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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 pm-5 um or 9 um-14 pm). 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 (VOy) [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 um. 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 SisN4 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 (3-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 S5iO, 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 5i0,/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 Si3sNy 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 Si3sN4 (CHF3 gas, Ulvac CE-300I). 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,O5 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 SizNy 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, ¢ = 0.045 um and w = 0.72 pm 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-Hy 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 pm
and 0.2 um for all simulations.

The geometrical parameters of the device including the width of Au square antenna—w,
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, t 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 um, ¢ = 0.045 pm and w = 0.72 um. 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 Auy/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 (E, 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 SizNy 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-5i 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™2), 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 = poexp( ) M

where p, pp are the resistivities at a certain temperature and at the initial measured temperature,
respectively. E;, 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-5i 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 2¢c). 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 (@) 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/Ry) 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% (K~1!) is lower compared to that of the 500 °C annealed a-Si film ~4% (K~1),
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-5i;.,Gey alloys for
bolometers with x variated from 0.3-0.7 (Figure 2e,f). As seen that the performance of the a-S5iGe
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?, 0.5 X 0.5 mm?2, 1 x 1 mm? and 2 x 2 mm2) and with different
wavelength resonances were arranged on the 3-inch wafer. Accordingly, the patterned a-5i 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 Si3Ny 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 Si3sN4 mask for the anisotropic wet-etching of Si on the back side of each bolometer
was formed using RIE (CHF5 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 3g presents a photo of the MEMS
sensors with light illuminated from the bottom which reveals the transparency of the Si3N4 membrane.
Figure 3i presents a top-view SEM image of the fabricated absorber, which clearly shows the square
resonator array of the absorber.

Thermal oxidation of Si; ALO,
(@ . - . —(d)
Si;Ny by sputtering + RTA

Deposition of

Patterning Au array
(b) Pt a-Si and Pt clectrodessPt

(e¢) Au

a-Si bolometer

Patterning Al,O./Au for absorber

O

L
Etching back Si by hot KOH
© Patterning Si;N, ® . i

Figure 3. (a—f) Fabrication procedure of the MEMS-based wavelength-selective absorbers. (gh) 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 Si3N4 membrane around each bolometer.
(i) Top-view SEM image of the typical MEMS sensor having a resonance 3.65 pum.
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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 pm
and the same insulator thickness of 0.045 um but different resonators of 0.59 pm (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 pm 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.

Simulated absorptivity
S e o e
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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
at 3.11 pm, 3.39 pum, 3.73 um and 3.96 um. 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 5c 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 um), 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™!). 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.

Author Contributions: Conceptualization, T.N. (Tadaaki Nagao), T.D.D., S.I., A.O., T.N. (Toshihide Nabatame);
device simulation, T.D.D., A.T.D., S.I.; bolometer fabrication, T.D.D., T.Y., C.N., S.M., A.T.D., D.H.N.; MEMS
fabrication, T.O., T.D.D., A.O., T.Y.; device characterizations, T.D.D., ATD., HS.0., D.HN,, S.I, YW.; data analysis,
T.D.D., S.I, HS.@.; writing—original draft preparation, T.D.D., T.N. (Tadaaki Nagao); writing—review and editing,
all authors; supervision T.N. (Tadaaki Nagao); project administration, T.D.D. and T.N. (Tadaaki Nagao); funding
acquisition, T.N. (Tadaaki Nagao).

Funding: This work was partially supported by JSPS KAKENHI (16F16315, JP16H06364, 16H03820), and
CREST “Phase Interface Science for Highly Efficient Energy Utilization” (JPMJCR13C3) from Japan Science and
Technology Agency.

Acknowledgments: The authors would like to thank all the staffs at Namiki Foundry, N. Furuhata, T. Yazawa and
K. Okano at Photonics Nano-Engineering Group in NIMS for their kind technical supports. T. D. Dao would like
to thank the fellowship program (P16315) from JSPS.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Gabriel, K; Jarvis, J.; Trimmer, W. Small Machines, Large Opportunities: A Report on the Emerging Field of
Microdynamics: Report of the Workshop on Microelectromechanical Systems Research; Sponsored by the National
Science Foundation; AT & T Bell Laboratories: Murray Hill, NJ, USA, 1988.

2. Bryzek, J. Impact of MEMS technology on society. Sens. Actuators Phys. 1996, 56, 1-9. [CrossRef]

3.  Gardner, ].W,; Varadan, V.K. Microsensors, Mems and Smart Devices; John Wiley & Sons, Inc.: New York, NY,
USA, 2001; ISBN 0-471-86109-X.

