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The fabrication of 3D diamond-like silicon-oxycarbide and silicon-carbide high-temperature ceramic
photonic crystals has been achieved by a strategy involving (1) the use of four-beam interference
lithography (IL) to construct a patterned silsesquioxane (POSS) template and (2) infiltration of the
polymeric allylhydridopolycarbosilane (AHPCS) silicon-carbide precursor into the patterned POSS
template followed by high temperature ceramic conversion andHF etching. Energy-dispersive X-ray
mapping analysis and Fourier transform infrared (FT-IR) studies suggested that the 3D ceramic
photonic crystals formed at 1100 �C were SiC-like silicon oxycarbide. Additional thermal treatment
at 1300 �C in vacuo resulted in the carbothermic reduction of the 3D silicon-oxycarbide to form 3D
β-SiC with less than 10% shrinkage in the (111) plane and [111] direction, respectively. The reflectivities
of the inverse 3D ceramic photonic crystals obtained at different stages were characterized by FT-IR
in the [111] direction. Both the inverse 3D silicon-oxycarbide and silicon-carbide crystals showed
bandgaps at 1.84 μm. These experimental values matched well with the calculated bandgaps, further
supporting the robustness of such fabricated 3D ceramic photonic crystals.

Photonic crystals (PCs) that reflect incident light from
any direction at a certain frequency range of light have
the potential to provide revolutionary advances in next-
generation microphotonic and opto-electronic devices. This
potential has led to great interest in the development of
both new materials and new fabrication techniques for the
construction of one- (1D), two- (2D), and three-dimensional
(3D) microstructures over large areas. While most PC
applications are at room temperaturewith a few others up
to 400 �C, PCs that can operate up to or higher than 1000 �C
are essential for use in applications such as thermal barrier
coatings (TBCs), selective emitters for thermophotovol-
taics (TPV) and thermoelectrics.1 For example, the TBC
layer that is often applied to the combustor chamber of
gas turbines to increase efficiency and reduce radiative heat
transfer, must withstand temperatures in excess 1000 �C
and intense infrared (IR) irradiation.2,3 Such applications
require a thermally and mechanically robust PC that is
capable of withstanding prolonged exposure to high tem-
peratures without any significant change in phase behavior,
chemistry, ormicrostructure.Maintaining the integrity of
the microsized lattice constants is undoubtedly the most

critical issue of photonic structure design for high tem-
perature applications.
Materials that have a high refractive index and are trans-

parent in the near-IR and IR region are preferred, with
the reflectivity in this region being determined by the parti-
cular photonic structure and material used. Both metals4-7

and oxide ceramics have been previously employed as
high temperature photonic materials. However, metallic
photonic structures are readily degraded by corrosive
environmental impurities, suchasnitroxides, sulfur, chlorine,
and water.8 Metals also have higher thermal expansions
than ceramics and are more prone to crack formation in
the film. Oxide ceramics have high resistance towater corro-
sion at high temperature, but often have relatively low
toughness.9 Nonoxide ceramics have superior hardness,
high melting points, low densities, and excellent thermal
stability and silicon carbide (SiC), which has a high refractive
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index (n∼ 2.4-3.1), has emerged as a promising material
for many high temperature applications.10-12

TBCs composed of 1D SiC photonic crystals have pre-
viously been fabricated by layer-by-layer chemical vapor
deposition (CVD) employing molecular ceramic pre-
cursors,13-16 with the radiation reflectance of the resulting
silicon-carbide TBC depending on the number of nano-
layers. A high reflective index 3DPC could provide omni-
directional reflectance over all angles of incidence over a
wide range of radiations, that is, a complete photonic
bandgap (PBG), but the fabrication of such 3D ceramic
photonic crystals for high temperature applications has
not yet been achieved. We report here the successful
fabrication of diamond-like silicon-oxycarbide and silicon-
carbide high temperature PC ceramics via a strategy involv-
ing (1) the use of four-beam interference lithography (IL)
to construct a patterned silsesquioxane (POSS) template
and (2) infiltration of a polymeric silicon-carbide precur-
sor into the patterned POSS template followed by high
temperature ceramic conversion and HF etching to remove
the template. The versatile ability of this IL/POSS tem-
plating method for generating structures with other sym-
metries should now allow the systematic fabrication of a
wide variety of high temperature nonoxide ceramics with
large and complete bandgaps.

