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This paper presents the capability of direct laser writing of complex defect structures in
holographically formed three-dimensional photonic crystals in dipentaerythritol penta/hexaacrylate
(DPHPA) monomers mixed with photoinitiators. The three-dimensional photonic crystal template
was fabricated through prism-based holographic lithography. Defect structures are fabricated
through the two-photon polymerization excited by a femtosecond laser. The strengths of two optical
lithographic techniques are combined with holographic lithography providing a rapid and large area
microfabrication and two-photon lithography providing flexibility in fabrication of defect structures.
The optical fabrication process is simplified in the negative tone DPHPA without prebake and
postexposure bake as is required of SU-8 while maintaining a capability for constructing photonic
structures with small features. © 2010 American Institute of Physics. [doi:10.1063/1.3493119]

I. INTRODUCTION

Photonic crystals (PhCs) are micro/nanostructured mate-
rials in which the dielectric constant is periodically modu-
lated on a length scale comparable to the desired wavelength
of opereuion.l In PhCs, a set of wavelengths are forbidden to
propagate in the crystal, i.e., a photonic bandgap exists, simi-
lar to the electronic bandgap in semiconductors. In the last
decade, several elegant techniques have succeeded in fabri-
cating three-dimensional (3D) PhCs, such as conventional
multilayer stacking of woodpile structures using semicon-
ductor fabrication processes,2 colloidal self—ass.embly,3 mul-
tiphoton direct laser writing,4 and holographic lithography.5
The semiconductor processing techniques provide advanced
tools for building structure layer-by-layer and incorporating
defects at any depth.2 Most of the direct laser writing was
based on two-photon polymerization of photosensitive res-
ins. When a high-intensity light shines on a material, the
probability for two-photon absorption is proportional to the
square of the optical field intensity, and thus is greatest at the
center of a Gaussian laser beam. When tightly focused into
the volume of a photosensitive resin, the polymerization pro-
cess can be initiated by nonlinear absorption of near infrared
femtosecond laser pulses within the focal volume. By mov-
ing the laser focus three-dimensionally through the resin, the
two-photon polymerization happens at the focus points.4 3D
structures and defects such as missing rod in woodpile struc-
ture can be fabricated by a computer-aided sample stage
control.*® The PhC structures fabricated by above two ap-
proaches are dedicated but the process are time-consuming.
Fabrication of defects in self-assembled opal PhC has made
headway by surface modification followed by overgrowth of
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opal7 or laser direct writing of defect structures within the
opal.g’g However, opal PhCs were limited to face-centered-
cubic structures with a relative small photonic bandgap.

Multibeam interference-based holographic lithography
has been successful for fabricating 3D PhCs by exposing a
photoresist or polymerizable resin to interference patterns of
laser beams.”'*!" In the case of positive resist, the overex-
posed material is then dissolved away in the post-exposure
processing. The underexposed region forms a periodic net-
work and acts as a 3D PhC template. For negative photore-
sists, the underexposed regions can then be selectively re-
moved using a developer while overexposed region becomes
polymerized and forms a periodic network for PhC template.
Multiple-beam holographic lithography was complicated
when it was based on multiple bulk optical elements such as
mirrors and beam splitters.5 The optical setup for holo-
graphic lithography has been simplified by using a single
optical element such as flat-top prism17 or a phase mask.'*"
Multilayer phase masks'* have been demonstrated for the
fabrication of PhC templates by introducing a phase differ-
ence among the diffracted beams through changing the dis-
tance between two orthogonally oriented gratings. These
single-beam and single-exposure processes using the
multilayer mask in holographic lithography have drastically
reduced the fabrication complexity. To be useful for opto-
electronics applications, the incorporation of engineered de-
fects must be realized in PhCs. A significant advance has
been achieved on the simultaneous fabrication of functional
defects in PhC templates by using a multibeam phase-
controlled one-step holographic lithography15 and by com-
bining the amplitude mask with the phase mask.'® However,
the process still needs to be improved to increase the unifor-
mity of the samples.

The strength of holographic lithography and two-photon
lithography can be combined by using the holographic li-

© 2010 American Institute of Physics


http://dx.doi.org/10.1063/1.3493119
http://dx.doi.org/10.1063/1.3493119
http://dx.doi.org/10.1063/1.3493119

073113-2 Ohlinger et al.

