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We report on the fabrication of high-quality opaline photonic crystals from large silica spheres (diameter of 890
nm), self-assembled in hydrophilic trenches of silicon wafers by using a novel technique coined a combination of
“lifting and stirring”. The achievements reported here comprise a spatial selectivity of opal crystallization without
special treatment of the wafer surface, a filling of the trenches up to the top, leading to a spatially uniform film
thickness, particularly an absence of cracks within the size of the trenches, and finally a good 3D order of the opal
lattice even in trenches with a complex confined geometry, verified using optical measurements. The opal lattice was
found to match the pattern precisely in width as well as depth, providing an important step toward applications of
opals in integrated optics.

Introduction Scheme %

The strong research effort devoted to photonic crystals (PhCs) b) 9
is motivated by their potential in designing a novel generation
of optoelectronic devices of reduced size, combining aspects of
high integration and the ability to control the emission efficiency.
In this respect, multifunctional photonic circuits will require
architectures in which the positioning, shaping, and coupling of
high-quality 2D and 3D PhCsiis of critical importance. In contrast
to 2D PhCs, which can be fabricated in, for example, silicon-
on-insulator platforms by means of well-developed 2D nano- Silica ~<pheres
lithography?! the integration aspect of 3D PhCs poses a great Slirm,::
challenge. Assembling 3D PhCs through wafer bonding has been
proven to be a complicated and costly proceduréth no
straightforward prospect of further integration yet shown.  °(&) Schematic representation of the crystallization process by
Alternative 3D nanolithography, in which in-situ 3D patterning dr@wing up the substrate in a vertical direction with the help of
of polymer templates is followed by their infiltration by high stirring. (b) Crystallization of colloidal crystals on a patterned

R ; _ substrate during withdrawal. (c) Colloid crystallization process in
refractive index semiconductors and completed by nanocompositethe drying zone.

inversion, sgems to be morr:.a ?mi'e dnt bu'g stil rg[ml\a/lllns a COStg’l:)telecommunication frequency range is an important target. The
process and requires sopnisticated equipment. Moreovet, accomplishment of this task, however, first of all requires the

!|thography methpds are_notfree from I|_m|tat|ons. For example, realization of perfectly crystalline low-refractive-index 3D
in the holographic techniguethe formation of PhC templates templates

in narrow trenches and cavities in substrates is complicated to The quality of self-assembled colloidal crystals on structured
achieve because of wall shadows and parasitic reflections,Whereagi”cOn wafers depends on the method of fabrication, com-
the wo-photon polymerization is restricted to dimensions of mensurability of the opal lattice constant, and pattern dimensions,

4 _ i n 3 T
Ie;s than 10@‘.m' Hence, the self asse!“b'y of mon.odlsperse together with a spatial selectivity of opal growth. So far, opals
microspheres into opal structube¥’ remains the favorite route have been crystallized in channel structures, whereby the

to templates for platform-integrated photonic materials becausedeposition of opal on top of the wafer surface was mostly

of its simplicifty_,l_flexipility, aélghlocw cos_tl._ In pzlalrtifcular,ftheh prevented by covering it with a slifler by making this surface
preparation of silicon-inverte s onsilicon platforms for the hydrophobicl® These methods are difficult to apply in assembly
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Figure 1. (a) SEM image of crystallized silica spheres on a plain Si substrate. The small black and large white squares represent the areas
used for the calculation of the Fourier transforms in Figure 3c and d. (b) Optical micrograph of the etched substrate after the crystallization
of silica opals (about 1 mnx 0.7 mm). The high-lying parts of the wafer are uncovered (blank sikeovhite); the low-lying etched pattern

is completely filled (dark). (c, d) Representative SEM images showing the same selectivity. Notice the difference between isolated trenches
and trenches of the same size, which are connected to a continuous trench in part d.

reducing the bead concentration in the meniscus of the air to be of excellent quality, which is confirmed by optical as well
suspension interface close to the substrate. A combination ofas scanning electron microscopy studies.

