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Abstract: High contrast materials, i.e., materials with a high refractive index and low optical
loss, are of wide interest for nanophotonics and metasurface designs at optical and near infrared
wavelengths. We explore aluminum antimonide (AlSb) as a high contrast nanophotonic material,
using the design of high contrast gratings (HCGs) for low loss dielectric mirrors as an example.
The high index of refraction and low absorption coefficient of AlSb in the visible wavelength
range enable designs of HCGs that can be effectively optimized to form mirrors with 93.5%
reflectivity at red visible wavelengths. We detail a co-sputtering synthesis method for AlSb films,
and achieve our target high index of refraction of 3.5 for 635 nm light. We also find that the
high sensitivity of AlSb oxidation requires specific handling procedures in developing deposition
processes to yield a near zero absorption coefficient.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

High refractive index materials in the visible and near infrared (NIR) wavelength range are of
interest for a variety of nanophotonic applications such as visible and NIR reflectors, transmitters,
vertical-cavity surface-emitting lasers, beam steering, phase changing metasurfaces, and high
quality factor resonators [1–7]. Ideal materials for these applications need to have both a
high index of refraction, in order to create the contrast necessary for the respective photonic
phenomena, and a low absorption coefficient. A near zero absorption coefficient can enable
lossless elements for high contrast nanophotonic applications. Common materials for high
contrast nanophotonics include Si, amorphous Si, TiO2 , and GaP [8–10]. However, each of
these semiconductor materials has limitations as high contrast metasurface elements at visible
frequencies. Crystalline Si and a-Si both have high indices of refraction (n >3), but also exhibit
loss in the visible wavelength range, limiting their optimal performance to the NIR [2,11]. TiO2
is rather lossless in the visible wavelength range, but has a maximum index of refraction of 2.5,
necessitating high aspect ratio resonant structures to enable the phase gradients requires by visible
wavelength metasurfaces and other nanophotonic applications [10,12 13]. GaP exhibits both a
high index of refraction (n>3) and near zero absorption coefficient for much of the visible and
NIR, but with the limited suitable substrate materials and technically involved substrate transfer
process, there exists a compelling need for high refractive index, low absorption materials that
can be fabricated with common and durable processes [12]. In this paper, we explore the use of
AlSb as an alternative material for utilization in high contrast nanophotonics.
One application of high contrast nanophotonics is in high contrast gratings (HCGs), structures
which consist of a high index material patterned directly onto a low index substrate. HCGs have
frequently been studied as an alternative to costly and angularly sensitive Bragg stack filters
[1–2,14–16]. Beyond wavelength selective filters, HCGs also have applications in vertical-cavity
surface-emitting lasers, high quality factor resonators, and high aperture focusing reflectors [1].
HCGs are defined as a single layer of high index material patterned at a sub-wavelength thickness
onto a lower index substrate. The confinement of the impinging light allows the excitation of
#422163
Journal © 2021

https://doi.org/10.1364/OME.422163
Received 8 Feb 2021; revised 13 Mar 2021; accepted 15 Mar 2021; published 2 Apr 2021