(a) Circular Collimating  Aperture |
pulan'ze{lens ! San}p ¢
Arion Laser =

A=514nm

f spiﬁal

Shuter ) Iris |
filter diaphragm
)] Top-cut Interference
prism region
Rotation

stage
~/

FIG. 1. (Color online) (a) Experimental setup for laser holographic lithog-
raphy; (b) scheme of five-beam interference produced through a flat-top
four-side prism. The phase delay is introduced via the inserted glass slide.

thography for a rapid and flexible fabrication of 3D host
PhCs and using the two-photon lithography for creating de-
sired defects in PhCs, that in principle, can be placed in any
depth with any shape. Two-photon ablation or polymeriza-
tion was used to create defects in PhC template in SU-8,
which were created through holographic lithography, by
three research groups in 2005,18 2006,19 and 2008.%" Sun
et al."® demonstrated the hybrid holographic and direct writ-
ing method in a two-dimensionally periodic structure while
Scrimgeour et al. ' described the creation of defect structures
inside 3D PhCs. The other group20 fabricated and developed
polymer-air PhCs in SU-8 via holographic lithography and
the PhCs were infiltrated with trimethylol propane triacrylate
and a two-photon sensitive photoinitiator for the direct writ-
ing of defects via an ultrafast laser. Nice defects with a size
of several lattice constants were demonstrated. These three
groups used SU-8 photoresist for the holographic fabrication.
The SU-8 usually requires prebake and postexposure bake
although it is an excellent resist for fabricating nano/
mcrostructures.

In this paper, we use a different photosensitive mixture
of dipentaerythritol penta/hexaacrylate (DPHPA) and photo-
initiator for the hybrid holographic and two-photon lithogra-
phy without prebake and postexposure bake. A phase-tunable
single optical element is used for the holographic fabrication
of large area woodpile-type PhC template in order to reduce
the optics setup complexity. The two-photon lithography is
demonstrated in the same photosensitive mixture without an
infiltration of other photosensitive mixture. We create com-
plex defect structures including letters through direct writing
in the 3D holographically formed PhC template.

Il. FABRICATION OF 3D PHOTONIC STRUCTURES
THROUGH HOLOGRAPHIC LITHOGRAPHY

A 514.5 nm laser beam from a Sabre Ar ion laser (Co-
herent Inc.) was used for the five-beam interference based
holography lithography. The laser beam was circularly polar-
ized, cleaned, expanded, and collimated by spatial filter and
collimating lens set as shown in Fig. 1(a). As shown in detail
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in Fig. 1(b), the single optical element used to construct five-
beam interference pattern is a top-cut four—side—prism.17 Af-
ter total-internally reflected at the four lateral surfaces, the
beam is separated into five beams with centrosymmetric
propagation directions. After they refracted through the
prism surface, all five beams were recombined to create a 3D
interference region behind the prism surface. A thin micro-
scope glass cover slide mounted on a rotatable stage is in-
serted into one of the five beams to control the phase of the
beam for the generation of 3D interconnected PhCs."” When
the relative phase shift in one beam is 7, the 3D interference
pattern has a diamondlike structure (or woodpile).11 3D pho-
tonic structures were fabricated holographically in a negative
tone photoresist. The visible light sensitive photoresist con-
tains 88.80 wt % DPHPA monomer (from Aldrich),
0.11 wt % photoinitiator rose Bengal, 0.79 wt % coinitiator
N-phenyl glycine, and 10.30 wt % chain extender N-vinyl
pyrrolidinone. The photosensitive mixture was spin-coated
as a thin film on a cut glass slide. The spin-coating speed was
between 800 and 2000 rpm and the sample thickness was
between 6 and 18 wm. A laser power between 150 and 300
mW was used. The exposure time was several seconds. After
the exposure, the sample was developed in propylene glycol
methyl ether acetate for 6 min typically. More development
times than 6 min were applied for thick samples and a mag-
netic bar was used to stir the propylene glycol methyl ether
acetate developer with a speed of 60 rpm. Finally the sample
was washed by isopropanol for 20 s and left to dry in ambi-
ent air. The developed holographic sample has a surface area
of 3.5X3.5 mm>.

Figure 2(a) shows a scanning electron microscope
(SEM) image of photonic structures developed in the photo-
resist, showing the quality of woodpile structure fabricated
through holographic lithography. The cross-section of the
fabricated sample is shown in Fig. 2(b) and an enlarged view
is shown in Fig. 2(c). The photonic structure is determined
by the wave vector k of the five beams as described by Egs.
(1) and (2),

ky=K(0,0,1), (1)

) dnm Cdnw
k,=K)| sin « cos?,sm a smT,cos al,

for n=1-4, (2)

where « is the interference angle between the side-beam k,,
and the central-beam k. The wave vector difference Ak can
be considered as reciprocal vectors of holographically
formed structures. The periodicity in x or y direction is
N/sin a which is calculated to 0.84 wm for @=37.5°. The
periodicity is measured to be 0.83 wm averaged over several
SEMs. The periodicity in z-direction is \,,/(1-cos a,,)
=4.21 pm assuming the refractive index is 1.58 for the pho-
toresist (subscript m for value inside the mixture). The mea-
sured value is 3.96 wum which is smaller than theory. The
6% difference is due to the sample shrinkage in DPHPA,
while a shrinkage of 16% has been reported in SU-8 PhC
template.21 The wavelike long period banding in the surface
of the structure in Figs. 2(a) and 2(b) is caused by a small
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FIG. 2. (Color online) (a) SEM of fabricated 3D PhC template through
holographic lithography; (b) cross-section SEM image of the fabricated
PhC; (c) enlarged view of the cross-section. The insert shows a simulated
five-beam interference pattern.

