Crack-Free 3D Hybrid Microstructures
from Photosensitive Organosilicates as
Versatile Photonic Templates
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hree-dimensional (3D) structures

with (sub)micrometer periodicity

are of interest for a wide range of ap-
plications, including photonic' and
phononic crystals,>* optical data storage,*
microfluidics,>® optofluidics,” sensors,8~1°
tissue scaffolds,” as well as controlled deliv-
ery."? Various fabrication methods, includ-
ing self-assembly, standard layer-by-layer
microfabrication process, and nonconven-
tional optical lithography, have been stud-
ied to create various 3D structures with
(sub)micrometer periodicity in a controlled
manner.”>~ > Among them, laser-based mi-
crofabrication techniques, such as multi-
beam interference lithography, offer effi-
cient routes to fabricate 2D and 3D complex
structures with periods of 0.3 to 6 um over
large area with controlled defects. The re-
quirement of photosensitive materials,
however, limits direct fabrication of 3D
microstructures over a wide range of mate-
rials that are not compatible with a litho-
graphic process, such as high index semi-
conductors for complete photonic band
gap (PBG) properties, and responsive hydro-
gels and elastomers for dynamic tuning of
the structure—property.

Alternatively, the patterned 3D polymer
structures can be used as templates for
backfilling with organic, hybrid, and inor-
ganic materials, followed by removal of the
polymer template to obtain inverse 3D
structures. Because the 3D templates fabri-
cated by interference lithography are bicon-
tinuous networks, after backfilling, they
have to be removed either by decomposi-
tion or by dissolution. In interference lithog-
raphy, negative-tone photoresists (e.g.,
SU-8) are commonly used,'> which form
highly cross-linked 3D networks that are dif-
ficult to remove by solvent or heat below
400 °C. Therefore, it is not possible to tem-
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ABSTRACT We fabricated diamond-like microstructures from epoxy-functionalized cyclohexyl polyhedral
oligomeric silsesquioxanes (POSS) through four-beam interference lithography. The 3D structure was maintained
when calcined at a temperature up to 1100 °C, and crack-free samples over a large area (~5 mm in diameter) were
obtained when the POSS films were heated at 500 °C under an Ar environment or treated with a low intensity
oxygen plasma. In the latter, the volume fraction of the 3D porous structures could be fine-tuned by plasma
etching time and power. Both Fourier transform infrared (FT-IR) spectroscopy and energy-dispersive X-ray (EDX)
spectroscopy analysis suggested that the presence of carbon materials in the films enhanced the crack resistance
of 3D POSS structures treated under Ar or oxygen plasma. Since POSS and its derivatives could be easily removed by
HF solution at room temperature, we demonstrated high fidelity replication of the 3D porous structures to
biocompatible poly(glycidyl methacrylate) (PGMA) and elastomeric poly(dimethylsiloxane) (PDMS). Importantly,
the whole fabrication process (template fabrication, infiltration, and removal) was carried out at room
temperature. Finally, we illustrated the application of 3D PDMS film as a reversible and repeatable color-changing,
flexible photonic crystal.

KEYWORDS: multibeam interference lithography - photonic crystal - high
fidelity - crack-free - thermal and mechanical
stability - templating - POSS - PDMS - hydrogels

plate other organic polymers, specifically,
responsive hydrogels and elastomeric poly-
(dimethylsiloxane) (PDMS) films, from the
negative-tone resist templates. A handful of
groups have used commercially available
positive-tone resist, AZ5214 (Clariant Inter-
national Ltd.) to create 2D and 3D
structures,>' which can be easily dissolved
in an organic solvent after infiltration. Jang
et al. fabricated a 3D PDMS film from the
corresponding AZ5214 template as a tun-
able phononic crystal.> However, the aro-
matic groups in AZ series resists are highly
absorbing in the UV—vis region, thus limit-
ing the film thickness of 3D structures to
less than 5 um.3

Additionally, a high deposition tempera-
ture (>400 °C) is necessary when templat-
ing high refractive index (e.g., Si and TiO,)
photonic crystals, at which the polymer
templates begin to decompose. Therefore,
a double templating process via silica rep-
lica of the polymer template has often been
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employed.'®'” Backfilling and calcination processes
(both >400 °C), however, often suffer from large vol-
ume shrinkage that causes pattern collapse and crack
formation.'®” 2% Overall, the fidelity of the final 3D struc-
ture is critically dependent on that of the template
and its backfilling and removal processes.

