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Abstract: This article deals with the optical study of nanostructured components which absorb
light across the entire long-wave infrared (LWIR) spectral band. The components are made of
type-II superlattice (T2SL) absorber and highly doped InAsSb, the latter being nanostructured
to ensure multiple resonances. We studied two components: in the first one, the T2SL has a
thickness of 1.6 um, and in the second its thickness is 300 nm. The calculated absorption spectra
were shown and the components revealed high absorption thanks to optical resonance and high
angular acceptance. A fabrication process has been developed, and optical measurements have
confirmed the reliability of the model.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The nanostructuring of photodetectors has been proposed for more than fifteen years as a means
of improving their performance or to embed optical functions with high compacity [1]. This has
been made possible thanks to the capacity of nanoresonators or photonic crystals to confine light
in small volumes [2-5], to shape wavefronts, or to polarize light [6—10]. This strategy has been
derived over a wide photodetection spectral range and range of materials, such as visible light and
short-, mid-, and long-wave infrared (SWIR, MWIR and LWIR), presenting various challenges.
As an example, polarizing image sensors can thus be produced using lamellar metallic gratings
whose orientation varies according to the focal plane array, thereby selecting the polarization
orientation [11]. Other optical features can be envisaged with metallic or dielectric structures, such
as wavefront control [12,13]. These last examples involve metasurfaces which can be deposited
on standard photodetectors with usual thicknesses. Conversely, semiconductors can be part of the
metasurface, in order to benefit from field enhancement in small volumes. New-generation solar
cells can advantageously use resonant nanostructures in order to reduce material consumption
with no drop in efficiency [14]. For slightly longer wavelengths, light-matter coupling strategies
involving nanostructures have also been proposed for SWIR photodetection with colloidal
quantum dots (CQD). The nanopatterning of electrodes allows enhanced absorption in the thin
CQD film at the resonance wavelength of the nanostructures, and better charge collection, which
leads to improved detectivity [15]. Also, in the MWIR and LWIR spectral range, for bulk or
super-lattice semiconductors, metallic nanostructures are deposited on a thin epitaxial layer in
order to develop multispectral arrays and/or to lower the dark current, maintaining reasonable
quantum efficiency at specific wavelengths [16-23]. However, the previously cited works (except
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on CQD) require sample transferring on a holding wafer, and the etching of the epitaxial substrate.
This leads to non-trivial chemical processes that can damage the active region. To avoid this,
lattice-matched highly doped semiconductors can be chosen instead of the metals traditionally
used for plasmonics, for example n**-InAsSb:Si [24-27]. Wasserman’s group proposed to grow
thin MWIR or LWIR photodetectors on an n**-InAsSb:Si mirror and capped with a metallic or
semiconductor pattern [28—35]. In particular, Refs. [31] and [32] show wide-band nanostructured
photodetectors based on an nBn stack, whose dark current is below “Rule 07" curve for operating
temperatures of 90K to 230K. Two of these references ([28] and [30]) present the study of angular
acceptance in one incidence plane. In particular, guided-mode resonance studied in Ref. [30]
shows low angular acceptance, which could be prohibitive for imaging applications.

In this article we present the optical part of the study, over a wide LWIR spectral range
(8-12 wum), of two stacks made of an n**-InAsSb:Si mirror, a thin Type 2 super-lattice (T2SL)
photodetector, and an n™*-InAsSb:Si pattern. First, we describe the expected performance
through simulations: we present the calculations of total absorption spectra on the one hand,
and absorption in the T2SL layer on the other. We consider that the latter can be assimilated
to a maximum external quantum efficiency. We then present an experimental study based on
reflectivity measurements. In particular, we see that the etching profile of the gratings and its
etching depth have a strong influence on the absorption spectra of the components.

2. Device design

The samples are “metal-free” devices exclusively based on semiconductors. Our goal was to
set geometrical parameters so that the absorption is maximized within the T2SL layer, in the
LWIR range. Both devices were made of a 1um-thick n**-InAsSb:Si mirror, a 100nm or 200nm
GaSb layer, a T2SL layer and, lastly, a patterned n**-InAsSb:Si layer. They differed in their
thicknesses and patterning. The thicknesses of the T2SL and capping n**-InAsSb:Si layers
would be either 300nm and 500nm, respectively, for the thin component, or 1.6um and 1.5um
for the thick component. To reduce the calculation time during the design process, the capping
layer would be structured according to a 1D pattern, (see Fig. 1). The T2SL thicknesses with
microstructured surface should be compared with standard T2SL thicknesses, which are usually
a few microns thick (see 3.2 for comparison).

