Three-dimensional metallic photonic
crystals fabricated by soft lithography for
midinfrared applications

Cite as: Appl. Phys. Lett. 88, 181112 (2006); https://doi.org/10.1063/1.2201621
Submitted: 11 October 2005 - Accepted: 23 March 2006 - Published Online: 03 May 2006

Jae-Hwang Lee, Chang-Hwan Kim, Yong-Sung Kim, et al.

£ Y

L \ l

A" J

~ s 0

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Semicrystalline woodpile photonic crystals without complicated alignment via soft
lithography
Applied Physics Letters 96, 193303 (2010); https://doi.org/10.1063/1.3425756

(7))
-
O
wjed
njed
Q
—l
/p)
O
(2]
>
L
o
©
QD
Q
Q.
<

A microfluidic refractive index sensor based on an integrated three-dimensional photonic
crystal
Applied Physics Letters 92, 071108 (2008); https://doi.org/10.1063/1.2840700

Layer-by-layer photonic crystal fabricated by low-temperature atomic layer deposition
Applied Physics Letters 90, 151101 (2007); https://doi.org/10.1063/1.2720752

() aBLOX

Integrates all
Instrumentation + Software
for Control and Readout of
NV-Centers

visit our website >

AlIP
%4 Publishing

Appl. Phys. Lett. 88, 181112 (2006); https://doi.org/10.1063/1.2201621 88, 181112

© 2006 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1947475&setID=378288&channelID=0&CID=714035&banID=520845036&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=e2ae5b51cd618c9a7a74337d7403b140eba81b67&location=
https://doi.org/10.1063/1.2201621
https://doi.org/10.1063/1.2201621
https://aip.scitation.org/author/Lee%2C+Jae-Hwang
https://aip.scitation.org/author/Kim%2C+Chang-Hwan
https://aip.scitation.org/author/Kim%2C+Yong-Sung
https://doi.org/10.1063/1.2201621
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.2201621
https://aip.scitation.org/doi/10.1063/1.3425756
https://aip.scitation.org/doi/10.1063/1.3425756
https://doi.org/10.1063/1.3425756
https://aip.scitation.org/doi/10.1063/1.2840700
https://aip.scitation.org/doi/10.1063/1.2840700
https://doi.org/10.1063/1.2840700
https://aip.scitation.org/doi/10.1063/1.2720752
https://doi.org/10.1063/1.2720752

APPLIED PHYSICS LETTERS 88, 181112 (2006)

Three-dimensional metallic photonic crystals fabricated
by soft lithography for midinfrared applications

Jae-Hwang Lee,? Chang-Hwan Kim, Yong-Sung Kim, and Kai-Ming Ho
Ames Laboratory, Department of Physics and Astronomy, lowa State University, Ames, lowa 50011

Kristen Constant

Ames Laboratory; and Department of Materials Science and Engineering, lowa State University, Ames,

lowa 50011
Cha Hwan Oh

Department of Physics, Hanyang University, Seoul 133-791, South Korea
(Received 11 October 2005; accepted 23 March 2006; published online 3 May 2006)

We present an efficient method of fabricating freestanding three-dimensional metallic photonic
crystals using soft lithography. Low cost and ease of fabrication are achieved through gold sputter
deposition on a freestanding woodpile polymer template. We compare experimental results to
theoretical calculations for tetragonal and face-centered-tetragonal structures as a function of the
number of layers. The photonic crystals behave like full metallic structures with a photonic band
edge at a wavelength of 3.5 um. The rejection rates of the structures are about 10 dB/layer. © 2006
American Institute of Physics. [DOI: 10.1063/1.2201621]

