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Abstract: A wavelength-selective metasurface absorber suitable for use in multispectral
microbolometer focal plane arrays in the long-wavelength infrared (LWIR) region is theo-
retically and experimentally investigated. We show that a thin metal metasurface, which
is characterized by effective surface impedance, as an absorbing layer can be integrated
with an asymmetric Fabry—Pérot cavity to construct a wavelength-selective perfect ab-
sorber. The absorbed infrared energy is mainly dissipated in a thin metal metasurface, in
contrast to a multilayer metamaterial absorber. The calculated and experimental spectral
responses of the metasurface absorbers show excellent wavelength-selective narrow-
band absorption to allow multispectral imaging in LWIR.

Index Terms: Metamaterials, subwavelength structures, thermal infrared (IR) detectors.

1. Introduction

Uncooled infrared microbolometer focal plane arrays have been used in low-cost infrared ther-
mal imaging systems for many applications such as night vision, surveillance, thermography,
and firefighting. The absorption of incident infrared radiation in long wavelength infrared (LWIR)
microbolometers causes an increase in the temperature of the thermally isolated bolometric
layer, which is then converted into electrical signals. In order to enhance the absorption of inci-
dent radiation, conventional LWIR microbolometers normally use a broadband Salisbury screen
absorber, which consists of a single thin resistive absorbing layer placed a quarter-wavelength
in front of a metal mirror layer. The development of multispectral microbolometers, which are
capable of allowing better recognition and discrimination of objects compared to conventional
microbolometers, is highly desirable [1]. For multispectral response, wavelength-selective nar-
rowband absorption in the LWIR band is necessary. Several other approaches for producing a
wavelength-selective microbolometer absorber, such as antenna-coupled microbolometers [2],
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Fig. 1. (a) Schematic of a single unit of a wavelength-selective metasurface absorber. (b) Equivalent
transmission line.

modified Fabry-Perot cavity absorber [3], [4], plasmonic structure [5], and microbolometers with
a metamaterial absorber [6]-[9], have been presented. Particularly, the spectral response of a
metamaterial absorber, which consists of a sub-wavelength-sized patterned metal array on
top of a continuous metal layer separated by a thin dielectric layer (much less than a quarter-
wavelength thick), can achieve excellent wavelength-selective narrowband absorption [10]-[15].
In contrast to the Salisbury screen absorber, the electromagnetic energy loss of a metamaterial
absorber is dissipated in either two-metal layers [14] or a lossy thin dielectric layer between the
metal layers [10], [12], [13] because the near-field coupling of metal-dielectric-metal layers deter-
mines the behavior of the resonant absorption. For a sensitive microbolometer performance, the
absorbing membranes of a microbolometer pixel, which mainly consist of a resistive absorbing
layer, bolometric layer, and a mechanical support layer, should be thermally isolated, i.e., the ab-
sorbing membranes are suspended over the metal mirror layer on the substrate. In such micro-
bolometers with a multilayer metamaterial absorber, the additional layers of the absorbing
membranes can increase the thermal mass of the microbolometer and result in decreased
response speed of the microbolometer.

Recently, metasurfaces, which are a kind of thin metamaterial structure comprising arrays of
sub-wavelength-sized resonators and can produce abrupt alteration of the phase and amplitude
of incident light at a metasurface, provide a novel solution for tailoring spectral response [16]-[{21].
Thin metal or graphene metasurfaces with an appropriate effective surface impedance have been
used as a component of narrowband [22], broadband [23], or a tunable so-called perfect ab-
sorbers [24]-[27].

In this paper, a metasurface absorber designed using transmission line theory and an ef-
fective surface impedance approach is experimentally and theoretically investigated. An ana-
lytical solution to design an optimized surface impedance of the metasurface for achieving
near-perfect absorption by the metasurface absorber is also investigated. The optimized meta-
surface absorbers, which have multispectral thermal detection capability, produce wavelength-
selective narrowband absorption in the LWIR band. The infrared absorption energy absorbed by
the metasurface absorber is mainly dissipated in a single-layer thin (50 nm) metal metasurface,
in contrast to a multilayer metamaterial absorber. Finally, the conceptual structure of a wave-
length-selective microbolometer pixel using the proposed metasurface absorber is investigated.

