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Plasmon-Enhanced Light Absorption in
Mid-Wavelength Infrared HgCdTe Detectors

Marco Vallone, Alberto Tibaldi, Member, IEEE, Stefan Hanna, Anne Wegmann, Detlef Eich, Heinrich Figgemeier,
Francesco Bertazzi, Giovanni Ghione, Fellow, IEEE, and Michele Goano, Senior Member, IEEE

Abstract—Multiphysics modeling of a planar HgCdTe-based
mid-wavelength infrared (MWIR) focal plane array with 3 ym-
wide pixels enlightens the role of surface plasmon-polaritons
observed in gold nanorods arranged on its illuminated face.
Simulations indicate that the proposed plasmonic detector, which
employs a 1um-thick absorber layer, exhibits a reduction of
diffusive inter-pixel crosstalk by more than one order of magni-
tude with respect to more conventional, non-plasmonic detectors
with a 5 um-thick absorber layer, without penalizing responsivity
and achieving increased detectivity in the whole MWIR band by
taking advantage of the absorber volume reduction.

Index Terms—Infrared detectors, plasmonics, HgCdTe, focal
plane arrays, FDTD.

I. INTRODUCTION

URFACE plasmon polaritons (SPP) are the quasiparti-

cles associated with plasma oscillations of free elec-
trons coupled with electromagnetic fields, and localized
along dielectric—metal interfaces [1]. Illuminating a plasmonic
nanostructure, e.g. gold (Au), silver (Ag) or aluminum (Al)
nanospheres, nanorods, or differently shaped particles, ar-
ranged on the illuminated face of a photodetector, collective
oscillations of free electrons can be excited [2], [3]. At wave-
lengths determined by the nanostructure characteristics, the
illuminating radiation may strongly interact and couple with
these oscillations, resulting in a significant enhancement of
the electromagnetic wave’s electric field around the plasmonic
nanostructures and increasing the light absorption efficiency.
Several solutions have been experimentally characterized and
simulated, demonstrating SPP-induced absorption enhance-
ment in terahertz [4] and in infrared (IR) detectors operating
in the MWIR (mid-wavelength IR, A € [3, 5] yum) and LWIR
(long-wavelength IR, A € [8, 12] um) bands. With regard to
the IR detectors, metallic (Au, Ag, etc.) or transparent con-
ducting oxide (TCO) nanoelements, e.g., Sn-doped In oxide
(Indium-Tin Oxide, ITO) nanorods, have been considered,
showing that their performance strongly depends on their size,
shape, and doping concentration [5], [6], [7], [8], [9], [10],
[11], [12]. Metal-semiconductor—metal (MSM) schemes [13]
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with variously shaped nanoelements have been explored to
reduce the noise equivalent temperature difference (NETD, see
the definition in [14, Sec. 19.4]), and the noise associated with
high operating temperature (HOT) detectors [15], [16]. HOT
detectors are heterostructures with combinations of exclusion
and extraction junctions. They operate in reverse bias and
allow to suppress Auger generation by reducing the carrier
density in the absorber layer below thermal equilibrium [17],
[18]. A MSM scheme designed for a not-absorbing cavity [19]
demonstrated the tunability of the resonances in the MWIR
and LWIR bands. In solar cells, significant plasmonic field
enhancement induced by self-assembled metallic nanoparticles
randomly dispersed on the detector illuminated face has been
demonstrated [20], [21], [22]. Notable experimental works
concern plasmonic absorption enhancement in InAs/GaAs
quantum-dot [23], [24] and AlGaAs/GaAs quantum-well [25]
infrared detectors in the LWIR band, where the absorption
enhancement is provided by a metallic photonic crystal. Metal
(Au)-Ge-type II strained superlattices resonators, employed as
photodetectors in the MWIR band, demonstrated a maximum
spectral enhancement factor of 2.5 around A = 3.8um
[26]. Ref.[27] addresses the electromagnetic modeling and
experimental characterization of quantum-well infrared detec-
tors with gold-based two-dimensional grating resonators with
several possible shapes, both for MWIR and LWIR, with
single-band and dual-band architecture. In Ref.[28], a two-
dimensional metal plasmonic grating is employed to enhance
the quantum efficiency of nBn infrared barrier detectors [29]
with absorbers as thin as 0.5 um. Ref.[30] presents metal-
insulator-metal infrared plasmonic metamaterial absorber, con-
sisting of deep subwavelength meander line nanoantennas,
resonating in the LWIR band. However, the majority of
modeling contributions in the literature do not include three-
dimensional, multiphysics (e.g., full-wave electromagnetic,
followed by electrical transport) simulations, except for very
recent examples (see, e.g., Ref. [31]).

