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Abstract: Frequency selective detection of low energy photons is a scientific challenge using
natural materials. A hypothetical surface which functions like a light funnel with very low
thermal mass in order to enhance photon collection and suppress background thermal noise is
the ideal solution to address both low temperature and frequency selective detection
limitations of present detection systems. Here, we present a cavity-coupled quasi-three
dimensional plasmonic crystal which induces impedance matching to the free space giving
rise to extraordinary transmission through the sub-wavelength aperture array like a “light
funnel” in coupling low energy incident photons resulting in frequency selective perfect
(~100%) absorption of the incident radiation and zero back reflection. The peak wavelength
of absorption of the incident light is almost independent of the angle of incidence and remains
within 20% of its maximum (100%) up to 6, <45°. This perfect absorption results from the

incident light-driven localized edge “micro-plasma” currents on the lossy metallic surfaces.
The wide-angle light funneling is validated with experimental measurements. Further, a
super-lattice based electronic biasing circuit converts the absorbed narrow linewidth (
A4/ 2, < 0.075) photon energy inside the sub-wavelength thick film (< A/100) to voltage

output with high signal to noise ratio close to the theoretical limit. Such artificial plasmonic
surfaces enable flexible scaling of light funneling response to any wavelength range by
simple dimensional changes paving the path towards room temperature frequency selective
low energy photon detection.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Surface plasmon is collective oscillation of electrons on metal-insulator interface excited by
an electromagnetic wave; the surface plasmons can be either in the propagating (surface
plasmon polariton SPP) or localized surface plasmon (LSP) mode [1,2]. The fundamental
order of LSP, the dipolar excitation, has the highest strength and its properties, i.e. resonance
frequency and lifetime, are determined by the particle polarizability and lattice sum which
depend on the metal/insulator dielectric functions and the geometrical parameters [3—6]. This
dependence gives a way to control and tailor the surface plasmon resonances to desired
frequencies. Surface plasmons have the potential to be used in integrated photonic circuits
[1,7], SERS measurements [4], flat optics [8], hot-electron injected sensors [1,7] and
metamaterials with properties such as near-zero [9], negative [10] and hyperbolic [11] index
of refraction. The prime difficulty in bringing these concepts to full-fledged applications is
the large plasmon decay rate mainly due to the finite metal conductivity that decreases the
lifetime of the excited surface plasmon and induce losses in the form of heat dissipation
[12,13]. For a long time, this loss was considered to be a major limiting factor in realization

#344263 https://doi.org/10.1364/OE.26.032931
Journal © 2018 Received 31 Aug 2018; revised 17 Oct 2018; accepted 7 Nov 2018; published 3 Dec 2018


https://doi.org/10.1364/OA_License_v1

Research Article Vol. 26, No. 25 | 10 Dec 2018 | OPTICS EXPRESS 32932 I

Optics EXPRESS

of plasmonic devices but later this very loss is used as a benefit. The narrowband perfect light
absorption has been shown theoretically and experimentally through critical coupling by
resonant plasmonic systems [14—24]. Devices, which use narrowband plasmonic absorbers,
were demonstrated for perfect metamaterial absorbers [25], spatial modulators [3,26] and
narrowband infrared detection [27-39].

