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Perfect absorption is key to achieving high responsivity of a thin-film photodetector. Here, we report the effect of a metamaterial perfect absorber on the external quantum efficiency of plasmonic photo-thermoeletric conversion, which is a photodetection method based on local heating. The photodetector with a metamaterial perfect absorber shows strong absorption, resulting in external quantum efficiency about three times of that of a control device. Plasmon-induced local temperature rise contributes to the photodetection, and its amplitude is examined both experimentally and numerically.


Photodetectors are widely used in sensors, optical communications, optical imaging, and optoelectronic applications. Demands of thin-film photodetectors are growing for utilization in ultra-dense interconnects and monolithically integrated optoelectronic devices.1-7) Thin-film photodetectors that utilize thermoelectric conversion are an emerging research topic.8-13) Recently, we reported a thin-film photodetector enabled by plasmonic photo-thermoelectric conversion.14, 15) Our device consisted of an ultrathin film of a thermoelectric material embedded with plasmonic atoms, silver (Ag) nanorods that generated plasmonic local heating.16-21) Light illumination on the Ag nanorods created a thermal gradient across the thermoelectric film, resulting in the Seebeck voltage generation. Although being a new photodetection technique, the efficiency of the plasmonic photo-thermoelectric conversion is far from enough for real-world applications. 
[bookmark: _Hlk44082364]There are two potential approaches to increase the responsivity of plasmonic photo-thermoelectric sensors: to increase the Seebeck coefficient of the thermoelectric materials and to increase the light absorption of the whole device. Building on our recent work,14, 15) this work concentrates on exploring the second approach. An intuitive solution for increasing light absorption is to increase the optical length of the light absorber. However, it will increase the thickness of the device, resulting in an overall device size too large for many integrated applications. It is highly desirable to have a plasmonic photo-thermoelectric sensor that achieves the ultimate, perfect light absorption within a subwavelength thickness.
Metamaterial perfect absorber (MPA) is consequently a good candidate for increasing the responsivity of plasmonic photo-thermoelectric sensors. The most common configuration of MPAs is an ultrathin, multilayered absorber, consisting of two layers of metal structures sandwiching a thin dielectric spacer layer.22-27) This configuration supports strong electric and magnetic resonances, allowing for perfect or near-perfect light absorption within a thickness much smaller than the resonance wavelength.28-30)
Here, we report the MPA-based plasmonic photo-thermoelectric sensing for the first time. The performances of the MPA-based sensor, including both the optical property of light extinction and the electrical property of external quantum efficiency, show significant improvement over a control device that lacks perfect light absorption. Through detailed experimental and numerical exploration, this improvement is attributed to higher local temperature in the MPA-based sensor.
The MPA-based plasmonic photo-thermoelectric sensor and the control sample were fabricated on the same glass substrate. A thin film of resist (Nihonzeon, ZEP520A) was first spin-coated on top of the glass substrate, in which two identical nanorod arrays were subsequently drawn using electron beam lithography (JEOL, JBX-6300FS). Each array occupied an area of 500 × 500 m2. The resist film was then coated with an adhesive layer of chromium (5 nm in thickness) and a layer of Ag (30 nm in thickness) by thermal deposition. Two identical arrays of Ag nanorods were obtained on the glass substrate after a lift-off process. Figure 1(a) shows scanning electron microscope (SEM) images of one of the Ag nanorod arrays, obtained by using field emission SEM (Hitach-High Technologies Corporation, SU8010 FE-SEM). The resonance of the Ag nanorod was adjusted to be around 680 nm, so the results are directly comparable to our previous work.14) A thin film of poly(3,4-ethilenedioxithiophene)-poly(styrenesulfonate) (PEDOT:PSS) (Sigma Aldrich, Orgacon S315, 1.3 wt%) was spin-coated on the two Ag nanorod arrays. The thickness of the PEDOT:PSS film was 125.4±10.6 nm (measurement point number = 12). On top of one of the arrays, a 100-nm-thick Ag film was coated using thermal evaporation (see Figure S1 in the supplementary information for an SEM image of the device cross section). This Ag film was the only design difference between the MPA sample and the Ag nanorod sample as the control sample. To facilitate electrical measurement, at both ends of the PEDOT:PSS film, Ag electrodes with a thickness of 100 nm were fabricated using thermal evaporation (Fig. 1(b)).
