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Abstract: Increasing the operating temperature while enhancing detectivity is paramount for
the advancement of HgCdTe infrared detectors. In this context, the integration of plasmonic
nanostructures emerges as one of the most intriguing avenues, promising breakthroughs in
infrared sensing capabilities. Multiphysics TCAD simulations of pin nanostructured focal plane
photodetector arrays unveil the potential benefits of submicron absorber thicknesses, that promise
detectivities more than twice as large as those provided by conventional 5 um-thick absorbers,
besides enabling operating temperatures up to 260 K. Such performance increase is discussed
through the combination of numerical simulations and quantum mechanical treatment based on
the occupation number formalism, describing the interaction between plasmonic and optical
cavity modes responsible for the spectral broadening of the optical response, allowing for good
coverage of the entire mid-infrared band (2 € [3,5] um).

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

High operating temperature (HOT) infrared (IR) photodetectors [1-3] are presently obtained with
nBn or pBn barrier detectors [4—11] or adopting fully-depleted double-layer planar heterostructures
(DLPH) [12—17]. Although successful in principle, these strategies exhibit some realization
problems. DLPH detectors require extremely low residual doping in the absorber [13,14,16].
Concerning instead barrier detectors, composition and doping profiles [9,18,19], as well as the
annealing time during fabrication [7], need to be carefully calibrated to avoid negative effects
on the dark current. Moreover, the valence band barrier must be reduced to favor the flow
and collection of the photogenerated minority carriers. To this end, superlattice-based barriers
[11,18,20] or pBn profiles with acceptor doped barriers are often considered, and in the latter
case, a n*p™ tunnel-junction is often required [19] to improve the electrical p-contact, increasing
fabrication complexity.

In this view, trying to increase the operating temperature and simplify the critical cryocooler
block requires investigating new frontiers. The community is investing increasing efforts to
improve the responsivity [21] of focal plane array (FPA) detectors by favoring the coupling of
light to the absorbing material through nanostructured surfaces [22,23] or plasmonic structures
[24-32]. Surface plasmon polaritons (SPPs) have interesting characteristics, and in principle
could be utilized for this purpose. SPPs are electromagnetic modes that can propagate at
metallic-dielectric interfaces, where collective surface excitations of free electrons are coupled to
evanescent electromagnetic fields in the dielectric [33,34].

At present, even considering problems such as their toxicity, mercury cadmium telluride
(Hg-+Cd, Te, MCT) alloys are among the leading electro-optic materials used for IR optical
sensors, still after 65 years since their discovery and first application [35-38]. One of the main
figures of merit quantifying the performance of IR photodetectors is the specific detectivity D*
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where e is the elementary charge and S is the illuminated area of the detector. As a general rule,
D7 is proportional to the ratio between R and the root mean square (rms) of the noise current
[21, Ch.2]. Strictly speaking, Eq. (1) accounts for the shot noise contribution only. In MCT
photodetectors, there is a variety of noise sources (mainly Johnson, shot and 1/f noise [21, Ch.3
and Ch. 9, 39,40]). The physical mechanism behind 1/f noise has not been clearly identified. Yet,
there is a general consensus about its relation with defects in the semiconductor, to some extent
related to the dynamics of Shockley-Read-Hall generation/recombination processes. Similarly,
shot noise is strictly related to VIgk. On the other hand, diffusion noise sources are mainly
related to temperature and to the local carrier density [41, eq. (1.63)]. In this view, contrary to
shot (and probably 1/f) noise, diffusion noise can be hardly mitigated modifying geometrical
device parameters such as absorber thickness. Yet, considering that most of the device is depleted
(apart from quasi-neutral regions), in this work we consider it negligible.

Equation (1) emphasizes the importance of the MCT absorber thickness #,,s as the main
geometrical design parameter. In fact, if a larger #,ns improves the responsivity R by favoring the
absorbance, on the other hand it increases also the dark current /4,k, which is proportional to the
detector volume — hence, to f,ps — and limits the high-temperature operation of the detector. As a
reminder, R is defined as

ey

Jon
‘R = —_— 2
s ( )

where P is the optical power density and Jyn = J — Jyark is the photocurrent density, where J and
Jdark are the current density under illumination and in dark, respectively.

