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ABSTRACT: The fabrication of highly ordered ∼2 μm thick silica
inverse opal (IO) photonic crystal (PhC) films is reported. These IO
films diffract deep ultraviolet light (UV, <250 nm) and are prepared
using the inward-growing self-assembly of ∼143 nm diameter
monodisperse polystyrene nanoparticles (PSNPs) suspended within a
hydrolyzed silicate sol−gel precursor solution. Removal of the PSNPs
results in solid, robust IOs that attenuate >70% of light meeting the
Bragg condition at normal incidence. Structural and optical character-
ization of these silica IO films indicate that noncoherent scattering
losses are low at deep UV wavelengths, even though substantial crack-
type defects occur. The IO films exhibit a diffraction fwhm of ∼12 nm
with diffraction efficiencies of >30% for 213 nm laser light and possess nanoscale porosities of ∼20 nm. Relative to reported silica
IOs that diffract deep UV light, these new PhC materials show at least 28% narrower spectral bandwidths and 5-fold increased
diffraction efficiencies. We postulate that increased ordering of the silica network is the principal factor that improves the optical
performance. Furthermore, the relatively flat, homogeneous IO film surfaces produce narrow, symmetric diffraction beams suitable
for optical imaging applications. Strategies to further improve the diffraction efficiencies of these silica IO materials and the
implications for novel technological applications are discussed.
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■ INTRODUCTION

The development of deep UV (λ ∼ 190−250 nm)
spectroscopic methods is currently hindered by a lack of
high-performance optical devices operating in this spectral
region.1−3 For example, developing compact deep UV Raman
spectrometers requires efficient optical filters to reject the
intense Rayleigh scattered light that can obscure the >107-fold
weaker Raman bands.4 There is also a lack of wavelength-
selective devices (WSDs) that can efficiently manipulate deep
UV light, particularly to select narrow Raman bands for
imaging applications.5−7 In general, the fabrication of optical
devices operating in the deep UV is limited by the absorption
of UV light by most materials. New technologies for the
development of deep UV optical elements have recently been
pioneered by developing photonic crystals (PhCs) that diffract
in the UV region.7

PhCs selectively restrict particular wavelengths of light from
propagating due to the presence of photonic band gaps.8,9

These PhC properties have been exploited to increase the
efficiency of solar energy harvesting,10,11 to demonstrate low-
threshold lasing,12−14 and for chemical and biochemical
sensing applications.15,16 The presence of a photonic stop
band in PhCs results in the diffraction of particular incident

light wavelengths, making these materials useful for spectro-
scopic applications.17,18

We previously demonstrated the use of PhCs with stop
bands in the deep UV for Rayleigh rejection filters for 229 nm
light.6,7 Furthermore, we recently demonstrated the use of
PhCs as WSDs for the development of the first deep UV wide-
field Raman imaging spectrometer for standoff detection of
trace explosives.3 These deep UV optical devices consisted of
crystalline colloidal arrays (CCAs) of highly charged,
monodisperse silica nanoparticles suspended in water.
Silica is an ideal material for such devices because it does not

significantly absorb deep UV light.19 However, implementation
of CCAs for deep UV spectroscopic instrumentation is
hindered by their limited robustness, as extended UV
irradiation can lead to degradation of the CCAs. In practice,
the optical properties of CCAs are also sensitive to mechanical
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vibrations, temperature inhomogeneities, and solvent motion,
all of which can transiently alter the interparticle spacings.
Our group recently reported a modified vertical self-

assembly method to fabricate solid inverse opals (IOs)
composed of air spheres in a close-packed face-centered-
cubic (fcc) structure within a silica network.20 These PhCs
were shown to possess a photonic stop band in the deep UV
region with a ∼7% diffraction efficiency for 229 nm light.
While this fabrication method yielded PhCs that were more
stable to UV radiation, their imperfect optical properties
limited their use as optical devices. Specifically, these PhCs
possessed surface striations arising from the stick−slip
mechanism inherent to vertical self-assembly. The variations
in the surface morphology give rise to interfering diffraction
patterns that obscure the expected diffraction spots.20 These
PhCs also attenuated light at UV wavelengths outside the first-
order stop band. For example, we observed ∼90% light
attenuation at 200 nm. This incoherent scattering strongly
overlaps with light diffraction from the stop band.
Inward-growing self-assemblies of close-packed PSNP arrays

have also been reported.21 However, the feasibility of these
methods for generating SiO2 IOs that diffract in the deep-UV
has not been shown. The determination of the diffraction
efficiencies and noncoherent scattering loses of the resulting
SiO2 IOs is also lacking in the literature. These metrics are
critical for evaluating the long-range crystalline ordering of
these materials. In this work, we describe an alternative
method to fabricate silica IOs that diffract deep UV light using
an adaptation of inward-growing self-assembly (Figure 1).21,22

Similarly to our previous report, we use polystyrene nano-
particles (PSNPs) to template a close-packed fcc structure in
the presence of a tetraethylorthosilicate (TEOS) silica sol−gel
precursor. Condensation of the silicates into a solid network,
followed by the removal of the PSNPs yields a silica IO. The
resulting silica IOs efficiently diffract deep UV light, and are
structurally stable. Using detailed spectroscopic character-
ization, we report that IOs fabricated by this method show
diffraction efficiencies >30% in the deep UV, representing the
highest value reported to date. We also report increased
transmission of deep UV light outside of the stop band regions,
a factor critical for optical applications. Compared to vertically
self-assembled IOs, the shape of the diffracted beams is
minimally distorted. The diffraction patterns from our IOs are
more similar to the diffraction from highly ordered CCAs.23

Furthermore, our results provide guidance with regards to the
coassembly of a sacrificial colloidal crystal template within a
silica matrix using sol−gel chemistry.

