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Abstract:
We report efficient quasi phase matched second harmonic 
generation of 532 nm green light in periodically poled 
nanophotonic waveguides on the Lithium-Niobate on 
Insulator (LNOI) platform.

Summary of Research:
Visible light generation on an integrated photonic 
platform is of great interest for applications ranging 
across quantum optics, atomic physics, sensing, 
biophotonics, and AR/VR, to name a few. The (LNOI) 
platform boasts a broad transparency window, with low 
loss into the visible band [1], and exceptional quadratic 
optical nonlinearity for efficient conversion of long 
wavelength pump light into the visible spectrum [2,3]. 
Here we demonstrate efficient chip-scale generation of 
green light by second harmonic generation of a NIR 
source.
Quasi phase matched second harmonic generation 
of a 1064 nm pump source is realized by periodically 
poling the LN waveguide to bridge the phase mismatch 
between the 1064 nm and 532 nm optical modes. The 
fundamental TE00 modes are utilized for their near-unity 
nonlinear mode overlap and alignment with the largest 
quadratic nonlinear tensor element (d33 = 25pm/V) of 
LN. A relatively short poling period Λ = λSH/Δneff of 
~ 2.2 µm is necessary for quasi phase matching due to 
the difference in effective refractive indices Δneff of the 
TE00 modes. Poling with close to 50% duty cycle ensures 
optimal efficiency of the devices.
The PPLN waveguide devices are fabricated on MgO 
doped x-cut thin film lithium-niobate-on-insulator 
(LNOI), with 400 nm LN sitting upon a 2 µm silica layer. 
ZEP-520A resist is used for a first e-beam lithography 
step (JEOL 9500), followed by 300 nm Ar-ion milling 
(AJA Ion Mill) to create the alignment marks. A second 

e-beam writing step is performed on PMMA resist, 
and 300 nm poling electrodes are created using a gold 
evaporation and lift-off process (CVC SC4500 odd-hour 
evaporator). High voltage pulses realize the periodically 
inverted domains in the unprocessed LN thin film [4] and 
are verified by Piezo Response Force Microscopy (Veeco 
Icon AFM) (Figure 1b). The electrodes are removed in 
an acid clean step, and a third e-beam lithography step 
with ZEP-520A, followed again by Ar-ion milling, is 
used to define the waveguides along the periodically 
poled domains.
The 1064 nm light is amplified by a ytterbium-doped 
fiber amplifier and coupled to the waveguide facet 
by a 780HP lensed fiber. The residual pump light and 
generated visible light is collected from the output facet 
by a 780HP lensed fiber as well. A narrow sinc2-like phase 
matching spectrum is observed (Figure 1d), indicating 
good uniformity of the periodically poled domains along 
the waveguide length. An absolute on-chip conversion 
efficiency in excess of 12% is measured with 16 mW 
of pump power, generating slightly more than 2 mW of 
green light on chip (Figure 1e). The sublinear efficiency 
trend agrees well with pump-depletion theory of colinear 
SHG, verifying strong pump conversion efficiency of the 
nonlinear waveguides.
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Figure 1: (a) Image of efficient green light generation on the PPLN chip. Piezo Response Force Microscopy of the periodically inverted 
domains before (b) and after (c) waveguide fabrication. (d) Measured phase matching spectrum of the device, centered around 1064 nm.  
(e) On-chip conversion efficiency and generated visible light power from the quasi phase matched SHG process.
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Abstract:
We report an on-chip high-speed visible-band 
electro-optic modulator that can operate over 
the full visible spectrum of 400-700 nm, with a 
record low Vπ·L of 0.48, 0.25, and 0.17V·cm at 
red, green, and blue wavelengths of 630, 520, 
and 450 nm, respectively, and an operation 
bandwidth of > 20 GHz.

Summary of Research:
The visible spectral region underpins many 
important applications including sensing, 
optical clocks, 3D displays, and augmented/
virtual reality (AR/VR). All of these 
applications rely crucially on precise control 
and efficient modulation of visible light. 
Recently, there has been significant interest 
in transferring these applications onto chip-
scale platforms [1,2] that would offer great 
advantages in size, power, functionality, and design 
flexibility. However, development of chip-scale electro-
optic modulators (EOMs) in the visible band remains 
fairly limited [3-5]. Here, we demonstrate an on-chip 
lithium niobate (LN) EOM that can operate over the full 
spectrum covering the entire visible band from 400 to 
700 nm. We show that the visible-band EOM exhibits 
record high modulation efficiency with Vπ·L as low as 
0.48, 0.25, and 0.17V·cm at wavelengths of 630, 520, 
and 450 nm, respectively, which are the smallest ever 
reported for LN traveling-wave EOMs developed to date.
Figure 1(a) shows a fabricated EOM that consists of a 
pair of 3 dB multimode interference (MMI) couplers, 
an 8-mm-long phase modulation section operating in 
the push-pull fashion, and a spatial-mode filter section 
placed in the front. 