Aiming to overcome the trade-off between responsivity and dark current towards high operating
temperature (HOT) detectors [1-3], it is possible to employ SPPs to enable a reduction of fyps
(therefore, of the dark current) without introducing any significant penalty on the responsivity
and enhancing the detectivity by an increase of the absorbed photon density for given P.

SPPs can be excited by plasmonic periodic structures, where metal nanoparticles fabricated on
the illuminated face of a detector generate a localized surface plasmon resonance (LSPR) [33].
When arranged in two-dimensional (2D) lattices, stronger resonances arise from the interaction
between the light diffracted by the lattice and the LSPR modes. These are Fano-type resonances
called surface lattice resonances (SLRs) and their wavelength 4, , is determined by the lattice
period A (here p, g are integers) [42—44].

If the array of nanoparticles is part of an optical array-absorber-reflector resonator similar
to Fig. 1 whose details will be fully described further in the present work, the reflector can
compensate for the damping of the SLRs and excite SPP modes for discrete values of wavelength
Ap4» Which eventually interact with the optical cavity (OC) modes [42,44-46].

Several applications have been developed so far to exploit SPPs in optoelectronic devices: most
of them are THz and IR detectors in the long wavelength (LWIR) and very-long-wave infrared
(VLWIR) band (1 € [8,12]um and A>12 um, respectively) exploiting type-1I superlattices
(T2SL) [47] or intersubband transitions in quantum-well infrared photodiodes (QWIP) [48-51],
plasmonic-organic-hybrid electro-optic modulators [52—-54], or plasmonic cavities integrating
graphene (for a review see, e.g., [55] and references therein). Other applications are aimed at
reducing the inhomogeneous broadening of the material gain in quantum cascade lasers [56], or
at developing solar cells with quasi-ideal absorption efficiency [57].

Several plasmonic solutions have been proposed for IR detectors in the MWIR band (mid-
wavelength IR, A € [3,5] um, see a review in [43]). However, only very recent contributions
include MCT as absorber in IR plasmonic detectors, although for temperature close to liquid
nitrogen [58], or at room temperature but without simulating or measuring electro-optical
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Fig. 1. (a) The plasmonic cavity with (b) its 2D section, showing a 2D A-periodic nanoarray
of holes and Au nanodisks. In the table (c), the detail of the epitaxial layers, and in (d) the
elementary cell needed for simulations, where periodic boundary conditions are imposed on
the X, y directions.

properties like R or D* [59]. Concerning modeling, most of the literature does not include
three-dimensional multiphysics simulations (i.e., full-wave electromagnetic, followed by electrical
transport), except for recent examples [43,60].

In 2007 Teledyne proposed the "Rule 07" [61] as the fundamental metric for predicting the
dark current in Hg;_,Cd, Te IR detectors. The Rule was reviewed in 2019 by proposing the "Law
19", specifically for fully-depleted absorbers [16], which demonstrated very low values for dark
current — and consequently high D* — in HOT detectors, as long as Hg;_,Cd, Te is grown with
ultra-low residual doping and defect density (in the order of 10! cm™), a very challenging task
whose achievement could be a major issue.

In the present work, SPPs are presented as a key building block to reduce dark current and to
obtain enhanced detectivity D* close to room-temperature, which could be an alternative approach,
not considered so far, in case very low values of residual doping are not technologically-achievable.
Moreover, the SPP-OC mode interaction is exploited to achieve a broadening of the detectivity
spectrum, which increases the optical bandwidth of the photodetector. The paper is structured as
follows. After providing in Section 2 an overview of the adopted computational methods and
material parameters, Section 3 describes the excitation of plasmonic modes, their role in the
enhancement of D* [48-50,58,59] and, in a more detailed way, the mechanism of the SPP-OC
interaction, modeled through a quantum mechanical treatment based on the occupation number
formalism. Relying on these foundations, in Section 4 we provide combined electromagnetic
and transport simulations of the single pixel shown in Fig. 1, where the MCT absorber is a
HgCdTe-based heterostructure with pin doping profile. In the end, Section 5 summarizes the
main outcomes.
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2. Description of the simulation framework

