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Infrared light radiates from almost all the matter on earth and its strategic use will be an important
issue for the enhancement of human life and the sustainable development of modern industry. Since it
has frequency in the same region as phonons or molecular vibrations of materials, measuring its emission
or absorption spectra helps us in characterizing and identifying the materials in a non-destructive
manner. Meanwhile, if we can spectroscopically design the infrared emission by tuning the chemical
composition or artificially controlling the nano- to mesoscale structures, it will have a great impact on
industrial applications, such as in thermophotovoltaics, energy-saving drying furnaces, spectroscopic
infrared light sources, and various types of infrared sensors.

In this Special Issue, recent studies by researchers who are working on MEMS-based infrared
detectors, nanomaterial-based infrared detectors, thermal emitters, or fiber optics, have been contributed.
Important topics of growing interests are the wavelength-selective infrared emitters and detectors
where we can see rapid development in the field of nano-plasmonics and metamaterials, and we also
collected contributions from narrow-band gap semiconductors.

This Special Issue collected 13 research papers, including one featured article. These are categorized
as follows.

(1) Infrared nano/micro devices based on lithographic techniques and MEMS structures.

Dao et al. have demonstrated a compact design for membrane-supported, wavelength-selective
infrared (IR) bolometers [1]. The fabricated devices exhibit a wide resonance tunability in the
mid-wavelength IR atmospheric window by changing the size of the resonator of the devices,
evidencing that the concept of the proposed wavelength-selective IR bolometers is realizable. Dao et al.
also experimentally studied the dark-field scattering spectral mapping of plasmonic resonance from
the free-standing Al bowtie antenna arrays and correlated their strong nearfield enhancement with
the sensing capability by means of surface-enhanced Raman spectroscopy [2]. Doan et al. reported
a quad-wavelength hybrid plasmonic—pyroelectric detector that exhibited spectrally selective infrared
detection at four wavelengths—3.3, 3.7, 4.1, and 4.5 um [3]. The narrowband detection was achieved
by coupling the incident infrared light to the resonant modes of the four different plasmonic perfect
absorbers based on an Al-disk-array placed on an Al,O3-Al bilayer, exhibiting great possibilities for
miniature multi-wavelength spectroscopic devices. Yoshino et al. developed, a simple process to
mechanically fabricate ordered Au nanodot arrays that respond to nearinfrared light, and also reported
the feasibility of its application to plasmonic sensors [4]. The developed nanoprocess utilizes direct
mechanical cutting of Au film by single-crystal diamond blades and further thermal processing to tune
the Au nanodot shape and their plasmon resonance. Sakurai et al. studied a tungsten-SiO,-based metal
insulator metal-structured metasurface for the thermal emitter of the thermophotovoltaic system [5].
The proposed emitter was fabricated by applying the photolithography method. The fabricated emitter
has high emissivity in the visible to near-infrared region and shows excellent wavelength selectivity.

Micromachines 2020, 11, 808; doi:10.3390/mi11090808 1 www.mdpi.com/journal/micromachines
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(2) Materials for infrared thermal emitters/absorbers and detectors based on compound
semiconductors and their variants.

Ngo et al. reported the synthesis and demonstration of niobium-doped titanium dioxide for the
application in plasmonic antenna and surface-enhanced infrared absorption [6]. The nanopatterns
prepared by electron beam lithography, plasma etching/ashing processes showed well-defined antenna
resonance as well as clear polarization/size dependence, which confirms that these materials are
suitable for infrared plasmonic applications. Li et al. numerically studied the optical properties of
hexagonal ITO nanodisk and nanohole arrays in the mid-infrared [7]. Field enhancement up to 10 times
was observed in the simulated ITO nanostructures, and furthermore, they demonstrated the sensing
of the surface phonon polariton from a 2-nm-thick SiO; layer under the ITO disk arrays. Chiu et al.
examined the optical properties of alloys with noble metals (Au and Pt). The six different metals (Ir,
Mo, Ni, Pb, Ta, and W) which possess good properties for heat resistance, stability, and magnetism
were mixed with noble metals to improve the properties [8]. The optical properties were calculated
by density functional theory and they were used for further investigations of the optical responses
of alloy nanorods. The results show that the studied alloy nanorods have wavelength-selective
properties and can be useful for infrared devices and systems. Zhai et al. reported a mid-wave infrared
(MWIR) and long-wave infrared (LWIR) dual-band photodetector capable of voltage-controllable
detection band selection [9]. The voltage-tunable dual-band photodetector is based on multiple stacks
of sub-monolayer quantum dots (QDs) and self-assembled QDs. By changing the photodetector bias
voltages, one can set the detection band to be MWIR, or LWIR, or both, with high photodetectivity and
low crosstalk between the bands.

(3) Infrared-sensing applications using fiber and laser technology, and hyperspectral camera.

Inada et al. evaluated the performance of a fluorescent detection system in an extirpated pig
stomach and a freshly resected human stomach and were able to successfully detect NIR fluorescence
emitted from the clip in the stomach through the stomach wall by the irradiation of excitation light
(A: 808 nm) [10]. The proposed combined NIR light-emitting clip and laparoscopic fluorescent detection
system could be useful in clinical practice for accurately identifying the location of a primary gastric
tumor during laparoscopic surgery. Chen et al. reported a sensor system composed of a quantum
cascade laser (4.65 pm excitation wavelength), and a compact multiple reflection cell with a light path
length of 12 m for sensitively detecting trace CO gas [11]. The sensor adopted the long optical path
differential absorption spectroscopy technique (LOP-DAST) and obtained the minimum detection limit
(MDL) of 108 ppbv by comparing the residual difference between the measured spectrum and the
Voigt theoretical spectrum. Mu et al. studied tunable diode laser absorption spectroscopy (TDLAS)
combined with wavelength modulation spectroscopy (WMS) using an interband cascade laser for
detecting a trace amount of C,Hj; [12]. The data show that the minimum detection limit is as low
as 1 ppbv at an integration time of 63 s, and capable of detecting a variety of gases by changing the
wavelength of the laser. Kim et al. reported a novel real-time remote temperature estimation method
by applying a deep-learning-based regression method to midwave infrared hyperspectral images [13].
They proposed a method for real-time remote temperature measurement with high accuracy with the
proposed surface-temperature, deep convolutional neural network and a hyperspectral thermal camera.

We would like to thank all authors for submitting their papers; most of them kindly contributed
to this Special Issue in response to our invitation. We would also like to acknowledge all the reviewers
for dedicating their time and timely reviews to improve the quality of this Special Issue.
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Abstract: Among conductive oxide materials, niobium doped titanium dioxide has recently emerged
as a stimulating and promising contestant for numerous applications. With carrier concentration
tunability, high thermal stability, mechanical and environmental robustness, this is a material-of-choice
for infrared plasmonics, which can substitute indium tin oxide (ITO). In this report, to illustrate great
advantages of this material, we describe successful fabrication and characterization of niobium doped
titanium oxide nanoantenna arrays aiming at surface-enhanced infrared absorption spectroscopy.
The niobium doped titanium oxide film was deposited with co-sputtering method. Then the
nanopatterned arrays were prepared by electron beam lithography combined with plasma etching
and oxygen plasma ashing processes. The relative transmittance of the nanostrip and nanodisk
antenna arrays was evaluated with Fourier transform infrared spectroscopy. Polarization dependence
of surface plasmon resonances on incident light was examined confirming good agreements with
calculations. Simulated spectra also present red-shift as length, width or diameter of the nanostructures
increase, as predicted by classical antenna theory.

Keywords: nanoantenna; niobium-doped titanium oxide; mid-infrared plasmonics

1. Introduction

In recent times, infrared nano-plasmonics shifts its interest from common noble metals or
compounds like Au, Pt, Ag or TiN [1] to transparent conductive oxides as materials of choice [2] —namely,
indium tin oxide [3-9], fluorine doped tin oxide [10,11], aluminum (or gallium) doped zinc oxide [12-17].
Extensive research on those materials aims at both basic properties in infrared region as well as different
applications such as wavelength-selective perfect absorbers and emitters [6,18,19] interacting plasmonic
nano-particles [20-23], optical meta-surfaces [19], and active tunable plasmonic devices [7,19,24].
Compared to those oxide materials, niobium-doped titanium oxide (TiO,:Nb) exhibits notable electrical
and optical properties. The so-called name “transparent metal” comes from high transparency in
visible light and noticeably low electrical resistivity. It also has great thermal durability, high surface
smoothness, mechanical robustness, humid environment endurance and other advantages, just to
name a few [25-32].

Micromachines 2020, 11, 23; d0i:10.3390/mi11010023 5 www.mdpi.com/journal/micromachines
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In this report, we demonstrate the use of TiO,:Nb in nanostrip and nanodisk antenna arrays
for infrared plasmonic devices such as surface-enhanced infrared absorption spectroscopy (SEIRA).
The nanopatterned arrays were fabricated using electron beam lithography combined with plasma
etching and oxygen plasma ashing processes. The fabricated nanostrip and nanodisk antenna structures
of TiO,:Nb were sequentially subjected to linearly polarized infrared light in relative transmittance
measurement with Fourier transform infrared spectroscopy. Resulted plasmon resonances exposed
polarization dependence and shifted to longer wavelengths as the length, width of nanostrips,
or diameter of nanodisks expanded. Experiment and simulation results are in good concordance.

2. Materials and Methods

Fabrication process of niobium-doped titanium dioxide nanoantenna is demonstrated generally
in Figure 1.

E-gun|

wat
| Rl
vy | Letemng| || | Wenoats |

Figure 1. Fabrication process of Nb-doped TiO, nanoantenna (from left to right) consists of electron

beam lithography, development, dry etching with SF4 gas, and oxygen plasma ashing. The electron
resist layer (brown) was coated on TiO,:Nb thin film (blue), which was deposited on silicon substrate
(grey). The remained electron resist layer (green) after lithography process helped to define the
nanostrip and nanodisk of antenna structures.

At first, the Nb-doped TiO, film was co-sputtered at room temperature with TiO, ceramic and
Nb metallic targets. Both silicon (001) and borosilicate glass were used simultaneously as sputtering
substrates in every deposition. Radio frequency (RF) and direct current (DC) sputtering methods were
used for TiO, and Nb targets, respectively. The sputtering chamber (!-Miller, Shibaura Mechatronics
Corporation, Yokohama, Japan) was initially evacuated down to 4.0 x 107> Pa as base pressure, then
19 scem of argon and 1 sccm of oxygen gas flow was introduced into the chamber to create working
pressure of about 0.3 Pa. Sputtering power was set at 200 W (RF) and 20 W (DC) for TiO, and Nb targets,
respectively. After one hour of deposition, 80-nm-thick film was obtained. Then, the as-deposited films
went through vacuum thermal annealing at 600 °C for 1 h. Optical properties of TiO,:Nb thin films
were characterized with Ellipsometry (SENTECH, SE 850 DUV and SENDIRA, SENTECH Instruments
GmbH, Berlin, Germany) from deep ultraviolet to far infrared region.