Here, we extend further on to the use of lossy plasmons as a mechanism of “color”
sensing in infrared frequency domain by virtue of bolometric principle [33,34]. We propose
quasi 3D plasmonic crystal consisting of vertically-separated complementary nanohole and
nanodisk arrays coupled to an optical cavity. The general behavior of this complex system is
determined by the interaction of optical cavity modes, spoof plasmonic excitation on the
perforated film [40,41], hybrid plasmonic excitation on the disk array and vertical/horizontal
coupling of the metallic dipolar elements, as explained by details in our previous work [3].
The purpose of exploiting mid-IR plasmon is increasing the absorption in a very small
volume (low thermal mass) of the device, resulted in lower noise and higher output signal
[41,42]. The geometric nature of this plasmonic crystal “funnels” the light through the
subwavelength holes coupled to the disk array by exciting hybrid plasmon, which is
dissipated in the form of resistive loss resulting from induced micro-currents on the edge of
dipole elements (holes and disks). Surface patterning with a superlattice to sense the power
dissipation with external biasing circuitry show promising results with very high spectral
selectivity and response time. A 3 dB response time of 100 ps is measured, which
outperforms present microbolometer’s typical response time of 10-15 ms [36,37,43]. The
frequency selective infrared absorption spectroscopy has proven to be a very important tool in
the detection and identification of airborne chemicals by comparing infrared light absorption
in presence and absence of airborne contaminants. The geometrical tunability and narrow
bandwidth of the light absorption not only determines the contaminants, but also their
concentration. At present both cooled and uncooled mid-infrared (mid-IR) detectors are being
broadband “bucket” detectors generate integrated spectral response. Such broadband detectors
are not accurate enough to perform narrow-band low concentration chemical detection from
IR radiation [36,44—47]. There are quite a few IR detector concepts at the research level
which are potential candidates for frequency selective detectors [18,48,49]. The proposed
quasi-3D plasmonic absorber possesses inherent frequency selective detection capability
paving the path towards low cost room temperature infrared “color” photon detection with
high signal to noise ratio when packaged into a commercial detector architecture. The optical
response of the proposed nanodevice is independent of the light polarization and angle of
incidence; moreover, nanoimprinting based simple, large area and low-cost fabrication
technique makes this detector realizable for the practical applications.

2. Quasi-3D plasmonic crystal “light funnel”

Figure. 1(a-top) schematically illustrates the proposed plasmonic crystal and the
corresponding light funneling phenomenon. The quasi-3D imprinted surface is composed of a
sub-wavelength perforated film and its complementary disk array with period P and diameter
D, separated from the film by relief depth (RD) coupled to an optical cavity with thickness L.
The composite system functions like a “light funnel” as can be observed from the 3D finite-
difference time-domain (FDTD) simulation of energy flow, represented by the Poynting
vector in Fig. 1(a-bottom). The simulation results show that the plane-wave incident on the
top surface collapses into the subwavelength aperture like a liquid flow through a mechanical
funnel, resulting in perfect capture of the incident photons at the resonance wavelength A =
4.4 um for P =1.14 um, D = 0.760 um, RD = 0.28 um and L = 0.87 um. A close correlation
is observed between the simulated (solid black) and measured (solid purple) absorption
spectra shown in Fig. 1(b). In order to understand the origin of the light funneling,
transmission spectra of the constituent perforated film (dashed blue) and the coupled hole-
disk arrays (solid blue) are overlaid in Fig. 1(b). Further, analytical coupled-dipole
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approximation (CDA) (black dashed line) is plotted in Fig. 1(b). The good agreement of the
experiment, FDTD simulation and CDA approach validates the underlying physics of the
light absorption spectrum which is the temporal and spatial interaction of the coupled electric
dipole arrays and the Fabry-Perot modes of the cavity as described in detailed in our separate
publication [3,50].
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Fig. 1. Cavity-coupled quasi-3D plasmonic crystal “Light Funnel” (a) schematic illustration
(top) and computed (bottom) 3D pointing vector of the incident radiation (Ares = 4.4 um). (b)
Predicted transmission of the hole array (dashed-blue) and hole-disk array (blue) through the
subwavelength hole and hole-disk array of period P = 1.14 um, diameter D = 0.76 um and
relief depth RD = 280 nm. The absorption with full-wave electromagnetic simulation (black)
of the cavity-coupled system along with the analytical coupled dipole approximation (CDA)
prediction (black-dotted) have been overlaid for comparison for cavity thickness L = 0.87 um
(Ares = 4.4 pm). The corresponding experimental verification of absorption is plotted in
(purple).