Transmission (T) and reflection (R) of the two samples were measured using a home-built microscopic spectrometer, which consisted of an Olympus BX-51 microscope and an Ocean Optics HR4000 spectrometer. Extinction of the two samples was calculated as 1-T-R. In the characterization of photodetection performances, the samples were irradiated from the glass side by a tunable laser (Thorlabs). The laser beam was polarized and its power was maintained at 15 mW. Two orthogonal polarization states, the TE polarization and the TM polarization, were investigated. The TE polarization corresponded to the electric field of the incident light perpendicular to the short axis of the Ag nanorods, and the TM polarization was the orthogonal polarization. Photocurrent generated by the device was measured using a digital multimeter (KEITHLY 2000).
Figure 2 shows the extinction spectra of the two devices measured for the TE polarization. For the MPA device, the peak amplitude reaches 97% at 606 nm, very close to the target value of 100%. By comparison, for the control sample (i.e. the sample that contains Ag nanorods but lacks the continuous Ag film), the peak amplitude is 30%, which is at a slightly longer wavelength of 636 nm. The extinction of the MPA sensor is 3.2 times of that of the control sample. Similar level of contrast is also observed in numerically simulated extinction spectra (Fig. S2) obtained by using the commercial software COMSOL multiphysics, a simulation tool based on the finite element method (FEM).
Figure 2 also shows the external quantum efficiency (EQE) of the two samples at six different wavelengths. The EQE is calculated by dividing the number of detected electrons by the number of incident photons (Eq. (1)), 
                           (1)
where I, h, c, e, P, and  represent the photocurrent, the Planck constant, the velocity of light in vacuum, the elementary electric charge, the power of the laser beam, and the laser wavelength, respectively. The MPA sensor shows a photocurrent and an EQE of 232 nA and 3.0×10-3%, respectively, at a wavelength of 638 nm, which is close to the extinction peak. By comparison, the photocurrent and the EQE of the control sample are 90 nA and 1.2×10-3%, respectively, at the same wavelength. This contrast indicates that, by adding a Ag film to convert a control sensor to the MPA sensor, both the photocurrent and the EQE have increased.
To assist interpreting the results, a bare PEDOT:PSS film, which did not contain any Ag nanorods or the Ag thin film, was characterized under the same conditions. It generated an electric current and an EQE of 6 nA and 8.0 × 10-5%, respectively, with the laser wavelength at 638 nm. The two samples were also characterized under TM-polarized illumination, a polarization that did not excite localized surface plasmon resonances. The electric current and the EQE at 638 nm were 29 nA and 3.9 × 10-4%, respectively, for the control sensor, and they were 127 nA and 1.7 × 10-3% for the MPA sensor. Based on these results, we concluded that the near-perfect absorption acquired by the MPA is key to increasing the electric current and the EQE of plasmonic photo-thermoelectric conversion. In plasmonic photo-thermoelectric conversion, the excitation of surface plasmon resonance leads to plasmonic local heating, which results in a thermal gradient across the PEDOT:PSS film. This thermal gradient generates an electric current flowing across the PEDOT:PSS film owing to the Seebeck effect.14) 
This conclusion is further supported by the wavelength dependence observed in both the EQE and the extinction ratio (Fig. 2). For both the control sensor and the MPA sensor, the extinction is dominated by the plasmonic resonance. As the EQE traces the extinction spectra in the whole measured spectral range, we can conclude that plasmon excitation is the dominant driving force that triggers the photo-thermoelectric conversion. 
Figure 2 shows that the peak intensity of the EQE of the MPA sensor is 2.6 times of that of the control sensor. This contrast is attributed to the higher absorption and higher temperature of the MPA sensor. Plasmon-induced local heating can be calculated by using the conventional heat transfer equation (Eq. (2)) and the heat power density q (Eq. (3)),31)
           (2)
                (3)
where  is the temperature,  is the mass density,  is the specific heat capacity, and  is the thermal conductivity,  is the angular frequency of the incident light, is the complex relative permittivity, and 0 is the permittivity of vacuum. Equation 3 indicates that the heat power density q is directly related to the intensity of the electric field. 