The devices are made on a 300-nm-thick x-cut LN-
on-insulator wafer, partially etched down by 180 nm. 
The modulator waveguide has a width of 1 µm and a 
waveguide-electrode gap (WEG) of 0.8 µm, with 
an electrode spacing of 2.6 µm in order to enhance 
modulation efficiency. The electrodes contact directly 
with the LN layer to improve the optical-microwave 
mode overlap. For the EOM to operate over the full visible 
spectrum, the MMI coupler is designed to be broadband 
with a transmission of 43.3%, 49.8%, and 42.8% at 
wavelengths of 400, 550, and 700 nm, respectively 
[Figure 1(b)]. The SMF is a tapered waveguide to cut 
off higher-order guided modes to ensure single-mode 
operation of the EOM.
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Figures 2(a)-2(c) show the modulation 
performance of the EOM. The device exhibits 
a Vπ of 0.60 V, 0.31 V, and 0.21 V, respectively, 
at the red, green, and blue wavelengths of 630, 
520, and 450 nm, which corresponds to a Vπ·L 
of 0.48, 0.25, and 0.17V·cm. The extinction 
ratio (ER) is measured to be 16 dB at 630 nm 
[Figure 2(a)]. The ER decreases to 7 dB and  
12 dB at 520 and 450 nm [Figures 2(b) and 
2(c)], respectively, which is dominantly due 
to the green and blue FP lasers (Thorlabs, 
LP-520 and LP-450) with a poor polarization 
ER of ~ 10 dB that interferes with the 
ER characterization. The recorded WEG 
dependence of Vπ·L [Figure 2(d)] shows a 
slightly better performance than the theoretical 
expectation, which is likely due to a smaller fabricated 
WEG than the designed WEG. Figure 2(e) shows that the 
EOM exhibits a 3 dB bandwidth of 16 GHz (blue curve). 
This value is simply limited by the frequency response 
of the optical detector (Newport, 1544-B) [Fig. 2(e), red 
curve]. By factoring out the detector response, the EOM 
itself exhibits a 3 dB bandwidth > 20 GHz [Fig. 2(e), 
green curve]. The insertion loss of the EOM is measured 
to be 6.8 dB at 630 nm, which is primarily attributed to 
the fabrication imperfections of the SMF and the MMI 
couplers.
The demonstrated full-spectrum EOM with record 
performance achieves a key step toward energy-efficient 
and high-speed visible photonics, opening up a great 
avenue toward chip-scale miniaturization and integration 

of versatile functionalities in sensing, atomic clocks, AR/
VR, etc., on the promising thin-film LN platform.
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Abstract:

We use a modified Fabry-Perot 
structure with selectively suppression 
and subwavelength structures in 
cavity to realize MSFAs that can 
cover the range from 450 - 910 nm.

Summary of Research:
Multispectral imaging (MSI) has 
found applications in various 
fields such as metrology, medical spectrum diagnoses, 
and industrial processes, offering scenes with 
multiple narrowband spectral channels. Conventional 
multispectral systems typically rely on dispersive 
elements like diffraction gratings or prisms, which limit 
further miniaturization and integration [1]. To overcome 
this limitation, snapshot multispectral imaging systems 
based on multispectral filter arrays (MSFAs) have been 
developed [2]. These systems enable the capture of a 
parallel array of images with different spectral channels 
in a single shot, eliminating the need for spatial or 
spectral scanning and allowing for highly compact and 
integrated designs. However, the design and fabrication 
of a monolithic broadband MSFA with narrow bandwidth 
and high color purity present significant challenges.
People have demonstrated integratable color filter arrays 
(CFAs) using various approaches such as plasmonic 
resonance [3], Mie resonance [4], and guided mode 
resonance [5]. Among these, CFAs based on Fabry-Perot 
(FP) resonators offer advantages such as polarization 
insensitivity, angle insensitivity, high transmission, 
and narrow full-width at half-maximum (FWHM), 
which are desirable for multispectral filter arrays 
(MSFAs). However, traditional thin film color filter 
arrays based on FP cavities often require multiple filter 
stacks, leading to fabrication challenges and limited 
spectral range [6]. Increasing the number of detection 

Figure 1: Schematic of the stack 
structure of the color filters.

channels also necessitates additional 
lithography and etching steps, 
further complicating the fabrication 
process. To address these challenges, 
subwavelength grating structures 
have been introduced to modify the 
optical length of the cavity without 
altering the physical thickness. 
Nevertheless, in FP resonators, 
multiple resonances can impact color 

