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ABSTRACT: We fabricated the first solid, mechanically robust
inverse opal photonic crystals that diffract in the deep
ultraviolet (UV) spectral region. These photonic crystals are
fabricated by self-assembling <140 nm diameter monodisperse
polystyrene nanoparticles into face centered cubic 3D close-
packed structures on fused silica microscope slides in the
presence of tetraethyl orthosilicate via a vertical deposition
method. Tetraethyl orthosilicate condenses in the nanoparticle
interstices during self-assembly, immobilizing the polystyrene
nanoparticles in an SiO2 matrix. Removal of the polystyrene
nanoparticles using piranha solution yields a stable SiO2 inverse opal structure that Bragg diffracts in the deep UV at <245 nm.
We measured the UV−vis transmission, diffraction of a collimated deep UV white light source, and diffraction of 229 nm laser
light in order to characterize the deep UV optical performance of these photonic crystals. We measured a maximum light
attenuation of ∼98% at the Bragg condition, calculated a photonic crystal thickness of ∼33 layers, and calculated a diffraction
spectral bandwidth of 16.8 nm full-width at half-maximum. The mechanical robustness, photochemical durability, and shelf life
of the deep UV diffracting photonic crystals demonstrated in this work enable their development for use as deep UV optical
devices. We conclude that additional optimization of the self-assembly and vertical deposition conditions is required to improve
the thickness uniformity and ordering of these photonic crystals to increase their diffraction efficiency and to decrease their
diffraction bandwidth.
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■ INTRODUCTION
The development of spectroscopic techniques utilizing deep
ultraviolet (UV) (<300 nm) light is significantly impeded by
the scarcity of optics that operate in this spectral region. High
performance optics, such as narrow and broadband dielectric
mirrors, as well as Rayleigh rejection filters for Raman
spectroscopy, are commercially available throughout the
near-UV, visible, and near-IR spectral regions. However, the
availability of such optics in the deep UV is extremely limited,
especially for Rayleigh rejection optical devices at wavelengths
of <250 nm. In addition, the performance of deep UV optics is
generally challenged by the absorption of many materials in the
deep UV.1

Limited deep UV optic availability greatly complicates
construction of deep UV Raman instruments. The lack of
Rayleigh rejection optics impedes development of deep UV
Raman spectroscopy by necessitating the use of multiple
monochromator stages to remove the intense Rayleigh
scattered light. This drastically decreases light throughput
and requires long accumulation times during spectral
collection.2−4 In addition to the lack of deep UV rejection
filters for Raman spectroscopy, the lack of optics that are
capable of transmitting or diffracting narrow bandwidth
spectral regions in the deep UV, such as liquid crystal tunable
filters (LCTFs), acousto-optic tunable filters (AOTFs), and
dielectric notch filters, strongly hinders the development of
deep UV wide-field imaging spectroscopies that require these

devices.5 These devices are frequently utilized in the visible
and near-IR spectral regions to select a narrow bandwidth
spectral region to focus onto a detector and form a wide-field
image. Unfortunately, to our knowledge these wavelength
selecting devices have not previously been manufactured in the
deep UV spectral region.
Our group recently developed the first deep UV diffracting

photonic crystals (PCs) that function as Rayleigh rejection
filters for 229 nm excited Raman measurements and as the
wavelength selection device in the first 229 nm wide-field
Raman imaging spectrometer for standoff trace explosive
detection.1,6 In our previous work, we synthesized highly
charged, monodisperse silica nanoparticles via modified Stöber
methods. After removal of electrolytes and other impurities
that screen electrostatic interactions, these highly charged
nanoparticles self-assemble via electrostatic repulsion to form
aqueous non-close-packed face centered cubic (FCC) colloidal
crystals that diffract narrow bandwidth spectral regions in the
deep UV. Further development of deep UV diffracting PCs
would enable their commercialization as Rayleigh rejection
optics, optical filters, wide-field imaging optics, and dielectric-
style or dichroic-style mirrors that reflect particular wave-
lengths only at certain angles.
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The current challenge for the development of PCs for use in
deep UV spectroscopic instrumentation is that the electro-
statically stabilized colloidal crystals composed of silica
nanoparticles in water are relatively fragile. Aqueous PCs can
be transiently disordered by deep UV laser-induced photo-
chemistry that produces ions that screen interparticle
repulsions. In addition, PC ordering can be disrupted by
mechanical vibrations, temperature variations, and solvent
evaporation.
Several strategies can be employed to improve PC stability

and shelf life. For example, PC durability can be improved by
polymerizing a matrix around the FCC nanoparticle array,
embedding the nanoparticles in a polymer film that resists
disorder.7−9 Utilizing this approach to fabricate deep UV
diffracting PCs is challenging since the nanoparticles and
polymer matrix must be transparent in the deep UV.10

Nanoparticles can also be self-assembled into 2D or 3D close-
packed structures by using various evaporative techniques,
producing solventless PCs on solid substrates.11−15