Fig. 1. Blue: n**-InAsSb:Si. Green: GaSh. Red: T2SL. a) Thick structure: p = 3.5um,
w = 23um, eg = 1.5um, erys;, = 1.6um, egysp = 0.2um, ey, = 1pum. b) Thin structure:
p=35um,w=04um, eg = 0.5um, errs; = 0.3um, egasp = 0.1um, ey, = 1um

3. Numerical study

We present the absorption spectra under different polarizations and angles of incidence. The total
absorption corresponds to the contribution of the T2SL and all the metallic layers (n**-InAsSb:Si)
of the devices. We extract the absorption in the T2SL: this represents the maximum value for
quantum efficiency, which will have to be assessed by optoelectronic measurements. The T2SL
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thickness should be compared to the vertical diffusion length of carriers, which is found to be
more than micrometer, as previously shown on an intrinsic region of a weakly p doped p-i-n
photodiode, with unintentionally i and n doped regions [36-38].

The permittivity of n**-InAsSb:Si is described by a Drude model. The parameters €, ¥
and w, correspond to the dynamic dielectric permittivity, the scattering rate, and the screened
plasma frequency respectively. For € and vy, values are taken from Ref. [39], where they were
determined with a fit with experimental data at different temperatures. The screened plasma
frequency w, was experimentally determined by measuring the Brewster mode [40].

)
) = el = ) M

In the present article, all measurements would be done at 7 = 300K, so we take €, = 10.4,
y=2-10"%rad - s7!, and wp, =3.74- 10'%7ad - 57 for N = 6.2 - 10"%cm™3.

The refractive index of GaSb is ng,sp = 3.7 [41]. For the T2SL layer, the refractive index
is chosen to be constant, so that the cut-off frequency of the material does not influence the
design. From [42], we take the absorption coefficient a ~ 1400cm™! for A = 9um (away from
cut-off), which leads to the imaginary part of the refractive index x ~ 0.1 (o = 4%). The
real part n = 3.7 is extrapolated from MWIR measurements where it is found to be almost
constant far from the cut-off [43]. Note that the imaginary part of the permittivity is anisotropic,
as a consequence of the polarisation selectivity rule for the absorption in T2SL ([44]). As a
fairly strong approximation, we have considered that its component along the z axis equals zero.
Calculations are achieved using COMSOL Multiphysics software, with RF Module.

3.1. Normal incidence

At the top of Fig. 2(a) and (b), we show the calculated absorption spectra, under normal incidence,

for transverse magnetic (TM - H along _y> axis) and transverse electric (TE - E along _y> axis)
polarization for thick (a) and thin (b) structures. At the bottom of this figure, we also give the
absorption of stacks with or without unpatterned n**-InAsSb:Si cap layer.

a) Thick structure b)1 . Thin structure
Y = = all materials - TM v - ~
0.8- : [y UZEL=0 0.5 - D S U E— = ..
) . all materials - TE 9 = = all materials - TM +
77.92um 8.45um * T2SL-TE A SOT —_— T25L-TM .
’ .3* all materials - TE S
T25L-TE ~

— ~——cs

~

Calculated absorption

>
o

—

>

—— T25L-no cap —— T25L-no cap
0.8- 10.12um T25L - unpatterned 08 T2SL - unpatterned

7 8 9 10 11 12 137 8 9 10 11 12 13
Wavelength (um) Wavelength (um)
Fig. 2. Calculated absorption spectra under normal incidence. Plain curve: absorption in

T2SL layer. Dashed curve: absorption in all materials. Total absorption reaches a value of 1.
a-c) Thick stack . b-d) Thin stack.