directed evaporation-induced self-assembly (DEISA process) and

slow stirring to keep the spheres levitated has been suggested Experimental Section

as amethod for assembling large spheres in charisever, The patterned silicon substrates were prepared from (100)-polished
this method is poor in its control of the opaline thickness, its silicon substrate wafers by etching them in an inductively coupled
influence on the selectivity of deposition, and in obtaining large- plasma (ICP) reactor, using the standard Bosch process down to a
area opals with high quality. Ozin et al. have reported on the depth of 5um. The substrates were cleaned for 20 min in a 7:3
control of the opaline film thickness by heatitthowever, this sulfuric acid (98%)/hydrogen peroxide (35%) solution, followed by

method is suitable only for silica spheres with diameters smaller NYdrophilization in a 1:1:5 kD, (35%)/NH; (28-30%)/H0 bath
than 500 nm, and the problem of cracks is not solved. at 65°C for 20 min. The substrates were finally rinsed in deionized

. . o water and dried using nitrogen gas. As a result of this process, the

In this article, we for the first time report on the use of a whole wafer is highly hydrophilic, the low-lying etched parts as
drawing apparatdd?3 (providing control of the crystallization  well as unetched high parts. To make silicon 3D photonic crystals,
speed) in combination with stirring (providing counterbalancing for which the photonic band gap of the replicais in the near-infrared,
of the sedimentation) for the growth of high-quality colloidal microspheres made of silica with sizes greater than 850 nm are
crystals from large Sigspheres of 890 nm diameter. This choice réquired. The silica spheres used in the present work were of
of sphere diameter is dictated by the need to match the 890 nm diameter, prepared according to the method of Uhéer

telecommunication wavelength range and the high-order photonic@d & gift from him. The spheres were cleaned by consecutive

. ; . . __centrifugation, decantation, and redispersion in water. Laser dif-
band gaps of the |n_verf[ed .S' opal targeted by the fabricate! S'_O fractiongwith a “mastersizet® and scaneling electron microscopy
templates. Crystallizationin a drawing apparatus allows a precisegygies of the silica spheres showed high monodispersity, with a

variation of parameters by changing the drawing speed comparedyolydispersity index smaller than 2%.

to a control of the evaporation rateand can be used to grow  To obtain the colloidal crystals grown in the microscopically
high-quality opals. This opens for the possibility of crystallization structured substrates, the profiled silicon substrates were vertically
in selected areas of complex-structured silicon wafétence,

we focused on optimizing the opal crystallization conditions in __(14) Unger, K.; H. Giesche, H.; Kinkel, J. DE 35 34143A1 Kugetfige
. . . . Silica Partikel, Merck Patent GmbH, Sept 25, 1985.

confined geometries of complex topology for the sedimentation ™"(15) aiser, C.; Hanson, M.; Giesche, H.: Kinkel, J.; Unger, K. K. Nonporous
of such large Si@spheres. The obtained silica opals are proven Silica Microspheres in the Micron and Submicron Range: Manufacture,
Characterization and Application.fine Particle Science and Technology: From
Micro to NanoparticlesPelizetti, E., Ed.; NATO AST Series; Kluwer Academic

(11) Wong, S.; Kitaev, V.; Ozin, G. Al. Am. Chem. So2003 125 15589. Publishers: Dordrecht, The Netherlands, 1996; pp 4.
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lifted out of a colloidal suspension at a controlled slow speed on the a)
order of some 100 nm/s (Scheme 1a). Highly monodisperse colloids
together with a rather slow evaporation at the contact line are
prerequisites to obtaining highly ordered colloidal layers. As described
by Jonas et al’ the shape of the meniscus drives the crystallization.
However, in our case we do not rely on a lateral hydrophilic
hydrophobic pattern to change the length of the meniscus. Instead,
the capillary forces create a nonuniform meniscus pattern (Scheme
1b), which drives the crystallization to the etched trenches, where
most of the solvent evaporates. Because of stronger capillary forces
atthe low-lying etched trenches (diameterlDOum), the meniscus

in these regions extends higher than at the surface. The exact lengtt
of the meniscus differs between different trenches, depending on
their width and depth. For a trench of 1 diameter, it would,
however, be several mm long. In connected trenches, the length
depends thus on the length of the connected structure and on how
(vertically or horizontally) the trench has been drawn out of the
suspension. The fact that crystallization happens preferably in the
etched trenches opens the possibility to depositing the spheresb)
selectively there, if the thickness of the opaline film can be controlled
well. (In other words, if we draw too slowly, the film gets thicker,
and the trenches get overfilled. If we draw too quickly, the film gets
thinner, and the trenches are no longer filled completely.) The main
advantage of this deposition method using a “lifting machine”, as
compared to concepts that rely on evaporation, is the possibility to
control the film thickness, not only by changing the suspension
concentration but also by adjusting the drawing speed.