Results and Discussion

Multibeam interference lithography is a powerful tech-
nique to fabricate 1D, 2D, and 3D photonic structures with
(sub)micrometer periodicity over a large area with con-
trolled defects. The symmetry of the resulting structures is
controlled by the wave vectors and polarizations of the
interfering beams. By subjecting the interfering beams to
a photoresist using the same photochemistry developed in
conventional lithography, a wide range of 3D photonic
structures, including simple cubic (P), diamond (D),
diamond-like, gyroid (G), quasi-crystals, and compound
structures, can be designed and fabricated.17,18

The fabrication of a 3D PC with large and complete
photonic bandgaps typically requires backfilling of high
refractive index inorganicmaterials into a 3Dmicrostruc-
tured silica or organic-polymer templates18 and recently
new materials chemistry and templating strategies have

been developed to a range of such materials.16,19-22 Since
most polymer templates decompose above 500 �C,23 they
are not suitable for the fabrication of nonoxide ceramic
PCs, where temperatures in excess of 1000 �Care required
for most precursor ceramic conversions. More robust
templates, with thermal and mechanical properties
intermediate those of SiO2 and organic polymers, can be
formed from hybrid polyhedral oligomeric silsesquioxane
(POSS) materials that are composed of cube-octameric
Si-O Frameworks with eight organic corner groups. When
functionalized with epoxy groups, the POSS molecules
can be photo-cross-linked to form rigid structures.
The nonreactive organic moieties make the POSS com-
patible with various polymer systems and enhance crack
resistance.
We have previously reported the use of interference

lithography to fabricate 3Dphotonic structures from epoxy-
functionalized cyclohexyl polyhedral oligomeric silses-
quioxane, including diamond-like structures by four-beam
single exposure IL24 and PCs with diamond symmetry
via dual-beam quadruple exposure IL.25 These POSS-
derived structures were thermally and mechanically robust
with their 3D structures well-maintained above 500 �C.24

By treating the 3D POSS structures under Ar or O2 plasma,
we obtained crack-free samples over the entire patterned
area (∼5 mm in diameter).26 Since the 3D POSS structures
(both the original and oxidized ones) can be readily
removed by HF etching at room temperature, these IL-
patterned POSS-derived structures appeared to have the
ideal properties needed for use as templates in the con-
struction of high temperature nonoxide ceramic PCs with
designed microstructures.
Allylhydridopolycarbosilane (AHPCS)27,28 is a commer-

cially available (Starfire) preceramic polymer that upon
pyrolysis at 1100 �C converts in high yields to an oxygen-
free amorphous SiC ceramic. AHPCS pyrolyses at higher
temperaturesproducecrystallineβ-SiC.AHPCSisayellowish
viscous liquid at room temperature and we found that
it could be directly infiltrated into the 3D porous POSS
template by capillary force (Figure 1a-c). A cross-sectional
scanning electron microscopy (SEM) image is shown in
Figure 1e of a diamond-like POSS template with face-
centered cubic (fcc) translational symmetry that had been
backfilled with AHPCS, then pyrolyzed at 1100 �C under
Ar for 1 h. The template was nearly completely filled with
the ceramic from the top to the bottom of the film. The
small gap between the template and the infiltrated ceramic
(see top-view SEM image in Figure 1e inset) most likely
resulted from the large mismatch of the thermal coefficients
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of expansion at 1100 �C of the POSS template (or silica)
and the infiltrated ceramic. After HF etching, an inverse
3D ceramic structure was obtained that closely replicated
the POSS template (see Figure 1f). The 3-fold symmetry
was clearlymaintained in the (111) plane for an fcc lattice,
while the triangular-like hole array in the POSS template
was converted to an array of triangular-like ceramics. The
lattice constant in the 3D ceramic structure became smaller
due to film shrinkage at the high temperature; however,
the number of layers remained the same, ∼12. Quantitative
comparisons of the periodicity of the 3D ceramic structures
at different thermal treatment conditions will be discussed
later.
To confirm the ceramic composition within the 3D tem-

