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We present three-dimensional simulations of HgCdTe-based focal plane arrays (FPAs) with two-color and dual-
band sequential infrared pixels having realistic truncated-pyramid shape, taking into account also the presence
of compositionally-graded transition layers. After a validation against the spectral responsivity of two-color, mid-
wavelength infrared detectors from the literature, the method has been employed for a simulation campaign on
dual-band, mid- and long-wavelength infrared FPAs illuminated by a Gaussian beam. Simulation results under-
score the importance of a full-wave approach to the electromagnetic problem, since multiple internal reflections
due to metallizations and slanted sidewalls produce non-negligible features in the quantum efficiency spectra, es-
pecially in the long-wavelength band. Evaluations of the optical and diffusive contribution to inter-pixel crosstalk
indicate the effectiveness of deep trenches to prevent diffusive crosstalk in both wavebands. In its present form,
the detector seems to be subject to significant optical crosstalk in the long wavelength infrared band, which could

be addressed through pixel shape optimization. © 2020 Optical Society of America

http://dx.doi.org/10.1364/a0. XX. XXXXXX

1. INTRODUCTION

Multispectral capability across infrared (IR) bands is a central require-
ment for third generation IR photodetectors [1-4]. Short, mid, long,
and very long wavelength IR bands are conventionally defined re-
spectively as: SWIR, A € [1,3]um; MWIR, A4 € [3,5] um; LWIR,
A € [8, 14] um; VLWIR, A > 14 um. The possibility to image a scene
in two different IR bands [5], e.g. SWIR-MWIR or MWIR-LWIR
(dual-band), or also in two subbands belonging to the same IR band
(e.g. two-color MWIR-MWIR), offers the opportunity to determine
the imaged object temperature, or to increase its contrast against the
background, especially in presence of fog, haze, dust, and atmospheric
turbulence. Outstanding properties of Hg;_,Cd,Te (or MCT) [6-8]
allow to fabricate large format dual-band or two-color focal plane ar-
rays (FPAs) IR detectors, exploiting the degree of freedom offered by
the largely x-tailorable MCT bandgap, gradually increasing from a
negative value for HgTe to a positive value for CdTe, with an extremely
small change of lattice constant.

In one of the simplest schemes, each pixel includes two stacked
p-n absorbers, i.e., two back-to-back p-n photodiodes with different
cut-off wavelength, separated by a thin, wide bandgap layer acting
as barrier, and a single bias contact. This scheme is also known as
n-p-P-p-n triple layer heterostructure, where the capital letter refers to
the barrier, a thin layer with a bandgap wider than the absorbers. The
shorter wavelength absorber is located closer to the illuminated detector

face, and higher energy photons interact with it, leaving instead the
lower energy photons to reach the longer wavelength section, located
above and connected to the bias contact [1, 9-13]. In this class of
detectors, known as sequential detectors, either of the p-n junction
can be reverse biased by changing the polarity of the bias voltage,
switching the spectral response between the two wavebands.

The development of multispectral IR-FPAs requires considerable
design and technology effort in order to optimize quantum efficiency
(QE), spatial and spectral crosstalk, high-temperature operability, spa-
tial resolution, etc. Recent works [14—16] develop and employ multi-
physics approach to reproduce single-color, compositionally graded
HgCdTe IR photodetector performance, by means of combined three-
dimensional (3D) electromagnetic and electrical simulations. In addi-
tion, simulations of 3D realistic pixel shapes require large numerical
resources and careful choice of computational grid [17-23].

The application of the same procedure to two-color and dual-band
FPAs is not straighforward, especially because of several numerical
and implementation issues which arise when realistic pixel shapes
are concerned: achieving fast and stable numerical 3D simulations
is often non trivial, especially when heterostructures are concerned,
in which carrier density drops to very small values due to reverse
bias of semiconductor junctions. Hence, our first task has been the
development and validation of the method against experimental results
concerning a two-color detector described in good detail in literature
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Fig. 1. (a) The 3D MWIR|-MWIR; 3 x 3 miniarray, with a two dimensional (2D) cutplane (b) at center pixel showing the doping distribution
Np — Ny. (c) The composition profile along a one-dimensional (1D) cutline at center pixel.

[24, 25]. A description of the calculation method is given in Section 2,
followed by its validation in Section 3.

