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ABSTRACT

Mercury Cadmium Telluride (MCT) is a primary absorber material used in most infrared (IR) detection technologies. Our previous studies
show that the optical absorbance profile of MCT in the mid-infrared region can be enhanced by 13% under ambient conditions via integrating
periodic Indium Tin Oxide (ITO) nanostructures. Here, we focus on the geometrical parameterization and optimization of ITO nanostructure
arrays. We simulate several types of geometries, their corresponding effective absorption profiles, E-field distribution, and optimal geometric
parameters. This work may lead to improved light collection and absorption edge engineering, as MCT continues to be the material of choice
in IR detection architectures.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5136253., s

INTRODUCTION
In recent years, there have been many efforts to improve the
resolution of infrared detectors for various applications. In defense
technology such as night vision (thermal imaging cameras), it is difficult to detect targets under low-light conditions. One approach to
mitigate this issue is to increase the E-field intensity near the active
region of the detectors (within a volume of mercury cadmium telluride, or MCT), which leads to more optical absorption and charge
carrier generation. Light management, image processing, and reduction in cost have been the major emphasis of research recently.2
Although quantum well infrared photodetector and quantum well
crystal systems show immense promise, MCT’s tailorable energy
bandgap (0–1.5 eV) and wide infrared spectral wavelength range
(1–30 μm), high quantum efficiency, low dielectric constant, and
high charge mobility ensure that MCT remains a major factor in
IR detection engineering.3,4 Studies show that the intense E-field
near the MCT/nanostructure interface is generated as a result of
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Surface Plasmon (SP) excitation, which is a function of permittivity
of constituent materials (can be described by the Drude function),
ε(ω) = 1 −

ne2
,
ε0mω2

(1)

where ε(ω) is the frequency dependent permittivity, e is the charge of
an electron, m is the effective mass, and n is the free carrier density.
At high carrier concentrations, doped semiconductors may have a
real permittivity <0.
The SP wave vector is given by
√
ω
ε1 ε2
ksp =
,
(2)
c
ε1 + ε2
where ω is the incident light frequency, and ε1 and ε2 are the
permittivities of the indium tin oxide (ITO) and MCT, respectively.
The careful selection of metal oxide and tailoring the geometry of the nanostructures implicitly shapes the E-field distribution
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at the MCT interface. Various metal oxides have plasmonic resonances in infrared detection windows, Al:ZnO and I:TnO being two
of the most prominent.5,6 The parameterized periodicity and shape
of the nanostructures excite surface plasmons (SPs) for appropriate wavelengths, but this also depends on the angle of incidence and
polarization.7 The absorption and scattering cross section of a single nanoparticle and the surrounding electric field can be calculated
by the discretized nanostructure volume into a finite array of polarizable points.8,9 The Discrete Charge Method (DCM) and Discrete
Dipole Approximation (DDA) method have been introduced for
the geometric optimization of shape and size of nanoparticles. Ultimately, the charge carrier generation rate is limited by the internal
quantum efficiency of MCT.10–12

EXPERIMENTAL DETAILS
The simulation procedure is performed similar to that in previous work.1 The optimization of the nanostructures on the surface of
MCT is carried out by using several types of geometries: rectangular,
cubic, spherical, cylindrical, conical, ring structure, and finally pyramidal. Symmetric shapes alleviate polarization dependence, while
asymmetric geometries have sharper edges that increase the E-field
intensity in the near field. Each structure’s geometric parameter was
simulated for a range of values from 0.1 μm to 0.5 μm in 0.1 μm steps.
The height of all nanostructure arrays is a constant value of 0.2 μm.
Floquet boundary conditions were employed making the periodicity between adjacent structures equal to the length of the simulation
space. The simulation wavelengths ranged from 3 μm to 5 μm in
0.1 μm steps. The initial optical power was 1 mW. The E-field was
polarized perpendicular to the long axis of the rectangular structure. For the spherical, cylindrical, conical, and ring structures, the
E-field was independent of polarization. The 1/e attenuation length
depends on the volume of the nanoparticle thickness, dielectric constant, and periodicity structure.13,14 The quantum efficiency (η) of
MCT is ultimately governed by the material properties and local
geometry, related through the following equations:
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nα
∣Ez (⃗r)∣2 d3 r,
AE02 ∫

(3)

nα
∣Ez (r, λ)∣2 d2 r,
2dE02 ∫

(4)