An ideal 3D template should be (1) compatible with
photolithographic process, (2) thermally and mechani-
cally robust above 400 °C, and (3) easy to remove at
room temperature by either dry etching or dissolution.
Polyhedral oligomeric silsesquioxanes (POSS) are a
unique class of hybrid materials, which possess the
structure of cube-octameric frameworks with eight or-
ganic corner groups. They have a chemical composition
of RSiO; 5 with thermal and mechanical properties inter-
mediate between SiO, and organic polymers. The func-
tional groups, such as epoxy and (meth)acrylate,
can be introduced to make the POSS materials
photopatternable.?'~2?> Further, the presence of or-
ganic moieties makes POSS compatible with various
polymer systems, as well as enhance crack resistance
of the film.26

Recently, we have investigated the direct fabrication
of 3D silica-like structures from epoxy-functionalized cy-
clohexyl polyhedral oligomeric silsesquioxanes (epoxy
POSS) using four-beam interference lithography.?> We
showed that the 3D epoxy POSS structures were main-
tained without global volume shrinkage during the heat
treatment (up to 400 °C) by thinning the struts that con-
nect motifs. Since organosilicates can be conveniently
converted to silica by thermal decomposition of the or-
ganic moieties, which can be subsequently removed by
aqueous hydrofluoric acid (HF) solution at room temper-
ature, the 3D POSS structures are attractive as templates
for infiltration of a wide range of organic and inorganic
materials. However, we found microcracks had appeared
all over the POSS film when heating above 400 °C in air
due to the residue strain in the porous film caused by the
large mass loss and materials shrinkage. To eliminate the
cracks and maintain the high fidelity of the 3D structures,
a few groups have investigated application of a sacrificial
layer between the film and substrate,'*? such that the
obtained free-standing films shrink isotropically during
sintering to minimize residual strain within the film. Nev-
ertheless, this approach is not ideal for fabrication of on-
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(CgH130,) n(SiO4 5)n, n=8,10,12

Scheme 1. Schematic illustration of epoxycyclohexyl-functionalized POSS cage structure and its

conversion to

silica-like structures under different conditions.
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1) 500°C in Oy, or
2) 500°C in Ar, or
3) O, plasma

chip devices. Recently, Orilall et al.?® have shown stable
macroporous 3D structures from polystyrene colloidal
templates, which were heated under inert atmosphere
up to 900 °C. The stability was attributed to the forma-
tion of amorphous/graphitic-like carbon within the
template.

Here, we demonstrate the fabrication of crack-
free 3D silica-like structures over a large area (~5
mm in diameter) when treating the diamond-like ep-
oxy POSS films in two different processes, including
thermal treatment under an Ar environment and O,
plasma etching. The diamond-like POSS films were
fabricated through four-beam interference lithogra-
phy, followed by calcination under either an O, or Ar
environment or O, plasma etching, to investigate
the thermal and mechanical stability of the result-
ing films. The 3D structure was maintained when cal-
cined at a temperature up to 1100 °C, and crack-
free samples were obtained when the POSS films
were treated with a low intensity O, plasma or
heated at 500 °C under an Ar environment, in con-
trast to crack formation when heated in O,. Fourier
transform infrared (FT-IR) spectroscopy and energy-
dispersive X-ray (EDX) spectroscopy analysis sug-
gested that the chemical nature and composition
of the films remained the same as POSS after O,
plasma, whereas a large quantity of amorphous car-
bon was found in the film calcined in Ar, which
might contribute to the crack resistance of the films.
In contrast, the POSS film was nearly completely con-
verted to silica when calcined in O,. Further, the vol-
ume fraction of the porous film could be conve-
niently controlled by O, plasma etching time and
power. Since the epoxy POSS film and its derivatives
could be easily removed by HF solution at room tem-
perature, we demonstrated high fidelity replication
of the 3D porous structures to biocompatible poly(g-
lycidyl methacrylate) (PGMA) and elastomeric PDMS.
We note that the whole fabrication process (tem-
plate fabrication, infiltration, and removal) was car-
ried out at room temperature. Finally, we illustrated
one potential application of 3D PDMS film as a re-
versibly color-changing, flexible photonic crystal.

