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Three-dimensional face-centered-cubic photonic crystal templates by laser
holography: fabrication, optical characterization, and band-structure
calculations
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We fabricate three-dimensional photoresist templates by means of laser holography. In particular,
fcc structures are achieved by placing a specially designed ‘‘prism’’ onto the photoresist surface.
This solves the problem of previous work, in which the refraction at the air–photoresist interface
made it impossible to obtain the required angles of the light wave vectors inside the photoresist. The
photoresist templates are characterized by scanning electron microscopy as well as by optical
transmission spectroscopy, which agree well with numerical band-structure calculations. ©2003
American Institute of Physics.@DOI: 10.1063/1.1557328#
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Large-area, three-dimensional~3D! photonic crystals1,2

incorporating cavities and waveguides would not only of
interesting perspectives in high-density integrated optics
telecommunications applications, but would also be inter
ing for fundamental studies, for instance on the quant
optical properties of nanoresonators.3,4 Different approaches
towards this goal are currently being followed, such as
verse opals,5 stacked two-dimensional structures fabricat
by electron-beam lithography,6,7 and holographically gener
ated photoresist templates8–11 with the potential to be infil-
trated by appropriate materials.

In the latter holographic approach,N collimated coher-
ent laser beams are sent onto a photoresist. The resu
multiple-beam interference pattern exposes the photore
In the developer, the more exposed and less exposed
have different solubilities, leading to a porous photores
structure. To obtain a 3D intensity patternI (r), which ex-
poses the photoresist,N needs to be four or larger@Fig. 1~a!#.
The light intensity forN54 can be written as

I ~r !}U(
n51
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0ei(kn•r2 vt)U2

5 (
n,m51
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anmeiGnm•r.

Here, the reciprocal lattice vectorsGnm5kn2km are deter-
mined by the differences of the wave vectorskn of the inci-
dent plane waves and the~generally complex!form factors

anm5En
0
•Em

0* , resulting from the relative amplitudes an
polarizations of the incident laser beams. Three of the re
rocal lattice vectorsGnm , for instanceG12, G13, andG14,
are linearly independent and form a basis of reciprocal sp
The terms withn5m lead to a constant background. Ther
fore, the reciprocal lattice vectorsGnm determine the lattice
of the crystal structure, whereas the form factorsanm deter-
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1280003-6951/2003/82(8)/1284/3/$20.00
Downloaded 06 Mar 2009 to 129.13.72.198. Redistribution subject to AIP

EVA-STAR (Elektronisches Volltextarc
http://digbib.ubka.uni-karlsruhe.de/voll
r
r
t-

-

ing
st.
rts
t

p-

e.
-

mine the internal structure of the unit cell. While Ref. 8 us
linear polarizations only, choosing different linear, circula
or generally elliptical polarizations results in more desi
freedom via the form factorsanm .

In order to achieve a complete 3D photonic band gap
is known that symmetric structures are advantageous as c
pared to more asymmetric structures.12 An interesting candi-
date might be the fcc crystal structure~analogous to the in-
verse opals or diamond structures!. In the pioneering work of
Ref. 8, a bcc reciprocal lattice~equivalent to a fcc real-spac
lattice! was demonstrated in air.

However, it is important to note that this fcc lattice in a
translates into a non-fcc, strongly asymmetric lattice@Figs.
1~b! and 1~c!#within the photoresist because of the refracti
of the four beams at the air–photoresist interface. In parti
lar, the realization of a fcc lattice in real space requires
angle of incidence for beams 2, 3, and 4 ofg5arccos(7/9)
538.94° with respect to the normal~beam 1!, leading to the
corresponding bcc lattice in reciprocal space.13 Even using
grazing incidence, apart from being impractical, the critic
angle of total internal reflectionacrit5arcsin(1/nphotoresist)
generally does not allow one to obtain the required anglg
inside the photoresist. For example, the photoresist use
Refs. 8 and 10 and in this article corresponds to a criti
angle of total internal reflection of 36.78° (nphotoresist

5nSU-851.67 for the undeveloped photoresist at 355-n
wavelength!.

In this letter, we extend the holographic technique
introducing a specially designed ‘‘prism’’ on top of the ph
toresist, which solves the refraction problem. This allows
to fabricate a fcc lattice in the photoresist with a lattice co
stant of about 550-nm. Analogous to the inverse opals,
periodicity would lead to a band gap in the visible or ne
infrared range for a sufficiently high refractive index co
trast. The photoresist templates are characterized by scan
4 © 2003 American Institute of Physics
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electron microscopy as well as by optical transmission sp
troscopy.

We use the thick-film photoresist SU-8 25 from Micr
Chem Corporation, which has a nominal resolution bel
100 nm. SU-8 does not exhibit a change of its refract
index during exposure, and has low absorption in the n
UV. The latter allows us to realize many lattice constants i
the depth. For the exposure, we split the output of
frequency-tripled, Q-switched, single-mode Nd:YAG las
with about 6-ns pulse width into four beams, the intens
and polarization of each can be adjusted independently
means of half- and quarter-wave plates. The central beam
is circularly polarized, and the remaining beams are linea
polarized in their planes of incidence. The energy rat
~beam 1:2:3:4! are 1.5:1:1:1. The photoresist is exposed
just a single laser shot at 355-nm wavelength with a to
energy of about 8-mJ. The beam diameter is 8 mm. A
exposure, the photoresist is post-baked14 and developed.

