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Abstract: Wavelength-selective uncooled infrared (IR) sensors are highly promising for a
wide range of applications, such as fire detection, gas analysis and biomedical analysis. We
have recently developed wavelength-selective uncooled IR sensors using square lattice
two-dimensional plasmonic absorbers (2-D PLAs). The PLAs consist of a periodic 2-D
lattice of Au-based dimples, which allow photons to be manipulated using surface plasmon
modes. In the present study, a detailed investigation into control of the detection
wavelength was conducted by varying the PLA lattice structure. A comparison was made
between wavelength-selective uncooled IR sensors with triangular and square PLA lattices
that were fabricated using complementary metal oxide semiconductor and micromachining
techniques. Selective enhancement of the responsivity could be achieved, and the detection
wavelength for the triangular lattice was shorter than that for the square lattice. The results
indicate that the detection wavelength is determined by the reciprocal-lattice vector for the
PLAs. The ability to control the detection wavelength in this manner enables the
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application of such PLAs to many types of thermal IR sensors. The results obtained here
represent an important step towards multi-color imaging in the IR region.
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1. Introduction

Uncooled infrared (IR) sensors detect IR radiation from objects by converting thermal energy to an
electrical signal [1]. Microelectromechanical system (MEMS)-based uncooled IR sensors typically
consist of IR absorbers and temperature sensors with a thermal isolation structure where arrays of these
can function as image sensors. Recently, there has been increased interest in such uncooled IR sensors
due to significant technical progress and a growing range of applications, such as remote sensing,
biomedical devices, security, fire-fighting, car sensors and home appliances [2,3].

We are developing an advance uncooled IR sensor with object discrimination as its function by the
use of wavelength-selective absorbers based on plasmonics [4—6] and metamaterials [7-9].
Wavelength-selective uncooled IR sensors have significant potential because objects can be identified
from their IR radiation spectrum [10]. For instance, gases can be identified from their absorption
wavelengths [2]. There are many methods to realize wavelength-selective functions for filters [11,12],
optical resonant structures [13], and multi-layer structures [14,15]. However, these methods require
additional optical systems or complicated pixel structures, which lead to increased cost and prevent the
establishment of arrays for use in image sensors.

Recently, we have developed wavelength or polarization-selective uncooled IR sensors using square
lattice two-dimensional plasmonic absorbers (2-D PLAs) [16—18] and have also developed 3-D
PLAs [19-21]. 2-D PLAs have an Au-based 2-D periodic dimple-array, where surface plasmon
resonance (SPR) occurs. We have also demonstrated that triangular lattice 2-D PLAs can realize
wavelength-selective detection [22]. However, the detailed effects of the lattice structures on the
detection wavelength have not yet been studied. Here, we conduct a detailed investigation into the detection
wavelength control of uncooled IR sensors according to the surface lattice structures of 2-D PLAs.

2. Design

Absorption wavelength control according to the 2-D lattice structure was theoretically investigated
for both the square and triangular lattices. Figure 1a,b show schematic representations of the square
and triangular 2-D lattices, respectively, where al and a2 are the primitive lattice vectors. The period
(p) 1s the same for both structures.

SPR can be excited when it matches the following momentum equation [23]:
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K, =Esin6imain§ (1)

where K, and K, are the surface plasmon wavevector and the incident light wavevector,

respectively, @ is the incident angle, and G, and G, are the set of primitive reciprocal lattice

vectors in the 2-D lattice. m and n are a set of integers.
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Figure 1. 2-D lattice structure and primitive lattice vectors for (a) square and (b) triangular lattices.

We consider the normal incidence, i.e., 8=0°:
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The main K_S[; can be obtained when Equation (3) is satisfied:
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and by consideration of the IR wavelength region [24]:
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where A, is the SPR wavelength:
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The main SPR wavelength that corresponds to the main absorption wavelength in the square lattice
2-D PLA can be calculated as follows:

- (6)

A, =P (7)

The main absorption wavelength is almost equal to the surface period, which coincides with the
measurement results [17].

Next, the triangular lattice structure was calculated as follows:
2 2r
‘GHG“_? (8)

The main SPR wavelength, which is the main absorption wavelength in the triangular lattice, can be
obtained as follows:

A,=——-p )
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The main absorption wavelength is expected to be shorter than that of the square lattice 2-D PLA.
Theoretical investigations show that the primitive reciprocal lattice vector of the 2-D lattice structure is
the main parameter controlling the absorption wavelength.