The three-dimensional (3D) multiphysics model we developed [54,62—65] integrates the Synopsys
RSoft FullWAVE tool [66], solving the electromagnetic problem with a finite-difference time-
domain (FDTD) approach [67,68], and the Synopsys TCAD Sentaurus [69], which addresses
the carrier transport problem in the drift-diffusion approximation. The simulation workflow
starts from the FDTD simulation of the detector, assuming a fine discretization (= 1/30) and a
monochromatic plane-wave illumination, whose electric field exhibits the time-harmonic form
E = Eyexp(kr — wt) and is oriented along the X direction. All the detector variants described
throughout the present work have their illuminated face in the (x, y) plane. We consider normal
incidence (incidence angle 8 = 0). The incident electric field amplitude is specified in terms
of the input power density P. As a result, the FDTD solver provides the spatially-resolved
electromagnetic field, from which it is possible to evaluate the absorbed photon density Aoy as

V- (S(1)

Aopt(/l’ r)=-— he/a

, (©))

i.e., as the divergence of the time-averaged Poynting vector S [70, Sec. 6.8] [63,64,71-74]. Here
h and c are the Planck constant and the light velocity in vacuum. It is to be remarked that
RSoft includes realistic models of the complex refractive index of the material alloys under
investigation, taking into account wavelength and temperature dependencies. In particular, eay
and eycr indicate the relative complex dielectric functions of gold and MCT, respectively. For
emct We adopted the model described in [75] and [76, Sec. 9.6]. Regarding ea,, we adopted the

Drude form in [77],
2

w
eau(w) = €0 — 2—}?’ “4)
w?* — iww;
where €, =1, w, = 1.37 X 10'° rad/s, and w, = 4.65 x 10'3 rad/s.

By imposing periodic boundary conditions (PBCs) along X and y, and convolutional perfectly
matched layer (CPML) absorbing BC [78] along Z, we took advantage of the A-periodicity of the
structure shown in Fig. 1 to simulate just an elementary cell (panel (d)), obtaining results which
are representative of an entire pixel [43] with much lower computational effort.

The modeling of the electromagnetic response can be followed by carrier transport simulations
to assess Jyak and, under illumination, Jph, R and D*. To this end, the employed commercial
simulation suite [69] performs a discretization on a 3D domain of the Poisson-drift-diffusion
system [64,79] using a stabilized finite-box method, allowing for great flexibility in the definition
of material parameters and in the computational grid optimization, enabling local refinements
for critical regions (such as junctions between different materials and/or doping concentrations)
[69]. The adopted model employs the rate of photogenerated carriers, evaluated from Agp, as a
source term in the continuity equations. Fermi-Dirac statistics are used for the carrier density,
as described in [64], where all the details about the mole fraction and temperature dependent
MCT parameters are also reported (see also Table S1 in Supplement 1). The electrostatic model
takes into account the incomplete ionization of the doping densities. The carrier transport model
includes the Shockley-Read-Hall (SRH) and Auger generation-recombination (GR) processes,
modeled as in [80] and [81], respectively.

3. Plasmonic resonances: starting from a simpler structure

This section is focused only on the electromagnetic problem, and all the simulations have
been performed at 7 = 160 K. The most interesting computed figures of merit returned by the
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simulation are the spectral absorption efficiency

hc
n=t /V Agpu & 5)

and the spatial distribution of Ay, obtained from the electric and magnetic field components (V
is the absorber volume, and r is the position vector).

The single pixel shown in Fig. 1 consists of a CdTe substrate on which a HgCdTe-based
heterostructure is epitaxially grown with the doping and composition profiles detailed in the
table reported in panel (c), followed by a 0.2 um-thick Au reflector. Concerning the fabrication,
appropriate lithographic and etching techniques (e.g., electron-beam lithography) can be employed
to obtain a A-periodic series of nanoholes on the substrate, where, by sputtering, 50 nm-thick gold
nanodisks with diameter D = A/2 can be deposited on their bottom (see a discussion concerning
this choice for D in [43, Fig. 3(a)]). When the detector is illuminated from below, several possible
optical and plasmonic modes can be involved, as anticipated in short in Section 1.

It is to be remarked that the scope of the present investigation is to demonstrate the potential
benefit of plasmonics to enhance performance of MCT-based MWIR detectors, as an alternative
to reach record-level of residual doping. The details of the manufacturing process for such
devices is beyond the scope of this work.

Aiming to provide an effective description of the physics ruling the absorber operation, this
section is structured as follows. First, we perform a preliminary investigation of the dispersion
characteristics of the simplified Au-MCT-air slab cavity sketched in Fig. 2(a). Then, the full
structure, including the nanodisks array, is studied and its operation is interpreted in the light of
the slab cavity.

