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Abstract— We simulated the optical and electrical response of a planar HgCdTe 5 x 5 pixel
miniarray with 5pm-wide square pixels, illuminated by narrow Gaussian beams. The com-
positional grading of the HgCdTe absorber required particular techniques to obtain combined
three-dimensional, realistic full-wave electromagnetic and electrical simulations. The simulation
results suggest that, by avoiding quasi-neutral regions in the detector’s absorber through majority
carriers depletion, not only the Auger contribution to dark current results suppressed, but also
the inter-pixel crosstalk due to the diffusion of photogenerated carriers is significantly reduced.

1. INTRODUCTION

The II-VI alloy HgCdTe is one of the most versatile materials for the realization of large format
infrared (IR) focal plane arrays (FPAs) [1]. Recently, cost and performance considerations have
motivated a significant effort aimed at developing diffraction-limited operation. This consists in
fabricating FPAs with pixel pitch d ~ FA/2 (Nyquist criterion) [2], where X is the wavelength of
the illuminating radiation, and F' is the focal ratio of the camera objective. Hence, for F' = 1, the
pixel pitch d is of the order of 3 + 5um and 5 + 6 wm, respectively, for mid wavelength (MWIR,
A € [3,5] pm) and long wavelength (LWIR, A € [8,14] um) detectors [3, 4].

On the other hand, expensive cryogenic cooling of HgCdTe IR detectors is typically needed in
order to decrease dark current and noise arising from several mechanisms associated with the ma-
terial narrow band gap [5]. The possibility to operate at room temperature — or at least to reduce
the cooling requirement — triggered large efforts in developing novel approaches towards the de-
velopment of High Operating Temperature (HOT) detectors [6,7]. Adopting nBn structures [8, 9]
or suppressing the Auger recombination rate by fully carrier-depleting Double Layer Planar Het-
erostructures (DLPH), it is possible to reduce the fundamental detector’s limitation given by the
dark diffusion current [1,10]. HOT operability and dense FPAs (large format, diffraction limited
FPAs) should provide the advantage of smaller volume, lower weight, optimal spatial resolution,
and potentially lower cost.

However, since the minority carrier diffusion length L, in HgCdTe is much longer (typically tens
of micrometers) that d, IR planar FPAs detectors with subwavelength pixel pitch may be prone
to the diffusive inter-pixel crosstalk [11], a deleterious effect due to carriers that, photogenerated
in the quasi-neutral region of a pixel, diffuse to neighboring ones [2,11]. After having verified the
expected dark current reduction due to Auger-suppression [10] even for low values of reverse bias,
the present work investigates the approach of reducing the extension of quasi-neutral regions in a
DLPH detector as a method to cut down the inter-pixel crosstalk due to carrier diffusion, as already
described for simpler p-v-n homojunction FPAs [12].

In Section 2 the detector is described as case study, and Section 3 outlines the simulation method.
Simulated spectral quantum efficiency (QE) and inter-pixel crosstalk are shown and discussed in
Section 4, and Section 5 summarizes the main outcomes.

2. PHOTODETECTOR STRUCTURE

We designed a planar 5 x 5 pixels miniarray with 5 um-wide square pixels (Fig. 1). Composition
and doping profiles are a small modification of a literature example [13]: above a CdTe substrate, a
wide-bandgap n-Hgy ¢Cdg 4 Te layer (buffer) was considered, donor-doped with concentration Np =
5 x 1017 em™3. Tt is followed by a 5um thick, low donor-doped (Np = 1 x 10'* ¢cm™3), narrow-
bandgap Hg;_,Cd,Te absorber layer with linearly graded composition (0.19 < z < 0.25 according
to Fig. 1(b)), and by another wide-bandgap HgyCdg4Te cap layer, with the same low donor



concentration. The n-p photodiode junction was defined by simulating an ion implantation, yielding
an error-function-shaped acceptor density N4 ranging from 5x 106 cm ™3 just below the bias contact
to virtually zero at the n-p junction in about 2.5 um. Above this heterostructure, a 0.3 pm thick
CdTe passivation layer covers all the miniarray. In order to increase realism two 0.5 pwm thick
transition regions with linear compositional grading connect the two high-FE, regions to the low-
E, absorber layer (where E, is the bandgap). The absorber cutoff wavelength A. (defined in
micrometers as A\, = 1.24/E,, where E; is in eV) varies along the growth direction z between
6.9um and 14.2pum at T = 140K (and between 6.0 um and 10.6 pm at 7" = 230 K), making the
detector to effectively absorb IR radiation from MWIR to LWIR bands. The bias contact is a
4um X 4 um square metallic layer above the passivation, connected to the p-doped region via a
circular hole with radius of 1 um through the CdTe layer (Fig. 1(c)).