2. Results and Discussion

The concept of constructing a wavelength-selective narrowband absorber is based on the inte-
gration of the metasurface and the classical Salisbury screen absorber forming an asymmetric
Fabry-Perot cavity. Fig. 1(a) shows a schematic of the wavelength-selective metasurface ab-
sorber, consisting of a thin silver (Ag) layer (t;) perforated with an array of cross patterned holes
as a metasurface, a germanium (Ge) dielectric spacer layer (d), and a bottom Ag mirror layer
(). The metasurface, which has three design parameters, namely, the dimensions of the cross
holes (length / and width w) and the array period (a), has both an electric dipole resonance as
a slot antenna and a bandpass transmittance spectral response. Since the thickness of the
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Fig. 2. Ideal surface impedance of a metasurface for perfect absorption as a function of the effective
thickness of the dielectric layer (n.d/ ).

metasurface is much smaller than the operation wavelength, the metasurface can be considered
as a resistive sheet with an effective surface impedance (Z&). The transmission line model of
the metasurface absorber is shown in Fig. 1(b). The input impedance Z, is defined as

JZ&%Z, tan(Bqd)

Zn = Z8 1 jZytan(B4d) (1)

and the reflection coefficient I" is defined as

:Zin*ZO
Zin“f‘ZO

)

where Zy and Z; = Zy/n. are the characteristic impedances of free space and the dielectric
layer, n, is the refractive index of the dielectric layer, and 4 = (27n.)/)\ is the propagation
constant. The absorption of a metasurface absorber can be determined using

A=1-|T (3)

From (1) and (2), the analytical solution for an ideal surface impedance of a metasurface re-
quired for the perfect absorption condition (I' = 0) can be determined using
¢ jZytan(Byd) - 2y’

(4)

The required ideal surface impedance of a metasurface for the perfect absorption as a func-
tion of the effective thickness of the dielectric layer (n.d/\) is plotted in Fig. 2 using equation
(4). When the dielectric layer is a quarter-wavelength thick (\/4n,), i.e., the effective thickness
of the dielectric layer is 0.25, the effective surface impedance of the metasurface should be
purely resistive (RS =3770/0) to obtain perfect absorption. These required conditions are
equivalent to those of the classical Salisbury screen absorber. Depending on the effective thick-
ness of the dielectric layer, the effective surface impedance of a metasurface can be designed
using this analytical solution.

To calculate the absorption of the metasurface absorber shown in Fig. 1, the effective surface
impedance of metasurface is required. The numerical method and formulas to retrieve the effec-
tive electric surface conductivity (0% =1/Z¢) of thin metal and graphene metasurfaces are
adopted to calculate the effective surface impedance of the metasurface [18], [24], [28]. Normal
incidence of electromagnetic waves on the electric metasurface in the asymmetric dielectric
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Fig. 3. (a) Retrieved effective surface impedance of the metasurface. (b) Simulated magnitude of
electric field and current distribution on top of the metasurface at resonance wavelength.

layers is considered in this situation. The effective surface conductivity of a metasurface can be
expressed as [24]

2
O'gffZO = 8—21\/H1 no — (n1 + f72) (5)

where ny and n, are the refractive indices of the free space and Ge layer, respectively. The
S21-parameter represents the transmission coefficient for a wave coming from free space (ny).
The S21-parameter is simulated using a commercial numerical software HFSS. The normal inci-
dent plane wave with the electric field polarization along the x-direction excites a single unit of
metasurface with a periodic boundary condition in the x-y plane. The dielectric Ge layer is al-
most lossless and non-dispersive in the LWIR band and is assumed to have n, =4 [29]. The
complex dielectric constant of the bulk Ag layer in the LWIR band is described by the Drude
model with the plasma frequency wp, =1.37 x 1016 rad/s and a damping constant y =
2.74 x 1013 rad/s [30]. The damping constant of the thin Ag metal metasurface (#) is higher
than that of bulk Ag metal due to the surface scattering and grain boundary effects in thin metal
layer [11], [31]. Simulated spectral responses with three times the damping constant of bulk Ag
provide the best agreement with the measured spectral responses, and so that value is used for
the simulation. The simulated metasurface has design parameters of a=2.0 um, / = 1.6 um,
w=0.5 um, and t =50 nm. The retrieved effective surface impedance of the metasurface
using (5) is shown in Fig. 3(a), and it clearly shows a resonant response around a wavelength of
10 um. The effective surface impedance is purely resistive (RS = 395 /0) at the resonance
wavelength of 10.03 um. To further clarify the resonant response of the retrieved effective sur-
face impedance, the simulated electric field and current distribution on top of the metasurface at
the resonance wavelength is also shown in Fig. 3(b). For the x-direction polarization, the longitu-
dinal rectangular hole along the polarization direction can be considered as a slot antenna. The
interaction between the slot antenna and the electromagnetic wave results in a concentrated
electric field around the edge of the center cross hole and strong current flow around cross hole,
which demonstrates a strong electric dipole resonance. Therefore, the resonant response of the
retrieved effective surface impedance is due to the electric dipole resonance.