The main problem with large SiOspheres is their rapid
sedimentation in their suspension due to their comparatively high
mass. The sedimentation is so strong that after a few minutes a thin,
clear layer (nearly silica-sphere-free) can be observed at the surface
of the suspension. To prevent sedimentation, we added a spinning
magnetic bar to the bottom of a homemade glass container of 4 cm
diameter and 11 cm height, as illustrated in Scheme 1a, with slow
stirring at 100 rpm. In this setup, the surface of the suspension has
to be far enough away from the spinning bar so as to ensure that
the suspension in the region of the meniscus contacting the patterneq:igure 2. Representative SEM image of the cross section of silica
substrate is maintained in a quiet state. Nevertheless,tinyoscillationsopal on .the patterned Si substrate.
of the sample occur. They may act like oscillations caused by a loud
speaker, create mobility in the assembling spheres, and allow betterU
packing.

nder these conditions, we found it possible to deposit the silica
In a typical run, a substrate is lifted at room temperature-gZ® spheres rathersgleqtively onto the profiled substrfa\te, with typical
°C) at a speed of 200 nm/s out of an 8 wt % suspension. Under theseS@mples shown in Flgur_es—B. It should here be pointed out that
conditions, the substrate is lifted by about 18 mm in 24 h while at the samples were neither postprocessed nor cleaned after
the same time the meniscus in the container is lowered by about 2deposition. The pictures presented show the result immediately
mm because of the evaporation of ethanol. Thus, the evaporationafter crystallization.
as such has only a minor influence on the speed of the moving Figure 1b shows an optical micrograph after the self-assembly
meniscus used for crystallization. This makes the method less sensitiveof the opal. The Figure clearly demonstrates that large-scale
to evaporation and humidity than methods that rely on evaporation sjlica spheres crystallize exclusively into the etched low-lying
to move the meniscus:! ) _trenches and that the unetched (high) parts remain uncovered.
Scanning electron microscopy (SEM) images were taken with a 1 gy cellent selectivity of the particle deposition can also clearly

Zeiss Gemini 1530 at acceleration voltages of-QL%kV. Optical . . S
properties of the silica opals were evaluated by measuring their be seen n the SEM images §h_ovv_n in Figures 19 andd an_d 2.
In Figure 3, very good selectivity is also shown in areas with

reflectance spectra using a Perkin-Elmer Lambda 19 UV/VIS/NIR > T
complex geometry. Even around complex patterns, the filling is

spectrometer.
highly selective, and the order is very good. Independent of the
Results and Discussion substrate structure, the deposited film possesses a highly ordered
arrangement of silica spheres corresponding to the (111) plane
of aface-centered-cubic (FCC) lattice. Noteworthy is the absence
of cracking even on large scales, as clearly illustrated in Fig-

The first experiments with the drawing apparatus were
performed on flat substrates. Figure 1a shows an SEM image of

he resulting sili I. As shown in the Figur large, well- . o . S
the resuiting silica opal. As sho the Figure, a large, we ure la and c. We also studied the silica opals in the third dimen-

ordered, nearly crack-free opal film was obtained. Optical ~. - .
measurements proving the high quality are presented in Figures,?'on édEel\'jlth) by SEMfln?l{.:\glng Oflde?\;ﬁd su dbstratefsﬂ:?epr?senga-
4 and 5 and will be discussed later. After optimization, the lve Images of siiica opals at the edges or the cut sub-

crystallization was done on patterned substrates. (See Figure lt?trates are shown in Figure 2. Thes‘? pictures nicely demon-
and c for a large-scale view of the substrate.) The samples Werestrate that the top surface of the opal is very flat and the order

prepared fom 25 vol % (about & wn. %) suspension of [ 1012 9004, I denth 2w 1 he plane. 1 paricuer, e
890-nm-diameter silica spheres at a drawing speed of 200 nm/s. 9 5 9 ’ geo

rather narrow trench is destroyed, presumably by the cutting
(17) Fustin, C.-A.; Glasser, G.: Spiess, H. W.; Jonad, &hgmuir2004 20, process. In this particular case, the crystal quality may be affected

