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ENGINEERING

Nanoscale 3D printing of glass photonic crystals with
near-unity reflectance in the visible spectrum

Wang Zhang'*t, Hongtao Wang't, Hao Wang®*, Son Tung Ha®, Lei Chen'®, Xue Liang Li',
Cheng-Feng Pan'’, Bochang Wu"7, Md. Abdur Rahman', Yujie Ke®, Qifeng Ruan®, Xiaolong Yang1°,

Thomas Christensen''*, Joel K. W. Yang1’2'12*

Glass is widely used as an optical material due to its high transparency, thermal stability, and mechanical proper-
ties. The ability to fabricate and sculpt glass at the nanoscale would naturally expand its application domain in
nanophotonics. Here, we report an approach to print glass in three dimensions with nanoscale resolutions. We
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developed Glass-Nano, an organic-inorganic hybrid resin containing silicon elements. Using this high-resolution
resin, three-dimensional (3D) photonic crystals (PhCs) were printed with two-photon lithography. After printing,
the structures were heated to high temperatures in air to remove organic components and convert the remaining
material into silica glass. 3D glass PhCs with periodicities as small as 260 nanometers were obtained after sintering
at 650°C. The 3D glass PhCs exhibit ~100% reflectance in the visible range, surpassing the typical reflectances ob-
served from similar structures in low-refractive index materials. The quality of PhCs achieved is observed in both
electron microscopy and the excellent agreement with band structure calculations of idealized structures.

INTRODUCTION

As a structural material, glass stands out for its high transparency,
mechanical strength, and thermal and chemical stability. High-
resolution, three-dimensional (3D) printing of glass can extend the
use of glass to an even broader range of applications beyond its cur-
rent, already very broad, domain. At the macroscale, 3D glass struc-
tures can be printed via lithography using hybrid resins composed
of silica nanoparticles and photo-curable monomers, followed by
debinding at high temperatures to remove the organic components
(1, 2). At the microscale, two-photon polymerization lithography
(TPL) was introduced for printing with these hybrid resins. Differ-
ent micrometer-scale glass structures such as optical resonators (3)
and microlenses (4) have been fabricated using this strategy.
More recently, covalently bonded silicon has been introduced to
print glass with submicrometer features (5-9), lowering the debind-
ing temperature from ~1300°C to below 1000°C. Despite these
achievements, fabricating glass structures with a submicrometer
pitch (period) in all three dimensions remains a challenge.
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A central motivation for pursuing submicrometer pitch in 3D
glass structures is to explore applications in nanophotonics, espe-
cially within the visible spectrum. Photonic crystals (PhCs) exem-
plify these opportunities well, requiring periodicities at a fraction of
the target wavelength. Traditionally, PhCs have been fabricated by
stimulated emission depletion (STED) lithography (10-12) or self-
assembly (13, 14). However, these methods suffer from fabrication
errors, such as nonuniformity, and limitations in PhC designs inher-
ent to self-assembly approaches. As a result, the optical performance
of previously realized visible-spectrum PhCs has usually been lim-
ited, with a relatively low reflectance (10, 15-18). On the other hand,
heat-induced shrinking-based TPL (19, 20) is a promising approach
to printing high-quality 3D structures with resolution below the dif-
fraction limit (10, 21). Our recent work (22) on the heat shrinkage of
the Ti-Nano resin achieved a ~180-nm pitch in 3D high-refractive
index (RI) titania structures, featuring a full photonic bandgap in
the visible spectrum. However, the optical properties of nanoscale
3D low-RI structures in the visible range have not been fully studied
due to the lack of fabrication methods. These low-RI materials have
several advantages over high-RI materials such as an easy fabrica-
tion process from standard lithography of polymers (23-25), com-
patibility with other devices like optical fibers (26), and diverse
applications, such as stretchable sensors (27, 28) and electronics
(29-31) that are based on low-RI materials. Enhancing the optical
performance of low-RI PhCs can benefit various devices, including
improving signal strength in flexible optical sensors (32) and en-
abling better light confinement in optical waveguides (33).