Figure 3 shows the electric and magnetic field distributions of the two samples under TE illumination. Figure 3(a) shows that, in the control sample calculated at 650 nm, the electric field enhancement is confined at the sharp edges of the Ag nanorod. By comparison, Fig. 3(b) shows that, in the MPA sample calculated at 615 nm, the electric field enhancement is stronger and occupies a large area, extending across the PEDOT:PSS film from the Ag nanorod to the Ag film. As the magnitude of plasmonic local heating increases with the intensity of the local electric field (Eq. (3)), the contrast between Figs. 3(a) and 3(b) suggests that the plasmonic local heating is more pronounced in the MPA sample. Figures 3(c) and 3(d) compare the distribution of the magnetic field in these two samples. In the control sample, the magnetic field shows weak enhancement and is localized at the interface between the nanorod and the substrate (Fig. 3(c)). By comparison, the field enhancement is much more pronounced in the MPA sample (Fig. 3(d)). 
As an attempt to quantify the contribution of the plasmonic resonance to the photo-thermoelectric conversion, we further calculated the plasmon-induced local temperature increase, by using two approaches. The first approach is based on the photocurrent and a Seebeck coefficient of 42.1 nA/K for the PEDOT:PSS obtained in experiments. The local temperature increase estimated using this approach is 8.8 and 22.8 K for the control sample and the MPA sample, respectively. 
The second approach is based on numerical simulation using the FEM software. It combines the simulation of electromagnetic field with that of thermal field, through the link based on Eq. (3). Although it is common practice to approximate a large array of identical nanorods by simulating a single nanorod in the simulation of electromagnetic properties, a similar approach is not viable for the simulation of thermal properties. As Govorov et al. reported in Ref.,32) because of heat accumulation and inter-particle coulombic interactions, it is not possible to derive the temperature of a large array from the temperature of a single, isolated nanorod. To address this problem, we took the approach of simulating multiple arrays, each containing a different number of identical nanorods. For the smallest array, which contains only a single nanorod, the temperature rises were 0.59 and 1.15 K for the control and MPA samples (Fig. 4). For the largest array, which contains 5 × 5 identical units, the corresponding values were 1.39 and 2.83 K for the control and the MPA samples. It is clear that, as the array becomes larger, the temperature rise (i.e. the plasmon-induced local heating) becomes less sensitive to the array size. For the two samples, the simulated temperature rises,  for the control sample and  for the MPA sample, are fitted using an analytical equation. The results are shown in Fig. 4, and the fitting equations are as follows.
            (4)
              (5)
The FWHM of the laser spot used in the experiment was 50 m, and the number of nanorods under light illumination was about 21800. By using Eqs. (4) and (5), the temperature rise is estimated to be 8.87 and 19.31 K for the control sample and MPA sample, respectively. Both values are similar to the results obtained from the first approach, which has utilized the experimental values of electric current. This similarity confirms that the EQE of plasmonic photo-thermoelectric conversion can be improved via perfect absorption. Additionally, we compare the heat propagation profile of the two samples, as such profile can provide valuable insight into the physical mechanism.33) Figure S3 shows the cross-sectional heat profile across the two samples at the moment of 30 seconds after the illumination is initiated. The thermal gradient across the MPA sample is significantly steeper than that of the control sample, a result that fits well with the analysis above.   