Research Article

Vol. 11, No. 5 / 1 May 2021 / Optical Materials Express

1335

the transverse electric and magnetic modes of each optical element [1]. These excited modes
scatter and interfere, creating sharp reflectance peaks [1–2,14–15]. These reflectance peaks can
be optimized and manipulated by varying the high index material and its physical parameters
of the HCG such as the shape, height, positioning, and size of the pattern. More recently,
the field of HCGs has been shaped by the exploration of resonant dielectric metasurfaces for
visible frequency meta-lenses [16–21]. Instead of the high index contrast producing a reflection
peak, the high contrast enables the induction of a phase gradient tunable from 0 to 2π, allowing
for broadband applications and cross-wavelength tunability [13,19–20,22]. Lossless HCG
materials for metalenses have wide ranging applications including diagnostic imaging, unmanned
automobiles, high resolution imaging optical sensors, holograms, and optical communication
[20]. Therefore, AlSb HCGs could have wide ranging applications in the field of high index
contrast nanophotonics.
As a specific example of an application of low loss visible wavelength HCGs achievable
with AlSb, we present designs for a spectrally-selective reflector to improve the light trapping
efficiency within a luminescent solar concentrator waveguide. Here we design a HCG to exhibit
spectrally selective reflection around the 635 nm peak emission wavelength of high radiative
efficiency CdSe/CdS quantum dots (QDs). Such QDs can be employed in solar photovoltaic
applications, such as tandem luminescent solar concentrators (LSCs) [23], given the QD emission
peak alignment to the indium gallium phosphide (InGaP) band edge. Previous work demonstrated
the near perfect radiative characteristics of such CdSe/CdS QDs, with photoluminescence
(PL) quantum yield (QY) measurements reaching up to 99.6% ± 0.3% [24]. For LSC-specific
applications, CdSe/CdS QDs are suspended in an optical waveguide coupled to embedded
InGaP photovoltaic cells. The waveguide, which is most commonly a polymeric material, traps
approximately 72% of the isotropic QD emission via total internal reflection [24]. In order to
further trap QD PL and minimize loss through the escape cone, the QD layer is encased between
two wavelength selective filters. The QDs, waveguide, InGaP photovoltaics, and filter layer
define the LSC.
In applications to tandem-on-Si photovoltaics, this LSC component is then integrated on top
of a silicon subcell to form a tandem photovoltaic with photoresponse across the entire solar
spectrum. As shown in previous LSC research, the reflectance profile of the wavelength selective
filters can significantly impact the potential power efficiency of such a device [23,25]. While
Bragg stack filters can achieve high reflectance profiles in the desired emission band, such designs
are costly and time intensive to fabricate, and suffer from reflectance blue-shifting with increasing
angles of incidence [26–28], whereas HCGs are a more scalable and less angle sensitive than
Bragg stack filters [1]. In order to find an ideal material for the high index component, we restrict
our attention to materials that have both a high index of refraction and low absorption coefficient in
the visible wavelength range. Materials satisfying these conditions are typically semiconductors
and therefore have high absorption in the short (300-500nm) wavelength range, limiting their
potential as a front reflector as this would block incident light in the QD absorption range.
However, given the near-unity PLQY of such CdSe/CdS luminophores, the same restrictions on
short-wavelength reflectance do not apply to the back reflector, as almost all of the light in that
range will be converted by the QD layer [23,25]. AlSb is a promising material for nanophotonic
applications in the visible wavelength range due to its high index of refraction (n>3.5) and low
extinction coefficient as demonstrated in Fig. 1. It is furthermore particularly appealing for such
LSC applications due to its low absorption coefficient (k<0.006) beyond 600nm, coinciding with
the CdSe/CdS QD emission spectrum [29].
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Fig. 1. In (a), the index of refraction and absorption coefficient of AlSb. The n value is 3.8
and the k value is 0.004 at 635 nm. (b) demonstration of how the reflection peak of an AlSb
HCG can be optimized throughout the wavelength range of the absorption coefficient by
scaling the radius, height, and pitch of the pillars.

2.

LSC simulation results

In order to analyze the reflection peak of the HCGs with different geometries, we utilized
finite-difference time-domain (FDTD) method electromagnetic simulations. To simulate HCG
performance under the full solar spectrum, we performed broadband FDTD simulations across
a wavelength range between 300 and 1100nm in order to match the solar spectrum. To fully
resolve the repeating reflection modes often exhibited in HCG structures, we simulate over the
maximum number of iterations for the entire duration of the FDTD resolution. If these modes
are not resolved, the FDTD results can be greatly affected and ultimately inaccurate.
Given that hexagonal arrays of circular pillars allow for sharper peaks with smaller sweeping
angles than square or rectangular pillar arrays [30], we focused exclusively on hexagonal arrays
for the HCG design. In order to manipulate peak location, strength, and modes, we interactively

