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Abstract: We report spectrally selective visible wavelength reflectors using hydrogenated
amorphous silicon carbide (a-SiC:H) as a high index contrast material. Beyond 610nm and
through the near infrared spectrum, a-SiC:H exhibits very low loss and exhibits an wavelength
averaged index of refraction of n = 3.1. Here we design, fabricate, and characterize such visible
reflectors using a hexagonal array of a-SiC:H nanopillars as wavelength-selective mirrors with a
stop-band of approximately 40 nm full-width at half maximum. The fabricated high contrast
grating exhibits reflectivity R >94% at a resonance wavelength of 642nm with a single layer
of a-SiC:H nanopillars. The resonance wavelength is tunable by adjusting the geometrical
parameters of the a-SiC:H nanopillar array, and we observe a stop-band spectral center shift from
635 nm up to 642 nm. High contrast gratings formed from a-SiC:H nanopillars are a promising
platform for various visible wavelength nanophotonics applications.
© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1.

Introduction

The ability to manipulate light in the visible spectrum in high index, virtually lossless photonic
systems is of great importance for many nanophotonics applications including photonic sensors,
beam steering components for LIDAR, photonic integrated circuits, on-chip resonators, and
meta-lenses [1–7]. Typical nanophotonic systems require high index materials in order to
induce the required scattering phase and amplitude values [9]. One example includes photonic
waveguides applications in sensing and local communication, where high index materials provide
an increase in the local density of states [8–10]. At the same time, the high index material must
also exhibit a near-zero extinction coefficient. Many state-of-the-art high index materials do not
satisfy these two requirements, and exhibit either excessive absorption in visible spectrum (e.g.,
Si, a-Si) or an index of refraction that is too low (e.g., TiO2) [11,12]. While there are some
III-V semiconducting materials that have a high index of refraction and near-zero extinction
coefficient in the visible spectrum, such as GaP and AlSb, mass deployment of these materials in
nanophotonic technologies is limited by technically challenging or costly deposition methods
[13–15]. Here we introduce hydrogenated amorphous silicon carbide (a-SiC:H) as a high index
material for photonic applications; a-SiC:H exhibits near-zero absorption at and beyond 600nm
and maintains an index of refraction of approximately n = 3 beyond 800 nm [16,17]. Figure 1
shows the measured permittivity (n,k) data as a function of wavelength for 200nm to 1700nm.
To demonstrate the potential of a-SiC:H nanophotonic structures within the visible spectrum,
we design and fabricate spectrally selective high-contrast grating reflectors. High contrast gratings
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Fig. 1. Index of refraction and extinction coefficient of a-SiC:H measured via spectroscopic
ellipsometry.

(HCGs) consist of a single layer of high index material patterned on a low index substrate. The
application of HCGs as spectrally selective reflectors (e.g., stop-band reflectors) could provide
the photonics communities with a simple single-layer alternative to Bragg filters. While Bragg
filters can achieve near-unity reflectance, they are difficulty to fabricate over large areas, and
the stop-band blue-shifts at increasing angles of incidence—limiting their use in applications
which require isotropy (e.g., as mirror for photoluminescence emission or scattering for varying
incident angle light sources [18,19]. HCGs are capable of achieving high reflectivity with a
sharper reflection peak [8,20]. Periodic HCG reflectors can also be fabricated using nano-imprint
lithography, opening the potential for scalability in mass manufacturing [21–23]. Furthermore,
HCGs demonstrate high performance with a single layer of high index material, on the order of
1µm thickness, making them well-suited to applications requiring lightweight modules [8,9,20].
An understanding of the spectrally selective high reflectivity of HCGs can in part be derived
from analytical Mie theory, in which the pillars act as Mie resonators creating interference
in the transverse electric and magnetic modes of the incident light [20,24,25]. The incident
light therefore couples to guided modes within the resonating array [9]. Given this mechanism,
HCG reflectance patterns differ from Bragg filters (which rely upon constructive and destructive
wave interference through many layers of alternating low/high index materials) by exhibiting
a resonant peak, where modes are guided into the HCG substrates or any coverings for the
HCG array [8]. By adjusting the physical parameters of the HCG array geometry (pitch, feature
size, thickness), we can alter the guided modes’ resonant wavelength, thereby tuning the peak
reflectivity [8,9,14,20]. The overall thickness and spectral tunability of HCGs could enable such
structures to technologically disrupt various photonic applications (e.g., metalenses, broadband
spectral reflectors) [7,14,20].
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Simulation results

