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Abstract: Plasmonic photo-thermoelectric conversion offers an alternative photodetection mechanism that is not restricted by semiconductor bandgaps. Here, we report a plasmonic photodetector consisting of an ultra-thin silver film with nanohole array, whose photodetection mechanism is based on thermoelectric conversion triggered by plasmonic local heating. The detector exhibits a maximum photocurrent at the wavelength of the surface plasmon polaritons, determined by the periodicity of the nanoholes. Hence, the response wavelength of the detector can be controlled via the morphological parameters of the nanohole pattern. The contribution of plasmonic local heating to thermoelectric conversion is verified experimentally and numerically, enabling discussion on the mechanisms governing light detection. These results provide a starting point for the development of other nanoscale photodetectors.
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1. Introduction
Photodetection by semiconductors occurs via a photocurrent flow associated with electron-hole pair generation via light absorption. The absorption band is strictly limited by the value of the semiconductor bandgap, meaning that the response-wavelength range for a semiconductor photodetector is determined by its bandgap. A straightforward method to tune the response-wavelength range of photodetectors is to utilize color filters, and this method has been adopted for conventional image sensors. However, the use of color filters results in limitations for the minimum size of the detection device, and therefore, different techniques are needed for device miniaturization.
[bookmark: _Hlk37318961]Plasmons are an alternative approach for realizing the tuning of photodetector response wavelengths [1,2]. In fact, the response wavelength of a plasmonic photodetector driven by hot carriers can be completely controlled via the design of the metallic nanostructures, regardless of the intrinsic bandgap of the semiconductor [3–6]. Using this approach, Sobahni et al. demonstrated that the widths of gold nanoslits on a Si substrate determined the photodetection response wavelengths [3].
[bookmark: _Hlk37318936]Meanwhile, we demonstrated a plasmonic photodetector driven by thermoelectric conversion—an alternative approach for photodetection—triggered by plasmonic local heating [7]. Our device consisted of a thin film of a thermoelectric material embedded with plasmonic atoms that generated plasmonic local heating and created a thermal gradient inside the film as a consequence of light detection by absorption, resulting in Seebeck voltage generation. Similarly, many studies of light detection via thermoelectric conversion, in, for example, carbon nanotubes [8,9], graphene [10,11], carbon sprays [12], and commercial thermoelectric devices [13] triggered by metal-nanostructure plasmon resonance, have been reported. These light detection systems were based on thermoelectric materials combined with plasmonic atoms used as light receivers. However, similar light detection via thermoelectric conversion can be realized by using a conductive single nanofilm that includes plasmonic couplers such as prisms or nanohole arrays. Weeber et al. reported thermo-electrical detection of surface plasmon propagation on a gold waveguide [14]. Mauser et al. designed the resonant thermoelectric nanostructure to support guided-mode resonances with spectrally sharp absorption profiles, realizing tunable photodetection across wavelengths from the visible to the mid-infrared (IR) region [15]. More recently, room-temperature Seebeck IR detection using patterned graphene was demonstrated [16,17]. The presence of nanohole arrays on the graphene surface resulted in graphene plasmon excitation, allowing dramatic enhancement of the light-matter interaction [18,19]. These demonstrations illustrate the thermoelectrical photodetection capabilities of a conductive single nanomaterial that supports plasmons and thermoelectric conversion, and they suggest that thermoelectric nanophotonics have great potential for optoelectronic applications. However, the underlying photodetection mechanisms for single and patterned nanomaterials have not been investigated; for example, the amount of local heating contributing to these effects has yet to be determined. In order to discuss the potential of the patterned conductive nanomaterials as practical photodetectors, further studies are required. Specifically, the amount of plasmonic local heating at the nanoscale should be clarified in order to better examine the mechanisms of operation.
In this study, we fabricated an ultra-thin silver (Ag) film punctuated by a nanohole array and examined its potential for plasmonic photodetection via thermoelectric conversion. We verified the amount of plasmonic local heating contributing to photodetection experimentally and numerically and compared this with the results of thermoelectric simulations to discuss the mechanism of photodetection.