The focus of the present work is placed on focal plane arrays
(FPAs). They are extensively employed in high quality IR
cameras for scientific, civilian and defense purposes [32], [33].
In FPAs, each pixel acts as a single photodetector, which can
be designed as a reverse biased photodiode, possibly including
complex heterostructures [34], [35]. HgCdTe (often referred to
as MCT) is one of the most widely adopted compounds in this
kind of devices [32], [36], [33], but the difficulty to fabricate
large format IR-FPAs with small pixel pitch, low dark current
[37], [38], high detectivity [14, Sec.2.4], high responsivity
and low NETD is still a major issue. The responsivity R



(defined as the ratio of the photocurrent to the input optical
power) can be enhanced by carefully designed multi-layer anti-
reflection coatings (ARCs) [39]. However, in a number of
special applications, an ARC may not be the best solution. Air-
borne infrared photodetectors designed for defense and civilian
applications and IR cameras for atmospheric monitoring or
for advanced infrared astronomy are currently moving towards
the adoption of large-format 3"4-generation FPAs operating in
the MWIR and LWIR bands at the same time (multi-color
and multi-band IR detectors) [40]. The multi-band operation,
and the request to operate with different (also wide) angle of
incidence, can make the classical, multi-layer ARCs ineffective
[41]. Moreover, in case of IR photodetectors employed in
space missions, the mismatch between the thermal expansion
coefficients of ARC and active region may be a concern,
because of the thermal cycling to which robotic spacecrafts
employed in Solar System explorations are exposed [42], [43].

New generation, anti-reflective solutions for such applica-
tions include engineered surfaces, like arrays of pyramidal, si-
nusoidal or web-like anti-reflective textures [42], light-trapping
nanostructures [32], [44], [45], zero-contrast sub-wavelength
gratings [46], [47], where nanoelements are fabricated directly
on the surface of the absorbing material. In this context,
the adoption of nanopatterned surfaces exploiting SPP reso-
nances can be a valid alternative to ARCs. Firstly, plasmonic
nanopatterned surfaces, obtained, e.g., by the deposition of
Au nanostructures directly on the absorber’s illuminated face,
may constitute an efficient light-trapping structure. They may
favor light absorption, avoiding and substituting the classical
multilayer ARC solution whenever the operating environment,
the bandwidth requirement, or the illumination conditions
can represent a concern. Secondly, SPPs may significantly
enhance the electromagnetic wave’s electric field around them
[11], [48], and the two mechanisms together may lead to
a significant increase of R for wavelengths determined by
the nanorods distribution itself and by the characteristics of
adopted plasmonic material.

In the present contribution, the choice of vertical nanorods
with circularly-symmetric shape as shown in Fig.1 and de-
scribed in detail in SectionII should alleviate polarization de-
pendence: in fact, circular shapes (nanorods, nanospheres, etc.)
are polarization independent for normal incidence because of
their rotational invariance (the only rotational non-invariant
part of the detector is the pixel itself, which normally has
a square symmetry). Nevertheless, by changing the incidence
angle, the light polarization should matter, and this point will
be described in a separate contribution.

