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Abstract— The modulation transfer function (MTF) in
fully delineated 15 µm pitch type-II superlattice (T2SL) mid-
wave infrared (IR) detectors is studied theoretically and
experimentally. Theoretically, a 2-D model to simulate the
spot scan (SS) profile is presented and used to compute
the MTF as a function of the wavelength and the array
geometry (pitch size, trench width). The dependence of the
detector trench on the MTF is also evaluated experimentally
by the edge spread function (ESF) method according to
the ISO12233 standard. The experimental results show an
excellent agreement with the theoretical model, reporting
an MTF of 0.61 and 0.60 at the Nyquist frequency for
1 and 2 µm trench, respectively. With the simulation model,
the effect of the increased optical crosstalk for smaller
pixel pitch is discussed as a function of the trench width
(0.5, 1, and 2 µm) and incidence angle up to ±30◦. Simu-
lation results show MTF values at the Nyquist frequency
between 0.61–0.62, 0.58–0.60, and 0.55–0.57 with an aver-
age degradation of 1%, 2%, and 7% at an angle of ±30◦

compared to normal incidence for the 10, 7.5, and 5 µm
pitch, respectively.

Index Terms— Infrared (IR), modulation transfer func-
tion (MTF), optical crosstalk, type-II superlattices (T2SL).

I. INTRODUCTION

M ID-WAVE infrared (3–5 µm, MWIR) imaging detectors
benefit from the intrinsic uniformity and manufactura-

bility of type-II superlattices (T2SL) [1]. Moreover, recent
advancements in reducing the dark current density in these
structures have enabled high operating temperatures while
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maintaining state-of-the-art performance allowing a significant
reduction of the system’s size, weight, and power [2]. Today,
in the push for higher-resolution IR imaging detectors, the
pixel pitch must be reduced below 15 µm [3], [4], which
comes with several challenges.

The first one is related to the surface leakage current orig-
inating from the mesa sidewalls which can degrade the dark
current density of small pixels [5]. The second is the loss of
fill factor (in the case of delineated pixels), which can reduce
the optical response of the array [6]. Finally, reducing the pixel
pitch can lead to significant crosstalk effects [7], [8], [9], either
electrically where the photo-generated carrier is collected by
the neighboring pixel or optically where the photon is absorbed
in the neighboring pixel. Increased interpixel crosstalk in
small pitch formats compromises the resolution of the
detector.

The metric to assess the resolution of a detector is the
modulation transfer function (MTF), which describes how
well the detector reproduces the contrast of the different
spatial frequencies of the object. The MTF is the absolute
value of the Fourier transform of the detector’s point-spread
function (PSF). Ideally, this corresponds to a square response
given by the pitch size; however, the PSF can blur due to
interpixel crosstalk. Therefore, for high-resolution formats, the
MTF becomes a crucial indicator of the image quality and
contrast in the arrays.

So far in the literature, only MTF measurements in MWIR
T2SL detectors with pitch sizes larger than 20 µm have
been reported [10], [11]. In addition, MTF simulation stud-
ies of T2SL detectors only employ planar or incompletely
etched geometries [12], [13]. While these configurations aim
to minimize surface leakage currents and maximize the fill
factor by not exposing the mesa sidewalls with an interpixel
trench, not fully delineating the pixel penalizes the MTF
values mainly due to high electrical crosstalk [6], [12], [13].
However, state-of-the-art MWIR T2SL detectors implement a
fully delineated geometry with appropriate passivation of the
mesa sidewalls to suppress surface leakage currents [14], [15].
In addition, thanks to this geometry, optical concentration in
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Fig. 1. COMSOL simulation geometry.

the pixel has been observed as the pixel pitch reduces, thus
mitigating the fill factor loss due to the trench etching and
increasing the signal-to-noise ratio in smaller pixel size [7],
[16], [17]. The pixels in such arrays are electrically isolated
by etching a trench down in the semiconductor, consequently,
only the optical crosstalk in the array geometry degrades
the MTF.

In this context, this work reports the simulation and char-
acterization of the MTF in fully delineated 15 µm pitch
T2SL detectors. Initially, a 2-D model for calculating the spot
scan (SS) profile is employed to compute the MTF dependency
on trench width and wavelength. In the experimental section,
the MTF of two 15 µm pitch 640 × 512 focal plane arrays
(FPAs) with 1 and 2-µm trenches is determined using the
slanted edge method described in ISO12233 standard with
very good agreement with the simulation. Finally, the model
is used to discuss the optical crosstalk in smaller pitch FPAs
and the effect of the angle of incidence of the incoming
light.