RESULTS AND DISCUSSION

The 3D POSS structures were
fabricated by four-beam interfer-
ence lithography of the negative-
tone resist, epoxycyclohexyl POSS
(Scheme 1).2° Compared to SU-8
materials, where 2 wt % photoacid
generators (PAG) were used, 1 wt %
or less PAG was sufficient for the
POSS photoresist, and the exposure
time was half of that for SU-8 un-
der the same exposure power. This
can be attributed to the lower glass

3D SiO, or
C,SiO,
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Figure 1. SEM images of 3D POSS. (a) Large view. (b) Top view. (c) Cross-sectional
view. The sample was focus-ion-milled and tilted at 45°.

TABLE 1. Characteristics of Diamond-like POSS Structure
Fabricated by Holographic Lithography

POSS (n = 1.52)

distance between
the adjacent
lattice planes in

materials pitch in the (111) plane the [111] direction
experimental (um) 0.98 0.68
calculated (pum) 0.98 1.30
shrinkage (%) 0 48
volume shrinkage (%) 48

transition temperature (Tg) of epoxy POSS (~3 °C by dif-
ferential scanning calorimetry, DSC) than that of SU-8 (50
°C). Therefore, the acid diffusion was much faster in epoxy
POSS, resulting in a lower insolubility threshold. The re-
sulting 3D structures were characterized by scanning
electron microscopy (SEM). It is known that negative-
tone photoresists have relatively large film shrinkage dur-
ing photo-cross-linking and developing steps when films
become more densified.?3° Quantification of the shrink-
age of the fabricated 3D POSS structures will be important
to estimate the residual strain imposed in the film for
later processing and to predict the influence to the struc-
tural, mechanical, and optical properties. First, we recon-
structed the 3D structures based on SEM images obtained
at different crystal planes (Figure 1) and compared the lat-
tice constants to the calculated values. The detailed calcu-
lation and reconstruction of the theoretical 3D structures
were reported earlier.?’ A refractive index of 1.52 was used
for epoxy POSS in our calculation, which was determined
by ellipsometry measurement. As seen in Table 1, there
is 48% shrinkage in the [111] direction but no shrinkage
in the (111) plane, leaving large residual strain within the
POSS film. The difference in shrinkage in different direc-
tions can be explained by the substrate confinement ef-
fect, where the porous structure can shrink freely
in the vertical direction but is restricted in the
horizontal plane.?®?' The slightly larger shrink-
age of 3D POSS in the [111] direction in compari-
son to SU-8 (41%)?° may be due to the lower mo-
lecular weight of the epoxy POSS precursor
(with lower T), resulting in larger density change
after photo-cross-linking.

when sintered at 500 °C in air
to remove the organic contents
(Scheme 1).%° The 3D structure
was found thermally stable up
to 500 °C in air or O,, and the
POSS film was converted to
silica. However, microcracks ap-
peared throughout the film
(Figure 2) due to large mass
loss and mismatch of coeffi-
cient of thermal expansion
(CTE) between the porous silica structure and the glass
substrate. While the crack-free area could be found in
local domains (~100 X 100 wm?), the formation of
microcracks over a mm? area remains undesirable for
templating high index materials, which often requires
high deposition temperature (400—800 °C). In turn, it
will decrease the quality of the film for potential photo-
nic device application.

Orilall et al. recently have shown that heating the
polystyrene colloidal templates under an inert atmo-
sphere up to 900 °C converts the polymer into sturdy
amorphous/graphitic-like carbon, which prevents the
collapse of the macroporous structures.? To investigate
whether this mechanism was applicable to our system,
we performed thermal treatment under Ar atmosphere
at a temperature varied from 500 to 1100 °C for 1 h.
We found that the whole film was crack-free at 500 °C
in Ar in contrast to that heated in O, (see Figure 3),
whereas cracks appeared at 1100 °C, probably due to
large thermal coefficient mismatch between the film
and the substrate. Here, the film was transferred from
a cover glass to a Si wafer since glass became softened
above 1000 °C. Compared to the original POSS struc-
ture, the pore size became bigger after calcination (Fig-
ure 3c) due to the large mass loss. Further, the optical

Figure 2. SEM images of 3D POSS structures after calcination at 500 °C

for 1 h in O,. (a) Large view. (b) Close-up view.