To achieve near-unity absorption for the metasurface with effective surface resistance
Reff = 395 Q /0O, which is similar to Z, at the wavelength of 10 um, the absorption of the meta-
surface absorber with a quarter-wavelength-thick Ge spacer layer (d = 0.625 um) on the per-
fect electric conductor (PEC) mirror layer is calculated using transmission line theory. Fig. 4
shows a comparison between the calculated absorption spectral response (black solid) and the
simulated spectral response (red dashed), obtained using numerical software HFSS, for a
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Fig. 4. (a) Calculated (black solid) and simulated (red dashed) absorption spectral responses of a
wavelength-selective metasurface absorber. (b) Simulated absorption spectral responses depen-
dence on incident polarization and incident angle.

metasurface absorber with a Ag metal mirror layer instead of a PEC. The result of the calculated
spectral response is in excellent agreement with the result of the simulated spectral response
and shows excellent wavelength-selective near-unity absorption (99.9%), whose infrared energy
is dissipated as ohmic loss in the thin metal metasurface. The simulated integrated power ab-
sorption dissipation caused by the thin metal metasurface and the Ag mirror layer are 96.3%
and 3.6%, respectively. Since the effective surface impedance of the metasurface changes rap-
idly, the bandwidth of the metasurface absorber is narrow enough to allow multispectral imaging
in the LWIR band. Additional simulation results shown in Fig. 4(b) show that the spectral re-
sponses of metasurface absorber for both TE and TM modes are identical and the optical prop-
erties of metasurface absorber depend to some extent on the incidence angle. As the incidence
angle increases, the resonance peak shifts to shorter wavelength. However, from the perspec-
tive of IR microbolometers focal plane arrays used in an imaging system, the absorption at nor-
mal incidence is dominant due to the relatively low NA lens (i.e., relatively high f-number)
usually used in microbolometer imaging systems.