Here, we explore the fabrication of inverse opals (IOs) that
form solventless, indefinitely shelf stable deep UV diffracting
PCs. IO PCs are typically fabricated by filling the interstices of
a 3D nanoparticle PC with a liquid monomer, sol−gel
precursor, or mineral precursor solution, which is then
polymerized or crystallized, embedding the nanoparticles in a
solid matrix.16−21 Removal of the nanoparticles by either
dissolution or calcination while preserving the interstitial
matrix yields the final IO PC. This IO PC structure consists of
an ordered array of voids left after nanoparticle removal.
Recently, Hatton et al. developed a coassembly vertical

deposition method wherein self-assembly of a 3D close-packed
FCC array of polymer nanoparticles occurs on a vertical
substrate in the presence of tetraethyl orthosilicate (TEOS), a
sol−gel precursor that condenses during self-assembly to form
an SiO2 matrix within the nanoparticle interstices.18 Calcina-
tion of the PCs in an oven at 500 °C removed the polymer
nanoparticles while leaving the SiO2 matrix mostly intact,
yielding an IO PC structure.
In this work, we utilized the deep UV transparency and

mechanical strength of SiO2 to fabricate the first mechanically
robust, solventless deep UV diffracting IO PCs by using a
modified coassembly vertical deposition method. To create
these IO PCs, we first vertically deposit 138.3 ± 3.1 nm
diameter polystyrene nanoparticles (PSNPs) into a 3D close-
packed FCC structure on a fused silica microscope slide in the
presence of TEOS. This results in a PSNP FCC structure
embedded in an SiO2 matrix. We then react these PSNP/SiO2
PCs with piranha solution to dissolve the PSNPs, forming IO
PCs that Bragg diffract light in the deep UV. Importantly, these
IO PCs are stable and show no diffraction degradation during
handling or UV laser irradiation. We investigate the diffraction
and morphology of these PCs to determine their ordering and
utility as deep UV PC diffraction devices.

■ EXPERIMENTAL SECTION
3D Close-Packed PSNP/SiO2 PC Self-Assembly and IO PC

Formation. For terminology, “PSNP/SiO2 PCs” shall be used when
referring specifically to solid 3D close-packed FCC PCs containing
PSNPs surrounded by an SiO2 matrix formed by vertical deposition.
“IO PCs” shall be used when referring specifically to PSNP/SiO2 PCs
after treatment with piranha to remove the PSNPs, yielding an FCC
array of voids surrounded by an SiO2 matrix.
We synthesized 138.3 ± 3.1 nm diameter monodisperse, highly

charged PSNPs (Figure S1) via a modified22 emulsion polymerization

procedure23 (see Supporting Information for synthesis details). We
measured a ζ-potential of −49.5 mV at pH 5.0. These nanoparticles
were self-assembled to form 3D close-packed PCs on fused silica
substrates utilizing a modified vertical deposition procedure based on
the method of Hatton et al.18

3 in. × 1 in. fused silica microscope slides (Technical Glass
Products 80/50 scratch dig, 1 mm thick) were cut into ∼50 mm × 12
mm pieces using a glass saw. Directly before use the 50 mm × 12 mm
substrate was immersed in freshly prepared 3:1 v/v H2SO4/H2O2
(Fisher Scientific A300 96% w/w and Fisher Scientific H323 30%)
piranha solution to remove surface contaminants and increase
substrate hydrophilicity. Safety warning: Piranha solution becomes
extremely hot upon mixing, is a powerful oxidizer, reacts rapidly with
organics, and produces gases. Make only in small quantities as needed and
use appropriate protective equipment. After several hours of soaking, the
substrate was removed from piranha, immediately rinsed with
nanopure H2O (Thermo Scientific Barnstead), and stored in
nanopure H2O until use.

A dilute PSNP solution was prepared by first centrifuging an
aliquot of stock colloid solution at 1000 relative centrifugal force
(RCF) for 1 min to spin-down ion-exchange resin beads. Following
centrifugation, an aliquot of stock colloid solution was diluted with
nanopure H2O to produce a 21.00 mL solution, typically containing
0.18% v/v PSNPs, in a 20 mL (nominal volume) scintillation vial
(Fisher Scientific 03-337-14 borosilicate, 61 mm × 28 mm height ×
outer diameter). Fresh 0.1 M HCl (Fisher Scientific A144S, 37% w/
w) was prepared in nanopure H2O. A TEOS solution was freshly
prepared by mixing 800 μL of 0.1 M HCl solution, 1520 μL of ethanol
(Decon Labs 200 proof), and 812 μL of tetraethyl orthosilicate
(TEOS, Sigma-Aldrich 86578, >99%). The TEOS solution was sealed
and mixed for ∼1 h until use to allow time for HCl catalyzed
hydrolysis of TEOS.24

The vertical deposition setup was prepared as follows. An oven
(Thermo Scientific Heratherm IMH-60) situated on a floated optical
table (Kinetic Systems Vibraplane) was heated to ∼48.3 °C. The
temperature and humidity in the oven were recorded by using a
hygrometer probe (Traceable Hygrometer 11-661-7B) situated next
to the deposition vials on the top shelf of the oven. The oven fan was
set at the lowest speed (20% setting) to gently circulate oven air.
Oven air was slowly and continually refreshed during the experiment
by purging the oven with 2.6 standard liters per minute (SLPM) dry
N2 gas. The N2 line was run through the open oven accessory port on
the top/back of the oven, with the line outlet situated on the bottom
shelf of the oven.