(2) (b)

=

wavelengt!

air

tt e

IR radiation 01 03 05 07 09 11 13
’abs’ pm

Fig. 2. (a) The metal-dielectric-air optical cavity. (b) Color map of the spectral absorption
efficiency as function of #,p,s. The lines marked with 4¢_> have been plotted according to
Eq. (6).

3.1. Dielectric-metal slab cavity

This section presents a study of the absorption features of the slab cavity sketched in Fig. 2(a).
Here, the dielectric is a #,5-thick absorber with the same composition of the absorber described
in the table reported in Fig. 1(c), whose cutoff wavelength is around 5.38 um at 7 = 160 K, hence
suitable to operate in the MWIR band.
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Figure 2(b) shows a color map of the spectral absorption efficiency 7 as function of #,ys, obtained
with a series of FDTD electromagnetic simulations assuming normal-incidence plane-wave
excitation, after having appropriately discretized the (#,ns, ) parameter space. It can be seen at a
glance that the map exhibits three high-absorption stripes. These regions are related with the
resonances of the optical cavity. Indeed, it is known that the round-trip phase-shift condition for
an optical cavity, for which reflectivity is minimum, reads [82]

1\ A
nMCTtabs—(m+ z) > m=0,1,... ©6)

Remarkably, the lines Ay...o, indicating the loci obtained solving Eq. (6) for m = 0- - - 2, match
perfectly with the high-absorption stripes. However, we should remark that an anti-reflection
coating is usually deposited on the illuminated face, which substantially quenches the optical
resonances (i.e., the OC modes) and leaves only a simple double-pass effect ensuing from the
Au-reflector.

3.2. Coupling OC and SPP modes

While the example reported in the previous section is very useful to relate high-absorption regions
with resonance properties of the detector, it does not feature any signature from SPPs. Indeed,
SPPs are surface collective excitations of free electrons that can propagate along a metal-dielectric
interface, satisfying the dispersion relation

12
_ 2_7T( EAUEMCT ) /

ky @)

A \ € + emcr

which implicitly indicates that the SPP is propagating along X. Yet, with a slab waveguide, it
is not possible to excite a SPP mode, as the boundary conditions of Maxwell’s equation for
planar stratified normal-incidence problems enforce the continuity of the transverse wavevector
components, i.e., ky = 0.

In order to excite SPP modes, it is necessary to introduce optical scattering mechanisms. A
fundamental idea could be to introduce an isolated nanoparticle, e.g., a single Au disk, which
could scatter the incident plane wave in all the directions. This mechanism is rather ineffective,
since only a fraction of the radiation would be coupled to the SPP [42,44]. In this view, it is
possible to engineer diffraction by using a periodic lattice of nanoparticles, rather than a single
one. In fact, this allows to diffract for [28-30]

2m . . . .
Kp,fx(sm(@)uipxiqy), p.qg=01,... ®)

where i is a unit vector in the direction of the in-plane component of the incident light wavevector
k, and we assumed that the reciprocal lattice vectors are parallel to the unit vectors X and y. This
allows the light diffracted by the array to interact with the localized plasmons associated with the
nanoparticles, i.e., the LSPRs, obtaining a Fano-type SLR [42—44]. However, aiming to obtain a
strong SPP mode rather than a SLR, it is necessary to design the lattice period A in such a way
that the wavevector plane wave diffracted by the nanostructure carrying the majority of the power
(often, the first diffracted order) matches the SPP k,. Based on this idea, by equating k, in Eq. (7)
to [K,,4| for normal incidence, we obtain the condition

A

g = —————Neff
Vp* + ¢

EAUEMCT
Ner = Ry | — L (10)
€Au T EMCT

This corresponds to the wavelength of the impinging plane wave that excites the SPP modes (R
indicates the real part. It is to be further remarked that the dielectric functions e, and evict also

A, ©)
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depend from wavelength). For further reference, we define the first order plasmonic resonance
with the special symbol Aspp = Ao = A1 . The negative and quite high value of R(eay) in the
MWIR implies a non-optimal confinement of the plasmonic mode on a subwavelength volume,
and the use of a material other than gold will be investigated in a future work. Nevertheless,
the present choice offers more numerical stability for the simulations and it constitutes a "worst
case", sufficient to describe the potential benefit of a plasmonic cavity.