4. Judy, ].W. Microelectromechanical systems (MEMS): Fabrication, design and applications. Smart Mater. Struct.
2001, 10, 1115-1134. [CrossRef]

5. Bell, D.J.; Lu, TJ.; Fleck, N.A.; Spearing, S.M. MEMS actuators and sensors: Observations on their performance
and selection for purpose. J. Micromech. Microeng. 2005, 15, S153-S164. [CrossRef]

6.  Liu, C. Foundations of MEMS, 2nd ed.; Prentice Hall Press: Upper Saddle River, NJ, USA, 2011; ISBN 0-13-249736-0.


http://www.mdpi.com/2072-666X/10/6/416/s1
http://dx.doi.org/10.1016/0924-4247(96)01284-8
http://dx.doi.org/10.1088/0964-1726/10/6/301
http://dx.doi.org/10.1088/0960-1317/15/7/022

Micromachines 2019, 10, 416 11 of 12

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Motamedi, M.E. Micro-opto-electro-mechanical systems. Opt. Eng. 1994, 33, 3505-3517. [CrossRef]
Scribner, D.A.; Kruer, M.R; Killiany, ].M. Infrared focal plane array technology. Proc. IEEE 1991, 79, 66-85.
[CrossRef]

Cole, B.E.; Higashi, R.E.; Wood, R.A. Monolithic arrays of micromachined pixels for infrared applications.
In Proceedings of the International Electron Devices Meeting 1998, Technical Digest (Cat. No.98CH36217),
San Francisco, CA, USA, 6-9 December 1998; pp. 459-462.

Rogalski, A. Infrared detectors: An overview. Infrared Phys. Technol. 2002, 43, 187-210. [CrossRef]
Martyniuk, P; Antoszewski, J.; Martyniuk, M.; Faraone, L.; Rogalski, A. New concepts in infrared
photodetector designs. Appl. Phys. Rev. 2014, 1, 041102. [CrossRef]

Kanno, T.; Saga, M.; Matsumoto, S.; Uchida, M.; Tsukamoto, N.; Tanaka, A.; Itoh, S.; Nakazato, A.; Endoh, T.;
Tohyama, S.; et al. Uncooled infrared focal plane array having 128 x 128 thermopile detector elements.
Proc. SPIE 1994, 2269. [CrossRef]

Oliver, A.D.; Wise, K.D. A 1024-element bulk-micromachined thermopile infrared imaging array.
Sens. Actuators Phys. 1999, 73, 222-231. [CrossRef]

Wood, R.A. Uncooled thermal imaging with monolithic silicon focal planes. Proc. SPIE 1993, 2020. [CrossRef]
Jerominek, H.; Picard, F; Swart, N.R.; Renaud, M.; Levesque, M.; Lehoux, M.; Castonguay, ].S.; Pelletier, M.;
Bilodeau, G.; Audet, D.; et al. Micromachined uncooled VO,-based IR bolometer arrays. Proc. SPIE
1996, 2746. [CrossRef]

Wada, H.; Nagashima, M.; Kanzaki, M.; Sasaki, T.; Kawahara, A.; Tsuruta, Y.; Oda, N.; Matsumoto, S.
Fabrication process for 256 x 256 bolometer-type uncooled infrared detector. Proc. SPIE 1997, 3224.
[CrossRef]

Unewisse, M.H.; Liddiard, K.C.; Craig, B.I.; Passmore, S.J.; Watson, R.J.; Clarke, R.E.; Reinhold, O.
Semiconductor film bolometer technology for uncooled IR sensors. Proc. SPIE 1995, 2552. [CrossRef]
Wood, R.A. Chapter 3 Monolithic Silicon Microbolometer Arrays. In Semiconductors and Semimetals;
Kruse, PW.,, Skatrud, D.D., Eds.; Elsevier: Amsterdam, The Netherlands, 1997; Volume 47, pp. 43-121.
ISBN 0080-8784.