Stacks without cap layer (purple curves) lead to single Fabry-Perot resonances in the LWIR
range, which can lead to high absorption, in relation to the T2SL thicknesses at a specific
wavelength (71% for 1.6um-thick T2SL and 32% for 0.3 um-thick T2SL). The unpatterned cap
layer reflects all the light in the spectral region of interest.
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Fig. 3. The calculated absorption maps, under normal incidence and TM polarization, for
various wavelengths. The colorbar has an upper limit of 10'2W/m? so that the hotspot does
not hide absorption. a) Patterned thick structure, TM polarization, A = 7.92um. b) Patterned
thick structure, TM polarization, A = 8.45um. c) Patterned thick structure, TM polarization,
A =10.34um. d) Thick structure without InAsSb cap, 4 = 10.12um.

Conversely, stacks with nanostructured capping layer shows absorption spectra with multiple
resonances across the entire LWIR range, for TM polarization (see blue curves in 2). Although
the absorption in all materials of the components (i.e. absorption in InAsSb and T2SL layers, see
dashed blue curves) can be very high, only part of this could generate photocurrent (see plain
blue curves, the absorption in T2SL). Moreover, the absorption in T2SL can reach up to 54%
(A = 8.45um) for the thick structure, and 35% (A = 9.63 wm) for the thin structure, compared to
the uncapped T2SL layers. TE polarization (green curves) shows negligible absorption for the
thick structure and 37% with single resonance absorption for the thin structure. Interestingly, the
absorption in 2(b) doubles at 11.45um due to the patterned n**-InAsSb:Si cap layer.

Figure 3 shows absorption vertical stack profiles at selected resonant wavelengths for the thick
structure, for TM polarization, with an InAsSb patterning (Fig. 3(a)), Fig. 3(b)), Fig. 3(c))) or
with no InAsSb cap (Fig. 3(d))). As expected from the spectra of Fig. 2(c)), the absorption map
of Fig. 3(d)) reveals vertical Fabry-Perot resonance in the T2SL layer. Such resonance is also
visible in Fig. 3(b)), slightly perturbed by InAsSb. Figure 3(a)) shows a horizontal pattern, which
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means that the wavevector of the resonant mode has a horizontal component. This could be due
to the diffraction of the grating and is compatible with the existence condition of guided-mode
resonance in the T2SL layer [45]. In both Fig. 3(a)) and 3(b), an intense (slight) absorption
enhancement at the lower (upper) corners of the patterned InAsSb cap layer points to the localized
surface plasmonic behavior of the patterned stacks. Conversely, Fig. 3(c)) shows absorption
at the interface of the T2SL and InAsSb layer, which suggests the involvement of a horizontal
higher-order surface plasmon. In the latter case, a particularly high amount of absorption also
occurs in InAsSb, which is confirmed by Fig. 2(a)).

Figure 4 shows absorption maps at selected resonant wavelengths for the thin structure, for TM
or TE polarization. Figures 4(a)) and c) show field enhancement at the InAsSb interface with
the T2SL layer, for a TM polarized wave, which indicates that localized surface plasmons are
involved, in relation to the absorption curves in Fig. 2(b)) at 7.62um and 11.45um. Conversely,
the absorption maps in Figs. 4(b)) and d) show that absorption also occurs in the T2SL layer away
from InAsSb, and the field distribution suggests vertical Fabry-Perot-like resonances, slightly
perturbed by InAsSb.

/\* lel2

Wim?3

Z1.75 0.00 1.75-1.75 .
X(um) X(um)

Fig. 4. Calculated absorption maps for the thin structure, under normal incidence and TM or
TE polarization, for various wavelengths. The colorbar has an upper limit of 1e12W/ m3 50
that hotspot does not hide absorption. a) TM polarization, A = 7.62um. b) TM polarization,
A =9.63um. c) TM polarization, A = 11.45um. d) TE polarization, A = 8.7um.

3.2. Comparison with standard T2SL

In the previous section, we presented selected geometries of components for wide-band absorption
over the whole LWIR spectral range. The total absorption is high, combining low absorption in
a very thin T2SL thanks to a patterned cap layer. For the sake of comparison with a standard
T2SL layer without optical resonance, we can calculate the thickness e"T’ggi required to absorb the
same amount of photons as our structures. We will assume that the standard T2SL would have a
perfect anti-reflective coating and double-pass optical path thanks to a back mirror, similar to the
n**-InAsSb:Si mirror layer.