As a first modeling approach, we focused on the elementary cell shown in Fig. 3(a), imposing
PBCs along % and , and CPML along Z, choosing A = 1 um and D = A/2. The result obtained
by performing the same FDTD electromagnetic simulations as in Section 3.1 is shown in Fig. 3(b)
as color map in the (yns, 4) parameter space. Compared to the OC results in Fig. 2(b), here we
can notice that the optical modes are perturbed and interrupted by the crossing of the SPP mode,
which is excited at wavelength Aspp (solid black line). For n.g, we adopted the real part of the
Helmbholtz eigenvalue for a metal-dielectric-metal cavity with thickness z,,5 [83]. It is very close
to the value provided by Eq. (10), but this way also describes the small Aspp change induced by
tabs, plotted in Fig. 2(b) according to Eq. (9).

(a) (b) n
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Fig. 3. (a) The elementary cell for the study of hybridized plasmonic cavity resonances,

representative of a pixel indefinitely extended in the XY plane. (b) Color map of n for

A =1 um, in the (¢,ps, 4) parameter space. Color map of 5 for t,,,s = 0.15 um (c), 0.25 um

(d), 0.5 pum (e), 0.8 wm (f), in the (A, 1) parameter space.

Deeper physical insight can be provided by a different approach, which consists of performing
a campaign of electromagnetic FDTD simulations on a different parameter space, i.e., (A, 2), for
a given value of t,ps. These results are shown in Fig. 3(c)-(f) for 7,55 = 0.15, 0.25, 0.5, 0.8 pm,
respectively. In this representation, the optical modes A,, are horizontal lines and have been
plotted according to Eq. (6), while the plasmonic mode Agpp is the diagonal black solid line,
which also in this case has been plotted according to Eq. (9). We can notice several interesting
facts. First, as expected, the values of the optical modes 4, increase rapidly with #,, and Ag
falls out of parameter space in panels (e) and (f). Second, there is a clear anti-crossing behavior
between the optical and plasmonic modes. Third, the SPP mode Aspp does not correspond to
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high n as probably expected, but it makes optical modes to bend when approaching it. All this
deserves an in-depth investigation, which will be pursued in Section 3.3.

3.3. Hybridized optical and plasmonic modes

Section 3.2 aimed at studying coupling power in the SPP mode by equating the SLR and the
SPP dispersion relations, i.e., |Kp,q| and k,, respectively. The next step is to notice that the
anti-crossing behavior observed in Fig. 3 can be interpreted as a synchronization condition
between two uncoupled worlds, namely, the OC modes and the SPP modes. A more realistic
approach is based on describing the two worlds as a one. In particular, the interaction between
the optical cavity (OC) and the plasma oscillation modes (SPP) can be described on the basis of
several different formalisms, which reveal to be equivalent at low coupling. One could start from
Maxwell’s equations, defining a polarization current which describes the coupling between OC
and SPP modes, and setting up a coupled-mode theory (CMT) formulation [84]. Meanwhile, the
formulation developed in this work is based on the occupation number formalism. In particular,
by considering the full system Hamiltonian

H = Hoc + Hspp + Hiy, (11)

where Hoc and Hgpp describe the free OC and SPP modes, respectively, and H, is the SPP-OC
interaction Hamiltonian, we can develop our model in the occupation number formalism [85,86].
If we consider only one OC and one SPP mode interacting under the hypothesis of low optical
power density and weak coupling, as it is the case with current IR detectors, H is

N R B N N N A\ 2

H =Eoca'a + Espp b'h + iy (a - a) (bT + b) +6 (bT + b)
hQy, [E

y =l pl 0oC

2 VY Espp

(ﬁQpl)2

9’
Espp

12)

0 =Kp

which is consistent with similar formulations (see, e.g., [§7-91]), and whose derivation has
been described in detail in Supplement 1. Here, Egc and Espp are the OC and SPP energies
corresponding to A, (for given m) and Agpp provided by Eq. (6) and Eq. (9), respectively.
Furthermore, &' (&) are the bosonic operators for the creation (destruction) of photons and bt (13)
are similar operators for plasmons. vy is the SPP-OC interaction energy and it is proportional to
the plasma frequency €, and to o, the superposition integral between the interacting SPP and
OC modes (h is the reduced Planck constant), ¢ is the SPP-SPP dipole-dipole interaction energy,
and K is a plasmon-plasmon coupling constant, set to unity throughout this work (when fitting
experimental data, Ky and [ should be treated ad fitting parameters).