Another straighforward way to enhance R is to increase the
absorber thickness t,,s. However, for larger s, the thermal
generation-recombination (G-R) noise and the transit time
of photogenerated carriers increase. Therefore, generally this
cannot be a viable solution. Indeed, the thermal G-R rate enters
in the expression of one of the most important figures of merit,
the normalized detectivity D* [14, Sec. 2.4]. The photodetector
performance can be enhanced by maximixing D*, which is
defined as
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Fig. 1. (a) 3D MWIR 5 X 5 miniarray with (b) nanorods on the illuminated
face, representative of a large format FPA. The pixel pitch is d, and the
nanorods are A-spaced. (c) Vertical two-dimensional cutplane along the
miniarray center, showing the doping profile.

where ¢ is the elementary charge. Maximizing D* requires
increasing the responsivity and reducing t,ps and the carrier
thermal generation rate per unit volume Gy, (here considered
uniform). Device cooling is an obvious remedy to reduce Gy,
but cost and weight constraints on the final product suggest to
move in the opposite direction, i.e., towards the development
of HOT detectors [40] which include, e.g., unipolar barrier de-
tectors and fully depleted heterostructures [49], [50]. However,
the former require non-trivial composition or doping profiles,
while the latter often need high reverse bias to curtail the dark
current.

Eq. (1) suggests an alternative solution: SPPs, excited e.g.
by a periodic array of metallic nanorods on the detector illu-
minated face, may allow for reducing ¢,1,s without decreasing
R, resulting in a larger detectivity D* and in a more HOT-
behaving detector. In this context, the present contribution is
focused on three-dimensional (3D) multiphysics (electromag-
netic and electrical transport) modeling of a planar, HgCdTe-
based, diffraction-limited [51] MWIR FPA detector, which
indicate the possibility to reduce the FPA absorber thickness
to 1 um only: it can be remarked that the conventional choice
for t.,s ranges between 3 and 5pm, in the order of the
average absorption length in the MWIR band [14, Sec.3.2.3],
[45]. Indeed, in the present contribution, simulations show
that the adoption of FPAs with plasmonic nanostructured illu-
minated face significantly enhances the responsivity, making
thin detectors (f,ps = 1pm) competitive with conventional
thicker detectors without plasmonic surfaces (t,,s = 5 um).
Correspondingly, for thin detectors, D* is shown to be sig-
nificantly increased in the whole MWIR band. Moreover,
simulations at center of the MWIR band (A = 4.0 um)
indicate that the diffusive inter-pixel crosstalk [52], [53], [54]
gets much decreased — more than one order of magnitude —
when compared to non-plasmonic, 5 pm-thick ones. This result
enables to fully exploit the imaging performance provided by



very small pixels, which may be sensitive to diffusive inter-
pixel crosstalk if their thickness is larger than their pitch.

In SectionlIl, introductory concepts at the basis of the
proposed approach are provided; in Section III we describe the
detector and the investigation methods; finally, in Section IV
the results of multiphysics simulations and their implications
are discussed, providing a motivation for the outlook on future
work briefly given by Section V.

II. PLASMONICS IN IR DETECTORS

Let us consider an infinitely extended Au-MCT interface,
illuminated by an electromagnetic monochromatic plane wave
with wavevector k parallel to z, polarization vector along x
(i.e., a TE mode), and A in the MWIR band, whereas the MCT
has a composition suitable to absorb light in the same band.
Starting from the Maxwell equations for electric E and mag-
netic H fields and assuming solutions in the time-harmonic
form E = Ej exp(kr —wt) and H = Hj exp(kr —wt), where
w = 2mc/\ is the angular frequency and c is the light velocity
in vacuum, it is possible to demonstrate [1] that along the
interface a TM mode exists. The wavevector components along
z and z are:

2
w EAUEMCT w €A

kaj = - ) kz = - u 9 (2)
¢\ €au + emcr c\ €au + enmcT

where €5, and eycr are the frequency-dependent gold and
MCT dielectric functions, respectively. For MCT we adopted
the wavelength, temperature, and composition dependent form
in [55], and for €, the Drude form in Ref. [56],

w?

