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Abstract Recently, mercury cadmium telluride (HgCdTe)
films have been extensively studied for the metamaterial
applications. Crystalline HgCdTe (c-HgCdTe) films attrac-
ted people’s attention for the spectral detection when used as
metasurfaces and demonstrated reduced volume size,
increased operating temperature, and improved quantum
efficiency. Amorphous HgCdTe (a-HgCdTe) films also have
been studied due to their interesting properties. Such prop-
erties include film deposition on any substrate, direct growth
on device, and higher operating temperatures with the low
dark current. Hence, in this work, for the first time, we
investigate and compare the use of c-HgCdTe and
a-HgCdTe for the photon sorting metasurfaces in near-, mid-
, and long-IR spectral range in the sensor applications.

1 Introduction

Conventional HgCdTe sensors have “active” volume
where the electron—hole pairs are generated within the
semiconductor that is on the order of }vf, where /, is the
wavelength of operation of the device [1]. This large vol-
ume yields a high dark current. The c-HgCdTe-based
infrared focal plane arrays (IRFPAs) also suffer from the
thermal expansion mismatch between the Si readout inte-
grated circuits (ROICs) and the detector components so
that the format of IRFPAs is limited [2]. Thus, the “active”
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volume of the photodetectors has to be reduced, and the
lattice mismatch issue has to be solved while keeping a
high quantum efficiency (QE) [3].

In recent years, subwavelength plasmonic photon sort-
ing devices that utilize metal-semiconductor—metal
(MSM) posts [4] or localized surface plasmons (SPs) in
multilayer semiconductors [5, 6] have been explored for
the sensor applications. For example, Smith et al. [7]
investigated reducing the absorber volume by etching a
c-HgCdTe photonic crystal into the detector, allowing
reduced dark current and improved noise-equivalent tem-
perature difference. a-HgCdTe has also been gaining con-
siderable attention not only because it solves the lattice
mismatch issue but also because it utilizes the low-cost
growth techniques such as sputtering or chemical vapor
deposition (CVD), while the molecular beam epitaxy
(MBE) technique or metal organic chemical vapor depo-
sition (MOCVD) epitaxial systems have been used for the
c-HgCdTe growth.

This paper numerically investigates and compares the
use of c-HgCdTe and a-HgCdTe for the photon sorting
metasurfaces. The proposed MSM designs collect and
confine the radiation near the surface of c-HgCdTe and
a-HgCdTe material and consequently reduce the thickness
of the semiconducting layer to less than 0.5 um, thereby
also reducing the noise associated with high operating
temperature (HOT) [8, 9].

2 Plasmonic resonators
The structure studied in this work for both c-HgCdTe and
a-HgCdTe uses dispersion relation and propagation length

of SP waves that are controlled by a periodic array of
subwavelength metal-insulator-metal (MIM) or metal—
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semiconductor-metal (MSM) posts. On the metal-dielec-
tric interface, the SP wave vector is given as
(ém€a)/(€m + €4), Where k, = @/c, and €, and
€q are the electric permittivities of the metal and dielectric
materials, respectively [10]. The Drude model is used as it
describes the frequency dependency of the metal:

ksp =k,

wz

; (1)

/ /)
€m =€ I =€ ————
moom o(w+il)

where ), is the plasma frequency and I' = e/(mespt,) is
the damping rate with e as the electron charge, and mcg and
U, as the effective mass and mobility of the charges,
respectively. The initial dimensions of the structures can be
chosen based on Fabry—Perot waveguide theory, where the
cutoff frequencies w,,, or wavelengths 4,, are given by
[11]:

Opn 2T n (m? n? 172
" VE\E TWZ)
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where ¢ is the length of the cavity, w is the width of the
cavity, e is the dielectric constant of the material filling the
cavity, and m and n are integer numbers. Due to a Febry—
Perot-like resonance of the guided mode, the MIM struc-
ture can exhibit a nearly total absorption at kg,. Since the
plasmonic resonators by MSM posts independently
demonstrate spectral tunability, the combination of MSM
resonators with different geometry on the metasurfaces can
also independently sort the incident EM fields into the
different spectral bands.