11DI1Ld

Previously, we have studied the thermal

Figure 3. SEM images of 3D POSS structures after calcination at 500 °C for 1 h under
and mechanical stability of the 3D epoxy POSS  an Ar environment at different magnifications: (a) 150%, (b) 500%, and (c) 50 000 x.
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Figure 4. Optical images of 3D POSS films (a) before and (b) after heating
at 500 °C for 1 h in Ar. The images were taken at the same light illumina-
tion angle of 45°.

Figure 5. SEM images of 3D POSS structures after O, plasma etching (power of 30 W)
for 1 h. (a) Large view. (b) Top view. Inset: close-up view. (d) Cross-sectional view.

photograph of the 3D POSS structure after thermal
treatment in Ar (Figure 4b) appeared darker compared
to that of the as-fabricated one (Figure 4a), which might
be due to the formation of carbon in the film. Surpris-
ingly, no major microcracks were observed under opti-
cal microscope, which was further manifested by SEM
images under different magnifications (Figure 3).

In addition to the film quality, the filling volume frac-
tion of the template, thus, the porosity of the inversed
photonic crystal, plays an important role to open a com-

Flgure 6. SEM images of 3D POSS structures after O, plasma etching at
different time: (a,b) 3 h 40 min, (c) 5 h 40 min, and (d) 10 h in total. The
films were continuously etched for 1—2 h before taken out and cooled
and put back to the chamber for etching. Scale bar = 1 pm.

AN AN voL.3 = No.10 = XU ET AL

plete band gap."” Thus, we attempted a second ap-
proach, that is, a dry etching method using O, plasma,
to remove the organic moieties at room temperature
(Scheme 1). Compared to thermal treatment, the latter
approach will offer the flexibility to control the filling
volume fraction. As seen in Figure 5, when the film was
exposed to a low power (30 W) O, plasma for 1 h, a
crack-free film over ~5 mm in diameter was obtained,
whereas the skeleton of the 3D structure apparently be-
came thinner (strut width, ~130 nm) (Figure 5b) in
comparison to that of the original POSS film (~283

m) (Figure 1b). If the film remained in the plasma
chamber continuously for a few hours, it be-
came rather hot and microcracks were ob-
served as those seen in the samples calcined
in O, (see Figure 2). If the sample was taken out
of the plasma chamber intermittently for cool-
ing, then etched again, for example, for an-
other 2 h and 40 min, the film remained crack-
free, while the porosity was increased to 70%
and the skeleton was as thin as ~78 nm (Fig-
ure 6a,b). When the total plasma time was in-
creased to 5 h 40 min, the top surface of the po-
rous structure began to collapse (Figure 6¢)
and the 3D structure was completely destroyed after
O, plasma treatment for a total of 10 h (Figure 6d). Since
the plasma etching is a top-down process, we have
been curious about how uniform the etching was
throughout the film. Surprisingly, in contrast to the re-
sult shown in Figure 6¢ with long etching time, at a rela-
tively shorter etching time (<4 h), the porosity and skel-
eton thickness were rather uniform throughout the
film in the 3D structures according to the cross-
sectional SEM images (Figures 5c¢ and 6b). We think
both the low etching intensity in our plasma chamber
and relatively thin film of 3D structures (<10 wm thick)
may contribute to the rather uniform etching results.
Nevertheless, the experiments demonstrated that we
could vary the film porosity up to 80% before the 3D
structure collapsed simply by changing the O, plasma
treatment time, which would allow us to manipulate
the photonic band gap properties.

To understand the underlying mechanism of the
high fidelity 3D structures obtained after thermal treat-
ment in either Ar or O, plasma, we investigated the
chemical nature of the films in different processes us-
ing FT-IR and EDX spectroscopy analysis. As seen in Fig-
ure 7, we have identified 10 IR bands: A (3000—3700
cm™'), B (2800 —3000 cm™'), C (1636 cm™ "), D
(1350—1450cm ™), E (1245 cm™"), F (1000— 1150 cm ™),
G (1076 cm™"), H (955 cm™"), 1 (870—890 cm™"), J
(780—800 cm ™). Some of the Si—O peaks and C—0
ether or epoxy ring peaks overlap. The detailed assign-
ment of the observed IR peaks is summarized in Table 2.

