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ABSTRACT

Increasing the operating temperature while enhancing the detectivity D* is paramount for the advancement of
HgCdTe infrared detectors. We present multiphysics TCAD simulations demonstrating how plasmonic resonances
can enable submicron-thick HgCdTe absorbers to operate up to 260K in the mid-infrared band (MWIR, \ €
[3,5] um), promising D* more than twofold compared to those provided by conventional 5pum-thick absorbers,
with comparable responsivity. Different nanostructured surfaces are presented as solutions suitable for either
covering the entire MWIR, or for narrow-band detectors.

Keywords: plasmonic cavities, HgCdTe photodetectors, infrared detectors, multiphysics TCAD simulations

1. INTRODUCTION

The infrared (IR) detectors industry is striving towards the improvement of the responsivity of focal plane array
(FPA) detectors® by fostering the coupling of light to the absorbing material through nanostructured surfaces? 3
or plasmonic structures,* ¥ where surface plasmon polaritons (SPPs) can be exploited to this purpose. SPPs
are optical modes that can propagate at metallic-dielectric interfaces, where collective surface excitations of free
electrons are coupled to evanescent electromagnetic fields in the dielectric.'% !

IR detectors integrated in plasmonic cavities could represent an alternative to more mature high operating
temperature (HOT) infrared photodetectors designs,'? 14 presently represented by nBn barrier detectors'® 22 or
fully-depleted double-layer planar heterostructures (DLPH).?> 28 Although theoretically successful, these strate-
gies exhibit some realization problems. For example, DLPH detectors require extremely low residual doping in
the absorber,?* 2527 while barrier detectors require very abrupt composition and doping profiles?%:2%30 to be
obtained with careful calibration of the annealing time during fabrication,'® to avoid negative effects on the dark
current. Moreover, the reduction of the valence band barrier?! is necessary to favor the flow and collection of
the photogenerated minority carriers and is not a trivial issue. To this end, superlattice-based barriers?? 3132 or
pBn profiles with acceptor doped barriers are often considered and, in the latter case, a n™p™ tunnel-junction is
often required®® to improve the electrical p-contact, increasing fabrication complexity.

The high versatility of II-VI Hg;_,Cd,Te (mercury cadmium telluride, MCT) alloys already allows for the
fabrication of IR detectors featuring high absorption properties, hence high responsivity, provided the absorber
thickness t.ps is in the order of (or a little larger than) the operating wavelength. For the mid-infrared band
(MWIR, X € [3,5] pm), this makes t,ps & 5pm a good compromise. However, since in MCT the dark current
increases rapidly with increasing temperature,! a possible solution is to exploit SPPs to develop a plasmonic
IR photodetector characterized by a very thin (submicron) absorber. This makes it possible to reduce the dark
current Iy, and increase the specific detectivity D*'6
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Figure 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 , § directions. Reprinted with permission from?33 © Optica Publishing Group.

since in most cases Tgark X taps.2! Here e is the elementary charge, S is the illuminated area of the detector and

R is the responsivity, which is defined as

_ Jon
R =D 2)

where P is the optical power density and Jpn = J — Jqark is the photocurrent density, where J and Jgark are the
current density under illumination and in dark, respectively. The excitation of plasmonic resonances at suitable
wavelengths can increase the responsivity R and thus compensate for its reduction due to the use of a thinner
absorber than usual. In Section 2 we present the working principle of this type of detectors, while in Section
3 we describe the simulation framework. As a reference case study, in Section 4 we describe an introductory
example consisting of a very simple plasmonic cavity.?? Despite its basic structure, it is sufficient to recognize the
possibilities of the idea and to stimulate new developments. An example of this is Section 5, where we propose
an interesting alternative. Section 6 summarizes the most important results.

2. PLASMONIC RESONANCES TO ENHANCE DETECTIVITY

Aiming to overcome the trade-off between responsivity and dark current towards HOT detectors, it is possible
to employ SPPs to enable a reduction of ¢,ps (therefore, of the dark current) without introducing a significant
penalty on R, enhancing D* by an increase of Jy,, for given P.

In this view, the starting point of our analysis is the single pixel shown in Fig. 1, which 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 nm-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 [34, Fig. 3(a)]).