■ MATERIALS AND METHODS
Fused Silica Substrate Preparation. Fused silica substrates

(FSS, GE-124, Technical Glass Product, 25 × 25 × 1 mm3) were
cleaned by immersion for 3 h. in a Piranha solution prepared by
mixing sulfuric acid (H2SO4, 98%, Fisher) and hydrogen peroxide
(H2O2, 30%, Fisher) in a 3:1 volume ratio. Caution:This reaction is
highly exothermic. Piranha solution is very corrosive and is a strong
oxidizer. Take necessary precautions. Following Piranha treatment, the
substrates were rinsed and then submerged in water for 1 h. to wash
away and dilute any remaining acid. Prior to use, the substrates were
dried in a nitrogen stream.
PhC Precursor Solution Preparation. PhC precursor solutions

containing ∼2.3% v/v PSNPs and 6.0−6.5% v/v silica precursor
solutions were prepared in nanopure water (Barnstead Infinity, 18
MΩ•cm). The highly charged PSNPs were synthesized using a
modified Reese et al. emulsion polymerization procedure described in

detail by Hufziger et al.1,24 The full synthesis details are discussed in
the Supporting Information. The silica precursor solution was made
by mixing tetraethylorthosilicate (TEOS, Aldrich), hydrochloric acid
(HCl, Fisher, diluted to 0.1 M with nanopure water), and ethanol
(Decon Laboratories, 200 proof) in a volume ratio of 2:2:3. (Note
that the hydrolyzed TEOS solution is ∼28% TEOS by volume.) This
solution was mixed at 500 rpm with a LP Vortex Mixer (Thermo
Fisher) at room temperature (∼20 °C) for 3 h. before use.

PhC Fabrication. The cleaned, hydrophilic substrates were placed
on a rectangular raised platform inside an environmentally controlled
chamber (ECC, Darwin Chambers) equipped with a Vibration
Isolation Platform (BT-2024, Newport) as described in Figure S1.
Onto each substrate, 200 μL (unless otherwise noted) of a PhC
precursor solution was deposited using a pipette. The solutions were
observed to spread evenly to cover the substrate, yielding a thin liquid
film. The chamber was set to maintain a temperature of 20 °C and a
75% relative humidity environment overnight while the liquid
evaporated from the substrates. The airflow inside the ECC was
∼180 feet-per-minute (fpm), measured with a Kestrel 3000 weather
meter placed on top the sample fabrication platform. To obstruct
direct air flow onto the drying substrates, we shielded them under a
plastic cover (Rubbermaid, 22 × 20 × 12 cm3). Under the plastic
cover, the RH% increased to ∼15% above the value in the chamber
due to the limited airflow (measured with a Fisher Traceable
Hygrometer). The humidity under the air shield equilibrates with that
of the chamber once all the visible liquid evaporates. Complete
evaporation of the liquid yielded a solid thin film PhC consisting of
PSNPs arranged in a close-packed structure with silica embedded in
the interstices (PS/SiO2PhCs).

The resulting PS/SiO2 PhCs were maintained at 70 °C for 2 days
in a drying oven to remove residual moisture, and to further condense
the silica network surrounding the PSNPs. Following this treatment,
the PSNPs were removed from the PhCs via immersion in pure
tetrahydrofuran (THF, Fisher) for at least 3 h. Following the

Figure 1. Schematic of the inward-growing self-assembly of a
photonic crystal. (A) PhC precursor solution containing polystyrene
nanoparticles (PSNPs) and hydrolyzed silicates is deposited onto a
clean, hydrophilic substrate. (B) Liquid is evaporated under
controlled humidity and temperature conditions. (C) PSNPs are
removed to yield a SiO2 inverse opal photonic crystal.
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treatment with THF, the samples were dried at 20 °C and ∼50% RH,
before being subsequently submerged in piranha solution overnight to
remove the remaining polystyrene. The samples were then placed in a
beaker with >200 mL water for 30 min to wash away any piranha
solution. Following removal from water, the samples were dried
overnight at 20 °C and ∼50% RH.
Structural Characterization. PSNPs diameters were measured

using transmission electron microscopy (TEM, FEI Morgagni 268).
Several microliters of PSNPs were diluted with nanopure water and
pipetted onto a Formvar-coated grid (Ted Pella, 01814-F) for
imaging. From the images, more than 100 spheres were measured
using ImageJ (NIH),25 yielding an average PSNP diameter of 143 ± 4
nm. We measured the ζ potential to be −41 mV at pH 5 using a
Brookhaven ZetaPALS (Smoluchowski approximation).
The surface morphology of the PhCs was characterized by an

optical microscope (Olympus) and optical profilometer (Bruker GT).
The nanoscale porosity and periodic ordering of the PhCs was imaged
using a field emission scanning electron microscope (FESEM, ZEISS
Sigma 500) with an ET-SE detector and an accelerating voltage of 3
kV. Samples used for SEM imaging were coated with gold for 75 s (30
mA current) using a sputter coater (PELCO SC-7) to yield a ∼15−20
nm thick Au film.
The periodicity of the PhCs was estimated from SEM images by

measuring at least 50 center-to-center distances over the area of
interest using ImageJ and averaging the results. Side-profile SEM
images of PhC were collected to visualize the ordering of the fcc
(111) planes and to determine the film thickness and the number of
layers.
Optical Characterization. The PhC stop band properties were

characterized using a UV−vis-NIR spectrophotometer (Agilent Cary
5000). These measurements were performed in a single beam mode
with a 2 nm spectral resolution, a 100 ms. averaging time, and a 600
nm/min scan rate. Samples were mounted on a microscope slide
holder (Thorlabs XYFM1) equipped with translational stages to allow
sample motion in the plane perpendicular to the incident light beam.
This microscope slide holder was attached to a rotational stage
(Newport 481-A) to vary the angle of incidence of the light beam
relative to the sample normal and to monitor the diffraction as a
function of angle.
To estimate the reflectance of the PhC as a function of wavelength,

we used a polychromatic Laser Driven Light Source (LDLS,
Energetiq, EQ-99X). This device gives rise to a quasi-point source
of polychromatic diverging light. We collimated this polychromatic
light by using an off-axis parabolic mirror (MPD249-F01, Thorlabs),
and directed the light to our fabricated PhC sample mounted on a 2
in. mirror mount (Newport GM-2) attached to a rotational stage
(Newport 481-A). The resulting diffracted, scattered and reflected
light from the sample was collected by a UV enhanced reflective
mirror (RC12SMA-F01, Thorlabs), and directed to an optical fiber
coupled UV−vis−NIR spectrograph (QEPro, Ocean Optics). Spectra
were collected using <1 ms. integration times and smoothed using the
spectrograph boxcar average with a value of 10 pixels.
Angle dependent diffraction measurements were performed by

mounting the IO on a rotational stage (Newport 481-A) and
measuring the angular dependence of the diffraction power from a
213 nm laser source (UVVisIR, Q-switched diode-pumped solid state
Nd:YVO4 laser).