Fig. 2. Reflection peak of an AlSb high contrast grating optimized at 93.5% for the emission
of CdSe/CdS quantum dots as well as a schematic of a hexagonal array of high index grating
pillars. The insert shows the radius, pitch, and thickness; these are the parameters optimized
to generate the given reflection peak.
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varied the pitch, height, and radius via a single parameter sweeping script. Through this sweeping
optimization, we solidified an optimized pitch of 494n, an optimized height of 95 nm, and an
optimized radius of 100 nm. As shown in Fig. 2, we achieved a reflection peak of 93.5% at the
QD emission of 635 nm, tuned to the external quantum efficiency (EQE) of InGaP microcells.
Beyond applications to InGaP-based photovoltaics, the manipulation of these modes could enable
realization of such HCGs for a variety of emitter wavelengths, tuned to photovoltaic materials
with different bandgaps. Figure 3 demonstrates grating tunability with InGaP, GaAs, and Si –
which are all potential component materials in LSC applications [6,31–32].

Fig. 3. Example of how by scaling the pitch, radius, and thickness of the pillars in the
hexagonal array, the AlSb HCG can be tuned to a variety of photovoltaic material band
edges. In (a) we show the reflection peak tuned to the band edge of InGaP. In (b) we show
the reflection peak tuned to the band edge of GaAs. In (c) we show the reflection peak tuned
to the near IR at the band edge of Si. The peaks in the long wavelength range show more
reflection modes in the short wavelength region, but this would not be relevant as a back
reflector or potentially when applied to different luminophores with different absorption
profiles. The peaks are higher for the longer wavelength band edges due to the AlSb’s near
zero absorption beyond 700 nm.

3.

Experimental results and discussion

We fabricated AlSb thin films via DC/RF co-sputtering of aluminum and antimony targets on a
silicon substrate. Separate Al and Sb targets cost less, and are more readily available than an
AlSb alloy target. By using separate Al/Sb targets, we maintain finer control of the thin film
stoichiometry. Furthermore, co-sputtering enables a more inexpensive method for such a visible
wavelength compatible, III-V HCG film fabrication as opposed to costlier methods like MOCVD
[33]. We found for our sputtering system an optimized deposition rate ratio about a 3:4 of Al:Sb
at 100 Watts of DC power supplied to the Al target and 50 Watts of RF power supplied to the
Sb target,. While past studies have deposited films both with and without annealing [34–36],
we found that annealing induces a delay in parasitic oxidation of both Al and Sb, which occurs
readily without annealing. We annealed the film in situ directly after thin film sputtering. We
heated the substrate to 550 degrees Celsius with a continuous flow of argon at 10 sccm at a
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pressure of 1mtorr to match the pressure and gas conditions of the AlSb film deposition. We find
that annealing for one hour was sufficient, as any time beyond that does not contribute significant
improvements to film quality or delaying of the oxidation rate.
We analyzed film composition using energy dispersive x-ray spectroscopy (EDS) and ellipsometry. While x-ray photoelectron spectroscopy (XPS) would be preferable, as it analyzes the
bonding between materials, the location of the antimony and oxygen peaks makes them difficult
to differentiate under analysis. The oxygen 1s peak is located approximately at 531 eV and the
antimony 3d5/2 peak occurs at roughly 529 eV for AlSb. Given the sensitivity and full width
half max of these energy peaks, they become extremely difficult to differentiate [37]. While
possible to use the antimony 3p3/2 peak at 770 eV, we would not be able to analyze the oxidation
which is crucial in the analysis of AlSb [37]. This convolution of the O2 and Sb peaks is similarly
problematic in the lower energy spectrum in EDS, therefore making definitive analysis of the
ratio of oxygen, antimony, and aluminum very difficult. As a result, we found that the best way
to determine film quality is through ellipsometry, which directly measures the refractive index
which is the parameter of interest. Furthermore, exact X-ray analysis methods are less valuable
than ellipsometry when our main figure of merit is in fact the optical properties as they are in
our analysis for such HCG applications. We used ellipsometry to analyze the deposition rates
conducive to AlSb optical behavior. In order to ensure accurate n,k data, we first analyzed the
thin film thickness via cross-sectional SEM. If the deposition parameters result in a sample that
is stoichiometric Al heavy due to a high Al deposition rate, the n and k data resemble that of
aluminum. Likewise, when the stoichiometric ratio is Sb heavy, the n and k data better resemble
that of antimony. Only when the the deposition rates are nearly even between the Al and the Sb
do we observe semiconductor properties such as the appearance of an energy bandgap.
We found that parasitic oxidation occurred in all films, regardless of initial n,k measurements,
and we therefore stored all films in inert environments between depositions and analysis. Even
with this careful treatment of samples, oxidation consistently occurred and negatively impacted
the n,k behavior of the films by decreasing the index and increasing the extinction coefficient.
After sweeping through the respective rates of Al:Sb in the deposition process we found an
optimum rate of 0.8 angstroms per second of Al and 1.05 angstroms per second of Sb, resulting
in a film index of refraction of 3.5 and extinction coefficient of 0.60 at 635nm, as shown in Fig. 4.