V

η(λ) =

X

where α is the absorption coefficient, A is the detector area, n is the
MCT material refractive index, E0 is the incident electric field, v is
the detector volume, Ez is the self-consistent vertical electric field,
λ is the wavelength, and d and r represent the periodicity of the
nanostructure arrays. Based on the careful selection of these variables, we can maximize the quantum efficiency of MCT in selected
wavelength ranges. We varied the critical dimension of each geometry and simulated the MCT absorbance, E-field distribution, and
optical power.
RESULTS AND DISCUSSION
Figure 1 shows the normalized E-field distribution of spherical,
cylindrical, conical, and pyramid structures at the MCT/ITO structure with λ= 3 μm. At this wavelength, the real permittivity of ITO
is negative (ε < 0) enabling the excitation of surface plasmon. The
resonating electrons create intense local electric fields that exponentially decay in the MCT absorber. The local “hot spots” are responsible for the increase in charge carrier generation, as the magnitude
of the field is proportional to the η of MCT. The enhanced full wave
(1/e) E-field penetrates 3.5 μm, 3 μm, 1.9 μm, 1.8 μm, 1.7 μm, and 1.6
μm into the MCT layer for the ring, rectangular, spherical, cylindrical, conical, and pyramidal structures, respectively. In most detector
architectures, the absorber material thickness is usually equal to the
length of a full wave of light that is being absorbed (i.e., 5-μm-thick
absorber for the λ = 5 μm). The intense field generated at such penetration depths makes it possible to reduce the absorber thickness
while maintaining the amount of charge carrier generated at that
wavelength. The reduction in thickness makes the overall device
more cost effective without compromising performance.

FIG. 1. (a) Simulation of E-field distribution at the air/MCT interface w/o structures, (b) E-field distribution w/spheres,
(c) w/cylinder, (d) w/cones and (e)
w/rings. The insets show the optimization parameter for each corresponding
geometry.
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Figure 2 shows the measured vs simulated MCT absorbance
profiles with various ITO nanostructure geometries. The topology
and periodicity of each geometry determine the coupling efficiency
of the surface plasmons to adjacent structures. Nanostructures that
have little space between nearby structures showed the highest electric field intensity prior to optimization. The field enhancement
is also dependent on the size and geometrical shape of the ITO
nanostructures. For example, spherical metallic nanoparticles have
resonances related to the Drude–Mie plasma frequency,14,15
√
l+1
ωl = ωp
,
(5)
2l + 1
where ωp is the plasmon frequency of the material, and l is the attenuation length. This attenuation length is directly proportional to the
E-field penetration depth for each structure. The rectangular and
ring geometries show the highest absorbance enhancement in comparison to the previous study, with a 10% increase in the absorbance
from 2 μm to 4.5 μm. This is most likely due to the highest coupling
efficiency to adjacent structures for the rectangular array, and polarization independence for the ring structures. All other shapes do not
show significant enhancements beyond the stand alone MCT film.
Weak plasmonic coupling between the adjacent nanostructures limits the maximum E-field intensity. In this scenario, nanostructures
scatter photons in all directions instead of concentrating the fields at
the MCT/ITO interface.
Figure 3 shows the simulated absorbance of MCT after nanostructure optimization. Each nanostructure array induced significant
changes in the absorbance behavior of MCT. All of the optimized
structures caused a 2%–10% increase in the total absorbance in MCT

FIG. 2. Simulated absorbance vs wavelength of MCT with various nanostructure
arrays. The red curve marks the maximum enhanced absorbance of our previous
work (cubic ITO nanostructure array).
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FIG. 3. Simulated absorbance of MCT vs wavelength with various nanostructure
arrays after optimization.

from 2.5 μm to 5 μm when their critical dimension reaches the optimal value (tabulated elsewhere). The conical and pyramidal arrays
show significant enhancement from 2.5 μm to 4 μm, but actually
cause a decrease in the absorbance beyond 4 μm. This is due to
an increase in the scattering efficiency at longer wavelengths once
the resonance conditions are met. The bases of the cone and pyramid structures are spaced closer together when compared to the
narrow features near the top. As the pyramidal and conical geometries converge to a point, the peak to peak distance becomes too far;
this results in higher optical scattering at longer wavelengths and
a reduction in the absorbance. The cylindrical and ring structures
experienced significant enhancements as well, where an increase in
the absorbance up to 11% was observed. The ring and cylindrical structures cause plasmonic excitation at the lower wavelengths,
but start to scatter light as the wavelength trends toward far wave
infrared.
The spherical structure causes the most significant enhancement after optimization, with an increase in the MCT absorbance up
to 30% at some wavelengths. This is to be expected, as the spherical
shape is completely independent of polarization and has the highest field intensity near the MCT interface. Field enhancements up to
∼103 are observed. In our previous work, we introduce a figure of
merit, area under absorbance curve (a.u.c.) that signifies the summation of the absorbance of all wavelengths. The a.u.c. for all shapes
before and after optimization are tabulated in Table I.
Table I shows the optimal dimensions and maximum a.u.c. for
all structures. Here, we notice that the spherical structure results
in the maximum absorbance due to its Mie scattering efficiency,
as well as the intense E-field at the MCT/ITO interface. The ring
structure with optimized values (R = 0.2 μm and r = 0.04 μm) has
the second highest absorbance enhancement out of all the structures
investigated. The ring structures have been extensively investigated
for applications in sensors and optical and electronic resonators.16–19
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TABLE I. Optimal dimensions and maximum a.u.c. for all structures.

