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We developed a facile method to fabricate deep ultraviolet (UV) photonic
crystal crystalline colloidal array (CCA) Bragg diffraction devices. The
CCAs were prepared through the self-assembly of small, monodisperse,
highly surface charged silica particles (~50 nm diameter) that were
synthesized by using a modified Stober process. The particle surfaces were
charged by functionalizing them with the strong acid, non-UV absorbing
silane coupling agent 3-(trihydroxylsilyl)-1-propane-sulfonic acid
(THOPS). These highly charged, monodisperse silica particles self
assemble into a face-centered cubic CCA that efficiently Bragg diffracts
light in the deep UV. The diffracted wavelength was varied between 237
nm to 227 nm by tilting the CCA orientation relative to the incident beam
between glancing angles from 90° to ~66°. Theoretical calculations predict
that the silica CCA diffraction will have a full width at half-maximum
(FWHM) of 2 nm with a transmission of ~10~'! at the band center. We
demonstrate the utility of this silica CCA filter to reject the Rayleigh
scattering in 229 nm deep UV Raman measurements of highly scattering
Teflon.

Index Headings: Wavelength-selective optical devices; UV Raman spec-
troscopy; Narrow band diffraction; Silica crystalline colloidal array;
CCA.

INTRODUCTION

The development of novel wavelength-selective optical
devices enables major advances in spectroscopic methodolo-
gies and instrumentation.'~'® Spectroscopies such as Raman,
fluorescence, hyperspectral imaging, and pump-probe tech-
niques require wavelength-selective optical elements that reject
particular regions of the electromagnetic spectrum while
transmitting adjacent spectral regions.>®1%11:17 The recent
development of highly efficient holographic filters and
multilayer dielectric filters has dramatically advanced near
ultraviolet (UV), visible, and near-infrared (NIR) spectrosco-
pies.”~12:18=21 Unfortunately, analogous devices do not exist in
the deep UV because the typical materials used absorb deep
UV light.”?223 Thus, the important new field of deep UV
Raman spectroscopy has not benefited from these instrumen-
tation advances.

In the mid-1980s we developed the first photonic crystal
device.”-31516 This optical device, which functioned as a Bragg
diffraction filter, was fabricated from a crystalline colloidal
array (CCA) of ~100 nm diameter highly charged, monodis-
perse polystyrene particles.”® These highly charged particles
self assembled into a face-centered cubic structure that
efficiently Bragg diffracted light from its 111 planes but freely
transmitted light in adjacent spectral regions. This optic
functioned as a highly efficient Rayleigh rejection filter for
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Raman measurements. This device was licensed from the
University of Pittsburgh by EG&G Princeton Applied Research
and was commercialized. These CCA Rayleigh rejection filters
also served as the basis of novel Raman spectrometers.”-3:15:16
This CCA technology was leapfrogged in the 1990s when
holographic filters became readily available.?*2°

In the work here we describe an analogous photonic crystal
device that functions as an efficient Bragg diffraction filter in
the deep UV. To accomplish this we developed a method to
prepare CCA photonic crystals of silica spheres that efficiently
diffract but do not absorb deep UV light.”-8:22:27:28 To
accomplish this we developed a facile method to fabricate
~50 nm diameter monodisperse, highly charged silica particles
that self assemble into CCAs. We also here demonstrate the
utility of this highly charged silica CCA as a Rayleigh rejection
filter in deep UV Raman measurements.??

