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Abstract

Objective: Fabrication and optical characterization of close-packed 225 nyadgised colloidal crystalMaterials and methods:The

vertical convective self-assembly method is used to grow high-quality 225 nm close-packedsgitcolloidal crystals. An annealing

process (550°C) is made in order to improve the mechanical stability of the sample. Optical characterization is done by angle-resolved
transmission spectroscopy (A-RTS) and structural characterization by Scanning Electron MicroscopRR¢€Slkd)Both, A-RTS and

SEM, show that with the vertical convective self-assembly method, with the appropriate parameters of temperature of evaporation (60°C),
volume fraction of the colloidal suspension (0.2% w/w) and acidity (pH=6), highly ordered close packed face centered cubig (fcc) SiO
based colloidal crystals are obtain€dnclusions:The growth of high-quality (long range order and defect-free) face centered cubic opal-
based photonic crystals is reported.

Key words: Photonic crystals, colloidal crystals, artificial opals, vertical convective deposition method, Bragg diffraction

Resumen

Fabricacion y caracterizacion optica de cristales coloidales de alta calidad formados por esferas de $i€©225 nm de diametro

con empaquetamiento fcc crecidos por el método convectivo de auto-ensamblado de deposicién vertical. Objd&abricacion y
caracterizacion optica de cristales coloidales de esferas geeS?@5 nm de diametro y empaquetamiento fcc. Materiales y mét&aos

producen cristales coloidales de 225 nm de didmetro de alta calidad mediante la técnica convectiva de auto-ensamblado de deposicidon
vertical. Se hace, adicionalmente, un proceso de recocido (550°C) con el fin de mejorar la estabilidad mecéanica de la estructura. La
caracterizacion optica se lleva a cabo por espectroscopia de transmision resuelta en &ngulo (A-RTS) y la caracterizacion estructural mediante
microscopia electrénica de barrido (SERgsultados Ambos, A-RTS y MEB, muestran que con el método utilizado y con los pardmetros
adecuados de temperatura de evaporacion (60°C), fraccion en volumen de la suspensién coloidal (0,2% w / w) y acidez (pH = 6) se obtienen
cristales coloidales de Sj@on empaquetamiento compacto fcc altamente order@ooslusiones Se reporta el crecimiento de 6palos
artificiales con empaquetamiento compacto fcc altamente ordenados (libre de defectos y con ordenamiento a largo alcance).

Palabras clave:Cristales fotdnicos, cristales coloidales, 6palos artificiales, método de deposicion vertical, difraccion de Bragg
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Fabrication and optical characterization of fcc-opal based colloidal crystals

Resumo

Fabricac&o e caracterizacéo Optica de cristais coloidais de alta qualidade formados por esferas dg &225 nm de didmetro com
embalagem fcc crescidos pelo método convectivo de automontagem de deposicédo ver@tgétivo: Fabricacdo e caracterizagcao

optica de cristais coloidais de esferas de, 88225 nm de diametro e embalagemNtateriais e métodos Foram produzidos cristais

coloidais de 225 nm de didmetro de alta qualidade através da técnica convectiva de automontagem de deposi¢ao vertical. Faz-se, adicionalmer
um processo de recozimento (550°C), a fim de melhorar a estabilidade mecénica da estrutura. A caracterizacéo Optica foi realizada po
espectroscopia de transmissédo em angulo (A-RTS) e a caracterizac¢ao estrutural utilizando microscopia eletrénica de varredura (MEV).
Resultados: Ambos, A-RTS e MEV mostram que com o método utilizado e com os parametros adequados de temperatura de evaporaga
(60°C), fracéo de volume da suspenséo coloidal (0,2% w / w) e acidez (pH = 6) sdo obtidos cristais coloidai®aeediDalagem

compacto fcc altamente ordenaddsnclusdesRegistrou-se o crescimento de opalas artificiais com embalagem compacto fcc altamente
ordenadas (livres de defeitos e de ordem de longo alcance).