In this work, we introduce a high-resolution resin, Glass-Nano,
that enables TPL printing of low-RI 3D glass PhCs. After printing,
we heat the structures at high temperatures to remove the organic
components and further convert the material into silica glass. Struc-
tures with periodicities as small as 260 nm are achieved. We charac-
terize the optical properties of these low-RI PhCs through reflectance
measurements. Notably, we observe nearly 100% reflectance within
a substantial range of incidence angles. Angle-resolved measure-
ments and band structure analysis are used to explain the observa-
tion of high reflectance in these low-RI 3D PhCs. Crucially, we
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obtained excellent agreement between measured reflectances and
band structure calculations of idealized structures, down to match-
ing the spectral ripples on the long wavelength side of the bandgap.

RESULTS

The main composition of the Glass-Nano resin is presented in Fig.
1A (Materials and Methods). The resin contains an acryloxy-propyl
polyoctahedral silsesquioxanes (POSS) cage mixture (MA0736) (7)
as the silicon precursor. The multibranched acrylate groups in
MAO0736 can be directly polymerized, dispersing the silicon ele-
ments throughout the polymer structure upon curing. Bisphenol A
ethoxylate diacrylate (BPADA) was added as a cross-linker to in-
crease the RI (22, 34) of the resin. Pentaerythritol triacrylate (PETA)
(20) was adopted as another cross-linker to facilitate the polymer-
ization and enhance the mechanical properties of the printed struc-
tures. Toluene was added as a solvent to dissolve the high-efficiency
TPL initiator 7-diethylamino-3-thenoylcoumarin (DETC) (35). See
the Supplementary Materials for a more detailed discussion of the
general design strategy for the Glass-Nano resin.

TPL (24, 25, 36-38) with the Photonic Professional GT2 from
Nanoscribe GmbH was used to pattern the resin into polymer-
silicon hybrid 3D PhCs (Fig. 1B and Materials and Methods). The RI
of the resin was intentionally tuned to ~1.52 (Supplementary Mate-
rials) for index matching with the microscope objective at the
excitation wavelength of 780 nm, leading to an optimized print
resolution of TPL (34). After printing and sintering in air, the poly-
mer inside the PhC is removed, and the print transforms into a silica

glass PhC as the silicon element inside the printed structures oxi-
dizes at high temperatures. Using the customized Glass-Nano resin
for printing (Materials and Methods), a typical as-printed PhC fea-
tures a pitch of ~1.7 pm (Fig. 1C). After sintering at 650°C, the pitch
shrinks to ~350 nm (Fig. 1D), resulting in a ~4.9-fold reduction per
linear dimension and ~118-fold shrinkage in volume. See fig. S2 for
a comparison of the scales before and after sintering using consis-
tent magnification. By tuning the pitch of the as-printed PhCs, dif-
ferent 3D structural colors (19, 39-41) can be obtained (Fig. 1E)
after sintering. Notably, the normal-incidence reflectance spectra of
these structures exhibit peaks that approach ~100% in the visible
range, depending on pitch (Fig. 1F).

