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Abstract: A localized nanoplasmonic induced absorption enhancement in silicon nitride
ðSi3N4Þ dielectric material using a nanoscale novel checkerboard gold (Au) structure is
demonstrated. The checkerboard structure is fabricated on a Si3N4 layer using electron-
beam lithography and sputter deposition techniques. The plasmonic electric field and opti-
cal absorption enhancement are measured using scanning near-field optical microscopy.
Finite-difference time-domain simulations are utilized to characterize the absorption spec-
tral response enhancement together with its dependence on incidence angle and polariza-
tion. The checkerboard shows a broadband average spectral absorption enhancement of
63.2% over the wavelength range 8–12 �m with a maximum enhancement of 107%
at 8 �m and a minimum enhancement of 24.8% at 12 �m. The degradation of enhanced
absorption with incidence angle variation (0�–60�) is less than 1.6% at 10.6-�m wave-
length. The checkerboard device shows polarization-independent absorption enhance-
ment with incidence angles.

Index Terms: Nanophotonics, plasmonics, long-wave infrared absorption.

1. Introduction
Surface plasmons take place when light electromagnetic waves interact with a sub-wavelength
metal object resulting in conduction electrons oscillations. The oscillating electrons give rise to
nano-plasmonic electric field that becomes confined within sub-wavelength resolution areas
near the metal with very high magnitude. This phenomenon has recently found many applica-
tions in plasmonic waveguides, enhanced transmission through apertures, enhanced photo-
luminescence and Raman scattering for spectroscopy [1], [2].

Recently, some groups have reported on surface plasmon enhanced absorption in the long-
wave infrared (LWIR) range with potential applications in photodetectors and microbolometers.
For example, surface plasmon waves were used to enhance detectivity of quantum-well infrared
detectors by using periodic array of holes in an Au thin film [3]. Also, surface plasmon waves
were used to enhance detectivity of quantum-dot infrared detectors for focal plane arrays using
corrugated Au metal and metal photonic crystal [4]. Long wave infrared focal plane array with
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enhanced noise-equivalent temperature difference was demonstrated by using backside config-
ured sub-wavelength hole-array plasmonic structure [5]. Moreover, concentric double C-shaped
plasmonic structure was used to enhance the optical absorption in uncooled microbolometer
pixels [6], [7].

In this work, we demonstrate a novel nanoscale checkerboard Au structure that can enhance
optical absorption of LWIR radiation in underneath dielectric material by induced localized sur-
face plasmons. The checkerboard structure consists of Au stripes that act as sub-wavelength
optical antennas where oscillating electrons accumulate at the stripe edges resulting in a spatial
nano resolution enhanced electric field [8]. The localized surface plasmons accumulate optical
energy and enhance quality-factor in the vicinity of metal resulting in concentrated high optical in-
tensities [2]. The potential applications of checkerboard structure are LWIR photodetectors and
microbolometers, where absorption enhancement is mandatory to increase device responsivity.

2. The Checkerboard Structure
The checkerboard structure is a 2D array of cells with Au nanoscale stripes (1000�500�50 nm),
as shown in Fig. 1. Each cell consists of parallel pairs of collinear-stripes that are separated by
sub-wavelength gaps. The parallel stripe-pairs are also separated by sub-wavelength gaps. The
cells are arranged within the array in periodically alternating orthogonal-orientations (i.e., cross-
oriented cells) to ensure polarization-independent spectral-response of the structure.

The checkerboard plasmonic structure was fabricated on silicon (Si) substrate having a 400 nm
thick layer of silicon-nitride ðSi3N4Þ deposited by plasma enhanced chemical vapor deposition
(PECVD) technique. The Si3N4 layer acts as an absorbing dielectric layer underneath the checker-
board structure. It has a refractive index of “1.97 þ 1.37i” at 10.6 �m wavelength. Patterning of the
checkerboard structure was done by electron-beam lithography using a modified ZEISS MA10
scanning electron microscope (SEM) with Raith Elphy Quantum nanolithography module. The
SEM's LaB6 cathode was operated at an accelerating voltage of 30 kV. The exposure current