Consequently, the samples were spin coated with negative resist NBE-22A for electron beam
lithography (at 2000 rounds per minute in 60 s) and baked with hot plate (110 °C in 5 min). Electron
beam lithography (ELIONIX, ELS-7500EX, ELIONIX INC, Tokyo, Japan) was used to write desired
pattern onto the resist layer (Figure 1). After pattern writing process, samples were subjected to
post-baking (110 °C in 5 min), developing with NMD-3 in 60 s and rinsing with iso-propyl alcohol
(IPA), and finally blow-drying with nitrogen gas gun.
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Reactive ion etching (ULVAC, CE-300I, SF¢ gas, 0.5 Pa, 100 W power) and oxygen plasma ashing
(Mory PB-600, 300 W power in 15 min) steps were carried out to remove unnecessary surrounding
TiO,:Nb nanostrips or nanodisks and wash away the remaining electron resist.

Shape and morphology of strip and disk nanostructures were investigated with scanning electron
microscopy (SEM, Hitachi, SU-8400, Hitachi High-Technologies Corporation, Tokyo, Japan) and Atomic
force microscope (AFM, Nanoscope 5, Bruker Corporation, Billerica, MA, USA). The silicon tips SI-DF20
(Hitachi High Technologies, Tokyo, Japan) were used at tapping mode.

Fourier transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS50, Waltham, MA,
USA) was used to assess the resonance features of nanostructures with different linear polarization of

incident light, i.e., electric field vector was either parallel to length (Ey) or width (E 1)of nanostrips,
as illustrated in Figure 2. Unpolarized incident light was used for nanodisks.

Figure 2. Transmission measurement setup with Fourier transform infrared spectrometer. Unpolarized
incident infrared light (right side) passed through polarizer (P), aperture (A) and then exposed to
nanostrip sample (S) before entering the detector (D). In case of nanodisk sample, polarizer (P) was
removed and unpolarized infrared light was used.

3. Results and Discussion

Dielectric functions (g1, €3) of co-sputtered Nb-doped TiO; films on silicon substrate (001) were
characterized with spectroscopic ellipsometry at three different reflected angles of 60°, 65°, and 70°
from ultraviolet (0.3 um) to far infrared (25 um) region (Figure 3).

Real part of the dielectric function (e1) exhibited a cross-over point in the mid-infrared region
at approximately 8.5 um. By increasing the Nb sputtering power, carrier concentration can be
tuned, and Fermi level can easily be shifted toward conduction band. This in turn helps to adjust
the cross-over point back and forth in the infrared region, whereas for conventional plasmonic
metals such continuous tunability is not possible. Furthermore, this material also has great thermal
durability, high surface smoothness, mechanical robustness, as well as photocatalytic activity and
humid environment endurance. Combining altogether, TiO,:Nb film proves itself an excellent candidate
for diverse infrared plasmonic applications.
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Figure 3. Experimental dielectric functions of TiO,:Nb films on silicon substrate. Real (¢1) and

imaginary (e;) parts in blue and red curves, respectively.

To realize the plasmonic property of co-sputtered TiO,:Nb films in infrared region, nanostrips
of different sizes were simulated with electromagnetic solver to check for the antenna resonance
The simulated parameters were transferred into lithographic patterning and fabrication, and then
characterized by the IR spectroscopy. Figure 4a showed general designed nanostrip pattern used for
Finite-Difference Time-Domain method (FDTD, Rsoft, Synopsis) simulation as well as electron beam
lithography. In simulation, the lengths (L) of the strips were set from 650 to 750 nm while the width

values (W) varied from 400 to 600 nm.
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Figure 4. Design patterns of TiO,:Nb antenna for simulation and electron beam lithography (a). Horizontal
periodicity is 1000 nm. Strip width (W) is about 500 nm. SEM image of TiO,:Nb nanostrips (b). Three-
dimensional AFM image (5 um X 5 pum) of TiO,:Nb nanostrips (c). Height profile of a single nanostrip (d).
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SEM and AFM images (Figure 4b,c) show periodic rectangular nanostrips, which are similar to
intended design pattern (Figure 4a). The average strip surface roughness of 2.3 nm confirms that the
etching and ashing processes did not cause considerable damage.

The smallest interval between two consecutive fabricated strips is approximately 300 nm.
As illustrated in Figures 5d and 6d, relative transmittance exhibits strong fundamental antennalike
resonances as polarized electric field vector is parallel to nanostrip length or width. Both measured and
simulated spectra show good agreement. Calculated spectra demonstrate orderly shift of resonances
toward longer wavelengths (black dash arrow) and reveal the improvement in quality factor of
nanoantenna (sharper and deeper resonances) as length or width of nanostrips increases, as in the
case of metal nanowires [32]. FDTD simulation results along x—y and x-z planes (Figure 5d,e and
Figure 6d,e) also show strong electric field confinement and enhancement at the edges of nanostrips.
This proves the antennalike dipole resonance of the structures.

M (a)

Relative transmittance

Wavelengh (um)

Figure 5. Schematic illustration of the exposure of polarized infrared light with electric field vector (k)
parallel to length of nanostrips (Ej) (a). Simulation (b) and FTIR relative transmittance (c) of nanostrips
with (E) polarized incident light. Lengths of nanostrips (L) in simulation were set at 650, 700, and 750
nm, corresponding to blue, pink, and green curves (b). Measured and fitted lines were drawn in blue
and pink, respectively (L X W ~ 750 nm X 500 nm) (c). Electric field distribution along x-y and x-z
planes of strips (d, e).
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Relative transmittance

X

Wavelength (um)

Figure 6. Schematic illustration of polarized infrared light with electric field vector parallel to the
longer axis of nanostrips (E) (a). Simulation (b) and FTIR relative transmittance (c) of nanostrips with

(a) polarized incident light. Widths of nanostrips (W) in simulation were set at 400, 500, and 600 nm,
corresponding to red, blue, and pink curves (b). Measured spectrum was plotted in green line (L X W ~
700 nm X 450 nm) (c). Electric field distribution along x-y and x-z planes of strips (d, e).

General designed nanodisk pattern for FDTD calculation and electron beam lithography was
shown in Figure 7a. Diameters of nanodisks (D) were set from 600 to 800 nm.

1000 nm

Y
@

a

Figure 7. Design patterns of TiO,:Nb nanodisk antennas for calculation and fabrication. Periodicity is
1000 nm (a). SEM image of TiO,:Nb nanodisk structure (b).
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In simulated results, systematic increase of resonance frequency with diameter (D) can be easily
observed. Sharper resonances can be expected if disk diameter keeps expanding. Experimental relative
transmittance spectrum is in consonance with calculated lines with strong fundamental antennalike
resonances under any linear polarized infrared light parallel to the disk surface (Figure 8d). Quality
factor of these nanodisk antennae can be further improved when the diameter D increases since the
surface plasmon resonance assumes more photonic nature and the inherent loss of the material becomes
less. While resonant frequencies show good matching between simulation and experiment curves in x
axis; there is some difference (~10% to 15%) in relative transmittance (y-axis). This can be explained by
two factors: fabrication tolerance and etchant effect. Perfect cuboids were used in simulation, but the
obtained ones were not perfectly flat at edges, as shown in Figure 4c,d. Furthermore, electron carrier
concentration was decreased from 1.12 x 102! cm~3 for pristine film to 6.4 x 1020 cm~3 for remained one.
SFe gas may introduce some electron-trapping fluorine ions on surface of nanostructure after etching.

E

Relative transmittance

Y
. . ; . | "
z
0t
(c) l l
m L 1 1 | 1 1 L
: X

Wavelength (um)

Figure 8. Schematic diagram of unpolarized infrared light on nanodisk antenna structures (a).
Simulation (b) and FTIR relative transmittance (c¢) of nanodisk with unpolarized incident light.
Diameters of nanodisks (D) in simulation were set at 600, 700, and 800 nm, corresponding to blue, pink,
and green curves. Measured and fitted lines were drawn in blue and red (D ~750 nm) (c). Electric field
distribution along x-y and x-z planes (d, e).
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4. Conclusions

We succeeded in designing and fabricating antenna arrays of nanostrips and nanodisks based on
Nb doped TiO,. Relative infrared transmittance in calculated and experimental results are in good
accordance. Spectral features exhibit red-shift in their peak position as the sizes of strips and disks
increase. In the same tendency, quality factor of nanostrips and nanodisks can also be improved if
structure dimension can be further extended.
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Abstract: On the search for the practical plasmonic materials beyond noble metals, aluminum has
been emerging as a favorable candidate as it is abundant and offers the possibility of tailoring the
plasmonic resonance spanning from ultra-violet to the infrared range. In this letter, in combination
with the numerical electromagnetic simulations, we experimentally study the dark-field scattering
spectral mapping of plasmonic resonance from the free-standing Al bowtie antenna arrays and
correlate their strong nearfield enhancement with the sensing capability by means of surface-enhanced
Raman spectroscopy. The spatial matching of plasmonic and Raman mapping puts another step to
realize a very promising application of free-standing Al bowtie antennas for plasmonic sensing.

Keywords: aluminum; plasmonics; dark-field scattering; SERS; bow-tie antenna

1. Introduction

Alternative plasmonic materials beyond gold (Au) and silver (Ag), including transition metal
nitrides and metal carbides [1-4], heavily-doped semiconductors [5-9], as well as graphene [10-15],
have been widely investigated recently owing to their controllability of optical properties via chemical
or physical doping processes. Being the third most abundant element on earth, after silicon and oxygen,
aluminum (Al) has also been used widely in industry. In the past few years, aluminum have attracted
tremendous interest in the field of plasmonics as it is a promising alternative replacement for noble
plasmonic metals [16-20]. Having an ultrathin native oxide Al,O3 layer (2 nm—4 nm), Al emerges as a
favorable material in the field of plasmonic sensing with the detection mechanism mainly based on
the electromagnetic field enhancement rather than the charge transfer effect [16,17,21,22]. Compared
to Au and Ag whose interband transitions are at ~2.3 eV and ~3.9 eV [23], respectively; Al has a
lower interband transition energy of about ~1.5 eV. Aluminum displays a plasma energy of 15.3 eV
thatis higher than that of Au and Ag, and, its energy loss function Im(_Tl), wherein ¢ is the dielectric
function of the material, offers no maxima of dielectric loss in the range from UV to VIS, thus making
Al an excellent Drude metal in this range [24-27]. In terms of the optical absorption, the absorption
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efficiency of Al nanoparticles is greater than that of Au and Ag, and is slightly smaller than that of
alkali metals [28]. Therefore, plasmonic resonance of Al nanoantennas can be flexibly tuned over the
UV-VIS to the IR region, just by adopting suitable nanostructured architectures [29-34].