Fig. 5(a) shows the calculated multispectral responses for three different wavelength-selective
metasurface absorbers, which have a common Ge spacer layer thickness d of 0.6 um and me-
tasurface thickness # of 50 nm. The analytical solution (4) provides the ideal effective surface
impedances of each metasurface for the perfect absorption depending on the effective thickness
of the dielectric layer (n2d/)). The resonance wavelength of the metasurface absorber can be
selected through tailoring the dimensions of the metasurface. When the effective thickness of
the dielectric layer is 0.242 (A = 9.9 um, d = 0.6 um, and n, = 4), the ideal effective surface im-
pedance for perfect absorption should be 363.62 — 69.28j (2/0. However, the retrieved effective
surface impedance of the metasurface with dimensions of a=2 um, / =1.45 um, and w =
0.35 um is 245.41 — 29.73j /0O at a wavelength of 9.9 um, as shown in Fig. 5(b). The differ-
ence between the ideal and retrieved cases of surface impedance at a wavelength of 9.9 um
implies that the metasurface absorber only exhibits 95.83% absorption (Fig. 5(a), black solid) in-
stead of 100%. For the metasurface with dimensions of a=2 pum, / =1.7 um, and w = 0.4 um,
the retrieved effective surface impedance at a wavelength of 10.83 pm, as shown in Fig. 5(c), is
247.06 — 174.02j (2/O, which is similar to the ideal effective surface impedance (247.87 —
178.78j Q2/O) of the metasurface for perfect absorption when the effective thickness of the di-
electric layer is 0.22 (A =10.83 um, d = 0.6 um, and n, = 4). The retrieved effective surface
impedance of the metasurface with dimensions of a=2.2 ym, / =1.9 yum, and w = 0.4 ym at a
wavelength of 12.05 um, as shown in Fig. 5(d), is 139.12 — 169.61j ©2/0O0, which is also similar to
the ideal effective surface impedance (137.04 — 181.27j Q/0O) of the metasurface for perfect ab-
sorption when the effective thickness of the dielectric layer is 0.199 (A = 12.05 um, d = 0.6 um,
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Fig. 5. (a) Calculated spectral responses of three different wavelength-selective metasurface absorbers
with a common Ge spacer layer thickness (d = 0.6 um) and metasurface thickness (t; =50 nm).
Black solid curve: metasurface with dimensions of a=2 um, / =1.45 um, and w = 0.35 um; red
dashed curve: metasurface with dimensions of a=2 pum, / =1.7 um, and w = 0.4 um; blue dotted
curve: metasurface with dimensions of a=2.2 ym, / = 1.9 ym, and w = 0.4 um. (b) Retrieved effec-
tive surface impedance of metasurface with dimensions of a=2 um, / =1.45 ym, and w = 0.35 um
(245.41 — 29.73j /O at wavelength 9.9 um). (c) Retrieved effective surface impedance of metasur-
face with dimensions of a=2 um, /=17 um, and w = 0.4 um (247.06 — 174.02j /0O at wave-
length 10.83 um). (d) Retrieved effective surface impedance of metasurface with dimensions of
a=22pum,/=19 um,and w = 0.4 um (139.12 — 169.61j /0O at wavelength 12.05 pm).

and n, = 4). Therefore, both metasurface absorbers achieve near-unity absorption, as shown in
Fig. 5(a).

E-beam lithography and e-beam evaporator deposition processes were used to fabricate the
metasurface absorber, starting with the deposition of 10/150 nm of Cr/Ag (mirror layer) on a sili-
con substrate, followed by the deposition of 600 nm of Ge (spacer layer) on the Ag mirror. After
the e-beam lithography process, metal layer sequence of 3 nm Cr and 50 nm Ag was deposited.
Finally, the lift-off process was used to form cross patterned metal. Fig. 6(b)—(d) show SEM im-
ages of the three different fabricated absorbers, whose dimensions are corresponding to those
of the calculated absorbers as shown in Fig. 5. To characterize the spectral responses of the
fabricated absorber, an FTIR microscope (Bruker Hyperion 3000) in reflectance mode at 4 cm™
resolution was used to measure the spectral responses of the fabricated absorber after calibrat-
ing with a Ag mirror. Fig. 6(a) shows the measured spectral responses of the fabricated ab-
sorbers. Each of the wavelength-selective absorbers has an absorption peak at a wavelength of
9.4 um with 89.4% (black solid), wavelength 10.54 um with 97.57% (red dotted), and wave-
length 11.84 um with 93.25% (blue dashed). The small peaks at a wavelength of around 8 yum
might be due to losses in the evaporated Ge layer. The results of the measured spectral re-
sponses are in good agreement with the results of the calculated spectral responses and show
that this concept of the metasurface absorber is applicable to the microbolometer pixel.
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Fig. 6. (a) Measured spectral responses of three different wavelength-selective metasurface absorbers
with a common Ge spacer layer thickness (d = 0.6 um) and metasurface thickness (t; =50 nm).
Black solid curve: metasurface with dimensions of a=2 um, / =1.45 um, and w = 0.35 um; red
dashed curve: metasurface with dimensions of a=2 yum, / =1.7 ym, and w = 0.4 um; blue dotted
curve: metasurface with dimensions of a=2.2 pym, / =1.9 um, and w = 0.4 um. (b) SEM images of
the fabricated metasurface absorbers corresponding to black solid (left), red dashed (middle), and blue
dotted curve (right). Scale baris 1 yum.

