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Strong light scattering in macroporous TiO  , monoliths induced
by phase separation
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Macroporous titanigTiO,) monoliths have been prepared from systems containing titania colloid
and polyethylene oxide using a sol-gel method, and the light-scattering properties have been
investigated by means of coherent backscattering. Three-dimensionally interconnected macroporous
morphology is obtained by inducing the phase separation parallel to the sol-gel transition. The
crystal structure of TiQgel is transformed from anatase to rutile through the heat treatment above
900 °C, while the macroporous morphology remains unchanged. We show that the rutile-type
TiO,-based macropurous monoliths are strongly scattering media for visible ligR0@4
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When the dielectric constant of materials varies on eof pores, the scattering strength was weak because of the low
length scale of the order of the wavelength of light, the ma+efractive index of Si@ skeleton.
terials couple strongly with light. Such materials have an  Since rutile-type titanidTiO,) has a high refractive in-
index of refraction that can be either periodic or random index ofn~ 2.7 and very low absorption in visible spectrum, if
space, exhibiting interesting fundamental properties such abe pore formation is possible for TiOstrongly scattering
photon localization. Recently, considerable attention hasind weakly absorbing media that bring about photon local-
been paid to the ordered and disordered dielectric systenigation would be realized in the whole visible regions. In
because of their potential photonic applicatidns. spite of this advantage, few works have been performed on

To achieve the photon localization in a disordered di-porous TiQ. One reason for this fact is the difficulty in
electric medium, light should be elastically scattered, meanpreparing porous Tig) in the conventional sol-gel system
ing that light absorption is negligibly small. Also, the mate- derived from titanium alkoxide, the structural development is
rial must extremely strongly scatter light. The strength ofhard to be controlled in the course of the hydrolysis and
scattering is largest for light having the wavelengtitom-  Polycondensation because of the rapid polymerization reac-
parable to the size and spatial separation of the randomifjon. More recently, we developed a route toward synthesiz-
distributed scatterers, and increases with an increase 9 macroporous Ti@ monoliths using the sol-gel method
refractive-index contrasin. So far, most studies on disor- including phase separatirabrication is accomplished by
dered dielectric media have been performed for fine parthe use of aqueous titania colloid instead of highly reactive
ticles, including powders and colloidal suspensions, and thétanium alkoxide. The aggregation and gelation of titania
scattering properties have been controlled by changing the0lloid are controlled by theH increase due to the hydroly-
density and size of particles. However, monolithic structures$iS Of formamide, while the phase separation is induced by
are favored rather than fine particles for practical use. an addition of polgethylene oxidgto the reaction mixture.

Pore formation is a very promising technique not only N this letter, it is shown that rutile-type Ticbased
for obtaining monolithic scattering media but also for tailor- Macroporous monoliths that strongly scatter visible light can

ing the scattering strength. Lagendijk and co-workérmve be obtained very simply by calcination of the porous gels

induced macroporous morphology in high-refractive-indexder'ved from titania coIIO|d._A characterlstlc feature of the
present fabrication method is that the size and volume frac-

semiconductor gallium phosphidé&aP using an electro- & . .
chemical etching, and demonstrated the strong scatterin%On of pores can be controlled by the composition of starting

without optical absorption in the red part of the visible spec- tlutions ?”d"” the reaction temperaiure. _The tunab|!|ty of
. the scattering strength through the change in the density and
trum. They also showed that the scattering strength of the. .
: ; . Size of pores is also demonstrated.
macroporous GaP can be tuned in a wide range, depending L . .
. : The titania source employed in our experiments was
on the density and size of poré®n the other hand, we have aqueous dispersion of titania colloid having the anatase-type
fabricated macroporous monoliths in sili€giO,)-based sol- q P 9 yp

. : . : .__structure and an average size of about 7 nm. lene
gel systems, and investigated the light-scattering propérties g (edy

i “Hric acid were utilized as the solvents to control the aggrega-
subsequent freezing of the structure by the sol-gel transition.jo, ang gelation of titania colloid. The calculated starting

Although in these systems the tunability of scatteringcompositions are listed in Table | along with the reaction
strength was feasible with the control of the size and dens'tYemperature for gelation. Gel samples were prepared by mix-
ing titania colloid and formamide with the aqueous solution
3Electronic mail: koji@collon1.kuic.kyoto-u.ac.jp of nitric acid containing PEO. After stirring for 10 min, the
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TABLE I. The calculated starting compositions and the gelation temperature
T, of samples. Average pore diametkiporosity ¢, and transport mean free
pathl are also shown for the fully sintered samples heat-treated at 1200 °C.