purity and the free spectral range (FSR). Furthermore, the 
spectral tuning range is restricted by the nanofabrication 
process, as the fill ratio of the subwavelength grating 
cannot be excessively high.
We present a CMOS compatible multispectral FP color 
filter arrays which have a large spectral range (450nm-
910nm) with narrow FWHM (<40nm) based on selective 
suppression and a subwavelength grating (Figure 1). We 
demonstrate the broadband MSFAs based on modified 
FP structure with second order resonance which can 
cover the wavelength range from 630 nm to 960 nm 
[7]. One of the limitations of extending the color filters 
to shorter wavelength is the effective index range that 
can be obtained with polysilicon and silicon dioxide 
subwavelength structures. To extend the working 
wavelength range to cover visible spectra, we enlarge the 
effective index range by introducing air in the cavity. To 
cap air in the cavity, we need the air gaps in the cavity 
have a relatively small feature size and high aspect ratio 
such that we can cap as much as air in the cavity rather 
than fill it out with top deposition. To circumvent the 
high aspect ratio etch step, we directly use 11% HSQ 
as the cavity layer and expose the HSQ layer with 
hexagonal subwavelength grating or mesh structures. 
After development, we can have around 50 nm width and 
170 nm depth air gaps without the need of high aspect 
ratio etching. We cap the air with top deposition based 
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on the filling capability of deposition recipe. To enhance 
the transmission, we use one 35 nm layer as the reflection 
mirror. We combine the HSQ and air cavity design with 
the polysilicon and silicon dioxide cavity design such 
that we can cover the range from visible to NIR.
The main fabrication steps for our design are shown in 
Figure 2. We use polysilicon as the high index material in 
the DBRs. Polysilicon is deposited by plasma-enhanced 
chemical vapor deposition (PECVD) and anneal it at 
700°C for two hours to make it crystalize. We use JEOL 
9500 and negative resist hydrogen silsesquioxane (HSQ) 
to pattern the cavity and use inductively coupled plasma 
reactive ion etching with HBr to transfer the pattern from 
HSQ to polysilicon. We fill the gap by TEOS (Tetraethyl 
orthosilicate) SiO2. After finishing the fabrication of 
long polysilicon and silicon dioxide cavity, we etched 
away the silicon dioxide for the area with HSQ and air 
cavity. The 11% HSQ is spun at 2000 rpm to have around  
210 nm thickness. After exposure and development, 
we use PECVD to deposit silicon dioxide to cap the air 
gaps and use chemical mechanical polishing (CMP) to 
planarize the surface. We anneal our sample to make 
HSQ turn into silicon dioxide material. After testing, 
there is about 20% thickness decrease after annealing. 
However, there is no obvious lateral dimension change 
or structure deformation (Figure 3). Through the similar 
processes we can fabricate the top part of our design.
We present a broadband multispectral color filter arrays 
covering from 450 nm to 910 nm with transmissions 
over 40% and FWHM less than 40 nm (Figure 4). 
The simulation is based on Rigorous coupled-wave 
analysis (RCWA). To overcome the effective index 
range limitations, we lower the cavity effective index 
by mixing air with silicon dioxide. To alleviate the 
fabrication challenges, we use the e-beam resist HSQ as 
the cavity layer which is close to silicon dioxide after 
annealing. We show that the patterned HSQ will not have 
obvious deformation after annealing at 700°C which 
make it a good alternative for silicon dioxide when 
pattern relatively small features.

Conclusion and Future Steps:
We present a MSFAs design that can cover the wavelength 
range from 450 nm to 910 nm aligned with the detection 
range of most silicon CMOS imaging sensors. We 
demonstrate the potential of using HSQ directly as a part 
of nanostructure which can have relatively small feature 
size after development and have similar optical property 
as silicon dioxide after anneal. With the HSQ and air 
cavity, the effective index range is extended which 
enables monolithic MSFAs to cover a wavelength range 
from visible to NIR.
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Figure 4: The relative transmission of different color filters based on 
simulation.

Figure 2: The main fabrication steps.

Figure 3: SEM images of patterned HSQ layers after development 
and anneal.
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Abstract:
We demonstrate a high-quality-factor silicon nitride ring 
resonator of 12 GHz repetition rate. Special fabrication 
techniques are applied to acquire an intrinsic quality 
factor of 10 million as well as anomalous dispersion (for 
fundamental modes) in the resonator.

Summary of Research:
Silicon nitride (Si3N4) [1] is a high-performance material 
platform for chip-scale photonic devices. Benefiting 
from its ultra-low loss and good CMOS-compatibility, 
Si3N4 is a preferable choice for making waveguides, 
resonators, and other passive components for photonic 
integrated circuits (PICs). In addition, Si3N4 supports not 
only applications in the optical communications band but 
also in the visible [2] and the mid-infrared band, such as 
(bio)medical and (bio)chemical sensing, due to its broad 
transparency window (400-6700 nm [3]).
Ring resonator is one of the fundamental components in 
integrated photonics. It can work for versatile purposes, 
including laser cavity, modulator, filter, etc. In this 
work, we design and fabricate a Si3N4 ring resonator 
with anomalous dispersion (for fundamental modes) 
for generating dissipative Kerr solitons (DSK) [4]. The 
resonator has a cross-section of 1.6 µm × 0.76 µm. 
Such a structure supports a very confined fundamental 
transverse electric (TE0) mode (inset in Figure 1) and, 
therefore, leads to an anomalous dispersion [5]. 
We design the cavity length of the resonator to be 11.6 
mm and have a repetition rate (the inverse of its round-
trip time) of 12.3 GHz according to TR = L/c0ng where TR 
is the round-trip time, L is the cavity length, c0 is the light 
speed in vacuum, and ng is the group index of the guide 
mode (2.11 for TE0 mode in our case). This repetition 
rate allows the incorporation of the generated solitons 
with radio frequency (RF) applications. Figure 1 shows 
a fabricated device. 