In the past decades, plasmon-enhanced vibrational spectroscopic sensing including
surface-enhanced Raman scattering (SERS) [35,36] and surface-enhanced infrared absorption
spectroscopy (SEIRA) [37-39] have showed great advantage over the conventional spectroscopic
methods in the trace molecular detection, especially for monolayer and single molecule via
specific surface chemical functionalization [40-45]. In the field of SERS, many plasmonic
antennas have been proposed for SERS substrates including plasmonic nanospheres [40,46],
nanorods [47,48], nanotriangles [17,49], particularly the structures having narrow gaps such as aggregate
nanoparticles [50], nanoparticle dimers [46,51], nanoclusters [51,52], and nano-bowties [22,53,54].
Among them, plasmonic nano-bowties have attracted much attention because of its largest nearfield
enhancement that could be achieved at the nanogaps between the two triangles [22,53]. On the
other hand, the Raman cross section is increased in the short wavelength(A) region (UV-NIR) as a
function of A~*, however, engineering the resonance of bowtie antennas in the UV-NIR region using
Au and Ag is impossible due to their small plasma frequencies and the fabrication limit. Therefore,
utilizing plasmonic Al for nanobowtie antennas can realize short-wavelength resonant antennas
(500 nm-700 nm) for SERS applications.

In this letter, we numerically and experimentally demonstrated free-standing Al bowtie antennas
for SERS study. As the group velocity of the “slow light” formed by the coupling of plasmon and
light is screened by the dielectric property of the surrounding media, thus, having an equality of
the group velocity by a homogeneous surrounded dielectric medium between the upper and lower
metal/dielectric interfaces would give a better homogeneity of the distribution of the electromagnetic
field [54]. Compared to the previous Al bowtie antennas for SERS that the Al bowties was placed
directly on a fused silica substrate [22], in this work, by introducing a SiO, post under each Al triangle,
the nanogap area becomes free from the dielectric screening and thus the induced field enhancement
at the nanogaps located between two plasmonic Al triangles could be increased and occupy a larger
available volume for accommodating analyte molecules. We investigated the dark-field scattering
mapping spectra of the plasmonic free-standing Al bowtie antennas, for correlating the obtained
resonance with their sensing capability by the surface-enhanced Raman spectroscopy (SERS) of organic
molecules. Supported by the numerical simulations, we showed that the free-standing Al bowtie
arrays could be a powerful antenna platform for SERS. Our result also paves a way for the possible
applications of the oxide-coated Al bowtie array serving as strong near-field optical antennas for SERS
as well as other plasmon-enhanced spectroscopic devices.

2. Materials and Methods

The free-standing Al bowtie nanoantennas were fabricated by a standard procedure using electron
beam (EB) lithography, lift-off, and reactive-ion etching (RIE) processes (Figure 1a). Prior to the
fabrication, a 200-nm-thick layer of SiO, was prepared by the thermal oxidation of a 1 x 1 cm? Si
wafer. An EB resist mask was prepared on a 200-nm-SiO,/Si substrate using an EB writer (Elionix,
ESL-7500DEX, Tokyo, Japan). A 40-nmthick of Al with a 4-nm-adhesive Cr layer was then deposited
on the substrate with the EB resist mask using EB deposition (UEP-300-2C, ULVAC, Kanagawa, Japan).
After the lift-off step, an RIE process (ULVAC CE-300I, Kanagawa, Japan) with a mixture of CHF3/O,
(15-scem/2.5-scem) gases was applied to etch a 180-nmdepth SiO; layer with Al bowties as mask,
forming a 180-nm height SiO, post underneath each Al triangle. The morphology of the fabricated
Al bowtie arrays was characterized by using a field-emission scanning electron microscope (FE-SEM,
Hitachi SU8000, Tokyo, Japan).

A con-focal Raman microscope (WITec Alpha 300S, Ulm, Germany) combined with a halogen lamp
(Lucir-LAHL100) in UV-NIR range and a second harmonic diode pumped Nd:YAG laser (WITec, Ulm,
Germany) at 532 nm was used for the investigation of the plasmonic scattering property (dark-field
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geometry, see Figure 1b) and the demonstration of the SERS effect (Figure 1c). As for the dark-field
scattering measurements, a scanning mode equipped with a 50x dark-field lens (Zeiss, Oberkochen,
Germany) was used. The relative scattering spectra were obtained by subtracting the spectra taken
from the free-standing Al bowtie antennas with posts supported by the Si substrate to the spectra
taken from a bare Si sample.

EB deposition of AI/Cr

Spectrometer

Dark-field CCD
Objective
Sample

Lift-off 532 nm

laser

Spectrometer

Objective CCD

.
Sample

Figure 1. (a) Schematic illustration of the fabrication process. Optical microscopy setup of (b) dark-field
measurement and (c¢) Raman measurement.

To demonstrate the SERS effect, a 10 puL droplet of Nile-blue solution (concentration 3 tM) was
spread over the Al bowtie arrays (1 x 1 cm? substrate) and then dried in ambient condition. The SERS
mapping measurements were performed on an area of 10 um X 10 um, with a spatial resolution of
40 pixel (250 nm/pixel), an integration time of 0.2 s/pixel. A 100x objective lens was used with an
optimal laser power of 500 uW.

The rigorous coupled-wave analysis (RCWA) (DiffractMOD, Synopsys’ RSoft, Version 2017.09,
Ossining, NY, USA) and the finite-difference time-domain (FDTD) methods (FullWAVE, Synopsys'RSoft,
Version 2017.09, Ossining, NY, USA) were employed to get further understanding on the optical
properties of the plasmonic Al bowties as well as the enhancement nature of the electromagnetic
field at their gaps and surfaces. The dielectric functions of Al, Cr, Si and SiO, were referred from the
literature [55,56]. The model of the free-standing Al bowtie structures used for the simulations was
constructed based on a build-in CAD layout (RSoft CAD Environment™, Version 2017.09, Ossining,
NY, USA). Each free-standing bowtie antenna composed of a Si substrate and two SiO, posts (height
of 180 nm) and Al bowties. The Al bowties have the triangle shapes (length of 105 nm, thickness of
40 nm), and composed of a 4-nmthick native Al,O3 oxide layer on top and 4-nm-thick Cr adhesive
layer underneath. To mimic the real structures, the triangular truncations were placed at the corners
of the triangles. The periodic boundary and grid size conditions were optimized to simulate the
whole structure.
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3. Results

Figure 2a presents the tilted-view FE-SEM image of an Al bowtie antenna array with parameters
of 105 nm length, 20 nm gap, 1400 nm periodicity (the distance between two bowties), and 1120 nm
spacing (the distance between two bowtie lines). The inset of Figure 2a shows a bowtie antenna standing
freely on the SiO, posts. The spectroscopic measurements of the Al bowtie antennas are presented in
Figure 2b,c. As the obtained spectra are achieved by subtracting the dark-field scattering spectrum
taken from the area with the presence of bowtie antennas with respect to the reference area of the bare Si
sample, it is hence inferred that our measurement reflects the plasmonic characteristics in the far-field
of the antenna resonances. Under the near-field measurement, in the particular case of bowtie antennas,
the resonance spectrum depends on the excited position of each single object. For example, the bowtie
gap-mode (bright-mode) and dark-mode are seen under the excitation at the point near the gap, and
at the point located far from the gap, respectively [57]. In the far-field measurement, the resonance
spectrum is a superimposition of the scattering, emission, and interaction from the objects. There exists
a difference between the near-field and far-field resonance. The far-field measurement reflects the
resonant nature (the polarization is perpendicular or parallel to the bowtie axis) of the plasmonic
nanoantennas and does not influence much on the SERS effect. In contrast, the near-field resonance
does affect the SERS signals [58]. As seen in Figure 2b, the dark-field scattering spectral mapping of
plasmonic resonance from the Al bowtie antenna array (taken in a range from 500 nm-700 nm of the
resonance peak) indicates the far-field resonance of the antenna array, which reveals a clear spatial
distribution of the circular spots following the periodicity of the actual antenna array.
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Figure 2. Spectral mapping of the free-standing Al bowtie antennas. (a) A scanning electron microscope
(SEM) of the Al antenna arrays, observed at 30° oblique angle and the inset of one typical bowtie
antenna. The antennas are spatially distributed with periodicity of 1400 nm, spacing of 1120 nm, 105 nm
length and 20 nm gap. (b) The spectral mapping integrated over the resonance of the antennas, ranging
from 500 nm to 700 nm. The circular “hot-spots” are spatially distributed following the SEM image, as
shown in (a). The scale bar is 2 pm for both (a) and (b). (c) Spectral response of the single antenna (red),
antenna array (black) and absorption spectrum of Nile-blue (blue), details in the text.

A comparison of the spectral characteristic between the single antenna and a scanned antenna
array is shown in Figure 2c, together with the absorption spectrum of the organic Nile-blue solution,
which was intentionally used as the probe molecules to demonstrate the field enhancement thanks to
the SERS effect. The normalized dark-field scattering spectrum of the single objects shows a prominent
plasmonic peak located at around ~565 nm and a noticeable hump at ~675 nm, toward the longer
wavelength region. In the spectrum averaged from an antenna array consisting of the individual
objects, the interaction between them and the surrounding areas, it is obvious that the low energy (long
wavelength) peak still remained, but the main resonance peak is no more dominant.
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Figure 3 shows the SERS measurements of the free-standing Al bowtie antennas with Nile-blue
molecules. Very different from Au and Ag surfaces, which allow for achieving a well-defined chemical
adsorption of a single layer of probe molecules (octadecanethiol (ODT), for instance), giving a precise
estimation of the electromagnetic enhancement factor of the plasmonic nanoantennas [39]; the Al
antennas are naturally coated by a few nanometer-thick Al,O3 that protects the Al surface from directly
contacting the probe molecules. However, the Al,Oj3 is a fairly inert and reusable surface making it
a promising SERS template for practical applications. The use of the Al;O3/Al configuration for the
SERS measurements can solely demonstrate the electromagnetic field enhancement effect on SERS
without any influence of the charge transfer (also known as chemical effect) between the plasmonic
antennas and the Nile-blue molecules. The SERS performance of the free-standing Al bowtie arrays
was investigated by evaluating the enhancement of the Raman spectrum of Nile-blue molecules.
Figure 3a—c show an optical image (seen by confocal microscope), a reconstructed Raman mapping
image (integrated at 590 cm~! band), and a dark-field scattering mapping image of the corresponding
area, respectively. Figure 3d presents the SERS spectra of Nile-blue molecules at the position “ON”
the Al bowtie (red spectrum) and at the position “OFF” the Al bowtie (black spectrum). It is obvious
that the Raman signals of Nile-blue fingerprints are strongly enhanced if the molecules are located
at the position of Al bowties, giving clear evidence of the promising SERS effect due to the strong
nearfield enhancement at the small gaps of the free-standing Al bowtie antennas. Additionally, the
measurement of the polarization-dependent SERS was performed by using a half-wave plate to change
the polarization of the excitation laser. The inset in Figure 3d shows that the relative intensity of Raman
signals at the 590 cm™! peak in the case of the excitation laser with polarization parallel to the bowtie
axis (red curve) is significantly higher than that of the perpendicular polarization excitation (black
curve). As the Nile-blue molecules cover the bowtie antennas entirely, the overwhelming Raman
signal of parallel polarization compared to the perpendicular polarization excitation reflects that the
gap-mode (excited under parallel polarization) gives a larger enhancement than the quadrupolar mode
(excited under perpendicular polarization), which is in agreement with the previous report [59].