II. OPTICAL SIMULATION

Optical simulations were performed using the commercial
software COMSOL Multiphysics1’s [18] and its wave optics
module, which solves problems related to the propagation
and interaction of electromagnetic waves in various optical
systems.

A 2-D device geometry is used in the simulations, thus rep-
resenting a cross section of the structure as illustrated in Fig. 1.
Three adjacent pixels, with the detector stack presented in [2],
are defined by trenches down to the bottom contact, as in the
fabricated arrays. Since the pixels are fully reticulated along
the absorber thickness (∼4 µm), the electrical crosstalk can be
neglected as all photogenerated carriers in the T2SL absorber
of one pixel are collected by the same pixel. The Poisson’s
equation and continuity equations are therefore not solved,
minimizing simulation runtimes. Periodic conditions are used
at each side of the simulation domain mimicking an infinite
linear array and boundary conditions are used to model the top
metal as a perfect reflector. The meshing is performed with
triangular elements with at least ten elements per wavelength
(length depending on the local material properties) to resolve
a wave properly [18].

A single-layer antireflective coating is also considered
and as a first approximation, the air surrounds the linear

1Registered trademark.

Fig. 2. Simulated SS profile for the absorption in the 3–5 µm spectral
range for a fully delineated 15 µm pitch array with 1 µm and 2 trench.

array including within the trench, whilst experimentally a
dielectric passivation layer is usually deposited on the pixel
sidewall. As in 17, the T2SL material is modeled as a
bulk material using the complex refractive index, n + jκ .
The real part of the refractive index n is determined from
the weighted average of the binary’s bulk values, and the
imaginary part κ is determined from the measured absorption
coefficient [19].

The simulation methodology employed in this work is
similar to what has been reported in 20. In this case, rather than
an ideal point source, the MTF is calculated for a Gaussian
source, for which its contribution to the overall resolution is
deconvolved in the Fourier space.

The incident electromagnetic field is defined by a Gaussian
pulse propagating in the y-direction (normal to the array
structure) and moving in the x-direction (from left to right
in Fig. 1). The Gaussian pulse gp(x) is described by the
following equation:

gp(x) = exp(−x2/r2) (1)

with r the beam radius. The Gaussian radius is chosen to be
smaller than the pixel size so that the wavelength is maximum
twice the Gaussian radius [20].

From this simulation, the integrated electromagnetic power
loss, i.e., absorption, in the center pixel as a function of the
Gaussian beam position defines the SS profile (alternatively to
the PSF for an ideal point source). To be as close as possible
to the experimental case for which a blackbody source is used,
the SS is calculated for wavelength varying from 3 to 5 µm per
0.1 µm step. The total SS of the system is then the sum of all
the SS profiles calculated at each wavelength. As an example,
the total SS of a 15 µm pitch linear array with 1 and 2 µm
trench is plotted in Fig. 2.

The MTF as a function of the spatial frequency fs can be
calculated by performing the Fourier transform of the total SS
which can then be deconvolved in the frequency domain with
a component from the Gaussian source and another one from
the detector by the following equation:

MTFt ( fs) = |F{SS(x)}| = MTFGB × MTFdet. (2)
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Fig. 3. Simulated MTF for the 3–5 µm spectral range of the fully
delineated 15 µm pitch arrays with (a) 1 µm trench and (b) 2 µm trench.
The inset shows a zoomed-in view around Nyquist frequency.

The Gaussian pulse MTF can be analytically calculated
using the following equation:

MTFGB = exp
(
π2 f 2

s r2). (3)

The MTFs reported in this section are the MTFs of the
detector corrected by the contribution of the Gaussian beam
and are usually compared with the ideal or footprint MTF
which the sinus cardinal of π fs p, with p the pixel pitch by
the following equation:

MTFid = sin (π fs p)/π fs p. (4)

Fig. 3 shows the simulated MTF for a fully delineated
15 µm pitch array with 1 and 2 µm trench (from the
corresponding SS profile plotted in Fig. 2) along with the ideal
MTF. The MTF computed for all the incoming wavelengths
is also displayed according to the color bar. The insets on the
figure show a zoomed detail of the MTF curves around the
Nyquist frequency, fNyq = 1/(2p).