9114. in such narrow trenches either by the slightly concave bottom
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a)

Figure 3. (a) Left: representative SEM image of silica opal on a patterned Si substrate with complex geometry. Right: Fourier transform
of a marked region (about 17 sphered?7 spheres) in an SEM image. (b) Left: SEM image of the same silica opal on another area of the
patterned Si substrate. Right: Fourier transform of a marked region (aboutl®spheres) in an SEM image. (c, d) Fourier transform of
Figure la. (c) Large marked region (about @ x 50 um). (d) Small marked region (about 10 sphesed0 spheres).

profile of the etched trenches or by the potential misfit of the infilled is reached only if their diameter can accommodate only
lattice dimension to the size of the trench. It is in addition about two spheres. However, with regard to the whole profiled
noteworthy that the low-lying trenches are filled up to the top. wafer it can be seen that isolated trenches of less thap&00
For the samples presented here, the dimensions of lattice planetength are not entirely filled (Figure 1d), whereas trenches of the
and the depths of the trench do match. In cases where they dessame length that are connected to longer trenches are completely
notmatch, as in experiments with other wafers or different spheres,filled. In addition, selective filling is possible only if the trenches
the highest layer of spheres is slightly above or below the wafer are oriented perpendicular to the meniscus. This result can be
surface. explained only by the fact that the driving force for selective
The selective deposition scheme as here reported has beewrystallization is the larger meniscus length in the low-lying
realized for samples of 1 cm width and 2 cm height. Oninspection trenches due to capillary forces, as compared to thatin the higher-
of different samples and different regions, it was found that lying areas. For this to happen, the meniscus must extend far
trenches as wide as 11@n are still completely filled, while the ~ above the liquid surface. Therefore, a low-lying trench cannot
high parts stay sphere-free. The lower limit for structures to be be filled immediately as it is lifted over the liquid surface.
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The crystalline quality of the opal assembled on the patterned
Fod 10 substrate can be examined in the lateral dimension by applying
s the spatial Fourier transform to selected areas of the lattice images,
°08 as shown in Figure 3, and in the depth of the crystal by optical
® measurements, as shown in Figures 4 and 5. The Fourier transform
3 06 in Figure 3 nicely shows the hexagonal order of the (111) opaline
2 crystal plane. The sharpness of the pattern is mostly limited by
g 04 the lateral confinement of opal in trenches. For example, in Figure
’g 3b the peaks in the Fourier transform are much sharper in the
02 horizontal than in the vertical direction because only a few lattice
periods are available in the vertical direction before the end of
045 o0 0 2000 500 the channel. Parts ¢ and d of Figure 3 show the corresponding

size dependence of the pattern. For a sampling area of only 10
wavelength (nm) h . .

. . spheres, as corresponding to Figure 3a and b, the sharpness is
F|gure 4. Normalized reflectance SpeCtl’a of Opal on flat (Curve 1) Comparab|e The Sharpness obta|ned fora |arge area ShOWS We”_

and patterned (2) substrates. Spectrum 3 is obtained by subtractingyefined peaks in the spatial Fourier transform and hence proves
the reflectance of the uncovered Si wafer from spectrum 2. the crystal quality

Crystallization starts only when a trench has reached a certain To determine the periodicity of the opal lattice in the depth
height above the surface of the liquid, enabling a sufficient of the trench, optical measurements were performed to compare
meniscus length. For short, isolated trenches, this height obviouslyextended opal crystals on flat substrates with the finite-size crystals
exceeds the trench length. This finding offers the selectivity of confined in trenches in the profiled substrate. The reflectance
trench infiltration (Figure 1d): trenches with the same cross spectra were collected using a beam with a macroscopic spot
section can be either infilled or left empty depending on their size of 9x 1 mn?. In the case of profiled substrates, the spectrum

length or their connection to a longer trench. is thus averaged over many trenches or realizations of the opal
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Figure 5. (a) Reflectance spectra of an opal film on the flat Si substrate at different angles of light incidence indicated by the numbers on
the curves. (b) Reflectance spectra of an opal film on the patterned Si substrate at different angles of light incidence indicated by the numbers
on the curves. The reflectance magnitude is corrected for the reflectance of the uncovered Si substrate. (c) Bragg peak angle dispersion for
the unstructured wafer. Results from the Bragg equation nonlinearfit= 1.3037;d = 705 nm; particle diametdd = 865 nm. (d) Bragg

peak angle dispersion for the patterned wafer. Results from the Bragg equation nonlinear£it1.3099;d = 709 nm; particle diameter