To demonstrate the utility of a-SiC:H HCGs as spectrally selective reflectors, we design and
fabricate a hexagonal nanopillar array optimized for a reflection peak at 635nm. We select 635nm
as the peak center to match the spectral properties and extensive application of CdSe/CdS quantum
dots in the photovoltaics, display, and lighting industries [26–29]. Such a spectrally selective
HCG reflector is of particular use for photovoltaics applications in luminescent solar concentrators
[25,30–32]. By integrating a HCG reflector in a tandem luminescent solar concentrator using
CdSe/CdS QD luminophores, the overall module efficiency can be increased by over 4% [30,31].
For reflection peaks at or below 650nm, a-SiC:H is particularly well-suited given its lossless
characteristics shown in Fig. 1—whereas many other HCG materials exhibit large parasitic
extinction coefficients in this spectrum [12]. We adopt the hexagonal array structure to achieve
narrower peaks with smaller sweeping angles than its square or rectangular array counterparts
[31]. We use a quartz substrate for the a-SiC:H pillars given its low extinction coefficient,
therefore yielding maximum reflectance of the a-SiC:H array.
We determine optimal physical parameters of the HCG array via Lumerical Finite Difference
Time Domain (FDTD) simulations. We simulate a broadband (300–1100 nm) plane wave source
and apply periodic boundary conditions to our HCG hexagonal unit cell to best approximate an
infinite nanopillar array across many unit cells. We place monitors above the nanopillars and
below the substrate to account for reflected and transmitted light, respectively. We measured the
optical constants of the a-SiC:H layer via ellipsometry and employ experimental measured n,k
values for a-SiC:H in our simulation. The quartz optical constants were derived from Maltison

Fig. 2. Demonstration of how adjusting the geometric parameters of the high contrast grating
reflector (pitch, radius, and thickness), shifts the resonance wavelength. By decreasing the
geometric parameters, resonance can be tuned down to 500nm. By increasing the geometric
parameters, we can observe resonance to the edge of the visible spectrum.
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[33]. To fully resolve the optical modes of the array, we systematically varied the a-SiC:H
nanopillar pitch, radius, and array thickness to optimize for the reflectance at 635 nm. Figure 2
shows the effect of varying the radius, pitch, and height on the spectrally selective reflector
resonance peak. Generally, smaller nanopillar geometric features result in shorter wavelength
resonances. Likewise, larger nanopillar features red-shifted the resonances. Increasing and
decreasing the radius results in a reflection peak at a shorter and longer wavelength, respectively.
Increasing the thickness generates a stronger peak, but if the thickness increases too much, a
bi-modal reflection is observed. Lastly, increasing the pitch decreases the width of the reflection
peak. These observed behaviors corresponded with prior work [30,31]. To corroborate these
trends, the (SI) summarizes these trends for fabricated HCGs. Given our target reflectance
spectrum, we determine the optimal pitch, pillar radius, and pillar thickness to be 475 nm,
125 nm, and 120 nm respectively. These parameters result in a simulated reflectivity of R = 97.8%
reflectance at 635 nm, as illustrated in Fig. 3.

Fig. 3. Simulated a-SiC:H high contrast reflector with a reflectivity of 97.8% at 635nm.

3.