26 The incident angle was rotated by 2° increments
about the IO substrate normal, and the corresponding diffracted
powers were measured by using a power meter (Thorlabs S120VC
head attached to a PM200 console). The measured diffracted power
for each incident angle was ratioed to the incident laser power to
obtain the diffraction efficiency of our IO PhC. From these power
measurements, the angular full-width at half-maximum (fwhm) was
used to estimate the diffraction bandwidth. The diffraction pattern
from our IO was photographed by directing the diffracted beam onto
a fluorescent screen.

■ RESULTS AND DISCUSSION

We report the fabrication of solid, 3D SiO2 IO PhC films using
inward-growing self-assembly of PSNPs in the presence of
hydrolyzed TEOS silicate sol−gel precursors. This approach is
partially based on previously established methods for
generating PhC films from monodisperse colloidal nanoparticle
solutions,21,22 and the coassembly of these structures within a
polymer matrix.20,27,28 Briefly, this method involves the
deposition of a PhC precursor solution onto a hydrophilic
substrate (Figure 1A). The PhC precursor solution consists of
monodisperse PSNPs (143 ± 4 nm in diameter) suspended in
an aqueous solution containing hydrolyzed TEOS and HCl.
Evaporation of the dispersant liquid under controlled temper-
ature and humidity conditions leads to the formation of close-
packed arrays of PSNPs surrounded by a matrix of solidified
SiO2 formed by sol−gel condensation (Figure 1B).21

Upon removal of the sacrificial PSNPs, a nanoporous SiO2
IO film is obtained with a lattice constant similar to the
diameter of the templating PSNPs (Figure 1C). This IO
diffracts, but does not significantly absorb, deep UV light.
Notably, this inward-growing self-assembly yields PhC films,

which Bragg diffract in the deep UV and show minimal
incoherent scattering. Due to the large volume fraction of air in
these materials, the average index of refraction of the IOs is
much lower than for typical PhCs. This allows for diffraction
deeper in the UV relative to PhCs composed of similarly sized
solid nanospheres.29

In the case of evaporative self-assembly on vertical
substrates, the presence of surface striations arranged parallel
to the drying front leads to structures with significant
incoherent scattering.20 These striations result in strong
scattering of the incident light, producing a large rising
background in the extinction spectrum, and a highly distorted
diffracted beam.20,27,30 By minimizing these effects in our SiO2
IO PhCs, the diffraction efficiency in the deep UV is increased
relative to that of previous PhC fabrication approaches.20

Mechanism of Inward-Growing Self-Assembly. The
mechanism of inward-growing self-assembly involves a process
by which the evaporation of liquid leads to the spatial
redistribution of the dispersed components (i.e., PSNPs and
hydrolyzed silicate sol−gel precursors). Various aspects of this
overall process are fairly well understood.31 Notably, because
of the hydrophilic substrate surface, the dispersion droplet fully
wets the substrate and becomes initially pinned to substrate
edges. In this regime, the flow and subsequent deposition of
the dispersed species largely follows the so-called “coffee-ring
effect”.32 Enhanced evaporation at the perimeter formed by the
liquid, the substrate, and air leads to outward capillary flows
radiating from the center of the drop toward the drying
edges.33

As the edges of the drop remain pinned to the hydrophilic
substrate, a buildup of particles occurs along the substrate
edges.32 At some point during the fabrication, the contact line
recedes from the edges. This depinning of the suspension leads
to deposition of a thin film of self-assembling material (1−4
μm) as the contact line migrates inward.34−36

The particular conditions at which the contact line depins
are known to involve multiple experimental parameters.31,37−40

Critically, the interplay between the solution evaporation rate
and the particle diffusion rate is known to affect the depinning
of the contact line, and thus the extent of the coffee-ring effect.
Minimization of the coffee-ring effect from the drying
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suspensions is desired because it yields high quality films of
relatively constant thickness.38,40 These relevant parameters are
expected to be sensitive to the particle size, concentration, and
the fabrication conditions (i.e., temperature and humidity).
We developed conditions for fabricating PS PhCs based on

the work of Yan et al.21 Using inward-growing self-assembly
under ambient laboratory conditions (20 °C and a 50% RH),
we fabricated ∼3 μm thick PS PhC films using aqueous
dispersions of 2.3 v/v% PSNPs. Time-lapse photographs of the
fabrication process indicate that self-assembly is fully complete
after 2 h for these samples (Figure S2). Notably, the contact
line was observed to depin ∼30 min after the initial deposition
of precursor solution, as evident by the inward movement of
the drying front.
These results are consistent with the previous report of Yan

et. al; however, under our experimental conditions we observe
larger stopband extinctions (>1.5 OD) with diffraction
bandwidths of ∼20 nm (Figure S3). We conclude that we
can also utilize smaller diameter (∼143 nm) PSNPs to
fabricate highly ordered PS PhCs.
PS/SiO2 PhC Fabrication Parameters. The addition of

hydrolyzed silicates introduces an additional coassembly
process during the inward-growing self-assembly of the PhC
films.37,41 The coassembly involves the sol−gel condensation
of hydrolyzed silicates into an interconnected SiO2 network
(Figure 1). Thus, the first steps in our approach required

optimization of the condensation conditions to generate well-
ordered PhCs.42

pH Dependence. The first step in the self-assembly involves
the fabrication of PS/SiO2 PhCs from a mainly aqueous
precursor solution containing monodisperse PSNPs and
hydrolyzed TEOS monomers (Figure 1). The presence of
HCl, used to catalyze hydrolysis of TEOS, leads to a drop in
pH and an increased ionic strength.
Critically, the pH of the PhC precursor solution determines