In comparison to the IR spectrum of SiO, as a refer-
ence,* it is clear that all films contain a certain amount
of carbon. Heating the film in O, removed most carbon,

Www.acsnano.org



substrate contribution of Si or O. As
G seen in Table 3, for a POSS film treated
in Ar at 500 °C for 1 h, the O/Si ratio
was close to 2. However, a significant
amount of residual carbon, 28.83 wt %,
remained in the film, in contrast to a
trace amount of carbon (1.67 wt %) in
the POSS film heated in O,. For the lat-
ter, the O/Si ratio was also close to 2,
indicating nearly complete conversion
of POSS to silica. For O, plasma treated
(30 W, 1 h) film, the C/Si ratio was
nearly identical to the original POSS
film, in agreement with FT-IR results,
with 56.31 wt % carbon remaining in
the film. On the basis of stoichiomet-

350 POSS film
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Figure 7. FT-IR spectra of 3D POSS structures treated under different

conditions.

as evidenced with the disappearance of C—H stretch
peak (B, 2970 cm™'), and the film possessed a large
quantity of Si—OH (see peaks A and H). The appear-
ance of carbonyl peak C is probably due to the oxida-
tion of the film. For the films heated at 500 °C in Ar, a
large amount of CH, groups (see peaks B and D) was re-
moved but no —OH groups were formed, in contrast
to the film treated in O,. The intensity of shoulder G
(O—Si—0 long chain) increased from the original POSS
to O, plasma treated one and became a rather broad
peak in film treated in Ar, indicating that the cage struc-
tures with O—Si—0 short chains may have been col-
lapsed into ladder or random structures.>*3 The ap-
pearance of E and shift of J (800 cm™") to J’ (780 cm™")
with increased intensity, both from Si—C stretch, further
confirms the presence of carbon in the film treated in
Ar3* The POSS film after O, plasma treatment for 1 h
was nearly identical to that of the original film.

To quantify the elemental composition of the 3D
POSS films treated under different conditions, we per-
formed EDX mapping analysis. The film was transferred
to an Al substrate before EDX mapping to eliminate

10100 5(IJO ric calculation, the residual carbon
from the heat treatment in Ar should
exist as amorphous/graphitic-like ma-
terial as suggested by Orilall et al.,?
not silicon oxycarbide. Supporting this,
the above treated templates could be easily removed
by HF aqueous solution (see discussion in the next sec-
tion), whereas the silicon oxycarbide film is known to
be not soluble in HF aqueous solution.® In any case,
both FT-IR and EDX analysis suggested that the pres-
ence of carbon materials in the films enhanced the
crack resistance of 3D POSS structures.

Since both the POSS film and its derivatives can be
readily dissolved in HF aqueous solution, they are at-
tractive as robust and versatile templates for replica-
tion of a wide range of materials that can be processed
either at low (e.g., organics, polymers) or at high tem-
peratures (e.g., semiconductors). The application of 3D
POSS templates for fabrication of high index semicon-
ductor photonic crystals will be discussed elsewhere.
Here, we demonstrated the utility of 3D POSS structures
for room-temperature templating of functional 3D poly-
meric structures, including PGMA and PDMS. Both of
them are biocompatible, and their 3D porous structures
are of interest as a scaffold for tissue engineering.363’
Moreover, PDMS is elastomeric. Its low Young's modu-

TABLE 2. Observed IR Peaks and Their Assignments for Epoxy POSS Films Treated under Different Conditions

peak POSS after cross-linking POSS after 0, plasma P0SS 500 °C, in 0, P0SS 500 °C, in Ar Si0," peak assignment
A 3000—3700 3000—3700 3000—3700 —OH stretch
B 2800—3000 2800—3000 2800—3000 —(H; stretch
C 1636 — (=0 stretch
D 1350—1450 1350—1450 —(H, deformation
E 1245 1272 — (H; deformation
F 1150—1000 1150—1000 1150—1000 1150—1000 —(—0—Cether stretch
137 137 137 1137 1186 —0—Si—0— short chain vibration
G 1076 1076 1076 1087 —0—Si—0— long chain
H 955 —Si—OH stretch
| 878 878 887 epoxy ring (—0—C deformation
5 800 790 800 780 810 Si—Cstretch

“From ref 32.
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TABLE 3. Elemental Analysis of 3D POSS Structures Treated under Different Conditions

bare POSS film“ 0, plasma treated 500 °Cin 0, 500 °Cin Ar
element relative weight (%) relative weight (%) relative atomic (%)  relative weight (%)  relative atomic (%)  relative weight (%) relative atomic (%)
C 58.54 56.31 66.88 1.67 2.70 28.83 4032
0 2439 28.47 25.39 56.68 68.60 37.88 39.77
Si 17.07 15.22 1.73 41.64 28.71 33.29 19.91
total 100.0 100.00 100.00 100.00 100.00 100.00 100.00

“The composition was calculated based on chemical fomulation of epoxy POSS provided by Hybrid Plastics, (CgH130),(Si01 ),

lus (1—3 MPa) makes it easily deformed under an exter-
nal force or by exposure to an organic solvent. Re-
cently, such deformation has been harnessed for
tunable phononic crystals.