(2)

3 HgCdTe films

3.1 Crystalline HgCdTe films and amorphous
HgCdTe films

The dielectric function of c-HgCdTe films changes
depending on the cadmium (Cd) concentration and epi-
taxial growth of HgCdTe; hence, for our numerical cal-
culation, we use the optical properties described by Norton
et al. [12] and Liu et al. [13].

While optical, electronical, and structural properties of
amorphous semiconductors have been extensively studied
over the past few decades, a-HgCdTe has been investigated
very recently [8, 14, 15]. For example, Wang et al. [16]
reported, from his first-principle study, that the imaginary
parts of dielectric function of a-HgCdTe show a large
broad peak, which is in agreement with other amorphous
semiconductors. While Wang et al. chose x = 0.5 where
Hg;_,Cd,Te to have random configuration, Jincheng et al.
[3] used RF magnetron sputtering technique to deposit
a-HgCdTe and experimentally measured the dielectric

@ Springer

spectra of a-HgCdTe. The energy transition of a-HgCdTe
was different from that of c-HgCdTe, i.e., whereas
c-HgCdTe has many peaks and shoulders on its dielectric
spectra between 1.7 and 4.7 eV, it is observed that
a-HgCdTe has a single broad peak due to the disorder in
the surface morphology. Feng et al. [8] found that the dark
conductivity and photoconductivity of a-HgCdTe are dif-
ferent from those of c-HgCdTe. While the dark conduc-
tions (the dark conductivity and photoconductivity) of both
c-HgCdTe and a-HgCdTe films increase with increasing
temperature, the a-HgCdTe thin films show maximal
photosensitivity at 240 K that is higher than that of poly-
crystalline thin films in the range from 170 to 300 K. Thus,
these optical, electronical, and structural properties of
a-HgCdTe have to be considered in the metamaterial
designs as a-HgCdTe is utilized in the desired spectral
range and operating temperature range.

In our work, we choose the dielectric function of
a-HgCdTe by Kong et al. [17] for our numerical calcula-
tion, especially from 0.75 to 1.4 pm for the near-infrared
spectral range. The optical data of a-HgCdTe given by [17]
can be tuned with the amount of cadmium in the alloy
composition and annealing temperature.

4 Modeling

Figure 1 shows a schematic of the polarization-indepen-
dent 2D plasmonic metasurfaces that can be used for both
c-HgCdTe and a-HgCdTe. This configuration allows for
different ways of detecting the generated carriers in the
HgCdTe semiconducting region: (1) The transparent and
electrically conductive electrode such as indium tin oxide
(ITO) can be deposited on top and can form a detector
together with the bottom metal electrode, and (2) the
interdigitated electrodes can be made as each metal unit
cell is connected through a wire. The structure in Fig. 1 is
the detector component that can be used as the focal plane
array (FPA) and can be connected to the readout integrated
circuits (ROICs). The effective index of the guided mode
on the metasurfaces can be approximated as

top metal
HgCdTe

metal substrate

Fig. 1 A schematic of the polarization-independent 2D plasmonic
metasurfaces that can be used for both c-HgCdTe and a-HgCdTe
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Fig. 2 Electric field distributions for the polarization-independent
plasmonic device for mid-IR and long-IR dual responses using
c-HgCdTe film. The light with two different wavelengths, 4; and /,,
is incident. The arrows show the directions of the e-field polarization.

Negt + Tkefs = 11 \/1 + (iﬂhsp)/(nhlv fmetal)y (3)

where 5y is the index of the insulator and Ay is the thickness
of the insulator [18]. Figure 1 will be used to build near-,
mid-, and long-infrared plasmonic devices with different
HgCdTe materials and different MSM geometrical
parameters.

4.1 Mid- and long-IR plasmonic devices using
c-HgCdTe

The analytic approach described by [19] is used to decide
the size of the MSM posts and the periodicity. The finite
element method (Ansys HFSS) is used to observe the
plasmonic behaviors of the structure. While mid-wave
infrared (MWIR) and long-wave infrared (LWIR) polar-
ization-independent posts are shown, one can use a single
type of resonator and the fill factor can be optimized by
changing the number of each post for desired photon
trapping.