Experimental results and discussion

Informed by these design parameters, we next fabricated hexagonal a-SiC:H nanopillar array
HCGs via electron beam lithography. Figure 4 shows measured reflectance spectra for a-SiC:H
HCGs with a maximum reflectance peak of approximately R = 94.4% at 642 nm, and R = 92%
at 635 nm. We observe modest deviations in the resonance behavior of the fabricated HCGs
compared to the simulation parameters. Through our imaging, we find the radius of the fabricated
pillars to be, on average, consistent with the simulation optimum of 125 nm. However, the
measured reflectance showed higher sensitivity to the a-SiC:H thickness than that seen in
simulations. Previous studies corroborate our findings and suggest that when a HCG becomes
too thick, multiple resonances appear [30,32] While simulations showed 120 nm to be the ideal
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a-SiC:H layer thickness, we measured the fabricated thickness of the pillars to be 128 nm. Finally,
we find nanopillar pitch to be the parameter with the largest disparity between simulations and
experiments. Our fabricated HCG sample exhibits an average pitch of 455nm between the pillars,
whereas our calculations indicated an optimum pitch of 475nm. We found that a higher fill
fraction generally resulted in a higher reflectivity for fabricated HCG reflectors. A smaller pitch,
and therefore higher fill fraction, can ultimately result in a sharper peak which can have a greater
effect on the overall reflectivity as errors accumulate on the substrate [30,31]. Electromagnetic
simulations employed periodic boundary conditions with identical unit cells of the HCG, that are
not realistic in full pattern fabrication [34]. While integrating across the area of the fabricated
HCG reflector includes imperfections on the HCG surface contributing to the variation in the
optimal geometric parameters, opting for the full area measurement demonstrates a more realistic
reflector performance [20,34–36].

Fig. 4. The left shows the reflection profile of a fabricated a-SiC:H spectrally selective
reflector overlayed with the simulated reflection peak. The right is a SEM image of the
hexagonal nanopillar array a-SiC:H reflector. The SEM image includes a thin layer of
sputtered Cr as a conduction layer.

4.

Conclusions

We have designed, and fabricated a-SiC:H spectrally selective high-contrast gratings suitable
for high reflectivity with a narrow stop-band, matched to semiconductor quantum dots with
photoluminescence emission centered at 635nm. Further, calculations indicate high reflectivity
resonance peaks across the visible spectrum using spectrally-selective HCGs comprised of a
hexagonal array of a-SiC:H nanopillars. While our experimentally validated example comprises
a single stop-band of interest, this study illustrates the material and design potential for many
low-loss high index applications in the photonics community.
5.

Methods

We deposit the a-SiC:H layer by PECVD onto quartz substrates using previously reported methods
[16]. The a-SiC:H was deposited under a pressure of 4.3 mbar and temperature of 250 degrees
Celsius. The gas flow is a mixture of silane, methane, and hydrogen. The methane flow ratio
(defined as the methane mass flow divided by the sum of the methane and silane mass flow)
was held at 75% which has been shown to maintain a lower extinction coefficient at shorter
wavelengths. The hydrogen flow was set to 1600 sccm to induce a higher index of refraction
while maintaining a near-zero extinction coefficient in our region of interest. The index of
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refraction and extinction coefficients in Fig. 1 were measured via ellipsometry, which was fit
with a sensitivity on the order of 10 6 .We spin-coated negative tone electron beam resist layers
(MaN-2403) onto the a-SiC:H—at 3000 rpm for 30 seconds. We next spin-coat a solution of
99% poly(4-stryenesulfonic acid) and 1% Triton X-100 surfactant directly onto the resist as a
water-soluble sacrificial layer, which we deposit 10 nm of Au onto via thermal evaporation [20].
This Au layer acts as a conductive agent to prevent charging over the insulating and dielectric
materials of the nanopillar array. We pattern the array with a Raith 5200 electron beam writer
(electron source set at 100 kV, beam current at 5 nA, and dose at 340µC/cm2 ). After inscribing
the pattern, we remove the Au and sacrificial layer by a one minute water bath. We develop the
array in a base developer (MF-319) for one minute. We etch the array for 90 seconds using an
Oxford ICP-RIE with a pseudo-Bosch SF6 /C4 F8 process—forward power of 1500W and a 32W
ICP power with a gas flow of 22 sccm of SF6 and 30 sccm of C4 F8 . Finally, we remove the
remaining resist via O2 plasma—20 minutes at a pressure of 20 mTorr, power of 80W, and flow
of 20 sccm.
We measured the reflectance of a-SiC:H hexagonal array HCGs via a supercontinuum laser
light source coupled with a monochromator to provide a narrow spot size (⇠10 µm) around
each wavelength. Reflection measurements were taken between 450 nm and 1100 nm at normal
incidence. Non polarizing beam splitters were used to direct the reflected beam to a Si photodiode.
A NIST-calibrated Specular Reflectance Ag mirror (STAN-SSH-NIST) was used to normalize
raw reflectivity. The spot-size of the reflectance measurements integrates across the entire
700µmx700µm area of the fabricated HCG.
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