Figure 1: Camera picture of a fabricated device. Inset: TE0 mode of 
the device.

We use adiabatic turnings in our spiral-like ring resonator 
to minimize the bending loss. The radius of curvature 
of the waveguide smoothly changes from 3 mm to 0.1 
mm through a tanh function [6] instead of a conventional 
abrupt turning of fixed radius. We use SiO2 mode 
converters [7] and tapered Si3N4 waveguides (Figure 
2(c)) to optimize the power coupling efficiency from the 
fiber to the device.
The fabrication steps are shown in Figure 2(a-b). 
We deposit 0.76 µm stoichiometric Si3N4 using low 
pressure vapor chemical deposition (LPCVD) over  
4 µm of thermally-grown silicon oxide (SiO2) on silicon 
wafer. We rotate the wafer by 45° after every 300 nm 
deposition to alleviate the total strain accumulated in 
the film and prevent it from cracking [8]. We pattern the 
device using 100 kV electron-beam lithography. The 
pattern is exposed twice with half of the required dose 
each time (‘double pass’) for better lithography accuracy 
and better sidewall roughness. We etch the structure 
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with inductively coupled plasma reactive-ion etching 
(ICP-RIE). The etched structures are then clad with  
4 µm SiO2 through plasma-enhanced chemical vapor 
deposition (PECVD). Afterward, we pattern the mode 
converters and the grooves, which are used to ensure 
stable fiber-to-chip power coupling, with deep ultraviolet 
(DUV) lithography. The SiO2 outside the chip boundary 
is etched using ICP-RIE. We continue to etch down the 
exposed Si substrate by approximately 100 µm using a 
Bosch process so that fibers can be pushed all the way 
to the mode converter (vertically aligned) after dicing 
without being blocked by the substrate. We anneal the 
device at 1200°C to improve the material quality and 
mitigate the material loss. Finally, we use the isotropic 
XeF2 etch to remove the Si beneath the mode converter 
and make it suspended after dicing the wafer into chips.
We then measure the transmission spectrum (Figure 3(a)) 
of the fabricated device and characterize its performance. 
Figure 3(a) shows a typical spectrum. We numerically 
fit (Figure 3(b)) the resonances in the spectrum using a 
Lorentzian equation [9]

where T stands for power transmission, T0 is a constant, 
t is the field transmission of the coupler, a is the round-
trip field transmission of the ring, FSR is the free spectral 

range, λ is the testing laser wavelength, and λ0 is the 
central wavelength of the resonance. The round-trip is 
approximately 1% across the 1480-1640 nm bandwidth, 
which corresponds to a propagation loss of 0.04 dB/
cm and an intrinsic quality factor of 10 million in our  
11.6 mm ring. 
We further extract the group index and the group velocity 
dispersion of the device (TE0) to be 2.11 (corresponding 
to 12.3 GHz repetition rate) and -1.84 × 105 fs2/m, 
respectively.

Conclusions and Future Steps:
In conclusion, we demonstrate a silicon nitride ring 
resonator with anomalous dispersion, 12.3 GHz repetition 
rate, and 10 million intrinsic quality factor. This work 
will help to enable RF-frequency applications directly 
based on high-performance Si3N4 ring resonators.
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Figure 2, left: (a-b) Fabrication procedures of the device.  
(c) A zoom-in view of the waveguide taper and the mode converter.

Figure 3, above: (a) Measured typical transmission spectrum of the 
device. (b) Typical fitting result of a resonance.
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Abstract:
Metasurfaces, composed of planar arrays of sub-
wavelength-scale optical antennae, provide tailored 
resonant modulations to electromagnetic fields. We 
fabricate semiconductor-based metasurfaces fit for a 
range of photonic applications in the near-and mid-
infrared. For instance, we apply an amorphous silicon 
(aSi) metasurface to demonstrate an ultrathin wide-
aperture multicolor lens. In another application, we 
exploit tailored field enhancements of silicon-on-sapphire 
(SOI)-metasurfaces to facilitate deeply-subwavelength 
femtosecond (fs) laser machining.