3. SIMULATION METHOD

The current in dark I4, and under illumination I were obtained in the drift-diffusion approxima-
tion, where the Poisson’s and the continuity equations for the electron and hole current densities
Jnp were self-consistently solved as outlined in [2,14,15]. The photogeneration rate Gopt due to
illumination enters in the continuity equations as a source term, and the photocurrent I, and
quantum efficiency QE follow as Ipn = I — Igark and QE = I,;/(¢Nphot) respectively, where ¢ is
the elementary charge and Nppo is the photon flux impinging the illuminated face. The geometry,
doping and composition profiles were defined employing the Sentaurus three-dimensional (3D) nu-
merical simulator by Synopsys [16], also used to perform the electrical simulations. The detector in
Fig. 1 was discretized into ~ 9.5 x 10° elements with a meshing tool which generates a denser grid
in regions where gradients of current density, electric field, free charge density and material com-
position are present. The HgCdTe properties were described through the models reported in [2],
taking into account the composition, doping, and temperature dependence of the HgCdTe alloy.
The Shockley-Read-Hall (SRH) recombination processes were modeled as in [17, 18] considering a
lifetime around 100 pus. Fermi-Dirac statistics and incomplete dopant ionization were taken into ac-
count, with activation energies for HgCdTe alloys estimated according to [19,20]. Electric contacts
were treated as Ohmic with zero resistance, where charge neutrality and equilibrium were assumed.
Ideal Neumann boundary conditions (BCs) were applied to the outer boundaries of the array, and
the drift-diffusion equations were solved by the Finite Box method.

3.1. Simulations in Dark

Simulations have been done considering Auger and SRH as generation-recombination (GR) pro-
cesses, neglecting instead radiative processes. Extensive discussion about this important point can
be found in [21] and references therein. At the moderate reverse bias considered in the present
work (not higher than —0.5V), the band-to-band, trap-assisted tunneling and impact ionization
may be safely neglected [18, 22, 23].

In Figs. 2(a), (b) the electron and hole density n, p and the intrinsic density n; are shown in dark
for T' = 140K in reverse bias (—0.1V and —0.5V). The effect of carrier depletion is well visible:
even for reverse bias equal to —0.1V, n and p in the absorber (5 pum < z < 10 pm) are below the
intrinsic density, but as soon as reverse bias increases to —0.5V, their values drop towards very low
values (except in the lower half detector, 5 um < z < 7.5 um).

A consequence of this behavior is the suppression of the Auger generation, as visible in Figs. 3(a),
(b), particularly effective where the electric field is higher, see Fig. 4(a). Nevertheless, as supposed
the electric field does not reach values as high as required to trigger significant impact ionization and
tunneling generation [18,24]. The increase of electric field with increasing reverse bias makes the
simulated Ig,k to decrease progressively and considerably with increasing Vias (after a maximum
value is reached around —0.05V), as shown in Fig. 4(b) for T'= 140K and T = 230K, confirming
a behavior obtained by other groups [10, 13] for similar carrier-depleted absorbers.

3.2. Combined Electromagnetic and Electrical Simulations

In order to investigate inter-pixel crosstalk, we simulated the photoresponse to a narrow Gaussian
beam illuminating the miniarray from below (see Fig. 5(a)). The beam waist (its radius is wg =~
2.5um) lies on the 1um thick substrate’s lower face, and the beam axis is orthogonal to the
detector horizontal plane xy and centered on the miniarray’s central pixel (CP). Very generally,
with reference to Figs. 5(a), (b) the inter-pixel crosstalk is the photoresponse of a neighboring pixel
to a beam illuminating the CP. Considering the LWIR band, it is A > d, and the compositional
grading makes the photogeneration to take place mostly in the absorber region closest to the bias
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Figure 1. (a) The 3D miniarray. In panel (b), the Cd mole fraction = of Hg;_,Cd,Te along z and in (c) the
dopant distribution across a two-dimensional section are shown. A detail of the electrical mesh in shown in

panel (d).
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Figure 2. Electron and hole density n, p and intrinsic density n; in dark for 7' = 140K, in reverse bias
(=0.1V and —0.5V, respectively in panels (a) and (b)).

contact. There, the narrower E, increases the minority carriers mobility (see [2], Table 1), in
principle favoring the diffusion. The presence of a moderately high, z-oriented electric field in this
region helps in sweeping out the photogenerated carriers, before they diffuse laterally (diffusive
contribution to the inter-pixel crosstalk, see Section 4).