Tissot, ].-L.; Rothan, F.; Vedel, C.; Vilain, M. Jean-Jacques Yon LETI/LIR’s Amorphous Silicon Uncooled
Microbolometer Development. Proc. SPIE 1998, 3379. [CrossRef]

Vedel, C.; Martin, J.L.; Ouvrier-Buffet, ].L.; Tissot, ].L.; Vilain, M.; Yon, ].J]. Amorphous-silicon-based uncooled
microbolometer IRFPA. Proc. SPIE 1999, 3698. [CrossRef]

Chang, C.-C.; Sharma, Y.D.; Kim, Y.-S.; Bur, J.A_; Shenoi, R.V.; Krishna, S.; Huang, D.; Lin, S.-Y. A Surface
Plasmon Enhanced Infrared Photodetector Based on InAs Quantum Dots. Nano Lett. 2010, 10, 1704-1709.
[CrossRef] [PubMed]

Wu, W.; Bonakdar, A.; Mohseni, H. Plasmonic enhanced quantum well infrared photodetector with high
detectivity. Appl. Phys. Lett. 2010, 96, 161107. [CrossRef]

Lee, S.J.; Ku, Z,; Barve, A.; Montoya, J.; Jang, W.-Y.; Brueck, S.R.J.; Sundaram, M.; Reisinger, A.; Krishna, S.;
Noh, S.K. A monolithically integrated plasmonic infrared quantum dot camera. Nat. Commun. 2011, 2, 286.
[CrossRef]

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

Jing, YL, Li, Z.F; Li, Q.; Chen, X.S.; Chen, PP; Wang, H.; Li, M.Y,; Li, N.; Lu, W. Pixel-level plasmonic
microcavity infrared photodetector. Sci. Rep. 2016, 6, 25849. [CrossRef]

Zheng, B.; Zhao, H.; Cerjan, B.; Yazdi, S.; Ringe, E.; Nordlander, P.; Halas, N.J]. A room-temperature
mid-infrared photodetector for on-chip molecular vibrational spectroscopy. Appl. Phys. Lett. 2018,
113, 101105. [CrossRef]

Maier, T.; Briickl, H. Wavelength-tunable microbolometers with metamaterial absorbers. Opt. Lett. 2009, 34,
3012-3014. [CrossRef] [PubMed]

Maier, T.; Brueckl, H. Multispectral microbolometers for the midinfrared. Opt. Lett. 2010, 35, 3766-3768.
[CrossRef] [PubMed]

Niesler, EB.P; Gansel, ] K.; Fischbach, S.; Wegener, M. Metamaterial metal-based bolometers. Appl. Phys. Lett.
2012, 100, 203508. [CrossRef]


http://dx.doi.org/10.1117/12.181572
http://dx.doi.org/10.1109/5.64383
http://dx.doi.org/10.1016/S1350-4495(02)00140-8
http://dx.doi.org/10.1063/1.4896193
http://dx.doi.org/10.1117/12.188660
http://dx.doi.org/10.1016/S0924-4247(98)00276-3
http://dx.doi.org/10.1117/12.160553
http://dx.doi.org/10.1117/12.243056
http://dx.doi.org/10.1117/12.284539
http://dx.doi.org/10.1117/12.21827
http://dx.doi.org/10.1117/12.317580
http://dx.doi.org/10.1117/12.354529
http://dx.doi.org/10.1021/nl100081j
http://www.ncbi.nlm.nih.gov/pubmed/20405905
http://dx.doi.org/10.1063/1.3419885
http://dx.doi.org/10.1038/ncomms1283
http://dx.doi.org/10.1063/1.3673856
http://dx.doi.org/10.1038/srep25849
http://dx.doi.org/10.1063/1.5045663
http://dx.doi.org/10.1364/OL.34.003012
http://www.ncbi.nlm.nih.gov/pubmed/19794799
http://dx.doi.org/10.1364/OL.35.003766
http://www.ncbi.nlm.nih.gov/pubmed/21081990
http://dx.doi.org/10.1063/1.4714741

Micromachines 2019, 10, 416 12 of 12

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

Dao, T.D.; Ishii, S.; Yokoyama, T.; Sawada, T.; Sugavaneshwar, R.P; Chen, K.; Wada, Y.; Nabatame, T,;
Nagao, T. Hole Array Perfect Absorbers for Spectrally Selective Mid-Wavelength Infrared Pyroelectric
Detectors. ACS Photonics 2016, 3, 1271-1278. [CrossRef]

Suen, J.Y,; Fan, K.; Montoya, J.; Bingham, C.; Stenger, V.; Sriram, S.; Padilla, W.J. Multifunctional metamaterial
pyroelectric infrared detectors. Optica 2017, 4, 276-279. [CrossRef]