The light funneling effect is almost angle independent over a wide angle of incident which
can be seen from the rigorous coupled wave analysis (RCWA) simulation as well as
experimental measurement in Fig. 2(a) (top and bottom respectively). The angle dependent
absorption measurement is carried out in an IR integrating sphere setup which is susceptible
to noise and requires long integration times for reliable data collection. Hence, a sample with
larger cavity thickness (L = 1.040 um, A, = 4.8 pm) is chosen so the resonance is away from
the carbon dioxide absorption line (Aco, ~4.4 um) to remove a major noise source by design.
The plasmonic crystal captures energy with close to 100% efficiency across a wide angular
span like a “light funnel”. Beyond a steep angular range (> 60°), due to the change of dipole
polarizability and the coupling between elements, a shift in the plasmon excitation
wavelength of the two complementary arrays is observed. Moreover, the change in the
effective cavity length detunes the combined resonance and diminishes absorption as
analytically and numerically demonstrated in our earlier findings [3]. The good agreement
between RCWA prediction and experimental measurement in Fig. 2(a) strongly supports the
effectiveness of light funneling over wide angles of incidence.
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Fig. 2. Structural parameters for study of angle dependence of resonance wavelength: P =
1140nm, D = 760nm, RD = 280nm and L = 1040nm with resonance wavelength = 4.8um. (a)
(top) Rigorous coupled wave analysis (RCWA) prediction and (bottorn) experimentally
measured angular absorption of the plasmonic crystal (b) Current density (J) (left) and loss
profile of the metal (right) at resonance wavelength.

CST Microwave Studio and FDTD, Lumerical inc. were used for electromagnetic
simulations. Dispersion for gold is obtained by fitting Palik’s experimental data [51] with
Drude model, and refractive index of SU-8 is considered as 1.56. To accurately perform
simulations for the samples, which were fabricated, exact values of diameter and the rounding
radius of hole is obtained from SEM images. Angle dependent rigorous coupled-wave
analysis (RCWA, GD Cal) simulations were conducted with a custom-built MATLAB script
to understand the angle dependent behavior of the structure due to the limitations of FDTD
method for oblique angles of incidence. To measure the absorption spectra of the sample for
the normal incident light, a 2.5x, 0.07 numerical aperture IR transparent ZnSe objective lens
on an optical microscope (Hyperion 1000) coupled to a Fourier transform infrared (FTIR)
spectrometer (Vertex 80, Bruker Corp.) and a mercury cadmium telluride (MCT)
photodetector was used. Since the MCT photodetector is cryogenically cooled, it offers much
higher signal to noise ratio and hence needs lower integration time. This setup is designed just
for characterization of normal angle of incidence. In order to quantify the wavelength
dependent absorption for non-normal angle of incidence a special gold coated integrating
sphere (Bruker Inc.) coupled to a FTIR spectrometer is used. The integrating sphere has its
own room temperature bolometer to detect the scattered photons. Since bolometer has higher
noise compared to the cryogenic detector, we increased the integration time (10 min) to
obtain reflection spectrum with lower noise. Reflection spectra were normalized to a gold
mirror with 96% reflectivity over the wavelengths examined.

3. Plasmon loss mechanism

An analysis of the fields inside the composite structure reveals the absorption and subsequent
dissipation mechanisms [Fig. 2(b)]. The incident plane-wave induces in-phase charge
oscillations, localized surface plasmon (LSP), in the direction of the electric field around the
edges of the holes on the top surface [Fig. 2(b-left)]. The near-field coupling induces
complementary charge oscillations (coupled LSP) in the disc concentrated around the edges.
In the presence of a mirror at a distance L the charge oscillations and the electric dipole
magnitude on the disk array are reinforced due to the electric field antinode in the center of

the cavity (Leg = (2m+1)A4/ 2n,; ). The reinforced charge oscillations on the disc-array in

