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Direct-Write Assembly of Three-Dimensional Photonic Crystals:
Conversion of Polymer Scaffolds to Silicon Hollow-Woodpile

Structures™**

By Gregory M. Gratson, Florencio Garcia-Santamaria, Virginie Lousse, Mingjie Xu, Shanhui Fan,

Jennifer A. Lewis,* and Paul V. Braun*

Impressive developments in silicon microfabrication are
enabling new applications in photonics,'™ microelectrome-
chanical systems (MEMS),”! and biotechnology.!*"! Yet con-
ventional® Si microfabrication techniques require expensive
masks and time-consuming procedures, including multiple
planarization[gl or bonding[m] steps, to generate three-dimen-
sional (3D) structures. In contrast, direct-write approaches,!!!
such as laser scanning!>'*! and ink deposition,'* provide rap-
id, flexible routes for fabricating 3D microperiodic structures.
However, these approaches are currently limited to polymeric
structures that lack the high refractive index contrast and me-
chanical integrity required for many applications. To take full
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advantage of these rapid, flexible assembly techniques, one
must develop a replication (or templating) scheme that
enables their structural conversion within the temperature
constraints imposed by both the organic and inorganic compo-
nents of the system. Here, we present a novel route for creat-
ing 3D Si hollow-woodpile structures that couples direct-write
assembly of concentrated polyelectrolyte inks'*'! with a se-
quential silical®/Si!"”! chemical vapor deposition (CVD) pro-
cess. The optical properties of the 3D microperiodic wood-
piles are characterized after each fabrication step. These
interconnected, hollow structures may find potential applica-
tion as photonic materials,[ls] low-cost MEMS,[IQ] microfluidic
networks for heat dissipation,[zo] and biological devices.”!

Since the concept of a photonic bandgap (PBG)**! was
first introduced, there has been intense interest in generating
3D microperiodic structures composed of alternating high-
and low-refractive-index materials."8 Si is an ideal material
for photonic crystals, because it has a high refractive index
(n~3.45) and is optically transparent in the infrared. The
woodpile structure,***! which consists of a 3D array of or-
thogonally stacked rods, is particularly well suited to micro-
fabrication’! and direct-write assembly’®! techniques. Engi-
neered defects that add functionality to photonic crystals can
also be readily incorporated into woodpile structures. For ex-
ample, waveguides containing 90° bends can be formed by
simply removing two orthogonal filaments in adjacent
layers.[26] In contrast, it is inherently difficult to introduce con-
trolled defects into inverse face-centered cubic structures pro-
duced by colloidal self-assembly routes. Additional processing
steps, such as two-photon polymerization,”” are necessary to
impart the desired functionality to these structures.

3D microperiodic polymer scaffolds are fabricated in a
woodpile architecture via direct-write assembly of a concen-
trated polyelectrolyte ink in a layer-by-layer build sequence“‘”
(Fig. 1). 8- and 16-layer woodpile structures ranging in lateral
dimensions from 250 pm x 250 pum to 500 pm x 500 um were
formed with in-plane center-to-center rod spacings (d) of
2.8 um and 4.0 um, and a rod diameter of 1 pm. These dimen-
sions do not represent the limit of the direct-writing process,
where the maximum lateral dimensions can exceed
1 cm x 1 cm, rod diameters can be as low as 600 nm, and rods
can be close packed on a pitch that equals the rod dimen-
sion."15l Our ink design utilizes concentrated polyelectrolyte
complexes composed of a non-stoichiometric mixture®! of
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Figure 1. a) Schematic illustration (inset is a low-magnification scanning
electron microscopy (SEM) image of a 250 pm x 250 pm woodpile struc-
ture) and b—d) SEM images of direct-write-assembled polymer woodpile
structures: b) intermediate-magnification top view; c) high-magnification
top view showing the high degree of registry between layers, where lower
layers can just be seen in the upper right of each hole because the sam-
ple is slightly tilted; d) focused ion beam milled cross section showing
the excellent alignment between layers. Polymer woodpile is a 16-layer
structure, in-plane center-to-center rod spacings d=4 pm.