Fig. 1. (a) The SEM image (Top-view) of the fabricated checkerboard device sample ð30� 30 �m2Þ.
(b) Magnified SEM image of fabricated four cross-oriented cells, L ¼ 1049 nm, D ¼ 530 nm, W ¼
510 nm. (c) A schematic cross-section in the device layer structure with two cross-oriented cells,
L ¼ 1000 nm, W ¼ 500 nm, D ¼ 500 nm, T1 ðAuÞ ¼ 50 nm, T2 ðTiÞ ¼ 10 nm, T3 ðSi3N4Þ ¼ 400 nm.
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was 11.5 pA. A bilayer resist process was used. The bottom layer is a 350 nm of copolymer
methyl methacrylate–methacrylic acid (MMA–MAA) baked for 10 min on a hotplate at 180 �C.
The top layer is 150 nm of 495-K polymethyl methacrylate (PMMA) baked for 10 min on a hotplate
at 180 �C. The checkerboard structures were exposed in a 100� 100 �m2 write field at an area
dose of 315 �C/cm2 and 1 �s of dwell time. The resist was then developed for 30 s in a 1 : 3 mixture
of methylisobutylketone:isopropanol (MIBK:IPA). After patterning the checkerboard, a 10 nm thick
film of Titanium (Ti) was deposited using DC sputtering at 150 W of power at a chamber base
pressure of 2� 10�6 Torr and Argon pressure of 3 mTorr. Immediately afterwards, 50 nm of Au
were deposited using DC sputtering at the same sputtering conditions that were used for deposit-
ing Ti. Liftoff was then performed to remove all the excess metal and ending with the plasmonic
checkerboard structures.

Fig. 1(a) shows a scanning electron microscope (SEM) image of checkerboard device sample
with a total area 30� 30 �m2. Fig. 1(b) shows a magnified SEM image of four cross-oriented cells
on the sample along with dimensions and marked pair of collinear-stripes. Fig. 1(c) shows a sche-
matic cross-section of the designed device with two cross-oriented cells along with thin-film layers
materials and their thickness. It worth mentioning that the designed sub-wavelength stripes dimen-
sions are equivalent to L ¼ �=10, W ¼ D ¼ �=20, T1 ¼ �=200 at the wavelength of � ¼ 10 �m.

3. FDTD Simulations
In order to theoretically analyze and characterize the checkerboard structure, a three dimen-
sional finite-difference time domain (FDTD) simulations are performed using Lumerical software
[9]. The optical parameters of the device materials are obtained from the software library, while
the ðSi3N4Þ refractive-index together with its dependence on wavelength are obtained from [10].
Fig. 2 shows the plasmonic intensity distribution on ðSi3N4Þ layer surface due to four cross-
oriented cells of checkerboard structure in the case of TM (Fig. 2(a)) and TE (Fig. 2(b)) polarized
normal-incident plane-waves at wavelength of 10.6 �m. The incident electric field on the sub-
wavelength Au stripes induces collective conduction electron oscillations (dipoles) in the direc-
tion of polarized incident electric-field [1], [2]. The oscillating charges accumulate at stripes
edges and corners creating a localized surface plasmon high field and intensity in the vicinity of
metal. The confined electric field has the highest intensity at stripe corners, followed by less in-
tensity at stripe edges that are perpendicular to incident electric field polarization. In addition, the
stripe aspect-ratio (2 : 1) allows the narrow-edges to develop much higher intensities than stripe
wide-edges. The sub-wavelength gaps between Au stripes result in coupled plasmonic fields
(in-phase oscillating dipoles), and thus more enhanced optical intensities within the gaps

Fig. 2. The FDTD simulations of field intensities ðW/m2Þ of four cross-oriented cells at 10.6 �m
wavelength with normal incident plane-wave for (a) TM and (b) TE polarization. The arrows indicate
the electric field polarization.
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(hot-spots). The maximum intensity shown in Fig. 2(a), is almost 12-times more than that of
same device without checkerboard. It is worth mentioning that the intensity distribution in Fig. 2
(b) for TE case looks similar to that in Fig. 2(a) for TM case with 90� rotation, because of the
cross-oriented cells configuration. This indicates that the same amount of optical power is col-
lected by the total device area for each polarization, and thus the device is polarization-indepen-
dent. It is worth mentioning that the field intensity is directly related to the optical power
absorption, besides it has the same distribution as the electric field magnitude which is simply
proportional to the square root of intensity.