In summary, we have fabricated and characterized a plasmonic photo-thermoelectric device that is enhanced by the MPA. The MPA consists of the Ag thin film and an array of Ag plasmonic nanorods, which are separated by a thermoelectric layer of PEDOT:PSS. The measured EQE of the sensor is 3.0×10-3% at 638 nm, 2.6 times of that of a control sample that has the same Ag nanorods. The increase in EQE is attributed to the near-perfect light absorption of the MPA, which results in effective local heat generation. The temperature rise induced by the local heat generation is calculated using two approaches, and the results are similar. This confirms that the MPA can be used to enhance the EQE of plasmonic photo-thermoelectric conversion. The principle of the plasmonic photo-thermoelectric conversion discussed here is applicable to a broad spectral range, as plasmonic resonance has been demonstrated from the visible to the THz frequency range. The responsivity of the MPA device reported here is 15.4 µA/W, significantly lower than that of commercial Si detectors. Nevertheless, this value can be increased by using a high-performance thermoelectric material such as bismuth telluride (Bi2Te3) in future works. With a Seebeck coefficient34) of 230 µV/K, Bi2Te3 is expected to increase the responsivity up to 17.5 mA/W. By combining with further optimization of device configuration, this work could pave the way to a new kind of high-sensitivity thin-film photodetector.
 
Acknowledgments
This research was supported by the JSPS-Royal Society bilateral joint research program, the JSPS KAKENHI Grant number JP-20K05261, and the Sumitomo Foundation, and partially supported by the JSPS Core-to-Core Program.








































References
1)	A. Dorodnyy, Y. Salamin, P. Ma, J.V. Plestina, N. Lassaline, D. Mikulik, P. Romero-Gomez, A.F.i. Morral, and J. Leuthold, IEEE J. Sel. Top. Quantum Electron. 24, 1 (2018).
2)	Z. Xia, H. Song, M. Kim, M. Zhou, T.-H. Chang, D. Liu, X. Yin, K. Xiong, H. Mi, X. Wang, F. Xia, Z. Yu, Z. Ma, and Q. Gan, Sci. Adv. 3, e1602783 (2017).
3)	T.S. Reddy and M.C.S. Kumar, RSC Advances 6, 95680 (2016).
4)	L. Tu, R. Cao, X. Wang, Y. Chen, S. Wu, F. Wang, Z. Wang, H. Shen, T. Lin, P. Zhou, X. Meng, W. Hu, Q. Liu, J. Wang, M. Liu, and J. Chu, Nat. Commun. 11, 101 (2020).
5)	K.F. Mak and J. Shan, Nat. Photonics 10, 216 (2016).
6)	B. Xie, R. Xie, K. Zhang, Q. Yin, Z. Hu, G. Yu, F. Huang, and Y. Cao, Nat. Commun. 11, 2871 (2020).
7)	F. Bonaccorso, Z. Sun, T. Hasan, and A.C. Ferrari, Nat. Photonics 4, 611 (2010).
8)	K.W. Mauser, S. Kim, S. Mitrovic, D. Fleischman, R. Pala, K.C. Schwab, and H.A. Atwater, Nat. Nanotechnol. 12, 770 (2017).
9)	D. Suzuki, S. Oda, and Y. Kawano, Nat Photonics 10, 809 (2016).
10)	V. Shautsova, T. Sidiropoulos, X. Xiao, N.A. Güsken, N.C.G. Black, A.M. Gilbertson, V. Giannini, S.A. Maier, L.F. Cohen, and R.F. Oulton, Nat. Commun. 9, 5190 (2018).
11)	A. Amirhosseini and R. Safian, IEEE J. Sel. Top. Quantum Electron. 24, 4600207 (2018).
12)	A. Safaei, S. Chandra, M.W. Shabbir, M.N. Leuenberger, and D. Chanda, Nat. Commun. 10, 3498 (2019).
13)	Y. Pan, G. Tagliabue, H. Eghlidi, C. Höller, S. Dröscher, G. Hong, and D. Poulikakos, Sci. Rep. 6, 37564 (2016).
14)	W. Kubo, M. Kondo, and K. Miwa, J. Phys. Chem. C 123, 21670 (2019).
15)	K. Miwa, H. Ebihara, X. Fang, and W. Kubo, Appl. Sci. 10, 2681 (2020).
16)	M.L. Brongersma, N.J. Halas, and P. Nordlander, Nat. Nanotechnol. 10, 25 (2015).
17)	G. Baffou, R. Quidant, and F.J. García de Abajo, ACS Nano 4, 709 (2010).
18)	X. Huang and M.A. El-Sayed, Alexandria. J. Med. 47, 1 (2011).
