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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 calculatia®303©
American Institute of Physics[DOI: 10.1063/1.1557328]

Large-area, three-dimension@D) photonic crystafs?  mine the internal structure of the unit cell. While Ref. 8 used
incorporating cavities and waveguides would not only offerlinear polarizations only, choosing different linear, circular,
interesting perspectives in high-density integrated optics foor generally elliptical polarizations results in more design
telecommunications applications, but would also be interestfreedom via the form factora,,.
ing for fundamental studies, for instance on the quantum In order to achieve a complete 3D photonic band gap, it
optical properties of nanoresonatdrsDifferent approaches s known that symmetric structures are advantageous as com-
towards this goal are currently being followed, such as inpared to more asymmetric structuf@#n interesting candi-
verse opal§, stacked two-dimensional structures fabricateddate might be the fcc crystal structug@nalogous to the in-
by electron-beam lithograp!ty, and holographically gener- yerse opals or diamond structure the pioneering work of
ated photoresist templafes® with the potential to be infil-  Ref. 8, a bee reciprocal lattidequivalent to a fec real-space
trated by appropriate materials. lattice) was demonstrated in air.

In the latter holographic approac, collimated coher- However, it is important to note that this fcc lattice in air
ent laser beams are sent onto a photoresist. The resultifgansates into a non-fcc, strongly asymmetric lat{iEes.
multiple-beam interference pattern exposes the photoresis{(p) and 1(c)within the photoresist because of the refraction
In the developer, the more exposed and less exposed paggthe four beams at the air—photoresist interface. In particu-
have different solubilities, leading to a porous photoresisigy, the realization of a fcc lattice in real space requires an
structure. To obtain a 3D intensity patter(r), which ex- angle of incidence for beams 2, 3, and 4-6f arccos(7/9)

poses the photoresidt, needs to be four or largéFig. 1(a)]. =38 .94° with respect to the norméleam 1), leading to the
The light intensity forN=4 can be written as corresponding bcc lattice in reciprocal spaté&ven using
4 2 4 grazing incidence, apart from being impractical, the critical
(r)s E Egei(kn~r— ot)| — 2 angCnmT. angle of total internal reflectiomcmf arcsin(l/r&_hotoresis}
n=1 nm=1 generally does not allow one to obtain the required angle

inside the photoresist. For example, the photoresist used in
Refs. 8 and 10 and in this article corresponds to a critical
angle of total internal reflection of 36.78°nNforesist

N =ngy.g=1.67 for the undeveloped photoresist at 355-nm
anm=Eqn-Eqy , resulting from the relative amplitudes and wavelength).

polarizations of the incident laser beams. Three of the recip-  |n this letter, we extend the holographic technique by
rocal lattice vectorss,,, for instanceGy,, Gi3, andGus,  introducing a specially designed “prism” on top of the pho-
are linearly independent and form a basis of reciprocal spacggresist, which solves the refraction problem. This allows us
The terms withn=m lead to a constant background. There-, fapricate a fcc lattice in the photoresist with a lattice con-
fore, the reciprocal lattice vectofS,,,, determine the lattice giant of about 550-nm. Analogous to the inverse opals, this
of the crystal structure, whereas the form factag, deter-  periodicity would lead to a band gap in the visible or near-
infrared range for a sufficiently high refractive index con-
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Here, the reciprocal lattice vecto@,,,=k,—k,, are deter-
mined by the differences of the wave vectérsof the inci-
dent plane waves and thHgenerally complexform factors



https://core.ac.uk/display/197558676?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Appl. Phys. Lett., Vol. 82, No. 8, 24 February 2003 Miklyaev et al. 1285

@

air

photoresist

(b)

T T ort Ut
A

FIG. 2. (a) Scheme of laser holography with an additional corner cube with
chopped-off tip on top of the photoresist. Here, the angles of the laser beams
inside the photoresist correspond to a bcc reciprocal space lattice, equivalent
to a real-space fcc lattice in the photoresibj. Corresponding experimental
result. Electron micrograph of a broken edge of the developed photoresist
template. The&111) direction is normal to the surface of the photoresist film.

fabricate a real-space fcc lattice, we place a specially de-
signed, custom-made prism, that is, a corner cube with a
chopped-off tip, onto the photoresidtig. 2(a)]. The light is
coupled through the fused silica pris(refractive indexn