plate and investigate the chemical nature of the resulting
ceramics at the different pyrolysis temperatures, the ele-
mental compositions of the materials were measured by
energy-dispersive X-ray (EDX) mapping analysis along
with their FT-IR spectra. Measurements from bulk ceramic
films treated under the same conditions were used as
reference.
As can be seen in Table 1, the EDX data indicated that

therewas excess carbonandappreciableoxygencontained in
both the 3D and bulk ceramic films generated at 1100 �C
with ∼1:0.96:3.46 Si:O:C ratios in the 3D ceramic film
and∼1:0.23:1.29 ratios in the bulk film. The excess carbon is
consistent with the SiC/C ceramic compositions that have
been obtained from the AHPCS precursor.29 Since the
AHPCS ceramic precursor does not contain oxygen, the
observed oxygen contents must either come from reac-
tions of the films with the POSS template or by reactions
with trace O2 in the Ar during pyrolysis. The larger
oxygen content of the 3D film compared to the bulk film,

is most likely a result of the surface passivation of the
much larger surface area of the porous 3D structure. It
has been suggested that the oxygen that is often incorpo-
rated in the silicon carbide ceramics prepared from the poly-
carbosilane precursor is present as SiO2 on the ceramic
surface.30 The EDXmeasurements suggest the possibility
of silicon oxycarbide formation, since the observed ele-
mental ratios are in the ranges for such ceramics. Silicon
oxycarbides have typically been prepared by pyrolysis
between 800 and 1400 �C of silicon-containing polymers
or sol-gel precursors of organosilicates.31-33 They con-
tain both Si-C and Si-O bonds with the general formula
SiOxCy where x < 2 and can be viewed as mixtures of
SiO4/2, SiO3/2Cl/4, SiO2/2C2/4, SiO1/2C3/4, SiC4/4,

33 with
the relative amounts determined by the O/Si ratio. Depe-
nding on the C and O concentrations, they can be further
classified as being like SiC, Si-O-C or SiO2 materials,33,34

with each class having very different mass densities and
refractive index properties. For example, SiC-like materials
have the highest refractive index, 2.4-3.1, whereas Si-O-C
and SiO2-like materials have refractive indices of 1.76-1.85
and 1.5, respectively.34 The high refractive index of ∼2.65
that wasmeasured, as discussed later, for the 3Dmaterial
formed at 1100 �C indicates that it is a SiC-like material.

Figure 1. (a-c) Schematic illustration of the fabrication of a 3D ceramic structure from the 3D POSS template, (d-f) SEM images of 3DPOSS template,
(d) template/ceramic composite, (e) pyrolyzed at 1100 �C for 1 h under Ar, and (f) the inverse 3D ceramic structure after removal of the template. All the
insets are the corresponding top views. Scale bars in insets: 500 nm.
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This conclusion is supported by the FT-IR spectrum
(Figure 2) of the 3D ceramic film, which showed a much
stronger Si-C stretching (peak F, 812 cm-1) relative to
the O-Si-O vibration (peak E, 1063 cm-1). Likewise,
the fact that the 3D ceramic film, unlike the SiO2 tem-
plate, did not dissolve in aqueous HF solution indicates

that it has properties more consistent with a SiC-like
ceramic.35,36

Silicon oxycarbides are known to undergo carbothermic
reduction at higher temperatures (g1300 �C) to produce
SiCwith loss of carbonmonoxide37-39 and crystallization
to β-SiC Carbothermal reduction of higher carbon con-
tent silicon oxycarbide yields silicon carbide with residual
C.39 Consistent with the literature, an oxygen-free 3D
film with a near stoichiometric Si1.0C1.15 ratio was
achieved when the 1100 �C generated inverse 3D ceramic
filmwas pyrolyzed at 1300 �C for 1 h in vacuo (see Table 1

Table 1. Elemental C, O and Si Contents by EDX in the Ceramic Films (Both 3D and Bulk) Pyrolyzed at 1100 or 1300 �C for 1 h

under Ar or Vacuum Environmentsa

Materials C O Si

Inverse 3D ceramic, 1100 �C under Ar 63.59 17.63 18.36
Bulk ceramic film, 1100 �C under Ar 51.17 9.17 39.65
Inverse 3D ceramic after additional sintering at 1300 �C in vacuo* 51.04 0.60 44.24
Bulk ceramic film, 1300 �C in vacuo 53.66 0 46.34

aAll films were supported on Si wafers. *Trace contaminants: Fe 3.37% and Ni 0.75%.

