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Abstract: We demonstrate monolithic high contrast gratings (MHCG) based on GaSb/AlAs0.08
Sb0.92 epitaxial structures with sub-wavelength gratings enabling high reflection of unpolarized
mid-infrared radiation at the wavelength range from 2.5 to 5 µm. We study the reflectivity
wavelength dependence of MHCGs with ridge widths ranging from 220 to 984 nm and fixed
2.6 µm grating period and demonstrate that peak reflectivity of above 0.7 can be shifted from
3.0 to 4.3 µm for ridge widths from 220 to 984 nm, respectively. Maximum reflectivity of
up to 0.9 at 4 µm can be achieved. The experiments are in good agreement with numerical
simulations, confirming high process flexibility in terms of peak reflectivity and wavelength
selection. MHCGs have hitherto been regarded as mirrors enabling high reflection of selected
light polarization. With this work, we show that thoughtfully designed MHCG yields high
reflectivity for both orthogonal polarizations simultaneously. Our experiment demonstrates
that MHCGs are promising candidates to replace conventional mirrors like distributed Bragg
reflectors to realize resonator based optical and optoelectronic devices such as resonant cavity
enhanced light emitting diodes and resonant cavity enhanced photodetectors in the mid-infrared
spectral region, for which epitaxial growth of distributed Bragg reflectors is challenging.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Optoelectronic devices operating in the mid-infrared (MIR) wavelength region are of special
interest in many technological fields such as thermal imaging and gas sensing applications
like tunable laser absorption spectroscopy [1,2]. The wavelength range between 2 and 7 µm
is particularly interesting as it hosts strong absorption lines of different environmentally and
industrially relevant gases like hydrocarbons, carbon oxides and nitrous oxides. Here, light
detecting and light emitting devices such as interband cascade infrared photodetectors (ICIP)
[3,4] or interband cascade lasers (ICL) [5,6,7] are of great interest as they show superior figures
of merit compared to alternative architectures. ICIPs show reduced noise behavior compared
to single-stage photodetectors and ICLs offer usually significantly lower threshold current and
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power consumption in the MIR, compared to type-I diode laser diodes or quantum cascade lasers
(QCL). Since not every application has the need of monochromatic light emission, for example
when using narrow band detectors [8] or hollow core fibers [9], light emitting diodes (LEDs)
can be incoherent, broadband emitting alternatives, which convince in cost optimization. The
interband cascade technology used in LEDs (ICLEDs) [10–12] can cover these applications for
wavelengths analogous to ICLs.

By combining resonant optical cavities with conventional LED technology, the spontaneous
emission based optical output can be spatially redirected and its intensity highly increased.
The resulting RCLEDs were first experimentally realized in 1990 in a semiconductor system
based on GaAs at emission wavelengths around 830 nm [13], followed by demonstrations in
several different material systems in single and multimode resonant cavities covering the visible,
near infrared and mid-infrared wavelength region [14–18]. On the other hand, resonant cavity
enhanced (RCE) photodetectors show highly increased amplitude of the resonant field within the
cavity and narrowband detection [19,20].

Conventional optical resonators with sufficiently high reflectivity in the mid-infrared rely on
top and bottom distributed Bragg reflectors (DBR) [21] that are either purely epitaxially grown
[22,23], dielectric or combination of both [24,25]. In this context, the quality of epitaxially grown
mirrors is one limiting factor in its realization. Since the reflectivity of doped AlAsSb/GaSb
DBRs is limited by free-carrier absorption [26], replacing the doped top DBR is necessary to
achieve high external efficiency [26]. This is also important in cost driven aspects as it allows
to considerably reduce the growth time (since DBR thicknesses in the MIR are very large)
and increase production volume. Dielectric mirrors such as ZnS/Ge [26] or Ge/Al2O3 [24] or
metal-based mirrors [27,12] can replace conventional epitaxially grown top DBRs and provide
high reflectivities with the use of just a few mirror pairs [24,26,28] but they lack in additional
process steps and with use of additional, different material systems. Mateus et al. [29] showed
that a high index contrast grating (HCG) etched in thin epitaxial layer can show high reflectivities
over broad wavelength regions [30]. In 2007 the first VCSEL employing HCG structures was
demonstrated using the index contrast between Al0.6Ga0.4As and air [31,32]. HCGs offer high
reflectivities over broad wavelength regions compared to the narrow stopband obtained with
conventional DBRs and provide additional flexibility due to the post growth manufacturing
routine and polarization selection. In 2015 monolithic high-index contrast gratings (MHCG) were
proposed for GaAs using gratings etched monolithically in the surface of epitaxial grown layers
with 100% reflectivity theoretically demonstrated in [33] and 95% reflectivity demonstrated
experimentally in [34].