(a) Optical image (b) Raman mapping (¢) Darkfield mapping
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Figure 3. Demonstration of the electromagnetic field enhancement of free-standing bowtie antennas by
SERS. (a) Optical image (seen under confocal microscope), (b) Raman mapping, and (c) corresponding
plasmonic dark-field scattering mapping of the antenna arrays, respectively. The scale bar indicates 2
um in all (a), (b), and (c). (d) SERS measurements of the Nile-blue molecules on the Al bowtie antennas.
The black curve and red curve show Raman signals “OFF” and “ON” the antennas. The small inset
indicates the Raman signals under different excitation conditions; with polarization parallel to the
bowtie axis (red) and perpendicular to the bowtie axis (black), respectively.

The plasmonic resonance of the Al free-standing bowtie antennas was further elucidated using
the numerical electromagnetic simulations; details are described in the Materials and Methods Section.
Figure 4a shows the simulated extinction spectra of the floating Al bowtie antennas under two incident
electric field polarizations; parallel to the bowtie axis with different gap sizes of 10 nm, 20 nm, 30 nm
(solid curves), and perpendicular to the bowtie axis with agap of 10nm (dashed curve), separately.
When the incident electric field oscillates parallel to the bowtie axis, the extinction spectrum for a
10-nm-gap antenna array shows a clear single resonance at 540 nm, and it is blue-shifted when the
gap size increases. On the other hand, when the incident electric field oscillates perpendicular to the
bowtie axis, the extinction spectrum of a 10-nm-gap bowtie antenna array tends to shift the resonance
to the shorter wavelength region (see the dashed curve in Figure 4a). In comparison to the extinction
spectrum measured on a single bowtie presented in Figure 2¢, the simulated spectrum indicates a
single peak, located closely to the main measured peak (560 nm). However, the simulation could not
retrieve the second—(hump-like) peak at 670-nm. This discrepancy could be assigned to the fact that
the free-standing architecture of the bowtie antennas results in a relatively strong far-field interaction,
which could be seen only by far-field scattering experiments, not in the nearfield simulations [58].
Figure 4b shows the electric field distribution of Al bowtie antennas under the excitation of 532nm with
the incident electric field polarized perpendicular to the bowtie axis. In this case, the excited hot-spots
are located at the corners of each triangles and the field enhancement was found to be about E,/E«y
=7, where Ey and E,g are the amplitudes of the enhanced and incident electric fields, respectively.
Figure 4c,d show the electric field distribution of the Al bowtie antennas array with the incident electric
field polarized parallel to the bowtie axis, under the same wavelength excitation of 532 nm; side-view
(Figure 4c) and top-view (Figure 4d). It has been previously shown that the electric field enhancement
decreases as the gap size of the bowtie increases [53,54]. As shown in Figure 4c,d, the electric field is
mainly concentrated at the nanogap of the bowtie antennas. The enhanced area is homogeneously
distributed over the gap and the enhancement factor (Ef) is calculated to be about |Ex/Exg| = 58, which
is much large rcompared to that of the perpendicular polarization excitation. It is consistent with the
SERS results as discussed above where the SERS signal intensity under the electric field polarized
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parallel to the bowtie axis is stronger than that of the electric field polarized perpendicular to the
bowtie axis (Figure 4d).

3 @ | | TR
= =532 nm

é sap size Al M Al

2 E —10nm L

< /I ——=20 nm

2 —30nm Cr~3nm ALO;~ 4nm
?E_ I':Ll S Si0, Sio,

H 10 nm Gap “TTTtreees T

z

450 500 550 600 650 760 750
Wavelength [nm]

Si substrate

EJE -1 —1
>

. [e®x ®
=532 nm

Al Al I

A
ALO; ~4nm

A
ALO; ~ 4nm

Figure 4. Simulated optical response and electric field distributions around Al bowtie excited at
532 nm wavelength. (a) Extinction spectra of the Al bowtie antennas at two different polarization
conditions: parallel to the bowtie axis with different gap size of 10 nm, 20 nm, 30 nm (solid curves),
and perpendicular to the bowtie axis with a 10 nm gap (dashed curve). The electric field distributions
around a 105-nm-length, 10-nm-gap Al bowtie array excited at the 532-nm wavelength are simulated
with two polarized excitations: (b) Perpendicular polarization, (c) and (d) parallel polarization with
side-view and top-view, respectively. The scale bar is 50 nm for all panels (b), (c) and (d). The electric
field hot-spot shows a strong electric field confinement with an enhancement factor |[Ex/Eyg| of 58, where
Ex and E, are the amplitudes of the enhanced and incident electric fields, respectively.

4. Conclusions

In summary, we have numerically and experimentally demonstrated short-wavelength plasmonic
Al bowtie antennas for SERS application at the 532-nm excitation. The free-standing Al bowtie antennas
exhibited a strong electric field enhancement as high as 58 when excited at the 532 nm. We also further
investigated optical properties of the fabricated free-standing Al bowtie antennas by introducing a
plasmonic dark-field scattering mapping, which revealed the resonance of each individual antenna in
the range between 500 nm—675 nm. Despite of having a natural oxide Al,Oj3 layer, and the absence of
the chemical SERS effect, the correlated SERS mapping of Nile-blue molecules on Al bowties excited
by a 532-nm laser clearly showed that the SERS signals were observed only at the bowtie antenna
position. This evidences that the free-standing Al bowties exhibited a high SERS performance owing
to the strongly confined electromagnetic field at the nanogaps between each triangle-pair of the bowtie
antennas. Together with a recently proposed surface functionalization method of Al nanoantennas by
using phosphoric acid [34], this work puts another step towards the practical applications of aluminum
nano antennas in plasmonic sensing as well as in plasmon-enhanced nanospectroscopy.
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Abstract: We propose and experimentally demonstrate a compact design for membrane-supported
wavelength-selective infrared (IR) bolometers. The proposed bolometer device is composed of
wavelength-selective absorbers functioning as the efficient spectroscopic IR light-to-heat transducers
that make the amorphous silicon (a-Si) bolometers respond at the desired resonance wavelengths.
The proposed devices with specific resonances are first numerically simulated to obtain the optimal
geometrical parameters and then experimentally realized. The fabricated devices exhibit a wide
resonance tunability in the mid-wavelength IR atmospheric window by changing the size of
the resonator of the devices. The measured spectral response of the fabricated device wholly
follows the pre-designed resonance, which obviously evidences that the concept of the proposed
wavelength-selective IR bolometers is realizable. The results obtained in this work provide a new
solution for on-chip MEMS-based wavelength-selective a-Si bolometers for practical applications in
IR spectroscopic devices.

Keywords: wavelength-selective sensors; infrared sensors; perfect absorbers; amorphous silicon;
bolometers; microelectromechanical systems (MEMS)

1. Introduction

Microelectromechanical systems (MEMS, also known as micromachines) technology has been
rapidly growing since the 1970s and early 1980s owing to its versatile application in a broad range of
devices such as sensors, actuators, micropower generators and microfluidic systems [1-6]. Recently,
MEMS have been identified as one of the most promising technologies for the industrial internet of
things (IoT) market in the 21st century. Recent advances in photonics and nanofabrication techniques
have proved the possibility in controlling optical properties of the photonic and metamaterial structures
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at the desired characteristics (i.e., transmittance, reflectance, absorptivity or polarization) and at
the sub-wavelength partial scales. Merging photonic or metamaterial structures with MEMS has
enabled a branch of micromachine system for optics and photonics which is so-called micro-opto-
electro-mechanical systems (MOEMS) [7]. MOEMS have had a significant impact in optoelectronics
ranging from lighting devices to imaging devices, especially in spectroscopic sensing devices such as
wavelength selective infrared (IR) sensors and thermography [8,9].

A typical thermographic camera comprises an array of IR MEMS sensors that are designed in the
mid-wavelength IR (MIR) atmospheric window (3 um-5 pm or 9 um-14 pum). The sensor is customarily
made of a photoconductive layer such as InSb, InGaAs, HgCdTe or constructed as a quantum well IR
photodetector (QWIP) [10,11]. Latterly, uncooled IR sensors such as thermopile [12,13] and bolometers
(thermistors) including vanadium oxide (VOx) [14-16] and amorphous silicon (a-Si) [17-20] have
emerged as new alternative materials of choice for thermographic devices (microbolometers) because
they do not require expensive cooling methods. Especially a-Si has shown great compatibility with the
complementary metal-oxide-semiconductor (CMOS) and MEMS technologies [17,19,20].

The common pixel architecture of the microbolometer shows a resonant cavity constructed by a
vertical standing wave Fabry-Pérot resonator that enhances the absorption of the incident IR radiation,
which is typically designed in the range between 9 um-14 pum. The resonance of the microbolometer
can be further treated at the specific wavelengths to advantageously extend its applications to the
multi-spectra IR chemical and medical imaging, IR remote sensing, and non-dispersive IR (NDIR)
sensors. In this regard, multi-wavelength or tunable-wavelength microbolometers are desirable for
the smart, multi-purpose and portable devices in practical applications. However, it is challenging to
integrate multiple vertical-cavity resonators into a multi-wavelength sensors matrix. Another approach
for spectroscopic microbolometers is to adopt lateral resonators such as plasmonic antennas [21-26],
notably plasmonic perfect absorbers [27-32], which can energetically absorb and convert IR light into
heat to induce the resonant response of bolometers. Furthermore, the lateral resonators in plasmonic
perfect absorbers can be easily merged into a multi-wavelength sensor matrix.

The purpose of this work is to investigate the possibility to combine the lateral resonator
perfect absorbers with simple MEMS-based bolometers for wavelength-selective IR sensors and
multi-wavelength microbolometers. Here the proposed perfect absorber is constructed by a metal—-
insulator-metal configuration with the top metallic antennas array functioning as a plasmonic
resonator [33-35]. This perfect absorber configuration has shown great potential in IR photonics because
of its simple structure, wide working angle, polarization independence and wide resonance tunability.
In particular, this perfect absorber can be easily arranged onto bolometers for wavelength-selective
IR sensors. In this bolometer device, the efficient resonant IR energy absorbed in the absorber is
directly converted into heat at the metals through Joule heating that follows Poynting’s theorem;
then conductively transfers to the bolometer which is thermally isolated from the surrounding
media by a Si3sN; membrane. The reflectance spectra of the fabricated devices matched well with
the pre-designed simulation performances. We experimentally showed that the resonance of the
bolometer can be readily tuned just by changing the size of the plasmonic resonator. The measured
spectral response of a typical device clearly showed the peak matching with the desired resonance.
Therefore, the proposed wavelength-selective bolometers are feasible for the practical applications in
multi-wavelength microbolometers and spectroscopic IR imaging devices.

