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Ultrafast optical nonlinearity in poly  (methylmethacrylate )-TiO,
nanocomposites

H. 1. Elim and W. Ji®
Department of Physics, National University of Singapore, Singapore 117542

A. H. Yuwono, J. M. Xue, and J. Wang
Department of Materials Science, National University of Singapore, Singapore 117543

(Received 7 January 2003; accepted 26 February)2003

With 780-nm, 250-fs laser pulses, ultrafast optical nonlinearity has been observed in a series of thin
films containing polymethyl methacrylate( PMMA)-TiO, nanocomposites, which are synthesized

by a simple technique ah-situ sol-gel/polymerization. The best figures of merit are found in one

of the films prepared with a 60 wt % of titanium isopropoxide. Transmission electron microscopy
shows the presence of 5-nm-diameter particles in the film. The observed optical nonlinearity has a
recovery time of ~1.5ps. These findings suggest the strong potential of PMMASTIO
nanocomposites for all-optical switching. @003 American Institute of Physics.

[DOI: 10.1063/1.1568544

Nanoscale composite materials containing titanium ox-used to obtain a stable solutigne., with longest gelation
ides are interesting because of their potential applications itime). Furthermore, this homogeneous mixture was added
optoelectronic devices? A great deal of research effort has dropwise over 30 min into the polymerized monomers with
been focused on both synthesis of high-quality, transparemigorous stirring to avoid local inhomogeneities. The reaction
films consisting of polymer-Ti® hybrid nanocomposites, was allowed to proceed at 60 °C for another 2 h. Finally, five
and on their linear optical propertiés’ Recently, the non- films according to the Ti-iP weight percentage in the prepa-
linear optical properties of such materials have also receivethtion (i.e., 20, 40, 60, 80, and 100 wt%, labeled as T20,
attention. The third-order optical nonlinearityy®=4.1  T40, T60, T80, and T100, respectivelwere prepared by the
x 10 ! esu) in TiG nanocrystalline particles dispersed in following procedure. Each solution was spin-coated on
Si0, was measured at 1.0am with nanosecond laser quartz substrates at 3000 rpm for 20 s. Prior to the spin
pulse A large, reverse-saturable type of nonlinear absorpcoating, the substrates were carefully cleaned, first in a di-
tion was also observed in pdbtyrene maleic anhydrigle |uted HNQ; solution in an ultrasound bath. After a thorough
TiO, nanocomposites with a continuous-wave He-Ne lasefinsing in running water, the ultrasound bath treatment was
beam? Here, we report our investigation into ultrafast optical repeated with distilled water, acetone, and ethanol. The sub-
nonlinearity in a series of thin films of pdiyethyl meth-  strates were then dried and stored in the drying oven at
acrylate (PMMA)-TiO, nanocomposites. Our results show 40°C. The coated films were then baked in two stages of
that such nanocomposites possess very large and ultrafasiring temperatures to finish the polymerization: at 60 °C for
optical nonlinearity, and have a great potential for optical30 min and 150 °C for 3 h. The thickness of the films was
switching and optical communications. measured to vary from 250 to 350 nm by a surface profiler

The thin films of PMMA-TIO, nanocomposites were (Alpha-Step 500
prepared based on a modification of a reported method.  All the films are transparent to the human eye and their
Monomers,  methyl  methacrylate (MMA)  and Jinear transmittance is 80%90% at 780 nm. Figure (&)
3-(trimethoxysily) propyl methacrylates(MSMA), and an displays their ¢hv)'2 spectra, wherex is the linear absorp-
initiator benzoyl peroxide(BPO) in tetrahydrofuran were tjon coefficient anchv is the photon energy. The absorption
added into a reaction flask and polymerized at 60 °C for 1 hgnsets change unmonotonically as the titanium content in-
The molar ratio of MSMA to MMA+MSMA was 0.25, and  creases. As the weight percentage of Ti-iP increases from

the amount of BPO that was added to this mixture was fixed o, to 60%, there is a red shift in the absorption, consistent
at 3.75 mol %. On the other hand, a Ti®ased solution was jith published report$>”-°The maximum redshift is found
prepared using titanium isopropoxi@ei-iP), deionized wa- jn the T60 film, which also has an absorption tail spanning
ter, ethanol, and hydrochloric acid, according to the methoghe entire visible spectrum due to the formation of nanopar-
described elsewher8Ti-iP was first mixed with ethanolina ticles. In Fig. 1b), the high-resolution transmission electron
container and stirred for 30 min. A mixture of deionized microscopy(TEM) clearly shows the presence of the nano-
water and HCI was poured under stirring into the transparenyarticles, and Fig. (t) shows their size distribution, with an
solution to promote hydrolysis. The Ti-iP concentration i”average diameter of 5 nm. These particles give rise to loss
the solution was fixed at 0.4 M with an understoichiometricthrough Rayleigh scattering, which is commonly associated
ratio of water to Ti-iP(rw) of 0.82. A pH value of 1.3 was yjith guest—host structures with different refractive indices
for guest and host materildn addition, weak confinement
dElectronic mail: phyjiwei@nus.edu.sg may also contribute to the absorption below the band-gap
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FIG. 2. (a) Open- and closed-apertu#®-scans performed with 780-nm,
250-fs laser pulses at two different repetition rates of 0.4 kdfen squares
and trianglesand 4 MHz(open circles and diamonydsespectively, on the
T60 film. The input irradiance used is=5 GW/cn? and the beam waist is
wo=13 um. The solid lines are the best fits using #escan theoryRef.
13). (b) Irradiance independence of the nonlinear absorption coeffigi®nt
and nonlinear refractive indexy) for the T60 film.(c) The 8 andn, values
plotted as a function of the weight percentage of Ti-iP in PMMA.