In this paper we extend the limits of high contrast grating mirrors usability by demonstration
of unpolarized light high reflectivity by MHCG. Our design is based on GaSb/AlAs0.08Sb0.92
epitaxial structures with ridge widths from 220 to 984 nm and 2.6 µm grating period showing
enhanced unpolarized light reflectivity in the wavelength range from 2.5 to 5 µm with maximum
values of up to 0.9. This presents a first step towards antimony-based high contrast gratings for
replacing conventional mirrors for RCLED structures such as ICLEDs and other optoelectronic
devices in the MIR spectral range. Polarization dependent transmission measurements via Fourier-
transform infrared spectroscopy through the backside of the samples show good agreement with
numerical simulations. The design shows flexibility in terms of wavelength selection with a
single exposure and etching step and post growth reflectivity adaption.

2. Sample fabrication and processing

The sample was grown via molecular beam epitaxy (MBE) in an Eiko EV 100S machine. The
MBE main chamber is equipped with valved group-V cracker effusion cells for antimony (Sb)
and arsenic (As) and conventional effusion cells for group-III elements such as gallium (Ga)
and aluminum (Al). The structure was grown on a tellurium n-doped GaSb (001) single side
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polished wafer. After two minutes of oxide desorption at 580 °C under Sb pressure a 150 nm
thick GaSb buffer was grown to smoothen the surface. A 452 nm thick lattice-matched low- index
AlAs0.08Sb0.92 (nAlAsSb= 3.13) layer was grown on top, followed by 764 nm high-index GaSb
(nGaSb= 3.78). Both layers were grown at a substrate temperature of 485°C. After the epitaxial
growth, the sample was cleaned and processed. Figure 1(a) shows a schematic of the epitaxial and
processed sample layout with the grating period L and ridge width w. Electron beam lithography
and dry chemical etching were used to define 537± 5 nm nm deep gratings with different ridge
widths of w= 220, 488, 785 and 984± 5 nm and a fixed grating period of L= 2.6 µm within an
area of 4× 4 mm. The sample was designed to achieve maximum reflectivity of unpolarized
light in the MIR wavelength range between 2.5 and 5 µm [29,30].

3. Experimental and simulated data

The samples were designed to realize peak reflectivities in the sweet spot operation wavelength
range of ICLs within 2.5-5 µm [7]. In the numerical calculations, we simulate a single period
of the structure demonstrated in Fig. 1(a) with a grating stripe of infinite length and periodic
boundary conditions that elongate the periodicity of the grating to infinity. We also assume
semi-infinite thickness of air above the MHCG and a semi-infinite GaSb layer beneath the
structure. To determine the optical power transmittance and reflectance of the gratings, we use
the plane-wave reflection transformation method (PWRTM) [35]. We consider two orthogonal
polarizations: transverse-electric (TE), for which electric field of electromagnetic wave is
parallel to the stripes, and transverse magnetic (TM), where the magnetic component of the
electromagnetic field is parallel to the grating stripes. We calculate the transmittivity and
reflectivity of unpolarized light as the mean value of intensities for both TE and TM polarizations
since Maxwell’s equations are linear and the general solution is a superposition of both orthogonal
polarizations [36]. The method’s accuracy has been validated in numerous analyses [37,38]
by comparison with experimental reflection spectra of MHCGs. In the simulation and for all
experiments, the reflectivity was determined by illuminating the structure under normal incidence
from the substrate side. Figure 1(c) shows a colourmap of the numerically calculated reflection
of unpolarized light for gratings with four different ridge widths w in the wavelength range from
2.5–5.0 µm for different etchings depths over wavelength. Absorption was neglected in the
simulation. With increasing ridge width from 220 to 984 nm the maximal reflection is shifted
from 2.9 µm to 4.0 µm, showing the high flexibility of wavelength selection with post growth
processing. Theoretical reflection values of up to 0.89 can be achieved with the 785 nm grating
width at 3.8 µm. To achieve comparable values with conventional GaSb/AlAs0.08Sb0.92 DBRs, up
to 15 mirror pairs are necessary due to the low index contrast between GaSb and AlAs0.08Sb0.92.
With period thickness of around 500 nm for each pair, this results in increased growth time and
related increased costs. With the possibility of post growth MHCG implementation, with variable
parameters enabling modification of resonant wavelength and polarization selectivity, the yield of
functional wafers can increase significantly since conventional DBRs do not offer this possibility.