poly(acrylic acid) and poly(ethylenimine). Through careful
design,® we produce homogeneous fluids (40 wt.-% poly-
electrolyte in aqueous solution) with the requisite viscosity
(7=17.6 Pas) needed for deposition through microcapillary
nozzles.™ Upon deposition into an alcohol-
rich reservoir, the ink rapidly solidifies, yielding
a cylindrical filament whose diameter is ap-
proximately equal to the nozzle size.'*'! The
deposited filaments maintain their cylindrical
shape while spanning unsupported regions in
the woodpile structure, yet adhere to both the
substrate and underlying layers. As can be ob-
served in Figure 2b, the bottom layer of the
polymer scaffold can sometimes be compressed
perpendicular to the substrate during the
writing process; however, this effect lessens
substantially after printing of the initial layer.
To generate a woodpile with strong photonic
effects, it is necessary to enhance the refractive
index contrast; for example, by infilling some
of the void space with Si. However, the poly-

polymer

quently removed by heating the sample at 475°C for 3 h in
air. This results in a SiO, hollow-woodpile that can now with-
stand the processing temperatures required for Si CVD
(Fig. 2a). Next, the SiO, hollow-woodpile is coated with
~100 nm of Si via CVD. Si deposits on both the inside and
outside of the SiO, tubular array, generating the trilayer coat-
ing illustrated schematically in the lower left of Figure 2d.
This trilayer coating is best observed in the contrast-enhanced
region of the hollow cylinder cross section shown in Figure 2c.
A darker (SiO,) band resides between two lighter (Si) bands,
in which the outer band appears to be slightly thicker than the
inner band. This difference in Si band thickness is expected,
given that the disilane precursor has greater access to the out-
er cylinder surface as compared to the inner surface. Because
the initial polymer template is interconnected in all three di-
mensions, the resulting hollow-woodpile formed after the
SiO,/Si CVD process comprises an interconnected array of
cylinders that possess a total wall (Si/SiO,/Si) thickness of
~300 nm (Figs. 2b,c).

The intensity and spectral position of the optical features
from polymer woodpile structures depend on the scaffold
geometry. Figure 3 presents experimental and simulated re-
flectance spectra of 8- and 16-layer polymer scaffolds with d
values of 2.8 um and 4.0 um, respectively. As expected, dou-
bling of the number of layers in the scaffold results in an in-
crease of the intensity and sharpness of the optical features. In
addition, the peak shifts to longer wavelength (1) as d in-
creases. Both observations are in good agreement with our
simulations as well as experimental results reported for other
woodpile structures.”"! The correlation between experiment
and simulation indicate the overall quality of the structures is
rather good. Although the intensity of the experimentally ob-

Si0, CVD
——
100 nm

W sio,

calcine
475°C

mer scaffolds cannot withstand the tempera-
ture conditions necessary for Si CVD, and thus
a sequential deposition process is utilized
(Fig. 2d). First, an 8-layer polymer woodpile
lattice (d=2.8 um) is coated with a ~100 nm
thick silica layer via a room-temperature CVD
process.[u] The polymer scaffold is subse-
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Figure 2. a) Schematic illustration of a hollow-woodpile structure. b) Low- and c) high-
magnification SEM images of a Si/SiO,/Si hollow-woodpile structure after focused ion
beam milling (8-layer structure, d=2.8 um). Contrast enhanced in inset in (c) to reveal tri-
layer tube wall. d) Process sequence for templated assembly of such structures.
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Figure 3. a) Absorption spectrum for a 50 um thick polymer film.
b,c) Measured (thick line) and simulated (thin line) reflectance spectra
for polymer woodpile structures: b) 8-layer structure, d=2.8 pm; c) 16-
layer structure, d=4.0 pm.

served reflectance peaks is less than the simulated values, this
may be due in part to strong polymer absorption at A>2.7 um
that attenuates the reflectance peaks (Fig. 3a).

Following room-temperature SiO, deposition and polymer
removal, the optical properties of the SiO, hollow-woodpile
are measured and compared with simulations (Fig. 4). The
agreement between the experimental and simulated reflec-
tance is a very strong indication that the woodpile is preserved
through the SiO, deposition and polymer removal. The slight
blue-shift of the experimentally observed peak at slightly be-
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Figure 4. Reflectance spectra for SiO, hollow-woodpile (8-layer structure,
d=2.8 um): a) experimental and b) simulated.
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low 2 pm with respect to the simulated spectrum may indicate
a slight contraction of the woodpile during polymer burn-out,
or may simply be that we underestimated the amount of SiO,
deposited during CVD. The simulation assumes a SiO, wall
thickness of 100 nm. If the actual thickness is less, the reflec-
tance peak should blue-shift.