A 225 μL aliquot of TEOS solution was added to the 21.00 mL of
dilute PSNP solution and mixed. A piranha cleaned fused silica
substrate stored in nanopure H2O was rinsed with fresh nanopure
H2O and placed in the scintillation vial containing the PSNP solution
and TEOS solution. The vial containing the fused silica substrate was
then placed into the preheated oven. The oven was then closed, and
self-assembly of the 3D close-packed FCC array was allowed to
proceed undisturbed for 4 days. Typical oven humidity values ranged
from ∼11% relative humidity at the beginning of self-assembly to
∼2% when the solution was nearly evaporated. The oven temperature
was maintained within ±0.2 °C of its median value during self-
assembly. After evaporation of most of the PSNP/TEOS solution, the
fused silica substrates with attached close-packed PSNP/SiO2 PCs
were removed from the oven and placed into clean vials for storage.

To remove the PSNPs from the PSNP/SiO2 PCs while leaving the
surrounding SiO2 matrix intact, we completely immersed the PSNP/
SiO2 PCs in freshly prepared 3:1 v/v piranha solution overnight. After
soaking, the PCs were removed from piranha and immersed in a vial
of nanopure H2O. The H2O was changed once to wash away
remaining acid, and the PCs were then allowed to air-dry before use,
yielding the final IO PCs. A schematic of the fabrication method is
depicted in Figure 1.

Nanoparticle and PC Characterization. PSNP diameters
(Figure S1) were measured by evaporating a small aliquot of dilute
colloidal dispersion onto a Formvar coated Cu grid (Ted Pella 01814-
F) before imaging with a transmission electron microscope (FEI
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Morgagni 268). >100 nanoparticle diameters were measured via
ImageJ (NIH) software to determine the size distribution of the
particles. The ζ-potential of the PSNPs was measuring using a
Malvern ZS-90 Zetasizer (Smoluchowski approximation).
IO PC ordering (Figure 2) was monitored using a scanning

electron microscope (SEM) (Ziess Sigma 500 VP FE-SEM) in SEI
mode at 3 kV accelerating voltage after sputter coating the PCs with
Au (Pelco SC-7). The average IO PC void diameter was determined
by measuring the distance between the centers of neighboring SiO2
void walls in scanning electron micrographs (>100 voids measured).
Optical transmission in the near and deep UV (Figure 3) was

measured using a Varian Cary 5000 UV−vis−NIR absorption
spectrometer. The PCs were mounted on a rotational stage (Newport
481-A) placed within the spectrometer. The rotational stage was
utilized to vary the incident angle of light on the PCs to monitor the
Bragg diffraction wavelength as a function of angle. All spectra were
baseline corrected where the blank was a clean fused silica microscope
slide at normal incidence.
To measure Fabry−Perot interference fringes and determine IO

PC thickness (Figure 4), 170−2100 nm white light from a laser driven
light source (LDLS, Energetiq EQ-99X) was collimated by an off-axis
parabolic mirror (Thor Labs MPD249-F01) and directed through an
aperture that reduced the beam diameter to 6 mm before illuminating
the IO PC. The IO PC was mounted to a microscope slide holder
attached to a rotational stage (Newport 481-A) to control the beam
incident angle onto the IO PC. Light diffracted by the IO PC was
collected by a reflective collimator (Thor Labs RC12SMA-F01),
which is a 90° off-axis parabolic mirror. The reflective collimator was
utilized to collect and focus the diffracted light into an optical fiber
(Thor Labs M22L02). The optical fiber then directed the diffracted
light into the slit of a deep UV optimized Ocean Optics QE Pro
spectrometer. The IO PC diffraction spectrum shown in Figure 4 was
produced by dividing the raw diffraction spectrum by the spectrum of
the LDLS lamp light reflected from a clean fused silica slide to correct
for the instrument throughput and the source spectral shape.
To directly measure the Bragg diffraction bandwidth of the IO PCs,

we measured the angular dependence of 229 nm light diffraction
(Figure 5). Collimated 229 nm light was generated by a continuous
wave frequency doubled Ar ion laser (Coherent Innova 300c FreD).
A fused silica slide was placed in the incident beam path at an oblique
angle to pick off a small portion of the beam, which was measured by
a photodiode power sensor (Thor Labs S120VC head attached to a
PM200 meter) that continuously monitored the incident power. The
beam was then directed through an aperture to produce a 3 mm

diameter circular beam at the IO PC. The IO PC was mounted to a
motorized rotational stage (Zaber X-RSW60A) to allow precise,
reproducible rotation about the z-axis (Figure 2A) of the IO PC. The
IO PC was rotated in 0.50° increments, and light diffracted at each
incident angle was measured by a second photodiode power sensor
(Thor Labs S120VC), positioned at each measurement angle to
center the diffracted beam on the sensor head. At each IO PC angle
the diffracted power and pick-off power were measured simulta-
neously for several seconds (∼50 data points per meter per angle,
Thor Labs Multi Power Meter Utility) to average out any laser power
variations. The measured pick-off power was utilized to calculate the
incident power on the sample. The diffracted power was divided by
the calculated incident power to determine the fraction of power
diffracted by the IO PC at each incident angle.