EXPERIMENTAL

Fabrication of Highly Charged, Monodisperse, Small
Silica Particles. We synthesized monodisperse, small silica
particles by using a modified Stéber method.>” We then
functionalized the silica particle surface with a low deep UV
absorption silane coupling agent (3-(trihydroxylsilyl)-1-pro-
pane-sulfonic acid (THOPS, 30% in water, Gelest, Inc.). A
typical reaction used 5 mL tetracthoxysilane (TEOS, Fluka, Lot
code 133281541207016) as the silica precursor, 8 mL
ammonium hydroxide (29.40 wt%, J. T. Baker) as the catalyst,
and 200 mL ethanol as the reaction solvent. The reaction
mixture was stirred for 24 h. The resulting silica dispersion was
filtered through nylon mesh (Small Parts, Inc). Then, 200 mL
of water was slowly added to the Stober silica dispersion under
stirring. The mixture was first heated to 50 °C for ~30 min,
then heated to 80 °C for ~1 h. Six milliliters (6 mL) of the
silane coupling agent THOPS was adjusted to pH ~6 with
ammonium hydroxide and then added to the silica dispersion.
The reaction was refluxed for 6 h at 80 °C.

Silica CCA Fabrication and Transmission Measure-
ments. The functionalized silica colloids were cleaned by six
repetitions of centrifugation at 12000 rpm and redispersion of
the resulting silica pellet in Nanopure water (Barnstead). The
silica particle concentration was adjusted by controlling the
amount of water added during the last redispersion. Further
purification was achieved by shaking the silica dispersion with
mixed bed ion-exchange resin (Bio-Rad AG 501-X8). After
purification, these highly charged silica particles self assemble
into CCA at volume concentrations above 1%. The surface
charge density of the functionalized silica particles was
determined by conductrometric titration (712 conductometer,
Brinkmann and 794 Basic Titrino, Metrohm) with 0.01 N
standard NaOH solutions (Fisher Scientific Inc.).

The CCA filter cell is shown in Fig. la. Two fused silica
quartz discs (2” dia. X 3/16”) were separated by a ~125 pm
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Fic. 1. (a) A CCA flow cell for transmission measurements; (b) schematic of triple-stage monochromator for Raman measurements.

thick Parafilm spacer and mounted on a rotation stage. The
highly charged silica colloidal dispersion (volume percent
7.0%) was carefully injected into one of the holes in one of the
quartz discs to fill the cell, in order to avoid bubbles. The
system self assembled into a CCA. Transmission spectra of the
CCA filter with incident glancing angles at 90°, 69°, and 66°
were measured with a Cary 5000 (Varian, Inc.) spectropho-
tometer using the double beam mode and zero/baseline
correction.

Silica CCA Rayleigh Rejection Filter Raman Measure-
ments. We measured deep UV Raman spectra of highly
scattering Teflon with excitation at the 229 nm line (2 mW) by
using a continuous-wave UV Ar laser (Innova 300 FReD,
Coherent, Inc.). The laser excited the Teflon sample in a
backscattering geometry with the laser beam focused to a ~20
pm diameter spot. Figure 1b shows the schematic of the
triplemate monochromator used for the Raman measurements.

The spectrometer filter stage premonochromator was aligned
to conveniently block a portion of the Rayleigh scattered light
to allow us to make quantitative measurements of the CCA
laser light attenuation. The spectrometer setups were identical
for Raman spectra measured in the absence and presence of the
CCA filter. The CCA filter was placed between a collection and
imaging lens (Fig. 1b) where the light is collimated.

Characterization Techniques. We measured the silica
particle sizes by using dynamic light scattering (DLS) and
transmission electron microscopy (TEM). DLS and zeta
potential were measured by using a Brookhaven Instruments
Corporation ZetaPALS. The silica particles were also exam-
ined by using a JEOL 200 CX TEM. A few drops of the dilute
silica particle dispersion were dried on a carbon-coated copper
grid (Ted Pella, Inc.) for the TEM measurements.

RESULTS AND DISCUSSION

Fabrication of Highly Charged, Monodisperse, Small
Silica Particles. We used a modified Stober method to prepare
the Stober silica dispersion in which an aqueous ammonium
hydroxide solution is used instead of saturated alcoholic
solutions of ammonia.?® The typical recipe yielded Stober
silica particles with a diameter of 53.6 £ 0.3 nm (polydisper-

sity 0.045) as determined by DLS. Figure 2a shows a TEM
image of monodisperse silica particles with a diameter of 43.6
* 3.9 nm. The TEM diameter is smaller than that measured by
DLS because DLS measures the hydrodynamic diameter while
TEM measures the diameter of the dehydrated particles.