D = 869 nm.
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lattice, with different lateral extensions. Normalized spectra of incident beam and the normal to the (111) plane, mpds the
opal films on flat and patterned substrates directly show the effective refractive index determined by = ngol® +
similarity with regard to the Bragg peak centered at 1830 nm and n,i (1 — @), with ® being the volume fraction of silica spheres.
the spectrum shape, as shown in Figure 4. For a more refinedThe best fit to the BraggSnell equation (Figure 5c) gives—=
comparison, itisimportant to consider that an intense background706 nm andhe; = 1.3037 for silica opal on flat substrates and
due to the mirrorlike reflectance at the uncovered parts of the d =709 nm andhet = 1.3099 for opals on patterned substrates.
silicon substrate is superimposed onto the spectrum of the opalBoth d values are identical within experimental accuracy. The
on profiled substrates. This contribution sums up to 40% of the interplane distance obtained from the Bragg fit agrees well with
total reflectance intensity. To obtain an absolute magnitude of the 890 nm value estimated from Mastersizer and SEM
reflectance, this background was subtracted to fit the 5% measurements. Thes value of 1.304 is in the range expected
background reflectance, characteristic of the opal film on a flat for a close-packed FCC lattice, with 74 vol % filling of SIO
substrate at wavelengths far away from the diffraction resonance.spheres if a refractive index of silicag(icq) of 1.42 is assumet?.
The corrected spectrum for the opal on the patterned substrate In addition to the Bragg reflection, FabryPaot oscillations
(shown as curve 3 in Figure 4) and the extended opal crystal ondue to the finite film thickness were observed for opals assembled
the flat substrate (curve 1) are rather similar. The relative on both flat and patterned substrates. The observation of well-
bandwidth of the diffraction resonance, defined as the ratio of defined fringes by reflectance spectroscopy indicatixat the
the full bandwidth at half-height of the reflectance band to the film thickness does not deviate by more than 10% from the
band central wavelength, is 0.17 for the films on flat sub- average value over the beam spot area of @ mn?.
strates and 0.13 for the films on profiled substrates. These .
values significantly exceed the theoretically calculated value of Conclusions
0.056 for the relative bandwidth along the (111) axis of a per- We have developed a route to the crystallization of large
fectinfinite opal. The major reason for this band-gap broadening monodisperse Sifspheres selectively in hydrophilic trenches
is, in our case, the small film thickne¥swhich is prominent in in etched silicon wafers with complex geometry. This was
the SEM pictures of cut samples and in the optical evaluation achieved with a drawing apparatus that allows for easy control
of the Fabry-Paot oscillations. A film thickness of about six ~ Of the crystallization speed.
layers of spheres was found for opal films on the patterned We achieved a high spatial selectivity of opal crystallization
substrates (Figure 2), and a film thickness of four layers was Withoutspecial treatment of the wafer surface, a precise matching
found for films on a flat substrate. In addition, inhomogeneous Of the opal lattice to the pattern dimensions in width as well as
broadening of the diffraction resonance of films on patterned in the depth, a high uniformity of the opal film thickness, and
substrates increases as a result of averaging over many latticé high, 3D order of the opal lattice. The most prominent quality
realizations in different trenches. Microoptical studies of similar feature in the presented samples is the very low presence of
but thicker films in individual trenches on silicon substrate cracks.
produced the narrower relative bandwidth of 0!88aking into It is worth mentioning that the choice of film thickness was
account the stronger resonance broadening for thinner films, themade by bearing in mind further infiltration of these opal films
opals on patterned and flat substrates possess nearly the sam@ith high refractive index material. Thus, the seemingly
quality. insufficient diffraction efficiency of this silica template can be
Measurements of the angu|ar dependence of reflection Wereconverted to strong omnidirectional phOtoniC band gap attenuation
performed to obtain more information on the crystal quality. after completing the opal inversion.
Parts a and b of Figure 5 show angularly dependent reflectance Acknowledgment. This work was supported by the European
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