The optical field profile in this device results from the hybridization of two mode families, the optical cavity
(OC) and the SPP modes, which are described hereafter.

OC modes
When the detector is illuminated from below, the round-trip phase-shift condition®®
1\ A\
NMCT tabs = (m—|—2) > m=0,1,... (3)

determines the maximum absorption for optical cavity modes with wavelength \,,.

SPP modes

SPPs are surface collective excitations of free electrons that can propagate along a metal-dielectric interface,
satisfying the dispersion relation

—Neft (4)

e =R | €AuEMCT (5)
€Au T EMCT

(R indicates the real part). Here, ea, and eycr are the complex dielectric functions of gold and MCT, respec-
tively, and Eq. (4) implicitly indicates that the SPP is propagating along 2% 1! (see the axes orientation in Fig. 1).
However, for normal incidence along Z, the boundary conditions of Maxwell’s equations enforce the continuity
of the transverse wavevector components, i.e., k, = 0, which prevents the possibility to excite a SPP mode.

Nevertheless, the 2D nanodisks array with period A provides efficient optical scattering for wavevector® 7>36

where

2
P,q A

where 4 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 & and y. Based on this idea, by
equating k, in Eq. (4) to |K, 4| for normal incidence (# = 0), we obtain the condition

A
ASPP p,qg =—F—=—="cf>
VP2 +¢?

which defines the wavelength of the impinging plane wave that excites the SPP modes.

K (sin(@)a+pi+q9), p,g=0,1,.. (6)

(7)

2.1 Spectral response of the cavity

The spectral responsivity R(A) of the photodetector results from the typical bulk-like absorption contribution
(Lambert-Beer law [37, Sec.4.11.2]), and the OC and SPP discrete spectral resonances, whose peaks are de-
termined by the discrete spectrum of the plasmonic cavity Hamiltonian H. Depending on the selected design,
the absorption efficiency, and thus the responsivity and detectivity of the photodetector, can be significantly
increased at the wavelengths corresponding to the eigenvalues of H. They correspond neither to purely-OC nor
to purely-SPP modes, but to the so-called hybrid modes determined by their interaction, and it is of central
importance to calculate their spectral features.

The Hamiltonian H, when expressed in the occupation number formalism defined later, reads®?
H =FEoc,m ata + Espp p.q bth
. a2
iy (= a) (b + ) +0 (5 +) (8)

where Eoc,m and Egpp p 4 are the OC and SPP energies corresponding to A, and Aspp 4 provided by Eq. (3) and
Eq. (7), respectively. Moreover, v and § are the SPP-OC interaction energy and the SPP-SPP dipole-interaction



energy, respectively, a! (@) is the creation (annihilation) photon operator and bt (l;) are similar operators for
plasmons. Within this formalism (see an Aextended description in®3), the spectral resonances have energies E.
which follow from the diagonalization of H as

E%C,m + E%PP,p,q + 2ESPP,P1Q 0

Ei = 5
1 2
+ 5 {[E%c,m - (EgPP,p,q + 2Espp p,q0)]
1/2
+16’72ESPP7p7qEOC7m} / ) (9)

which correspond the wavelengths AL, known in the literature as hybrid "upper” and ”lower” SPP-OC modes.

Eq. (9) reliably determines the spectral position of the resonances Ay as a function of the cavity parameters
(A, tabs, Mefr, etc.) only if the geometry of the cavity is so simple and symmetric that estimates of Eoc , and
Egpp p 4 are possible through the simple models represented by Eqgs. (3)—(7). In most cases, the accurate spectral
position of the hybrid modes require full-wave electromagnetic numerical simulations, although the analytical
models represented by Eq. (9) are important as a guideline and for understanding the results and engineering
the design. Moreover, numerical simulations are essential to solve the carrier transport problem to provide
realistic spectra of the responsivity R and the detectivity D*, which are figures of merit obtained through
typical experimental characterizations. In this perspective, Section 3 describes the adopted numerical simulation
framework. It consists of solving the Maxwell equations for the optical problem, and the Poisson and continuity
equations for studying the transport of electrons and holes. The simulation procedure provides R and D* in
the plane (A, \) according to (2) and (1) for the structure in Fig. 1, where the resonances Ay approximately in
accordance with Eq. (9) are expected to be clearly visible.

