the evidence that the enhancement of the EM field inside the cut cone
was caused by SPs. The conversion of plasmon-enhanced light pressure into electrical energy
confirms not only for a PZT-based device, but also for a device using an alternative piezoelectric
material, BNKT. Our results demonstrate we could turn on a blue LED with the electrical energy
harvested by irradiating the sample with a laser light on a single cut cone structure. Thus, this
platinum cut cone structure is a promising candidate for generating current by plasmon-enhanced
light pressure. Optimization of the size, number, and shape of cut cone structures will likely
increase future output, making this structure potentially very useful. In particular, an LPEG
using this mechanism could power wireless sensors and portable electronics as a new class of
self-powering technologies that harvests electricity from the environment.
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