Geometry

a.u.c.

Optimal dimensions

Max a.u.c.

a.u.c. increase (%)

Cube
Rectangle
Sphere
Cylinder
Cone
Pyramid

1.530
1.615
1.510
1.529
1.488
1.494

n/a
1.639
1.8242
1.6348
1.5091
1.4986

n/a
3
31
2
2
1

Ring

1.653

Length = width = 0.47 μm
L = 3.5 μm, W = 4.7 μm
Radius = 0.23 μm
Radius = 0.23 μm
Base radius = 0.24 μm
Length = width = 0.47 μm
0.2 μm outer radius (R)
0.04 μm inner radius (r)

1.6704

2

FIG. 4. Simulated absorbance of MCT vs wavelength with
various I:CdO nanostructure arrays after optimization.

The ring geometry has circulating electric and magnetic flux within
its volume.20 This electric and magnetic flux improved electron-hole
carrier generation in MCT from locally enhanced E-fields, resulting
in the increase of optical extinction in the absorber region.
The SP wave vector relationship for all the structures can be
written as the function of size and geometrical shape,18
Ksp = ±p

2π
2π
u1 ± q u2 ,
D
D

(6)

where p and q are integer numbers corresponding to the different
directions of the SPP Brillouin zone, u1 and u2 are the unit reciprocal
lattice vectors of the periodic structure, and D is its periodicity. The
polarization dependence of the coupling efficiency in different directions of the Brillouin zone is proportional to |p sin ϕ + q cos ϕ|/(p2
+ q2)1/2, where ϕ is the polarization azimuth angle with respect to
the axis of the lattice. In our case, D corresponds to the distance
between each nearby nanostructure. The parameterization of the
nanoparticle geometry inherently changes the distance required to
excite a surface plasmon wave.
Recent studies10 on indium doped cadmium oxide (I:CdO)
nanocrystals for various structures (highest in spherical, octahedron,
and cube) have found the effects of size, shape, and carrier concentration on field enhancement and plasmon resonance absorption in
the near to far infrared region. The n and k values of I:CdO were
used from Ref. 21.
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Figure 4 shows the simulated absorbance of MCT after nanostructure optimization for various I:CdO nanostructures. These
I:CdO values for various structures are similar to the ITO structure values (30% increase in sphere at some wavelength). Here, it
is noted that the values increase from 3.5 μm to 5 μm wavelengths,
as it is more effective on long wave length regions. I:CdO exhibits
higher carrier concentration, which leads to more absorption and
electron–hole generation. However, all other materials may not be
effective in absorption because they act as a solid obstacle material
that obviously reduces the absorption. This enhancement is totally
independent of the active material stoichiometry and can be applied
in multiple IR detection windows.
CONCLUSION
Our numerical studies show that the geometric optimization of
several types of periodic ITO nanostructure geometries can increase
the optical absorbance of the MCT absorber layer (∼30% under
ambient conditions with spherical particles). The optimal dimension
of each structure increases the absorbance of MCT in some regions
of the mid wave infrared (MWIR), but decreases the absorbance at
longer wavelengths due to higher optical scattering at lower photon energies. The intense E-field generated within the volume of the
MCT absorber enables a thinner absorber layer while maintaining
functionality. This would reduce the overall device production cost,
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as the duration to grow the MCT material by molecular beam epitaxy would be less. After optimization, due to independent polarization in few structures (absorption increase in the ring structure and
spherical structure), more carrier concentration and electron-hole
generation lead to an increase in surface plasmon and E-field generation. To maximize the MCT absorbance, there must be a delicate
balance between the nanostructure size, shape, and distance from
adjacent structures. These results may lead to the development of
dynamic range and highly sensitive room temperature MCT infrared
detectors capable of operating in multiple detection windows.
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