Thermogravimetric analysis (TGA) of a bulk sample cured un-
der ultraviolet light was conducted to determine the decomposition
temperature of the organic components in the as-printed structures.
Derivative weight loss peaks at 422° and 527°C indicate the two pri-
mary decomposition temperatures of the polymer in air (Fig. 2A).
Above 625°C, no further mass reduction was observed, indicating
the complete removal of the organic components. No further
shrinkage was observed above 650°C until 900°C (fig. S3). Hence,
we used a temperature of 650°C to remove the organic composition
in all further results presented here. Note that the structure may un-
dergo further shrinkage due to densification, crystallization, or
melting at higher temperatures (22). The chemical decomposition of
the material in air at various temperatures can be analyzed using
mass spectrometry (7). X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared (FTIR) spectroscopy confirm the
high purity of the sintered materials compared to the standard glass
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Fig. 1. Resin formulation, fabrication, and optical measurements. (A) Main chemical composition of the Glass-Nano resin. Toluene was added to the resin to dissolve
the initiator (methods). (B) Schematic of the printing and sintering process. TPL was used to polymerize the resin to 3D microstructure. After printing, the structure was
heated in air to remove the organic composition, and oxygen reacts with silicon within the structure to form silica. (C and D) Tilt view (left), high-magnification tilt view
(middle), and top view (right) scanning electron microscope (SEM) images of the as-printed (C) and sintered (D) diamond PhCs. The PhC in (C) has 20 units in the lateral
direction and 40 units in the vertical direction. (E) Optical micrographs of the sintered diamond PhCs with different pitches. Scale bars in (E), 5 pm. (F) Measured absolute
reflectance spectra of the corresponding PhCs in (E) using a 10x objective lens with a numerical aperture (NA) of 0.3. The reflectance of spectra was normalized to a silver

mirror reference.
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Fig. 2. Material characterization. (A) TGA of the polymerized Glass-Nano material in the air shows that the organic composition inside the material decompose com-
pletely at 625°C. (B and C) XPS and FTIR analysis show high purity of the Glass-Nano after sintering at 650°C. (D) The Rl (n) of the sintered Glass-Nano material matches bulk
silica glass perfectly and is ~5% lower than the as-printed (pre-sintered) material. (E) Top view SEM images of sintered 3D diamond PhCs printed from Glass-Nano resin
with precursor concentrations of 20, 10, 5, and 3% respectively. (F) Top view SEM images of sintered 3D diamond PhCs with varying pitch. Insets in (F) are the correspond-
ing optical micrographs. The PhCs shown in the insets have 20 units in the lateral direction. (G) Corresponding tilt view (45°) SEM images of (F).

sample (Fig. 2, B and C, and fig. S4). Energy-dispersive x-ray spec-
troscopy (EDS) shows the uniform distribution of silicon and oxygen
in the sintered structure (fig. S5). Diffraction patterns in transmis-
sion electron microscopy (TEM) reveal the amorphous state of the
sintered glass (fig. S6).

The as-printed polymer has an RI of ~1.53 at a wavelength of
532 nm (Fig. 2D). This Rl is slightly higher than that of the resin as
polymerization leads to an increase in RI (42). After sintering, the
RI reduces to ~1.46 as the polymer composition is removed, closely
matching that of standard silica glass. The sintered material shows
a low extinction coefficient and high transmittance in the visible
range (fig. S7). Atomic force microscopy shows the high smoothness
of the sintered surface (fig. S8). By reducing the precursor concen-
tration from 20 to 3%, the pitch of the sintered structure decreases
from 650 to 330 nm (Fig. 2E), for the same nominal design and
printing parameters. To achieve a high shrinkage ratio and high
resolution, the 3% precursor resin was used in the following parts of
this paper, which shows high uniformity in the top layers after sin-
tering (fig. S9, A to D). Notably, reducing the precursor concentra-
tion further to 1% still produces highly uniform PhCs after sintering
(fig. S9, F to ]). To evaluate the printing resolution in 3D, we printed
the PhCs with different pitches (fig. S10). In the as-printed PhCs, the
features in the horizontal direction remain clear (fig. S10, A to C) as
the pitch decreases from 1.65 to 0.85 pm. A horizontal pitch as small
as 260 nm (Fig. 2F, middle) can be achieved after sintering, where
the pitches in the vertical direction are clearly visible (Fig. 2G, mid-
dle). With further reduction of the pitch in the vertical direction, the
features begin to merge when the initial pitch is 0.85 pm (fig. S10F).
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This limitation is due to the TPL printing resolution being lower in
the vertical direction than in the horizontal direction, with the voxel
shape having an aspect ratio of ~3.5 (43). After sintering, the struc-
tures with well-defined pitches show structural colors (Fig. 2F, insets),
while the structure without internal air gaps (Fig. 2G, right) looks
transparent (Fig. 2F, right inset), with weak scattering colors caused
by the nano features on the top surface.