Palavras-chavecristais fotonicos, cristais coloidais, opalas artificiais, método de deposicéo vertical, difragdo de Bragg

Introduction a way that the controlled and uniform growth of 3D colloi-
dal crystals remained to be developed. However, the con-
Photonic meta-materials, artificially engineered materialstrolled evaporation-induced self-assembly vertical
in which their optical properties are unattainable with natu-deposition method, in which capillary forces produce large
rally occurring materials, attract a great deal of attentiorhigh-ordered opal films due to the directional nature of the
mainly because of their ability to control the way in which substrate/colloidal suspension interface, has shown to be
the electromagnetic radiation interacts with them and, alsopne of the more efficient methods (14, 15).
because they represent one of the most important examples
of the so-called emerging technologies in the fields of elecThe present work reports the growth of long-ordered 225
tronics and optoelectronics (1). A particular kind of photo-nm fcc-SiQ-based colloidal crystals from self-assembly
nic meta-materials are the close-packed 3D colloidalvertical deposition method on a hydrophilic glass sub-
crystals: periodic arrangement (face centered cubic (fcctrate, evaporation temperature of 8Qvolume fraction
and/or hexagonal close packed (hcp) stacking lattice) off the colloidal suspension of 0.2% w/w, pH of 6 and an-
mono-disperse silica or polystyrene nano-spheres with dinealing of 550C. The paper is organized as follows. In
ameters within the wavelength range of visible light in section 2 the experimental details (materials, instrumenta-
which many novel optical phenomena, that are strongltion and procedures) are presented. In section 3, a struc-
dependent of the sphere-packing symmetry, are observagral analysis from the SEM images of the structure is
(2). One of the most important optical characteristics in gyrovided. Optical properties, from A-RTS, of the opal films
SiO,-based colloidal crystal, which can be detected di-yj|| be obtained showing the existence of a stop band,
rectly by the A-RTS, is the presence of stop bands in whichypical in the optical behavior of light in photonic crys-

propagation of light is allowed only in certain crystallo- ta|s which follows the Bragg’s law.
graphic directions. Scattering of light, therefore, follows

the Bragg'’s law, in the same sense that X-rays are diffracted
by a family of planes of the atomic crystals. These noveMateria|S and methods
optical phenomena foster a great number of potential ap-
plications in advanced optical devices such as waveguideﬁl

(3), sensors (4), lenses (5) and low threshold lasers (6,7). ono-disperse colloidal Sispheres with a nominal di-

ameter of 250nm (Angstrém Spheres® 0|2% silica
Although the detailed growth mechanism of these colloi-SPheres: SIOP025-01-100G) were assembled on a soda lime
dal crystals is not known (8), upon both thermodynamicﬂoat glass substrate (_Knlttel stap_dard microscope slides)
studies and experimental results it is well known that unPY self-assembly vertical deposition. The glass substrate
der the appropriate conditions, colloidal particles assembl¥/as cleaned ultrasonically with acetone (Merck, GR for
spontaneously into ordered structures (9), giving place t@nalysis), ethanol (Merck, absolute GR for analysis), and
the called self-assembly methods. Although numerous selfully rinsed with deionized water (Milli-Q water, 0.056
assembly methods have been employed to make such 3@Sldm?) followed by drying under a flow of nitrogen gas
colloidal crystals (sedimentation (10,11), electrophoresidefore use. In order to make the surface hydrophilic, the
(12), and spin coating (13), mainly), the low control overglass substrate was etched by immersion in piranha solu-
the growth parameters results in a variety of defects in suction (a solution containing sulfuric acid (Merck$0O,,
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95-97%) and hydrogen peroxide (Carlo Erb@Hisolu-  research spectral pro 775), detected by a photomultiplier
tion 30% m/m in water) of 3:1 in volume) for 30 min fol- tube (77342 Side-on Oriel PMT) and sent to a Lock-in

lowed by rinsing with deionized water and dried with amplifier (Stanford Research Systems SR830). Scanning
nitrogen. The hydrophilic substrate was immersed verti-Electron Microscope (SEM) was used to carry out a struc-
cally into a vial (25mL) containing a diluted solution of tural characterization of the sample (JEOL, Mod. JSM