3. METHODS

The three-dimensional (3D) multiphysics model we employed integrates the Synopsys RSoft FullWAVE tool,8
which solves the electromagnetic problems with a finite-difference time-domain (FDTD) approach. The elec-
tromagnetic problem is solved assuming a fine discretization (= A/30) and a monochromatic plane-wave illu-
mination with propagation vector along the Z direction, whose electric field exhibits the time-harmonic form
E = Egexp(k-r —wt) and is oriented along the & direction. Moreover, Ej is specified in terms of the input power
density P, and all the detector variants described throughout the present work have their illuminated face in the
(z,y) plane. As a result, the FDTD solver provides the spatially-resolved electromagnetic field, from which it
is possible to evaluate the absorbed photon density Ayt as the divergence of the time-averaged Poynting vector
S [39, Sec. 6.8]37:40-44
V- {SW)
he/X
where r is the vector position. The spatial distribution of A,p¢ provides one of the most interesting figures of
merit, the spectral absorption efficiency

Aopt()\vr) = - (10)

hc
A== [ Aop(Ar)d? 11
1) = 15 [ AaAr) s (1)
(h and c are the Planck constant and the light velocity in vacuum, and V' is the absorber volume), which can be
employed still before any carriers transport simulation to have an idea of the detector optical response and to
select the most promising design solutions.

RSoft includes realistic models of the complex refractive index 7 of the alloys under investigation, taking
into account wavelength and temperature effects. Specifically, n for gold and for MCT are evaluated from the
respective relative complex dielectric functions ex, and eyer. For enmer we adopted the model described in®?
and [46, Sec.9.6]. Regarding €a,, we adopted the Drude form in,*”

w2

. » 12
rulis) = 20— =2 (12



where €5, = 1, w, = 1.37 x 1016 rad/s, and w; = 4.65 x 103 rad/s.

Periodic boundary conditions (PBCs) along # and ¢, and convolutional perfectly matched layer (CPML)
absorbing BCs*® along 2, allow to take 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** with much
lower computational effort.

The modeling of the electromagnetic response can be followed by carrier transport simulations to assess Jqark
and, under illumination, Jyn, R and D*. This is achieved by employing the commercial simulation suite Sentaurus
Device by Synopsys,*? which discretizes the Poisson-drift-diffusion system in 3D using a stabilized finite-box
method,**5% where the optical generation rate evaluated from Aopt 1s incorporated as a source term in the
continuity equations, which also include Shockley-Read-Hall (SRH) and Auger generation-recombination (GR)
processes, modeled as in®! and,?? respectively. To determine the carrier density, Fermi-Dirac statistics are used,
also accounting for incomplete ionization of doping densities. Moreover, all the adopted models concerning the
material parameters and carriers generation-recombination mechanisms are detailed in Table S1, Supplement 1
of 33

The SRH lifetime 7sgy is only related to the material defect density and carrier trapping cross sections,
and thus it may be considered a technology-dependent parameter. We use for 7sgry a value of 10ps, which is
representative, for MCT, of average-quality materials.?>3!  Auger lifetime 74,4 is not related to the material
quality, as it depends only on the MCT Cd mole fraction, temperature, and doping density [33, TableS1]. In
particular, Taue decreases rapidly for increasing temperature, corresponding to a steep increase of Jqark. Since
Jaark depends mainly on lifetimes 7grp and 7aug and from the absorber thickness t.ps (see, e. g.,2131:53 for an
extended discussion about this point), the opportunity to reduce t,ps without penalizing R could make thin,
plasmonic MCT detectors as a possible solution to enable high operating temperatures.

51

It should be emphasized that detectors generally have an anti-reflective coating (ARC) deposited on their
illuminated face, which is very difficult to include in the simulation setup. We solved this problem by defining
the illumination source reference plane just inside the substrate, as shown in Fig. 1(b). This approach allows not
only for a more realistic estimate of R, but also for a significant reduction of the optical cavity effect (i.e., the
OC resonance), as expected in fabricated devices including a well-designed ARC.