After this preliminary step, we applied the same method to simulate
a dual-band MWIR-LWIR detector operating at 7 = 230K, and the
obtained results and their discussion are presented in Section4: for
this value of temperature, a dark current below the “Rule 07" standard
[26, 27] is predicted, even for the more challenging LWIR operation,
without the necessity to consider too low and difficult to achieve doping
levels. This is a lower bound that may represent an ideal target for high
performance detectors. In fact, the present simulations do not include
any effect of surface recombination, connections to the read-out circuit,
noise, etc. Illuminating with a narrow Gaussian beam the central pixel
(CP) of a 5 x 5 miniarray of pixels, we obtained useful indications
about the optimal bias point for the selection of the MWIR and LWIR
wavebands: the bias voltage should be large enough to provide low
spectral crosstalk and high quantum efficiency [15, 16, 28-30], but not
so large to trigger band-to-band tunneling.

2. METHOD OF CALCULATION

Electromagnetic (optical) and electric 3D simulations of HgCdTe-based
IR-FPAs were performed considering M x M pixel miniarrays and em-
ploying a commercial numerical simulator by Synopsys [31], including
an electromagnetic solver (EMW), and an electron transport solver
(Sentaurus Device), here employed in the drift-diffusion approxima-
tion. The EMW section provides the solution of the electromagnetic
problem for monochromatic illumination at wavelength A according
to the Finite Differences Time Domain (FDTD) method, after having
discretized the miniarray into a 50 nm Yee grid [32, 33]. The FDTD
method solves the Maxwell equations, and the electromagnetic solu-
tion is represented by the absorbed photon density Aop (number of
absorbed photons per unit volume and time), which is obtained as the
divergence of the time-averaged Poynting vector (S) [34-37]

-
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Here £ is the Planck constant, c is the light velocity in vacuum, and
the material complex refractive index n, 4 ik is included in s through
Maxwell equations as shown e.g. in Refs. [29, 38], Egs. (8-10). The
optical generation rate distribution Gopy into the detector due to inter-
band optical absorption is given by Gopt(An) = NAopt(An), where the
quantum yield 1, defined as the fraction of absorbed photons which
are converted to photogenerated electron-hole pairs, was assumed to
be unitary.

When a detector includes layers with compositional grading along
the growth direction, a staircase discretization is required to overcome
the limitations of the optical simulator [14], allowing to treat the com-
plex refractive index as piecewise constant ([29], Table I). Only after
this important step, the electromagnetic Yee’s grid is built and the
FDTD algorithm can provide the solution. Since a fine A-sampling is
important to describe and keep into account the rich resonance-like phe-
nomenology around the cut-off-wavelength [14, 29], the wavelength
interval should be sampled with fine enough resolution. Thus, a sep-
arate electromagnetic simulation followed by an electric simulation
is required for each A, point, where Gopt enters as a source term in
the electron and hole continuity equations, as described in detail e.g.
in [38]. As a last remark, the staircase discretization should be fine
enough to guarantee a small reflection coefficient between adjacent sub-
layers in the compositionally graded layers (see [14] for a discussion
on this point).

3. VALIDATION ON MULTISPECTRAL DETECTORS

In order to validate the calculation method on multispectral detec-
tors, we simulated the 3 x 3 MWIR{-MWIR, miniarray shown in
Fig. 1, where the compositional profile and the doping scheme along
the growth direction z was kept as similar as possible to the struc-
ture from Ref. [25], one among the few literature contributions which
report detailed experimental measurements and photodetector char-
acteristics. The detector is a heterostructure with doping scheme
Nt —v—PT — 71— NT (conventionally, lower case Greek letters re-
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Fig. 2. The optical generation rates Gop, evaluated with EMW and
FullWAVE-RSoft simulators (1D cutlines at center miniarray, along
the z-axis), for (a) A, =3um, (b) A, = 4um, and (c) A, = 5um.
(d) Simulated spectral responsivity for plane wave illumination (sym-
bols), with the experimental curves, obtained from [Fig. 2, 25], super-
imposed on the same figure (dotted lines).