Content(unit:g)

Form- Ty d 1)
Sample TiO, PEO amide HNQ H,O (°C) (um) (%)* I(um)

(A) 1976 0.1 16 0.183 5834 40 091 56.5 0.66
(B) 1976 0.1 16 0290 9.277 40 146 645 0.66

Cumulative pore volume (cm°/g)

© 1.976 0.1 1.6 0.479 14.17 60 0.76 67.0 0.46 10
¢ is calculated using the density of rutile-type Ti@.24 g/cni)—Ref. Pore diameter (um)
15—and the cumulative pore volume as shown in Fig. 2. FIG. 2. Pore size distributions of Tiyels heat-treated at 120Q.

mixed solution was poured into a polystyrene test tube. Gepyrge amount of solvents. As mentioned earlier, the solvent-
lation was carried out at 40 or 60 °C in the sealed test tub&sich phase induced by phase separation changes into
The wet gel thus obtained was aged for 24 h and subjected {@acropores after drying, so that the volume fraction of pores
the solvent exchange with 2-methyl-2-propanol. The solvenfepends on the solvent fraction in the starting solution. On
exchange was repeated five times. The resultant wet gel Wage other hand, the pore size of samg® is the smallest
freeze-dried to obtain the porous ge!. In some cases, the drieéjmong the present samples. This is mainly because the gela-
gel ~was heat-treated at various temperatures Ofion temperature(~60 °C) is higher compared to that in
500_.1200 c for_l hin a. ) samples(A) and (B). When the gelation temperature is

_ Figure 1 depicts scanning electron microsc@S&M) igher, thepH in the reaction solution increases more rapidly
Images fqr sampléA). The mo_rphology_of interconnected "5 celerate the aggregation and gelation of colloid. The
structure is observed for the dried gel without heat treatmeny, qjent structures of finer bicontinuous phases are frozen by
as shown in Fig. @), indicating the formation of phase- hg eariier gelation relative to the onset of phase separation,

separated structures at thg stage O.f wet gel. The ph??se SeRfth smaller pores being left behind after drying. More sys-
ration probably proceeds via the spinodal decomposition. tematic studies are now under investigation to clarify the

thg present system cqntaining PEO, the phase separation @ationship between the gel morphology and the starting
driven by a repulsive interaction between solvents and PE omposition or the reaction temperature
adsorbed on colloidal Tig)6 Hence, the reacting solution Figure 3a) shows the variation of.x—ray diffraction

separa_tes. Into_two phe}sesz Oneé 1S rich in SO'Ver.“S and th(‘3(RD) patterns with heat-treatment temperature for sample
other rich in PEO and Ti@ Bicontinuous structure, in which B). All the diffraction lines for the dried gel without heat

omirecea e e amtnet nen o s SpyarEaTenas-made goican be assgned (o anatas-ype
pace, P P iO,. The broadening of diffraction peaks indicates the

22da?aetli2trl10nozog(r:uirn to tfrl1):a thﬁatsrgnivli(terr]ltpsérgcgjnrg ${1£_has%mallness of crystallite size. The crystallite size estimated by
P ' ying, P 2 Scherrer’s equation is about 10 nm, which is consistent with

comes a gel skeleton, and the solvent phase turns Intt%e primary particle size of TiQcolloid used as the starting
macropores that serve as throughpores.

. S materials. The skeleton of as-made gel thus consists of the
The macroporous morphology is maintained even after

the heat treatment at 1200 “Gee Fig. ib)]. We measured aggregate of nanoparticles and is easily broken due to the

the pore size distribution using a mercury porosimetry forIow connectivity. As the heat-treatment temperature is raised,

TiO, gels heat-treated at 1200 °C. The result is shown inthe. gel skeleton is smtereql into the fully dense body._ln ad-
dition, the anatase phase is completely transformed into the

Fig. 2, where the sharp distribution characteristic of the spin-" . . X
odal decomposition is obtained in all the samples. It is foundutne_phase durmg the heat_ treatment above 900 C.
Light-scattering properties have been characterized us-

that the pore size and pore volume vary with the startinq : .
o . coherent backscatteringCBS) measurements. CBS is
composition and/or the reaction temperature. The averag gs;erved as an increase in thes;)eflected intensity from a me-

pore size and porosity deduced from these data are also Su@i_um at the exact backscattering direction as a consequence
marized in Table I. A porosity as high as 67% is obtained in g d

; . . of the interference of waves propagating along time-reversed
sample(C) prepared from the starting solution containing aoptical paths7.‘1° The CBS yields a cone in the plot of the

backscattered intensity versus the scattering angle, and the
full width of half maximum of the cone is inversely propor-
tional to transport mean free patljio which is the average
length required to randomize the direction of light propaga-
tion by scattering. Figure(B) shows the heat-treatment tem-
perature dependence of CBS cone for saniBble The mea-
surements were performed using an” Aaser(A=488 nn).