sample tilt as illustrated in Fig. 2(c). The cross-section of the
sample also shows a nonuniformity. It happens when the
sample is not cut along the x or y-axis, or along the diagonal
direction as shown in the simulated figure inserted in Fig.
2(c). When the elliptical rods are close to the joint section of
rods (polymerized under high laser intensity), their cross-
section is bigger than those rods polymerized under low laser
intensity.

lll. TWO-PHOTON POLYMERIZATION THROUGH
LASER DIRECT WRITING

Figure 3(a) shows the laser direct writing setup. A tun-
able Ti:sapphire femtosecond laser (Chameleon, Coherent
Inc.) was used with a repetition rate of 80 MHz and pulse
width of 140 fs. The laser operation wavelength is 720 nm.
The laser beam was controlled through an external shutter
and the laser power was attenuated through neutral density
filters. The laser beam was expanded and then focused inside
the photoresist using a 0.55 NA aspheric lens (Thorlabs). The
laser power was 150 mW as measured before the aspheric
lens. The photoresist was spin-coated on a glass slide and the
slide was mounted on a three axial motion stage (Newport)
which was controlled with a computer and translated with a
constant speed of 2.4 mm/s. The same photoresist mixture

J. Appl. Phys. 108, 073113 (2010)
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FIG. 3. (Color online) (a) Experimental setup for two-photon lithography;
(b) large area SEM image of the polymer line on the glass substrate; (c)
enlarged SEM view of the polymer line on glass substrate; (d) line width of
polymer structures fabricated at three scanning speeds.

and spin-coating on the glass slide were used as described in
Sec. II. After the laser direct writing, the photoresist was
developed in propylene glycol methyl ether acetate and then
washed by isopropanol. Figure 3(b) shows a large area SEM
image of the direct laser written polymer line structure stand-
ing on the glass slide substrate using the two-photon lithog-
raphy method, showing that the two-photon polymerization
can be realized in the DPHPA mixture. Figure 3(c) shows an
enlarged SEM image of the fabricated line structure on the
glass substrate. From the figure, we can see that the polymer
line has clean surface and a width of 2.3 um. The profile of
the polymerized line can be modified by using an aspheric
lens with big numeric aperture. The variation in the line
width can be reduced by improving the mechanical stability
of the motion stages and the steadiness of the laser output
power. Figure 3(d) shows the change in polymer line width
for three scanning speeds. The data were collected from
polymer lines on the same glass slide substrate under the
same laser power of 100 mW so that experimental conditions
were same except the laser scanning speed. As seen from
Fig. 3(d), when the scanning speed increases, the line width
decreases.

IV. FABRICATION DEFECT STRUCTURES IN
HOLOGRAPHIC PHCS

The strength of above optical lithography techniques can
be utilized for the fabrication of 3D PhCs with defects. As a
demonstration, Fig. 4 shows defect structures fabricated in
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FIG. 4. (Color online) (a) Large area SEM image of defect lines fabricated
in holographic PhC template; (b) an enlarged view of SEM image of defect
line in 3D PhC template; (c) defect structures in UTPA letters are fabricated
in 3D PhC template. The height of letters is 0.7 mm as designed in the
motion stage control program.

the 3D PhC template by combining the above two optical-
lithography methods. The spin-coated photoresist film was
first exposed to the Ar ion laser for the holographic lithogra-
phy. After initial exposure, the glass slide is then mounted on
the computer controlled motion stage. Then the femtosecond
laser pulses were focused inside the previously holographi-
cally exposed resist. The motion stage was controlled such
that the focal point moves across the undeveloped PhC re-
gion. The same motion speed of 2.4 mm/s was used. After
exposure, the photoresist was developed in propylene glycol
methyl ether acetate for 6 min and then washed with isopro-
panol for 20 s and left to dry in ambient air. Figure 4(a)
shows the large scale uniformity while Fig. 4(b) shows the
interfacial quality of the two lithography processes. The
width of the defect line is approximately 3 wum. A compli-
cated structure can also be fabricated with the two-photon
lithography. Figure 4(c) shows defect structures of UTPA
(University of Texas-Pan American) letters fabricated in the
3D PhC template, which clearly demonstrates the capability
of direct laser writing of complex structure through the two-
photon lithography in holographic structures. The scale bar
was missing when taking SEM. The height of letters was 0.7
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mm and the distance between letter U and letter A was 1.478
mm as designed by the motion stage control program.

V. CONCLUSIONS

In summary, this paper demonstrated the capability of
optical fabrications of PhCs with defect structures in DPHPA
instead of SU-8 through a simplified lithographic process
without prebake and postexposure bake. The flat-top four-
side prism-based holographic lithography was used for the
rapid fabrication of large area 3D PhC templates with
woodpile-type structure. Two-photon lithography was ca-
pable to write complex defect structures in the holographi-
cally formed 3D PhCs in DPHPA with a clear interfacial
connection. Thus DPHPA mixture can be used as photoresist
for holographic lithography, laser direct-writing, and hybrid
holographic and two-photon lithography for constructing
photonic nano/microstructures.
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