€Au = €0 — 27;0.7 (3)
w? — fww;

where €5 = 1, w, = 1.37 x 106 rad/s, and w; = 4.65 x 10'3
rad/s. The mode — a SPP mode — is propagating along x and
evanescent along z, because in the MWIR band k, has a large
real part (especially close to the cutoff wavelength), whereas
k. has a large imaginary part. E has a large component
along z, and the mode penetrates into the MCT layer, getting
eventually absorbed during the propagation along x.

Beyond this simple case, more interesting features involve
periodic, metallic nanostructures. Let us consider now a A-
periodic, two-dimensional (2D) array of Au nanorods on the il-
luminated face of a MCT-based photodetector. Analytic forms
for dispersion relations similar to Eq.(2) are available only
for simple, regular shapes. However, in order to understand
the general behavior, we will consider at first Eq. (2), equating
k. to the nanorod array wavevectors ky, , = (pZ + q) 27/ A,
where p and ¢ are integers denoting the mode orders along the
z- and y-directions, being %, ¢ unit vectors in the xy-plane
(see Ref. [8] and references therein). It is possible to choose
A to have a Bragg-like resonance condition for wavelengths
Ap,q in the MWIR band, where

u p,q JemeT (Ap,g)
+€MCT()\ )

A “4)

6A
R indicating the real part. Therefore, the Au-MCT plasmon-
polariton effect gives k a large x-component according to

Eq.(2), and the A-periodicity makes the SPP to become a
resonant, horizontal local mode along x, favoring strong light
absorption for A values determined by Eq.(4). In principle,
an FPA with a plasmonic nanorod array (from now on, a
plasmonic FPA) could offer a large responsivity enhancement
with respect to an identical standard FPA without plasmonic
array.

Concerning the optimal choice of FPA pixel width d, a
remark is necessary: the maximum optical frequency contained
in the Modulation Transfer Function (MTF) [57] of an optical
system with objective diameter D and operating at wavelength
A is given by D/A. Correspondingly, the MTF of an ideal FPA
with pixel width d contains spatial frequencies up to f/d,
where f is the focal length of the optics. From the Nyquist
theorem, the FPA must sample the image at a spatial frequency
at least twice the maximum spatial frequency contained in
the optics MTF, i.e., f/d > 2D/A, which can be written
as FA/d > 2, where F = f/D is the focal ratio of
the optics: this is the so-called diffraction-limited condition,
and it represents the optimal choice. For the MWIR band,
Ref. [51] indicates F' ~ 1.5 with a target value for pixel pitch
d ~ 3 um, the value we have chosen in all the simulations in
the present work. Ref. [58] points out that, still remaining in
the diffraction limited condition FA/d = 2, a detector with
F =1 and d = 5pm (for example) performs exactly like
a system with ' = 4 and d = 20 ym. Authors mean that
not only the resolution is the same, but also the field-of-view,
the detection range (i.e., how far a target can be identified,
important in defense systems), and the signal-to-noise ratio,
which depends on the (d/F)? ratio [51, Eq.(12)]. However,
if the objective diameter remains the same, by reducing F' by
a factor of four (and the pixel size, too) the focal length is
reduced by the same ratio, with an ensuing reduction of total
system size, weight, and also power consumption, because of
the reduced cryogenic system volume. A more complete and
recent study [59] indicates as appropriate a trade-off between
resolution and maximum detection range, a condition which
leads to FFA/d = 1.5, i.e., somewhere in between considering
the diffraction-limited (FA\/d = 2) and the detector limited
operation (FA/d = 0.41, see [51]), and an acceptable F-value
of 1.2. This implies d = 3.2 ym at center of the MWIR band,
a value not far from the present work (3 pm).

The diffraction limited condition is strictly connected to
one of the most important figures of merit for FPAs, i.e., the
minimum NETD that can be theoretically achieved. At suffi-
ciently low temperature, when dark current can be neglected,
it is possible to show [36] that NETD o« F\/d, hence, for
given A and optics, the condition FA/d = 2 also provides
the minimum achievable NETD: by reducing d further, NETD
would deteriorate (i.e., it would increase), whereas wider d
would not exploit the available resolution provided by the
optics.