Figure 2. FTIR spectra of bulk POSS and inverse 3D ceramic films
treatedunder different conditions. (1) BulkPOSS film. (2)BulkPOSS film
pyrolyzed at 1100 �C for 1 h under Ar. (3) Inverse 3D ceramic film
pyrolyzed at 1100 �C for 1 h under Ar. (4) Inverse 3D ceramic film
pyrolyzed for additional 1 h at 1300 �C in vacuo. Peak A: OH stretch; B:
CH2 stretch; C: CH2 deformation; D: CH3 deformation; E: O-Si-O
vibration; F: Si-C stretch.

Figure 3. SEM images of the inverse 3D ceramic film of Figure 1 following
additional pyrolysis at 1100 �C for 1 h in vacuo. (a) Top view, (b, c) Cross-
sectional views in different plane directions, (d) Cross-sectional view of
the sample FIBmilled perpendicularly to the (111) plane with an output
current of 1000 pA, and sample tilt at 52�.

Figure 4. SEM images of inverse 3D ceramic film following additional
pyrolysis at 1300 �C in vacuo (5� 10-5 mTorr) for 1 h, showing the onset
of β-SiC crystallization. (a) Top view. (b) Cross-sectional view.

Figure 5. X-ray diffraction (XRD) spectra of bulk ceramic films pyrolyzed
at different temperatures. *: peaks from Si substrate.
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and Figure 2). While the SEM images of the 3D films
generated at 1100 �C appeared amorphous (Figure 3), the
3D films prepared at 1300 �C in vacuo appeared crystal-
line with crystallite sizes of∼10 nm (Figure 4). The sharp
peaks at 35.4� and 41.1� 2θ in the X-ray diffraction (XRD)
data of the 1300 �Cbulk ceramic film indicate, as normally
found forAHPCS-derived ceramics, β-SiC crystallization
(see Figure 5).40,41

As can be seen by comparing Figures 3 and 4, the onset
of crystallization leads to some distortion in the 1300 �C
PC array. Further annealing at higher temperature would
increase the degree of crystallization and the resulting grain
growth would degrade the uniformity of the array. Thus, to
maintain the structural integrity of these materials at
higher temperatures, it will be necessary to retard ceramic
crystallization by, for example, the addition of other
elements such as boron.42,43

The lattice constants of the 3D structures measured at
different processing stages are summarized in Table 2.
The lattice parameter in the (111) plane was measured
from the top-view SEM images by averaging over two
samples at three different locations.44 At each location,
we drew lines in three different directions. The distance
between the adjacent lattice planes in the [111] direction
was measured from the focus-ion-beam (FIB) milled
cross-section with the FIB normal to the sample surface.
Compared to the 3D POSS structure, the ceramic/POSS
composite (Figure 1e) had ∼13.2% shrinkage in the

vertical direction and 19.4% shrinkage in the (111) plane
after being pyrolyzed at 1100 �C under Ar. The relatively
large shrinkage in the (111) plane and the thermal coeffi-
cient of expansion mismatch between the film and the
substrate (Si) led to many microcracks in the pyrolyzed
samples. However, locally crack-free single domains over
at least 100 μm by 100 μm areas could be readily found,
allowing for SEM and FT-IR characterizations. There
was almost no change in the lattice constants of the
inverse 3D silicon oxycarbide structures after removal
of the POSS template by aq. HF etching (see Table 2).
The inverse 3D ceramic photonic crystals were stable

up to1300 �Cunderan inert atmosphere.As seen inFigure3,
the 3D structure was well-maintained with only a small
dimensional change after the additional pyrolysis in vacuo,
with only 3.8% and 8.9% shrinkages in the (111) plane at
1100 and 1300 �C, respectively, and 3.4% and 6.8% in the
[111] direction, respectively (see Table 2).
To evaluate the photonic bandgap properties of these

newly synthesized 3D ceramic photonic crystals, FT-IR
was used to measure the reflectance of the 3D structures,
including the unfilled POSS template, ceramic/template
composite, and the inverse ceramic films obtained at differ-
ent processing conditions. The results were then compared
with the calculated PBGs. As can be seen in Figure 6a, a
stop band peak at 1.78 μmwas observed from the unfilled
3D POSS template. For the ceramic filled composite
pyrolyzed at 1100 �C under Ar, there was a bathochromic
shift of the reflection peak to ∼2.45 μm (Figure 6b). This
shift is expected due to the increase in the mean refractive
index of the ceramic/template composite structure. After
removal of the template, a blue shift of the stop band to
1.84 μm was observed for the inverse 3D ceramic struc-
ture (Figure 6c) since the mean refractive index was