4. STARTING POINT: GOLD REFLECTOR AND 2D ARRAY OF NANODISKS

As an example of calculation extensively discussed in? and here briefly recalled, it is interesting to compare the
considered plasmonic, 0.8 pm-thick detector with a standard (i.e., non-plasmonic) one with absorber thickness
tabs = b pm. Considering the two elementary cells and the contact scheme shown in Fig. 2(a), PBCs have been
applied along #, § and CPMLs along 2. We emphasize that the plasmonic detector includes both the gold
reflector and the A-periodic 2D array of nanodisks (NDs) as shown in Fig. 1 and Fig.2(a), while the standard,
much thicker detector only includes the gold reflector. For the sake of brevity, they are referred to as ND-PLASM
and SD (i.e., standard detector), respectively.

We have performed an electromagnetic FDTD parametric simulation campaign varying A and A, each followed
by a simulation of the carrier transport problem, which yields the dark current, the photocurrent, the responsivity
R and the spectral specific detectivity D*. In the carrier transport simulation, the bias contact is defined on
the pixel nanodisks, which are deposited on the n-doped HgCdTe layer with wider band-gap, and the ground
contact is connected to the reflector as shown in Fig. 2(a) for the elementary cell. The electrical simulations have
been performed by operating the detector in reverse bias to Vyias = —0.5V, in the dark and under illumination,
for A € [0.3,2.4] pm, and in the waveband A € [0.25,5.5] pm.

Fig.2(b) shows the obtained 2D color map of R at T' = 160K for the ND-PLASM detector, where we have
also included the fundamental SPP mode Agpp with a black solid 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 pm,
not shown in the figure.

To obtain more quantitative results, we compared the properties of the SD with the ND-PLASM adopting
for the latter A = 1.3pm and A = 1.8pm. In Fig.2(c,d) the spectral responsivity R and detectivity D* are
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Figure 2. (a) Electrical contacting strategy, with a scheme of the elementary cell of the plasmonic and standard detectors.
(b) Color map of the responsivity in the (A, \) parameter space at 7= 160 K. The ”lower” and ”upper” hybrid plasmon
resonances are well visible and marked as A and A, respectively. The solid black oblique line is the Aspp mode. (¢) R
and (d) D* spectra at T'= 160K for the standard and the plasmonic detectors, considering for the latter A = 1.3 pm and
A =1.8pm. In panels (e) and (f), the same results refer to the temperature T' = 260 K.

reported for the two structures at T = 160K, and for T = 260K in Fig. 2(e,f). 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, making D* to increase by the square root of the same factor
according to Eq. (1), since R for the plasmonic detector is only slightly penalized around the peak.

5. ALTERNATIVE: 2D ARRAY OF CROSS-SHAPED GOLD NANORODS

Different shapes of nanoparticles employed as elements of 2D gratings are expected to have different effects on
plasmonic detectors. A 2D lattice of parallel nanorods is expected to be very sensitive to the polarization of
the electromagnetic radiation incident on the active surface, exhibiting a maximum absorption efficiency when

the polarization vector is parallel to the nanorods. They can be of interest when high polarization sensitivity is
targeted.

Cross-shaped nanorods could have a different behavior, which makes their analysis very interesting. Inspired
by preliminary results from the literature®® that, however, do not include transport simulations required to

estimate R and D*, we considered a 2D array of cross-shaped gold nanorods located on the illuminated side of
the photodetector, and the same gold reflector as in Section 4.

By applying PBCs along z, § and CPMLs along 2, the same A X A unit cell as the reference structure described
in Fig.2(a) can be considered, except that the nanodisk is replaced by a cross-shaped nanorod, as we show in
Fig.3(a). In what follows we refer to this type of plasmonic device as X-PLASM. The absorber is unchanged
with respect to the reference structure, in particular its thickness is 0.8 pm, and all comparisons are made with
respect to the same SD already considered in Section 4, whose thickness is 5pm. Concerning the X-PLASM,
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Figure 3. (a) Schematics of the X-PLASM detector, with the color map (b) of its responsivity for s = 0.21A in the domain
(A, )). Comparison of the responsivity (c¢) and detectivity (d) between the SD, and the ND-PLASM and X-PLASM
detectors for A = 1.8 um. Effects of the nanorods thickness s on D* for the X-PLASM detector with A = 1.3 um (e) and
A =18pum (f).

the nanorod thickness s is particularly important, which is defined as a fraction of the 2D period A, while the
nanorods occupy all the elementary cell.