SiO, spheres, used as received from the supplier (Angstréré490-LV operated at 20 kV). The sample was coated with
Spheres®), of 0.2% w/w in 20mL of deionized water. Thegold to enhance the conductivity and avoid possible
acidity of the solution was controlled by using adequatecharging.

amounts of chlorohydric acid (HCI) and Sodium hydrox-

ide (NaOH) in order to obtain a pH of 6. Results and discussion

The vial was then placed in a vibration-free temperature ) )

grammed to heat at 8D for 25h. Two type K thermo- ing SiQ, 9olloidal spheres are _crystallized near the moving
couples were placed into the chamber in order to monitofOntact line between the stationary substrate and the con-
the distribution and eventual changes of temperatures ové&@ve meniscus formed between the surface of the very low
the time as in figure 1. Thermocouple 1 was in the ajr, T concentrateq evaporating suspension and the hydr_ophlllc
in figure 1, and thermocouple 2 was dipping in the suspensubstrate (Figure )l The convective flow of solvent (deion-
sion, T in figure 1. Finally the deposited film was annealedized water_ln this case) thrqugh the interstitial S|tes_ mQuces
at 550C for 2h (Terrigeno furnace Mod. L2) in order to Iate_ral capillary forces that in turn cause an attractive inter-
improve the mechanical stability of the sample. action between the spheres in such a way that are pushed to

the flat substrate, just as in the case of the dip coating tech-
Optical properties, which determine the presence of a stopique (16). In general, there are many types of interactions
band in the dispersion relation of the structure, were studbetween the spheres (mainly Van der Waals, Brownian and
ied by means of A-RTS measurements in the UV-VisibleCoulomb interactions), however the capillary forces acting
range. The impinging light (Newport 6333 Quartz Halo- between the colloidal spheres are larger compared with them.
gen Lamp) was focused to a spot of 3.0irtire transmit-  For this reason, convective methods are sometimes known
ted light was collected by a monochromator (Acton as self-assembly by capillary forces (17).

Figure 1. Schematic diagram of the vertical convective self-assembly setup. The inset shows the solvent temperature at
T .~60°C. The water and spheres fluxes in the vicinity of the hydrophilic substrate as well as the surface tension are shown.
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The convective transfer of Si@pheres from the solution colloidal spheres is deposited on the substrate as the me-
to the hydrophilic substrate is forced primarily by the tem-niscus moves down it (19). Both stacking patterns (fcc and
perature dependent solvent evaporation. Taking into achcp) have identical packing densitied%2 = 74%) and

go;mt thzﬁ] therle |stnot a thermodynacrjntf equl'“t.b”umcoordination numbers (twelve). This is why, within the
f;C;inré sjps[;?)\s/;ré \rf;pc%razringifuﬁgriurf ?ﬁeu s'g?\/;’ﬁ ramework of photonic applicatigns, the impact of the mor-
evaporation produces a pressure gradient th,at is compe _hology on the optical propertlles of self-assembled .COI_

: . idal crystals draws a lot of interest. From theoretical
sated by a solvent influx from the b.UIk SOIU“Q” an_d 4calculations (20), both structures are energetically similar,
sphere flux that causes the accumulation of particles in th