The remainder of this paper is organized as follows. Section 2 describes the materials and methods
used in this study. Section 3 presents the main results of this work specified in the following sub-sections.
Section 3.1 discusses the details of the proposed membrane-supported wavelength-selective bolometers
and its optical properties. Section 3.2 shows the fabrication of the a-Si and a-SiGe alloys for bolometers.
The detailed fabrication process to realize the proposed bolometers is provided in Section 3.3. Then
Section 3.4 shows the resonance tunability of the fabricated bolometers. As a proof of concept, the
wavelength-selective responsivity of a typical fabricated bolometer is demonstrated in Section 3.5.
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A short discussion on the potential applications of the proposed wavelength-selective bolometer is
given in Section 3.6. Finally, Section 4 concludes the work.

2. Materials and Methods

Simulations: To determine the optimal geometrical parameters (i.e., size of square resonators,
the periodicity, and the thickness of insulator- and metal films) for the proposed bolometers to have
resonances at desirable wavelengths, numerical simulations were performed. Once the optimal
geometries were obtained, we proceeded with fabrication to realize the device. Optical spectra
including reflectance, transmittance and absorptivity of the proposed wavelength-selective bolometers
were numerically simulated using the rigorous coupled-wave analysis (RCWA) method (DiffractMOD,
Synopsys’ RSoft). The electromagnetic field distributions and absorption maps of the proposed device
were simulated using full-wave simulations based on the finite-difference time-domain (FDTD) method
(FullWAVE, Synopsys’ RSoft). The geometry of the device model was constructed to be identical to the
design of the wavelength-selective bolometer using a computer-aided design (CAD) layout (RSoft CAD
Environment™, Version 2017.09, Ossining, NY, USA). In the simulation, a 5-nm-thick Ti film serving as
the adhesive layers was also added between each interface of Au and dielectric films. The dielectric
functions of Au, Ti, Si, SiO, and Al,O3 were taken from literatures [36,37]. The dielectric function of
SizNy was from the reference [38]. For the FDTD simulations, periodic boundary conditions were
applied to both the x- and y-directions and perfectly matched layers were applied to the z-axis. In all
the simulations, the incident electric field propagated along the z-axis and oscillated along the x-axis,
the incident field amplitudes were normalized to unity.

Fabrications: The a-Si films were fabricated using a DC sputtering (sputter i-Miller CFS-4EP-LL,
Shibaura, Yokohama, Japan) involving a boron-doped Si target (0.02 (2-cm). For the a-SiGe alloys,
a co-sputtering deposition was processed by adding a Ge target. The sputtering conditions of a-Si and
a-SiGe alloys films were the same as follows; DC power of 100 W, Ar gas flow of 20 sccm, pressure of
0.304 Pa, sample holder rotation speed of 20 rpm and at room temperature. The membrane-supported
wavelength-selective bolometers were processed on a 3-inch double side polished Si wafer. Prior to the
fabrication of the devices, a 100-nm-thick SiO, layer was formed on both sides of the 3-inch Si wafer by
the dry thermal oxidation at 1150 °C. Subsequently, a-350 nm thick Si3Ny film was sputtered on both
sides of the SiO,/Si wafer following a DC (200 W) reactive sputtering recipe from a boron-doped Si target
in a mixture of Ar/N, (18/10 sccm) gases. The quality (hardness) of the SizNj films was then amended
by a rapid thermal annealing (RTA) process in N, atmosphere (heating rate of 5 °C-s~!, keeping constant
at 1000 °C for 1 min, then naturally cooling down). The fabrication of the MEMS devices used several
steps of lithography processes including the direct laser writing (uPG 101 Heidelberg Instruments,
Heidelberg, Germany) and electron beam writing (Elionix, ESL-7500DEX, Tokyo, Japan) combined
with electron beam depositions of metals (UEP-300-2C, ULVAC, Yokohama, Japan) and reactive-ion
etching (RIE) of SizNy (CHF;3 gas, Ulvac CE-3001). The elaborate fabrication of the membrane-supported
wavelength-selective bolometers is detailed in the next section.

Characterizations: The amorphous structural property of fabricated a-Si films was verified
using an X-ray diffractometer (XRD) with the Cu(K«) line (SmartLab, Rigaku, Tokyo, Japan).
The carrier characteristic of the fabricated bolometers was conducted using a Hall measurement system
(Toyo Corporation, ResiTest 8400, Tokyo, Japan). The temperature-dependent resistance measurement
was carried out using a source meter (Agilent Technologies B1500A, Santa Clara, CA, USA) combined
with a temperature-controlled heating stage. The percent errors of all resistance measurements were
less than 2%. The morphological characteristic of the fabricated membrane-supported bolometers was
investigated using a scanning electron microscope (SEM) (Hitachi SU8230, Tokyo, Japan) operating
at an accelerating voltage of 5 kV. The reflectance spectra of the fabricated devices were measured
using an FTIR spectrometer (Nicolet iS50R FT-IR Thermo Scientific, Madison, WI, USA) equipped
with a liquid Nj-cooled mercury cadmium telluride (MCT) detector and a KBr beam splitter. Then the
absorptivity spectra were calculated by 1-reflectance, since the transmittance through the absorbers
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is zero with a 100-nm Au film serving as the bottom mirror. For the spectral response measurement,
a tunable IR laser system (104 fs, 1 kHz repetition rate, Spectra-Physics) was used as a tunable excitation
source [30].

3. Results and Discussions

3.1. Structural Design and Simulated Optical Properties

Figure 1a shows the proposed MEMS-supported wavelength-selective bolometer. The absorber
layer placed on top of the bolometers composes of three layers; a top Au square antennas array serving
as plasmonic resonators is isolated from a bottom Au planar mirror via an Al,O3 dielectric film.
The absorbed IR energy in the absorber is converted to heat and then transfers to the a-Si bolometer
film. The heat induces the change of the electrical resistance of the bolometer under an external bias
applied on the two lateral Pt electrodes. The wavelength-selective absorber is thermally isolated to the
Si substrate by a Si3N4 membrane.
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Figure 1. (a) Schematic illustrations, tilted view (bottom) and cross-sectional view (top), of the proposed
MEMS-based wavelength-selective bolometer. (b) Simulated reflectance, transmittance and absorptivity
of a device having geometrical parameters of p = 1.2 um, t = 0.045 um and w = 0.72 um exhibits
a resonance at 3.73 um with a unity absorptivity. (c) Simulated absorptivity map of the chosen
absorber for the proposed device show wide resonance tunability just simply by changing the size of
the resonator while keeping other parameters unchanged (p = 1.2 um, t = 0.045 um). (d) Simulated
angle-dependent absorptivity of the absorber reveals a wide-range working angle up to 70° of the
proposed devices. The peak appeared in the shorter wavelength region indicates SPP in periodic Au
square array. (e~h) Simulated electric field (Ey, E;), magnetic field-H, and absorption maps of a device
excited at the resonance. In the simulations, the incident electric field propagated along the z-axis and
oscillated along the x-axis. The thicknesses of the bottom Au layer and a-Si film were fixed at 0.1 um
and 0.2 um for all simulations.

The geometrical parameters of the device including the width of Au square antenna—uw,
the periodicity of the square lattice—p, the thickness of the Al,O3 dielectric—t was optimized
for certain desirable resonance. The thicknesses of the top Au antenna, the bottom Au film were fixed
at 0.07 um, 0.1 um, respectively, which are much larger than the skin depth of Au (i.e., 0.03 pm) in
the IR region. It is worth noting that the bottom Au film with a 0.1 um thick is opaque in the MIR
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region, therefore the optical property of the absorber does not depend on layers underneath. Therefore,
the resonance of the absorber relies mainly on p, f and w. Figure 1b plots the simulated reflectance
(black curve), transmittance (blue curve) and absorptivity (red curve) of a device having the geometrical
parameters of p = 1.2 pm, ¢ = 0.045 um and w = 0.72 pm. The device exhibits an evident resonance
at 3.73 um with almost unity absorptivity. If the periodicity and insulator layer are unchanged, the
resonance wavelength of the device is directly proportional to the width (w) of the resonator while it
retains perfect absorption in a wide spectral range of the MIR atmospheric window (Figure 1c). This
provides a simple way to tune the active wavelength of the bolometer for spectroscopic applications
such as for multi-wavelength detection. Further simulations were also performed to verify the effects
of other geometrical parameters on optical spectra of the proposed device (Figure S1, Supplementary
Information), including the resonator’s thickness (Figure Sla), the insulator’s thickness (Figure S1b),
the periodicity (Figure Slc). In particular, with the symmetric resonator (square), the device’s resonance
does not depend on the polarization (Figure S1d). The proposed device can be also applied for the near
IR and the long-wavelength IR regions (Figure S2, Supplementary Information). The angle-resolved
absorptivity was also simulated, and the result is summarized in Figure 1d. Although there exists
another resonance in the shorter wavelength region which is attributed to the surface plasmon polariton
(SPP) at Au/air interface of the periodic Au square lattice array [38,39], the main resonance (magnetic
mode) remains unchanged up to 70° incidence. This large working angle of the proposed device is
essential for the practical applications.

To further understand the origin of the perfect resonant absorption in the device, we performed
FDTD simulations to calculate electromagnetic field distributions of the absorber used in the proposed
bolometer. Figure le-g shows the distributions of the electric fields (Ey and E,) and magnetic field
(Hy) of the device excited at the resonance (3.73 um). In this metal-insulator-metal absorber, the top
resonator functions as the sub-wavelength electric dipole antenna which defines the resonance of the
absorber. The excited electric field of the electric dipole at the top resonator induces an inverse dipole
at the bottom metal film. The oscillation of this antiparallel electric dipoles pair along with the excited
electric field creates an electric current loop through the top resonator and bottom metal film, resulting
in a large magnetic field enhancement between them (Figure 1g). The resonance of the absorber is
so-called magnetic resonance. Interestingly, due to the optical loss of the metal, the absorbed energy
at the resonance arises at the top Au resonator and bottom Au film subsequently converts to heat
through Joule heating that follows Poynting’s theorem [38,40]. The resonantly generated heat is then
conductively transferred to the bolometer film via a thin SizNy layer to trigger the change of the
electrical resistance for IR sensing. Here it is worthy that we adopted a 100-nm-thick Si3Ny layer to
electrically isolate the metal film with the bolometer.