The Stober silica dispersion after cleaning and ion-exchange
does not have sufficient surface charge to self assemble into
CCA; the pK, of the surface —SiOH is relatively high (~7.1).3°
The zeta potential of these cleaned Stober silica particles is only
—12 mV at pH 4.0. We developed a facile method to attach
strong sulfonic acid groups (—SOsH) to the surface of the
monodisperse silica colloids by using THOPS as the silane
coupling agent. THOPS was attached to the silica particle
surface by a condensation reaction between the silanols (-SiOH)
groups on the Stober silica surface and that of THOPS. The
resulting silica particles are highly charged due to the low pK, of
< 1 of the surface sulfonic acid groups.3' Because the Stober
silica dispersion is only stable at basic pH,>? we found that the
silica particles immediately aggregate if we directly added the
THOPS solution (pH = 0.34) to the Stober silica dispersion.
However, aggregation does not occur if we adjust the THOPS
pH to ~6 before addition. After cleaning and ion exchange, the
surface functionalized silica particles self assemble into CCA.

Figure 2b shows a TEM image of our charged silica CCA
particles, which show an average diameter of 47.3 = 5.1 nm.
The diameter measured by DLS is 60.2 * 0.3 nm, slightly
larger than that determined by TEM. The zeta potential of the
charged silica particles is —43 mV (pH 4.0), which indicates
high surface charge. We also determined the surface charges of
these silica CCA particles by using conductometric titration
with 0.01 N NaOH. The typical recipe yields 4740 charges per
silica particle (10.8 puC/cm?). Table I shows that the surface
charge density of the silica particles can be easily tuned by
varying the amount of THOPS during the surface modification.
The zeta potential increases as we increase the amount of
THOPS during the surface modification reaction.

Although our main objective here is to fabricate highly
charged, monodisperse silica particles with diameters ~50 nm,
we were also able to prepare highly charged larger silica
particles. The silica particle size strongly depends on the
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Fic. 2. TEM images of (a) the Stober silica particles; (b) our surface functionalized silica particles.

amount of ammonium hydroxide added during the Stober silica
condensation process.?’ Figure 3 shows the TEM images of
highly charged silica CCA with an average diameter of (a) 70
* 5 nm and (b) 237 £ 7 nm. The zeta potentials for these two
samples are (a) —33 mV and (b) —46.7 mV, respectively,
indicating that the silica particles are highly charged.
Transmission Measurements of Silica CCA. The highly
charged silica particles self assemble into a CCA after cleaning
and ion exchange. The silica CCA diffraction wavelength can
be calculated from Bragg’s and Snell’s laws according to Egs.
1 and 2, where X is the wavelength in air diffracted by the
CCA, which depends on the average refractive index of the
CCA, nayg, the lattice spacing, d, and the incident light
glancing angle, 6. The glancing angle, 0, in the CCA medium
is calculated from Snell’s law for refraction, where 0 is the

incident glancing angle in air.?7-33-35
ho = 2n4y,d sind (1)
0
6 = cos™! [m] 2)
navg

According to Bragg’s law, the CCA diffracted wavelength, Ao,
can be easily tuned by adjusting the filter orientation relative to
the incident light (). Larger diffraction wavelength shifts are
obtained by changing the particle spacing by adjusting the
concentrations of the CCA particles. We diluted the concen-
trated highly charged silica particles after the last centrifugation
to obtain a volume concentration of 6—7%, for which the silica
CCA dispersion Bragg diffracts light in the deep UV. The

TABLE 1. Dependence of silica CCA particle surface charge on THOPS.?

concentration of the silica CCA was determined gravimetri-
cally from the ratio of the dry weight of the silica CCA
particles to the overall weight of the silica CCA dispersion.