fer to low-doped absorber regions, whereas upper case letters refer
to layers with a bandgap wider than absorbers). It is composed by a
1.5 um-thick Hgp 5Cdg 41 Te N*-SWIR donor doped (Np = 2 x 1017
cm~3) contact layer grown on a CdTe substrate, followed by two v-
and m-absorbers with different bandgap and doping, separated by a
P+-SWIR barrier, and by a 2.5 um-thick Hgg ¢3Cdg 3, Te donor-doped

(Np =2 x 1017 cm—3) cap layer. In the present work, the v- and 7-
absorbers are respectively a 4.2 m-thick low donor-doped (Np = 1013
cm—) Hgy63Cdp.32Te (MWIR;) and a 4.4 pm-thick low acceptor-
doped (N4 =5 x 10'5 cm™3) Hgo.72Cdp23Te (MWIR;) layer, and
they are separated by a 0.5 ym-thick acceptor-doped (N4 = 5 x 1017
cm™?) Hg( 55Cdg4s5Te PT-SWIR barrier. To provide a realistic de-
scription of the geometry, a 0.5 um-thick transition layer with linear
composition profile is inserted to connect the SWIR contact layer to
the MWIR| absorber, and another similar one connects the MWIR,
absorber to the cap layer, as shown in Fig. 1(c).

The pixels are defined by triangular trenches, and their shape is
a truncated pyramid with 10 um wide square base. The angle of the
mesa sidewalls is set to 78° respect to the plane Z = 0, a value that
should assure total reflection at the sidewalls in a large interval of
incident radiation wavevector directions [28]. A metal ring surrounds
the perimeter of pixels, it is connected to the contact layers, providing a
common ground for all them. The cap layer of each pixel is connected
to a square metallic layer (the bias contact), partly extending over a
0.3 um thick CdTe passivation layer that covers the pixel upper face.

The dependence of HgCdTe properties on composition, doping
and temperature was taken into account according to the models re-
ported in Ref. [29], without including possible doping-induced plasma
effects in the complex refractive index, e.g., Burstein-Moss effect
and free carrier absorption, [39, 40]. The Shockley-Read-Hall (SRH)
recombination processes were modeled as in Ref.[41] considering
a lifetime around 100 us, neglecting for simplicity trap-assisted tun-
neling [42—44], but keeping into account possible contributions to
generation-recombination rate coming from band-to-band tunneling
(BTBT), described according to the classical expression by Kane [45]

np—ni2

B
R =P T aAL? — 2
BTBT, Kane i) (p ) exp (@@) 2

where, for parabolic barriers, the A and B coefficients are [46, 47]
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&, Eg, me, g and i being respectively the local electric field, energy gap,
electron effective mass, electron charge and reduced Planck’s constant,
ni, n, and p respectively the intrinsic, electron and hole densities.
Alternative expressions, that treat less idealized cases, accounting e.g.
for the Fermi levels position in the neutral regions [48] or considering
2D and 3D realistic junction profiles [41, 46, 47] may be also employed.
However, since all these models make use of fitting parameters, in
absence of any experimental data we preferred to apply the classical
Kane’s expression in Eq. (2). Fermi-Dirac statistics and incomplete
dopant ionization were taken into account, with activation energies for
HgCdTe alloys estimated according to [49, 50]. The computational
box included air layers located above and below the miniarray (instead
of other filling material, for simplicity), and the optical boundary
conditions have been set as absorbing along z (this is obtained with
convolutional perfectly matching layers [51]), and periodic along x and
v, in order to mimic an infinitely extended pixel array.

The detector was simulated in dark and under monochromatic plane
wave illumination, considering a propagation vector orthogonal to the
detector horizontal plane z = 0. The power flux was set to | mW cm 2,
and the wavelength was varied in the interval A € [2, 6] um, with a
sampling step of 0.1 um. Temperature has been set to T = 230 K.

In Fig. 2(a-c) we compare the electromagnetic solution obtained
with EMW and with an independent electromagnetic solver, the RSoft
FullWAVE [52], for three representative wavelengths, one chosen in the
MWIR; band (A = 3 um), one in the MWIR; band (A = 5 um), and
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one in between, where the spectral crosstalk in maximum (A = 4 um).
The agreement is satisfactory, therefore we employed EMW for all the
rest of the campaign.