the overall hydrolysis and condensation kinetics of the sol−gel
process. Thus, the pH strongly impacts the final SiO2 network
morphology.43 We found that preparing our precursor
solutions with an initial pH of 2.7,42 was optimal for generating
contiguous SiO2 networks in our PhCs. Attempts using more
neutral pH conditions resulted in poor SiO2 film morphologies
(Figure S4).
The presence of HCl (∼0.1 M) also modulates the fused

silica substrate surface charges as well as the charge of the
PSNPs.44 Notably, PS PhCs fabricated with HCl, in the
absence of TEOS, show film regions that strongly diffract
suggesting good ordering (Figure S5). This strong diffraction
indicates that the HCl (∼0.1 M) does not inhibit the PSNPs
self-assembly into highly ordered arrays.

Evaporation Conditions. The film morphology of PS/SiO2

PhCs fabricated using our modified inward-growing self-
assembly also exhibits a distinct “coffee-ring” along the

Figure 2. Photographs of a self-assembling PS/SiO2 PhC film taken sequentially following the deposition of 200 μL of PhC precursor solution onto
a hydrophilic, fused silica substrate (A−F). The PS/SiO2 PhC film fabrication was carried out at 50% RH and 20 °C using a precursor solution
containing ∼4.5 v/v% of hydrolyzed TEOS solution and ∼2.3 v/v% of PSNPs in deionized water. (A) The white appearance of the drying droplet
is due to significant light scattering from the colloidal dispersion of PSNPs. (B) After 30 min., the contact line begins to migrate inward from the
edges, as evident in the right corners of the substrate. (C−E) The contact line continues to migrate inward, leaving behind a thin film of material,
until only a small amount of liquid remains. (F) The self-assembly is complete after ∼80 min. after evaporation of all visible liquid.
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substrate edges. These PhCs show relatively homogeneous
films over >1 cm2 areas of the substrate surface. The remaining
substrate surface contains a distinct opaque region with a
smaller circular void.21 The formation of these structures can
be understood from observations of the film deposition during
liquid evaporation during self-assembly.
We carried out the fabrication of a PS/SiO2 PhC under

benchtop conditions (20 °C and 50% RH) while photograph-
ing the process. Time-lapse photographs of the PS/SiO2 PhC
self-assembly show the initial pinning of the contact line
(Figure 2A). After ∼30 min, the contact line depins and moves
inward, depositing a thin film as evident in the right-hand
corners of Figure 2B. The location at which the liquid
evaporates last corresponds to the highly opaque, circular void
region.21

Our initial fabrications used partially controlled benchtop
conditions (20 °C and 50% RH). However, these resulted in
film fabrications that were more susceptible to environmental
changes. To allow for more precise control of the solvent

evaporation rate, we carried out subsequent fabrications inside
of an environmental control chamber (ECC), which maintains
a constant temperature and humidity during self-assembly. The
use of an ECC greatly improves the self-assembly reproduci-
bility. For the results presented herein, environment conditions
were set to 20 °C and 75% RH, which lead to fabrication times
of ∼20 h.
The airflows generated inside the ECC perturb the self-

assembly process. To obtain reproducible film depositions, we
found it critical to minimize the exposure of our samples to
these airflows by placing the sample fabrication area under an
air shield (vide supra). Low airflow conditions (<20 feet-per-
minute, fpm) achieved with the use of an air shield resulted in
the formation of visually homogeneous films. These conditions
resulted in PS/SiO2 PhCs with better and more consistent
optical properties than those fabricated under ambient
benchtop conditions.

Optimization of TEOS Volume Percent. Condensation of
the hydrolyzed silicate monomers results in the formation of an

Figure 3. (A) Extinction spectra of PS/SiO2 PhCs fabricated with different volumes of precursor solution. Spectra were vertically offset from each
other to facilitate comparison. (B) Dependence of PS/SiO2 PhC film thickness on the volume of the deposited precursor solution. Film thickness
was estimated from the spacing of the Fabry−Perot fringes observed in the extinction spectrum (see arrows in panel A) using the relation of Jiang
et al.37 A direct correlation between the film thickness and the drop volume is evident between 100 and 300 μL. The extinction spectra were
measured using a rectangular probe beam of ∼10 mm height and ∼2 mm width. The feature at ∼374 nm derives from the stop band of the PS/
SiO2 PhC. The precursor solutions contained ∼6.0 v/v% of hydrolyzed TEOS solution and 2.3 v/v% of PSNPs in deionized water. (C) Side profile
SEM micrograph of a representative regions of a PS/SiO2 PhC. This sample was fabricated using 200 μL of precursor solution. In the presence of
hydrolyzed silicates, the space between the PSNPs becomes infilled with a cross-linked, solid, SiO2 network. (D) Higher magnification SEM
micrograph collected from the region outlined by a box in C. The close-packing of PSNPs and the formation of a SiO2 network within the voids
between them is visible in the micrographs.
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interconnected SiO2 network. Subsequent removal of the
PSNPs results in formation of a SiO2IO (Figure 1C).
Insufficient amounts of silicates would result in incomplete
filling of the interstices between the PSNPs, which would yield
heterogeneous IO structures. High TEOS concentrations
could prevent the close-packing of PSNPs into ordered arrays.
These concentrations could also generate an SiO2 overlayer.
We optimized the SiO2 condensation by varying the v/v% of