3.2. Amorphous Silicon and Silicon-Germanium Alloys for Bolometer

Prior to the fabrication of the membrane-supported bolometers, we fabricated bolometer films
and examined their temperature coefficient of resistance (TCR) characteristics. In the past two decades,
the a-Si and a-SiGe alloys bolometers (thermistors) have been intensively investigated in both scientific
study and practical application due to its great success in achieving a high TCR with simple fabrication
processes [20,41-43]. In this work, we also intended to choose a-Si film fabricated by sputtering for our
MEMS-based wavelength-selective bolometers.

Figure 2a displays XRD patterns of two a-Si (p-type) films deposited on the 100-nm-thick SiO,/Si
substrates by DC sputtering using a boron-doped Si target; an as-deposited film shown in blue color
and an annealed film for a comparison (500 °C in H, atmosphere) shown in red color. Both two films
reveal the amorphous phase of the silicon with two broad 20 peaks at 27.5° and 54° [44]. It is worth
noting that the sharp peaks observed in the XRD patters are attributed to the Laue diffraction features
of the Si substrate. The carrier characteristics of the as-deposited and annealed a-Si films were carried
out via Hall measurements, which indicated that both films showed p-type carriers with concentrations
of 7.23 x 10 (cm™3) and 7.08 x 10'® (cm~3), respectively. The temperature-dependent resistance
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property of the a-Si films was performed to evaluate the TCR performance. In the semiconductor,
the resistivity is the exponential function of thermal activation conductance expressed by [18]:

p = mexp( %) 0

where p, po are the resistivities at a certain temperature and at the initial measured temperature,
respectively. Eg, kg and T are the activation energy, Boltzmann constant and temperature (K), respectively.
Figure 2b presents the temperature-dependent resistivity of the as-deposited and annealed a-Si films.
As seen, the resistivities of both the as-deposited and the annealed a-Si films decreases rapidly when
the temperature increases. The resistance changes are plotted in In(R/Ry), where R and Ry are the
resistances at temperature T and at the initial temperature, respectively, are inversely proportional to
the increase of temperature (Figure 2c). The activation energies (E;) of the two a-Si films were then
obtained from the slope of In(R/Ry) against the temperature changes, and the TCR values (a) were
finally calculated using the following relation [18]:
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Figure 2. (a) XRD patterns and (b) Measured temperature-dependent resistivity curves of the as-
sputtered (blue curve) and annealed at 500 °C (red curve) a-Si films. (c) Natural-log plots represented
the change of resistance—In(R/Ry) and (d) TCR values versus temperature changes of the as-sputtered
(blue graphs) and annealed at 500 °C (red graphs) a-Si films. (e) Natural-log plots In(R/Rp) and (f) TCR
values versus temperature changes of a variety of amorphous Si-Ge alloys.

Figure 2d reveals the TCR values as a function of temperature. Although the TCR of the as-
deposited a-Si film ~1.5% (K1) is lower compared to that of the 500 °C annealed a-Si film ~4% (K1),
however, the value is rather good for bolometers. To be compatible with the fabrication of the elaborate
MEMS-based devices, thermal annealing is not desirable. We also investigated a-Si;_Ge, alloys for
bolometers with x variated from 0.3-0.7 (Figure 2e,f). As seen that the performance of the a-SiGe
alloys are not much improved or even become worse compared to that of the pure a-Si film. Therefore,
we chose the as-deposited a-Si for our MEMS-based wavelength-selective bolometers.
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3.3. Fabrication of MEMS-Based Wavelength-Selective Bolometers

The MEMS-based wavelength-selective bolometers were then fabricated using several steps
of lithography and following the structural parameters optimized by numerical simulations.
The fabrication details are shown in Figure 3a—f. The devices were processed on a 3-inch double sides
polished Si wafer with Si3N,/SiO, layered films on both sides (Figure 3a). An array of bolometers
with different sizes (0.2 X 0.2 mm?2, 0.5 x 0.5 mm?2, 1 x 1 mm?2 and 2 x 2 mm?) and with different
wavelength resonances were arranged on the 3-inch wafer. Accordingly, the patterned a-Si films
array and their lateral Pt electrodes were fabricated using two steps of lithography combined with
sputtering deposition of a-Si and electron beam deposition of Pt (Figure 3b). Subsequently, a patterned
100-nm-thick SizNy layer was conformally deposited on each a-Si bolometer to electrically insulate the
bolometer with the Au film of the absorber layer (Figure 3c). Then the wavelength-selective absorber
on each bolometer were fabricated depending on the targeted resonance (Figure 3d,e). To process
the membrane, a Si3zN4 mask for the anisotropic wet-etching of Si on the back side of each bolometer
was formed using RIE (CHFj; gas) followed by a photoresist mask. Finally, the membrane-supported
Si bolometers array was achieved by applying an anisotropic wet-etching at the back side of the
Si wafer using a hot KOH solution (8 mg/l, 80 °C) (Figure 3f). Figure 3g-i explores the structural
morphology of the fabricated MEMS-based wavelength-selective bolometers. Figure 3g,h shows
typical top-view optical microscope images of the fabricated MEMS sensors, with two types of devices
with 0.2 x 0.2 mm? and 2 X 2 mm? active areas. The inset in Figure 3¢ presents a photo of the MEMS
sensors with light illuminated from the bottom which reveals the transparency of the SizN4 membrane.
Figure 3i presents a top-view SEM image of the fabricated absorber, which clearly shows the square
resonator array of the absorber.
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Figure 3. (a—f) Fabrication procedure of the MEMS-based wavelength-selective absorbers. (g,h) Top-
view optical microscope images of the fabricated MEMS wavelength-selective bolometers with different
square antenna sizes of the individual sensors. The inset in (g) reveals a photo of the MEMS-based
quad-wavelength bolometer with the clear transparent SizNs membrane around each bolometer.
(i) Top-view SEM image of the typical MEMS sensor having a resonance 3.65 pm.
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3.4. Wavelength Tunability

The resonance spectra of the bolometers array were firstly characterized using an FTIR. As we
discussed, the resonance of the bolometers can be readily tuned just by changing the size of the square
resonator. Here we designed and fabricated a series of MEMS-based quad-wavelength bolometers
chips. Figure 4a—d, from top to bottom, presents SEM images, simulated and measured absorptivities
of the quad-wavelength bolometers. Four absorbers of the device have the same periodicity of 1.2 um
and the same insulator thickness of 0.045 pm but different resonators of 0.59 um (Figure 4a), 0.64 um
(Figure 4b), 0.72 um (Figure 4c) and 0.77 um (Figure 4d) aiming at four different wavelengths of
3.11 pum 3.39 um, 3.73 pm and 3.96 pm (middle panels of Figure 4). As seen in bottom panels of
Figure 4, the fabricated MEMS-based quad-wavelength bolometers chip exhibits near-unity absorption
resonances (>0.89) at four different wavelengths which are the same as the pre-designed resonances,
evidencing the proper model and precise fabrication process used in this work. The resonances of
the MEMS-based quad-wavelength bolometers presented here were chosen in the MIR atmospheric
window; they can be also extended to the shorter or longer wavelength regions depending on the
specific practical spectroscopic applications.
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Figure 4. Resonance tunability in the MIR atmospheric window region of the MEMS wavelength-
selective bolometers. (a-d) From top to bottom panels: top-view SEM images (with colors), simulated
(middle) and measured (bottom) absorptivities of a quad-wavelength bolometers chip having resonances
at3.11 um, 3.39 um, 3.73 pm and 3.96 pm. The scale bar is 1 um for all SEM images.

3.5. Wavelength-Selective Responsivity Measurement

To elucidate the spectral response characteristic of the proposed MEMS-based wavelength-selective
bolometers, we performed the wavelength-dependent responsivity measurement. The measurement
setup is illustrated in Figure 5a. In this measurement, a pulsed tunable IR laser (pulse width of 104 fs,
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repetition rate of 1 kHz) was used as the excitation source. The IR response of the sensor was measured
via a read-out circuit, and then acquired using a source meter collected to a PC. The laser power at
each wavelength was above the sensor’s threshold. The spectral response of the sensor was finally
normalized to the power spectrum of the laser.
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Figure 5. (a) Measurement setup of the spectral response of the fabricated bolometers. (b) Measured
absorptivity and (c) Measured responsivity curves of a 3.73 um resonant bolometer.

Figure 5b shows the measured absorptivity spectrum of a typical MEMS-based wavelength-
selective bolometer having resonance at 3.73 um. As we have discussed earlier, the resonantly absorbed
IR light at the absorber is converted to heat, then conductively transfers to the bolometer to enable
the change of the resistance. The resistance change can be measured as the IR response by applying
a current through two Pt electrodes of the bolometer. Figure 5¢ displays the measured responsivity
spectrum of the fabricated device. The measured spectrum responsivity curve exhibits a clear resonance.
More interestingly, the resonance peak of the responsivity is the same as the absorptivity peak of
the device (i.e., 3.73 pm), proving that the conceptual design for MEMS-based wavelength-selective
bolometers is realizable. It should be noted that the measurement was done at a high frequency
(1 kHz), because of which the responsivity was just a few mV/W. In the real applications, the device
is expected to operate at the lower frequency such as a few hertz, such that the responsivity can be
one to two orders higher compared to the value measured at the kilohertz frequency. In addition, the
fabricated bolometer presented here have the size of a few hundred microns to millimeter scales; it can
be scaled down to a few ten of microns, then the thermal isolation can be further improved for the
higher responsivity and response time. The device is also compatible with the bridge-supported sensor
technology which is accessible to the read-out integrated circuit (ROIC) for practical applications in IR
imaging and thermography.

3.6. Potential Applications

Here we discuss some potential applications of the proposed MEMS-based wavelength-selective
bolometer. As we mentioned earlier, the proposed device is devoted to serve as a new platform for
IR spectroscopic sensors such as portable NDIR sensors, chemical IR imaging or IR remote sensing
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systems wherein the specific resonances are designed at vibrations of the targeted gases and molecules.
The proposed wavelength-selective bolometer can be also applied for compact IR spectrometers, true
temperature and emissivity measurements as well as multi-wavelength thermography by integrating
multiple resonant sensors in a single chip.