In Fig. 2(d) we show the simulated spectral responsivity, obtained as
described in this Section and defined as I,,, cp / P, where 1,4, cp and P
are, respectively, the photocurrent collected by the CP contact and the
optical power impinging on the CP. The experimental curves obtained
from [Fig. 2, 25] have been plotted on the same figure for comparison
(no parameters or normalization constants have been employed to fit
simulations and experimental data). Although we ignore the true pixel
shape of the experimental realization in Ref. [25], we can notice the
general similarity between experimental and simulated curves: they
share some interesting small detail, like the maximum obtained respon-
sivity in both bands, the very small bump at A ~ 3 um in the MWIR,
spectrum, and the same wavelength A ~ 4 um at which the MWIR,
and MWIR; spectra cross each other. However, it is remarkable the
bump for A ~ 2.25 um visible only in the present simulation, probably
due to different ground contact position and extension, different pixel
shape, trench depth, etc.

4. DUAL-BAND MWIR-LWIR DETECTOR WITH GAUS-
SIAN BEAM ILLUMINATION

The main purpose of the present work is to employ the described multi-
physics simulation scheme to design a dual-band detector, obtained as
a variant of the detector considered so far. In this case and differently
from what described in Section 3, we considered a 5 x 5 MWIR-LWIR
miniarray illuminated from below by a narrow Gaussian beam, with the
beam axis orthogonal to the detector horizontal plane xy, centered on
the miniarray CP and focused on the illuminated face. The beam power
flux profile is ®(r) = Pgexp (—2r*/wj), where @ is the optical
power flux along the beam axis, r is the radial distance from the beam
axis and wy = 2.5 um is the beam waist radius. It must be noticed that
d(r) never goes to zero, hence the beam tail partially illuminates also
the CP neighboring pixels. The need for a 5 x 5 miniarray, instead of a
simpler 3 x 3, is due to an increase of calculation accuracy required to
describe the inter-pixel crosstalk [28, 30] and the complex interference
effects due to internal reflections, more prominent in LWIR detectors,
for which the wavelength is in the order of the pixel pitch [29, 35]. The
simulated 5 x 5 MWIR-LWIR miniarray is shown in Fig. 3(a). The
layers thickness is the same adopted for the MWIR|-MWIR;, except
for the cap layer, that is considerably thinner (its thickness is 0.5 um,
instead of 2.5 um). The dopant concentrations in all the layers are the
same as for the MWIR|-MWIR; detector, as well as the pixel pitch
and sidewalls angle.

The Cd mole fraction in the absorbers was set to x = 0.295 (MWIR)
and x = 0.19 (LWIR), whereas its optimal value xp, in the PT-SWIR
barrier was determined by a set of simulations. The primary task of
the barrier is to prevent effectively most of carrier flow between the
two sections, so that an optimal choice of its bandgap is of crucial
importance. To this end, we simulated the MWIR-LWIR detector
in dark, considering five values of xp, in the interval [0.3, 0.5] (the
bandgap increases roughly linearly with xp,.). In the electron and hole
continuity equations we included, as generation-recombination terms,
the Auger, SRH and BTBT as in Section 3, and in all the simulations
the temperature was set to 7 = 230 K.

The simulated dark currents obtained with the considered values of
Xparr are shown in Fig. 3(b). First we observe that the dark current is
strongly affected by the barrier height, which decreases by two orders
of magnitude when xp,,, increases in the considered interval. However,
we can notice that for xp,, > 0.40 the dark current does not decrease
further, therefore we set out to adopt, for all the simulations that follow,
Xparr = 0.45 as a conservative value, as done for the MWIR |-MWIR,

detector.

An interesting feature is the dark current peak for Vpis = 0.15V,
followed by a decrease to a flat minimum in 0.25V < V55 < 0.6 V. The
current reduction for increasing reverse bias is due to the progressive
extension of a carrier depleted region around the LWIR junction: ab-
sorber depletion of carriers in double-layer planar heterostructures is a
mechanism that has been indicated as a method to suppress Auger gen-
eration, and it has been widely studied by several groups [53-56]. An
extensive discussion about this important point, and especially about its
implication in the reduction of inter-pixel crosstalk under illumination
has been provided in recent works for single-band detectors [15, 16].
An extension of this concept to dual-band detectors is an important
point, and it is worth of a separate investigation, now undergoing.