TEOS solution between 4.5 to >10% in the PhC precursor
solution. As the amount of TEOS increased, we observed that
the resulting PS/SiO2 PhC becomes visibly more homoge-
neous and transparent, up to a value of 8 v/v%.
Addition of greater amounts of TEOS solution resulted in a

distinct change in the sample morphology, resulting in highly
opaque films with significant delamination defects. On the
basis of these observations, we determined the optimal value of
TEOS solution to be between ∼6−7 v/v% for suspensions of
2.3 v/v% of PSNPs. We confirmed these results using UV/Vis
spectroscopy. We found 6−7 v/v% of TEOS solution
produced PhCs with the most reproducible stop band
intensities and wavelengths (vide infra).
Structural and Optical Analysis of PS/SiO2 PhCs. The

extinction spectra of PS/SiO2 films reveal a photonic stopband
at ∼370 nm (Figure 3A). SEM micrographs of these materials
show close-packed PSNPs arrays infilled by an interconnected
SiO2 network (Figure 3C), with structures consistent with an
fcc crystalline arrangement.45 Thus, it appears that the
condensation of SiO2 only minimally perturbs the formation
of the expected close-packed PSNP arrays when using
evaporative self-assembly. The observed light diffraction
follows Bragg’s law (eq 1):

λ θ=m n d2 coseff (1)

In this relation, the wavelength of light (λ) for a particular
order (m) diffracted from a crystal with a periodic variation in
the index of refraction, is related to the effective refractive
index of the material (neff), the periodicity (d), and the angle
(θ) between the reciprocal lattice vector G̅ and the incident
light wavevector. In our PS/SiO2 PhCs, the refractive index
periodicity arises from the ordered arrangement of the PSNPs
and the SiO2 periodicity.
We note that SEM micrographs of the PhC shows a layer of

hexagonally packed spheres on the top surface of the film
(Figure 3). Additional layers stacked below define one of the
crystallographic (111) axes oriented normal to the film surface
(Figure 3, C). Thus, the reciprocal lattice vector G̅ for the
(111) direction is oriented along the substrate normal. Each of
these layers defines a lattice plane, and the distance between
them defines the periodicity along the (111) direction (d111).
In a totally close-packed structure, a 143 ± 4 nm diameter
particle yields a value of 116 ± 3 nm for d111. This value is in
excellent agreement with the value of d111 estimated from our
SEM micrographs, as well as d111 of PS PhCs fabricated in the
absence of SiO2 (∼113 nm).
Multiple facets of a PhC domain are visible in the SEM

micrographs, revealing additional hexagonally close-packed
layers with crystallographic axes oriented about ∼70.5° from
the substrate normal (Figure 3, D). We believe these structures
suggest that a fcc crystal is present throughout the observed
film. We do not observe evidence for hexagonal-close-packed
(hcp) or body-centered-cubic (bcc) structures, nor twining, in
our SEM micrographs.45

Using published values for the index of refraction of PS and
SiO2 of 1.64 and 1.47,46 and a filling fraction of 0.74 and 0.26,
respectively, yields an estimate of neff of 1.60 for our PS/SiO2
PhC films. With this value of neff and a value of d111 of 116 nm,
we estimate a first order Bragg diffraction of ∼373 nm for light
at normal incidence to the film surface. This value qualitatively
agrees with the wavelength observed for the stop band
maximum as shown in Figure 3A.47,48 Note that small
differences (∼1%) in our estimate for the index of refraction,
or of the value of d111, would give rise to changes in the
diffracted wavelength of ±4 nm.

PS/SiO2 Film Thickness. The number of layers in the PhC
film determines the overall stop band properties. Increasing the
number of layers that participate in diffraction generally
increases the diffraction efficiency and decreases the stop band
width.49−51

Using our optimized compositions for the precursor
solutions, PhC films with varying number of layers can be
generated by changing the volume of the drop placed on the
fused silica substrates. The thickness of these films, and thus
the number of layers, can be estimated from the Fabry−Perot
interference fringes in the extinction spectra (Figure 3A).
These Fabry−Perot fringes arise from interferences between
light reflected by the top and bottom surfaces of the PhC film.
These fringes indicate a relatively constant film thickness is
present in the region sampled by the probing beam.
Following the approach described by Jiang et al.,37 a linear

relation is obtained between the initial droplet volume and the
resulting thickness of the PhC films (Figure 3B). Droplet
volumes <100 μL did not reliably result in depositions of
ordered PhC films. When depositing 100 μL or less of the
precursor solution, we observed that the substrate did not
completely wet. For droplet volumes higher than 300 μL, the
solution tends to leak from the substrate edge, leading to
uncontrolled volume loss.
Within this 100−300 μL volume range, we fabricated PS/

SiO2 PhC films with thicknesses varying between 1.25 and 4
μm. Using a conservative estimate for d111 of 116 nm, these
thicknesses corresponds to between 11 and 35 layers,
respectively. Thus, we observe a limit to the thickness of the
films that can be fabricated in a single step using inward-
growing self-assembly. We are currently exploring other
avenues to increase the thickness of these films, either by
increasing the v/v% of PSNPs or by adding additional
precursor solution during fabrication.

Film Morphology. The drying of colloidal films is well-
known to result in cracking defects when these films reach a
critical thickness.31,34−36,52 For an aqueous nanoparticle
suspension, the formation of cracks is thought to arise from
capillary-induced stresses generated in the film as the solvent
evaporates.39,53 The sample capillary stresses scale with the
liquid−air surface tension and inversely with the particle
radius.52,53 Critically, film adhesion to the substrate prevents
relaxation of these tensile stresses by constraining further film
consolidation once a critical amount of liquid has evapo-
rated.28,54,55

The addition of polymers and sol−gel precursors during self-
assembly was previously observed to minimize cracking.20,27

This is thought to allow for the release of drying-generated
stresses throughout the polymer network, while likely also
minimizing the capillary stresses generated.28,56−58 On the
basis of these results, we examined the morphology of our PS/
SiO2 films using optical profilometry to determine the extent of
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crack formation using our modified inward-growing self-
assembly approach.
We observe cracking even in ∼1 μm thick PS/SiO2 films

(Figure 4). We distinctly observe the formation of a ∼15 μm

thick deposit of material at the substrate edge (Figure 4, B).
This so-called “coffee ring” has a width of ∼1−2 mm. The
thickest region of the coffee ring shows relatively low-crack
density (∼50 μm between cracks), with crack widths of ∼5
μm. At regions away from the coffee ring (>3 mm away from
the edge), the film thickness does not vary significantly (Figure

4, C). The observed domain sizes are ∼15−20 μm in length
with <1 μm crack widths. Notably, the surface variability is
<300 nm, arising from vacancy defects, as well as partial
delamination of the domains due to cracking.59 In contrast to
previous reports for coassembled silicate sol−gel films, we do
not observe the triangle-type cracking along (110) planes.20,27

This observation suggests that with these fabrication
conditions, the sol−gel condensation is not extensive enough
to avoid film cracking.60 Notably, the presence of cracking
defects does not appear to severely degrade the optical
performance of the IO films (vide infra).