For both cases, the low MTF curves, indicating high optical
crosstalk, generally correspond to the longer wavelengths. This
is attributed to the lower absorption coefficient at wavelengths
close to the cut-off wavelength of the material. Only slight
differences can be observed between the 1 and 2 µm trench
arrays. The inset of the figures shows a higher spread of
the MTF for a 2 µm trench. This suggests higher optical
crosstalk associated with the broader trench and its higher

impact on light propagation. However, the smaller pixel
potentially increases the resolution capabilities of the detector
array [11] which explains why for some wavelengths the
MTF is higher than the ideal 15 µm pitch MTF; therefore,
the impact of the higher crosstalk in this case is compen-
sated by the smaller pixel size. The MTF at the fNyq is
0.61 and 0.62 for the 1 and 2 µm trench, respectively. These
values are very close to the ideal value of 0.64 and far supe-
rior to the alternative planar structure simulated with T2SL
materials [12], [13].

III. MTF MEASUREMENTS

Experimentally, the MTF is assessed using the slanted edge
method, complying with the ISO 12 233 standard [21], [22].
This method is based on imaging a tilted edge onto the
detector with respect to the array grating and projecting
the data along the edge to obtain a super-sampled edge
spread function (ESF). In this case, the MTF is calcu-
lated from the 1-D Fourier transform of the derivative
of the ESF.

The main advantage of the slanted edge method lies
in the extraction of the MTF by processing a single
image, which simplifies the evaluation compared to other
methodologies [10]. Additionally, when the edge is directly
deposited onto the array, it eliminates the necessity for opti-
cal and vibration corrections, making it even more straight-
forward [21], [22]. This is a destructive method as it requires
a sacrificial FPA; however, it is the approach adopted for this
study.

Experimental results have established that data projec-
tion at the edge remains independent of the edge angle
for angles below 10◦ [21], [22]. For a good ESF extrac-
tion and to avoid identical oversampling, the mask designed
for this study incorporates edge angles of ±3.10◦, ±4.50◦,
and ±5.85◦.

The fabrication process of the MTF pattern starts with an
already fabricated FPA. The mask is precisely aligned with
the FPA using stepper lithography, achieving a misalignment
of less than 0.006◦ across the entire FPA. Next, the metal
layer is sputtered onto the sample and then removed in the
open areas by lift-off process.

Fig. 4 illustrates the pattern deposited on the backside of the
FPAs. Fig. 4(a) shows an image of the FPAs after fabrication,
and Fig. 4(b) shows its signal response with ±10% contrast.
Note that the pattern covers the entire FPA with multiple edges
along both x- and y-directions, allowing the evaluation of the
MTF uniformity across the FPA.

The patterned FPA’s signal response is measured
under 300 K blackbody illumination, with the pixel’s
signal being the integrated photocurrent from the overall
response to radiation. Thus, the resolution information
described by the MTF covers the cumulative effect of
crosstalk across all detected wavelengths. Fig. 5(a) and (b)
show the extracted MTF at different edges in both x- and
y-direction of the 640 × 512/15 µm pitch MWIR T2SL
FPAs with 1 and 2 µm trenches, respectively, along with the
ideal MTF. The vertical dashed line on the figures indicates
the Nyquist frequency.
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Fig. 4. (a) Image of the FPA after fabrication and (b) measured signal
of a 640 × 512 15 µm pitch MWIR T2SL FPA with slanted edge pattern
deposited on the backside.

Fig. 5 shows that there is no significant difference between
multiple MTF curves extracted along the vertical and horizon-
tal axis which is attributed to the uniformity and symmetry
of the array grating. The average MTF with a 0.95 con-
fidence interval at fNyq = 33.3 mm−1 is 0.60 ± 0.01 for
the 1 µm trench and 0.61 ± 0.01 for the 2 µm trench.
These values are very close to the ideal value of 0.64 and
are also in excellent agreement with the simulation results.
Moreover, these results complement the literature on fully
delineated T2SL detector arrays in which values of 0.63 for
the 30 µm pitch and 0.5 for the 24 µm pitch had been
reported [10], [11].

The consistency between the simulations and the exper-
imental data demonstrates the validity of the models and
methods employed. It is worth noting that the experimental
method calculates MTF over the total collected photocur-
rent, whereas the simulation focuses solely on the optical
absorption. The complete delineation of the pixels makes the
array’s resolution unaffected by the collection efficiency of
photogenerated carriers. Instead, it is the light-matter interac-
tion that defines the detector’s resolution in fully delineated
T2SL FPAs.

IV. INFLUENCE OF PIXEL PITCH, TRENCH WIDTH,
AND ANGLE OF INCIDENCE ON MTF

This section discusses the influence of the pixel pitch, trench
width, and angle of incidence on the MTF using the same
simulation methodology and the same detector structure as
in Section II.

Fig. 6 shows the calculated MTF for a 10, 7.5, and 5 µm
pitch array with a trench value of 0.5, 1, and 2 µm.