Figure 6. FT-IR reflectance spectra of 3D diamond-like structures in the [111] direction. (a) Unfilled 3D POSS template. (b) 3D template/ceramic
composite pyrolyzed at 1100 �C for 1 h under Ar. (c) Inverse 3D ceramic (silicon oxycarbide) after template removal. (d) Inverse 3D silicon carbide
obtained after additional heating of the silicon oxycarbide film to 1300 �C for 1 h in vacuo. In each panel, the left figure is a simulated spectrum and the
right one is the experimental FT-IR spectrum.

Table 2. Comparisons of the Lattice Constants of 3D POSS Template and Ceramic Structures Obtained at Different Stages

3D unfilled
POSS template

3D ceramic/POSS
composite pyrolyzed
at 1100 �C under Ar

Inverse 3D ceramic film
pyrolyzed at 1100 �C

under Ar

Inverse 3D ceramic film
with additional in vacuo
sintering at 1100 �C

Inverse 3D ceramic film
with additional in vacuo
sintering at 1300 �C

Pitch in the (111) plane (μm) 0.98 0.79 0.79 0.76 0.72
Distance between the adjacent

planes in the [111] direction (μm)
0.68 0.59 0.59 0.57 0.55
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decreased. The peak reflectivity increased significantly
from 0.8 (3D unfilled POSS) to 2.0 (inverse 3D ceramic),
indicating an increased optical quality of the films. Addi-
tionally, we observed that the ceramic/template compos-
ite film was the most colorful with the highest reflectivity
of 6.2. This result is different from our previous observa-
tion from titania infiltrated polymer templates.23 This
difference may be due in part to the small air gap between
the infiltrated ceramic and the template structure (Figure 1e)
and the larger mean refractive index for the composite
compared to that of the inverse 3D structure. The experi-
mental reflectivity peak positions at different processing
stages agree well with the calculated bandgaps, further
supporting the high quality of the backfilling and the
resulting 3D ceramic photonic crystals. In the calcula-
tions, 1.52,26 1.4545 and 2.65 were used as the reflective
indices of the POSS at room temperature, the POSS after
heating to 1100 �C (converted to silica-likematerials), and
the SiC-like silicon oxycarbide obtained at 1100 �C under
Ar, respectively. In the composite film, we considered
∼5% air and 52.5% filling volume fraction of the ceramic
based on SEM images. Since the refractive index of the
3D ceramic film cannot be directly measured, the experi-
mentally observed bandgapwas fittedwith the theoretical
simulation to calculate its refractive index. The high value
of 2.65 suggests that the ceramic film pyrolyzed at 1100 �C
under Ar is indeed SiC-like.34 When the 3D ceramic film
was further heated at 1300 �C in vacuo, the resulting 3D
SiC material had a refractive index of 2.56 that is close to
both the literature value45 of 2.55 for all SiC polytypes and
that experimentally measured for the ceramic PC obtained
at 1100 �C under Ar. After additional heating to 1300 �C
in vacuo, the absolute reflectancewas slightly increased to
2.10, but because of the small changes in the refractive
index and volume filling fractions, 52.5% to 45%, the stop
band position remained at 1.84 μm (Figure 6d). The high
reflectivityof thephotonicbandgapsobserved in the ceramic
films and their match with simulation clearly provide
evidence of the high quality of the ceramic photonic
crystals synthesized through the IL-patterned POSS tem-
plates. Even with the distortion arising from the onset
of SiC crystallization at 1300 �C, the PC structure and
bandgap position were well maintained.