To understand the observation of high-reflectance features in
PhCs with well-defined pitch (Figs. 1F and 2, F and G), we simulate
the reflectance spectra of PhCs with varying layer numbers in the
vertical direction (Fig. 3A). The peak reflectance increases with the
number of layers, reaching nearly 100% when exceeding 20 layers.
To test this experimentally, we printed 3D PhCs with 20, 30, 40, 50,
and 60 layers in the vertical direction. After sintering, the first few
layers near the substrate become distorted (fig. S11, A to E). As a
result, the 20-layer PhC is substantially distorted overall, effectively
collapsing after sintering (fig. SI1A). A minimum of 40 layers was
used for the subsequent studies, with the top 21 layers remaining
uniform after sintering (fig. S11H). The uniformity could be further
enhanced by introducing a sacrificial layer and transferring the
structures to a nonstick substrate before sintering (44). Unlike pre-
viously reported low-RI 3D PhCs (10, 19), which exhibited low re-
flectance in the 10 to 50% range, our glass 3D PhCs reach ~100%
reflectance when the number of vertical stacking layers exceeds ~21
(Fig. 3B and fig. S11H). To analyze the reflectance at different angles,
we measured the angle-resolved spectra of a 500-nm pitch fabricated
PhC (Fig. 3C). The reflectance reaches ~100% reflectance within the
—20° to 20° range, while the transmittance is <1% (Fig. 3, D and E).
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Fig. 3. Optical characterization of the glass PhCs. (A) Finite-difference time-domain (FDTD) simulated spectra of diamond PhCs with different layers. The diamond PhCs
have a lattice constant of 500 nm, and a solid volume fraction of 30%. Here, one layer refers to one period of the (conventional) cubic PhC unit cell in the vertical direction.
(B) Spectra of diamond PhCs with different uniform layers measured from an optical microscope (10 x 0.3 NA). The number of uniform layers is counted using the SEM
images in fig. S11. (C) Measured angle-resolved reflectance and transmittance spectra of a diamond PhC with 31 uniform layers. The dashed lines indicate the formation
of a partial bandgap in the —20° to 20° incidence angle range. (D and E) Measured reflectance and transmittance spectra of the diamond PhC in (C) at specific angles.
(F) Side view schematic illustrates the change in uniformity within the design. In this design, diamond PhCs with slightly different lattice constants, a; and ay, are used in
alternating layers. Three cases are considered: a; = 2.5 pm, a; = 2.5 pm (uniform); a; = 2.5 pm, a; = 2.6 pm (4% variation); a; = 2.5 pm, a; = 2.7 pm (8% variation).

(G) Measured optical spectra for PhCs with varying degrees of uniformity.

The observation of high reflectance in the —20° to 20° incidence angle
range can be attributed to a partial bandgap in the projected band
structure, as we discuss shortly. This effect is also a direct consequence
of the type of PhC and its symmetry: Fabricating a gyroid PhC, a pop-
ular body-centered lattice motif in PhCs design (45), does not attain a
similarly high or broad reflectance peak compared to our fabricated
diamond-like PhCs. Angle-resolved spectra show that the high-
reflectance region in the gyroid PhC is limited to +10° (fig. S12A). As
a result, the measured reflectance within the collection angle appears
low (fig. S12B). The near-unity reflectance is also strongly affected by
the uniformity of the PhCs. To illustrate this, we fabricated diamond
PhCs with slightly different pitches in alternating layers (Fig. 3F). Af-
ter printing with the same parameters, the samples were sintered (fig.
S$13), and the reflectance of the sintered PhCs was measured (Fig. 3G).
The uniform sample shows ~100% reflectance around 580 nm. As
nonuniformity increases, the reflectance decreases by as much as 20%
for an 8% pitch deviation. The difference in PhC types, along with the
nonuniformity, explains the low reflectance observed in previous re-
ports for low-RI PhCs (10, 18).