The silica CCA dispersion is visually transparent because
only light in the deep UV range is diffracted. Figure 4 shows
transmission spectra of the silica CCA (volume percent 7.0%)
for incident glancing angles of 90°, 69°, and 66°. The band
rejection wavelength was tuned from 237 nm, to 229 nm, and
to 227 nm by tilting the filter with respect to the incident beam
from 90°, to 69°, and to 66°, as shown in Fig. 4. The
bandwidths determined from these transmission measurements
are broader than the true CCA bandwidths because the
absorption spectrophotometer utilizes a somewhat focused
exciting beam. The measured attenuation is also artifactually
decreased. For normal incidence in Fig. 4 the full bandwidth at
half-maximum (FWHM) observed is 5.0 nm. The CCA filter
shows only slight broadening of the rejected FWHM as the
filter is angle-tuned, with a FWHM of 5.9 nm as the incident
glancing angle is tuned to 69° and 66°. The diffraction
efficiency will decrease for the m polarization as the incident
beam is tuned away from the normal to the crystal plane.?® The
effective half bandwidth should increase for the m polarization
relative to the o polarization for perfectly collimated light.3°
The small changes observed clearly indicate that the spectral
bandwidth is dominated here by the CCA disorder and/or the
lack of incident collimation.

The lattice spacing d of the CCA depends on the silica CCA
particle diameter, particle volume concentration, and the CCA
photonic crystal structure (face-centered cubic (FCC) or body-
centered cubic (BCC) structure). From the lattice spacing, we

Sample Diameter/nm (TEM) THOPS/mL Charges per particle Charge density (uC/cm?) Zeta potential (mV)
A 46.1 = 5.7 2 1094 2.6 =31
B 48.8 £ 5.1 4 2847 6.1 —40
C 473 £ 5.1 6 4736 10.8 —43

# Only the amount of THOPS is varied, with the other conditions remaining that of the typical recipe.
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the surface modification. Other conditions are those of the typical recipe.

can easily calculate the diffracted wavelength by using Egs. 1
and 2. For silica CCA particles with a diameter of 47.3 nm and
a volume percentage of 7%, we calculate the diffracted
wavelength at the normal incidence to be 236.6 nm for the
FCC (111) diffraction and 230.0 nm for the BCC (110)
diffraction. Our transmission measurements (Fig. 4) show a
diffracted wavelength of 237 nm at the normal incidence,
indicating the silica CCA has a FCC structure.

The width of the narrow wavelength Bragg diffraction band
depends on the degree of ordering of the silica FCC array
within the CCA, the particle diameter, the CCA thickness, and
the difference between the refractive indices of the charged
silica particles and the medium.®27-373% The diffraction was
theoretically calculated by modeling the 3D CCA FCC (111)
layers as a 1D stack of dielectric slabs.?”-37-39

Figure 5 compares the observed and calculated diffraction of
this silica CCA filter. The dashed line shows the observed light
diffraction transmission of the CCA dispersion relative to that
of the cell filled with water as obtained in Fig. 4. The solid line
shows the calculated diffraction from a silica CCA consisting
of 1200 FCC (111) silica particle layers (101 pm total
thickness, silica particle diameter of 47.3 nm). Theory predicts
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Fic. 4. Transmission spectra of a flow cell filled with pure water and of the
flow cells filled with highly charged silica CCA dispersion for incident glancing
angles of 90°, 69°, and 66°. Silica colloid diameter is 47.3 * 5.1 nm.

500 nm

TEM images of samples (a) synthesized with 10 mL and (b) 15 mL of ammonium hydroxide in the Stober silica synthesis. 2 mL of THOPS was added in

a FWHM of 2 nm and an ultra high attenuation Bragg
diffraction transmission of ~10~!! at 237 nm. The difference
between the observed and theoretical results is presumably due
to crystal disorder in the CCA.33

Utilization of CCA for UV Raman Rayleigh Rejection.
The highly charged silica CCA of Fig. 4 was used to reject
Rayleigh scattered light in 229 nm excited Raman measure-
ments of Teflon. To conveniently avoid saturating the CCD
camera and to quantitatively measure the CCA filter rejection
efficiency, we carefully adjusted the premonochromator shown
in the Fig. 1b so that it blocked a portion of the Rayleigh
scattered light. The CCA filter was placed between the
collection and imaging lens (Fig. 1b) where the light is
collimated.