Because epoxy POSS is highly transparent in the
UV —vis region, we have successfully fabricated 3D
POSS structures with film thickness up to 30 um in
comparison to <5 pum using AZ5214.2 The inverse
3D PGMA and PDMS structures were obtained by
first filling the viscous precursors into the porous
POSS template, followed by photopolymerization
(for PGMA) or thermal curing (for PDMS), and HF
etching (Scheme 2). Since PDMS is more hydropho-
bic than the POSS template, in order to remove the
POSS template, a little bit of organic solvent was
added in the HF solution to achieve good wettabil-
ity at the POSS/PDMS interface. This solvent must be
soluble in water but should neither dissolve nor
swell the PDMS film. Among many organic solvents,
DMSO offers the ideal combination as the wetting
solvent, which has a PDMS swelling ratio of 1.00.38
In our experiments, no apparent swelling was ob-
served after the PDMS sample was immersed in
DMSO for approximately 2 h. In the case of PGMA
replication, the HF aqueous solution has good wet-

HF etchingto
remove
template

Infiltration of
liquid precursor

.
_

3D POSS or silica-like

template

Scheme 2. Schematic illustration of the fabrication of 3D polymer structures tem-

ThermallJV curing

plated from 3D POSS at room temperature.

Figure 8. SEM images of 3D (a) PGMA and (b) PDMS structures after re-

moval of the POSS template by HF etching. Insets: cross-sectional views.
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tability on PGMA, thus, no organic solvent was
added. To estimate the POSS etching time, a con-
trol experiment was first conducted by immersing a
bare 3D POSS film in the same HF solution, which
was found completely dissolved in less than 10 min.
For the PGMA or PDMS/POSS composites, ~50 min
was necessary to remove the POSS template.

As seen in Figure 8, the PGMA and PDMS precur-
sors were completely filled into the templates and faith-
fully replicate the 3D diamond-like structures. Because
the whole fabrication process was achieved at room
temperature, including fabrication of template, infiltra-
tion of precursors and polymerization, and removal
of the template, high fidelity films that were completely
crack-free over the entire sample area (~5 mm in diam-
eter) were obtained. Compared to many reported tem-
plating processes using highly cross-linked negative-
tone resist (e.g., SU-8), which requires high
decomposition temperature (=400 °C in air) to remove
the template, the POSS 3D structure is clearly advanta-
geous and versatile for both high and low temperature
templating. The fabrication procedure we demon-
strated here can be straightforwardly applicable to
many other materials, organic, hybrid, and ceramic ma-
terials, for fabrication of a wide range of 3D structures.

Finally, we illustrate the application of 3D
PDMS film for flexible photonic switching. Since
PDMS film is deformable in organic solvent®
and/or under mechanical stretching,*® 3D PDMS
structures have been of interest as tunable pho-
tonic paper and inks*' and phononic crystals.?
Compared to solvent swelling-induced deforma-
tion, the use of mechanical force allows us to in-
dependently control the amount, direction
(uniaxial or biaxial in planar directions or in verti-
cal direction), and timing of strain applied to the
PDMS film. This added controllability offers us flexibil-
ity to maneuver the porosity and lattice constant of the
3D structure, thus, optical properties in real time. As
seen in Figure 9, when the photonic film was stretched
uniaxially in-plane, the hue of crystal color gradually
changed from bright yellow to red to dark green when
the applied strain was increased from 0 to 22.6% (Figure
9b1—b8). When the strain was released, the color was
completely recovered (Figure 9c1—c7; movie also avail-
able in Supporting Information). The wavelength of
the structure color, \, can be expressed by Bragg's

www.acsnano.org
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Figure 9. Reversibly in-plane stretching 3D PDMS structures. (a) Schematics of stretch-

tained when the POSS films
were treated with a low in-
L 4 tensity oxygen plasma or
! heated at 500 °C under an