Without optical resonance, intensity decreases following the Beer-Lambert’s law I(z) =

4rk . . . .
Ipe™ "4 %, where Iy = 1is assumed thanks to an anti-reflective coating. We find that eST"z’gz ~ 2.65um
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is necessary to reach 54% of absorption at A = 8.45um, and esT"z’gzl ~ 1.5um is necessary to reach
35% of absorption at A = 9.63um. These values represent approximately a factor of x1.65 and

x5 of thicknesses for our thick (1.6um) and thin (0.3 um) structures.

3.3. Influence of the angle of incidence

In this section, we will see the influence of the angle of incidence on the absorption spectra of the
components. This property is of great interest for the design of imaging systems, where standard
apertures typically involve angles of incidence of up to 25°. The angle of incidence is here
defined in the half space with two angles 6 and §. Figure 5(a)) and Fig. 5(b)) show dispersion
diagrams for absorption in the T2SL layer for thick and thin stacks, respectively, where the angle
of incidence 6 varies between 0° and 60° in the incidence plane x0z. Absorption in the active
layer is given in linear colorscale. We can see high stability of the resonances, at least up to 50°.

a) 60 T2SL absorption b) 60 T2SL absorption
0.50 0.30
350 350 .
(J) ()
XSS ]
v 40 v 40
S V]
< =y
2 30 < 30
2 025 ¢ 0.15
Y Y
520 o 20
Q Q
() (o))
<10 10
0 0.00 0 0.00
7 8 9 10 11 12 13 7 8 9 10 11 12 13
Wavelength (um) Wavelength (um)

Fig. 5. Calculated dispersion diagrams for absorption in T2SL layer, under TM polarized
wave, for an angle of incidence ranging from 0° to 60° in the x0z plane. a) Thick structure ;
b) thin structure.

a) - T2SL absorption b) TZSL absorption
-0.50
D50 - 50 -
] (]
s s
N— N—
g40- g40-
c -
2 D30
230 -2
§ -0.25 ::3
N N
020 - 920 -
2 Q2
2 2
<10- < 10 A
O -0.00
1O 11 12 13 10 11 12 13
Wavelength (um) Wavelength (um)

Fig. 6. Calculated dispersion diagrams for absorption in T2SL layer, under TM polarized
wave, for an angle of incidence ranging from 0° to 60° in the y0z plane. a) Thick structure ;
b) thin structure.
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In Fig. 6, for angles ¢ in the y0z plane, high stability is also apparent. These results confirm
that components can retain their spectral properties even when integrated into imaging systems,
with a focused beam.

4. Experimental study

In this section, we will present the experimental study of the components. We remind the reader
that, in this article, we focus only on optical study. We proceeded with reflectivity measurements
using a microscope objective coupled with a Fourier transform infrared (FTIR) spectrometer and
deduced the total absorption, as there is no transmission through the component.

4.1. Fabrication process

As depicted in Fig. 1, the samples consisted of T2SL embedded between two layers of n**-
InAsSb:Si. The samples were grown on n-doped (1 — 2 - 10'8¢m™3) GaSb substrates using a
RIBER-C21 solid source molecular beam epitaxy tool. Prior to the growth, thermal desorption
is performed to remove the native oxide. First, a 210nm thick buffer layer of undoped GaSb
is grown in order to smooth out the surface and to burry any remaining impurities left after
deoxidation. A 1um thick n**-InAsSb:Si layer is then grown. The layer is grown as a digital
alloy, i.e. a very short period superlattice, with an estimated doping level of 6.2 - 10"%cm™3. A
p-doped GaSb:Si layer of 200nm or 100nm is then grown prior to the deposition of the p-i-n
junction based T2SL. The semi-metallic interface formed between the InAsSb n and GaSb p
layers allows electrons to transfer the photo-current flowing out of the p-type T2SL into the
n-type lower part of the structure formed by the InAsSb contact layer. The T2SL is a 14/7 MLs
InAs/GaSb SL. The p-i-n T2SL junction consists of a p-doped (10'8¢m™3) InAs/GaSb SL layer,
a non-intentionally doped InAs/GaSb SL active region and a n-doped (10'8¢m=3) InAs/GaSb
layer. Thicknesses are 100nm/1.4um/100nm or 25nm/250nm/25nm for thick or thin structures,
respectively. Finally, an n**-InAsSb:Si, of 1.5um or 0.5um thickness for thick or thin structures
respectively, completes the samples.