Fig. 3 shows vertical cross-section in plasmonic intensity distribution of two cross-oriented
cells for the case of TM normal-incident plane-wave at 10.6 �m wavelength. The two cross-
section planes are chosen at the positions Y ¼ �250 nm and X ¼ �250 nm in Fig. 2(a), to include
the stripes edges. Whereas the TM is chosen as a polarization example for a polarization-indepen-
dent device. The two selected cross-sections cover the entire ðSi3N4Þ layer as well as part of the air
above the device. The horizontal dotted white lines in Fig. 3 indicate the upper surface of the
ðSi3N4Þ layer. As seen, the intensity spreads inside the ðSi3N4Þ and almost vanishes at the layer
bottom-surface, indicating absorption of most transmitted optical power inside this layer. The hot-
spots are clear in Fig. 3(a), with highest intensities in the gaps between coupled collinear-stripes
(on left-hand side). Fig. 3(c) shows one example of vertical field intensity distribution at incidence
angle of 60� at the cross-section plane Y ¼ �250 nm when the sample is illuminated by a far
plane-wave source with TM polarization and 10.6 �m wavelength. It indicates reduction of intensity
distribution ðW/m2Þ by approximately 0.2 factor when compared to the normal incidence case in
Fig. 3(a).

Fig. 4(a) shows the absorption spectral-response of the device within the 8–12 �m wave-
length range for both cases of TE and TM polarizations at normal incidence with/without check-
erboard. The absorption here is defined as the ratio of total absorbed power to total incident
power. It is obvious that the spectral response has increased over the entire wavelength range
while maintaining the response shape, indicating a broadband enhancement. Although the plas-
monic filed distribution should be dependent on TM and TE polarizations as already shown in
Fig. 2, the absorption improvement is polarization-independent because of the cross-oriented
checkerboard cells. The calculated average absorption over this wavelength range in the case
of checkerboard is 18%, and in the case without checkerboard is 12.25%, corresponding to
5.75% improvement in average absorption. Fig. 4(b) shows the amount of absorption im-
provement (difference) for different wavelengths inside this range. The maximum absorption-
difference is 7.5% at 10.2 �m wavelength. The absorption enhancement is defined here as
the ratio between absorption-difference to absorption without checkerboard. The checkerboard
shows an average spectral absorption enhancement of 63.2% over the entire wavelength
range with a maximum of 107% at 8 �m and a minimum of 24.8% at 12 �m.

Fig. 3. Vertical distributions of field intensities ðW/m2Þ of two cross-oriented cells at 10.6 �m wave-
length with normal incidence and TM polarization at cross-section planes: (a) Y ¼ �250 nm, and
(b) X ¼ �250 nm of Fig. 2. (c) 60� incidence angle, Y ¼ �250 nm. The dotted white lines indicate
the upper-surface of silicon-nitride layer. The arrows indicate electric field polarization.
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Fig. 4(c) shows the change in absorption with incidence angle (0� to 60�) at 10.6 �m wave-
length for both cases of TE and TM polarizations with/ without checkerboard. The change in en-
hanced absorption with incident angle is polarization-independent. Fig. 4(d), shows both the
difference and enhancement in absorbed power as a function of incidence-angle. When the inci-
dence-angle changes from 0� to 60�, the enhanced total absorption degrades by only 1.56%, on
the other hand, the total absorption without checkerboard degrades by as much as 3.6%. It is
worth mentioning that the calculated absorption in the Au checkerboard layer alone is less than
1.5% for all LWIR range and incidence angles. Which can be considered negligible when com-
pared to the calculated total absorption in Fig. 4(a) and (c). That indicates most of incident
power absorption occurs in the Si3N4 layer.