IO PC surface roughness (Figure 6B) was quantified using an
optical profilometer (Bruker Contour GT-I). Height maps collected
using the profilometer were tilt corrected using the instrument
software (Bruker Vision64).

■ RESULTS AND DISCUSSION

Fabrication Parameters and SEM Analysis. We
fabricated the first solid deep UV diffracting IO PCs. To
accomplish this, we modified previous vertical deposition
methods to optimize the self-assembly of small diameter 138.3
± 3.1 nm diameter PSNPs (Figure S1) into close-packed FCC
PCs.18 To improve the self-assembly of these close-packed
PSNP/SiO2 PCs and to improve the deep UV diffraction, we
optimized the oven humidity and temperature, PSNP
concentration, volume of TEOS solution, and vial/substrate
size used during the vertical deposition.
We found that the vial size is crucially important to produce

IO PCs that efficiently diffract in the deep UV. We could
reproducibly and easily fabricate IO PCs with strong deep UV
diffraction by using 20 mL scintillation vials or smaller, 3-dram
vials (using smaller substrates) under similar solution and oven
conditions. However, it was difficult to obtain good deep UV
diffraction for PCs fabricated using 3 in. × 1 in. fused silica
substrates placed in larger 50 mL vials. A deep UV diffracting
IO PC was fabricated on a 3 in. × 1 in. substrate at a lower
∼31 °C oven temperature; however the IO PC visually
appeared very heterogeneous and showed broad diffraction
peaks when measured using the absorption spectrometer,
indicating that the nanoparticle ordering was generally poor.
The self-assembly mechanism of 3D close-packed structures

on solid substrates via vertical deposition is still somewhat
poorly understood.25−28 It is hypothesized that vertical
deposition of 3D arrays occurs because the relative evaporation
rate from the thin, top part of the solution meniscus near the
substrate−air−solution contact line is faster than from the bulk
solution (Figure 1).26 Relatively rapid evaporation from the
solution meniscus results in a convective solvent flow that
continuously draws nanoparticles into the meniscus toward the
contact line. It is hypothesized that interparticle capillary forces
or convective steering due to solvent flow through nanoparticle
interstices draws particles together into a close-packed array
that grows as the contact line moves along the substrate z-axis
due to continuous solvent evaporation.28−30

The rate of evaporation of the solution relative to the rate of
particle influx into the meniscus must be carefully balanced to
produce highly ordered 3D close-packed structures. For
example, Kaplan et al. previously found that continuous,
well-ordered vertically deposited arrays only formed when
above a certain critical nanoparticle concentration.26 We
hypothesize that the relatively rapid solution evaporation

Figure 1. Schematic of the deep UV diffracting IO PC fabrication
method. (A) A clean, hydrophilic fused silica substrate is dipped into
a solution, depicted in blue, containing PSNPs, TEOS, ethanol, HCl,
and water in a 20 mL vial. The vial is then placed in a hot oven. (B)
Self-assembly of the 3D close-packed FCC PSNP structure onto the
fused silica substrate proceeds via evaporation driven vertical
deposition over several days while TEOS condenses in the PSNP
interstices to form an SiO2 matrix. (C) After drying, the PSNPs are
embedded in an SiO2 matrix that is attached to the fused silica
substrate. (D) Piranha solution is used to remove the PSNPs while
leaving the SiO2 intact, yielding an FCC array of voids in the SiO2
matrix.
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caused by the wide aperture of the 50 mL vial confounds
selection of appropriate deposition conditions to produce
highly ordered IO PCs.
We utilized piranha solution to remove the PSNPs instead of

tetrahydrofuran (THF) or toluene, which is generally used to
dissolve PSNPs, because we found that the piranha solution
more efficiently removes PSNPs from the SiO2 matrix. Figure
S3 depicts the absorbance spectra and photographs of a
PSNP/SiO2 PC sample before and after immersion for 2 days
in THF. After THF treatment, the sample opacity visually
increases and the FCC diffraction blue-shifts slightly while
decreasing in intensity. These results indicate that THF
partially and heterogeneously dissolves some of the PSNPs but
does not completely remove PS from the SiO2 matrix. We
hypothesize that THF is inefficient at removing PS due to the
small interpore “window” size that limits solvent and polymer
diffusion into and out of the SiO2 matrix, respectively. Piranha
solution is an extremely strong oxidizer that efficiently destroys
organics, such as PSNPs, while leaving the SiO2 matrix intact.
We chose to utilize piranha solution to remove the PSNPs
rather than calcination in a 500 °C oven to avoid the partial
collapse of the SiO2 matrix, as previously observed by Phillips
et al.17