To observe the surface plasmon fields, the real compo-
nents of electric fields in the z-direction at each resonant
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One unit cell contains two kinds of MSM posts to maximize the fill
factor [7]. The geometrical factor of the MSM posts can be adjusted
for desired 4; and 1,

frequency of LWIR and MWIR posts are calculated in
Fig. 2. The period of the unit cell in the x-direction, A,, is
2.6 um, the period in the y-direction, A,, is 3.5 um, the
thickness of HgCdTe layer, dycr, is 0.2 pm, and the
thickness of gold layers on top of the HgCdTe posts,
dtopgolch is 20 nm while the thickness of gold substrate,
dbonomgo]d, is 0.5 pm. The width of a smaller resonator, i.e.,
the MSM post for the MWIR spectral range, is
wp = 0.5 um, and a larger resonator, i.e., the MSM post for
the LWIR spectral range, is w, = 1.13 pm.

The two different wavelengths, 4; and A,, indicate the
resonant frequency of LWIR and MWIR, respectively. The
arrows show the directions of the e-field polarization. One
unit cell contains two kinds of MSM posts to maximize the
fill factor [7]. The geometrical factor of the MSM posts can
be adjusted for desired A; and 4, in general [21]. Indium
tin oxide (ITO) can be attached on the top of the MSM
posts to serve as the conducting electrodes and collect the
generated carriers in c-HgCdTe films. While the proposed
design uses polarization-independent MSM posts, one can
put polarization-dependent MWIR or LWIR posts and also
adjust the fill factor.
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Fig. 3 Calculated reflections for mid-IR and long-IR dual response
using c-HgCdTe films. The blue line is the reflectance when the
e-field is polarized in the y-direction and the orange line is the
reflectance when the e-field is polarized in the y-direction. Depending
on the direction of the e-field polarization of the incident light, the
resonant frequency is shifted

Figure 3 shows the numerically calculated dual-band
reflectance by mid-IR and long-IR resonators. While the
resonant frequency is slightly shifted depending on the
direction of the e-field polarization, the filling factor [7]
and the geometrical factor of the unit cell can be adjusted
again for the desired 4; and 1,.

4.2 Near-IR plasmonic device using a-HgCdTe

For near-IR plasmonic devices, a-HgCdTe material is used
as c-HgCdTe material can be used for mid-to-mid IR
spectral range. Figures 4 and 5 show the plasmonic and
optical responses of the near-IR device. The semicon-
ducting layer, i.e., a-HgCdTe film, is sandwiched by the top
and bottom metal, compromising the metal-semiconduc-
tor—metal system. The thickness of a-HgCdTe, f,_mcT, can
be approximately optimized when t,_pcr = 4,/(8n). The
thickness of 74,4 has almost no influence on the optical
properties as soon as they are greater than the skin depth of
the metal. Choosing the periodicity of 3/4 (4,/n) can avoid
diffraction effects. Thus, to obtain the resonant frequency
of 255 THz, we chose the periodicity, A = 0.6 um and the
thickness of a-HgCdTe, f,_pecdare = 100 nm. Notice that
a-HgCdTe film at 255 THz (1.18 um) still behaves as a
semiconductor [3] so that this semiconducting region can
be used for the photogeneration, where the QE can be
exactly calculated by evaluating the normalized flux of the
time-averaged Poynting vector along the interface of the
metal pad.

The electric field distributions in Fig. 4a show that the
photogeneration zone can be located below the top metal
within the semiconducting region. Figure 4b shows the real
components of the electric fields in the z-direction, i.e., the
SP fields. This strong SP localization within the semicon-
ducting region results in the maximum QE of 83 % as
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Fig. 4 a Simulated distributions of the electric fields using a-HgCdTe
material in the near-infrared range at the resonant frequency of
255 THz. The periodicity, A, is 0.6 um, and the thickness of
a-HgCdTe, f,_pgcare, is 100 nm. Here, the thickness of the metal
has almost no influence as long as it is greater than its skin depth.
b The real components of electric fields in the z-direction show the
decaying modes of subwavelength SPs
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Fig. 5 Calculated absorption of the near-IR plasmonic device at
255 THz in Fig. 4. The maximum absorption of 83 % occurs at the
resonant frequency inside the a-HgCdTe layer. Less than 5 % of little
dissipation occurs for both the fop metal and botfom metal

shown in Fig. 5. The resonant frequency in TM polariza-
tion, frm, is at 255 THz, and the resonant frequency in TE
polarization, frg, is at 384 THz. In general, the 2D dot
array has its resonant frequency located in the spectral
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range between the resonant frequencies formed by TM and
TE polarization.