On this stack, the microstructures were fabricated using a new process development. Series AZ
nLOF 500nm-grade negative resists were used to design the patterns and employed as an etching
mask. The electron sensitivity of this resist allowed us to obtain high-resolution using e-beam
lithography with a low energy (70uC/cm?), provided by an industrial Vistec5000+ ebeam system
and using a 0.26N (2.38%) TMAH for resist development. High vertical patterns were obtained
and transferred in the InAsSb layer using ICP-RIE Sentech equipment. This new process has
been developed to obtain high anisotropy and good selectivity versus the resist mask. This study
has led to an optimized process using a 30 sccm HBr and 1 sccm O; gas mixture at low pressure
and high temperature (150°C), showing very anisotropic patterns thanks to controlled SiOxBry
passivation deposition on the sidewall. The bottom and sidewall displayed a very smooth aspect.
An original study was carried out on the influence on the etched profile of the orientation of
the patterns on the wafer and particularly the impact of this orientation versus the flat. This
parameter was shown to have a strong effect on the anisotropy of the patterns. When the patterns
were perpendicular to the flat, a high anisotropic profile was obtained. Conversely, when the
patterns were parallel to the flat, anisotropy decreased, leading to slopes on the profile.

Figures 7(a))-c) shows scanning electron microscope (SEM) images of the sample for the thick
structure. Various geometries and orientations were fabricated on the same sample, over an area
of 100umx100um for each pattern (Fig. 7(a))). The width of the ribbon is either w = 2350nm
(labeled A1 or B1), w = 2300nm (A2 or B2), or w = 2250nm (A3 or B3). The patterns were
oriented at 0° or 90° vis-a-vis the crystal plane for patterns A and B, respectively. Figures 7(b))
and c¢) show zooms at the bottom of a ribbon, which reveal a different etching profile depending
on the orientation. In particular, we see in Fig. 7(b)) an etching profile with a triangular base
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as depicted in Fig. 7(d)). Figure 7(c)) shows a vertical profile, but measurements show that
the InAsSb layer has not been etched to its full thickness, and a thickness of C, ~ 380nm (see
Fig. 7(e))) remains.

a)

Fig. 7. a) Overview of samples. A-labelled and B-labelled patterns are oriented 0° and
90° vis-a-vis the crystal plane, respectively. b) Scale bar: 1um. Zoom on a thick ribbon,
revealing a triangular base, illustrated in d). c) Scale bar: 1um. Other side view of a thick
ribbon : vertical etching is revealed. e) Scheme illustrating under etching. f) Scale bar :
Sum. Thin ribbon.

In the next paragraphs, we see the consequences of these real geometries on the absorption
spectra. We proceed to consider the reflectivity measurements under TM polarization and we
compare the results to the calculations.

4.2. Reflectivity measurements

Reflectivity measurements were made using a Bruker Hyperion microscope coupled with an
FTIR spectrometer. The Schwarzschild microscope objective involves an angle of incidence
from 12° to 24°. As we have seen in Figs. 5 and 6, the absorption spectra are barely different in
this angular range. Consequently, reflectivity measurements are compared to calculations made
under plane wave at normal incidence.

4.2.1. Thick structure

In Fig. 8(a)), we compare the absorption spectra of a thick structure for the three geometrical
variations and two orientations. On the one hand, we can see that compared to the structure
initially designed (Fig. 8(b)) red curve), resonance at 1 ~ 10um vanishes and only two peaks
around A = 8um remain. This is due to a remaining unstructured InAsSb layer above T2SL,
because the etching time was too short. This is confirmed by the model whose calculated
absorption is presented in Fig. 8(b)) (green curve). It shows that a thin un-etched InAsSb layer
kills the high wavelength resonance (C, = 380nm).