4. Testing and Measurements
Testing and measurements of induced plasmonic electric field for checkerboard device sample
is performed using commercial scattering-type scanning near-field optical microscope (SNOM)
[11]. The microscope operates in the reflection mode. For sample excitation, a LWIR illumination
unit (CO2 laser) was used to irradiate the sample at 60� incidence-angle. To collect the scat-
tered near-field, a pseudo-heterodyne detection module was used [12]. A conventional silicon
cantilever tip coated with platinum-iridium (Pt-Ir) acted as scattering near-field probe with a lat-
eral resolution of 10 nm. To suppress any background contributions, the detected optical signal
was demodulated at higher harmonics of the cantilever oscillation frequency [12].

Fig. 5(a) shows the electric field magnitude in arbitrary units (a.u.), which is scattered off the
checkerboard sample. The incident field is TM polarized as indicated on the figure with 10.19 �m

Fig. 4. (a) The absorption spectral-response of the device at normal incidence. (b) The difference
and enhancement in absorption spectral-response. (c) The change in absorption with incidence an-
gle at 10.6 �m wavelength, (d) The difference and enhancement in absorption with incidence angle
at 10.6 �m wavelength.
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wavelength and 60� incidence-angle. On average, the highest field magnitude at the Au stripes
(3.3 a.u.) is almost 2.54-times that at silicon-nitride surface (1.3 a.u.). Fig. 5(b) shows the simu-
lated checkerboard device under the same measurements conditions. On average, the highest
field magnitude at Au stripes (1.2 V/m) is almost 2.4-times that at the ðSi3N4Þ surface (0.5 V/m),
which is in a good agreement with SNOM measurement. It is worth mentioning that the irregular
field-magnitude distribution over Au stripes in SNOM measurement (Fig. 5(a)) is due to fabrica-
tion imperfections such as stripes round-corners, un-sharp edges, and residual e-beam resist,
caused by limitations of available equipment and materials in our lab. Fig. 5(c) shows a mea-
surement comparison between SNOM scattered field, at 10.6 �m wavelength, from the checker-
board area and that from a neighbor area on the same sample without checkerboard. On
average, the scattered field magnitude at the golden-colored area without checkerboard
(0.8 a.u.) is almost 1.6-times that at the dark area underneath the checkerboard (0.5 a.u.). This
difference is due to enhanced power absorption in the checkerboard area (i.e., less scattered
electric field). The variation in field magnitudes corresponds to a change in absorbed optical power
equals ð1:6Þ2 ¼ 2:56, which agrees very well with the simulation results in Fig. 4(d) (lower-curve) at
60� incidence-angle.

5. Conclusion
A novel gold checkerboard plasmonic structure for optical absorption enhancement in the LWIR
is tested and characterized both numerically and experimentally. It shows an average spectral

Fig. 5. (a) The SNOM image of the electric field magnitude scattered off the checkerboard sample
(rotated) at 10.19 �m wavelength with TM polarization. (b) The FDTD simulation of scattered elec-
tric field magnitude under same SNOM measurement conditions in part ‘a’. (c) A comparison of the
SNOM scattered electric field magnitudes with/without checkerboard on the same sample at
10.6 �m wavelength.
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enhancement of 63.2% with polarization-independent operation and very small degradation with
incidence-angle variations. Silicon-nitride has been chosen here as an example of an absorbing
dielectric layer underneath checkerboard structure. However with other dielectric materials that
have comparable refractive-indices, it is expected to have a similar enhanced absorption.
Besides, it is expected to have a comparable or maybe better performance with higher refrac-
tive-index materials (e.g. Si, Gallium-Arsenide (GaAs), Germanium (Ge), etc.) which can give
more red-shift of plasmonic resonance [1] into LWIR region, and thus higher plasmonic fields.
The ease of fabrication of the plasmonic checkerboard structure besides its excellent character-
istics in the LWIR range promotes its use for absorption enhancement in photodetectors and
microbolometers.
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