Figure 2A shows a photograph of a representative deep UV
diffracting IO PC after piranha treatment. This IO PC contains
a visually homogeneous region indicated by an arrow that
diffracts strongly in the deep UV. Parts B−E of Figure 2 show
SEM micrographs of the visually homogeneous region of the
IO PC indicated in Figure 2A. The surface of the strongly
diffracting region of this IO PC shows a close-packed FCC
(111) plane of voids surrounded by the SiO2 matrix remaining
after removal of the PSNPs via piranha treatment. At high
magnification, up to three subvoid features are visible (Figure
2C) through windows formed in the SiO2 matrix between the
top two FCC planes. These windows are formed during self-
assembly where direct sphere-to-sphere contact between two
FCC planes excludes TEOS and prevents SiO2 condensation.
These subvoids indicate that either FCC or hexagonal close
packing continues for at least one additional layer for this IO
PC.
As shown in Figure 2D at a lower magnification, the top

layer of the visually homogeneous region of this IO PC
comprises many well-ordered areas several μm2 in area that are
separated by grain boundaries and smaller, disordered regions.
We observed negligible cracking throughout the visually
homogeneous region of this sample. To study subsurface

Figure 2. Photograph and SEM micrographs all originating from the same IO PC. (A) Photograph of an IO PC after piranha solution treatment to
remove PSNPs. Arrow indicates strongly diffracting region. (B−D) SEM micrographs of the strongly diffracting region of the IO PC shown in
panel A. Each micrograph axis orientation is the same as shown in panel A. (E) SEM micrograph of the same IO PC sample tilted 45°, showing the
inner structure of a delaminated region at the edge of the fused silica substrate. SEM micrographs of a similar PSNP/SiO2 PC sample prior to
sphere removal are shown in Figure S2.
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structure and relative ordering of the edges of subsurface layers
of the IO PC, we imaged any visible cracks and delaminated
areas near the edge of the IO PC substrate (Figure 2E) after
mounting the IO PC on a 45° tilt sample mount. The
subsurface stacking of the FCC (111) layers parallel to the
substrate surface appears excellent, with no evident transitions
to body centered cubic (BCC) or hexagonally close packed
(HCP) structures within this IO PC.
PC Diffraction via UV−Visible Spectroscopy. After self-

assembly, the 3D close-packed PSNP/SiO2 PCs diffract in the
near UV according to Bragg’s law (eq 1),22,31

λ θ=m n d2 sin( )avg (1)

where m is the diffraction order, λ is the wavelength of light in
vacuum, navg is the average refractive index of the PC, d is the

FCC (hkl) spacing, and θ is the glancing angle within the
PC.32

Before PSNP removal, the PSNP/SiO2 PCs show an FCC
(111) diffraction peak at ∼336 nm at normal incidence that is
accompanied by strong absorption below 275 nm due to
electronic transitions of the PSNPs (Figure 3A). After piranha
treatment to remove the PSNPs, IO PCs visually become
almost transparent to visible light and the FCC (111)
diffraction blue-shifts ∼94 nm into the deep UV to ∼242
nm at normal incidence (Figure 3B). The FCC Bragg
diffraction wavelength can be precisely controlled by tuning
the glancing angle of incident light. Entirely different spectral
regions can also be selected for diffraction by utilizing different
diameter PSNPs during vertical deposition. For example, we
utilized smaller diameter PSNPs under identical vertical
deposition conditions to produce IO PCs that diffract at 211
nm at normal incidence (Figure S4).
The blue-shifted diffraction upon PSNP removal is expected

from Bragg’s law due to the decrease in navg upon removal of
the high refractive index PSNPs and their replacement with air.
We utilized the method described by Waterhouse et al. to
calculate the d111 plane spacing and navg for the PSNP/SiO2
PCs and IO PCs (Figure 3 insets; see Supporting Information
for additional details).13 The FCC d111 plane spacing and navg
for six individual PSNP/SiO2 PCs were calculated to be 101.8
± 2.2 nm and 1.65 ± 0.04 at ∼336 nm, respectively. Three of
the six PSNP/SiO2 PCs were then treated with piranha to
remove the PSNPs, and the measurements were repeated,
yielding a calculated FCC d111 plane spacing and navg for the IO
PCs of 107.5 ± 2.2 nm and 1.13 ± 0.02 at ∼242 nm,
respectively.
The ∼105 nm d111 spacing experimentally determined from

Figure 3 is slightly shorter than expected from theory.
Assuming a totally close packed structure, a 138 nm particle
diameter yields an expected d111 of ∼113 nm.32 This smaller

Figure 3. Absorbance spectra measured using the absorption
spectrometer of the PC shown in Figure 2. (A) PSNP/SiO2 PC
absorbance spectra measured at five incident angles, showing FCC
(111) diffraction at ∼336 nm and strong PSNP absorption below 275
nm. (B) Absorbance spectra of the same PC at the same incident
angles after piranha treatment, yielding an IO PC. The linear fit of
λmax

2 versus sin2(θi) (inset plots) enables experimental determination
of d111 and navg. Listed angles are the incident light angles in air
measured from the PC surface normal (θi).