Since the pI‘OOfl of the existence of photonic crystals,
which can prohibit the propagation of light in all directions
at a certain range of frequenciesz’3 called a photonic band
gap (PBG), researchers have intensively investigated easier
fabrication methods. As PBGs approach the optical range,
semiconductor processing has emerged as a reliable means of
achieving large-area structures with superior fidelity and in-
tentional defects.*” However, achieving PBG effects requires
that the thickness be increased significantly, which is both
costly and tedious using semiconductor processing tech-
niques. On the other hand, one interesting alternative, direct
laser writing using two-photon polymerization, seems to
have the capability of fabricating highly layered structure
even with nonperiodic functional defects.®’ However, the
lateral area of available photonic crystals (PhCs) is practi-
cally limited to an order of 107> mm? because registration of
structures usually relies on high-resolution piezoelectric ac-
tuators. Meanwhile, attempts to use metals in place of dielec-
tric materials have continued and have shown some interest-
ing properties, for example, high quality factors for cavities,®
robust  photonic  band gaps,9 extrinsically tailored
absorption,10 selectively enhanced thermal radiation,'" and
recently, negative refraction.'? Metallic photonic crystals
(MPCs), however, have not been intensively explored for
optical applications compared to planar metallic structures
such as frequency selective surfaces,"”™" because of the dif-
ficulties and high cost of three-dimensional (3D) microfabri-
cation. In applications, the midinfrared (mid-IR) range is a
significantly important spectral window in material identifi-
cation, thermal imaging, and gas anal()ysis in commercial, ob-
servational astronomy and defense.'® More specifically, re-
cent analytic chemistry and biochemistry may require optical
elements compatible with microfluidic systems, often fabri-
cated by soft lithographic techniques,17 for lab-on-a-chip ap-
plications. As new demands have emerged in mid-IR appli-
cations, MPCs have received growing attention, and
alternative fabrication methods for MPCs are required.
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In this letter we report an efficient method employing
soft lithography to fabricate freestanding 3D MPCs for mid-
infrared ranges without undesirable optical effects resulting
from a substrate such as reflection and absorption. Since our
approach is nonoptical replica molding, in principle, the
structural resolution can follow the highest resolution of the
two-dimensional (2D) lithography used in the master pattern
fabrication, while 3D photolithographic techniques such as
direct laser writing and holographic lithography have an op-
tical limit in spatial resolution especially vertic.a\dly.l Be-
cause metallic PhCs can demonstrate functionality with
fewer layers than dielectric PhCs,"" wider structures are pre-
ferred over taller structures. We achieved mm?-wide four-
layer MPCs with a metallic photonic band edge. Figure 1
shows the schematic procedure for fabrication of the MPCs.
First, we spin coat at 4000 rpm a water-soluble polymer on a
glass substrate to form a sacrificial layer. Commercially
available glue (O’Glue,® Itoya) was used for the water-
soluble polymer with mixing ratio of water to glue of 2:1 by
weight. We used a soft lithograll)hic technique, called two-
polymer microtransfer molding ? to fabricate a polymer
structure layer by layer. In the technique, a photocurable pre-
polymer (J-91, Summers Optical) is filled in the microchan-

(@) (b)

Multilayer polymer structure

Metal frame

FIG. 1. (Color online) A schematic procedure for fabrication of a four-layer
freestanding metallic photonic crystals. (a) A polymer structure on a sub-
strate coated with a water-soluble layer. (b) A rigid metal frame is attached
around the polymer structure. (c) The polymer structure is separated from
the substrate by dissolving the water-soluble layer. (d) The freestanding
polymer structure is converted to a metallic structure by the sputter coating
of gold.
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nels of an elastomeric mold, and solidified. A second photo-
curable prepolymer (SK-9, Summers Optical) is selectively
coated on the filled polymer as a bonding material. The ad-
hesive prepolymer is cured after making contact with the
substrate. The filled polymer structure is left on the substrate
by peeling off the elastomeric mold. A multilayer structure is
fabricated by repeating the same processes, as shown in Fig.
1(a). In our experiments, the polymer structure consists of
layers of equally spaced polymer rods, 1.2 um wide and
1.1 um high, with a periodicity of 2.5 um. The orientation
of each layer is perpendicular to the layer below. For the
perpendicular alignment of the first and the second layers,
alignment marks were used. A diffracted moiré fringe based
alignment technique, in which the fringes are monitored at
the angle of the first-order diffraction corresponding to the
periodicity of polymer rods, was used to align the third and
fourth layers parallel to the first and second layer,
respectively.”” As shown in Fig. 1(b), a 0.2 mm thick brass
frame was attached on the multilayer polymer structure with
the photocurable prepolymer (J-91, Summers Optical). This
frame improves the rigidity of the structure after separation
from the substrate. The framed structure was submerged in
distilled water for 1 h to dissolve the water-soluble layer.
When removing the separated structure from water, the plane
of the structure was perpendicular to the water-air interface
to minimize damage due to the surface tension of water. The
freestanding structure was dried in an oven at 60 °C for
24 h. After drying, the freestanding polymer structure was
fairly flat although the suspended area is quite large (3.5
% 3.5 mm?). Gold was used as coating material since it has
excellent optical properties for IR applications21 and is
chemically inert. In Fig. 1(d), gold was deposited by sputter
coating with a tilted rotation to reduce inhomogeneity.
Since sputter deposition is not conformal for 3D micro-
structures, we qualitatively characterized the deposition of
gold optically as increasing thickness of gold. To make a
gradient in the thickness, half of a four-layer freestanding
polymer template was covered by an aluminum mask apart
from the surface of the template about 0.5 mm. The deposi-
tion thickness was 150 nm, which is overabundant for an
even surface since the skin depth d of gold is below 15 nm
for mid-IR from 2 to 10 wm, obtained from the equation,
d=N\y/ (47rkn),** where n and « are the refractive index and
extinction coefficient of gold, respectively, and A, is the
wavelength of light in vacuum. Sputter deposition was per-
formed on both sides of the template under a pressure of
80 mtorr of argon. We measured normal transmittance and
reflectance of several areas along the direction from a cov-
ered area to a fully exposed area using a Fourier transform
infrared (FTIR) microscope (Hyperion 1000, Bruker) with a
sampling area of 90X 90 um?. Figures 2(a) and 2(b) show
reflectance and transmittance spectra of the selected areas
having different gold deposition thicknesses. As the deposi-
tion thickness of gold increases, reflectance approaches unity
at the wavelengths longer than a photonic band edge of
3.5 um. The corresponding transmittance spectra drop down
to the measurement limit of the spectrometer in the band gap.
The band gap effects appear first at longer wavelengths due
to smaller skin depths for longer wavelengths. For partially
coated areas, intrinsic absorption peaks from the polymer
structure still appear, which are identifiable by the absorption
spectrum of the structural polymer J-91, measured by a FTIR
spectrometer (Magna 760, Nicolet), in Fig. 2(c). Even
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FIG. 2. (Color online) (a) Reflectance and (b) transmittance spectra of a
four-layer freestanding structure are characterized with increasing thickness
of gold. (c) Absorption spectrum of a homogeneous thin film of the struc-
tural polymer J-91 is presented.