H is similar to the Hopfield-Dicke Hamiltonian [92,93] and can be diagonalized by a standard
method as described in Supplement 1, which returns the eigenvalues as

. E2c + Egpp + 2Espp 6
2 -
* 2

1 2
8 E\/[Eéc B (Eépr’ + 2Esee 5)] +16y2EsppEoc,  (13)

often indicated in the literature as the "upper" (E.) and "lower" (E_) SPP-OC hybrid modes. The
mode splitting at the SPP-OC crossing is given by

A= (E; _E*)lEsPP=E0C ~ 27|ESPP=EOC = o hQy, (14)

where the validity of the approximate equality is discussed in Supplement 1.
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In Fig. 4(a),(b) we show two examples for the calculation of 7 as color maps in (A, 1) parameter
space, where we have also superimposed the curves for E., having treated I as fitting parameter.
If 445 is increased, the superposition integral between the SPP and OC modes decreases, since
most of the SPP near field is close to the reflector. This leads to a decrease in A, which can be
observed in Fig. 4(c).

(a), 1, =04 pm n (b), 7, =08 pm (¢), A= E, — E_ at crossing

energy, eV
wavelength, im
=
energy, eV
wavelength, ym

03 06 09 12 15 18 21 24 03 06 09 12 15 18 21 24 02 04 0.6 0.8

A, pm A, pm
’abs' pm

Fig. 4. Color maps of 1 for t,s = 0.4 wm (a) and 0.8 um (b), on the (A, E) parameter space
(E = 1.24/A, where E is in eV and A in micrometers), where the lines £+ and E_ are also
shown. (c) The modes separation energy A for the A;,,-; OC mode, as function of ., as
estimated from the color maps.

A considered hybrid mode can have a predominantly optical or plasmonic character depending
on the considered point (A, 1), as shown in Fig. 5. The character of the resonance is predominantly
optical if the point under consideration is closer to the OC mode 4,,. In this case, most of
the absorption takes place in the bulk of the absorber, as shown in Fig. 5(b). Conversely, the
resonance is predominantly plasmonic if the point under consideration is closer to Agpp and
absorption takes mostly place close to the nanodisks, as in Fig. 5(d).

7 (b) () (d
55 1
5
4.5 0.8 0, A=0.6 pm * A=0.9 pm o, A=12pm
c 4 A=4pm A=4.25pum A=4.5 pm
I35 Ay cms”!
- “ "THEN _ I
=
= le+21
& 3 1 W i
S, - l.e+20
S 2.
= ) 04 o le+19
S w .l.nle
02 ., .Lﬁn
1 : — le+16
0.5
0
03 06 09 12 15 18 21 24 . .
A, pm more optical character more plasmonic character

Fig. 5. (a) Color map of n for f,,5 = 0.8 um on the (A, 1) parameter space, with the lines
Az = 1.24/E. (where E is in eV and A in micrometers). (b)-(d) Distribution of Agp for three
couples of (A, 1) along the "lower" mode.

The good agreement between the stripes with high absorption in the color maps of 7 (Fig. 4 and
Fig. 5) and the E.. given by Eq. (13) is worth noting. Although the former is a result from classical
electromagnetism, while the latter (E.) comes from a quantum electrodynamics approach, they
still agree well. The reason for this lies in the low-coupling regime. Actually, if we followed
the CMT to describe the SPP-OC coupling (i.e., remaining in classical electromagnetism), we
would get different E.. (see, e.g., [94] and Supplement 1 for the explicit expressions and a brief
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discussion), but the two sets of curves would be very similar. The two sets of E.,. give significantly
different results only in the strong-coupling regime (6 # 0, ¥ ~ Eoc), a situation that is far from
the present case, but characterized by a growing interest, e.g., for the development of polaritonic
quantum-cascade detectors [50], light-emitting diodes based on intersubband polaritons [95],
and in general in quantum devices based on collective light-matter coupled states [96,97].

4. Combined electromagnetic and transport simulations

Section 3 is mainly focused on the optical features of the photodetector. Aiming to evaluate,
through a comparative appraisal, the advantages of plasmonic MCT detectors versus standard
devices, this section is dedicated to the multiphysics simulation at 7 = 160 K and 260 K of the
MCT-based heterostructure shown in Fig. 1, where all parameters of the epitaxial layers are given
in the table in the figure.