2. Materials and Methods
Figure 1a shows a schematic of a Ag thin-film photodetector with nanoholes fabricated on a substrate. A positive resist film (Nihonzeon ZEP520A) with a thickness of 216 nm was prepared on a glass substrate by spin-coating. A pattern of nanoholes was fabricated over an area of 500 × 500 µm2 by electron beam lithography (JEOL; JBX-6300FS). The periodicity of the nanohole array was varied; 250, 300, and 400 nm were all used for inter-hole spacings in different versions of the sample. Then, Ag thin film (40 nm thickness, 2.0 mm width, and 6.0 mm length) was deposited on the resist film by thermal evaporation. This fabrication process created a Ag nanodot at the bottom of each nanohole. Figure 1b shows a field-emission scanning electron microscopy (FE-SEM; Hitachi High-Technologies Corporation; SU8010) image of a top view of the nanohole pattern. Reflection spectra for the Ag nanohole array were measured using a microscopic spectrometer (Ocean Optics HR4000). To carry out thermoelectrical testing of the nanohole-array Ag device, an area encompassing the nanohole pattern was irradiated by a diode laser (Thorlabs) (Supplementary Materials Figure S1); the beam cross-section diameter and the beam full width at half maximum (FWHM) were 70 µm and 50 µm, respectively. The optical power and power density of the laser beam were 10 mW and 2.6 × 102 W/cm2, respectively. Gold wires were connected to both edges of the Ag thin film using Ag paste. The distance between the two areas of Ag paste was 4.5 mm, and the edge of the nanohole area was located at 0.5 mm away from the edge of the nearest Ag paste area. The photocurrent generated in the Ag thin film was measured using a digital multimeter (KEITHLEY 2000). In fact, the location of the Ag nanohole area was optimized to maximize photocurrent because the location of the illuminated area determines the photocurrent flowing between the two Ag paste islands, based on thermoelectric principles. For this reason, the Ag nanohole area was placed very close to one of the Ag paste islands.
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Figure 1. Ag thin-film detector concept and nanostructure. (a) Schematic of the Ag thin-film photodetector, and (b) top-view scanning electron microscopy (SEM) images of the periodic plasmonic nanohole arrays. The inset in (b) is a magnified image of a section of the image in the main panel.
3. Results and Discussion
3.1. Optical and Electrical Properties of Ag Thin Film with Nanoholes
Figure 2a shows an extinction spectrum of the Ag nanohole array with a periodicity of 300 nm and a hole diameter of (192 ± 3.22) nm (sample number: 12). The extinction peak was observed at 687 nm, indicating excitation of surface plasmon polaritons on the Ag nanohole array. Finite-element method simulations (COMSOL Multiphysics) produced an extinction spectrum (Supplementary Materials Figure S2) similar to the measured spectrum. The photocurrent flowing through the Ag thin film under illumination was examined. A wavelength of 690 nm, which was close to the plasmon resonance wavelength for the nanoholes, was used to induce an electric current of 173 nA by illuminating of the nanohole array. By contrast, illumination of the Ag film in the vicinity of the nanoholes generated an electric current of 11 nA, which was comparable to the level of the multimeter noise, approximately 8 nA (Supplementary Materials Figure S3). Furthermore, the amount of the electric current was proportional to the optical power, which is consistent with the results of previous investigations [7]. Therefore, we concluded that light illumination of the nanohole array is indispensable for the electric current generation. External quantum efficiency (EQE) was calculated by dividing the number of detected electrons by the number of incident photons. The EQE at the wavelength of 690 nm was 3.1 × 10−3%.
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Figure 2. Plasmonic nanohole array extinction spectra and quantum efficiencies. Measured spectra: (a) 300, (b) 250, and (c) 400 nm. Measured external quantum efficiencies of plasmonic photo-thermoelectric conversion, for illuminations of the nanohole array (red circles) and for illumination of a reference position (blue triangles), are also plotted for each array on the respective panels.