Figure 4. LDLS diffraction spectrum of the IO PC shown in Figure 2
at a 15° incidence angle in air. The primary FCC (111) diffraction
peak occurs at ∼241 nm. Also evident are a number of Fabry−Perot
interference fringes, labeled by arrows. Inset: Fabry−Perot fringe plot.
K = (2navg cos(θi)(λ1 − λP)/(λ1λP)) × 104 where navg = 1.13, θi = 15°,
λ1 is the wavelength of the longest wavelength interference fringe
detectable, in this case at 370 nm, and λP is the wavelength of
subsequent fringes at shorter wavelengths.
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than expected d111 spacing is likely due to slight shrinkage of
the SiO2 matrix along the substrate normal (y axis) due to
silanol condensation during the PSNP/SiO2 PC self-assembly,
which was previously observed for a similar system by Phillips
et al.17 Using the micrograph shown in Figure 2C, we measure
an average void diameter of 137.1 ± 7.2 nm in the zx plane,
which is similar to the original PSNP diameter. This result
indicates that the IO PC voids likely shrink heterogeneously
and only along the substrate normal, in agreement with
previously observed behavior.
Although the calculated d111 FCC spacing remains

approximately constant after piranha solution treatment,
there is a sharp reduction in the measured average refractive
index of the PC upon PSNP removal. The theoretical PC navg
can be readily calculated by using a weighted average of the
refractive indices of each PC material.6,33 Assuming a close-
packed PSNP/SiO2 FCC PC structure, 74% of the volume
contains PSNPs, with a refractive index of 1.62 at 437 nm, the
shortest wavelength refractive index we found tabulated for
PS.34 The remaining 26% volume contains an SiO2 matrix with
a refractive index of 1.47 at 437 nm and 1.51 at 240 nm,35

yielding a theoretical navg for the PSNP/SiO2 PC of 1.58 at 437
nm. Assuming complete removal of the PSNPs and
replacement with air, with a refractive index of 1.00 at 240
nm, results in a calculated navg for the IO PC of 1.13 at 240 nm,
a ∼30% reduction upon PSNP removal. This calculated navg is
in excellent agreement with the measured navg of 1.13 at ∼240
nm. This reduction in the PC navg upon sphere removal results
in a blue-shift of the diffraction wavelength according to
Bragg’s law.
In addition to the blue-shifted diffraction, the overall

attenuation of the incident beam, as measured by the
absorption spectrometer, also increases upon PSNP removal
due to the increased refractive index contrast between the SiO2
matrix and air, as expected. Scattering strength, and therefore
the efficiency of PC diffraction, is related to the refractive index
difference between the surrounding SiO2 matrix and the
PSNPs or air-voids.36 Removal of the PSNPs and replacement
with air increases the refractive index contrast within the PC,
yielding much stronger diffraction from the IO PCs compared
to the PSNP/SiO2 PCs. This results in stronger attenuation of
incident light at the Bragg condition (Figure 3B).
IO PC LDLS Diffraction. We utilized a LDLS and a deep

UV spectrometer to measure the spectrum of Bragg diffracted
light from our IO PCs (Figure 4). The LDLS utilizes a tightly
focused laser to produce a Xe plasma that emits spectrally
broad, bright white light from the far-UV through the near-IR
spectral regions. Since plasma formation occurs in a spatially
small, point-like area, the Xe plasma emission is easily
collimated by using an off-axis parabolic mirror. The resulting
output beam is spectrally broad but highly collimated, enabling
IO PC diffraction measurements without degradation due to
source beam divergence.
A diffraction spectrum of the above IO PC illuminated by

the collimated LDLS light is depicted in Figure 4. The most
intense peak at ∼241 nm is due to FCC (111) diffraction. At
longer wavelengths from the FCC (111) diffraction peak,
several additional, regularly spaced peaks are visible due to
Fabry−Perot interference. Fabry−Perot fringing (etaloning)
arises from multiple beam interference by light reflected by the
top and bottom faces of the IO PC film and is often visible in
IO PC LDLS diffraction spectra.37 Fabry−Perot fringes have
been previously observed for 3D close-packed PCs of visibly