The choice of a compositional grading is not an issue for electrical simulations, since the consid-
ered simulator reads the nominal HgCdTe composition profile at each point of the electrical grid,
locally evaluating the electrical properties of the material without any problem. Conversely, the
solution of the electromagnetic problem for detectors with arbitrary composition profile may not
be straighforward, since not all simulators directly manage a compositional grading, requiring to
define the detector geometry as a stack of layers each with uniform optical properties. Thus, we
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Figure 3. The Auger and SRH net GR rates for T = 140K, in reverse bias (—0.1V and —0.5V, respectively

in panels (a) and (b)).
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Figure 4. (a) The z-component of the electric field magnitude for T' = 140K, in reverse bias (—0.1V and
—0.5V). (b) The simulated dark current, for T = 140K and T = 230 K.

sampled the absorber’s and the transition regions’ composition profiles [25], converting them to
staircases of N = 30 sublayers, each with uniform value for the complex refractive index n, + ix
according to the sublayer’s HgCdTe composition ([2], Table 1), as shown in Figs. 5(b)—(d). With
this approach, the EMW commercial simulator [16] was able to solve the electromagnetic problem
by a full-wave approach, according to the Finite Differences Time Domain (FDTD) method [26].
The solution of the Maxwell’s equations yields the distribution of the absorbed photon density in
the miniarray Aopt = 1/ (2hv)o| E|?, which takes into account the back-reflections and interference
effects not addressed by simpler methods based on the Beer’s law [27] (here hv is the photon en-

ergy, E the electric field, o = n,ya/(poc) is the electric conductivity, o = 47k/\ is the absorption
coefficient, g the vacuum magnetic permeability, and ¢ is the speed of light in vacuum).

4. RESULTS AND COMMENTS

The optical generation rate distribution G,p¢ into the pixel due to interband optical absorption is
given by Gopt = nAopt, where the quantum yield 7, defined as the fraction of absorbed photons
which are converted to photogenerated electron-hole pairs, was assumed to be unitary. As an
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Figure 5. (a) The miniarray illumination, with the CP, NNs and CNs pixel definitions, (b) the discretization
of the 3D absorber and transition regions into N sublayers, each with uniform n, and x according to the
HgCdTe composition, also shown along a xz cutplane (c) and along a cutline (d) along z, for one of the

considered wavelengths.

example, in Fig. 6 Ay is shown for some values of A, along zz-cutplanes and along a z-cutline at
center pixel. When inserted in the drift-diffusion equations after having applied the same reverse
bias Vs to all the pixels, the photocurrent collected by each of them allows to study several
important figures of merit. Fig. 7 shows the spectral QE and the inter-pixel crosstalk at 7' = 140K
for Vhias = —0.1V and —0.5V for the described illumination, where the definitions for the “total”
CnnNs, “optical” Onns and “diffusive” Dy s contributions to the crosstalk

fVNNS G(xayvz) dx dydz
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Figure 6. (a) The Aqp; distribution for 4 values of A along a z-cutline at center pixel. In panels (b)—(d), Aopt
is shown along xz-cutplanes at center pixel, for A =4, 8,10 um (the colorbar holds for all the three panels).
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Figure 7. (a) The CP and NNs spectral QE for the described Gaussian beam illumination centered on the
CP, for T = 140K and Viias = —0.1V and —0.5V. For the same temperature, the “total”, “optical” and
“diffusive” inter-pixel crosstalk (adimensional ratios) are shown for Vs = —0.1V (panel (b)) and —0.5V
(panel (c)).

have been introduced and extensively discussed in [12] (Vop and Vs are the CP and NNs pixel
volumes). We showed that by increasing the reverse bias from —0.1V to —0.5V, the carrier de-
pletion in the absorber increases significantly (Figs. 2(a), (b)). As a result, the ensuing increase of
electric field throughout the absorber (Fig. 4(a)) makes a larger fraction of photogenerated carriers
to drift towards the CP contact, before they diffuse laterally: this is pretty apparent comparing
the blue solid lines in Figs. 7(b), (c). The resulting capability to curtail the inter-pixel “diffusive”
crosstalk at moderate reverse bias is an additional advantage — beside the Auger suppression —
of such detectors.

5. CONCLUSIONS AND FUTURE WORK

Realistic three-dimensional full-wave electromagnetic and electrical simulations were obtained for
a planar HgCdTe FPA with graded composition, illuminated by narrow Gaussian beam. The
moderate electrical field in the absorber ensues from the depletion of the majority carriers, and
it is enough to make most of the carriers photogenerated in the central pixel to drift and be
collected by its electrical contact, before they diffuse towards the neighboring pixels. Therefore,
the “diffusive” crosstalk is cut down considerably even at moderate reverse bias. The outlined
method will be employed in a future work to explore the effect of different doping and composition
profiles, absorber thickness, bias voltage, also considering broadband, blackbody optical sources
with different spectral temperature.
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