With R=~2.5 nm, we find there is a redshift for the exciton
energy, located-3.16 eV. Note that our TEM evidence con-
firms much less or no formation of nanopatrticles in the T80
and T100 films, which explains a rever@g@ue) shift in the
absorption as the titanium contents increase further. For the
T100 film, the measured energy gap of 3.2 eV implies that

32 (C) —— T60 the tltalnlum oxides should be TjOn the anatase crystalline
~ 60 - —— Lognormal fit phase’ . . . .
i} The nonlinear optical properties of the PMMA-TIO
c 40 | films were measured bg-scan technique with 250-fs laser
8 20 | pulses at 780 nm. Figure(& shows an example of open-
O 0 aperture and closed-aperturescans of the T60 film per-
' ' ' ' formed in two different repetition rates of 0.4 kHz and 4.0
0 2 4 6 8 10 MHz. The results show no significant difference between
Diameter (nm) theseZ-scans, indicating that laser-induced thermal lensing

effects are negligible. The intensity independence of the
FIG. 1. (a) Absorption-photon-energy spectra for five PMMA-Ti@Ims Z-scans in Fig. @) shows pure third-order nonlinear pro-
prepared according to weight percentages of Ti-iP: 20, 40, 60, 80, and 100esses for the observed nonlinearities. Therefore, the nonlin-
wt %, labeled as T20, T60, T60, T80, and T100, respectivély.High-  ear absorption and refraction can be described\lay= gl
resolutlon TEM of thg T60 fI‘|m(C) Size dlstrlputlon of t_he ngnqpar_tlcles N andAn= n,l, wherep andn, are the nonlinear absorption
the T60 film. The solid line is a lognormal fit to the size distribution. L. - . .

coefficient and nonlinear refractive index, respectively, Bnd

is the light intensity. Both3 andn, values can be extracted
energy. The exciton Bohr radiag in bulk TiO, solid is 0.8  from the best fitting between th&-scan theory and the
nm if the effective massesr(,=10m, andm,=0.8m,) are  data®®
used™ In the nanoparticles, the exciton energy can be esti-  Figure Zc) displays bothg and n, values of the five
mated by using the Brus formuld: Eg.= Eq+Ry films plotted as a function of the weight percentage of Ti-iP.
(m? azBlR2 3.6ag/R), where R, is the Rydberg energy These nonlinear parameters increase as the titanium content
unit, E4 (=3.2 eV) is the band-gap energy of anatase,TiO in the T20, 40, and 60 films increases. This behavior is ex-
solid, i’ andR is the particle radius. Two terms in the paren- pected as the TEM studies show an increasing concentration

theses represent kinetic energy and Coulomb interactiorof the nanoparticles. The T60 film possesses the highest non-
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linear absorption, withg=1.4x10° cm/GW, or Im{®) 3= 780 nm
=0.89x 10" ° esu, which is about 100 times larger than that
for a rutile crystal of TiQ, measured at 532 nff.We at-
tribute this enhancement to the resonance with the exciton
transition at~3.16 eV since the two-photon energy of the
laser pulses is 3.18 eV. Unfortunately, theoretical values of
the two-photon absorption for TiOnanoparticles are un-
available from literature. However, the two-photon absorp-
tion cross sections of 10 %6 cm® s have been calculated for i © T40
two-photon-allowed transitions in CdSe nanocrystals 2.9 nm
in diameter’® For comparison, our data show that the two-

T100

AT/T (a.u)

T20
photon absorption cross sections are in the range from®10 ‘ e :
to 10 *° cn® s for the PMMA-TIO, nanocomposites. 05 00 05 10 15
Similarly, the highestn, [=2.5X10 2 cnm?/GW, or Time Delay (ps)

Re®)=1.7x10° esu] is also found in the T60 film, about
two orders of magnitude higher than that measured by ZhoglG. 3. Transient nonlinear tr_ansmission responses of th_e I_DMMA-TiO
. . . 8 ilms performed at pump beam intensity: 2.2 GWi/cn?. The solid lines are

etal. on T'OZ/S'OZ nanocomposites at 1.0am. Such a the best fits based on two exponentially decay terms.
large difference is anticipated for the following reasofis:
the dispersion of the nonlinear refraction, and in particular, ) ) ) N )
our measured value, is enhanced by the two-photon reso- N conclusion, large optical nonlinearities in  the
nance;(2) different size and volume fraction, and in particu- PMMA-TIO; nanocomposites have been observed using
lar, Zhou's result, was obtained from Tj@8iO, nanocom- 780-nm, 250-fs laser pulses, and the nonlinear response time
posites of larger size€0—50 nny, in which x®) should be has been found to be about 1.5 ps. The best figures of merit
expected to approach to the bulk value; &8ddifferent host ~have been found in the film using 60 wt % of Ti-iP in prepa-
materials. The positive sign of the measuredis in agree- ration. The large optical nonlinearities are believed to be
ment with theories for a photon energy that is nearly half ofcaused by two-photon-resonant exciton in the nanosized par-
the transition energ$f ticles containing Ti@. Finally it should be pointed out that
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