Figure 2 shows the structure of the thermopile with a triangular lattice 2-D PLA used in this study.
The thermopile was used as an uncooled IR sensor. The thermal isolation legs contain thermocouples
that transform the temperature difference between hot and cold junctions into an electrical signal based
on the Seebeck effect [25]. The absorber is thermally isolated using a cavity structure and a periodic
structure is formed on the absorber surface.

Triangular-lattice 2-D PLA

Thermal isolation leg
(thermocouples)

Figure 2. Schematic of the MEMS-based thermopile with a triangular lattice 2-D PLA.
3. Sensor Fabrication

Thermopiles were fabricated using the triangular lattice 2-D PLAs. The fabrication method and
sensor structure was the same as that reported in our previous studies [17,18], except that formation of
the surface pattern on the absorber was achieved using photolithography. Figure 3 shows the fabrication
procedure used in this study. Figure 3a shows device fabrication on a 6-inch Si substrate using a standard
complementary metal oxide semiconductor (CMOS) process. The thermocouples consist of a series of
p- and n-type polycrystalline silicon semiconductors. The absorber area is formed with a 1.5 pm thick
SiO2 layer. Figure 3b shows the periodic lattice structure, which is formed only on the SiOz layer of the
absorber area using reactive ion etching (RIE). Figure 3¢ shows that 50/250 nm thick Cr/Au layers are
then sputtered on the SiO2 layer. The 250 nm thick Au layer is sufficiently thick to prevent IR light
penetration, so that the influence of Cr and SiO:2 beneath the Au layer is negligible. An Al layer is
inserted at the backside of the absorber area to prevent backside absorption by SiOz. The Si substrate is
anisotropically etched using tetramethylammonium hydroxide (TMAH) through the etching holes to
form the cavity under the IR absorber area, as shown in Figure 3d. The TMAH used in this procedure is
doped with Si so that the reflective backside Al layer is not etched. Finally, a thermally isolated floating
structure is completed, on which the square/triangular lattice 2-D PLA is formed.
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Figure 3. Procedure for the fabrication of a thermopile with triangular lattice 2-D PLAs.
(a) Devices are formed on the surface of a Si wafer by a standard CMOS process. Etching
holes are formed by RIE; (b) The 2-D triangular-lattice structures are formed on SiO2 using a
dry etching process; (¢) Cr/Au layers are sputtered; (d) The cavity is formed by TMAH etching.

Figure 4 shows scanning electron microscopy (SEM) images of the thermopile with the triangular
lattice 2-D PLA. The magnified SEM image in Figure 4b shows a triangular lattice 2-D PLA with a
period and diameter of 8.0 and 6.0 wm, respectively.

(a) (b)

Hotjunction ____Coldjunction

Thermalisolation leg

Figure 4. SEM image of (a) thermopile with triangular lattice 2-D PLA and (b) magnified
image of the triangular lattice 2-D PLA.

4. Measurements

The spectral responsivity of the developed sensors was measured. The sensors were set in a vacuum
chamber with a Ge window under a pressure of 1 Pa. The sensor was irradiated with IR radiation from
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a blackbody at a temperature of 1000 K and with an aperture diameter of 15.9 mm, which passed
through narrow bandpass filters for selection of the evaluation wavelength. The distance between the
sensors and the blackbody was 200 mm. The incidence angle was normal to the sensor and a pinhole
was used to restrict the incident IR radiation to only the absorber area. The sensor output voltage was
monitored by a computer. The responsivity was calculated as the ratio between the output voltage
difference for the on and off states and the input power. The input power was calculated taking into
account the measurement system parameters, absorber area, transmittance from the blackbody to the
sensor through the atmosphere, narrow bandpass filters and the Ge window, and the spectral radiant
emittance equation at the evaluated wavelength, as previously reported [16,17]. The measured
diameters and periods of the surface structures were respectively: (i) 3.0 and 4.5 um; (ii) 4.0 and 5.0 um;
(i11) 4.0 and 5.5 um; (iv) 4.0 and 6.5 pm; (v) 6.0 and 7.0 pm; (vi) 6.0 and 8.0 um; and (vii) 6.0 and
10.5 um. The depth of the periodic lattice structures was fixed at 1.5 um for all sensors. Figure 5a shows
the measured spectral responsivity. Figure 5b shows the measured and theoretical dependence of the
peak wavelength on the surface period. The spectral responsivity of the square lattice 2-D PLAs is also
shown in Figure 5a,b for comparison. The measured results for the square lattice, except for structure
(ii1) and (v), were taken from our previous report [17].

