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Fabrication and characterization of face-centered-cubic void dots photonic
crystals in a solid polymer material
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Spherical void dots with a diameter of 1.2—1u® have been generated in a solid polymer material

by use of the ultrafast laser driven micro-explosion method. Micron-sized structures with a
face-centered cubic lattice stacked in {®0] and[111] directions have been fabricated. Confocal
microscopic images show the high uniformity of the fabricated structures. Photonic stopgaps with

a suppression rate of approximately 70% as well as the second-order stopgaps have been observed
in both directions. It is shown that the dependence of the stopgaps on the illumination angle in the
[100Q] direction is significantly different from that in tH&11] direction. ©2005 American Institute

of Physics[DOI: 10.1063/1.1844039

Photonic crystals are artificial periodic dielectric struc- Olympus 60<, numerical aperturéN.A.) 1.45 oil-immersion
tures that can control the behavior of light in a manner analoebjective and a 740 nm femtosecond laser beam from a Tsu-
gous to the way in which semiconductor crystals control thenami femtosecond laséBpectra-Physics, USAvere used in
behavior of electrons? The unique properties of photonic this work. The power of the laser beam and the exposure
crystals may result in novel devices which could find broadtime were kept constant at 40 mW and 10 ms, respectively.
applications in integrated optics and all-optics communica-The fcc structures were fabricated layer by layer parallel to
tion networks. By tightly focusing ultrafast laser light into the top surface of the polymer film with the top layeps
transparent solid materials, micro-explosion occurs at the fobelow the surface.
cal point, where the material is ejected from the center form-  In order to view the fabricated void dots in the fabrica-
ing a void cavity surrounded by a region of compressedion (longitudina) direction, a cuboid bulk sample was pre-
materia|_3_5 Smooth void dots and void channels have beerparEd and 22 rows of void dots were fabricated at different
generated in gla8$ and polymer materias*® and stacked depths with a dot spacing and a row spacing of 6 apth3
into two-dimensional and three-dimensio@D) photonic ~ respectively, as illustrated in Fig(d). After fabrication, the
crystals. Although the refractive index of polymer and glassSample was rotated by 90° and viewed by use of a confocal
is not high enough to open a complete photonic band gaghicroscope(Fluoview, Olympus, JapanFigure 1b) shows
partial band gapsstopgaps can be achieved in the near- the refleqtmr‘(left) and transmlssmn_ confocal imageght) _
infrared wavelength range and could be used for superprisnf¥ the void dots. The strong reflection signal from the fabri-
where a complete band gap is not prerequijslif@.'l'he lower catgq dots |nd|ca§es a large r_efractlve index change, \{vh|ch
power threshold to generate void dots in polymers and th&erifies the formation of the voﬂSm(_)oth and gnlf_orm void
easy doping of some functional materials such as quanturqots can be seen from the zoom-in transmission confocal
dots and organic dyes are the advantages of the polymer
materials compared with glass materials.

Void channel based woodpile structures in polymer can ! Y| View
easily open a partial band gap and higher order gaps in the ;| Srestion
stack directiorf:® However, it is not easy to achieve differ-
ent types of lattice structures and the gaps are not sensitive to
the angle of incidence. It is more flexible to arrange void
dots to fabricate arbitrary latticésA face-centered cubic
(fce) lattice is a tightly packed structure and has a square
arrangement in thgLOQ] direction and a hexagonétiangle
arrangement in thgl11] direction. One can expect different
angle dependence in the two directions. In this letter, we
report on the fabrication of photonic crystals with an fcc
lattice and the photonic band gap properties as well as their
angular dependence in different lattice directions.

The polymer material used in this work is a solidified
optical adhesivéNOA 63, Norland Products Inc., USAThe
experimental setup and blank sample preparation are the

same as described in our previous pacﬁ)mept that an FIG. 1. Side view of the fabricated void dots in solidified NOA 63 resin by
use of confocal microscopya) lllustration of the void arrangement in the
bulk sample;(b) reflection and transmission confocal images of the void
dAuthor to whom correspondence should be addressed; electronic maitlots at various depthgc) and (d) zoom in images of the upper and lower
mgu@swin.edu.au parts of the transmission confocal image(lm, respectively.
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FIG. 2. Confocal reflection microscope images of the top four laj@js (c) . o A 10“’
(d] and thex—z scanning image of the top five layeie of an fcc structure 20 1520253035404510 15 20 25 30 35
stacked in thg¢10Q] direction with a lattice constant of 4.96n. The sketch Wavelength (um) Number of layers

in upper-right corner shows the unit cell of the fcc lattice.