III. THE DETECTOR AND THE MODELING METHODS

Fig. 1(a,b) shows the considered detector, a 5 x 5 pixels
miniarray, with a 2D, A-periodic array of w-wide and ¢-long
Au nanorods on its illuminated face. It consists of an acceptor—
doped (N4 = 101% cm—3), t,ps-thick, planar Hgg 714Cdg 286 Te
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unit cell: the z-component of the electric field in units of Ep, example for
A=4pm, A =1pm, and w = 0.5A.

layer, designed to operate at 7' = 230K (its cutoff wavelength
is Ac ~ 4.8um), and all simulations in the present work
have been carried out for this temperature. Pixels with a
d = 3 pm pitch are defined simulating an ion implantation on
a square 2.25-micrometer-wide window with maximum donor
concentration of Np = 5 x 10" cm™3, which yields a n-p
junction at ~ 0.3 pm from the bias contact (see Fig. 1(c)), and
the illuminated face is located on the horizontal plane z = 0.

The fabrication of gold nanopillar or nanorod arrays is a
known technique for solar cells [60] and biosensors [61],
where gold pillar arrays were fabricated by electron beam
lithography (EBL) combined with nanoscale electroplating.
Gold nanopillar patterns on a ITO coated glass substrate was
made using EBL [62] in organic solar cells. For the detector
under study, after having grown the thin HgCdTe absorber
on a standard, high quality CdTe (or CdZnTe) substrate
with a standard technique (e.g. molecular beam epitaxy), the
deposition of the gold plasmonic structure on the free HgCdTe
face could be realized by metal evaporation and deposition,
EBL and etching processes, as in [63], by standard optical
EBL and metal lift-off process as in [64], or by a focused
ion beam milling as in [65], whereas the bias contact could
be realized through a via in the optically polished (and, if
appropriate, thinned) substrate, which could become what we
named passivation layer in Fig. 1. A possible way to enhance
the responsivity is terminating the device with a large metallic
reflector, leading to a double-pass device. This strategy is
broadly used in solar cells, aiming to maximize the energy
conversion. However, in this work it is not adopted, in view of
avoiding capacitive effects that could deteriorate the dynamic
characteristics.

As a first step, we employed the Finite Difference Time
Domain (FDTD) [66], [67] electromagnetic solver Synopsys
RSoft FullWAVE [68] to study a simplified problem where
passivation layers and metallic contacts were neglected. The
miniarray is illuminated from below with a monochromatic TE
plane wave with electric field amplitude Ej, wavevector along
z, and optical power flux set to I mWcm™2. By imposing

periodic boundary conditions (PBCs) along x and y, and
convolutional perfectly matched layer (CPML) absorbing BC
along z, we could consider just one of the pixels. Moreover,
by exploiting the periodicity of the structure, we subdivided
the pixel into A-wide square unit cells, each containing one
of the nanorods, as shown in Fig.2(a). This is equivalent to
simulate an infinitely extended repetition of cells, and the
electromagnetic solution for one of them describes the whole
FPA behavior.

Fig. 2(b) shows the distribution of the electric field compo-
nent along the vertical direction E, for one of the possible
choices (A = 1pum, w = 0.5 A, and A = 4 um). As expected,
E, results to be quite large in the MCT absorber, especially
close to the MCT-Au interface, because of the xy-stationary
mode connected to the SPP.