turn increase the near field coupling with the hole-array (positive feedback) leading to the
transmission enhancement with 100% coupling efficiency and the funneling behavior of the
structure. The strength of the positive feedback depends on two factors- the strength of near
field coupling between holes and disk (hence the distance between them) and the position of
the disk array in the cavity, i.e., the intensity of electric field ‘seen’ by the disc array.
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Moreover, the lateral coupling between the disk and hole-array is also important for the high
amplitude of absorption. Increase in the distance between elements decreases the coupling
between them, which in turn reduces the total absorption in the structure. Increasing the angle
effectively reduces the effective pattern period and red shifts the resonance. At the same time,
the effective distance between the hole and disk is increased compared to the period, which in
turn blue shifts the resonance (dominant effect) and the overall coupling strength diminishes
as well. This is verified in Fig. 2(a-top) (angle dependent RCWA simulation) and Fig. 2(a-
bottom) (angular measurements).

The bulk of the light is absorbed along the edges of hole and disc array as seen from Fig.
2(b-right) and it is important to understand the reason behind this phenomenon. The discs are
part of a lattice composed of discrete elements and the Coulomb interaction with the
neighboring discs force the induced charges on the discs to move to the edges but more
predominantly to the corners. Counter-propagating LSP on the edges of hole and disk form a
magnetic dipole and one pair of hole-disk supports two such magnetic dipoles on opposite
edges [Fig. 2(b-left)]. The localized nature of the current density on hole-disc is responsible
for the paired magnetic dipoles to incur high Ohmic losses P = J.E, where J is the current
density; E is the electric field and P is the loss power density). The simulated 3D current
distribution is shown in Fig. 2(b-left) which clearly verifies the origin of the photon capture
and dissipation on the edges of the hole-disk as observed in Fig. 2(b-right).

4. Light detection

Ideal surface plasmons with zero damping have many interesting properties like near-zero
index and infinite phase velocity which are theoretically predicted [52—54] but the translation
of these ideas into practical realm is limited due to the inherent losses in metals that are used
to fabricate such structures. In most applications, the presence of metal is not desirable due to
the loss; however, sensing applications can take advantage of the plasmon damping and
plasmon-phonon coupling to sense change in the electrical conductivity. In this proposed
system, the change in resistance of the plasmonic crystal due to the absorbed electromagnetic
radiation is measured with the help of a DC biasing circuit. Schematic illustration of the
circuit is shown in Figs. 3(a) and 3(b). The scanning electron microscopy image of the
fabricated super-lattice is shown in Fig. 3(c). The circuit uses a simple voltage divider scheme
to bias the detector [Fig. 3(d)]. The plasmonic film absorbs the incident radiation and
produces thermal energy which in turn manifests in the form of resistance change. The
continuous perforated film enables electronic probing of the induced “micro-current” plasmon
loss on each nanohole via the weak bias current (Ig). The input impedance is increased from a
few ohms to kilo-ohm range with the superposition of a serpentine super-lattice pattern to
amplify the resistive change (AR=RpaAT, where Rp is the detector resistance at room
temperature, o is the thermal coefficient of resistance and AT is the induced temperature
change due to absorbed radiation) and reduce the background heating (Joule heating
[28,33,36,37]) due to the bias current.