It is to be remarked that the dark current is a figure of merit of major importance for IR
detectors. This is mainly originated by the GR processes mentioned in Section 2. In this view,
aiming to understand the importance of considering thin absorbers as building blocks towards
high operating temperatures, some remarks are in order.

The SRH lifetime 7sry is only related to the material defect density and carrier trapping cross
sections [80], and thus it may be considered a technology-dependent parameter, not associated
with any fundamental physical process. We use for Tsry a value of 10 us, which is representative
of medium-quality materials [14,18]. Auger lifetime 7ay, is not related to the material quality, as
it depends only on the MCT Cd mole fraction, the temperature and doping density. In particular,
Taug decreases rapidly for increasing temperature, corresponding to a steep increase of Jyark.
Since Jgark depends mainly on lifetimes 7sry and 7ayg and from the absorber thickness #.ys (see,
e.g., [10,18,39] for an extended discussion about this point), the opportunity to reduce z,,s without
penalizing R could make thin, plasmonic MCT detectors as a possible solution to enable high
operating temperatures. For this reason, we extended the simulation campaign to 7' = 260 K.

It should be emphasized that detectors generally have anti-reflective coating (ARC) deposited
on their illuminated face, which is very difficult to include in the simulation setup. To overcome
this problem without sacrificing the inclusion of an ARC, we defined the illumination source
reference plane just inside the substrate, as shown in Fig. 6(a). With this approach, not only
a more realistic estimate of R can be achieved, but also the optical cavity effect (i.e., the OC
resonance) is significantly reduced, as expected in fabricated devices including a well-designed
ARC.

We have performed an electromagnetic FDTD simulation for each A- and A-point as in
Section 3, now followed by a simulation of the carrier transport problem, which yields the dark
current, the photocurrent, the responsivity R and finally the spectral specific detectivity D*. In
the carrier transport simulation, the bias contact is defined at the pixel nanodisks, which are
deposited on the n-doped, wide bandgap HgCdTe layer, and the ground contact is connected
to the reflector as shown in Fig. 6(b) for the elementary cell. The electrical simulations have
been performed by operating the detector in reverse bias to Vi = —0.5'V, in the dark and under
illumination, for A € [0.3,2.4] wm, and in the waveband A € [0.25,5.5] pm.

Figure 6(c) shows the obtained 2D color map of R at 7 = 160 K, where we have also shown
the fundamental SPP mode Aspp as a black slanted line. The "upper" and "lower" modes are
clearly visible, and they arise from the interaction between the SPP mode Agpp and the OC mode
at Ay = 5 um, not shown in the figure.

To obtain more quantitative results, we compared the properties of the considered plasmonic
detector with t,,s = 0.8 um and A = 1.3 um, with a standard (i.e., non-plasmonic) one, whose
absorber is identical except for the thickness, i.e., f,ps = 5 um. The two elementary cells are
shown in Fig. 7(a), for which PBC along %,  and CPML along Z have been applied as usual.
Figure 7(b) shows that the plasmonic detector is characterized by the lowest values of Jy, due to
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Fig. 6. (a) 2D cutplane showing the simulated elementary cell with f,ps = 0.8 wm, with
PBC on the lateral domain boundaries and CPML on the upper and lower domain boundaries.
The horizontal dashed line across the substrate represents the illuminating source plane.
(b) Scheme of the electrical contacts. (c) Color map of the responsivity in the (A, 1) parameter
spaceat T = 160 K. The "lower" and "upper" hybrid plasmon resonances calculated according
to Eq. (13) are well visible and marked as A— and A4, respectively. The solid black oblique
line is the Agpp mode, and the dashed vertical line marks A = 1.3 um, as a reference for
spectra plotted in Fig. 7.

the smaller thickness of the absorber and the difference with the thicker standard detector is more
significant for the highest temperature.

Figure 7(c) shows that temperature has only a limited effect on responsivity, and the most
notable effect of increasing T is a blue shift of the cut-off wavelength. Figure 7(d),(e) show the
spectra of specific detectivity D* for the plasmonic and for the standard detector, for 7 = 160 K
and 260 K. Since the plasmonic detector is much thinner than the standard one, its dark current
is lower by a factor of ~ 3 at T = 160K and by a factor of ~ 4.6 at T = 260K at the operating
reverse bias. Since R for the plasmonic detector is only slightly penalized around the peak, the
specific detectivity D* increases significantly with respect to the thick standard detector for both
temperature values, which was the primary goal for the pursued approach.