For a given wavelength, the spatial distribution
Aoptw(2,y,2) (number of absorbed photons per unit
volume and time, in a unit cell which includes a nanorod with
diameter w) is obtained as the divergence of the time-averaged

=,

Poynting vector (S) [69, Sec.6.8] [70], [71], [72], [73], [74]

Aopt,w(-ra Y, Z) = _Vhis/’(;\»v (5)
where the material complex refractive index is included in S
e.g. as in Refs. [75], [76]. After some trial, a good SPP-induced
field enhancement effect was observed for a nanorod com-
posed by a 0.4 ym-high cylinder topped with a hemisphere,
for a total thickness of ¢ = 0.775 um, the presently adopted
value, whereas its optimal diameter w has been chosen by
means of a series of three-dimensional FDTD simulations for
A =4 um (center of the MWIR band).
Fig.3(a) shows the rate A,pyw(2,y,2) integrated on the
MCT volume VjicT of the unit cell,

Aw) = [ Aoy edydz©)
Vmer

as function of w/A, for the trial value A = 1 yum. We remark
that w = 0 identifies a standard photodetector, i.e. without
nanorods. It is evident that w ~ 0.5 A provides the maximum
absorption in the MCT volume. Moreover, the very interesting
result is that, in that case, a 1pum thick MCT plasmonic
absorber provides the same absorption of (or even higher than)
a 2.5 um thick standard absorber (point w = 0). Another
interesting information included in Fig.3(a) is the fact that
the highest absorption enhancement due to SPPs coupling,
A(w)/A(0), is provided by the thinner detector, whereas it
becomes less and less significant as long as t,p,s increases.
In order to identify the optimum value for A, in Fig. 3(b) we
show the colormap of the absorption enhancement M, defined

as the ratio
A(w =0.5A)

Alw=0) ~’
as function of A and . It describes the absorption enhance-
ment of a plasmonic detector with respect to the corresponding
standard one, and the A value which provides first order
resonance is slightly lower than 1.5 ym, and only mildly de-
pendent on . It can be noticed that this value is considerably
different from the value provided by Eq. (4), which represents

M(A,X) = (7
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an oversimplified model, able to provide a first estimate of
the resonant wavelengths, but unable to account for details
determined by unit cells geometry: instead, Fig. 3(b) provides
an a posteriori better estimate of the optimal value for A.
The third resonance, which lies at A =~ 2.3 um, in principle
provides a much higher value for M. With the constraint to
have even—spaced nanorods on the FPA, this choice would
imply d = 4.6 um, which still represents the state-of-the-art.
However, since our intention is to provide just a proof-of-
concept, we set A = 1.5 ym and w = 0.5 A, which implies
d = 3pm. This choice represents an acceptable trade—off
according to Fig.3: it still shows the effect (even if with a
reduced value for M), privileging — at least theoretically — the

expected performance in terms of NETD and image resolution
(MTF), as discussed in SectionIl. Of course, for a deeper
understanding of the relations between A, d, NETD and MTF
characteristics, experimental data would be useful.

IV. MULTIPHYSICS MODELING

We first considered a single pixel of the miniarray shown
in Fig. 1, and the plane wave illumination condition described
in SectionIIl. Electrical transport 3D simulations have been
performed in the drift-diffusion approximation following the
approaches described in [54], [75], [76], [77], [78] with a
commercial simulator by Synopsys [79], characterized by a
highly customizable software material library. The optical
generation rate distribution Gopt,,y into the detector, due to
interband optical absorption, has been taken equal to Agpt,w
without loss of generality, and it enters as a source term in
the electron and hole continuity equations. The latter have to
be self-consistently solved with Poisson equation and Fermi
distribution expressions, as described in detail e.g. in Ref. [76],
and PBCs have been applied along = and y directions for both
the electromagnetic and transport problems. Aqpt ., Which is
defined on the optical grid (with uniform mesh size of 50
nm), has been mapped into the not uniform electrical grid,
which is finer where doping gradient is higher, close to regions
interfaces and electrical contacts. The dependence of HgCdTe
electrical properties on composition, doping and temperature
has been taken into account according to the models reported
in Ref.[76] (Table I), without including possible doping-
induced plasma effects in the complex refractive index, e.g.,
Burstein-Moss effect and free carrier absorption, [80], [81].