. ) atis, the free energies (per particle) are the same within
substrate, forming a disordered dense mono-layer. Then _ 5
capillary pressure due to curvature of the liquid surface" Uncertainty of no more thakPO°K, T (21).
between neighboring spheres lead to specific crystalliza-
tion during the dried process. One of the most importantn figure 2 the classical ABC notation is used to denote
facts in the growth of high quality films by convective each possible position of the hexagonal close packed mono-
methods is the constancy of the particle volume fraction idayer (22): A, B (displaced by (rV3/3, 0) from A), and C
the meniscus area that depends mainly of the sedimentgdisplaced by (2 2rV3/3, 0) from A), wherer is the radius
tion velocity (described by the Kynch theory (18)) and theof the spheres. In all cases the displacement is referred to
solvent evaporation rate @ndv,, in figure 1, respectively). thei, j, k unit vectors that define the coordinate system. If
Due to that, the phase change of a solvent from its fre¢ne stacking sequence is regular, the arrangement of spheres
surface occurs only under non-equilibrium conditions, thegrown may be a [111]-fcc structure, with a repeated
vertical convective method is a system that is not in therABCABC... pattern (every third layer is the same), or a
modynamic equilibrium and, consequently, the parameterf001]-hcp structure, with a repeated ABAB... pattern (ev-
that govern the growth process were not completely unery other layer is the same) (23, 24). The generic systems
derstood. However, it is well known that if the environ- are described in figure 2. The [001]-hcp structure is shown,
mental conditions like the suspension evaporation ratein a perpendicular view to the (100) plane, in figure 2a and
the particle sedimentation velocity, the particle volumethe [111]-fcc structure is shown, in a projection perpen-
fraction in the solution and the shape of the meniscus ardicular to the (111) plane, in figure 2b. The primitive vec-
properly controlled, a thin film of (fcc/hcp) close-packed torsa,, a,, anda,, and the primitive cells are also shown.

Figure 2. Schematic diagram of the [001]-hcp (a) and [111]-fcc (b) stacking pattern on mono-disperse spheres in a
perpendicular view to the growth direction. The primitive vectasd,, a,) and the primitive cell are shown in each case.
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A typical scanning electron microscope (SEM) image oftion of the crystal. From figure 2, at least three layers (ABC
the SiQ opal-based photonic crystal made by the verticalfor fcc or ABA for hcp) must be considered in order to
convective self-assembly method at a growth temperaturestablish the 3D colloidal stacking pattern. In figure 4 a
of 60°C, volume fraction of the colloidal suspension of four layer top view SEM image-{gure 4g) is compared
0.2% wiw, pH of 6 and annealing temperature of’g5s ~ With @ [111]-fcc stacking lattice modefigure 4b). The
shown in figure 3. The top surface (parallel to the sub—AE’CA pattern Is obseryed indicating cle_arl)_/ that.the col-
strate) of a high quality micro-colloidal crystal composed '9'0'"’" crystgl has a cubic strupture. Qonflrmlng this result
of 225 nm SiQspheres with a distribution standard devia- f!gure 5a gives a gross—secnonal view of th? sample and
tion less than 6%Higure 3) assembled in a hexagonally figure 5_b a3|mulat!on that shows the [01'1.] d|rect!on of an
close-packed ordered array is observed. In figure 3 thefc_C Iattlcg. Frgm f'g“re @ .[111]-fcc-stack|.ng lattice of
direction (row of spheres) is parallel to the growth direc-high quality with uniform thickness of §.n is observed.

Figure 3. SEM image of a 230 nm fcc-SiO2 opal based photonic crystal grown by the self-assembly convective vertical
deposition method. The inset shows the dispersion of the diameter of the spheres.

Figure 4. a) A perpendicular SEM image of a 230 nm SiO2 based colloidal crystal. b) Computer simulation of an fcc
stacking lattice that has been trimmed to show the arrangements of spheres similar to those observed in a). The letters
(ABCA...) show the stacking pattern typical of an fcc structure.
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Figure 5. a) SEM image of the cleaved facets. b) Computer simulation of the (01-1) plane of an fcc stacking lattice, where
d =2rv3,d, =2, d, =2rv2, and ¢ = r V(8/3). The white dashed line in a) corresponds to the black dashed line in b).