4. Conclusions

We have successfully demonstrated a design for the MEMS-based wavelength-selective bolometers.
The device used a-Si film deposited by DC sputtering at room temperature as the bolometer material.
The fabricated a-Si film showed reasonably high TCR values above 1.5% (K™1). A patterned metal—
insulator—metal absorber structure was used as the efficient IR light-to-heat transducer for the
wavelength-selective bolometers. The proposed bolometers revealed a facile resonance tunability
just by changing the size of the patterned square metallic resonators arranged on top of each sensor.
We also provided a detailed fabrication procedure to realize the proposed devices. As a proof of
concept, we fabricated a set of MEMS-based quad-wavelength wavelength-selective bolometers having
resonances in the MIR atmospheric window region. The fabricated devices exhibited the same
resonances with the pre-designed devices. More interestingly, the measured spectral responsivity curve
showed a clear wavelength-selective response following the absorptivity resonance, which proves the
feasibility of the conceptual design of the MEMS-based wavelength-selective bolometers presented in
this work. Although this work indicated resonances of bolometers in the MIR atmospheric window
region, other resonant wavelengths and different number of resonances can be arranged in a single
MEMS-based IR bolometers array chip depending on the specific practical applications such as NDIR
sensors, IR spectroscopic sensing or imaging devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/6/416/s1,
Figure S1: Effects of the resonator thickness, insulator thickness, periodicity and polarization on optical spectra
of the proposed wavelength selective bolometers; Figure S2: Simulated spectra of the proposed device with
resonance in the near IR and long-wavelength IR regions.
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Abstract: Spectrally selective detection is of crucial importance for diverse modern spectroscopic
applications such as multi-wavelength pyrometry, non-dispersive infrared gas sensing, biomedical
analysis, flame detection, and thermal imaging. This paper reports a quad-wavelength hybrid
plasmonic—pyroelectric detector that exhibited spectrally selective infrared detection at four
wavelengths—3.3, 3.7, 4.1, and 4.5 um. The narrowband detection was achieved by coupling
the incident infrared light to the resonant modes of the four different plasmonic perfect absorbers
based on Al-disk-array placed on a Al,O3—Al bilayer. These absorbers were directly integrated on
top of a zinc oxide thin film functioning as a pyroelectric transducer. The device was fabricated
using micro-electromechanical system (MEMS) technology to optimize the spectral responsivity. The
proposed detector operated at room temperature and exhibited a responsivity of approximately
100-140 mV/W with a full width at half maximum of about 0.9-1.2 um. The wavelength tunability, high
spectral resolution, compactness and robust MEMS-based platform of the hybrid device demonstrated
a great advantage over conventional photodetectors with bandpass filters, and exhibited impressive
possibilities for miniature multi-wavelength spectroscopic devices.

Keywords: infrared detector; quad-wavelength; hybrid plasmonic—pyroelectric; MEMS-based;
spectral selectivity

1. Introduction

Multispectral selectivity is of crucial importance in the development of modern infrared
(IR) detectors for modern spectroscopic applications including multi-wavelength pyrometry [1-5],
non-dispersive infrared (NDIR) gas sensing [6-10], biomedical analysis [11-18], flame detection [19-22],
and thermal imaging [23-25]. Spectrally selective IR detectors that are based on resonant cavity
enhanced (RCE) photodetectors exhibit excellent spectral sensitivity and fast responses [26-31].
However, the requirement for cryogenic cooling makes them bulky, heavyweight, excessively costly,
and complicated for some applications. Pyroelectric and thermopile detectors offer the advantages of
being able to be operated at room temperature and of having wide spectral responses. Conventional
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spectrally selective uncooled detectors typically use passband filters mounted in front of the sensing
element to filter out signals at the wavelengths that are out of interest, resulting in bulky designs and
limited wavelength tunability.

Over the last two decades, the advent of plasmonic metamaterials, which are artificially structured
materials with periodic subwavelength unit cells, has offered great freedom to tailor the absorption
spectra [32-36]. The absorption peaks can be precisely controlled and manipulated by carefully
designing the geometrical parameters of the unit cells. As the field of microelectromechanical systems
(MEMS) has rapidly advanced, plasmonic perfect absorbers can be directly integrated on micromachined
pyroelectric transducers to create compact, high-performance yet low-cost multi-wavelength detectors
that operate at room temperatures.

In this work, we proposed and implemented a quad-wavelength pyroelectric detector with four
distinct plasmonic absorbers to selectively detect light in the mid-IR region. For NDIR multi-gas
sensing applications, the four resonance wavelengths were determined at 3.3, 3.7, 4.1, and 4.5 um,
which corresponded to the centered absorption band of CHy, HyS, CO,, and N,O [37,38]. The
spectral selectivity was achieved by the coupling of incident infrared light to resonant modes of
Al-disk-array/Al,Os/Al perfect absorbers with various disk sizes. The top patterned resonators
were hexagonal arrays of disks used to achieve wide-angle acceptance and polarization-insensitivity,
which are highly desirable for many sensing applications. We chose Al as the plasmonic base
metal because it is abundant on Earth and it is industry-compatible while still exhibiting low-loss
plasmonic properties similar to noble metals such as Au, Ag in the IR region [39]. The model of the
Al-disk-array/Al,O3/Al perfect absorber was first constructed in a computer-aided design (CAD) layout
(Rsoft CAD, Synopsys’s Rsoft, Synopsys, Inc.) [40]. The absorptivities, electric field, and magnetic
field distribution of the absorbers were simulated and optimized using the commercial rigorous
coupled-wave analysis (RCWA) package and the FullWAVE package from Synopsys' Rsoft [40], which
is a highly sophisticated tool for studying the interaction of light and photonic structures, including
integrated wavelength-division multiplexing (WDM) devices [41,42], as well as nanophotonic devices
such as metamaterial structures [34,43], and photonic crystals [44]. The sensing areas were designed
as floating membranes above a void space to minimize thermal conduction, thereby improving the
responsivity of the detector. The electromagnetic energy at the resonance wavelengths induced
heat on the upper surface of the zinc oxide layer, which features pyroelectricity in thin film form.
Due to the pyroelectric effect, a signal voltage was generated at the resonance wavelengths for each
absorber. The on-chip design of the proposed quad-wavelength pyroelectric detector demonstrated
the feasibility of integrating micro-detectors of different selective wavelengths into arrays with good
CMOS compatibility. This opens the possibility of developing miniaturized and robust multi-color
spectroscopic devices.

2. Design and Fabrication

2.1. Structure Design

The schematic diagram in Figure 1a illustrates the design layout of the proposed quad-wavelength
detector. Four individual sensing elements were directly integrated on the same complementary
metal-oxide-semiconductor (CMOS) platform with a size of 0.5 x 1.0 cm? to selectively detect IR radiation
at four resonant wavelengths of 3.3,3.7,4.1, and 4.5 pm. The structural design of a single sensing element
is illustrated in Figure 1b. From the top to bottom, it consisted of an Al-disk-array/Al,Os/Alperfect
absorber structure with an active area of 200 X 200 um?, a 300 nm-thick pyroelectric zinc oxide thin film
sandwiched between the Al back plate of the absorber and a 100 nm Pt/10 nm Ti bottom electrode, and a
membrane-based CMOS substrate. A 300 nm-thick layer of silicon nitride was deposited on both sides
of the silicon substrate to supply adequate mechanical strength for the membrane structure. The silicon
wafer was 380 um thick. The width and the length of the supporting arms were 20 um and 400 um.
The cross-sectional profile of the unit cell is shown in Figure 1c. The Al-disk-array/Al,Oz/Alperfect
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absorber consisted of an Al disk array as the resonator, an Al,O3 layer as the middle insulator, and an
Al film as the back reflector. The thicknesses of the three layers were identical and were represented as
t. The Al disks of diameter d were arranged in a periodic hexagonal array of periodicity p. After some
numerically computational efforts based on the RCWA analysis, the optimized geometrical dimensions
for the perfect absorbers were taken as p = 2.0 um, t = 100 nm, and d = 0.97, 1.25, 1.35, 1.60 um for
the individual sensing elements at resonance wavelengths of 3.3, 3.7, 4.1, and 4.5 um, respectively.
When an incident IR radiation impinged on the top surface of the device, its external oscillating electric
field induced electric dipoles inside the Al disks, which excited anti-parallel currents between the disk
array and the back reflector. These circular currents produced a magnetic flux opposing the external
magnetic field, resulting in a magnetic resonance. By adjusting the geometrical parameters of the Al
disk-array, we could tailor the electromagnetic response of the structure to the external electromagnetic
field to achieve selective absorption.

(Al-disk-array)—ALO;—Al
Al top electrode  plasmonic resonance absorber .~ i
-

-
-

thermal
isolation arms

Al disk array

ALO, Side view

Top electrode

Top view
thermal
isolation arms
/
Back view
(e)

Figure 1. (a) Schematic illustration of the proposed quad-wavelength detector. (b) Illustration of the
structural design of a single sensing element. (c) Illustration of the plasmonic perfect absorber with
the indicated field lines at resonance (electric field E, red arrows; magnetic field H, blue arrows). (d)
Exploded view of a single sensing element. (e) Side view, top view, and bottom view of a single
sensing element.

The exploded view of a single sensing element is shown in Figure 1d. It was shown that the
bottom layer of plasmonic metamaterial perfect absorber was also utilized as the top electrode of the
pyroelectric detector. In this design, the zinc oxide layer was stacked below and in intimate contact
with the plasmonic resonance absorber to fully exploit the spectrally selective radiation. It is also worth
noting that we chose zinc oxide as the pyroelectric material due to its advantages of being nontoxic
and compatible with the semiconductor process. This design is also applicable for other pyroelectric
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materials such as lead zirconate titanate, lithium tantalate, lithium niobate, barium strontium titanate,
deuterated triglycine sulfate, and others. The side view, top view, and back view of the single sensing
elements are shown in Figure le, indicating the micromachined floating membrane design of the
sensing element.

2.2. Simulation

To tailor and optimize the spectrally selective absorption, the optical properties of the plasmonic
absorbers were simulated by implementing rigorous coupled-wave analysis (RCWA) (DiffractMOD,
Synopsys' Rsoft). Figure 2a shows the simulated reflectivity, transmissivity, and absorptivity
characteristics of the two Al-disk-array/Al,O3/Al perfect absorbers which had diameters of 1.25
and 1.6 um, respectively. As the optimal parameters, the unit cells had periodic dimensions of
2.0 um, and the thicknesses of the Al disks, Al,O3 dielectric spacer and Al back reflector were all
100 nm. Since the continuous metal back reflector was thick enough to block light transmission,
the transmissivity was zero across the investigated wavelength range. With disk diameters of 1.25 and
1.6 pum, the simulated absorptivities at normal incidence were resonantly enhanced up to 0.99 and 0.94
at the resonance wavelengths of 3.72 and 4.05 um, with a full width at half maximum (FWHM) of 0.44
and 0.63 pum, respectively.
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Figure 2. (a) Reflectivity, absorptivity, and transmissivity characteristics of the plasmonic perfect
absorber at the resonance wavelengths of 3.7 um and 4.50 pum. The simulated amplitude plots of
(b) electric field in x direction, (c) magnetic field in y direction, (d) electric field in z direction at the
resonance wavelength of 3.7 um, illustrates the highly localized characteristics of the plasmonic perfect
absorber. The refractive index dispersion data of (e) Al and (f) Al,O3 used in the simulations was taken

from literature [45].
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To gain insight into the resonant behavior of the Al-disk-array/Al,Os/Al perfect absorber, a full
wave simulation based on the finite-difference time-domain (FDTD) method (FullWAVE, Synopsys'
Rsoft) was performed at the resonance wavelength of 3.72 um. The dielectric functions of Al, Al,O3
were taken from the literature. The simulated electric field distribution in x direction (Figure 2b) shows
that the electric field was localized at the edges of the Al disks, indicating the induced electric dipoles.
The magnetic field was intensively confined under the center of the top resonator (Figure 2c), for which
the antiparallel currents were excited in the top Al disks and the bottom Al reflector (Figure 2d).