Electrical simulations include Auger, radiative (modeled as
in Ref.[82] and in Ref.[76] (Table I)) and SRH generation-
recombination processes. The latter have been modeled as in
Ref. [37] considering a SRH lifetime around 100 s, neglecting
for simplicity trap-assisted [83], [84], [85] and band to band
tunneling. Among the most important parameters obtained
by the models in [37], we may report for ease of use the
absorber’s energy gap (0.2556 eV), electron mass (0.0185 my,
where mg is the free electron mass), hole mass (0.55mg),
radiative coefficient (3.226 x 10~!! cm3s™!), electron Auger
coefficient (3.228 x 10726 c¢cmSs~!), hole Auger coefficient
(6.529x 1027 cmSs~1), electron mobility (9507 cm?V~1s71),
hole mobility (95 cm?V~1s71), as evaluated from the cited
models at 7' = 230K. Other important parameters depend
from the illuminating wavelength (the absorption coefficient),
or from the carrier density (e.g. the radiative, SRH, and
Auger recombination rates) and are self-consistently evaluated
during the simulation. In Fig.4(a) the spectral responsivity
R is shown for a standard and a plasmonic detector with
1 pm-thick absorber, and for a standard detector with 5 ym-
thick absorber (the latter value is a common choice in MWIR
FPAs [86], [45]). For the thinner absorber, the responsivity
enhancement due to the plasmonic nanorods is particularly
significant close to the cutoff wavelength. However, there is
not a large and clear advantage coming from the adoption of
1 pm-thick plasmonic detector in comparison with standard
detectors with more common absorber thickness.
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Fig. 4. Multiphysics simulations, plane wave illumination: (a) spectral responsivity R and (b) detectivity D* for a plasmonic and a standard FPA with

tabs = 1 pm and for a standard FPA with 5 pm.

The benefit coming from the absorber thickness reduction is
more clear when considering the detectivity D*, Eq. (1), which
also contains the contribution coming from thermal generation
Gn, and that can be redefined in a more general way as

RS2

D* = |
1/2
4 (2 fVI\/ICT Gth(.’l), Y, Z)dil' dy dz)

®)

where S is the detector area. Actually, Fig.4(b) shows a
significant D* increase for the thinner plasmonic detector,
whose value is higher than the corresponding value for a
standard 5 pm-thick detector in the whole MWIR band. From
Eq. (8), this is due to a decrease of the integral of Gy in the
thinner detector, in association with a substantially avoided
loss of responsivity thanks to the plasmonic effects (Fig. 4(a)).
Moreover, other important figures of merit may benefit from
a substantial reduction of the absorber thickness.

A. Possible benefits for NETD

When the operating temperature does not allow to neglect
the dark current Jg,x, NETD is worsened by an increase
of Jaark, since in this case it is NETD « /1 + Jdark/Jo,
where Jg is the total background flux current density (see
[87], [36] for details). Very often Jy.;k iS proportional to
the absorber volume, therefore by reducing t,1,s also NETD
would be reduced. However, a simulation of NETD taking into
account all the contributions strongly depends on the doping
profiles, the operating temperature, and growth details, and
a dedicated modeling and exerimental investigation would be
appropriate, which is beyond the scope of the present work.

B. Possible benefits for inter-pixel crosstalk and response time

Let us consider now the whole 5 x 5 miniarray shown in
Fig. 1, and indicate with CP and NNs the miniarray central
pixel and its nearest neighboring pixels, respectively. When the
miniarray is illuminated by a narrow, monochromatic Gaussian
beam with waist radius ~ 2.5 um, its axis along z, and
centered on the CP, the illumination condition is very similar
to that provided by a low F-number optical system: the beam
is a wide cone, and its Fourier decomposition [88] contains
components which are highly non-normal, i.e., with wide angle
of incidence (a future useful investigation, not included in the
present work, could directly concern the simulation of plane
wave illumination with same power and variable angle of
incidence). Carriers photogenerated in a given pixel tend to
diffuse laterally, towards NNs, before being collected, giving
origin to the diffusive inter-pixel crosstalk, which can be
approximated as [53]

(€))

where the ratio between the photocurrent in the CP and in the
NN,

Dnns ~ Cnns — Onns,

I s
Cns = T (10)
I, cp
can be regarded as a possible definition of the fotal inter-pixel
crosstalk, and

fVNNs Goptw(x,y, z)dedydz
fch Gopt,w (SC, Y, Z) dﬂj dy dZ
is the optical inter-pixel crosstalk, defined as the ratio between

carriers photogenerated in one of the NNs (with volume Vxns)
and those photogenerated in the CP (with volume Vip).