Multicolor aSi-Metalens:
Modern imaging systems rely on compact, wide-aperture, 
and aberration-free lenses. Although submicron-thick 
optical metasurfaces have achieved high-performance 
focusing [1], they exhibit high chromatic aberrations, 
making them unsuitable multicolor imaging applications. 
Various approaches to achromatic metalensing have 
been developed [2], but they are typically limited by 
computational complexity or low numerical aperture 
(NA). Our project considers a new type of high-NA multi-
color metalens, engineered to reuse identical discrete 
phase requirements in every consecutive 2π phase 
increment (Fresnel zone) of its phase profile, thereby 
significantly simplifying its design. To test this concept, 
we fabricated a spherical metalens with a diameter of  
1 mm. Figure 1(a) shows a representative scanning 
electron microscope of the building blocks of the metalens, 
which are 600-nm-thick rectangular aSi bricks arranged 
periodically on a silica substrate. These structures support 
Mie-type optical resonance modes that can be customized 
by altering the resonator’s geometrical parameters. 
The metalens comprises only fifteen distinct resonator 

geometries that are optimized to provide a wavelength-
and radially-dependent phase profile resulting in the 
multicolor focusing of two near-infrared wavelengths. 
Metalens fabrication consisted of six total steps: plasma-
enhanced chemical vapor deposition (Oxford PECVD) 
of aSi onto fused silica substrate; HSQ-6% spincoat, 
baking, and electron beam lithography (EBL) exposure 
at 6mC/cm2 (JEOL9500FS); development in TMAH/
NaCl (0.25/0.7N) salty solution; and pattern transfer to 
the aSi layer through an inductively coupled HBr plasma 
reactive ion etch (Oxford Cobra). The resulting samples 
were characterized using a scanning electron microscope 
(Zeiss Ultra). Our simulations predict diffraction-limited 
and chromatic-aberration-free focusing of the two 
operation wavelengths at a focal distance of z = 5 mm. 
The experimental characterization of our first-generation 
device shows a primary focal spot at the predicted 
z-position (5mm) for both wavelengths of light (as shown 
in Figure 1b). However, there are a few unintended 
spurious maxima appearing at different z-positions. The 
production of improved devices is underway.

Subwavelength fs-Laser 
Nanomachining using SOI-
Metasurfaces:
In a second application, we employ tailored 
electromagnetic field distributions of resonant 
semiconductor microstructures to enhance the spatial 
resolution and control of laser-nanostructuring. While 
laser-machining approaches are typically restricted 
by the diffraction limit to yield a smallest resolvable 
dimension equal to half the laser wavelength [3], our 
project considers deeply-subwavelength-scale (~λ/50) 
modifications to Si-based microresonators illuminated 
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by fs laser pulses. We accomplish this result by designing 
SOI metasurfaces that resonate near the laser wavelength 
and exhibit highly-nonlinear photoinduced free carrier 
production. Illuminating the Si-resonators with few-pulse 
trains below the single-pulse damage threshold facilitates 
localized phase explosions and gradual volumetric 
material ablation in the region of peak field intensity. 
For device fabrication, we start with the RIE etching of a 
commercial SOI wafer to the desired thickness, followed 
by a standard PMMA spin-coat, baking, EBL exposure at 
900 µC/cm2 (JEOL 9500FS), development in MIBK:IPA 
1:3 for 90s, e-beam evaporation of 30 nm chromium (Cr) 
or 80 nm alumina hard mask (CVC SC4500), liftoff in 
room-temperature sonicated acetone for 30 min, RIE 
etching to substrate; and removal of Cr or alumina 
mask by wet etchant. Figure 2 presents an SEM image 
of the fabricated metasurface prior to laser irradiation 
alongside its experimental transmission spectra. Figure 3 
shows examples of nanotrench formation under various 
conditions of laser pulse intensity and number.

References:
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Figure 3: Trench formation in SOI-resonator arrays illuminated with variable 
(a) shot-numbers and (b) intensities of 7 µm-wavelength incident laser pulses, 
increasing from left to right.

Figure 2: (a) SEM image of a SOI-metasurface 
designed to enhance the field intensity at the apex of 
its triangular notch. (b) Representative experimental 
transmission spectra of the metasurface. Inset: 
simulated electric field profile of the resonator.

Figure 1: (a) A zoomed-in scanning electron microscopy (SEM) 
image of rectangular aSi pillars on a silica substrate, comprising the 
aSi metalens. (b) Experimental on-axis intensity of light transmitted 
through a first-generation multicolor aSi-metalens. The lens focuses 
wavelengths of λ1 = 980 nm (blue line) and λ2 = 735 nm (red line) 
into a primary intensity maximum at z = 5 mm.
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Abstract:
We study HfO2/Al2O3 composites 
for high-index visible/ultraviolet 
photonics, exhibiting single-mode 
waveguides losses of 1.9 ± 1 dB/cm 
for λ = 405 nm. 