diffracting silica nanospheres.12 The λmax of each Fabry−Perot
fringe can be easily utilized to calculate the thickness of the
self-assembled IO PC film (Figure 4 inset). We calculate a
thickness of 3558 ± 13 nm, equal to the slope linear fit of the
fitted fringe data, for the above IO PC, using the relationships
described by Jiang et al.12 Given a measured d111 spacing of
107.5 nm (Figure 3), we calculate that our inverse opal is ∼33
layers thick in the center of the strongly diffracting region
indicated by the arrow in Figure 2A.
Although we rigorously controlled the light incident angle in

both absorbance (Figure 3) and LDLS diffraction experiments
(Figure 4), we observe a small ∼5 nm difference in the Bragg
peak wavelength between these two spectra at the same IO PC
rotational angle. We hypothesize that this small difference in
Bragg peak wavelength between these two experimental
approaches is due to increasing baselines in these spectra
that slightly shift the apparent Bragg peak positions. In the
collected absorbance spectra (Figure 3) diffuse scattering and
slowly increasing absorption by the IO PC SiO2 matrix cause
the transmission to decrease at shorter wavelengths. In the
LDLS diffraction spectrum (Figure 4), the baseline increases at
longer wavelengths likely due to incomplete deconvolution of
the lamp spectrum during spectral processing. We expect that
the rising baselines in the absorbance spectra and the LDLS
diffraction spectrum slightly blue-shift and red-shift, respec-
tively, the apparent Bragg peak positions. The small shift in the
Bragg peak positions between these two techniques negligibly
impacts PC parameters calculated using these spectra. For
example, the IO PC d111 spacing calculated via the absorbance
data (107.5 nm, Figure 3B) is in excellent agreement with the
d111 spacing measured using 229 nm laser diffraction (109 nm,
Figure 5); vide infra.

IO PC 229 nm Diffraction. The IO PC diffraction results
collected via LDLS illumination provides a convenient way to
quantitate the IO PC thickness and to qualitatively assess the
FCC Bragg diffraction intensity and bandwidth. To quantita-
tively determine the IO PC diffraction bandwidth, we
measured the intensity of 229 nm laser light diffracted by
the IO PC as a function of incident angle, using a more
accurate approach based on our previously reported method
(Figure 5).6

To calculate the diffraction bandwidth, we illuminated an IO
PC with collimated 229 nm light while tuning the IO PC
rotational angle in 0.50° increments and measuring the power
of the diffracted light at each angle with a power meter.
After accounting for refraction by the IO PC, we calculate a

glancing angle of maximum diffracted power of 67.8° and a
Bragg diffraction full width at half max (FWHM) of 10.3° from
the Gaussian fit of the 229 nm diffraction curve. Using our
previously described method, we utilized Bragg’s law to
calculate the d111 plane spacing and the FWHM of the
diffracted peak in units of wavelength to be 109 and 16.8 nm,
respectively. Our 109 nm d111 spacing calculated from these
229 nm diffraction data is in excellent agreement with the value
calculated for the IO PCs using our absorbance data (Figure
3B).
During these experiments, we observed the transmission and

diffraction intensity of the 229 nm beam using fluorescent
paper at angles near and far from the Bragg condition. At the
Bragg condition, we observe near complete attenuation of the
transmitted 229 nm light, indicating strong diffraction.
However, we calculate a relatively low maximum diffraction
efficiency based on the measured power of the diffracted beam.
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For the IO PC used to collect the data shown in Figure 5, the
diffracted beam appears as an extended line shape (Figure 6A).
Much of the line shaped diffracted light missed the power
meter head, resulting in a lowered calculated diffraction
efficiency.
Rotating the IO PC about the laser beam incident axis (y-

axis) rotates the line shaped diffracted beam. The sample
orientation dependence of the diffraction likely results from the
sample morphology. We studied the morphology of the IO PC
shown in Figure 2A in greater detail using an optical
profilometer. Optical profilometers measure surface topology
via interferometry, producing images depicting the sample
surface roughness a function of position. The strongly
diffracting area of the sample (Figure 2A, region indicated by
arrow) appears homogeneous when observed by eye and via
normal incidence SEM. However, when examining the surface
topology via optical profilometry, we observe microscopic
striations in the sample surface (Figure 6B). The long axes of
these semiregularly spaced striations in the sample surface run
roughly parallel to the IO PC x-axis. These striations are also
weakly visible in SEM micrographs taken when the IO PC is
tilted 45° (Figure S5).
We hypothesize that these IO PC surface striations scatter

light similarly to irregularly spaced grooves in a diffraction

grating. In diffraction gratings, variations in groove spacing and
depth are known to produce diffusely scattered light in the
grating dispersion plane, perpendicular to the groove long
axis.38 We propose that the semiregularly spaced striations in
our IO PC sample surface resemble irregularly ruled grooves in
a diffraction grating, producing in-plane diffuse scattering
whose long axis is perpendicular to the striation long axis.
These IO PC surface striations lie parallel to the solution

surface during vertical deposition. Previous studies have shown
that the contact lines of solutions containing dissolved solids

Figure 5. (A) Schematic of the 229 nm diffraction experiment layout.
(B) Intensity of 229 nm diffraction by the IO PC shown in Figure 2 as
a function of Bragg glancing angle, θ, within the IO PC. A Gaussian fit
is shown in red.