The CBS cone broadens as the heat-treatment temperature
becomes higher, indicating stronger scattering or sméller
FIG. 1. SEM images of TiQgels prepared from the starting composition The eﬁ_cICIent Scatte”ng for the _Sam_ple heat-treated at 900 °C
(A): (a) as-made dried gaWithout heat treatment(b) the gel heat-treated 1S @scribable to the high refractive-index contrastbetween

at 1200°C. Bars=10um. the TiO, skeleton and poréair), which is caused both by the
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(@  anatase ® .~ Ae4g8nm by considering the pore size and pore density in addition to
J w1 ] ] the highAn, since the pores can be regarded as scatterers in
" e e =g 2 the present systems. As seen from Table |, the pore size is
= 1 900°C | ; L 900°C | smallest for sampléC), while the porosity is the largest. The
g W i small pore size and large porosity give rise to the short dis-
£ || 850°C | 2 ¢ 850°C’] tance between pores, leading to the high pore depsiyso,
% _JL S m =y E the pore size of sampl€C) is close to the wavelength of
5 | 800°c|  § "-M 488 nm, so that the transport cross sectiobecomes large.
T L ] g y Consequently, the largeand o are responsible for the short
A sorc) g M | or strong scattering.
pro 1 Th_e approach to synthe_size_strqngly scattering ,TiO
ey . . as-made monoliths as presented here is quite simple and easy, so that

202530354045505560 6570 -100 50 0 50 100 it is expected that they find some application fields in pho-
Cukta 29 {degree) Angle (mrad) tonics. When emission sources, such as organic dye and

FIG. 3. () Variation of XRD patterns with heat-treatment temperature for semiconductor nanoparticles, are combined with the strong
sample(B). (b) Backscattered intensity normalized to the diffuse back- . . o :
ground as a function of scattering angle for sanBlgheat-treated at varied scattering, St'mUIate,d emission may occur by_the spontane
temperatures. ous feedback of emitted photons through the interference of

multiply scattered light, resulting in mirrorless laser action,

sintering into fully dense skeleton and by the transformatior‘?o'Called a random lasktAlso, Wiersma and Cavaliéf

into the rutile phase whose refractive index is higher tharP'ePared glass powders infiltrated with liquid crystal and la-
that of the anatase phase. ser dye, and demonstrated the random laser that can be con-

The feasibility of controlling the pore size and the pore folléd externally via temperature. In the present case, this
volume, as shown in Fig. 2, is useful for tuning the scatteringill Pe readily achieved by introducing dye-dissolved liquid
strength. Figure 4 shows CBS results for Ji@els heat- crystal into throyghpore.f,. BeS|des_the photqnlc applications,
treated at 1200 °C. For comparison, a typical CBS result ignacroporous Ti@ monoliths are widely applicable to elec-
also shown for the macroporous SiQorepared by the trode materials, gas sensors, and chromatographies, because
alkoxy-derived sol-gel process including phase separation 48€ increased surface area and chemical accessibility associ-
we reported previousf/\We obtained from the fit of diffu- ~ ated with throughpores offer distinct advantage. _
sion theory” to the CBS data, as indicated by solid curves in _In conclusion, we have shown the strong scattering of
Fig. 4. The value of for the SiQ, system is about 2.2m,  Visible light in rutile-type TiQ-based macroporous mono-
whereas the broader CBS cones for Ti§ystems manifest liths. The macroporous morphology can be successfully
smaller| or stronger scattering. Especially, sam@ly is the ~ formed by inducing the phase separation in the sol-gel pro-
strongest-scattering medium, amdbecomes smaller than cess started from aqueous dispersion of ;T¢@lloid in the
\ (=488 nm) (see Table)l The transport mean free path is presence of PEO. For fully sintered samples, the transport
expressed ab=1/po, wherep is the density of scatterers, mean free path for visible light decreases down to the order
and o is the transport cross sectibhAccording to the Mie-  of the wavelength. The scattering strength is tuned by the
scattering theory? o is largest when the size of scatterers iscomposition of starting solutions and/or the reaction tem-
comparable ta. and increases with an increaseAin. Thisis ~ perature. We expect that this type of porous materials holds
true of spherical or cylindrical scatterers. Although the inter-extended applicability in various technological fields.
connected morphology obscures this description, the rela-
tive'y short| of Samp'e(C) can be qua”tative'y interpreted Photonic Cr_ystals and Light Localization in the 21st Centagited by C.
M. Soukoulis(Kluwer, Dordrecht, 2001l
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