The existence of a high-reflectance region across a range of inci-
dence angles can be understood directly from the band structure of
the PhC (Fig. 4) by accounting for the surface termination along the
[001] direction. The PhC has the symmetry of the zinc-blende struc-
ture (space group 216, F43m), related to the more familiar diamond
structure (space group 227, Fd3m) by the absence of an inversion
center, with a face-centered cubic unit cell (Fig. 4B, inset). The
associated bulk Brillouin zone (BZ) has the shape of a truncated
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octahedron (Fig. 4A, black). The bulk band structure (Fig. 4B)
does not exhibit a complete gap, but the two lowest-frequency
bands are disconnected from all higher-frequency bands at every
wave vector k.

Unlike the infinitely extended structure associated with the bulk
band structure, the fabricated PhCs are necessarily finite, as the in-
cident light impinges on a [001]-terminated facet of the sample. In
a zeroth-order diffraction approximation, the in-plane wave vec-
tors (k,, k),) remain conserved at this interface, but incident light
may couple to every out-of-plane wave vector k, of the PhC band
structure, i.e., k, is not conserved. To capture this, we compute
the [001]-projected band structure (Fig. 4C), obtained by stacking
sweeps of the bulk band structure across points in the (conserved)
in-plane surface BZ (Fig. 4A, blue), while sweeping the noncon-
served wave vector k, across its domain. The projected band struc-
ture exhibits a local gap at T, corresponding to inhibited propagation
for normally (i.e., along [001]) incident light. To understand the
appearance of this local surface gap, despite the lack of a complete
bulk gap, we note that the I = (0,0, k, ) surface BZ point “projects
through” the bulk band structure at I and X (every square facet of
the truncated octahedron features a k-point that is symmetry relat-
ed to the X point in Fig. 4A), each featuring large and overlapping
gaps; their joint gap is limited by that at X, which extends from 560
to 590 nm, perfectly matching the local gap at T".

The projected band structure can be related to the angle-resolved
measurements by a simple geometric consideration. To illustrate
this, we consider an incident plane wave of wavelength A making a
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Fig. 4. Band structure analysis of [100]-terminated PhC sample. (A) Bulk and surface Brillouin zones (BZs) of the face-centered cubic PhC, with high-symmetry k-points
highlighted for each. (B) Bulk band structure through high-symmetry k-path (inset: the conventional, cubic PhC unit cell; primitive unit cell in blue shading; cubic pitch,
500 nm; filling fraction, 30%). (C) The [001]-projected band structure. Each k-point in the surface BZ represents a sweep through the entire k, domain (73 samples) for fixed
in-plane wave vector(kxlky ); the association to a specific k, value is indicated in color. The T point projects through the I" and X bulk points from (B). The 30° incidence light
cone is shown in dashed brown. (D) The [001]-terminated projected band structure cast to incidence angles. A partial gap exists for incidence angles from 0° to ~25° in
both the TX and T'L directions (corresponding to in-plane incidence along ¥ and X + ¥, respectively). (E) A comparison of the simulation (solid lines) and the experimen-
tally measured reflectance (color map, as in Fig. 3C) for angles from 0° to 64° (measured data are shifted 20 nm down in wavelength).