The electron micrographs depicted in Figs. 1~b! and 1~c!
show the result obtained through the exposure geom
shown in Fig. 1~a!, leading to a highly asymmetric non-fc
structure, similar to the results reported in Ref. 8. In orde

FIG. 1. ~a! Scheme of laser holography employing four laser beams in
‘‘umbrella-like’’ configuration, with the central beam, 1, and the three o
ers, 2, 3, and 4, symmetrically arranged with angleg540.3° with respect to
the normal. Due to refraction at the air–photoresist interface,the angles
inside the photoresist are smaller, leading to an asymmetric~i.e., trigonal!
structure.~b! and ~c! Corresponding experimental result. Electron micr
graphs of a broken edge of the developed photoresist template in two
ferent magnifications.
Downloaded 06 Mar 2009 to 129.13.72.198. Redistribution subject to AIP
c-

e
r-
o
a
r
y
by
1,

ly
s

l
r

ry

o

fabricate a real-space fcc lattice, we place a specially
signed, custom-made prism, that is, a corner cube wit
chopped-off tip, onto the photoresist@Fig. 2~a!#. The light is
coupled through the fused silica prism~refractive indexn
51.48 at 355-nm wavelength!, and through a thin layer o
distilled water into the photoresist (nSU-851.67 for the un-
developed photoresist at 355-nm wavelength!. From these
parameters, we calculate a fcc structure with a nominal
tice constant ofa5550 nm. The resulting photoresist stru
ture shown in Fig. 2~b! is indeed close to fcc.

We characterize these fcc templates by transmission
tical spectroscopy along the~111! direction with a spot size
of about 100mm. The intensity transmission spectrum@right-
hand side~RHS! in Fig. 3# exhibits a pronounced dip aroun
l05680-nm wavelength. The transmission in this minimu
is 13%. In order to compare the optical transmission exp
ment with rough estimates or with band-structure calcu

e

if-

FIG. 2. ~a! Scheme of laser holography with an additional corner cube w
chopped-off tip on top of the photoresist. Here, the angles of the laser be
inside the photoresist correspond to a bcc reciprocal space lattice, equiv
to a real-space fcc lattice in the photoresist.~b! Corresponding experimenta
result. Electron micrograph of a broken edge of the developed photor
template. The~111! direction is normal to the surface of the photoresist film

FIG. 3. Optical intensity transmission spectrum~RHS! of the fcc photoresist
template in Fig. 2~b! along the~111! direction (GL), showing a minimum in
transmission around 680-nm wavelength. The left-hand side exhibits a
responding band-structure calculation. The gray shaded area correspon
the direction measured. The dotted lines are guides for the eye.
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tions, one needs to know the index of refraction of the
veloped photoresist in the relevant wavelength region.
obtain an index ofnSU-851.61 at 633-nm wavelength from
an independent measurement of Brewster’s angle on a de
oped bulk photoresist layer. From an inspection of the
ages shown in Fig. 2~b! and from calculations of the struc
ture, we estimate a photoresist filling fraction off 529%.
Furthermore, it is known that the thickness of SU-8 film
shrinks during development. For instance, Ref. 15 repor
shrinkage of 7.5%, leading to a lattice constant along~111!
of a5509 nm. To get a rough estimate of the center wa
lengthl0 of the fundamental stop band, we employ Brag
law

l052 d111neff ,

with the distance between adjacent lattice planes in the~111!
direction,d1115294 nm, and the effective refractive index
the photoresist templateneff5AnSU-8

2 f 1(12 f ). This leads
to l05711 nm, consistent with the experiment@Fig. 3
~RHS!#.

In order to compute not only the center wavelength
the stop band but also its width, we have performed ba
structure calculations for the structure depicted in Fig. 2~b!
using a plane-wave expansion method12,16 with the param-
eters given earlier. The results of this calculation for the m
sured~111! direction (GL) are presented in Fig. 3. The re
maining slight anisotropy of the internal structure of the u
cell with respect to the fcc symmetry group leads to a sp
ting of the two lowest bands. As a consequence, the irred
ible Brillouin zone~IBZ! associated with the structure of Fig
2~b! is larger than the standard IBZ for isotropic fcc stru
tures, and care has to be exerted when comparing with
measured transmission data. The calculated energetic
tion as well as the spectral width of the corresponding s
gap agree well with the experiment~Fig. 3!.

In conclusion, we have fabricated a fcc structure in
photoresist by means of laser holography. This has bec
possible by introducing a specially designed corner c
with chopped-off tip on top of the photoresist, which ove
comes the fundamental problem that, without such prism,
required angles in the photoresist cannot be achieved du
refraction of light at the air–photoresist interface.~Previous
work demonstrated fcc lattices in air which corresponded
highly asymmetric non-fcc, i.e., trigonal structures of t
Downloaded 06 Mar 2009 to 129.13.72.198. Redistribution subject to AIP
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photoresist itself.! Moreover, we have introduced improve
design freedom of the internal structure of the unit cell
employing different polarizations of the four incident las
beams by, for example, circular polarization of the cent
beam and linear polarizations of the other three beams. T
design freedom leads to a more symmetric internal struc
of the unit cell, which is desirable for achieving complete 3
photonic band gaps after infiltration of the templates with
high-index material. The photoresist templates are charac
ized by optical transmission spectroscopy. These meas
ments agree well with corresponding band-structure calc
tions.
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