As seen from the SEM images in Fig. 3(c), the device consists of the gold serpentine
absorber with hole-disk nanopattern supported by a polymer base (SU-8 2000.5). A gold
mirror on glass substrate supports the polymer. In this manner, the polymer acts as the cavity
dielectric, moreover, the polymer curing process minimizes and makes the absorption in the
polymer negligible. Large area (4 mm x 4 mm) square arrays of subwavelength cylindrical
depressions were molded onto the surface of a thin layer of a photo curable epoxy (SU-8
2000.5, MicroChem), by pressing the substrate against a polydimethylsiloxane (PDMS, 10:1
Sylgard 184) mold containing the inverse pattern. The thickness of the epoxy was controlled
through the spin-coating process. A gold-coated microscope glass slide served as the
substrate. To form the detector super-lattice serpentine pattern, after imprinting, a prolonged
UV exposure (30 min) and post exposure bake (95 deg for 60 min) was conducted to make
SU-8 fully cross-linked to make it resistant to acetone during subsequent liftoff process. A
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UV lithography step was performed on top of this imprinted array of holes followed by
blanket deposition of gold (~30 nm) and lift-off process to form serpentine layout with
contact pads to facilitate electrical measurements. The size of serpentine pattern is 1 mm x 1
mm and width of each line in the serpentine pattern is 25 um for the present design. A
conductive silver epoxy is used to attach wires to the contact pads for electrical interfacing

with measurement setup.
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Fig. 3. (a) 3D cartoon depicting the structure of the detector, (b) upper gold film formatted in
the form of a serpentine pattern (superlattice) to form a path with significant resistance and
contact pads for interfacing with external biasing circuit (c) SEM image of the fabricated
detector with hole-disk nano-pattern and gold film in the form of serpentine pattern and (d)
interfacing circuit in voltage divider bias mode, as used in the experiments.

The super-lattice pattern plays the important role of enhancing the signal to noise ratio
albeit bit reduction (~5%) in overall photon capture efficiency due to the reduction in active
area. The plasmonic surface with D = 0.760 um, P = 1.14 um and the gold thickness of 30 nm
results in ~4 ohm/mm? resistance which is increased to ~7k ohm/ mm” with the serpentine
pattern with 25 pm width and 85% duty cycle. The schematic of the measurement circuit is
shown in Fig. 3(d).

The measured photon capture/absorption spectra of three fabricated spectrally selective
plasmonic infrared detectors are plotted along with the normalized black body radiation at T =
1200° C in Fig. 4(a). The spectral detuning of detectors (A; = 4.2 pm, A, = 4.5 um and A; =
4.8 um) is achieved through cavity thickness variation (L; = 0.760 pm, L, = 0.920 um and L;
= 1.040 pm) for constant diameter, D = 0.760 um and period, P = 1.14 um. The
corresponding measured voltage change (AV,) divided by the respective detector electrical
resistance AV/R,, as a function of bias current for the three narrowband (FWHM ~300 nm)
frequency selective plasmonic detectors at ambient temperature and pressure are shown in
Fig. 4(b). The signal voltage is normalized with respect to the detector resistance to remove
the effect of detector-to-detector resistance variation from the results. The normalized voltage
scales according to the absorbed incident power at the absorption wavelength for a given
source temperature. Such spectrally resolved detection is not possible with the conventional
broadband bucket detectors. A measure of the sensitivity of a radiation sensor is calculated
from its noise equivalent power (NEP). Out of the various noise sources such as photon noise,
thermal fluctuation noise, 1/f noise and thermal noise; resistive detector like this one have
thermal noise (Johnson noise) as the dominant source of noise which is directly proportional
to the square root of the resistance of the sensor [44,47].

The figure of merit of a detector that considers NEP, detector area ( 4 ) and bandwidth (

Af) of operation is specific detectivity D, (D" =.JAAf | NEP e Hz/W), the suffix ‘FiS”

stands for frequency selective in order to distinguish it from the traditional D* of broadband
detectors). A Simulink model is developed to solve the heat equations for the current device
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architecture to understand its theoretical performance limits and emulate the thermal
equations for a given device geometry. It takes geometric parameters of the device, thermal
and electrical constants of the constituent materials, incident radiation power and the
chopping frequency as the input parameters to generate the time dependent voltage response

and time constant.
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Fig. 4. (a) Normalized black-body spectrum along with frequency selective absorption spectra
of three detectors at 4.2 pm (m = 1), 4.5 pm (m = 2) and 4.8 pm (m = 3). (b) Normalized
detector output AV,/R,, for m = 1 to 3. Inset shows the absorbed incident power of the
detectors at a constant source temperature of 1200°C. The individual detector response follows
the absorbed incident power. (c¢) Predicted (with Simulink model) and measured specific
detectivity of the frequency selective detectors. (d) Simulated (dotted blue) and measured (with

3@ method) detector frequency response. The measured 3 dB roll-off indicates a response
time of 100 ps.