Ar environment, in contrast
to crack formation when
thermally treated in O,. FT-IR
and EDX spectra analysis
suggested there was a large
quantity of residual carbon
left in the crack-free samples
to enhance the crack resis-
tance of the 3D structures.

b7 b8

c7

ing. (b,c) Optical images of 3D PDMS after reversibly stretching (b) and releasing (c) the ~ Further, we could fine-tune
strain at different levels. The color changed gradually as the strain was increased or de- (e filling volume fraction of

creased. (b1,c7) 0%, (b2,c6) 3.2%, (b3,c5) 6.5%, (b4,c4) 9.7%, (b5,c3) 12.9%, (b6,c2)

16.1%, (b7,c1) 19.4%, and (b8) 22.6%.

equation with Snell’s Law: X = 2d\/(n2 — sin? 0), where
dis the interplanar spacing of the planes, n. is the effec-
tive refractive index, and 8 is the angle of incident light.
When stretched in the (111) plane, lattice constants in-
creased along the stretching direction while that de-
creased in the perpendicular direction due to Poisson’s
ratio of PDMS (v = 0.5). These lattice-constant changes
shift the optical path of the diffraction light accordingly,
which in turn caused change of the diffraction color.
Moreover, this color tuning of the PDMS sheet is revers-
ible and repeatable. Detailed characterization of the
stretched films and their manipulation will be reported
elsewhere.

CONCLUSIONS

We fabricated diamond-like POSS structures
through four-beam interference lithography and
studied their thermal and mechanical stability ei-
ther under thermal treatment or by O, plasma. The
3D structure was maintained when calcined at a
temperature up to 1100 °C, and crack-free samples
over a large area (~5 mm in diameter) were ob-

EXPERIMENTAL METHODS

Fabrication of 3D POSS Structures. The 3D POSS structure was fab-
ricated by four-beam interference lithography following the pro-
cedure reported previously?® using a visible diode-pumped Nd:
YVO4 laser (N = 532 nm). The photoresist solution (~80 wt %)
was formulated by mixing epoxycyclohexyl POSS cage mixture
(EP0408, Hybrid Plastics) and 1.0 wt % Irgacure 261 (Ciba Spe-
cialty Chemicals) as visible photoinitiator in propylene glycol
monomethyl ether acetate (PGMEA, Aldrich). The film (thickness
~8 um) was obtained by spin coating the photoresist solution
on an O, plasma (PDC-001, Harrick Scientific Products, Inc.)
cleaned glass at 2000 rpm for 30 s. Since the glass transition tem-
perature of the epoxy POSS precursor is rather low, ~3 °C by
DSC at a heating rate of 10 °C/min, the film was prebaked at 50
°C for about 40 min and 95 °C for 2 min to remove the solvent.
After exposure to four-interfering beams (power of beam source
~ 0.7 w) for ~1 s, the film was post-exposure-baked at 50 °C
for about 30 s and developed in PGMEA to remove unexposed
or weakly exposed films, resulting in 3D microporous structures.

www.acsnano.org

the 3D POSS structures by
varying the O, plasma treat-
ment time and power. Since POSS and its deriva-
tives could be easily removed by HF aqueous solu-
tion at room temperature, we demonstrated the
utility of the 3D POSS structures as templates for
high fidelity replication of the 3D porous structures
into functional polymers, including PGMA and
PDMS. Notably, the whole process (template fabrica-
tion, infiltration, and removal) was achieved at room
temperature. Finally, we illustrated the application
of 3D PDMS film as a reversible and repeatable color-
changing, flexible photonic crystal. We believe that
the organosilicate structure demonstrated here of-
fers a thermally and mechanically robust yet versa-
tile template for replication of a wide range of ma-
terials at both low and ultrahigh processing
temperatures. The presented high fidelity templat-
ing and tuning of the optical properties of the repli-
cated 3D PDMS films will provide important in-
sights to create novel materials that are potentially
useful for a wide variety of technological
applications.

To prevent the pattern collapse of the 3D film due to the capil-
lary force upon drying in air, we dried the film using supercriti-
cal CO, dryer (SAMDRI-PVT-3D, tousimis) after the pattern
development.