Fig. 4. Index of refraction and extinction coefficient of a fabricated AlSb thin film kept in
an inert environment.
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In order to evaluate the potential of AlSb films as high contrast gratings, we incorporated films
with experimentally-determined n,k data in our electromagnetic simulations. Figure 5 shows the
results of this simulation using the measured n,k data. While we achieve an index of refraction
n = 3.5 and, therefore, a high enough value to induce a reflection peak, the absorption coefficient
is consistently too high to induce a resonant reflection peak strong enough to serve as a useful
spectrally selective reflector to improve the photovoltaic conversion efficiency of LSCs.

Fig. 5. FDTD Simulation of a HCG using the experimental n,k data from the deposited
AlSb film. The reflection peak is 22% at 635 nm.

If the extinction coefficient could be decreased closer to the known value for single crystal
AlSb films, sputtered films could be used as HCG wavelength selective reflectors. We infer that
the co-sputtering process results in AlSb semiconducting thin films with defects and disorder
that induce below-bandgap absorption, which is detrimental in high contrast nanophotonics
applications. In order to achieve the ideal AlSb absorption performance, sputtered films must be

Fig. 6. (a) shows the n,k data of a thin film kept in an inert atmosphere. (b) shows the same
sample after terminally oxidizing. The index of refraction decreases, and the extinction
coefficient increases. This change makes the film impractical to deploy in a high contrast
grating.
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more resilient to oxidation. We found that oxidation begins almost instantaneously following
film exposure to a room ambient and causes the film semiconductor n,k characteristics to be
severely degraded, as demonstrated in Fig. 6. Furthermore, oxidation causes an increase in film
grain size that can affect device performance. The timescale required for material durability is
determined first by the time required to verify the characteristics of the HCG(hours), and then
ultimately by the application in deployed LSC modules(months-years). Such durability could
potentially be achieved with deposition methods such as MOCVD or sputtering with forming gas
or hydrogen, that are more typically utilized in III-V thin film fabrication [6,34–35,38], following
by deposition of an environment barrier coating to inhibit oxidation. These methods could
improve the crystalline quality of AlSb material and therefore increase the material durability
with respect to oxidation.
4.

Conclusions

AlSb exhibits a high index of refraction and near zero absorption coefficient in the visible and NIR,
making it an interesting material to explore for applications in high contrast nanophotonics. In this
work, we have demonstrated that an AlSb high contrast grating with ideal complex refractive index
can be used as a spectrally-selective mirror to improve the light trapping efficiency in luminescent
solar concentrator waveguides. Though our work specifically focused on the optimization of an
HCG for reflecting emission by CdSe/CdS quantum dot luminophores tuned to the band edge of
a InGaP photovoltaic cell, we additionally demonstrated the versatility of HCG design for design
of spectrally selective reflectors at longer wavelengths, matched to the band edges of GaAs and
Si photovoltaic cells, illustrating the potential of AlSb as an HCG reflector in the visible and near
infrared wavelength range. We found that AlSb semiconducting thin films fabricated by sputter
deposition exhibit a high absorption coefficient that diminishes reflectance of HCGs. Rapid
parasitic oxidation is the factor currently limiting in the deployment of AlSb HCG reflectors
fabricated by sputter deposition. Different deposition methods such as MOCVD or sputtering
with a forming gas ambient may be able to mitigate or eliminate this parasitic absorption. If so,
future AlSb films could have extensive application in high contrast nanophotonics, including
photovoltaic structures such as luminescent solar concentrators.
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