Structural and Diffraction Analysis of SiO2 IOs. SiO2
IOs are generated from our PS/SiO2 PhCs by removing the
PSNPs template. We found that immersion in piranha solution
is very effective in removing PSNPs. Note that to further
consolidate the SiO2 network, the PS/SiO2 films are first
heated at 70 °C for 2 days prior to removal of the PSNPs. Only
treatment with piranha solution produced highly transparent
IO films (Figure S6C). In contrast, we observed that
calcination at 500 °C to remove the PSNPs results in extensive
film shrinkage as reported previously.61 Immersion of our PS/
SiO2 films in THF does not completely remove the PSNPs.
This results in visually evident incoherent light scattering
(Figure S6B).

SEM Analysis of IOs. Figure 5 shows SEM micrographs of a
SiO2 IO generated using our fabrication protocol. The surface
of this IO shows the periodic arrangement of air spheres in a
SiO2 network. Isolated sphere vacancies and nanocracks are
visible on the top (111) layer. These are generally located near
the center of the individual IO film domains (Figure 5A). The
side profile SEM micrograph of the IO is consistent with a
close-packed fcc arrangement of air spheres (Figure 5B).45

The presence of three subfeatures for each void is clearly
discernible at higher magnifications and reveals the 3-point
sphere-to-sphere contacts between the top layer and the one
below (Figure 5C). Clear observation of these features
indicates good ordering between the top two IO layers.37,41

The surface roughness of the SiO2 network observed at the
∼10−20 nm scale derives from the condensation of hydrolyzed
silicates. For instance, SiO2 films fabricated in the absence of
PSNPs display similar surface morphologies (Figure S7).

Deep UV Light Extinction of IOs. On the basis of the
periodic nanoscale structure observed in the SEM micrographs
of our SiO2 IOs, these PhCs should diffract deep UV light.
Indeed, the transmittance of an IO measured at normal
incidence (θ = 0° in eq 1) shows an optical stop band centered
at ∼227 nm (Figure 6A). At this wavelength, the maximum
light attenuation is ∼68%. In wavelength regions away from
the stop band maximum, light attenuation is ∼37% at 200 nm
and <25% at >400 nm. These findings suggest that a fraction of
the light attenuated at the stop band wavelengths derives from
incoherent scattering. Using the background attenuation, we
can quantify the incoherent light scattering losses at the stop
band as ∼35%. Furthermore, by measuring the stop band
attenuation relative to the background we estimate a diffraction
efficiency of ∼32%.
We propose that the ratio of these values can be used as a

metric to quantify the performance of PhCs using only the
transmission spectra. The ratio of the peak diffraction
efficiency to the incoherent scattering loss considers
contributions from both of these light attenuation processes
to the photonic stop band maximum.

Figure 4. Height maps of a PS/SiO2 PhC film measured using an
optical profilometer. The color bars depict the relative height of the
observed features. The 3D height map in A was collected at low
magnification and it showcases the characteristic “coffee-ring” deposit
found at the substrate edge. The height map in B was collected ∼0.5
mm from the edge of the substrate, on the “coffee-ring” deposit. The
thickness of this “coffee-ring” deposit can be estimated as ∼15 μm
using the depth of the cracks. The height map in C was collected ∼3
mm from the edge of the substrate where the film is ∼1 μm thick.
Individuals PhC film domains are visible as red and yellow heights
relative to the crack-exposed substrate (blue). In addition to film
cracking, vacancy defects are evident on the surface of the film. This
sample was fabricated using 125 μLs of precursor solution containing
∼6.5 v/v% of hydrolyzed TEOS solution and 2.3 v/v% of PSNPs
suspended in deionized water.
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It is essential to note that, for the IO sample shown in Figure
6, this ratio is ∼0.9. This performance ratio is the highest yet
reported for IOs diffracting in the deep UV (<400 nm). Our
previously fabricated SiO2 IOs using vertical self-assembly
showed a ratio of <0.2. Increasing the diffraction efficiency, or
decreasing the incoherent scattering losses, would increase the
performance ratio further. Notably, CCAs used for our
previous state-of-the-art UV hyperspectral Raman imaging
instrument had a performance ratio >4.3

We attribute the incoherent scattering losses to light
scattering from nonperiodic modulations of the PhC refractive
index. Presumably, these losses arise from a variety of defects.
However, based on our results, we hypothesize that these
losses are minimized as the ordering of the PSNPs increases. In
general, we observe that increased incoherent scattering
correlates with visually evident optically heterogeneous IOs.
Overall, the incoherent scattering losses from our IOs

fabricated using inward growing self-assembly is low and is of
similar magnitude to that of solid, crack-free PhCs with visible
light diffraction.20,41,57,58

Angular Dependence of Diffraction and Film Thickness.
The wavelengths diffracted by our SiO2IO can be tuned by
changing the beam incidence angle relative to the crystal.29,62

We observe a monotonic blue-shift in the stop band maximum
as the beam incident angle increases (Figure 6A). When the
incidence angle is increased to 25°, the stop band maximum
shifts ∼18 nm. This behavior can be accurately modeled by
using the Bragg−Snell relation,18,63,64 using values neff = 1.12 ±
0.01 and d111 = 102 ± 1 nm (Figure 6A, inset).
For comparison, neff can be estimated for our IO with eq 2,

using an index of refraction of SiO2 at 227 nm of 1.5346 and an
air sphere filling fraction φ of 0.7464−66

λ φ φ= × + −n n n( ) (1 )eff air air SiO air2 (2)