Post-Treatment of 3D POSS Structures. The fabricated 3D POSS
films were post-treated by O, plasma etching and calcination in
both O, and Ar environment, respectively. The O, plasma etching
was performed in an O, plasma cleaner (PDC-001, Harrick Scien-
tific Products, Inc.) at different time to achieve various filling vol-
ume fractions. The typical working power and pressure was 30
mW and 100 mTorr, respectively. In the calcination experiments,
the samples were heated in a tube furnace purged with differ-
ent gases at 500 °C and soaked for 1 h at a heating rate of 3—10
°C/min. To test the ultrahigh temperature stability, we transfer
the sample to Si substrate and placed the film in the TGA cham-
ber (TA Instruments SDT 2960 simultaneous DTA-TGA) and
heated to 1100 °C for 1 hin Ar.

Templating 3D PDMS and PGMA Structures. For 3D PDMS, the PDMS
prepolymer and curing agent (Sylgard 184 from Dow Corning)
were mixed in a weight ratio of 10:1 and degassed for 2 h to re-
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move air bubbles. The prepolymer mixture was then poured
onto the POSS template at room temperature and waited for
~15 min to completely infiltrate the 3D porous template by cap-
illary interaction. The composite film was cured at 65 °C for 2 h,
followed by HF aqueous etching (~10 wt %) for ~50 min to re-
move the POSS template, resulting in an inverse 3D PDMS struc-
ture. During HF etching, a few droplets of dimethyl sulfoxide
(DMSO) were added into the dilute HF solution (~10 mL) to en-
hance the wettability on the PDMS surface.

To prepare 3D PGMA, glycidyl methacrylate (GMA) mono-
mers (Aldrich) were first mixed with 3 wt % of UV initiator
(Darocur 1173, Ciba Specialty Chemicals) and prepolymerized
by exposure to UV (97435 Oriel Flood Exposure Source) with a
dosage ~1.0 J/cm?. This viscous solution was then filled into the
porous POSS template and covered by a transparent PDMS mold
on top to reduce the exposure to O, in the air, which could in-
hibit the polymerization.*? This sandwiched sample was then ex-
posed to UV light again with a total dosage of ~14.4 mJ/cm? fol-
lowed by HF etching to remove the POSS template. No organic
solvent was added in HF solution during etching.

Characterization. The high-resolution SEM images were taken
from FEI Strata DB235 focused ion beam (FIB) system at 5 kV.
The lattice parameter in the (111) plane was measured from the
top-view SEM images by average over two samples at three dif-
ferent locations by drawing lines in three different directions. The
distance between the adjacent lattice planes in the [111] direc-
tion is measured from the focus-ion-beam-milled cross section.
The samples were cut by FIB normal to the surface at an accel-
eration current of 1000 pA. The film shrinkage was estimated by
comparing the measured lattice constants from SEM with the
theoretically calculated values. Detailed calculation and recon-
struction of the theoretical 3D structures were reported earlier.?
The Fourier transform infrared (FT-IR) spectra were acquired us-
ing Nicolet 8700 equipped with Nicolet continuum infrared
microscope. The samples were measured at a reflection mode
with a MCT detector, and the aperture size used was about 80
pm X 80 wm. Energy-dispersive X-ray (EDX) analysis was per-
formed on the 3D structures treated under different conditions
using a high-resolution field emission scanning electron micro-
scope (FESEM) JEOL 7500F coupled to an Oxford Si/Li detector
and INCA software to study the overall chemical compositions of
the 3D porous structures. The EDX spectra were acquired and
collected at an acceleration voltage 13 keV after optimizing the
experiment conditions. The refractive index of the POSS film was
determined by an AutoEL-ll Null ellipsometer (Rudolph Research,
Flanders, NJ) at a fixed incident angle, 70°, with a helium—neon
laser source (A = 632.8 nm).

Optical Photographs. The photographs of 3D POSS and PDMS
structures were taken by digital camera (NIKON, D300). The two
pictures from 3D POSS before and after sintering were taken
from two different samples at an illumination angle of ~45°.
Both samples were from the same batch of 3D POSS fabricated
under identical conditions. For the PDMS stretching experi-
ments, the digital camera was located normal to the (111) plane
of the 3D structure. The 3D PDMS film was clamped on two sepa-
rated arms mounted on a custom-made ball bearing linear stage.
The stretching strain was precisely controlled by the attached
micrometer. Each frame was taken after the film was stretched
to the desired strain level and held for ~30s.
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