In order to investigate the angular-dependent spectral re- Netr = V NZs0, Of i+ N2y 0T, 01.34 [2]
sponse of the transmitted intensity under excitation with
visible light, in which the direction of the specular reflec- wheren . is the refractive index of the Sj@h,, = 1.45,

tion of light from the sample surface and the directionsgr sjlica bulk),n_, is the refractive index of air {r= 1.0),

of diffraction from the colloidal crystal coincide, of the . - . _ AT _ 40
225 nm SiQ opal-based colloidal crystal, under the as-fSiO2 is the filling factor of the silical{,, = 6 74%,

sumption of a perfect fcc stacking lattice, the Braggfor both, fcc and hcp structures) afydis the filling factor
formulation of diffraction is used. Since the wave-length of the voids f,, = 26%). Due to the fact that inter-planar
of visible light (30-800 nm) is close to the lattice con- gjstances (distance between [111] planes in fcc and be-
stant (g= 2V 2r [1350nm, for spheres with diameter of 250 e [001] planes in hcp) are the same in both stacking
nm), the geometry of the diffraction conditions is very
similar to the one that occurs in X-ray diffraction by an
atomic crystal in which, for certain sharply defined wave-fcc or hcp stacking lattice cannot be done from the Bragg’s
lengths and incident directions, intense peaks (first ordeformula. However, from figures 5 and 6 an fcc-stacking
Bragg peaks) of scattered radiation are observed due to th&ttice can be deduced.
interaction of light with a periodic dielectric permittivity.
In the Bragg description of the diffraction of radiation by a When non polarized light with wavelength of 450-650 nm
crystal, two assumptions are maijl&kadiation is specularly  impinges parallel to the surface of the substrate (the [111]
reflected by a family of planes in the structure apthe  direction of the 225 nm fcc-Si®ased photonic crystal, as
reflected rays interfere constructively when the conditionis shown in figure 2) a strong absorption band, a narrow
photonic stop band, centered on 505 nm and with a Full-
Amax= 2d V% — Sirg [1] Width at Half-Maximum (FWHM) of 40 nm is observed
(Figure 6) in contrast with the transmittance spectrum of
is satisfied, wherd,.,is the wavelength of the first-order amorphous SiQ(sample grown at a temperature of&0
diffraction peakd is the distance between reflecting adjacentvolume fraction of the colloidal suspension of 0.1% wi/w,
planes ([111] planes for an fce structure wdth —=r  and gH of9.and ar:nebaling tg;nlp;erlia\tur.e Oa?sg Whi,ChI or- "
. . ering was not observed). Following the Bragg’s law, the
[001] planes for a h.cp_struct_ure W|th:q/§f )0is the wavelength of the stop band can be tuned by tilting the
angle between the incident light beam and the normal 19,11y grface of the colloidal crystal relative to the inci-
the surface of the sample ([111] direction for fcc and [001]jo ¢ light. The wavelengtth () of the first-order diffrac-

direction for hcp) and is the effective refractive index of peak as a function of the incidence angle is shown in
the material

lattices @ = B ), itis clear that the determination of an
3
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Figure 6. UV-VIS transmission spectra of the film measured with the incident light normal to the substrate.
A narrow first-order diffraction peak is observed, in contrast with the spectra of an amorphpssngi@.

Figure 7. UV-VIS Angle-resolved transmission spectra of the film measured with the incident light
forming an angle& respect to the normal of the substrate.
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figure 6 by means of the angle-resolved transmission speaenent with the particle size measured by SEM as well as
tra, and a plot of sf(xp) vsA?following the Bragg equation the effective refractive index.

is shown in figure 7. From a linear fit to the experimental

datal, the yaluetsseff: 1.34; 0.5% and = 115 nmt 1% are ~ Acknowledgments

obtained in extremely high agreement with the theoretical
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