Summary of Research: 
Integration of photonic devices in 
the visible and UV is necessary 
for several applications such as 
spectroscopy and control of ion 
systems on chip [1-3]. However, 
photonic devices operating in the 
visible and UV have lagged behind 
those operating in the near infrared 
devices since common materials used 
in photonic devices absorb at short 
wavelengths, and scattering losses 
increase as wavelengths decrease. 
Alumina (Al2O3) is a CMOS 
compatible material that can be deposited in amorphous 
form, and has been used to demonstrate single-mode 
(SM) propagation as low as 3 dB/cm at 371 nm [4]; 
however, its relatively low index (n~1.7) is a limitation. 
High refractive index is desirable in many settings since 
it allows, for example, strong optical confinement, 
compact device footprints, high efficiency grating 
devices (grating strengths scale approximately as  
~ (ncore

2 - ncladding
2)2), and efficient acousto-optic interaction 

(scaling as n6). HfO2 is promising material — a wide band-
gap (5.65 eV) [5] with a high refractive index (n~2.1), 
can be deposited amorphously, and is CMOS compatible. 
However, its propensity to crystallize results in significant 
optical loss, and its use in photonics has been limited to 
settings where the optical interaction length is on the 
order of 100s of nm [6,7]. Incorporation of moderate 

Figure 1: Single layers of HfO2 and 
Al2O3 are deposited on top of SiO2 in 
an inter-layered periodic way. A DC = 
0.33 is shown here with P=3 layers. 

proportions of Al2O3 dramatically 
reduces losses in films; this is 
attributed to inhibited crystallization 
of HfO2 [8]. Here, we demonstrate 
methods to lithographically pattern 
nanophotonic structures composed 
of alternating layers of Al2O3 and 
HfO2, deposited via atomic layer 
deposition (ALD), and present 
preliminary SM propagation losses 
in patterned waveguides formed 
from the composite. 
Our approach to mitigating loss from 
crystallization relies on depositing 
alternating HfO2 and Al2O3 layers 
at different duty cycles (DC) and 
periods (P) in a plasma enhanced 
ALD (PEALD) process. Figure 1 
shows the structure of the composite 
films; P represents the total number 
of layers per period, with DC the 
fraction of atomic layers per period 

that are Al2O2. Previous work [8], showed that as the 
DC changes from 0 (HfO2 only) to 1 (Al2O3 only), the 
refractive index decreases as if the index of the composite 
was the weighted average of n(Al2O3) and n(HfO2) 
according to fractional composition. Measurements of 
slab mode propagation loss at λ = 406 nm by the prism 
coupling method showed that losses can be 4.2 dB/cm for 
a period of three layers and a DC ~ 0.3. In contrast, losses 
in pure HfO2 at this wavelength were well above 30 dB/
cm. The observed decrease in loss is accompanied by a 
reduction in index to n = 1.95, though still preserving 
most of HfO2’s advantage over Al2O3. 
Work to pattern the composite material into photonic 
devices was conducted at the Cornell NanoScale Facility 
(CNF). Devices were fabricated on a silicon wafer with  
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3 mm of thermally grown wet silicon oxide (SiO2) 
provided by Rogue Valley Microdevices. Composite 
films of HfO2 and Al2O3 at DC = 0.33 and P = 3 layers 
deposited at CNF exhibited material losses of 8 dB/cm 
at λ = 405 nm (<2 dB/cm at λ = 730 nm) after initial 
deposition and 2.8 dB/cm at λ = 405 nm (< 1 dB/cm at λ 
= 730 nm) after a one hour anneal at 800°C. 
Test structures to measure propagation losses in SM 
rectangular waveguides were designed, including fiber 
surface grating couplers for characterization at λ = 730 nm  
and at λ = 405 nm. The pattern was defined with electron-
beam lithography (JEOL9500) using ZEP520-A resist, 
and then transferred to the composite material with 
an inductively coupled plasma (ICP) etching process 
utilizing a BCl3/Ar chemistry. 

Figure 2 shows an SEM image of the resulting profile for 
straight waveguide strips in the composite after etching. 
Preliminary measurements on the resulting structures 
show losses of 1.9 ± 1 dB/cm for λ = 405 nm in a nominally 
400 × 60 nm waveguide with top air cladding (Figure 3). 
Accounting for a confinement factor of ~33%, we find 
that propagation losses arising from surface roughness in 
a patterned waveguide contribute about half of the total 
propagation losses. SiO2 cladding is expected to further 
reduce losses from surface roughness scattering, pushing 
waveguide transmission to be predominantly limited by 
the material.
 

Conclusions and Future Steps: 
This work shows that HfO2 /Al2O3 composite layers can 
be patterned into low-loss and high index integrated 
photonic structures, enabling high index contrast 
devices in the visible and UV. Improvement on sidewall 
roughness and etch profile is in progress, and future work 
will assess the ultimate material loss limit in this platform. 
This work may lead to significantly more efficient 
grating devices, compact footprints, and microresonant 
structures, among others, for photonics at blue/UV 
wavelengths as compared to platforms in pure Al2O3. 
High index, deposited waveguide core materials are also 
likely to be enabling in active electro- and acousto-optic 
device configurations.
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Figure 3: Measured fiber-fiber transmission at λ = 405 nm as a 
function of propagation length for a 200 by 60 nm waveguide. Points 
represent measured values, the slope of the fit indicates propagation 
losses of 1.dB/cm. Inset: Mode profile of measured transmission. 