Figure 6. (A) Picture of the 229 nm diffracted beam shape on a
luminescent paper viewing screen for the IO PC at a 26.5° IO PC
incident angle in air, corresponding to the Bragg condition for 229 nm
light. (B) Height map of the strongly diffracting region of the IO PC
shown in Figure 2 measured using an optical profilometer. The color-
bar depicts the height of surface features, where red and blue map
colors indicate raised features and depressions, respectively.
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exhibit complicated deformation and pinning behaviors during
evaporation.39,40 In the case of evaporating solutions of
nanoparticles, several previous authors have observed the
formation of regularly spaced bands of close packed nano-
particles on the substrate that are separated by bare regions
containing no nanoparticles,26,41,42 while others have observed
continuous films that have periodic variations in thickness as a
function of position.43 We do not observe alternating areas of
bare and nanoparticle covered substrate via SEM in the
strongly diffracting region of our IO PC. However, we
hypothesize that some meniscus deformation occurs during
vertical deposition of the PSNPs onto the fused silica substrate,
resulting in the semiregular IO PC surface striations observed
using the profilometer and 45° tilt SEM. We are currently
investigating methods to mitigate the formation of these
surface striations during the vertical deposition self-assembly
process to minimize their impact on IO PC diffraction.
The 16.8 nm FWHM diffraction bandwidth measured for

this IO PC is relatively broad. We expected that the diffraction
bandwidth for these IO PCs would be broader than that of our
aqueous PCs due to the relatively large refractive index
difference between the air voids and the SiO2 matrix.
Increasing the refractive index contrast within a PC increases
the scattering strength of the FCC planes, reducing the
number of planes taking part in Bragg diffraction. We
previously showed that reducing the number of FCC
diffraction planes taking part in PC diffraction broadens the
diffraction bandwidth.32 The diffraction bandwidth of these IO
PCs can be reduced by infiltrating solvents or UV-transparent
polymers into the air-voids to refractive-index-match the voids
to the SiO2 matrix. Disordered regions of the IO PC also
broaden the diffracted bandwidth. We are currently investigat-
ing methods to further optimize the modified vertical
deposition method to improve IO PC order.
A significant advantage of these solid IO PCs compared to

our previous aqueous deep UV diffracting PCs is that they do
not depend upon easily disrupted electrostatic interactions
between nanoparticles dispersed in solvent to maintain FCC
ordering and Bragg diffraction. The solventless SiO2 FCC
structure affords these IO PCs mechanical durability and
photochemical stability, enabling them to be repeatedly used
and characterized, even under direct laser irradiation. In our
previous work, we observed that upon ∼2 mW/cm2 229 nm
laser irradiation, the diffraction intensity of our aqueous PCs
decreased with time.6 We illuminated this IO PC with the
same 229 nm laser at a 20× higher irradiance of ∼41 mW/cm2

and observed no degradation of our IO PC diffraction
intensity.
Furthermore, the mechanical durability of these IO PCs

allows them to be easily transported and handled. For example,
the IO PC depicted in Figure 2 was spectroscopically
characterized >10 times and extensively handled for ∼4
months prior to SEM imaging. IO PC absorbance spectra
collected before and after this extensive handling are nearly
identical (Figure S6), indicating that time, handling, and deep-
UV/near-UV/visible irradiation negligibly impact IO PC
diffraction.
These indefinitely shelf stable IO PCs enhance the potential

utility of deep UV diffracting PC optical devices by enabling
their long-term storage and use. Although further development
and optimization of the fabrication procedure are necessary in
order to improve their diffraction efficiency and to reduce their
diffraction bandwidth, the mechanically robust IO PC

fabrication method is extremely promising as an approach to
develop deep UV diffracting PC optical devices.

■ CONCLUSION

We demonstrated the first solid IO PCs that diffract in the
deep UV at <245 nm. To fabricate these deep UV diffracting
IO PCs, we first self-assembled PSNP/SiO2 3D close-packed
FCC PCs by depositing PSNPs onto fused silica substrates in
the presence of TEOS solution using a modified vertical
deposition method. After studying the diffraction character-
istics of the close-packed PSNP/SiO2 PCs in the near-UV, we
removed the PSNPs using piranha solution, yielding IO PCs
that diffracted at <245 nm. We characterized the diffraction of
these IO PCs to determine their utility for use as deep UV
optical devices and found that they show large ∼98%
attenuations for light that meets the Bragg condition and a
17 nm FWHM diffraction bandwidth. These solid IO PCs
show superior mechanical durability, shelf life, and photo-
chemical stability under direct 229 nm laser irradiation
compared to our previously demonstrated aqueous based
PCs. Further optimization of the vertical deposition procedure
is necessary, and we are currently investigating methods to
improve IO PC self-assembled order to reduce the diffraction
bandwidth and to decrease the surface roughness to improve
the shape and efficiency of the diffracted light.
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