(1)

Onns =
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plasmonic miniarray, with 1 pm, 2.5 pm, and 5 um-thick absorber.

Since commonly adopted values for t,,s in MWIR band
are between 3 um and 5 pum [86], [45], if d is as small as
3 pum to fulfill both the diffraction limited condition and the
minimum achievable NETD, the diffusive inter-pixel crosstalk
may increase quite rapidly when t,,s increases. By the
adoption of plasmonic nanorods, the thickness t,,s could be
decreased safely, reducing Dnns in turn without penalizing
much the responsivity (Fig.4(a)) and increasing significantly
the detectivity (Fig.4(b)). Fig.5 shows a comparison between
plasmonic and standard miniarrays, for three values of absorp-
tion thickness, 1 ym, 2.5 pm, and 5 pm: simulations indicate a
reduction of more than one order of magnitude for Dyns When
tabs 1s decreased from 5 pm to 1 4m, a very encouraging result,
to be extended considering dedicated future investigations
along the whole MWIR band. For sake of clarity, it must
be remarked that Dy is very similar for plasmonic and
standard miniarrays with the same absorber thickness (it
is not expected to be significantly different): actually, the
great benefit brought by the adoption of plasmonic detector
consists in the possibility to consider much thinner absorber,
with performance comparable (e.g., responsivity), better (e.g.,
detectivity), or much better (e.g., inter-pixel crosstalk) than in
standard detectors with thickness in the order of the absorption
length.

As a final note, to reach short response times, the absorber
thickness should be thin and fully depleted [89]. Let us
indicate with ?,1,5.qn the thickness of the quasi-neutral (or
electric field free) region in the absorber, and with tabs dep
the thickness of its space charge region: the detector response
time is governed by the diffusion transit time across the quasi-
neutral region, Tgig ~ t2 /D, and by the drift transit

abs,qn
time across the space charge region, Tavit, = tabsdep/(1E),

where D and p are, respectively, the minority carrier diffusion
coefficient and mobility, and E is the electric field [90,
Sec. 4.9]. For both terms, a reduction of the absorber thickness
may be beneficial, since it helps reduce both 7q;¢ and Tqyift,
concurring to decrease the response time.

V. CONCLUSIONS AND PERSPECTIVES

We presented a 3D multiphysics modeling of a planar,
HgCdTe-based, diffraction-limited MWIR FPA with 3 um
wide pixels and a periodic array of Au nanorods on the illumi-
nated face. Simulations indicate that the proposed plasmonic
structure, which employs a 1 pm-thick absorber layer, exhibits
a reduction of diffusive inter-pixel crosstalk by more than
one order of magnitude with respect to more conventional,
non-plasmonic detectors with 5 pum-thick absorber, without
penalizing responsivity and increasing the detectivity, as well
as taking advantage of the absorber volume reduction for
what concerns the impact of possible material defects on dark
current, paving the way towards a new generation of very thin,
subwavelength detectors.

Future work will address simulations of R, D* and Dnns
across the whole MWIR band for several doping profiles
and operating temperatures, as well as the impact of similar
reduced-thickness, plasmonic nanopatterned detectors on the
dark current: such an approach may help reduce further cool-
ing requirement, towards the final goal of obtaining satisfac-
tory room-temperature operation. Some details of nanoelement
geometry, e.g. the nanorod length ¢, material(s) and periodicity
should be carefully investigated as well, in order to further
optimize the light coupling.
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