FIG. 1. () Scheme of laser holography employing four laser beams in the .1'.48 at 355 nm Wavelen@t'han.d through a thin layer of
“umbrella-like” configuration, with the central beam, 1, and the three oth- distilled water into the phOtoreS'Sn§U—8: 1.67 for the un-

ers, 2, 3, and 4, symmetrically arranged with angte40.3° with respectto ~ developed photoresist at 355-nm wavelengffrom these

the normal. Due to refraction at the air—photoresist interface,angles  parameters, we calculate a fcc structure with a nominal lat-

inside the photoresist are smalldeading to an asymmetrig.e., trigona) tice constant o=550 nm. The resulting photoresist struc-
structure.(b) and (c) Corresponding experimental result. Electron micro- ’

graphs of a broken edge of the developed photoresist template in two diture shown in Fig- @) is indeed close to fcc. o
ferent magpnifications. We characterize these fcc templates by transmission op-

tical spectroscopy along th@11) direction with a spot size

electron microscopy as well as by optical transmission spec®f about 100um. The intensity transmission spectriinght-
troscopy. hand sidgRHYS) in Fig. 3] exhibits a pronounced dip around

We use the thick-film photoresist SU-8 25 from Micro- Ao=680-nm wavelength. The transmission in this minimum
Chem Corporation, which has a nominal resolution belowis 13%. In order to compare the optical transmission experi-
100 nm. SU-8 does not exhibit a change of its refractivement with rough estimates or with band-structure calcula-
index during exposure, and has low absorption in the near-
UV. The latter allows us to realize many lattice constants into

the depth. For the exposure, we split the output of a :':_- T U Laoo €
frequency-tripled, Q-switched, single-mode Nd:YAG laser - + - =
with about 6-ns pulse width into four beams, the intensity 107 ~ :—soo fca
and polarization of each can be adjusted independently by 08 N & E 2
means of half- and quarter-wave plates. The central beam, 1, S 06 ] T E ?330 8
is circularly polarized, and the remaining beams are linearly 0.4 -+ 4
polarized in their planes of incidence. The energy ratios 02 ] I

(beam 1:2:3:#are 1.5:1:1:1. The photoresist is exposed in 0.0 ] I

just a single laser shot at 355-nm wavelength with a total XU L I' XWK

00 05 1.0

energy of about 8-mJ. The beam diameter is 8 mm. After -
wave vector transmission

exposure, the photoresist is post-bakezhd developed.
The electron micrographs depicted in Figéb)land ZI(C) FIG. 3. Optical intensity transmission spectr@RHS) of the fcc photoresist

; mplate in Fig. gb) along the(111) direction (I'L), showing a minimum in
show the result obtained throth the exposure geometr ansmission around 680-nm wavelength. The left-hand side exhibits a cor-

shown in Fig. 1a), leading to a highly asymmetric non-fcc responding band-structure calculation. The gray shaded area corresponds to

structure, similar to the results reported in Ref. 8. In order tahe 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 dephotoresist itselj. Moreover, we have introduced improved
veloped photoresist in the relevant wavelength region. Welesign freedom of the internal structure of the unit cell by
obtain an index ohgy.g=1.61 at 633-nm wavelength from employing different polarizations of the four incident laser
an independent measurement of Brewster’s angle on a devddeams by, for example, circular polarization of the central
oped bulk photoresist layer. From an inspection of the im-beam and linear polarizations of the other three beams. This
ages shown in Fig.(®) and from calculations of the struc- design freedom leads to a more symmetric internal structure
ture, we estimate a photoresist filling fraction ©£29%.  of the unit cell, which is desirable for achieving complete 3D
Furthermore, it is known that the thickness of SU-8 filmsphotonic band gaps after infiltration of the templates with a
shrinks during development. For instance, Ref. 15 reports high-index material. The photoresist templates are character-
shrinkage of 7.5%, leading to a lattice constant al¢tiy) ized by optical transmission spectroscopy. These measure-
of a=509 nm. To get a rough estimate of the center wavements agree well with corresponding band-structure calcula-
length A of the fundamental stop band, we employ Bragg'stions.
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