The unpolarized (polarized) measurements, were performed at two different measuring setups
(see [39,40,41] for more technical details and description of the advantages of this approach). A
Bruker IFS 66 v/s (Vertex 80 v) FTIR spectrometer equipped with a liquid nitrogen cooled MCT
detector was used to measure transmission spectra of the MHCG and the reference samples with
a resolution of 4 cm−1. The transmission was measured under normal (12° to normal) incidence
on the backside of the samples and at atmospheric pressure (at decreased pressure (approx. 3 hPa)
to minimize atmospheric gasses absorption) and a beam dimension of about 0.5 mm. Figure 2.
shows a comparison between experimental and simulated unpolarized transmission data for the
different gratings. A planar sample, i.e. without grating, but identical epitaxial structure, was
used as reference sample. The simulations and measurements are normalized to the maximum
value of the reference sample. The spectra show the relevant wavelength region from 2.5 - 5.0
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µm. Since the measurements were performed on unpolished and unthinned samples (i.e. through
450 µm thick n-doped substrate), the absolute values differ slightly from the calculated ones
obtained by simulating without absorption. This can be explained by optical losses due to diffuse
scattering at the unpolished backside of the sample and absorption in the substrate.

Fig. 1. (a) Schematic heterostructure layout of the MHCG. The grating depth is 537 nm, the
grating period is L= 2.6 µm and different ridge widths w= 220, 488, 785, and 984± 5 nm
were realized in this paper. Measurements and simulations were performed with light
incident from the substrate side of the sample. (b) Electron microscope image of the
processed grated surface. (c) Simulated reflectivity spectra of the MHCG for unpolarized
light for different ridge widths. The colormap demonstrate the flexibility reflection selection
regarding ridge width and etching depth.

Since these measurements were performed in atmospheric conditions, the experimental data
show H2O absorption around 2.7 µm and CO2 absorption around 4.2 µm. In spite of these
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discrepancies, the experimental data for all gratings and corresponding reference are overall in
good agreement with the simulations and reflect all the main tendencies properly.

Fig. 2. Normalized transmission (simulated dashed lines, experimental solid lines) for
unpolarized light incident from the backside of the sample. Blue colored lines represent
the reference sample without etched grating. The red lines represent the experimental and
simulated data of the gratings with (a) 220 nm, (b) 488 nm, (c) 785 nm and (d) 984 nm wide
ridges. A planar sample, i.e. ,without grating, but identical epitaxial structure, was used
as reference sample. The experimental data shows good agreement with the simulation.
Deviations result from reflections in other directions due to process imperfections in the real
etched grating. The simulation of transmission have been performed with the commercial
software Lumerical within the FDTD solver: 3D Electromagnetic Simulator [42].

The transmission, under the assumption of normal light incidence on the backside of the
sample can be expressed as follows:

T = (1 − Rb) ∗ exp−αd ∗ (1 − Rt) (1)

Here Rb is the reflectivity at the substrate side (backside) and exp(-αd) is the absorption of the
material with absorption coefficient α, which also includes all possible losses in this case, and
thickness d (including 450 µm doped substrate). Rt is the total reflectivity of the surface side, i.e.
Rt,ref and Rt,MHCG for the reference sample and for the MHCG sample, respectively. Rt,MHCG is
the reflection into all diffraction orders propagating in GaSb. The reference sample is in this case
one sample piece from the same wafer, which was cleaved after growth, without MHCG on the
surface. For the different grating samples and reference, each Rb and exp(-αd) are assumed to
be identical since the samples are from the same wafer and therefore the free carrier absorption
in the Te-doped substrate is similar as well as the level of light scattering at unpolished surface
are equal. Equation (1) is a simplified approach, which does not take any multiple reflections
at the interfaces of the heterostructure into account. This is a valid assumption as interference
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effects from the substrate side can be omitted because of the unpolished surface and multiple
reflections from the AlGaSb/GaSb interface are accounted by referencing the structure. Thus,
the ratio between transmission for reference sample, Tref , and MHCG sample, TMHCG, can be
expressed as follows:

TMHCG

TRef
=

(1 − Rt,MHCG)

(1 − Rt,Ref )
(2)

With Eq. (2) the reflectivity of the MHCG, Rt,MHCG, can be extracted directly from the
transmission measurements:

(1 − Rt,MHCG) =
TMHCG

TRef
(1 − Rt,Ref ) (3)

Rt,Ref corresponds to the reflectivity (also including multiple reflections and higher reflection
orders) of the unprocessed sample at the interface between GaSb and air in the given heterostructure
with light incident from the substrate-side.