As stated previously, thermally isolated absorbing membranes of a conventional microbol-
ometer pixel mainly consist of a resistive absorbing layer, a temperature sensitive bolometric
layer, and a mechanical support layer. Through the idea of our proposed metasurface absorber,
the thin metal metasurface is able to be the resistive absorbing layer in the absorbing mem-
branes of wavelength-selective microbolometer pixel. In a thermally isolated microbolometer
structure the lossless Ge spacer layer would be replaced by the vacuum layer. The conceptual
structure of the wavelength-selective microbolometer pixel, which is similar to that of the tradi-
tional amorphous silicon microbolometer pixel [32] except for the resistive absorbing layer, as
shown in Fig. 7(a), is composed of suspended absorbing membranes consisting of an amor-
phous silicon (a-Si) bolometric and mechanical support layer (%) below the thin metal metasur-
face, air gap distance (d), and metal mirror layer. The dielectric a-Si layer is almost lossless
and non-dispersive in the LWIR band and the refractive index of a-Si is assumed to be 3.42 [29].
To demonstrate the possibility of multispectral microbolometer focal plane arrays, the simulated
spectral responses of three different conceptual structures of a wavelength-selective microbol-
ometer pixel (i.e., structures have different wavelength selectivity), which have a common air
gap distance d of 2 um, a-Si thickness & of 0.1 um, and metasurface thickness # of 50 nm, are
shown in Fig. 7(b). Since the resonance wavelength of the metasurface is strongly influenced
by the dielectric layer below the metasurface, the dimensions of the metasurface on the thin
layer of amorphous silicon and the vacuum layer have to be adjusted. The dimensions of the
metasurface for a peak wavelength around 9.15 um (black solid) are a =4 um, I = 2.4 ym, and
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Fig. 7. (a) Schematic of the conceptual structure of a wavelength-selective microbolometer pixel based
on a metasurface absorber. (b) Simulated spectral responses of three different wavelength-selective
microbolometer pixels with a common air gap distance (d =2 pum), metasurface thickness
(ty =50 nm), and a-Si thickness (& = 0.1 um). Black solid curve: metasurface with dimensions of
a=4 pum,l =24 um,and w = 0.3 um; red dashed curve: metasurface with dimensions of a =4 um,
=27 pum, and w=0.25 um; blue dotted curve: metasurface with dimensions of a=4 um,
/=31 pum,and w = 0.2 um.

w = 0.3 um; the dimensions of the metasurface for a peak wavelength around 10.4 um (red
dotted) are a=4 um, / =2.7 um, and w = 0.25 um; the dimensions of the metasurface for a
peak wavelength around 12.15 ym (blue dashed) are a=4 ym, / = 3.1 um, and w = 0.2 um.
Achievement of near-unity absorption of the three different pixels proves that this conceptual
structure of a wavelength-selective microbolometer pixel can be an excellent candidate for multi-
spectral microbolometer focal plane arrays. In contrast to the assumption of infinite periodicity
used in the simulations, a pixel of a microbolometer would contain a finite array of unit cells. It
has been shown that such array truncation of a metasurface in LWIR band causes the reso-
nance wavelength shifts to the shorter wavelength with decreasing array size [33]. To counter-
act the effect of truncation array, the modified array of metasurface unit cells was applied [34].
When the pixel size of microbolometers with a metamaterial absorber is larger than the device
operating wavelength, the metamaterial absorber produced excellent absorption [9]. Therefore,
the size of pixel containing a finite array of unit cells for our conceptual structure should be
larger than the device operating wavelength (14 pum), which is comparable with current micro-
bolometer pixel size (sub-20 pm).

3. Conclusion

Wavelength-selective metasurface absorbers in the LWIR region are designed to be applicable
to the structure of a multispectral microbolometer pixel. A single layer (50 nm) of a thin metal
metasurface as an absorbing layer, which mainly dissipates the infrared absorption energy, is
characterized through an effective surface impedance. The fabricated metasurface absorbers
experimentally show efficient narrowband wavelength-selective absorption in the LWIR, and
three-color spectral responses using different dimensions of the metasurface have been demon-
strated. Therefore, the conceptual structure of a wavelength-selective microbolometer pixel
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using our proposed metasurface absorber can be an excellent candidate for multispectral micro-
bolometer focal plane arrays.
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