Figure 5a,b show that wavelength-selective detection was also realized for the triangular lattice 2-D
PLAs, and the absorption wavelengths for the triangular lattice 2-D PLAs were shorter than those for
the square lattice 2-D PLAs.

5. Discussion

Figure 5a,b demonstrate that the measured peak wavelengths correspond well with the theoretical
investigations outlined in Section 2. We have previously demonstrated both numerically and
experimentally [16,17] that the period is the main parameter that determines the absorption
wavelength, whereas the depth and diameter have negligible impact. The ratio between the diameter
and the period is most effective for obtaining sufficient absorption [26]. Therefore, these results
demonstrate that the main detection wavelength can be controlled according to the primitive reciprocal
lattice vector. Hence, the absorption of the 2-D PLA is attributed to the 2-D lattice surface plasmon
resonance, which can be interpreted as Wood’s anomaly or Fano resonance [27]. The results obtained
here will provide fundamental information on the design flexibility of wavelength-selective uncooled
IR sensors using two types of 2-D lattice structures. The bandwidth is also important for practical
applications and can be tuned using the ratio between the period and the diameter of the dimples [16].
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6. Conclusions

Control of the detection wavelength was investigated for 2-D PLA lattice structures for
wavelength-selective uncooled IR sensors. Thermopiles with triangular lattice 2-D PLAs were
developed using standard CMOS-MEMS technology. Theoretical calculations and the measured
spectral responsivity demonstrate that the detection wavelength for triangular lattice 2-D PLAs is
shorter than that for square lattice 2-D PLAs, and the detection wavelength is determined by the
primitive reciprocal lattice vector of the 2-D lattice structure. Precise control of the detection
wavelength is required for practical applications and 2-D lattice control of the detection wavelength
will facilitate expansion of the design flexibility. The results obtained here could be applied to other
types of uncooled IR sensors such as bolometers or silicon-on-insulator diodes [28,29].

Acknowledgments

The authors thank Daisuke Fujisawa, Masashi Ueno, and Tetsuya Satake of the Advanced
Technology R&D Center of Mitsubishi Electric Corporation for helpful support.

Author Contributions

Yousuke Takagawa fabricated the sensors and performed measurements. Shinpei Ogawa conceived
and designed the experiments and theoretical investigations. Masafumi Kimata supervised all aspects
of the research. All authors discussed the results and contributed to writing the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Kruse, P.W. Uncooled Thermal Imaging Arrays, Systems, and Applications; SPIE: Washington,
DC, USA, 2001; pp. 25-56.

2. Vollmer, M.; Mollmann, K.-P. Spectrally Resolved Infrared Thermal Imaging. In Infrared
Thermal Imaging: Fundamentals, Research and Applications; Wiley-VCH: Weinheim, Germany,
2010; pp. 157-185.

3. Kimata, M. Trends in small-format infrared array sensors. In Proceedings of the Sensors,
Baltimore, MD, USA, 3—-6 November 2013; pp. 1-4.

4. Ozbay, E. Plasmonics: Merging photonics and electronics at nanoscale dimensions. Science 2006,
311,189-193.

5. Stanley, R. Plasmonics in the mid-infrared. Nat. Photon. 2012, 6, 409—411.

Kawata, S. Plasmonics: Future Outlook. Jpn. J. Appl. Phys. 2013, 52, doi:10.7567/JJAP.52.010001.

7. Smith, D.R.; Pendry, J.B.; Wiltshire, M.C. Metamaterials and negative refractive index. Science
2004, 305, 788—-792.

8. Pendry, J.B.; Martin-Moreno, L.; Garcia-Vidal, F.J. Mimicking surface plasmons with structured
surfaces. Science 2004, 305, 847-848.



Sensors 2015, 15 13668

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

Tanaka, T. Plasmonic metamaterials. /IEICE Elec. Exp. 2012, 9, 34-50.

Talghader, J.J.; Gawarikar, A.S.; Shea, R.P. Spectral selectivity in infrared thermal detection.
Light Sci. Appl. 2012, 1, doi:10.1038/1sa.2012.24.

HaiDar, R.; Vincent, G.; Collin, S.; Bardou, N.; GuéRineau, N.; Deschamps, J.; Pelouard, J.-L.
Free-standing subwavelength metallic gratings for snapshot multispectral imaging. Appl. Phys. Lett.
2010, 96, 221104.

Ohtera, Y.; Yamada, H. Photonic crystals for the application to spectrometers and wavelength
filters. IEICE Elec. Exp. 2013, 10,20132001.