though local structures of each measured site are not identi-
cal, this gives qualitative information to determine the depo-
sition thickness.These measurements show that 150 nm is
enough to convert a polymer structure to a metallic structure.

We fabricated gold-coated two-, three-, and four-layer
freestanding structures. In Figs. 3(a) and 3(b), scanning elec-
tron microscopy (SEM) micrographs of a fabricated four-
layer structure show two coexisting crystal structures in a
single sample, tetragonal and face centered tetragonal (FCT),
respectively. The visible transmission image in Fig. 3(c)
shows domains because the intensity of transmitted visible
light is mostly proportional to the openings in local struc-
tures. The brightest and darkest areas represent tetragonal
and FCT structures. Although the deformation due to the
flexibility of the elastomeric mold in fabrication would limit
the size of a single domain in a multilayered structure, the

(@

FIG. 3. (Color online) Top-view SEM micrographs of (a) tetragonal and (b)
face-centered-tetragonal domains in a freestanding gold-coated four-layer
structure are shown with corresponding schematics. Moiré fringes in (c) a
transmission optical image show the domains of the four-layer structure. (d)
Well-covered gold layers are shown in the cross section of a four-layer
structure.
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FIG. 4. (Color online) Reflectance and transmittance spectra of tetragonal
and FCT structures as increasing the number of layers are shown with re-
sults of numerical calculations for four-layer metallic structures.

observed moiré fringes indicate that the size is large enough
for optical applications (on the order of mm?). Figure 3(d) is
the cross section of a four-layer structure to evaluate the
results of the gold deposition for a complex geometry in
parallel with the optical means shown in Fig. 2. Since we
deposited no additional gold after cutting the structure, the
exposed polymer structure can be differentiated from the
gold layer in brightness and its different deformation behav-
ior at the breaking point. From the cross section, we can infer
that the polymer structures were covered completely with
gold by the sputter coating.

We measured reflectance and transmittance of two dif-
ferent structures, tetragonal and FCT, as a function of the
number of layers. Figure 4 shows the results with those of
numerical calculations. In the calculations, the analytic
modal exgansion method combined with a transfer-matrix
technique ? was used to simulate solid gold structures. Re-
flectance spectra for both tetragonal and FCT structures show
similar characteristics except in the shorter wavelength re-
gion below 2.5 um. In transmission, a typical metallic band
gap is observed for wavelengths longer than 3.5 wm. The
rejection factors within the gap is around 10 dB/layer for
both structures; however, the transmission window of the
tetragonal structure is more clearly defined due to higher flat
transmittance than that of the FCT structure below 2.5 um.
The transmission contrasts (defined as transmittance out of
gap divided by transmittance in gap) for four-layer tetragonal
and FCT are approximately 30 and 20 dB. The experimental
results show good agreement with the numerical calcula-
tions, in which solid gold structure are assumed, and this
means that the thickness of the gold-coated structure is suf-
ficiently bigger than the skin depth for the system to behave
as a solid gold structure. We also observed that high order
diffractions exist when wavelengths are shorter than 3 um
with an angle-resolved FTIR spectroscopy. Since an objec-
tive mirror of the FTIR microscope has a finite acceptance
angle of 30°, the light emerging over the angle is not counted
as signals. Therefore the actual reflectance and transmittance
at wavelengths shorter than 3 um are higher than the mea-
sured values in Fig. 4. To simulate the actual measurements,
we assumed that a focused beam of the FTIR microscope
has multiple wave vectors satisfying the condition, sin 6
= \r’k§+k§/|k, where k,, ky and @ are the two orthogonal
wave vector components parallel to a surface of a photonic
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crystal and the acceptance angle, respectively. Transmission
and reflection contributions for higher order diffracted beam
are included in our calculations only when the diffracted
beam falls within the acceptance angle.

In summary, we developed an efficient method for free-
standing 3D MPCs using soft lithography. The nonoptical
nature of the method yields excellent 3D definition in fabri-
cation of templates. By a simple deposition process, the
polymer templates are converted to MPCs exhibiting fully
metallic features with a high rejection factor and high trans-
mission contrast in spite of their complex geometry. With a
high degree of control over the structure of MPCs, this fab-
rication method will allow us to implant defect structures to
tailor optical functionalities without modification of the fab-
rication method. The structural flexibility of the MPCs will
allow applications requiring curved geometries. Moreover,
the distinct freestanding feature, if fluid permeable, would be
useful for combining photonics and microfluidics in biologi-
cal and chemical engineering.
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