FIG. 3. Transmission spectra of 3D fcc void photonic crystals stacked in the
[100] direction with different lattice constanféa)—(c)]. The lattice constant
images in Figs. ¢) and Xd). Due to the slight effect of dependence and the layer number dependence of the first- and second-order
spherical aberration caused by the refractive index mismatcbgps are shown ifd) and(e), respectively.
between the polyme(l.56) and immersion oikl.5a,14 the

peak power at the focal point becomes lower at a deeper . . :
depth, which results in smaller voids, as shown in Figs) 1 image of the top five layers of voids with the layer numbers

and Xd). As a result, the diameter of the dot decreases fronfnarked. It can _be seen that the image quality d(_egrades along
approximately 1.§im near the top surface down to approxi- ("€ depth, which is caused by strong scattering of upper
mately 1.2um at a depth of 6Qum. It should be pointed out layers. As gxpected, the layer spacing 1S approximately 2.5
that the void dots are spherical which is different from thetM: Which is equal to a half lattice constant.
elliptical cross section of the fabricated rods in the two-  Infrared transmission spectra were measured by use of a
photon polymerization methdd.The possible reason is that, Fourier transform mfra_lre(iFT_IR) spectrometer fitted Wlth_ a
in the case of micro-explosion, high pressure gas exists in a2<: N-A. 0.65 reflective objectivéThermo Nicolet, Madi-
void and a spherical shape is a stable state. Due to the flex0N: W) which provides an incident hollow light cone with
ibility of the polymer, voids may be reshaped to the stable2N outer angle of 40° and an inner angle of 15°. To reduce
spherical shape right after the formation of the void dots. the range of angle of incidence, a small off-center aperture
By stacking void dots layer by layer, we fabricated 3D f:orrespondlng toa half angle of approx]ma_tely 5° was placed
structures with an fcc lattice in thelo0] and [111] direc-  in front of the FTIR objective. lllumination in th{100] and
tions. The unit cell of an fcc lattice is schematically shown in[111] directions was achieved by tilting the sample perpen-
Fig. 2, where th¢100] and the[111] directions are indicated. dicular to the resulting incidence light cone. By change of
In the [100] direction, parallel planes of lattice points form a the position of the aperture and/or the gradient of the sample,
periodicity of two, offset by half of a lattice consta#) in  different angles of incidence can be achieved.
thex or y direction. Adjacent layers are spaced by halfof Figures 3a)-3(c) show the baseline-corrected transmis-
In the [111] direction, the lattice points are packed in the sion spectra of 28-layer fcc void dots structures stacked in
pattern of a hexagonal-close-packed structure with a layeihe [100] direction with the lattice constant of 3.4, 4.0, and
periodicity of three. The light penetrates through the photo4.96 um, respectively. Two orders of stopgaps were ob-
nic crystals perpendicular to the polymer film in both theserved. The suppression rate of transmission of the observed
fabrication process and the infrared transmission spectrfirst order gap is as large as 74%. The second order stopgap
measurement. located at exactly a half of the wavelength of the first order
Fabricated structures were examined in detail by use ofap is also observed, with a suppression rate of approxi-
confocal reflection microscopy. Figuregap-2(d) show the  mately 20%. Both the first and second order stopgaps shift to
confocal reflection images of the top four layers of voids ofthe longer wavelengths with an increase in the lattice con-
an fcc structure with a lattice constant of 4,9® stacked in  stant. The mid-gap wavelength dependence of the first- and
the [100] direction. The scale bars generated by the microthe second-order stopgaps on the lattice constant are plotted
scope control program can be used as the reference becauBd-ig. 3(d), where a linear relationship between the mid-gap
the sample was adjusted only in tkedirection during the wavelengths and the lattice constants can be observed. The
measurement. Figure(@ gives a clear pattern of the first linear fitting results show that the gradient for the second-
layer; the unit cell is superimposed over the image, high-order gap(0.46 is approximately one-half of that for the
lighting the fcc structure. Figure(B) shows the second layer first-order gag0.92. The dependence of photonic band gaps
of voids which is the same as the first layer except for shift-on the layer number for the fcc structures in {0 direc-
ing by half a lattice constant in the direction. Figure &)  tion is also studied. Figure(® shows the dependence of the
shows the voids in the third layer that is exactly the same atransmittance of the two stopgaps on the layer number for
the first layer because the periodicity in fi®0] direction is  structures with a lattice constant of 4u4n. Increasing the
two. Consequently, the void patterns of the fourth layer andayer number from 12 to 36, the suppression rate increases
the second layer are the same, as shown in Figy. &hd from 56% to 71% and from 13% to 39% for the observed

2(d). Figure 2e) shows thex—z scanning confocal reflection first- and second-order gaps, respectively.
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wavelength of the observed first-order stopgdpum). In-
creasing the angle of incidence, the behavior of the first-
order gap in thg¢111] direction is quite different from that in
the [10Q] direction. From Fig. &), one can see that the
first-order stopgap shifts to shorter wavelength as the angle
of incidence increase up to approximately 10°, and then
shifts to longer wavelength as the angle of incidence further
increases. The dependence of the first-order stopgap on the
angle of incidence is shown in the inset of Fighy The
different angle dependence properties in fh80] and the
[111] directions may be caused by the different void dot
! . . arrangement in the two directions. For an fcc lattice, there is
a square arrangement in tiEOQ| direction and a hexagonal
(triangle) arrangement in th§l11] direction.

In summary, 3D fcc photonic crystals stacked in the
[100] and [11]] directions were fabricated by generating
spherical void dots in solidified NOA 63 resin, which are
verified by use of confocal reflection and transmission mi-
croscopy. Photonic stopgaps including the second-order stop-
gaps were observed for the fcc structures stacked in both the
[100] and [111] directions. The photonic stopgap in both
these directions are sensitive to the angle of incidence and
show different angular dependence properties. Such a sensi-
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