The estimated value of 1.14 for neff is in good agreement with
the value obtained using the Bragg−Snell fit. In contrast, the
value for d111 is much smaller than expected. Notably,
estimates of d111 obtained from side-profile SEM micrographs
from analogous IOs exhibit similar shrinkages.
Previous reports of SiO2 IOs have also reported a shrinkage

of the SiO2 matrix along the substrate normal due to silanol

Figure 5. SEM micrographs from representative regions of a SiO2 IO. (A) Viewing along the substrate normal, the putative fcc (111) surface can be
discerned. Isolated defects in the form of nanocracks and sphere vacancies are also evident. (B) Side-view SEM micrograph from a SiO2 IO show a
structure consistent with the presence of an fcc arrangement of air spheres surrounded by a SiO2 network. (C) At higher magnifications of the fcc
(111) surface, the periodic ordering of spherical air voids and condensed SiO2 can be clearly observed. Note the presence of 3 interior dark spots at
each air sphere, indicating contact points between the air spheres. The prevalence of this motif across the observed domains indicates excellent
ordering between the top (111) layer and the one below. (D) Diffraction of a 213 nm laser beam from the surface of a SiO2IO, imaged on
fluorescent paper ∼0.25 m away from the IO surface. A central bright spot is observed, surrounded by 6 less intense lobes. The symmetry of the
diffraction pattern is derived from the hexagonal symmetry of the top surface of the IO, indicating that the crystal orientation observed in Figure 5B
is largely maintained across the ∼1 mm2 area probed.
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condensation.20,29,61,62 We posit that this shrinkage can be
partially mitigated by chemically capping the unreacted silanol
groups during removal of the PSNPs.

The thickness of our IO can be estimated by measuring the
reflection spectrum using a collimated, white-light LDLS
(Figure S8). The most intense peak observed at ∼220 nm is
due to diffraction of the LDLS beam. Fabry−Perot fringes
arising from the interference of light beams reflected by the top
and bottom surfaces of the IO film are evident at higher
wavelengths. Fabry−Perot fringes have been observed
previously for PhCs fabricated from silica nanospheres.37

These Fabry−Perot fringes indicate that the film thickness is
relatively constant over regions probed by the ∼2 mm
diameter probe beam. Thus, the spacing between the λmax of
the fringes can be used to estimate the thickness of the IO
film.20,37,67

Using the relations described by Jiang et al. and the value of
1.14 for neff yields a film thickness of 2.10 ± 0.02 μm. This
thickness is consistent with that of PS/SiO2 PhCs fabricated
using analogous preparations, as estimated using Fabry−Perot
oscillations (vide supra). Using the value of d111 estimated
from our Bragg−Snell fit, this thickness corresponds to ∼21
layers.

Far Field Diffraction Image of SiO2 IOs. The far field image
of a 213 nm laser beam diffracted from our IO was visualized
using a fluorescent screen (Figures 5D and 6B). The observed
diffraction pattern shows a bright central spot surrounded by
six less intense lobes arranged in a hexagonal pattern. The
presence of these well-oriented, discrete lobes indicates that
the PhC array orientation is relatively constant over the IO
region probed by our ∼1 mm2 diameter laser beam.
The hexagonal symmetric diffraction pattern from our IO is

reminiscent of the 2D diffraction patterns previously reported
for CCAs. This pattern was attributed to diffraction from the
outer (111) layer in well-ordered CCAs.23 Discrete spots
arranged in a hexagonally symmetric pattern have also been
observed for close-packed FCC PS PhCs,68 2D optical
gratings,69 and 2D photonic crystals with a hexagonal
lattice.18,70

Thus, we posit that the hexagonal symmetry of the 213 nm
laser diffraction from our IO arises from the 2D hexagonal
symmetry of the outer (111) planes. While the bright central
spot largely follows Bragg’s Law of diffraction (vide supra), we
posit that the surrounding 6 lobes derive from the hexagonal
symmetry of the IO PhC surface, which constitutes the basis
for the 2D diffraction (Figure 5C).

IO PhC 213 nm Diffraction. To better quantify the
diffraction bandwidths (Δλ) and efficiencies (η), we measured
the diffraction of highly collimated 213 nm laser light from our
SiO2 IO.

3,20 We measured the power diffracted at the bright
central spot (Figure 5D) as a function of incidence angle and
used a Gaussian fit to model the angular diffraction band shape
(Figure 6C).
Maximum diffraction is observed when θ = 19°. The

diffraction shows an angular full-width at half-max (fwhm) of
9° ± 1°. We measure a peak Bragg diffraction efficiency of
∼30% using ∼10 mW of 213 nm laser light incident onto the
IO. This value is in good agreement with the diffraction
efficiency estimated using the transmittance spectrum (Figure
6, A). This is a 5-fold improvement in performance over that of
our previously fabricated SiO2 IOs.

20 To estimate Δλ from our
power vs incident angle intensities, we used the Bragg−Snell
relation to convert the angular fwhm to Δλ. This procedure
yields a bandwidth of 12 ± 1 nm (Figure 6C). This value of Δλ
is ∼28% smaller than those observed for SiO2 IO fabricated by
other approaches.20 We attribute these improvements in

Figure 6. (A) Transmission spectra of a SiO2 IO sample obtained at
various incident angles. The incident angle is defined as the angle
formed between beam propagation direction and the surface normal.
The putative fcc IO (111) direction is along the film surface normal.
A linear fit of λ2 versus sin2(θ), shown in the inset, was used to
determine that neff and d111 are 1.12 ± 0.01 and 102 ± 1 nm,
respectively. (B) Experimental setup used to measure the power of a
213 nm laser beam diffracted by the IO shown in A. The IO was fixed
on a rotational mount and the laser incidence angle (θ) was varied in
increments of 2 degrees. An aperture was used to limit the beam
diameter to ∼1 mm. (C) Diffraction efficiency as a function of angle
(blue dots). The diffracted beam power was measured using a power
meter ∼10 cm from the IO surface. This power was ratioed to the
apertured laser source power (∼10 mW). At the Bragg angle, the
measured diffraction efficiency is ∼30%. A Gaussian fit to the
experimental data (red curve) was used to estimate the diffraction
angular bandwidth. We observe the fwhm, Δθ, as 9° ± 1° (equiv. to
Δλ = 12 ± 1 nm).
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efficiency and bandwidth to a decrease in defects and an
increased ordering of the SiO2 network.