The influence of each processing step on the optical proper-
ties of these woodpile-based structures is illustrated in
Figure 5. Upon SiO, deposition, the reflectance peaks of the
SiO,/polymer woodpile shift to longer wavelengths because
the additional material increases its average refractive index.

Reflectance
fc’)

1 2 4 5

3
Wavelength (um)

Figure 5. Reflectance spectra for a 3D microperiodic structure (8-layer
structure, d=2.8 pm): a) Polymer woodpile; b) SiO,/polymer woodpile;
c) SiO, hollow-woodpile; d) Si/SiO,/Si hollow-woodpile; and e) Si hol-
low-woodpile after HF etch.

Essentially, a small fraction of the air voids within the struc-
ture are replaced with SiO,. The dramatic blue-shift of the op-
tical features upon polymer removal stems from the signifi-
cant reduction in the average refractive index, as the polymer
is now replaced with air. Following Si CVD, a remarkable
red-shift is observed in the diffraction peaks due to an in-
crease in its average refractive index. Finally, the SiO, scaffold
was removed through HF etching, resulting in a slight blue-
shift of the diffraction peaks. Because of the structural com-
plexity of the hollow-woodpile after Si deposition, we have
yet to simulate its optical properties; however, the general
blue-shift of the optical features fits the expected behavior.
We cannot definitively explain why these Si hollow-wood-
piles exhibit a relatively low reflectance (~0.3). Prior results
reported for woodpile structures comprised of dense Si rods
have shown large transmission dips,[Q] and Si inverse opal
structures have large reflectance peaks.[17’30] Our woodpiles
presently possess a limited number of layers and their topog-
raphy has not yet been optimized, so it is likely possible to en-
hance their reflectance by further geometric modifica-
tions.’!*?l For example, the trilayer Si/SiO,/Si coating may
not provide a sufficient filling fraction of the high-refractive-
index material needed for strong optical reflectance. Addi-
tionally, inhomogeneities in these structures may further de-
grade their optical properties. If complete Si infilling is neces-
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sary, it should be possible to create dense Si woodpile struc-
tures by first filling the entire void space within the polymeric
scaffold with SiO,, followed by polymer removal, Si CVD,
and then etching. A similar procedure has been successfully
demonstrated by Ozin et al. in this issue.*!

In summary, Si hollow-woodpile photonic crystals have
been fabricated using polyelectrolyte scaffolds as templates.
Our procedure is based on a sequential SiO,/Si CVD process
that results in a 3D microperiodic network of interconnected
hollow cylinders, yielding, for the first time, a hollow-wood-
pile photonic crystal. The optical properties of these 3D mi-
croperiodic woodpiles were measured after each processing
step, and both the dense polymer and hollow SiO, woodpiles
were simulated using the transfer-matrix method.? The max-
imum observed reflectance of the final Si hollow-woodpile
was 0.3. Further experiments and modeling are needed to
fully understand their optical response and to guide the writ-
ing process to create the desired optical scaffold topography.
Direct ink writing may provide a facile route to creating pho-
tonic crystals with embedded functionalities on a wide range
of substrate materials, and, as demonstrated, opens up a new
route for fabricating 3D Si structures of arbitrary design at
the microscale. Along with photonic applications, these struc-
tures may serve as a novel starting point for many new appli-
cations, including Si-based microfluidic networks and low-cost
MEMS, where their hollow nature may be ideal for heat-
transfer applications and reduced inertial forces.

Experimental

3D Polymer Woodpile Fabrication: 3D microperiodic woodpiles
were assembled by depositing a concentrated polyelectrolyte ink
([COONa]/[NH,]=5.7:1) using a computer-aided, direct-write pro-
gram (IlliniCAD) that controls the three-axis micropositioner stage
(ABL 90010 x—y—z motion stage, Aerotech, Inc., Pittsburgh, PA). The
ink was dispensed through a pulled borosilicate glass nozzle (1 um in
diameter p-Tip, World Precision Instruments, Inc., Sarasota, FL) un-
der an applied pressure (800 Ultra dispensing system, EFD Inc.) re-
quired to maintain a constant flow rate at a deposition speed of
250 pms™. 3D face-centered tetragonal lattices were assembled by
patterning an array of parallel (rodlike) filaments in the x—y plane
such that their orientation was orthogonal to the previous layer. The
face-centered geometry was achieved by shifting alternating x and y
layers by 1/2 the in-plane center-to-center rod spacing. The ambient
temperature and humidity were recorded throughout the assembly
process, and structures were dried in a desiccator if the ambient hu-
midity was greater than 35 %.