Ahmed, A,; Kim, H,; Kim, J.; Hwang, K_; Kim, S. Enhancing the Responsivity of Uncooled Infrared Detectors
Using Plasmonics for High-Performance Infrared Spectroscopy. Sensors 2017, 17, 908. [CrossRef] [PubMed]
Diem, M.; Koschny, T.; Soukoulis, C.M. Wide-angle perfect absorber/thermal emitter in the terahertz regime.
Phys. Rev. B 2009, 79, 033101. [CrossRef]

Liu, X.; Starr, T.; Starr, A.F; Padilla, W.J. Infrared Spatial and Frequency Selective Metamaterial with
Near-Unity Absorbance. Phys. Rev. Lett. 2010, 104, 207403. [CrossRef]

Dao, T.D.; Chen, K;; Ishii, S.; Ohi, A.; Nabatame, T.; Kitajima, M.; Nagao, T. Infrared Perfect Absorbers
Fabricated by Colloidal Mask Etching of Al-Al,O3-Al Trilayers. ACS Photonics 2015, 2, 964-970. [CrossRef]
Raki¢, A.D.; Djurisi¢, A.B.; Elazar, ].M.; Majewski, M.L. Optical properties of metallic films for vertical-cavity
optoelectronic devices. Appl. Opt. 1998, 37, 5271-5283. [CrossRef] [PubMed]

Palik, E.D. Handbook of Optical Constants of Solids, 3rd ed.; Academic Press: New York, NY, USA, 1998.

Dao, T.D.; Ishii, S.; Doan, A.T.; Wada, Y.; Ohi, A.; Nabatame, T.; Nagao, T. On-Chip Quad-Wavelength
Pyroelectric Sensor for Spectroscopic Infrared Sensing. Adv. Sci. 2019, in press. [CrossRef]

Dao, T.D.; Chen, K.; Nagao, T. Dual-band in situ molecular spectroscopy using single-sized Al-disk perfect
absorbers. Nanoscale 2019, 11, 9508-9517. [CrossRef] [PubMed]

Poynting, J.H. XV. On the transfer of energy in the electromagnetic field. Philos. Trans. R. Soc. Lond. 1884,
175, 343-361.

Garcia, M.; Ambrosio, R.; Torres, A.; Kosarev, A. IR bolometers based on amorphous silicon germanium
alloys. J. Non-Cryst. Solids 2004, 338-340, 744-748. [CrossRef]

Syllaios, A.J.; Schimert, T.R.; Gooch, R.W.; McCardel, W.L.; Ritchey, B.A.; Tregilgas, ].H. Amorphous Silicon
Microbolometer Technology. MRS Proc. 2000, 609, A14.4. [CrossRef]

Ambrosio, R.; Moreno, M.; Mireles, J., Jr.; Torres, A.; Kosarev, A.; Heredia, A. An overview of uncooled
infrared sensors technology based on amorphous silicon and silicon germanium alloys. Phys. Status Solidi C
2010, 7, 1180-1183. [CrossRef]

Zeman, M.; van Elzakker, G.; Tichelaar, F.D.; Sutta, P. Structural properties of amorphous silicon prepared
from hydrogen-diluted silane. Philos. Mag. 2009, 89, 2435-2448. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/acsphotonics.6b00249
http://dx.doi.org/10.1364/OPTICA.4.000276
http://dx.doi.org/10.3390/s17040908
http://www.ncbi.nlm.nih.gov/pubmed/28425964
http://dx.doi.org/10.1103/PhysRevB.79.033101
http://dx.doi.org/10.1103/PhysRevLett.104.207403
http://dx.doi.org/10.1021/acsphotonics.5b00195
http://dx.doi.org/10.1364/AO.37.005271
http://www.ncbi.nlm.nih.gov/pubmed/18286006
http://dx.doi.org/10.1002/advs.201900579
http://dx.doi.org/10.1039/C9NR00904C
http://www.ncbi.nlm.nih.gov/pubmed/31049510
http://dx.doi.org/10.1016/j.jnoncrysol.2004.03.082
http://dx.doi.org/10.1557/PROC-609-A14.4
http://dx.doi.org/10.1002/pssc.200982781
http://dx.doi.org/10.1080/14786430902960137
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussions 
	Structural Design and Simulated Optical Properties 
	Amorphous Silicon and Silicon-Germanium Alloys for Bolometer 
	Fabrication of MEMS-Based Wavelength-Selective Bolometers 
	Wavelength Tunability 
	Wavelength-Selective Responsivity Measurement 
	Potential Applications 

	Conclusions 
	References