Conclusions

The fabrication of diamond-like 3D silicon-oxycarbide
and silicon-carbide ceramic photonic crystals have been
achievedbyusing four-beam interference lithography (IL) in
conjunction with templating via a polymeric precursor
backfilled into 3D POSS structures. FT-IR and EDX
analysis suggested that the 3D ceramic films pyrolyzed at
1100 �Cunder Ar are SiC-like silicon oxycarbide. Further
thermal treatment at 1300 �C in vacuo converted the
amorphous ceramic film to oxygen-free crystalline 3D
β-SiC. The 3D ceramic structures were highly thermally
stable: additional pyrolysis above 1100 �C in vacuo

showed only 2.5%and 8.9% shrinkages in the (111) plane
at 1100 and 1300 �C, respectively, and 3.4% and 6.8% in
the [111] direction, respectively. A comparison of the
calculated photonic bandgap properties to the measure-
ments of film reflectivity in the [111] direction before and
after the ceramic conversion suggested that the template
was nearly completely filled by the ceramic, with the photonic
structure being preserved after the removal of the tem-
plate. Although template syntheses of high-temperature
ceramics have previously been achieved using nanofiber,
nanotube, colloidal-particle, block-copolymer, and 3D
diatom46-53 templates, the laser-based IL techniqueoffersan
efficientandversatile route to create awide rangeofphotonic
structures by careful design of appropriate optical setups.
This templating approach using 3D organosilicate struc-
tures in conjunction with an appropriate preceramic
precursor should now allow the fabrication of a variety
of highly robust 3D nonoxide ceramic photonic crystals.
Aswill be reported elsewhere, we have in fact already used
this method to fabricate 3D boron carbide structures
from the 3D POSS structure by backfilling with the
bis(decaboranyl)hexane ceramic precursor.54

Experimental Methods

Fabrication of 3D POSS Structures. The 3D POSS structure

was fabricated by four-beam interference lithography using the

same optical setup reported earlier.23 Briefly, the central beam

of a visible diode-pumped Nd:YVO4 laser (Coherent, Verdi V6,

λ=532 nm) was circularly polarized with normal incidence to

the photoresist film, while the other three surrounding beams

were linearly polarized andoblique at 39� relative to the central one.
The wave vectors of four beams were k0=π/a[333], k1=π/a[511],
k2=π/a[151], and k3=π/a[115], respectively. The polarization
vectors of beam 1, 2, and 3 were e1=[-0.250, 0.345, 0.905], e2=

[0.905, -0.250, 0.345], and e3= [0.345, 0.905, -0.250], respec-

tively. The circular polarization of the central beam distributed the

intensity equally to the surrounding beams, at a ratio of 1.8:1:1:1.

The photoresist solution (∼80 wt%) was formulated by mixing

epoxycyclohexyl POSS cage mixture (EP0408, Hybrid Plastics)

and 1.0 wt % Irgacure 261 (Ciba Specialty Chemicals) as visible

photoinitiators in propylene glycol monomethyl ether acetate

(PGMEA, Aldrich). After spin coating the photoresist solution

on an oxygen plasma (PDC-001, Harrick Scientific Products, Inc.)

cleaned siliconwafer at 2000 rpm for 30 s, followed by prebaking

at 50 �C for ∼40 min and 95 �C for 2 min, a ∼8 μm thick POSS

filmwas obtained.After exposure to four-interfering beams (power

of beam source ∼0.7 w) for ∼1 s, the film was postexposure

baked at 50 �C for 30 s and then developed in PGMEA to

obtain the 3D microporous structures. The films were dried

(45) Lide, D. R., CRC Handbook of Chemistry and Physics, 82nd ed.;
CRC Press: Boca Raton, FL, 2001-2002.

(46) Pender, M. J.; Sneddon, L. G. Chem. Mater. 2000, 12, 280.
(47) Sneddon,L.G.; Pender,M. J.; Forsthoefel,K.M.;Kusari,U.;Wei,

X. L. J. European Ceram. Soc. 2005, 25, 91.
(48) Kusari, U.; Bao, Z.; Cai, Y.; Ahmad, G.; Sandhage, K. H.;

Sneddon, L. G. Chem. Commun. 2007, 1177.
(49) Jones, B. H.; Lodge, T. P. J. Am. Chem. Soc. 2009, 131, 1676.
(50) Pashchanka,M.; Engstler, J.; Schneider, J. J.; Siozios, V.; Fasel, C.;

Hauser, R.; Kinski, I.; Riedel, R.; Lauterbach, S.; Kleebe, H. J.;
Flege, S.; Ensinger, W. Eur. J. Inorg. Chem. 2009, 23, 3496.