polar angle 9 to the [001]-normal, incident in the (y, z) plane with
wave vector components in the (k,, k, ) plane equaling k, = (21/2)sin9
and k, = (2n/A\)cosd. Within a zeroth-order diffraction approxima-
tion, k, is conserved at the [001]-terminated PhC interface, such
that incidence at 8 implies coupling exclusively with surface BZ
wave vectors at k, = (2r/A)sind. An analogous argument applies to
any in-plane rotation of the incidence plane. This allows a recasting
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of the projected band structure from the surface BZ’s (k,, k},) do-
main to the experimental domain spanned by a polar incidence an-
gle 8 and an in-plane direction (Fig. 4D). We observe excellent
agreement between gaps in the angle-resolved projected band struc-
ture (Fig. 4D) and the high-reflectance regions of the angle-resolved
reflectance measurements (Fig. 4E). Relative to the computed normal-
incidence gap (560 to 590 nm), a ~20-nm shift and a negligible size
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reduction is observed experimentally that is likely attributable to
minor differences between fabricated and simulated geometries
(e.g., the mid gap position is inversely proportional to the pitch,
structural inhomogeneity reduces the gap size, and filling fraction
affects both). Even fine features, such as the mini-bands observed
above the high-reflectance gap in Fig. 3C, are reproduced qualita-
tively by the projected band structure via the spacing between
k,-sampled bands (the spacing is determined by the number of k,
samples; we take 2 X 31 + 1 samples across k,, consistent with cyclic
boundary conditions imposed on a 31-layer structure). The experi-
mental mini-band spacings are smaller than the theoretical predic-
tion, however, likely reflecting a small experimental symmetry
breaking relative to space group 216, leading to splitting of other-
wise near-degenerate projected bands.

Analogous reasoning allows us to infer the high-reflection spec-
tral regions of PhCs with different termination facets directly from
the bulk band structure, e.g., a [111]-terminated surface, corre-
sponding to nonconserved wave vectors along [111], producing a
projected band structure with surface BZ origin I projecting through
the bulk k-points I" and L, with the gap at L (623 to 694 nm) limiting
the projected gap and producing a red-shifted reflectance peak rela-
tive to the [001]-terminated surface. Similarly, a [120]-terminated
surface projects W and T to T, with the gap at W (513 to 556 nm)
limiting the projected gap, producing a blue shift relative to the
[001]-terminated surface.

Proceeding similarly, we analyze and compare the measured re-
flectance spectra of the fabricated gyroid PhC with band structure
calculations in figs. S14 and 15. Despite the lack of perfect reflection
in gyroid PhC, we again observe clear agreement between experi-
ments and the band structure features from calculations.

DISCUSSION

Our work introduces a method for printing glass with ~100 nm fea-
ture sizes and nanoscale precision in three dimensions. A custom
Glass-Nano resin was developed and characterized. 3D glass dia-
mond PhCs were fabricated by using TPL followed by sintering in air.
Unlike earlier demonstrations of low-index 3D PhCs, which have
exhibited comparatively low reflectance, our glass PhCs achieve
near-100% reflectance in the visible range within a wide window of
collection angles. Numerical simulations reveal that the high-
reflectance region coincides with a partial bandgap in the projected
band structure, which inhibits light propagation in the PhCs across a
wide range of incidence angles. This partial bandgap is particularly
sensitive to the symmetry and geometry of the PhC design. In addi-
tion, achieving a high reflectance in this low-index setting, which as-
sociates with a longer penetration depth of light, requires both a large
number of repeat units (>20) and a very high degree of uniformity of
the fabricated structure. Our observation of near-100% reflectance
and the excellent agreement between idealized-geometry band struc-
ture calculation and measured reflectance data demonstrate that our
fabricated PhCs exhibit minimal and beyond state-of-the-art non-
uniformity. The high-quality glass PhCs fabricated in this work are a
notable example of how band structure engineering can achieve
high-reflectance properties, even without the use of high-index ma-
terials. These findings open opportunities for the development of
high-performance optical devices using low-RI materials, such as
flexible and self-assembled systems.
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MATERIALS AND METHODS

Materials

BPADA (average molecular weight, ~468), PETA, toluene, diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO), propylene glycol
monomethyl ether acetate (PGMEA), isopropyl alcohol (IPA),
3-(trimethoxysilyl) propyl methacrylate, acetic acid, and ethyl alco-
hol were purchased from Sigma-Aldrich. DETC was purchased from
Exciton. MA0736 acryloxypropyl POSS cage mixture was purchased
from Hybrid Plastics Inc. All chemicals were used as received.

