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The growth of an opal-like polymer photonic crysi@hQ on deeply etched silicon wafers is
reported. It is shown that 1@m deep trenches, as narrow as 4@ can be uniformly filled by
self-assembly of microspheres, in a close-packed face-centered-cubic lattice. These observations are
confirmed by optical reflectance measurements in the visible range, in agreement with theoretical
calculations of the photonic band gap. A slight fluctuation of the lattice parameter is noticed in the
case of the narrowest channels. The possibility to detach the PhC from the substrate is also
demonstrated. The potential of this approach for building complex PhC-based complex architectures
is discussed. €2002 American Institute of Physic§DOI: 10.1063/1.151321]2

The strong research effort devoted to photonic crystaldy drawing up the wafer in a vertical positfowith a veloc-
(PhCg is motivated by their potential to build a generation ity of about 300 nm/s from a 3 wt % suspension of monodis-
of optoelectronic devices of reduced size, combining highperse polymethylmethacrylate(PMMA) spheres of diam-
integration, and high-speed processtrig.this context, close eter abound 280 nm, prepared following the routine
packages of monodisperse microspheres, also called opaligscribed elsewhereAll processes were carried out at room
constitute a promising approach to fabricate threetemperature. Optical reflectance was measured using a Dilor
dimensional(3D) PhCs, in its bareor in an inverted form XY 800 triple spectrometer equipped with a microscope, in a
following a template approachat low cost and large scale front white-light illumination configuration, through an in-
required by mass production. Several ways to control theentionally low numerical aperturé0.25 objective (X 10
early stage of sedimentation have been already reported, usragnification. Care was taken to set the slits in order to
ing either patterned substrate@lso grooveband pyramid  select, from the surface of the sample, an effective area of
shaped pits® or an electrically driven depositighAd-  50x50 um?2 Spectra were corrected by the response of the
vanced photonic circuits will need complex architectures, avhole optical system. Prior to their observation by a Philips
sufficient number of spheres to ensure a photonic band garL.30 scanning electron microscopSEM), the samples
effect in all directions, as well as electrically addressablayere cleaved for side observations and sputtered with a thin
materials. film (10 nm of gold.

In this letter, a 3D PhC self-assembly on deeply etched  Since the thickness of the deposited film depends on the
silicon wafers is reported. After the experimental details, weconcentration of the colloid suspension and on the drawing
describe our sample from a structural point of view, emphavelocity® it was possible to match the trench etch depth. As
sizing the ordering of the spheres. Then, the optical propelshown on side view SEM micrographs in Figall, the depo-
ties are investigated. Finally, the issue of cracks is discussedition is uniform and about 1@&m thick. Moreover, it ap-

The (100 silicon substrate wafer was etched in an in-pears, in Fig. (b), that the unetched areas remain uncovered.
ductively coupled plasma reactor, to a typical etch depth ofrhis can be easily understood considering the vertical geom-
10 um. It was cleaned by a standard process, hydrophilizedtry uysed for the crystallization process. The deposition of
in a H0,(35%):NH;(25%):H,0 (1:1:9 bath for 3 h, and  gpheres takes place at the top of the menié@iSince this
rinsed in deionized water. The sedimentation was performegheniscus is higher within the trenches due to stronger capil-
lary forces, the colloids are drained there and no crystalliza-
dElectronic mail: ferrand@uni-wuppertal.de tion occurs on unetched silicon area.
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FIG. 1. (a) Side view SEM micrograph of a self-assembled 3D PhC in a 200

pm wide trench.(b) Top view, taken in another wide trench. The bright Wavelength (nm)

region at the right-hand side is nonetched substrate. The thick white square

represents the area where optical measurements were carried out. In bd®G. 3. Reflectance spectra recorded within regions mentioned in fy. 1
cases, insets are closeups showing the almost perfect ordering. (thick line) and in Fig. Zb) (thin line).

The channels of Fig. 1 are wider than 1061 Both side  ing fraction 74%.** The Bragg peak of the sample grown on
[Fig. 1(a)] and surface[Fig. 1(b)] views clearly show an the narrow channdFig. 2(b)] appears slightly broadéFig.
almost perfect closed package, in a face-centered-¢tdsic 3 thin line, AN/A=8.5%). This is a consequence of the
lattice with the[111] growth direction perpendicular to the gjight disorder mentioned herein, which takes place both in
surface of the substrate, similar to what is usually obtaineghe plane and in depth. At the moment, the reasons for this
on unpatterned substratéslarrow trenches, having a width yemain unclear and are currently under investigation.
at least equal to the thickness, were also studied. The SEM Finally, the location of cracks is also strongly affected by
micrographs are shown in Fig. 2. In this case, it is noticeablgnhe finite trench size. Indeed, these cracks are probably a
that the ordering still exists, even if some fluctuations of theconsequence of strains induced by the shrinkage of the
lattice parameter appear on the top Vvigiig. 2(b)]. PMMA spheres during drying of the colloidal crysfain the

Then, these structural observations were complementeghse of opal grown on an unpatterned substrate or in a wide
by reflectance measurements carried out perpendicular to thesnch, these cracks are almost randomly distributed over the
sample surface, in regions illustrated in Figéb)land 2b),  syrface. Nevertheless, a typical size of crack-free domains
respectively. Both spectra in Fig. 3, show Fabry—Perot intercan pe empirically predicted. In our specific case, Fig. 1
ference fringes as proof of the uniform total optical thicknessshows that this size is about a couple of hundred square
of the PhC, and a Bragg reflection at wavelengths arounehicrometers. The patterned substrate is, in practice, a rigid
620 nm, as a proof of the periodic nature of the PhC. Thgrame which, for trenches smaller than the crack-free typical
wavelength of the Bragg reflection and the relative bandsijze, gives rise to large strains. These, in turn, result in cracks
width AN/A=5.5% in the wide channel casfig. 3, thick  gppearing only at the opal—substrate interfaces. This gives a
line), are in good agreement with the theoretical estimate ofyarantee of a structure free of cracks, at least in volume.

the stop band along tHa11] direction for PMMA spheres of - Thjs is clearly visible in Fig. 2, where cracks are exclusively
refractive indexn=1.489, close packed in a fcc latti¢gl-
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FIG. 2. (a) Side view andb) surface SEM micrographs of self-assembled

3D PhCs in narrow trenchesa) a 50 um wide trench andb) a set of FIG. 4. (a) Scheme illustrating the procedure to detach the opal from the
parallel 10um wide trenches. The thick white square represents the areaubstrate, using an adhesive tdpeoss section viey (b) Top view SEM
where optical measurements were carried out. The insets are closeups. micrograph of the detached structure, stuck on the tape.



Appl. Phys. Lett., Vol. 81, No. 15, 7 October 2002 Ferrand et al. 2691

located along the side walls and at the bottom interface. tion and width of which agreed with theoretical calculations.
Moreover, more than defects, these cracks are of practiA slight disorder was observed in the case of the narrowest

cal interest, since they were used to detach the opal structuteenches. It was noticed that cracks occur preferably close the

from the substrate. For this purpose, an adhesive tape wd#hC-—substrate interface, giving the possibility to detach the

placed on the sample surface, and carefully released as illustructure from the substrate.

trated in Fig. 4a). A top view SEM micrograph of the de-

tached structure is shown in Fig(bd. The result resembles The authors acknowledge the support of the Ge[man Re-
an elongated brick, of cross section about of<I® xm?, search Counci(DFG) Focused Program SPP 1113 “Photo-

showing a straight edge and flat sides. The order seen on thiC Crystals” and of the EU IST Project PHOBOS Grant No.
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