Table 1 shows the calculated maximum absorption at
each resonant frequencys, i.e., near IR, mid-IR, and long IR,
for a-HgCdTe and c-HgCdTe films. The maximum
absorption or QE is calculated by evaluating normalized
flux of the time-averaged Poynting vector along the given
metasurfaces. Table 1 shows that photon trapping using
both a-HgCdTe and c-HgCdTe films is possible with a
proper choice of thin semiconducting layers.

5 Discussion

While the effective optical properties of the metasurfaces
can be approximated by Eq. (3), obtaining subwavelength
SPs at even higher frequencies is challenging since the SP
resonances also depend on the structural geometry such as
filling vertical cavities. For example, Ourir et al. [20]
showed the optical diffraction limit at visible and ultravi-
olet wavelengths as he proposed subwavelength far-field
imaging system using a finite-sized ultrathin metallic slab.
The plasmonic behaviors of the MSM configuration at
375 THz (0.8 pum), which is a higher frequency than
255 THz case in Fig. 4, are shown in Fig. 6. At a higher
frequency, the gold has a negative permittivity with its
absolute value decreasing and it also affects the wave
propagation on the metal. The SP fields can be “leaking”
outside the MSM configuration as shown in Fig. 6, where
the periodicity, A is 0.2 um and the thickness of
a-HgCdTe, t,_necate, 1S 38 nm. While the geometrical
parameters are optimized to have the highest absorption
possible, the absorption of a-HgCdTe film is 60 %, which
is still lower than that of the maximum QE obtained at
255 THz.

6 Conclusions

In this work, we investigated the use of metasurfaces for
photon trapping in c-HgCdTe and a-HgCdTe films that
confines the light inside the MSM configuration and con-
sequently reduces the thickness of the semiconducting
layer, which yields a lower dark current. The use of
a-HgCdTe films to make the photon sorting metasurfaces
also has benefits that cannot be found from c-HgCdTe
films, e.g., a-HgCdTe film can be grown on any materials
[3, 8], and the growth of a-HgCdTe film on Si surface is
desirable for Si readout integrated circuits (ROICs). Si-
based a-HgCdTe IR photoconductive detector can also
operate at 80-300 K [16]. Thus, we numerically studied
both c-HgCdTe and a-HgCdTe films for photon trapping

Table 1 Comparison of maximum total absorption in metasurfaces
for different detection wavelengths for c-HgCdTe and a-HgCdTe
films in this work

Near IR Mid-IR Long IR
Semiconducting layer a-HgCdTe c-HgCdTe c-HgCdTe
Frequency 255 THz 82 THz 37 THz
Absorption in metasurfaces 88 % 98 % 93 %

The optical properties were taken from Refs. [12, 13, 17]
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Fig. 6 SP field distributions at a higher frequency, 375 THz, using
a-HgCdTe films. The metal becomes more lossy and transparent at
this frequency that SP fields are leaking outside of the MSM
configuration. Therefore, it lowers the QE compared to the previous
system in Fig. 4. The dimension is optimized to obtain the best
possible maximum QE of the system of 60 %: the periodicity, A, is
0.2 um, and the thickness of a-HgCdTe, t,_pecare, is 38 nm

metasurfaces. One has to carefully consider the optical gap
in the spectral range where the absorption coefficient
becomes stable. As a-HgCdTe film is combined with metal,
the plasmonic behaviors have to be checked accordingly to
maximize the QE in the desired spectral range, and thereby
lower the dark current coming from the active volume and
increase the operating temperature.
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