Preparation of resin

For a resin with a 3% concentration of the precursor, 150 mg of
MAO0736, 300 mg of toluene, 1.42 g of PETA, 3.13 g of BPADA, and
50 mg of DETC were mixed and stirred with a magnetic rotor at
room temperature (22°C) for 8 hours to obtain the homogeneous
Glass-Nano resin. For bulk samples, a 2% mass ratio of TPO, instead
of DETC, was added to cure the samples using an ultraviolet light
source. Resins with other concentrations of the precursor were pre-
pared using the same process (Supplementary Materials).

Additive manufacturing

Before printing, a silica substrate (25 X 25 X 0.7 mm°, RI = 1.46) was
treated witha solution of ethylalcohol, aceticacid, 3-(trimethoxysilyl)
propyl methacrylate, and deionized water mixture (25) to enhance
adhesion. A drop of resin was then applied to the substrate and
printed using a two-photon lithography system (Photonic Profes-
sional GT2, Nanoscribe GmbH, Germany) with a 63X objective lens
[numerical aperture (NA) = 1.4] in a dip-in laser lithography con-
figuration. The writing speed was set to 10 mm/s, and the laser pow-
er was adjusted between 10 and 15 mW. After printing, the sample
was developed in PGMEA and IPA for 5 and 1 min, respectively. It
was then rinsed with deionized water for 1 min and dried using a
compressed air stream. The STL files used for printing were gener-
ated by the MSLattice software (46).

Sample sintering

The prepared samples were sintered in air using a Nabertherm P300
furnace, with the temperature increased at a rate of 2°C/min. After
being held at elevated temperatures for 1 hour, the samples were
cooled naturally to room temperature.

Materials characterization

The RI of the materials was measured by an ellipsometer (EP4,
ACCURION, Germany). TGA was carried out with a TGA55 ana-
lyzer (TA Instruments) under an air atmosphere, where the samples
were heated from room temperature to 1000°C at a rate of 2°C/min.
Field emission scanning electron microscopy images were obtained
using a JSM-7600F (JEOL, Japan) microscope. XPS analysis was
performed using a Thermo Fisher Scientific K-Alpha system. FTIR
spectroscopy was conducted using a Thermo Fisher Scientific Nico-
let iS5 machine. TEM analysis was performed using a JEOL JEM-
F200 system.

Optical characterization
Normal-incidence reflectance spectra were acquired using a 10X
objective lens (NA = 0.3) mounted on a Nikon Eclipse LV100ND
optical microscope, coupled with a CRAIC 508 PV microspectro-
photometer and a Nikon DS-Ri2 camera. Spectra were normalized
to a silver mirror reference.
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Angle-resolved spectra were obtained through a custom-designed
back focal plane microspectrometer. A 100X objective with a nu-
merical aperture of 0.8 was used.

Band structure calculations

Photonic band structures were calculated using the MIT Photonic
Bands (MPB) software (47), at a 32 by 32 by 32 resolution. The unit
cell refractive profile n(r) was specified using a level-set surface
nr)y=14+0 [(])O - cb(r)] (”5102 — 1) parameterized by a level-set func-
tion ¢p(r) = cos2nX cos2ny cos2nZ — sin2xnX sin2ny sin2nZ and iso-
level ¢, = —0.34 (filling fraction of 30%), with scaled coordinates
T=r/a, pitch a = 500 nm (of the cubic unit cell), Heaviside func-
tion 6, and nondispersive Rl ng;, = 1.46 (RI of silica at 596 nm).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S15

Table S1
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