Fig. 5. MTF calculated from the measured ESF in x- and y -directions
compared to the ideal MTF of a 15 µm pitch detector with (a) 1 µm
trench. (b) 2 µm trench.

Fig. 6. Simulated MTF curves for the 3–5 µm spectral range of
the fully delineated 10, 7.5, and 5 µm pitch arrays with 0.5, 1,
and 2 µm trench.

The MTF curves correspond to the total SS computed for the
incident radiation from 3 to 5 µm. The ideal values of the
MTF corresponding to each pixel pitch are also included.
The difference between the ideal MTF and the simulated
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Fig. 7. MTF at the Nyquist frequency of the simulated MTF curves
for the 3–5 µm spectral range of the fully delineated 10, 7.5, and 5 µm
pitch arrays with 0.5, 1, and 2 µm trench as a function of the incidence
angle.

MTF increases as the pitch decreases with MTF values at
the Nyquist frequency between 0.61–0.62, 0.58–0.60, and
0.55–0.57 for the 10, 7.5, and 5 µm pitch respectively. This
can be explained by an increased interpixel crosstalk due to
the increased impact of the trench’s diffraction on the pixels’
absorption. Fig. 6 also shows the little spread of MTF curves
with the trench. As in the 15 µm pitch, the higher crosstalk
in the wider trench is compensated by higher resolution of the
smaller pixel, therefore the trench width does not significantly
impact the total MTF.

Despite the optical crosstalk, the delineation strategy
remains superior to alternative planar detectors for which
maximum MTF values at the Nyquist frequency of 0.55 have
been reported for the 7.5 µm pitch [23]. However, unlike
electrical crosstalk, the light-matter interactions that define
optical crosstalk are anticipated to be dependent on the
incidence angle of the light. This is especially important in
small-pitch formats that often demand faster optics covering
a broader range of incident angles [7], [24]. Therefore, this
study is complemented by the simulation of dependance of
the MTF on the incidence angle of the Gaussian pulse.
Fig. 7 presents simulation results of the MTF at the Nyquist
frequency as a function of the incidence angle for same
pitch sizes (10, 7.5, and 5 µm) and trench dimensions
(2, 1, and 0.5 µm).

Fig. 7 reveals a consistent trend: as the incidence angle
increases, the MTF decreases, a behavior observed across all
pitch and trench configurations. However, the higher optical
crosstalk in the smaller pitch leads to a more significant
degradation across the range of angles. For the 10 and 7.5 µm
pitch, the degradation is minimal with average 1% and 2%
reduction at an angle of 30◦ compared to normal incidence,
however, for the 5 µm pitch, the MTF degrades by an
average of 7%. These results highlight the importance of
considering not only the MTF at normal incidence but also the
potential detrimental effects of the incidence angle on optical
crosstalk.

Nonetheless, the detector must be considered part of a larger
system, especially for small pitches, such as the 5 µm. In this
system, the field of view and photon flux, dictated by the
optics, along with the characteristics of the read-out circuit
and the detector, determines the system’s resolution and sen-
sitivity [24], [25]. For the resolution, the diffraction within the
optical system often becomes the MTF limiting factor rather
than the detector itself. The Airy diameter (∅ = 2.44 λ F),
governed by the wavelength and the f -number (F), defines the
resolution limits. If ∅ is smaller or equal to the pitch size, the
resolution is FPA-limited. Beyond this point, the optical sys-
tem’s influence on resolution becomes significant [24], [25].
Thus, the MTF of the detector is not the sole factor deter-
mining the imaging system’s performance, as targeting the
best sensitivity and resolution in an imaging system requires
balancing multiple components.

V. CONCLUSION

A 2D simulation model has been presented to compute the
impact of optical crosstalk on the resolution of the detector.
The MTF is simulated in the entire MWIR range and for
15 µm pitch arrays with 1 and 2 µm trenches. Correspond-
ingly, the MTF is evaluated experimentally by post-processing
two FPAs and using the ESF methodology. An excellent
agreement between the experimental and calculated MTF of
the arrays has been obtained for both 1 and 2 µm trenches
with 0.60 and 0.61 values at the Nyquist frequency which
is very close to the ideal resolution and sets the state-of-
the-art for 15 µm pitch MW FPAs. The MTF simulations
of 10, 7.5, and 5 µm pitch confirmed the increased optical
crosstalk for reduced pixel pitch and increased incident angle.
The presented model enables the evaluation of the device’s
geometry impact on the detector resolutions for pixel pitch
compatible with Mpixel arrays.
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