Wang, Y.; Potter, B.J.; Talghader, J.J. Coupled absorption filters for thermal detectors. Opt. Lett.
2000, 31, 1945-1947.

Han, S.W.; Kim, J.W.; Sohn, Y.S.; Neikirk, D.P. Design of infrared wavelength-selective
microbolometers using planar multimode detectors. Elec. Lett. 2004, 40, 1410-1411.

Maier, T.; Brueckl, H. Multispectral microbolometers for the mid-infrared. Opt. Lett. 2010, 35,
3766-3768.

Ogawa, S.; Okada, K.; Fukushima, N.; Kimata, M. Wavelength selective uncooled infrared sensor
by plasmonics. Appl. Phys. Lett. 2012, 100, 021111.

Ogawa, S.; Komoda, J.; Masuda, K.; Kimata, M. Wavelength selective wideband uncooled infrared
sensor using a two-dimensional plasmonic absorber. Opt. Eng. 2013, 52, doi:10.1117/12.2015629.
Ogawa, S.; Masuda, K.; Takagawa, Y.; Kimata, M. Polarization-selective uncooled
infrared sensor with asymmetric two-dimensional plasmonic absorber. Opt. Eng. 2014, 53,
doi:10.1117/1.0E.53.10.107110.

Ogawa, S.; Fujisawa, D.; Maegawa, T.; Ueno, M.; Kimata, M. Three-Dimensional Plasmonic
Metamaterial Absorbers for High-Performance Wavelength Selective Uncooled Infrared Sensors.
In Proceedings of Infrared Technology and Applications XL, Baltimore, MD, USA, 5 May 2014.
Fujisawa, D.; Ogawa, S.; Hata, H.; Uetsuki, M.; Misaki, K.; Takagawa, Y.; Kimata, M. Multi-color
imaging with silicon-on-insulator diode uncooled infrared focal plane array using through-hole
plasmonic metamaterial absorbers. In Proceedings of the 28th IEEE International Conference on
Micro Electro Mechanical Systems (MEMS), Estoril, Portugal, 1822 January 2015; pp. 905-908.
Ogawa, S.; Fujisawa, D.; Hata, H.; Uetsuki, M.; Misaki, K.; Kimata, M. Mushroom plasmonic
metamaterial infrared absorbers. Appl. Phys. Lett. 2015, 106, 041105.

Ogawa, S.; Komoda, J.; Masuda, K.; Takagawa, Y.; Kimata, M. Wavelength selective uncooled
infrared sensor using triangular-lattice plasmonic absorbers. In Proceedings of the 2013
International Conference on Optical MEMS and Nanophotonics (OMN), Kanazawa, Japan,
18-22 August 2013; pp. 61-62.

Maier, S.A. Plasmonics: Fundamentals and Applications; Springer: New York, NY, USA; p. 146.
Balin, I.; Dahan, N.; Kleiner, V.; Hasman, E. Slow surface phonon polaritons for sensing in the
midinfrared spectrum. Appl. Phys. Lett. 2009, 94, 111112.

Vollmer, M.; Mollmann, K.-P. Thermoelectric Effects. In Infrared Thermal Imaging:
Fundamentals, Research and Applications; Wiley-VCH: Weinheim, Germany, 2010; pp. 310-311.



Sensors 2015, 15 13669

26.

27.

28.

29.

Masuda, K.; Ogawa, S.; Takagawa, Y.; Kimata, M. Optimization of two-dimensional plasmonic
absorbers based on a metamaterial and cylindrical cavity model approach for high-responsivity
wavelength-selective uncooled infrared sensors. Sens. Mater. 2014, 26, 215-223.
Miroshnichenko, A.E.; Flach, S.; Kivshar, Y.S. Fano resonances in nanoscale structures.
Rev. Mod. Phys. 2010, 82, 2257-2298.

Fujisawa, D.; Maegawa, T.; Ohta, Y.; Kosasayama, Y.; Ohnakado, T.; Hata, H.; Ueno, M.; Ohji, H.;
Sato, R.; Katayama, H.; et al. Two-million-pixel SOI diode uncooled IRFPA with 15 um pixel
pitch. In Proceedings of the Infrared Technology and Applications XXXVIII, Baltimore, MA,
USA, 23 April 2012.

Maegawa, T.; Fujisawa, D.; Hata, H.; Ogawa, S.; Ueno, M. 2-in-1 diodes with a contact-sidewall
structure for small pixel pitch in silicon-on-insulator (SOI) uncooled infrared (IR) focal plane
arrays. Sens. Mater. 2014, 26, 229-238.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