19)	N.J. Hogan, A.S. Urban, C. Ayala-Orozco, A. Pimpinelli, P. Nordlander, and N.J. Halas, Nano Lett. 14, 4640 (2014).
20)	H.H. Richardson, M.T. Carlson, P.J. Tandler, P. Hernandez, and A.O. Govorov, Nano Lett. 9, 1139 (2009).
21)	G.V. Hartland, L.V. Besteiro, P. Johns, and A.O. Govorov, ACS Energy Lett. 2, 1641 (2017).
22)	N.I. Landy, S. Sajuyigbe, J.J. Mock, D.R. Smith, and W.J. Padilla, Phys. Rev. Lett. 100, 207402 (2008).
23)	A. Christ, G. LÉVÊQue, O.J.F. Martin, T. Zentgraf, J. Kuhl, C. Bauer, H. Giessen, and S.G. Tikhodeev, J. Microsc 229, 344 (2008).
24)	A. Moreau, C. Ciracì, J.J. Mock, R.T. Hill, Q. Wang, B.J. Wiley, A. Chilkoti, and D.R. Smith, Nature 492, 86 (2012).
25)	W. Li and J. Valentine, Nano Lett. 14, 3510 (2014).
26)	F. Ding, Y. Yang, R.A. Deshpande, and S.I. Bozhevolnyi, Nanophotonics 7, 1129 (2018).
27)	A. Tittl, A.-K. Michel, M. Schäferling, X. Yin, B. Gholipour, L. Cui, M. Wuttig, T. Taubner, F. Neubrech, and H. Giessen, Adv. Mater. 27, 4597 (2015).
28)	T. Cao, C.-w. Wei, R.E. Simpson, L. Zhang, and M.J. Cryan, Sci. Rep. 4, 3955 (2014).
29)	C. Ng, J.J. Cadusch, S. Dligatch, A. Roberts, T.J. Davis, P. Mulvaney, and D.E. Gómez, ACS Nano 10, 4704 (2016).
30)	J. Hao, J. Wang, X. Liu, W.J. Padilla, L. Zhou, and M. Qiu, Appl. Phys. Lett. 96, 251104 (2010).
31)	G. Baffou and R. Quidant, Laser Photonics Rev. 7, 171 (2013).
32)	A.O. Govorov, W. Zhang, T. Skeini, H. Richardson, J. Lee, and N.A. Kotov, Nanoscale Res. Lett. 1, 84 (2006).
33)	Y. Nishijima, A. Balčytis, S. Naganuma, G. Seniutinas, and S. Juodkazis, Sci. Rep. 9, 8284 (2019).
34)	Z.M. Gibbs, H.-S. Kim, H. Wang, and G.J. Snyder, Appl. Phys. Lett. 106, 022112 (2015).


		Template for APEX (Jan. 2014)



11
Figure Captions
Fig. 1. (a) SEM image of the Ag nanorods. The inset is a zoom-in view. (b) A schematic of the measurement setup, showing the MPA-enhanced plasmonic photo-thermoelectric sensor with the control sample. (c) The cross-section of the MPA area. 

Fig. 2. Extinction spectra (solid lines) and EQE (dots) of the MPA sensor (red) and the control (Ag nanorod) sensor (blue). The incident light has TE polarization.

Fig. 3 Electric and magnetic field distributions of the two sensors. (a,b) Electric field distribution of (a) the control sample (Ag nanorod) calculated at 650 nm and (b) the MPA sample calculated at 615 nm. (c,d) Magnetic field distribution of (c) the control sample and (d) the MPA sample. 

[bookmark: _Hlk43284851]Fig. 4 Dependence of plasmon-induced local temperature difference. The numerically simulated results (circles) as a function of the numbers of (a) MPA (red) and (b) Ag nanorod (blue) units. The simulated results correspond to arrays with 1 × 1, 2 × 2, 3 × 3, 4 × 4, and 5 × 5. The solid lines are exponential fits to the simulated results. 
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Fig. 1 (color online)
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Fig. 2 (color online)
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Fig. 3 (color online)
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Fig. 4 (color online)
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