Apart from the enhancement of D*, the other notable effect is the splitting of the D* peak,
which occurs only for the plasmonic detector (Fig. 7(d),(e), solid lines). This is caused by the
SPP-OC interaction, which makes the plasmons to hybridize, as described in Section 3.3. The
resulting "upper” and "lower" resonances (A, and A_, respectively) are both visible at the lowest
temperature (Fig. 7(d), solid line), and the net macroscopic effect on the detector performance is
the broadening of the optical response, which is an important point as it leads to an increase in
the usable waveband.

It is important to remark that the A_ resonance at 7' = 260K results beyond the cut-off
wavelength, which means that, although it exists as a Hamiltonian eigenvalue, it is ineffective
because it does not absorb at this temperature (in fact, in the D* spectrum it is not visible). This
indicates that the MCT bandgap must be always optimized for the desired operating temperature.
For example, if the detector must operate up to 4 = 5.5um at 7 = 260 K, the Cd mole fraction
for the MCT absorber layer should be slightly reduced.

As a final consideration, it is pointed that the small decrease in responsivity for the plasmonic
detector, which incidentally is limited around its peak value, can be avoided by considering
plasmonic materials other than gold, e.g., indium-tin-oxide or heavily doped semiconductor
layers [29,32,45,46], which avoid the backscattering of light hitting the nanodisks. This is one of
the many improvements and optimizations that can be considered, but they are beyond the scope
of this paper.
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Fig. 7. (a) 3D scheme of the plasmonic, 0.8 um-thick elementary cell and the corresponding
standard 5 um-thick detector with gold reflector. (b) Dark current density for the plasmonic
and for the standard detector, for 7 = 160 K and 260 K, with in panel (c) the corresponding
R spectra. D* spectra for the plasmonic and for the standard detector, for (d) 7 = 160K and
for (e) T = 260 K.

5. Conclusions

The motivation to consider plasmonic cavities with MCT is ultimately to use very thin absorbers
without penalizing R, which could lead to the fabrication of IR detectors with reduced dark
current and improved D*. The most relevant potential of such solution is to operate close to
room temperature, i.e., to fabricate IR detectors without heavy and expensive cooling systems,
exploiting, e.g., Peltier cells.

To show the possibilities afforded by a similar detector architecture, we have presented a
detailed investigation of the absorption properties of a plasmonic IR photodetector for the MWIR
band where an HgCdTe absorber is embedded in a plasmonic cavity. The absorber has been
designed much thinner than that of usual devices (less than 1 um) to reduce the dark current. The
plasmonic resonances compensate for the reduction in absorption resulting from the use of a
very thin absorber layer, with the net effect of achieving a responsivity which is only slightly
lower than that of a standard detector with a thickness of 5 um. The final result is a specific
detectivity that exceeds the corresponding standard detector D* by a factor of ~ 2 around the
spectral peak. These properties hold even at 7 = 260 K, a temperature that does not require
heavy and expensive cooling systems, suggesting that plasmonics is a technology that can lead to
HOT detectors, with the positive side effect to reduce the use of mercury-based materials, which
are potentially hazardous.

However, there is a secondary positive impacts to be considered: the presence of the SPP-OC
interactions that split the plasmonic mode into two hybrid modes, leading to the "upper" and
"lower" hybrid resonances, which enable to broaden the optical spectral response (R and D*),
as described in Section 3.3, offering the chance to cover the entire MWIR band with a single
detector.
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Last advantage is that, when the detector is very thin, you can extract the carriers quickly since
the carriers transit time depends on the absorber thickness [98]. This leads to higher frequency
response, an important characteristic is many applications.

The next steps originated by this work could involve the use of different materials other than
gold as plasmonic metal for MWIR, investigating the response to more complex excitation fields,
taking into account the spatial finiteness, e.g., with Gaussian beams. This could enable to extend
the modeling campaigns including other significant figures of merit, such as inter-pixel crosstalk.
This could be the starting point towards further optimizations of the absorber and/or the nanodisk
array, possibly considering alternative metals or conductive materials.
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