The wavelength dependences of the EQEs of the Ag nanoholes were examined, as shown in Figure 2a (red circles). The maximum EQE was observed at a wavelength of 690 nm, and the EQEs at other wavelengths were in the range of 1.8 to 2.2 × 10−3%. The wavelength dependence of the EQEs were similar to the extinction spectra of the Ag nanoholes. In contrast, illumination of the Ag film in an area away from the nanoholes resulted in a maximum EQE of 6.1 × 10−4%, and no significant wavelength dependence was observed in this case (Figure 2, blue triangles). These results suggest the following mechanism for the light detection in these systems: Light illumination on the nanoholes excites surface plasmon polaritons, leading to plasmonic local heating as a consequence of plasmon loss. This creates a temperature gradient across the Ag film, resulting in a potential difference between its edges. Consequently, electric currents flow through the Ag thin film, owing to the Seebeck effect.
In order to verify this hypothesis, the wavelength dependencies of the EQEs of Ag nanoholes with different periodicities were investigated. The Ag nanohole arrays with periodicities of 250 nm and 400 nm were fabricated and evaluated for comparison with the 300 nm-spaced nanohole array (Figure 2b,c). The peak wavelengths of the extinction spectra of the nanoholes with periodicities of 250 and 400 nm were 608 nm and 801 nm, respectively. These results suggest that the peak wavelength of the Ag nanoholes is determined by periodicity of the nanoholes. In each case, the wavelength dependence of the EQEs for illumination of the nanoholes followed a similar trend to the wavelength dependence of the nanohole extinction spectra, whereas, for illumination of an area of the Ag film unpunctuated by nanoholes, no significant wavelength dependence was seen. These results support our above-described hypothesis for the mechanism behind light detection.
3.2. Quantification of Plasmonic Local Heating
As a proof of concept, we estimated the amount of plasmonic local heating generated at the Ag nanohole arrays, experimentally and numerically. The Ag nanohole arrays with a periodicity of 300 nm produced a maximum electric current of 173 nA at a wavelength of 690 nm. The conductivity of the 40 nm-thick Ag film, as measured via a four-probe method, was 1.23 × 107 S/m. In addition, we measured the conductivity of the nanohole arrays by preparing a sample consisting of a film entirely covered in Ag nanohole arrays. The measured conductivity of these nanohole arrays was 0.60 × 107 S/cm, which was nearly half of the value measured for the Ag film. The thermal conductivities of the Ag film and nanoholes were estimated by using the Wiedemann–Frantz law, which states that the ratio of the thermal and electrical conductivities of a metal is proportional to the temperature [20]. The Lorenz number for Ag, 2.42 × 10−8 W Ω/K2, was used for this estimation [21,22]. The estimated thermal conductivities of the Ag film and nanoholes, being 88.1 and 58.0 W/m.K, respectively, are much greater than those of the resistant polymer and air [23]. We used these conductivity values for the nanohole area and Ag film in a thermoelectric simulation model, simulating the thermoelectric performance of the device by using a thermoelectric module within the COMSOL Multiphysics package. We determined that the temperature of the heat source on the device generates the same value of current as that obtained experimentally. Consequently, the thermoelectric simulation revealed that plasmonic local heating by 4.61 K, at the Ag nanoholes, generated a photocurrent of 173 nA, the measured current.
We also calculated the plasmonic local heating generated at the Ag nanoholes by using the COMSOL software package, including its heat transfer module. Supplementary Materials Figure S4 illustrates the model used for this calculation. Briefly, the model involves a single nanohole in a unit that is surrounded by heat flux layers to permit heat flow from the inside to the outside of the unit. Perfect matching layers were put on the top and bottom of the unit. Experimental values were used for morphological parameters and for the conductivity of the Ag film. In the simulation model, illumination was by a continuous wave light source, with a single wavelength, and an optical power of 2.6 × 102 W/cm2. Since plasmonic local heating occurs as a result of the Joule effect, the heat power density q can be calculated using Equation (1) [24].
	
	(1)


where  is the vacuum permittivity, ε(ω) is the relative permittivity of the material, and  is the intensity of the electric field. Figure 3 shows a cross-sectional SEM image of the Ag nanohole alongside the modeled electric field distribution for the same view of the Ag nanohole. The electric field distribution was calculated for a wavelength of 690 nm. Strong electric field confinement at the edge of the Ag film, inside the nanohole, was observed, indicating that the edges of the film are the main sites of plasmonic local heating. The edges of the Ag disk at the bottom of the nanohole were also expected to be heat sources; however, we concluded that the Ag disks did not contribute directly to thermoelectric conversion, owing to the electrical discontinuity.