From experimental and simulated data, the reflectivity can be determined. Figure 3 shows
the calculated reflectivity spectra derived from transmission measurements as described earlier
in comparison to the simulated reflection. For Rt,Ref the simulated values for the reference (as
presented in the simulation in Fig. 1(c)) were used to calculate Rt,MHCG. The largest experimental

Fig. 3. Comparison between experimental and simulated reflectivity for the gratings with
ridge widths between 220 and 984 nm. Reflectivity of up to 0.92 was achieved for the grating
with w= 785 nm at 4 µm. The high reflectivity at 2.6 µm for the 984 nm grating corresponds
to analysis artefacts. The reflectivity for wavelengths above 3 µm differs only about 0.1 from
the simulation which can be attributed to process dependent imperfections of the etched
surface gratings. The simulation of reflectivity have been performed with the commercial
software Lumerical within the FDTD solver: 3D Electromagnetic Simulator [42].
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reflectivity is achieved at the level of 0.92 at 4 µm with the 785 nm grating. Compared to the
simulated values, the experimental reflectivities show slightly higher values but are in good
agreement with the simulated ones and differ by about 0.1. The calculated reflectivity (Eq. (3)) can
reach higher values, which do not represent the actual reflectivity. In shorter wavelengths multiple
reflectivity maxima can exist (see Fig. 1(c)) that influence the experimental spectrum contributing
to local reflectivity maxima that are not present for all considered grating periods. We determine
the reflectivity under the assumption of a perfect grating. This, however, neglects reflections
in other directions due to process imperfections of the etched gratings. These assumptions
lead to apparently higher calculated reflectivity values exceeding simulated ones, since in the
calculations each drop in transmission is considered to correspond to an increase in reflection
normal to the growth plane. This does not demonstrate a real increase in reflectivity, compared
to the simulated ones.

Fig. 4. (a) Normalized polarization dependent reflectivity extracted from transmission
measurements of the gratings with 488 and 785 nm wide ridges, respectively. The measure-
ments were performed in steps of 15° from TM to TE polarization. The reflectivity is highest
for TM polarized light and decreases towards TE polarized light. The 488 nm grating shows
clear polarization selection for reflection of TM polarized light. (b) Comparison between
unnormalized reflectivity for unpolarized light extracted from unpolarized and polarized
transmission measurements for ridge width of 488 and 785 nm. For extraction from polarized
measurements, the reflectivity for TM and TE polarized light was averaged to achieve the
reflectivity for unpolarized light.
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Finally, polarization dependent transmission measurements were performed from TM to TE
polarization in steps of 15 degree in vacuum for two samples with grating widths of w= 488 and
785 nm. The normalized reflectivity (normalized to the maximum of TM polarized reflectivity)
extracted from these measurements (analog to unpolarized measurements) are shown in Fig. 4(a).
In the case of the 488 nm grating, the local maximum at 3.0 µm does quantitatively change with
polarization. When going towards longer wavelengths, polarization dependent reflectivity is
observed, being dominated by the TE fraction. The reflectivity for pure TE polarization decreases
and reaches a local minimum at 3.6 µm for purely TE-polarized light. For TM-polarized light,
the reflectivity is increased achieving a local maximum at approx. 3.6 µm. For the w= 785 nm
grating the reflectivity shows local minima at 2.8 µm for TM-polarized light and at 3.0 µm for
TE polarized light. At 3.7 µm and 4.0 µm maxima in reflectivity are achieved for TM- and TE-
polarization, respectively.

In Fig. 4(b) the unnormalized reflectivity for unpolarized light extracted from unpolarized and
polarization dependent transmission measurements is compared. The spectra show consistency
regarding qualitative trend of the curve. Quantitatively the reflectivity exctracted from polarization
dependent measurements clearly show higher reflectivities since the polarized measurements
were performed under 12° angle of incidence, which cause slightly different basic conditions
resulting in overrated values of reflectivity in the case of the polarized measurements. These
results show that MHCG although imposes polarization selectivity, the high reflectivities for TE
and TM polarization can be balanced and provide high reflectivity of unpolarized light.

4. Summary

In conclusion, this paper presents the first experimental demonstration of high reflectivity of
unpolarized infrared light from GaSb/AlAsSb MHCG fabricated by electron beam lithography
and dry chemical etching. The maximal reflectivity of unpolarized light was at the level of 92%.
The structure has also revealed above 75% reflectance broadband tuning range from 3 to 4.3 µm
facilitated by modification of the width of MHCG stripes. All experimental results presented
in this paper are in excellent agreement with theory, which predicts above 95% reflectivity
of unpolarized light for the tested configuration. Such high reflectivity could be achieved
experimentally by perfecting the process of grating fabrication. These results pave the way
towards the possibility of replacing top epitaxial or dielectric DBR for GaSb based RCLEDs,
RCE photodetectors and other optoelectronic devices. The work also proves that MHCGs
are a promising candidate for the simplified and cost-effective fabrication of resonator-based
optoelectronic devices on GaSb operating in the application relevant range of mid-infrared.
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33. M. Gębski, M. Dems, A. Szerling, M. Motyka, L. Marona, R. Kruszka, D. Urbańczyk, M. alczakowski, N. Pałka, A.
Wójcik-Jedlińska, Q. J. Wang, D. H. Zhang, M. Bugajski, M. Wasiak, and T. Czyszanowski, “Monolithic high-index
contrast grating: a material independent high reflectance VCSEL mirror,” Opt. Express 23(9), 11674–11686 (2015).
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