30

We note that our Δλ obtained from laser diffraction
measurements is generally smaller than the Δλ determined by
extinction spectra (Figure S9). This behavior arises from a lack
of collimation of the spectrometer beam used to measure the
extinction.
While the diffraction bandwidths of our IOs are broader

than those observed for CCAs,3,23,51 this increase breadth may
not be unexpected when considering the large refractive index
contrast (Ψ) of these SiO2 IO films. For comparison, highly
ordered poly-allyl methacrylate (PAMA, n = 1.64) IOs with
295 nm air−sphere diameters exhibit normalized diffraction
bandwidths Δλ/λ of ∼0.07 (with Ψ = −0.465).49 This value is
analogous to the Δλ/λ value of our SiO2 IO film of ∼0.06 (for
Ψ = −0.427).
Due to the large value of our IO refractive index contrast,

light meeting the Bragg condition is strongly attenuated by the
(111) layers of the SiO2 IO. This limits the number of layers
that can effectively participate in diffraction. For comparison, a
much greater number of layers are sampled in diffraction by
low Ψ PhCs such as CCAs (Ψ ∼ 0.01). This low Ψ diffraction
gives rise to much narrower values of Δλ. These observations
suggest that further decreases in Δλ of our IOs can be achieved
by decreasing Ψ.
The scalar wave approximation (SWA) provides an

appropriate framework by which to analyze the optical
properties of high dielectric contrast PhCs.49 A defined
parameter is the critical number of layers, Nc, required to
attenuate 50% of the incident light meeting the Bragg
condition at normal incidence.50,51 For our IO, Nc is ∼7
layers.49 Given the large number of layers present in our SiO2
IOs (∼20), we expect that our IOs films should exhibit higher
diffraction efficiencies than we observe.
IO Performance and Technological Applications. For

optical applications, the principal metrics to evaluate IO
performance are the scattering losses, the diffraction efficiency
(η), and the diffraction bandwidth (Δλ). Considering the low
incoherent scattering losses observed in our IOs, we believe
that the presence of cracks and delamination defects are the
primary factors currently limiting their performance for general
applications.
The presence of cracks in the IO contribute to the refractive

index inhomogeneity that allows some part of the incident light
to transmit, reducing the measured value of η. Thus, we expect
that the diffraction efficiency from of IOs can be further
improved by minimizing the crack defect density, possibly by
using lower surface tension dispersants during self-assembly
and minimizing substrate−film interactions.31,58

On the basis of our observations, fabricating thinner films of
<1 μm is expected to yield improvements in η, as film cracking
is minimized under these conditions. Alternatively, preparation
of alumina IOs using a comparable sol−gel coassembly
approach might also yield improved diffraction efficiencies
due to the increased refractive index of alumina over silica in
the deep UV (∼1.9 vs ∼1.5 at 213 nm, respectively).46

However, these alumina IOs are expected to have increased
values for Δλ.
For hyperspectral imaging applications, the implementation

of these IO materials is limited by the relatively large value of
Δλ (∼12 nm). For example, our previous hyperspectral Raman
imaging devices were implemented using a photonic crystal
with ∼60% diffraction efficiency as a WSD.3 With improved

spectrometer design, it is feasible to develop a device using a
photonic crystal with ∼30% diffraction efficiency. However,
Raman imaging applications require a diffraction bandwidth
Δλ on the order of ∼1 nm due to the narrow wavelength range
of typical UV Raman spectra.
Fabrication of such ultranarrow Δλ IOs represents a

challenging task, as these materials require highly ordered
PhCs of significant thickness. For example, the air voids of our
IOs can be infiltrated with appropriate materials that can
decrease the refractive index contrast (Ψ) of the photonic
crystal. It is well-known that this reduces the fwhm of the
photonic stop band. However, because of the decrease in Ψ,
this approach also dramatically decreases the diffraction
efficiency (Figure S10). Thus, to fabricate IOs with Δλ < 1
nm, additional layers in the form of thicker films are required.
On the basis of these findings, we posit that fabrication of 10-
fold thicker, highly ordered IOs represents the next step in
developing these materials for Raman imaging applications.

■ CONCLUSION
We fabricated and characterized nanoporous SiO2 IO films
that diffract 213 nm laser light with ∼30% efficiency. To
generate these materials, we prepared close-packed fcc PS/
SiO2 PhCs by using a coassembly approach whereby
monodisperse PSNPs and hydrolyzed silicates are deposited
onto a hydrophilic fused silica substrate. Upon controlled
evaporation of the liquid, the PSNPs self-assemble into close-
packed arrays due to capillary forces.
Concurrently, a SiO2 network is formed within the

interstices of the spheres via the condensation of hydrolyzed
silicates. Removal of the PSNPs yields an SiO2IO film of ∼2
μm thickness with ∼70% light attenuation at the Bragg
condition.
Detailed studies of the IO diffraction using 213 nm laser

light indicates ∼30% of the incident light is diffracted at the
expected Bragg angle into a narrow beam with <1° divergence.
From these results, we estimate the magnitude of the
incoherent scattering losses to be ∼35%. The experimentally
measured diffraction bandwidth of 12.3 nm is in good
agreement with the value expected from the large refractive
index contrast of the IO. These findings indicate that our
adaptation of inward growing self-assembly yields IOs with
improved diffraction efficiencies and reduced incoherent
scattering losses relative to previously published approaches.
Notably, our IOs show the best optical performance of any
previously fabricated deep UV PhC.
We are currently exploring further optimizations to our

fabrication conditions, with the goal of reducing film cracking,
while increasing film thickness, and further minimizing surface
defects. We expect that additional improvements in the film
morphology will further minimize incoherent scattering which
will greatly enhance the diffraction efficiency of these materials.
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