Moreover, Fig. 8(a)) also shows that a triangle-based etching profile decreases the value
of absorption (green curves versus blue curves) but does not shift the resonance wavelengths,
which tends to prove that these are vertical resonances. This is confirmed by calculations in
Fig. 8(b)) (blue curve), where the model involves both unstructured InAsSb layer (C, = 380nm)
and triangle-based etch profile (C,, = 170nm and Cj, = 200nm) .

Lastly, measured and calculated absorption peaks do not occur at strictly the same wavelengths.
Because the thicknesses are well known due to the epitaxial process, these shifts were attributed
to a lack of knowledge of the T2SL and GaSb refractive indices.
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Fig. 8. a) Measured absorption spectra for various geometries. Green : w =
2350nm/2300nm/2250nm. For the pattern label, see Fig. 7. Blue : same geometries
as green but with triangle-based profile. b) Calculated absorption spectra for various
geometries. Red: standard etching profile. Green and blue: see geometrical parameters in

legend, with w = 2300nm.

4.2.2. Thin structure

Regarding the thin structure, measurements show, as expected, a wide-band absorption spectra
for every geometrical variation (Fig. 9(a))). Measurements for the two orientations (green and
blue curves) show that the etching profile has a strong influence on the absorption spectra, and
we see a shift of the high wavelength resonance to a higher wavelength for structures with an
enlarged base, as expected from the plasmonic behavior of the microstructured cap layer.

Figures 9(b))-d) show the influence of geometrical parameters on the absorption spectra. In
Fig. 9(b)), we see a red shift of the high wavelength resonance with w, for an ideal vertically
etched grating. This observation is consistent with the measurements. In Figs. 9(c)), we evaluate
the influence of geometry with a triangular base (Fig. 7(d))). Both parameters C,, and Cj, have
an influence on the high wavelength resonance. C,, enlarges the bottom of the grating, which
shifts the resonance towards a higher wavelength. The C;, parameter has the opposite effect.
Under-etching is the last geometrical parameter that was studied, shown in Fig. 9(d)). In a similar
way to the thick component, a thin remaining unstructured InAsSb layer (Fig. 7(e))) kills and
blue-shifts the high wavelength resonance. Because this resonance is clearly visible on the
measurements, we deduce that the etching time was sufficient.

In Fig. 9(e)), we adjust the geometries so that we have a better fit with the measurements.
In particular, the blue curves have a triangular base with C;, = 150nm and C,, = 50nm. The
peak positions are quite similar, but we see some discrepancies in the absorption maxima for
high-wavelength resonances. The values are overestimated in the calculations, which may be due
to a lack of knowledge of the T2SL refractive index, which is here kept constant. In particular, the
cut-off of the T2SL layer is not known with high accuracy, but it is probably in the 11um-12um
spectral range.
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Fig. 9. Incoming wave has TM polarization. a) Measurements for different geometrical
variations and orientation of thin structure. b) Calculated absorption, for ideal binary
structure for various values of w. c¢) Calculated absorption for various triangular based
geometries. d) Calculated absorption with under-etching. e) Calculations with geometrical
parameters adjusted for the best fit with measurements.

5. Conclusion

In this article, we have designed and measured absorbing structures over the full LWIR band,
made up of thin T2SL, highly-doped InAsSb mirror and highly-doped InAsSb grating. The
components revealed high angular acceptance, which makes them compatible with integration
in an imaging system. Experimental data has shown that particular care must be taken during
the etching process to avoid a remaining unstructured InAsSb layer, because this has a strong
influence on the optical response. Otherwise, we could guess that over-etching would also have a
strong influence on the electronic properties and might significantly decrease performance. This
is the reason why we would suggest, for future experiments, adding an etch-stop layer in the
stack. Furthermore, triangle-base grating has an influence on the absorption spectra. However,
this phenomenon is well predicted by calculations and must be taken into account in the design
step. Such components can be of interest for reducing the dark current of LWIR photodetectors
because, thanks to optical resonances, the thickness of the T2SL layer can be reduced. In addition,
we could also expect better charge collection and maybe better epitaxial quality for thin structures,
which would tend to enhance the relevance of the use of microstructures. These assumptions are
currently under investigation in our laboratories. Finally, integrating this type of structure into
an FPA requires the development of a specific fabrication process, which is not covered in this
article.
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