[image: ]
Figure 3. Electric field enhancement produced by plasmonic local heating. Cross-sectional view of nanohole: (a) scanning electron microscopy (SEM) image; and (b) electric field distribution.
Heat transfer in a system can be described by a conventional heat transfer expression [25],
	[bookmark: _Hlk32243597]
	(2)


where T(r) is the temperature,  is the mass density,  is the specific heat, and  is the thermal conductivity. In fact, Govorov et al. reported that temperature increases for periodic plasmonic nanoparticles cannot be estimated by considering the nanoparticles individually [26]. They showed that a temperature shift originating from a two-dimensional array of 16 gold nanoparticles was enhanced more than four times with respect to that of a single nanoparticle, because the heating effect can be enhanced as a result of the accumulation effects and inter-particle coulombic interactions [27]. We calculated the local heating temperatures produced upon changing the unit numbers of nanoholes from 1 to 49. As the unit number increases, the amount of plasmonic local heating increases because of a rise in the external temperature generated by the neighboring nanoholes [28,29]. Figure 4 shows a logarithmic fit of plasmonic local temperature versus the number of nanohole units in the array. The fit to the data, also shown in in Figure 4, is expressed analytical by Equation (3).
	y = 0.9171ln(x) + 1.239
	(3)
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Figure 4. Dependence of plasmonic local heating on array size. Simulated local heating temperatures as a function of the numbers of nanoholes in the array (red circles). The dashed line indicates a logarithmic fit to the simulation results.
As the number of nanoholes included in an illumination spot is 4.27 × 104, the estimated plasmonic local heating temperature at the illumination spot is 11.0 K, which is more than 2.4 times higher than that estimated from the experimental data. A possible reason for this difference between the temperatures estimated experimentally and numerically, is the discrepancy between the optical power used in the simulation and the actual power of the illuminated light. Our laser beam has a Gaussian profile, whereas we selected a uniform light spot for the illumination calculations. However, the actual light power illuminating each nanohole is different. Nonetheless, it should be noted that our calculation technique generated a relatively good estimation for the nanoholes of the temperature of the plasmonic local heating, which contributes to the thermoelectric conversion process. In other words, this calculation technique is valid for plasmonic local heating and should facilitate the optimization of configurations for plasmonic local heating.
4. Conclusions
A plasmonic photodetector consisting of a Ag thin-film with a nanohole array pattern was fabricated and investigated. The photodetection mechanism was examined by verifying the amount of plasmonic local heating, using both experimental and numerical methods. The wavelength dependence of EQE values was consistent with the extinction spectrum of the Ag nanohole, indicating that surface plasmon polaritons at the nanoholes played a dominant role in this photodetection mechanism. The calculated plasmonic local heating was a factor of 2.4 greater than the one estimated experimentally; however, our simulation technique for calculating plasmonic local heating is still a powerful tool to optimize the characteristics of this plasmonic photodetector. Calculated and measured extinction spectra confirmed that the wavelength of the surface plasmon polaritons of the Ag nanohole arrays is determined by the nanohole periodicity and dielectric constants for the surrounding media (Ag, air, resist). In other words, suitable design of nanohole periodicity, as well as appropriate selection of metals and surrounding media, will allow the realization of tunable photodetectors, not only for visible light but also in the near IR range. The external quantum efficiency and responsivity of the nanohole-array Ag thin-film device are 3.1 × 10−3% and 17.3 µA/W, respectively, which are comparable with those of the respective levels for a plasmonic photodetector driven by hot carriers [3,30] and are significantly lower than those of commercial Si detectors. However, there is ample scope for increasing EQE values, via optimization of device configurations, nanohole morphology, and appropriate material selection. Furthermore, our simple device configuration consisting of a single Ag nanofilm should help to ignite interest in the development of photodetectors that operate effectively on the nanoscale.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Schematic of illumination system, Figure S2: Calculated extinction spectrum, Figure S3: Electric current before and after illumination, Figure S4: Simulation models used for heat calculations.
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