Although for positive bias the dark current is more than three orders
of magnitude higher than for negative bias, if Vpj,s < 0.6V its value
never exceeds the reference value given by the “Rule07” [26, 27],
reported in the inset of Fig. 3(b) for the LWIR absorber material (the
symbol refers to 7 = 230 K).

A further important point is that, for V4,5 > 0.6V, a non-negligible
BTBT contribution is clearly present, in contrast to what happens for
the MWIR section. Thus, with regard to simulations with illumination,
when considering positive bias in order to select the LWIR band, it is
highly advisable to choose a voltage below this value, also avoiding
the interval 0.1 < Viias < 0.25V around the dark current peak. Hence,
good choices are in the interval Vi, € [0.25, 0.6] V.

For negative applied voltage, there is no sign of BTBT contributions,
but since the dark current is already in saturation for Vyps = —0.1V,
this bias value should be a good choice for MWIR operation.

In order to check the correct polarization with the selected values
for Wias, in Fig.4 we show the band diagrams in dark. When the
applied bias voltage is V}j;s = —0.1V, the two absorber sections are
respectively in reverse polarization (MWIR) and in quasi-equilibrium
(LWIR, see the quasi-superimposed electron and hole Fermi levels).
Conversely, for Vyias = 0.3V (a value in the recommended interval
for LWIR operation, as discussed above), the MWIR section is in
forward bias (but the barrier prevents electrons leakage towards the
LWIR section), whereas the LWIR section is reverse biased, as apparent
from Fermi levels position. Hence, the detector, when illuminated, is
expected to work correctly in sequential mode with the indicated values
of Vpias = —0.1Vand 0.3 V.

Following the same simulation scheme outlined in Section2 and
validated in Section 3, we simulated the MWIR-LWIR detector illumi-
nated by a Gaussian beam on the miniarray CP as described above, for
Vbias = —0.1, 0.3, 0.5V, and in Fig. 5 the obtained spectral QE is shown
(QE = hc/ (gA )1, cp/ P). For Vyjas = —0.1V the spectral response
is, as expected, in the MWIR band, with maximum QE above 0.8, and
MWIR cut-off at Ac, mw =~ 4.5 um. A positive voltage Vyips = 0.3V
provides a good spectral response in the LWIR band with a maximum
QE around 0.75 and a LWIR cut-off at A; pw ~ 9.7 um. Moreover,
considering positive bias, if Vy; is raised to 0.5V, the BTBT genera-
tion should not be triggered yet, at least according to the present model
(see Fig. 3(b)), nevertheless this does not provide significant increase
of QE, and should be avoided.

In the LWIR waveband, it is also possible to observe a consistent
spectral QE oscillation, not present in the MWIR band, due to the
backreflections at the contact metallization and at the pyramidal pixel
sidewalls, making interference effects a non-negligible characteristic.
As pointed out in previous works [29, 38], the effects of multiple
reflections and quasi-standing wave behavior are particularly important
when the material tends to become semi-transparent and the wavelength
is in the order of the pixel size.

Another important point is the inter-pixel crosstalk [28, 29]: very
generally and with reference to Fig. 3(a), the inter-pixel crosstalk is
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the photoresponse of nearest neighboring pixels (NNs) to a beam
illuminating the CP. In the present work, we adopted the definitions for
the “total” Gyns, “optical” Oy and “diffusive” Pyn; contributions
to the crosstalk

fVNNs Gopt (X,y,z) dxdydz
Jicp Gon (x:y,2) dxdydz *

DNNs = CNNs — ONNss»

Iph,NNs
Loh.cp

GNNs , ONNs =

@

introduced and extensively discussed in [30] (I, NNs is the photocur-
rent collected by the NNs; Vcp and Vnng are the CP and NNs pixel
volumes). In short, the “optical” crosstalk &'Nns is due to carriers pho-
togenerated in the NNs by the Gaussian beam tails and by light possibly
scattered from the CP to the NNs, and collected by their contacts. The
“total” crosstalk énNs includes contributions coming from Ons, but
also from carriers photogenerated in the CP, diffused into the NN,
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and collected by their contacts: this is the “diffusive” crosstalk Znns.,
approximatively given by the difference énxns — Onns [30]. An im-
portant point is the beam evolution: far from its focal plane, the beam
cone angle can be estimated with the paraxial approximation to be [57]
® ~ A /(7nwp). In absence of technological solutions limiting this
occurrence, like e.g. metalenses [58], we may expect NN to increase
linearly with A. ONNs constitutes a non negligible contribution, to be

calculated in conjunction with Gns in order to evaluate correctly the
contribution of diffusion to crosstalk, ZNNs-