Figure 2: SEM image of ridges etched into the composite films as 
test structures. 
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Abstract:
Since 2003, Phoebus Optoelectronics has 
enabled custom R&D solutions in the fields 
of Plasmonics, Metamaterials, Antennas, and 
Sensors. We work closely with our customers 
throughout device development, from 
simulation and design, to prototype realization, 
testing, and small volume manufacturing. Our 
R&D portfolio spans the spectral ranges of 
visible light, infrared, THz, and microwave 
radiation, for applications in high resolution 
imaging systems, wavelength and polarization 
filtering, tunable optical components, beam 
forming and steering, solar cells, renewable 
energy devices, and chemical and biological 
toxin sensors. We routinely partner with 
large, industry-leading businesses to develop 
products in all of these areas, jointly performing advanced 
testing and working together to scale up to medium- and 
large-volume manufacturing. Our agile team makes 
extensive use of the resources at the CNF for our nano/
micro fabrication and testing, to provide cost efficiency 
and rapid turnaround.
In the present report, we discuss the ongoing development 
of a metamaterial-based hyperspectral imaging filter.

Summary of Research:
Phoebus uses the resources of the CNF to fabricate 
plasmonic chips patterned with a metamaterial surface 
to enable Extraordinary Optical Transmission (EOT), 
a phenomenon unique to metastructures in which light 
is transmitted through apertures much smaller than the 
incident wavelength, at anomalously large intensities 
relative to the predictions of conventional aperture 
theory. EOT was first observed by T.W. Ebbesen in 1998 
[1]. Since its founding in 2003, Phoebus has successfully 
harnessed EOT by incorporating metasurfaces into 
devices used to perform light filtering [2-3], photon 

Figure 1: Phoebus’s Metamaterial Spectrometer (MS) technology (right) 
eliminates much of the size and weight of conventional hyperspectral 
spectrometer technologies (left). Note the significant difference in scale of the 
two images.

sorting [4-5], polarimetric detection [6], high speed 
optical detection [7], and SPR plasmonic sensor chips 
[8].
In our current project, we are developing a hyperspectral 
imaging system, shown schematically in Figure 1. Our 
technology (Figure 1b) uses a metasurface to precisely 
target very narrow spectral bands of interest, enabling a 
significant reduction in the size and number of optical 
components relative to current state-of-the-art imaging 
systems (Figure 1a), which in turn will enable the 
integration of our high-performance sensor onto weight-
sensitive platforms (ie. satellites) far more readily than 
existing systems. Our initial goal is to detect and image 
trace gases in the Earth’s atmosphere in the midwave 
infrared (MWIR), defined as 3-5 µm wavelength, while 
minimizing dependence on the Angle of Incidence (AoI) 
of light upon the sensor, up to an angle of 12° off-normal.
Using the ASML DUV stepper, entire wafers can rapidly 
be lithographically patterned with highly uniform, large-
area arrays of metastructures, as shown in Figure 2. In 
general, the optimal feature size and period of these 
metastructures depends primarily upon the desired 
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wavelength of operation and the refractive indices of 
the constituent materials. In the MWIR, typical feature 
sizes are on the order of ~ 1 µm. Equally critical for 
minimizing optical losses in photonics applications, the 
relatively narrow spaces between features can be etched 
to form high-aspect-ratio structures with nearly vertical 
sidewalls, as shown in Figure 3.

Conclusions and Future Steps:
With strong, ongoing support from the National 
Aeronautics and Space Administration (NASA), we 
have successfully tested our second generation MWIR 
devices. As shown in Figure 4, they demonstrated 
the desired AoI insensitivity up to 12°. As we finish 
optimizing a few key process improvements in our third 
generation devices, we are beginning to develop a fourth 
generation design, in which we will fully optimize and 
pixelate our MWIR device. In addition, we are adapting 
our metasurface technology to other spectral ranges, from 
the visible to the microwave, by substituting appropriate 
materials, and scaling feature sizes as appropriate to the 
imaging wavelength. The extensive resources of the 
CNF are enabling us to rapidly develop our Metamaterial 
Spectrometer technology for a broad range of imaging 
and sensing applications.
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Figure 4: Measured optical performance of fabricated metamaterial 
filter showing the angle of incidence independence up to a cone 
of 12° (f/2.4). (Inset) Same measurement performed on a classical 
Fabry-Pérot filter. Reproduced from reference 9.

Figure 2: Wafer lithographically patterned with optical 
metastructures, using the ASML DUV stepper.

Figure 3: SEM image (cross section) of etched pillars with near-
vertical sidewalls. Imaged at ~90kX in the Supra SEM, the grain 
structure of the etch stop layer is clearly visible.
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Abstract:

Distributed Bragg Reflectors (DBRs) are mirrors 
composed of alternating layers of two different 
transparent materials with different refractive indices (n). 
When two parallel DBRs are separated by a transparent 
spacer layer, a Fabry-Pérot microcavity is formed. In 
such a cavity, the Q-factor of the cavity’s resonant mode 
increases with the reflectivity of the DBRs. Thus, in order 
to create microcavities with high Q-factors, we tested 
several designs and compared the reflectance spectra of 
the resulting DBRs to determine which design produces 
the highest reflectance at the desired wavelengths.