As a starting point, we have chosen s = 0.21A and performed combined electromagnetic FDTD and carrier
transport simulations for each A- and A-point at T' = 160 K, whose results are summarized in the color map of R
shown in Fig. 3(b). The two black slanted lines are the SPP modes Agpp,p,1 (dashed line) and Agpp.1.1 (solid line).
The polarization vector of the illuminating electromagnetic field forms an angle of 45° to both the nanorods,
consequently the order of the SPP mode which matters in the SPP-OC hybridization is not the fundamental
one (Agpp;0,1 OF Agpp:1,0), but the first symmetric mode Agpp;1,1, and the resonances of the "upper” and ”lower”
hybrid modes are clearly visible.

A limitation of the analytical model that provides Agpp (and in turn the Egpp which enters in Eq. (9)) is the
lack of an explicit relation between neg, A and the presence of a nanoparticle of given shape close to the reflector-
absorber interface. Eq. (7) results to be a rough approximation, and the FDTD numerical simulations clearly
indicate that Agpp,1,1 increases less than linearly with A, suggesting that neg should decrease for increasing A.

To obtain more quantitative results, we considered a comparison between the SD, the X-PLASM, and the
ND-PLASM detector described in Section4 and in more detail in.?* Fig.3(c,d) compares the responsivity R
and the detectivity D* for the three kinds of detectors, having chosen for the plasmonic ones an intermediate
value for the lattice period, A = 1.8 pum. Concerning the X-PLASM detector, it is possible to notice several,
quite well-defined resonances, leading to a strongly non-monotonic wavelength dependence of responsivity and
detectivity. In this view, the resulting photodetectors are not very suited for broad-band detection. On the
other hand, considering that the maxima are sufficiently large and very high, such devices are potentially very
interesting for narrow-band detection.

The effects of changing the thickness s are clearly visible in Fig.3(e,f), respectively for A = 1.3um and
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Figure 4. Responsivity (a) and detectivity (b) at 7' = 260K for the SD, the ND-PLASM and X-PLASM detectors. For
the two plasmonic solutions we selected A = 1.8 pm.

A = 1.8um. In the latter case, the maximum detectivity is expected for s between 0.15A and 0.20A. Below
these values, the SPP resonances start weakening, while above them the nanorods maybe cover too much the
elementary cell. For A = 1.3 pm, all the four cases perform quite well.

It is to be remarked that the primary goal of this investigation is the achievement of HOT operation by
exploiting plasmonics. Therefore we repeated the same simulation campaign setting 7' = 260 K, a temperature
which can be achieved without expensive cooling equipments. Fig.4 shows an example of results, obtained for
A = 1.8pm. Here we compare the R and D* for the SD, the ND-PLASM, and the X-PLASM photodetectors at
T = 260 K. Since R for the X-PLASM detector is quite high around the resonance A} (since the temperature-
induced blue-shift reduced the resonance A_), the corresponding specific detectivity D* increases significantly
with respect to both the thick SD and the ND-PLASM, indicating the potential interest for this type of plasmonic
detector.

6. CONCLUSIONS

The motivation behind the investigation of plasmonic cavities in MCT detectors is to pave the way towards the
fabrication of IR detectors with reduced dark current and improved detectivity, hence simplifying cooling systems,
thanks to the possibility to employ submicron-thick absorbers introducing no penality on the responsivity R.

Multiphysics TCAD simulations show that appropriately tuned plasmonic resonances compensate for the
reduction in absorption which results from the use of a very thin absorber layer. The net effect is the achievement
of a responsivity which is only slightly lower than in standard detectors with a thickness of 5 pm. 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 T' = 260 K, which could enable using Peltier cells in place of the
presently required very complex and expensive cryocoolers.

The presence of the SPP-OC interactions splits the plasmonic mode into two hybrid modes, leading to the
“upper” and ”lower” hybrid resonances. By nanostructuring the illuminated side of the detector in different
ways, it is possible either to broaden the optical spectral response as described in Section 4, offering the chance
to cover the entire MWIR band with a single detector, or to obtain more wavelength selective optical response,
as shown in Section 5.



Additionally, when the detector is thin, it is possible to extract carriers quickly, since the carriers transit time
is determined by the absorber thickness.®® Consequently, a higher frequency response is achieved, which could
be an important characteristic in many high-speed applications.
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