The simulated detectivity and time response are plotted in Figs. 4(c) and 4(d),
respectively. Thermal noise limited measured detectivity of three detectors as a function of
bias current is plotted in Fig. 4(c). The measured Dgs* of the three frequency-selective
plasmonic detectors closely follow the theoretical limit. The measured frequency selective D*
for the present case is not directly comparable to cooled or uncooled broadband IR detectors
due to their broadband energy absorption, as the signal and the noise generation processes
both depend on the bandwidth [35]. Further, the frequency response of the detector is
measured with AC electrical 3w method [28,55-57] and is plotted in Fig. 4(d). A 3 dB
response time of 100 ps is measured which outperforms present microbolometers response
time of 10-15 ms [36,37,43]. Present commercially available suspended Vanadium Oxide
(VOy) based microbolometers response time ranges between 6 and 20 ms (European space
agency; FLIR) with the responsivity of 600 kV/W. In addition, ULIS Inc. reported a time
response of 2.5 ms which is the record for the commercial high-sensitive room temperature
microbolometers. The short surface plasmon life time (~107"%s) [1] and extremely fast thermal
dissipation (~107s) [13] due to the ultra-low thermal mass makes plasmonic detectors on the
faster side compared to bulk absorption based thermal detectors. Further design optimization
with reduction in thermal conductivity based on a suspended detector architecture, partial
vacuum seal and electrical noise reduction following well-known commercial IR detector
fabrication procedures will drastically improve the present frequency selective plasmonic
detector signal to noise ratio (D* ~10% - 10° cm.VHz /W) [44,45,47]. The bolometers made
from perforated gold on ZnO can reach to the maximum responsivity of Ry, = 10 mV/W
which is smaller than our value (Rp.=15 mV/W) [15]. Single nanowire-based infrared
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bolometer is reported to possess the responsivity of Ry, = 70 mV/W, but it lacked the
spectral tunability. Excitation of plasmon on gold nanowire sitting on SiO, can increase the
Rinax to 400 mV/W, at the cost of polarization dependency and complex fabrication steps [58].
The proposed detector when fabricated in a suspended architecture can reach to higher
responsivity and D*. The predicted responsivity of the suspended proposed microbolometer
working at room temperature is Ry =1 KV/W - 10 kV/W, D*=5 x 10’ cmHz"*W™" - 2 x 10’
cmHz"*W™', while the time constant is T = 0.5 ms - 1s for a similar pixel dimension [59-61].

5. Conclusion

In conclusion, the proposed plasmonic nanostructure demonstrates a new mechanism to
enhance and engineer light-matter interactions. The excitation of surface plasmon on the
hole/disk array due to the presence of the optical cavity enhances the photon capture to
~100%. The coupling between two complementary metallic elements can be varied flexibly to
shift the resonance location and strength. Tunability can also be exploited from the cavity
phase relation, which can be simply tuned with cavity thickness. Metal based plasmonic
nanostructures suffer from metallic loss, but here we take advantage of such a high resistive
loss for the detection of photons. Such controlled infrared absorption when implemented in
conjunction with simple large area imprinting techniques leads to development of a new class
of frequency selective, low cost, uncooled infrared detectors. Our initial studies presented
above have shown that a frequency selective plasmonic surface can alleviate some of the
limitations of present IR detectors and offer significant improvements in frequency selective
detection paving the path towards IR “color” imaging by pixel/sub-pixel formation with
plasmonic surfaces tuned to various IR bands.
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