Summary of Research:
Unlike metal mirrors that reflect light across a broad 
range of wavelengths, the high-reflectance of a DBR is 
limited to range of wavelengths known as a stopband. 
These are the wavelengths of light that are strongly 

Figure 1: (a) DBR reflection at normal incidence. The impinging 
light wave is reflected due to the constructive interference of 
the individual reflections from each SiNx/SiO2 interface. (b) The 
reflection spectrum and color of the SiNx/SiO2 film stack on an Si 
wafer changes radically as layers are added during the deposition of 
a 21-layer DBR on Si with λcenter = 580 nm.

reflected (e. g. reflectance R ≥ 0.99) by a DBR due to 
the constructive interference of the light scattered from 
the interfaces between the high- and low-index materials 
[1]. To make a DBR that reflects strongly at a certain 
wavelength, λcenter, at normal incidence, the layers are 
fabricated with thickness d = λcenter/4n (Figure 1). With 
a sufficient number of layers (roughly 15 or more), a 
DBR thus fabricated will exhibit high reflectance at 
normal incidence over a range of wavelengths around 
λcenter. For example, a 31-layer DBR made with λcenter 
= 500 nm reflects light strongly (with R ≥ 0.95) from 
about 450 to 550 nm. Outside of this stopband region, 
the reflectance of the DBR is low and varies sinusoidally 
with wavelength, as shown in Figure 2(a).
We tested several DBR designs and compared the 
resulting spectra. DBRs made of alternating layers 
of silicon nitride (SiNx) and silicon oxide (SiO2) were 
deposited using the Oxford plasma-enhanced chemical 
vapor deposition (PECVD) instrument. These DBRs 
were deposited onto 4-inch wafers of SiO2, Si, or Si 
that had been coated with 200 nm of Ag in the SC4500 
electron-beam evaporator.
We compared of Si- to Ag-backed DBRs (Figure 2) to 
determine if Ag-backed DBRs would exhibit greater 
reflectivity than the Si-backed DBRs, as was reported in 
the literature for 20-layer DBRs [2]. However, we found 
that, for 31-layer DBRs, the Ag-backed DBRs were not 
significantly more reflective than the Si-backed DBRs 
(Figure 2(a)). The simulated reflection spectra calculated 
using the transfer matrix method (TMM) likewise 
indicates that the Ag-backed DBR is not expected to 
reflect more strongly than the Si-backed DBRs for 
31-layer DBRs (Figure 2(b)).
In other words, since the reflectivity of a 31-layer DBR 
is essentially “saturated” within the stopband region due 
to the constructive interference of the reflections from 
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each SiO2/SiNx interface, no significant increase in the reflection from 
the underlying Ag film could be observed. Additionally, the simulated 
spectrum shows a distinct dip in the reflectance in the DBR stopband 
for the Ag-backed DBRs due absorption of light into the Tamm plasmon 
mode [3]. This dip is also present in the experimental reflection spectrum 
of the Ag-backed DBR, but the absorption peak is much less distinct in 
the measured spectrum than in the simulated data. This might also be due 
to the “saturation” of the DBR reflectance for these materials at 31 layers, 
such most of the impinging light in the stopband region does not reach the 
Ag film underneath the DBR.
We also compared the spectra of DBRs having various numbers of SiNx 
and SiO2 layers deposited on SiO2 wafers (Figure 3). Since these samples 
were deposited on transparent substrates, both their reflection and their 
transmission spectra were measured and compared (Figure 3). The spectra 
show that 8 layers is too few to make a highly reflective (R > 0.95) 
DBR; that 15 layers makes a DBR with low, but non-zero, transmittance 
in the stopband region; and that, for 31 layers, the transmittance in 
the stopband region is at or below the background noise level of the 
spectrometer (Woollam RC2 Ellipsometer, operated in the transmission 
configuration). Note that these conclusions are essentially qualitative. To 
precisely quantify the DBRs’ transmittance in the stopband region would 
require measurement of the reflected and transmitted light using lasers or 
supercontinuum white light sources.
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Figure 2, top left: λcenter = 500 nm DBRs on Si or Ag. (a) DBR reflection spectra measured on the 
Filmetrics F40-UV. Inset: a photo of the 500 nm DBR on Si. (b) Simulated DBR reflection spectra 
calculated by TMM. Figure 3, bottom left: (a) Reflection and (b) transmission spectra of 500 nm 
DBRs with various layer numbers on SiO2 wafers, measured using the Filmetrics F40-UV and 
Woollam RC2 Ellipsometer, respectively. (c) Simulated DBR reflection spectra calculated by TMM. 
Figure 4, above: 31-layer 500 nm DBR on SiO2. The transparent substrate allows the DBR’s 
opalescence to be observed, as shown by the photos on the right, in which reflected light is cyan and 
transmitted light is orange or rose-colored.