3D Si Hollow-Woodpile Fabrication: A thin SiO, coating was first
deposited onto the polyelectrolyte scaffold surface using chemical va-
por deposition under ambient temperature and pressure [16]. Water
vapor was flowed over the structure for 90 s to hydrate its surface
prior to introducing a stream of SiCl(g)-saturated N, that passed over
the structure at 6 mLmin™" for 90 s. The SiCl, reacted with water on
the woodpile surface to form a thin SiO, coating. A small reaction
window exists for optimal SiO, coverage. A reaction time of 60 s re-
sulted in a SiO; layer too thin to withstand further processing steps,
while a reaction time of 120 s completely filled the structure, prevent-
ing further material deposition. After the SiO, layer was deposited,
the polymer scaffold was removed by heat treatment. The woodpile
was placed in a tube furnace, heated at 1°C min! to 475 °C, and held
for 3 h to burn out the polymer, leaving behind hollow SiO, cylinders.
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Si was then grown on the surface of the SiO, hollow-woodpile via
chemical vapor deposition using disilane (Si,Hg) as the precursor gas
[32]. The sample was loaded into a reaction vessel where a vacuum
was pulled (~10° mbar, 1 mbar =100 Pa) to remove air. Disilane was
condensed with liquid N, in another chamber and isolated at
~20 mbar. The reaction vessel was then inserted into a vertical-tube
furnace set at 375°C. The decomposition reaction proceeded for
2.5 h, depositing amorphous Si on the inside and outside of the hollow
SiO, cylinders.

Spectroscopy: Reflection spectra were measured with a Fourier-
transform infrared spectrometer (Bruker Vertex 70, globar lamp)
combined with an infrared microscope (Bruker Hyperion 2000 and a
liquid-nitrogen-cooled InSb detector). The objective was a 15x Casse-
grain with a numerical aperture of 0.4. Light impinged the sample at
an angle centered around 16.7° with respect to the sample normal. A
square with a 50 pum x 50 pm area was defined by a knife-edge aper-
ture in the light path of the microscope. Spectra were normalized to a
silver mirror. The homogeneity tended to decrease near the edge of
the samples, so all measurements were acquired within the central re-
gions of the samples. Away from the edges, no significant variations in
the optical quality were observed in the samples.

Simulations: The calculations were done using the transfer-matrix
method in a momentum-space representation. In this approach, the
film is discretized along the propagation direction into small seg-
ments. The T-matrix (i.e., the transfer matrix, which relates the wave
amplitudes from one side of the film to the other side) for each seg-
ment is then determined directly from Maxwell’s equations. In princi-
ple, all these T-matrices could be multiplied to produce the T-matrix
of the whole film from which the transmission and reflection coeffi-
cients of the film could be determined. However, direct cascading of
the T-matrix leads to numerical instability. We overcame the numeri-
cal instability by converting the T-matrix to the S-matrix (i.e., the scat-
tering matrix, which relates the outgoing waves to the incoming
waves) for each segment, and cascading these S-matrices together
[34]. In doing so, for each segment, we expressed the electric and mag-
netic fields in the incoming waves and outgoing waves in a plane-wave
basis with the wave vectors determined by the Bloch theorem, and re-
tained the coefficients for only the lowest reciprocal lattice vectors in
the two-dimensional lattice. For each reciprocal lattice vector, we re-
tained the plane waves with both polarizations, as well as the incom-
ing and outgoing waves. This representation thus contains the full
polarization and angular information, so that all incidence angles
could be treated. Simulations matched the actual spectroscopic condi-
tions and included all azimuthal angles and polarizations. Polymer
woodpiles were simulated assuming a rod diameter of 1 um, polymer
n=1.5, layer-to-layer spacing in the z-direction of 950 nm (5 % over-
lap between layers), and substrate n=1.5. The hollow SiO, coating
was taken to be 100 nm thick, SiO, n=1.42, and substrate n=1.5.
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COMMUNICATIONS

3D Si hollow-woodpile photonic crys-
tals are formed through the direct-write
assembly of concentrated polyelectro-
lyte inks (rods ~1 pm in diameter)
followed by a sequential silica/silicon
chemical vapor deposition process (see
Figure). The direct conversion of 3D
polymer microstructures to materials
like silicon may enable such applica-
tions as photonic materials, low-cost
microelectromechanical systems
(MEMS), microfluidic networks for
heat dissipation, and biological devices.
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