In Fig. 6 we plot the spectral inter-pixel crosstalk Gnns and Onns
for MWIR and LWIR operation. Regarding the LWIR operation, the
deep trenches do not allow carriers, photogenerated by LWIR photons
in the upper part of the detector, to migrate into one of the NNs.
Therefore, the LWIR band is expected to have negligible diffusive
crosstalk, with G\ns &~ OnNs, as shown in Fig. 6 for the curves for
Vbias = 0.3V (red squares and black points). However, it is evident
that in this waveband the detector shows significant optical crosstalk,
whose reduction possibly requires the optimization of the pixel shape,
in order to avoid the fast rise of Onns for increasing A. Conversely,
for the MWIR operation, minority carriers (holes) photogenerated
into the MWIR section have, in principle, better chances to diffuse
laterally. However, in order to migrate from the CP into one of the NN,
they should overcome the ~ 200 meV barrier between the N*-SWIR
contact layer and the v-MWIR absorber. Thanks to this barrier, also
for A € [3, 5] um the total crosstalk Gy is very close to Oy; (Fig. 6,
blue circles and black points), hence the diffusive crosstalk is very
small.

A different situation takes place for A < 3 um: most photons are
absorbed by the N*-SWIR contact layer before reaching the MWIR
section, and it is more likely for them to diffuse towards NN, since
this layer is quasi-neutral. Actually, Fig. 6 shows that, when A is
progressively reduced below 3 pm, the total inter-pixel crosstalk GNNs
increases considerably, as its optical contribution Onns progressively
decreases: for A ~2 um, the crosstalk is almost diffusive. This fact can
be an interesting input for a future investigation campaign, involving the
effect of the depth of trenches that define the pixels: if trenches are more
shallow and do not insulate all the MWIR section, differently from the
present case, a substantial diffusive crosstalk could be expected also in
the MWIR waveband.

5. CONCLUSIONS

We developed a simulation method suitable to investigate HgCdTe-
based two-color and dual-band IR-FPAs with realistic 3D truncated-
pyramidal pixel shape. The method is very general since, with an
appropriate layer discretization, it solves the Maxwell equations un-
der arbitrary illumination, also in presence of epitaxial layers with
compositional grading, a non trivial issue for most commercial electro-
magnetic solvers. The subsequent solution of the electrical problem
under illumination was treated in the drift-diffusion approximation,
and it allowed to validate the method against literature data [25], repro-
ducing experimental responsivity spectra of two-color MWIR-MWIR
detectors.

The method has been employed for a preliminary study of dual-band
FPA MWIR-LWIR detector illuminated by a Gaussian beam, character-
izing its spectral quantum efficiency and identifying the different domi-
nant sources of inter-pixel crosstalk in the different wavebands. The
combined electromagnetic and electrical simulations indicate the im-
portance to treat with a full-wave method the electromagnetic problem,
since the effects of multiple internal reflections due to metallization
and pyramidal pixel sidewalls produce important QE spectral features
especially in the LWIR band.

This methodology paves the way towards the study of the effects of
pixel pitch, trench depth, contact layer thickness, and angle of the pixel
sidewalls, expected to affect both the spectral QE and the spatial inter-
pixel crosstalk, which are going to be investigated in future works along
with the effects of the absorber doping and its possible compositional
grading, which has been shown to be important in single color detectors
[16].

Simulations state a lower limit for the dark current in absence of
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nonidealities (except for SRH), and indicate the key role of the deep
trenches in preventing the diffusive crosstalk in both wavebands. Their
effectiveness can be understood also considering the rapid increase of
total crosstalk for A < 3 pum: in this case most photons are absorbed
by the N*-SWIR contact layer before reaching the MWIR section, and
it is more likely for them to diffuse towards NN, exactly because of
the absence of trenches in this layer. Simulations also indicate that an
optimization of the pixel shape is advisable, in order to avoid the fast
rise of ONns for increasing A.
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