(51) Takagi, K.; Takahashi, T.; Kikuchi, K.; Kawasaki, A. J. Eur.
Ceram. Soc. 2010, 30, 2049.

(52) Niu, L. F.; Kua, H. Y.; Chua, D. H. C. Langmuir 2010, 26, 4069.
(53) Xiao, Z. Y.; Wang, A. J.; Kim, D. P. J. Mater. Chem. 2010, 20,

2853.
(54) Pender, M. J.; Carroll, P. J.; Sneddon, L. G. J. Am. Chem. Soc.

2001, 123, 12222.
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in a supercritical CO2 dryer (SAMDRI-PVT-3D, tousimis) to

prevent pattern collapse.

Template Fabrication of the 3DCeramic PhotonicCrystals.To

obtain the 3D ceramic photonic crystals, the AHPCS liquid

precursor (allylhydridopolycarbosilane from Starfire Systems,

used as received except that any volatile impurities were initially

removed by pumping under high vacuum) was infiltrated into

the 3D POSS template through capillary action. To minimize

the formation of any overcoat on top of the template, a droplet

of AHPCS liquid was placed at the side of the 3DPOSS film and

kept in contact for ∼30 min to achieve complete filling. The

infiltrated AHPCSwas then converted to the ceramic at 1100 �C
under Ar for 1 h at a heating rate of 10 �C/min in a thermal

gravimetric analysis (TGA) sample pan (TA Instruments, SDT

2960 simultaneous DTA-TGA). After cooling to room tem-

perature, the sample was immersed in an aqueous HF solution

(∼20 wt %) for ∼4 h to remove the POSS template, and then

rinsedwithDIwater at least five times before characterization.26

As a reference, the bulk ceramic film (thickness >8 μm) was

prepared by spin coatingAHPCSonto a siliconwafer, followed by

pyrolysis under the same conditions as that used for the 3D

ceramic PCs (Scheme 1).

The above obtained ceramic films (both 3D and bulk) were

further heated to 1100 and 1300 �C, respectively, in vacuo (∼1�
10-5 mTorr) in a tube furnace at a rate of 10 �C/min, and held

for 1 h to investigate their thermal stability.

Characterization. High resolution SEM images were taken

from the FEI Strata DB235 Focused Ion Beam (FIB) system at

5 kV. The lattice constant in the (111) plane was measured from

the top-view SEM images by averaging over two samples at three

different locations, each having data points drawn from three

different directions. The distance between the adjacent lattice

planes in the [111] direction was measured from the FIB milled

cross-section. The samples were cut by FIB normal to the sur-

face at an acceleration current of 1000 pA. The film shrinkage

was estimated by comparing the measured lattice constants to

the theoretically calculated values.44 The FT-IR spectra were

acquired on a Nicolet 8700 equipped with Nicolet continuum

infrared microscope. The samples were measured in the reflec-

tion mode with a MCT detector in the [111] direction, and an

aperture size of∼80� 80 μm. The photonic bandgap properties

of the crystal structures obtained at the different processing

steps were calculated with the MIT Photonic-Band Package,

where the refractive indices of 1.52,26 1.45,45 2.65, and 2.5645

were used for POSS, silica, SiC-like silicon oxycarbide, and

silicon carbide, respectively. The overall chemical compositions

and distribution of the chemical elements in the 3D structures

were determined by energy-dispersive X-ray (EDX) analysis on

a high resolution field emission scanning electron microscope

(FESEM) JEOL 7500F coupled to anOxford Si/Li detector and

INCA software. The EDX spectra were collected at an accel-

eration voltage of 13 KeV. Since the 3D SiC films were thick

(∼8 μm), the samples were supported on a siliconwafer for EDX

measurement after confirming the same element compositions

on a tantalum substrate.
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Scheme 1. Chemical Structures of the Template Material, Epoxycyclohexyl POSS, and the Ceramic Precursor, AHPCS