Figure 6 shows that the Teflon Raman spectrum measured in
the absence of the CCA filter shows a high “Rayleigh peak.”
The Fig. 6 Teflon Raman spectrum measured using the CCA
filter at an incident glancing angle of ~69° shows a
dramatically decreased Rayleigh scattering because the CCA
filter Bragg diffracts 229 nm light at the ~69° incident angle
orientation (Fig. 4). Figure 6 indicates that the CCA filter (at
the incident glancing angle of ~69°) rejects 99.82% (ratio of
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Fic. 5. Observed and calculated transmission spectrum of diffraction by silica

CCA at a 90° incident angle.
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Fic. 6. Teflon 229 nm UV Raman spectra in the absence (- - -) and presence
( ) of the CCA filter at an incident glancing angle of ~69°. In addition, the
Raman spectrum is shown for the CCA close to normal incidence (— - —). The
inset shows an expansion of the circled region.

integrated areas) of the Rayleigh scattered light at 229 nm
while transmitting the Raman bands of Teflon including the
low-frequency band at 290 cm~! (AL = 1.5 nm). At around
normal incidence for the CCA, Fig. 6 shows that most of the
“Rayleigh peak™ is present, while the CCA filter rejects the
Raman scattered light at ~1215 cm™! (~236 nm), as expected
from Fig. 4.

We calculated the transmissions at the wavelengths of the
Teflon Raman bands from the ratios of the integrated Raman
band intensities with the CCA filter placed at the incident
glancing angle of ~69° to that in the absence of the CCA filter
(Fig. 6). These transmission data were plotted against
wavelength as shown by the dots in Fig. 7 and compared to
the directly measured transmission from the UV-Vis spectrom-
eter. The Raman data indicate that the CCA filter has a higher
rejection efficiency (99.82%) and narrower diffraction band-
width (HWHM: 2 nm) than the measured transmission (Fig. 4).
This is because the incident light is well collimated for the
CCA filter Raman measurements, while the absorption
spectrophotometer uses a somewhat focused beam; the Bragg
diffraction strongly depends on the incident angle (Eq. 1). We
also directly measured that the CCA filter shows a rejection

70 7 (1380 em?, 236.5 nm)
| (1215 em™, 235.5 nm)
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© ] ~®From Raman
= 20 | Measurements
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10 ] % From Transmission
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Fic. 7. Transmission calculated from the ratios of integrated intensities of
Teflon Raman bands in Fig. 6 for CCA at glancing incident angle of ~69°
(black dots). Also shown are transmission data from Fig. 4 for CCA at glancing
incident angle of ~69° (grey squares). For comparison, the Raman shifts and
corresponding wavelengths are listed next to the data.
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efficiency of 99.9% of the incident 229 nm laser beam using a
silicon power meter.

CONCLUSIONS

We developed a method to synthesize highly charged,
monodisperse silica particles with diameters of ~50 nm as well
as distinctly larger diameters. We can easily incorporate surface
charge by reacting the silica particles with the sulfonated
silating agent THOPS. The highly charged silica particles self
assemble into CCAs that Bragg diffract light in the deep UV.
The CCA Bragg diffracted wavelength can be tuned from 237
nm to 227 nm by tilting the incident glancing angle from ~90°
to ~66°. We also demonstrate that the silica CCA filter can be
used as a Rayleigh rejection filter for 229 nm deep UV Raman
measurements of highly scattering Teflon. The UV Raman
measurements show a Rayleigh rejection efficiency of 99.82%
and a narrower bandwidth (HWHM = 2 nm). We expect that
the performance of the CCA filter can be improved by
increasing the ordering of the CCA FCC array by increasing
the particle monodispersity and charge.
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