The dependence of the resonant modes of the plasmonic absorber as a function of disk size is
illustrated in Figure 3a. Accordingly, the peak absorption was found to shift almost linearly with the
disk diameter. Meanwhile, the resonance wavelength was not greatly affected by the variations in
periodicity of the unit cells (Figure 3b). Due to this robust tunability with respect to the disk size,
the electromagnetic response of these Al-disk-array/Al,Oz/Al structures were engineered to achieve
resonant absorption at multiple desired wavelengths.

Il.(i

d=1.25 pm

t= 0.1 pm

Diameter (jum)
Periodicity (um)

. 0.50 X
25 30 35 4.0 45 50 55 6.0 25 30 35 40 45 50 55 60
Wavelength (um) Wavelength (pm)
@ b)

Figure 3. (a) The periodicity dependence with p changed from 0.5 to 2.5 um while keeping the diameter
and insulator thickness unchanged at 1.25 um and 0.1 pum, respectively. (b) The diameter dependence
with d changed from 0.5 to 2.5 um, while keeping the periodicity and insulator thickness unchanged at
2.0 um and 0.1 pum, respectively.

Figure 4a shows the simulated incident angle-dependent absorptivity with the geometrical
parameters p = 2.0 um, d = 1.25 pm, and t = 0.1 um. The simulation results showed that the proposed
plasmonic perfect absorber exhibited strong absorption independence to the incident angles. The
absorption still remained near unity when the incident angle was increased up to 85°. Figure 4b shows
the polarization-dependent absorptivity with the geometrical parameters p = 2.0 um, d = 1.25 um,
and t = 0.1 pum. The result indicated that the resonances of the plasmonic absorber were almost
unchanged when the polarization angle changed from 0 to 90°. The symmetrical design typically
resulted in a wide-angle acceptance and polarization independence, which was desirable for most of
the sensing applications.
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Figure 4. Simulated absorptivity spectrum as a function of (a) the incident angle and (b) polarization
angle for an absorber with p =2.0 pm, d = 1.25 pm, and t = 0.1 um.

2.3. Fabrication

The fabrication of the proposed detector involved standard photolithography with dry and wet
etching techniques. The microfabrication process of the MEMS-based hybrid plasmonic-pyroelectric
detector is shown in Figure 5. The device was fabricated on commercial double-side polished n-type
silicon prime wafers with <100> orientation in cleanroom facilities.

. o
—_— —_ -»> Si
1

(a) (b) (c)

SiN
Pt/Ti

. Zn0O

ALO,

Al

® (h) ®

Figure 5. CMOS-compatible microfabrication process: (a) Rapid thermal oxidation of the silicon
wafer and deposition of Si3N4 on both sides; (b) Deposition and lift-off of the Pt bottom electrode; (c)
Deposition and lift-off of ZnO; (d) Deposition and lift-off of Al; (e) Deposition and lift-off of Al,Os3; (f)
E-beam lithography of the Al disk; (g) Dry etching backside of Si3Ny; (h) Wet etching of Si by KOH; (i)
Dry etching of Si3Ny.

First, an 80 nm-thick SiO, insulator was formed by the dry thermal oxidation of the silicon wafer.
The fabrication process was followed by depositing a 300 nm-thick silicon nitride (SizNy) layer onto
both sides of the silicon substrate by radio frequency (RF) reactive sputtering using a boron-doped
p-type Si target processed in ambient N, as a reactive gas with a flow rate of 20 sccm (sputter i-Miller
CFS-4EP-LL, Shibaura, Tokyo, Japan) (Figure 5a). This silicon nitride layer isolated the thermal
conduction to the substrate, which could enhance the pyroelectric signal and the overall responsivity of
the device. Then the silicon nitride layer was put into a rapid thermal annealing process at 1000 °C for
1 min. After that, laser direct writing lithography (uPG 101 Heidelberg Instruments) was performed
to pattern the bottom electrode on top of the silicon nitride layer with a double layer of resists. The
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100 nm Pt/10 nm Ti bottom electrodes were deposited in an electron beam evaporator at ambient
temperatures, followed by a lift-off process in acetone (Figure 5b). Then, the sputter deposition of
the 300 nm-thick zinc oxide layer was followed by laser direct writing lithography with positive
photoresist combined with reactive-ion etching (RIE) using CF, gases (Ulvac CE-300I) (Figure 5c¢).
Next, the sputter deposition of the 100-nm-thick Al top electrode was followed by laser direct writing
lithography with positive photoresist, and RIE using BCl3/Cl, gases (Figure 5d). After exposing and
developing the pattern, a 100 nm Al,Oj3 film was sputtered and then patterned by direct laser writing
lithography combined with a RIE step using CFy gas (Figure 5e). The 100-nm-thick Al disk array
was patterned using the e-beam lithography and lift-off process (Figure 5f). The SizNy back layer
serving as a RIE mask for the wet etching process of Si was patterned by RIE with CHF;3 gas using
a photoresist mask formed by direct laser writing lithography (Figure 5g). Then, the backside wet
alkaline etching was implemented as follows (Figure 5h). A thin polymeric ProTEK®B3 protective
coating was spun on the front side of the structure to provide a temporary wet-etch protection for the
patterned Al-disk-array/Al,O3/Al resonator during alkaline etches. The Si layer from the back side of
each sensor was completely released by anisotropic wet-etching by immersing the structure in a deep
reactive KOH 40% aqueous solution, heating at 60 °C for 10 h. Then, the polymeric protective coating
was removed by immersing it into acetone. Finally, reactive-ion etching of Si3N4 was carried out to
form the supporting arms (Figure 5i). The SizNy/ SiO, composite layer was used as the membrane to
support the zinc oxide pyroelectric film and absorber. Each sensing element was wire-bonded to the
Cu electrodes attached on a glass plate. The materials and the fabrication process of the detector was
fully compatible with the CMOS.

3. Results and Discussion

Figure 6a shows a photo of a fabricated MEMS-based hybrid plasmonic—pyroelectric detector,
which had a width of 0.5 cm and length of 1 cm. It clearly demonstrates that multiple hybrid
plasmonic—pyroelectric sensing elements were easily integrated on a standard CMOS platform to
achieve multispectral selectivity without any additional bulky optical filters. Figure 6b shows the
optical microscopy images of the top view and back view of a single sensing element with an active
area of 200 X 200 um. It verifies that the sensing area was suspended by the long thermal isolation
arms. The suspended area remained flat without any additional stress-reducing process.
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Figure 6. (a) Photo of a fabricated MEMS-based hybrid plasmonic—-pyroelectric detector. (b) Microscope
images of the top view and back view of the fabricated sensing element.

While the thicknesses of the sputtered layers could be precisely controlled by establishing optimum
sputtering conditions and deposition rates, the process of transferring the shape and size of the Al
disk arrays pose further challenges due the complex multi-stage photolithography of the sub-micron
patterning. The residual photoresist and non-uniformity may result in degradation from the expected
performance. Figure 7a-d show the scanning electron microscope (SEM) images of the hexagonal
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arrays of the Al disk resonators with diameters of 0.97, 1.25, 1.35, 1.60 um. It was shown that the Al disk
arrays fabricated on top of the membrane structures were well-defined and homogeneously distributed,
indicating that the patterning process was precisely implemented. Because the Al disk arrays were
patterned using electron-beam lithography with sub-10 nm resolution, there was a tolerance of a few
nm in the diameter of the disks.
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Figure 7. (a—d) Scanning electron microscope (SEM) images of the fabricated disk array patterns at
four resonance wavelengths. (e,f) Simulated and measured absorptivities of the perfect absorbers at
four resonance wavelengths. (g) Measured responsivity of the quad-wavelength detector.

The reflectance spectrum of each sensing element was measured using a Fourier transform
infrared spectrometer (FTIR) (Thermo Scientific Nicolet iS50, Thermo Fisher Scientific, Waltham,
MA, USA), coupled with a microscope (Nicolet Continuum FTIR Microscope, Thermo Nicolet). The
reflectance spectra were normalized with respect to the reflectance from a gold film. Given that the
transmittance was zero for the thick back reflector, the absorptivity spectra were calculated using the
formula A = 1 — R, where A was the absorptivity, R was the reflectivity. The simulated and measured
absorptivity spectra are shown in Figure 7e,f. The reflectance spectra were normalized with respect
to the reflectance from a gold film. The four sensing elements exhibited absorptivity peaks of 0.92,
0.93, 0.85, and 0.87 at 3.32, 3.74, 4.06, and 4.51 um, respectively, which were highly consistent with the
corresponding simulated absorptivity peaks of 0.94, 0.99, 0.94, 0.98 at 3.33, 3.72, 4.05, and 4.50 um,
respectively. The precise pattern transfer in the fabrication process resulted in small shifts of only a few
tens nm and slightly lower magnitudes of absorption peaks. The FWHMs of the measured absorptivity
curves were 0.35, 0.45, 0.49, 0.68 pm, compared to those of the simulated curves, which were 0.30,
0.44,0.47,0.63 um. Together with the defined patterns and uniformity observed in the SEM images,
the excellent agreement between the simulated and experimentally measured absorptivity proved the
quality of the optimized fabrication method.
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The performance of the detector was evaluated by measuring its spectral responses to the IR
radiation from a wavelength-tunable pulsed laser system in the range of 2.5-6.0 pm. The pulse
width of the laser was 104 fs, and the repetition rate was 1 kHz. The IR laser beam was guided
to the sensing area of the detector. The output electrical signal was amplified with a preamplifier
and demodulated with a lock-in amplifier. The spectrally selective absorption of laser pulses at
resonant wavelengths was due to the excitation of highly localized magnetic and electric dipole
resonances, which was evidenced by the simulated field distributions (see Figure 2b—d). Such strong
resonances efficiently confined the electromagnetic energy and provided sufficient time to convert
it into resistive heat within the Al disks and the continuous Al back plate. Al,O3 underwent almost
no loss in the mid-infrared region (see Figure 2f); that is, dielectric losses in the spacer layer were
negligible in contrast to the plasmonic perfect absorbers operating in lower frequencies, such as in the
microwave and terahertz region, in which the absorption was mainly due to dielectric losses. The heat
at the continuous Al back plate that was associated with spectrally selective absorption was directly
transferred to the zinc oxide thin film, which was among the 