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ABSTRACT A giant nonlinear optical response has been ob-
served for nanoporous layers of titanium dioxide (anatase)
under picosecond laser excitation with photon energy below the
gap. Atexcitation intensity of 10 MW /cm? the nonlinear refrac-
tive index variation at the wavelength of 1064 nm corresponds
to x® =2 x 107 esu which is six orders of magnitude higher
than the respective value of bulk TiO,. This effect is explained
by resonant excitation of electronic states of defects at the de-
veloped surface of anatase nanoparticles.

PACS 42.65.-k; 73.20.At; 78.67.Bf; 81.07.Bc

1 Introduction

Nanocrystalline titanium dioxide is one of the most
investigated materials for its unique physical and chemical
properties. For example, nanocrystalline TiO; is applied in
solar and fuel cells, protective and self-cleaning coatings, in
catalysis and photocatalysis (see, for example, the review [1]).
But also this material may become interesting for nonlin-
ear optical (NLO) applications. In the transparency range of
anatase (band gap E, = 3.2 eV), the linear and NLO response
of bulk anatase can be explained in terms of virtual transitions
from the filled valence O 2 p band to the empty cationic Ti 3d
band [2]. Such a model predicts the typical for nonresonant
processes nonlinear refractive index (NRI) variation due to the
small magnitude of the cubic NLO susceptibility x® ~ 1071
esu at the wavelength of 1 um what is in good agreement with
obtained experimental data [3,4]. For low-dimensional sys-
tems, an enhancement of the NLO response was achieved in
thin layers of oxides with transition-metal elements (x® ~
1078 =10~ esu at 532 nm) while doping with electron donors
or acceptors is important [5]. A large third-order NLO re-
sponse | x @] ~ 1076 esu was observed in Au:TiO, composite
films for measurements on a fs time scale when the laser
wavelength is close to the surface plasmon resonance [6].
Recently, a fast optical nonlinearity with a response time of
1.5 ps has been observed for anatase nanoparticles embedded
in a polymer matrix [7] while these samples show a high pos-
itive refractive response Re(x¥) = 1.7 x 10~° esu and a high
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two-photon absorption (TPA) coefficient § = 1.4 cm/MW at
780 nm. For such samples, the value of g is larger by two
orders of magnitude than for rutile single crystals measured
at 532 nm [8, 9] due to a two-photon resonance with exciton
transition. In this work, we show that values of even 2 x 1072
esu can be reached for x® in nanoporous TiO,. We named
this effect a giant NLO response with respect to the values in
bulk TiO;.

2 Experimental details

TiO, nanoparticles have been prepared by the
sol-gel technique via controlled acid hydrolysis of titanium
tetraisopropoxide (TIPT) in isopropanol [10]. Acetic acid was
used as catalyst and polyethylene glycol PEG(1000) polymer
was used as ligand for the TIPT and as complexing agent.
Thin layers of TiO, nanoparticles were deposited on glass
substrates by dip coating and consecutive annealing in air at
500 °Cfor 1 hour [11]. According to our ellipsometry data, the
thickness of a thin layer of TiO, nanoparticles is d = 180 nm
for one deposition cycle. The thickness of the layers of TiO,
nanoparticles has been varied by repeating the deposition cy-
cles. The layers of TiO, nanoparticles have excellent adhesion
to the substrate and a high photocatalytic activity [11]. The
high-resolution transmission electron microscopy has shown
that nanoporous layers consist of a skeleton of nanoparticles.
The maximum of the size (diameter) distribution is at 16 nm,
the range of sizes comprises from 5 to 30 nm. The energy dis-
persive X-ray spectroscopy from separate nanoparticles has
indicated that they contain titanium and oxygen. At last, an-
alysis of the electron diffraction from these separate particles
has revealed that they are pure anatase polymorp.

Figure 1 shows transmission spectra (recorded with a UV-
VIS-NIR spectrometer Lambda 35 — Perkin Elmer) for thin
layers of TiO, nanoparticles with d = 180 and 360 nm on the
glass substrate (curves 1 and 2, respectively). Multiple inter-
ference in the thin layers of TiO, nanoparticles has been taken
into account for the analysis of the transmission data. The
scattering was negligible (less than 0.5% at 633 nm). The ob-
tained optical band gaps are 3.42 and 3.63 eV for indirect and
direct transitions, the fundamental absorption tail is 115 meV
what is in good agreement with literature. Below the band gap,
the absorption coefficient « is still relatively high for the given
samples (400 and 950 cm™! at 633 and 940 nm, respectively).
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FIGURE 1 Transmission (curves 1 and 2) spectra and refractive index dis-

persion (curve 3) of thin layers of TiO; nanoparticles (layer thickness 180 nm
— curve 1,360 nm — curve 2)

The pronounced interference patterns allow us to deter-
mine the dispersion of the refractive index (Fig. 1, curve 3).
The refractive index can be fitted by using the Sellmeir equa-
tion for a single oscillator [2]: n> = n% + A/(ES2 - (hv)2) with
no=1.773, A =13 and E; = 4.1 eV. The porosity of the thin
layers of TiO, nanoparticles (32 -+ 34%) was obtained by ap-
plying the two-component (anatase and voids) Bruggemann
effective media approximation in the transparency region.

The laser beam self-action phenomena have been studied
in thin layers of TiO, nanoparticles by using the far field
spatial profile analysis technique [12]. In the experiment, the
sample was positioned far beyond the focal plane 7 cm of the
focusing lens f = 11 cm and was illuminated with a diverg-
ing Gaussian beam of a Nd: YAG laser (wavelength 1064 nm,
duration time of a pulse 42 ps, repetition rate 3 Hz). For each
laser shot, the light intensities were measured for the inci-
dent and transmitted laser pulses and for the pulse transmit-
ted through an on-axis diaphragm in the far field (42.3 cm
from the lens). The diameter of the beam spot was 0.7 mm
at the sample in order to measure the NLO response in the
range from 1 to 100 MW /cm? with a high signal to noise
ratio. In addition, statistical averaging of about 10* laser shots
has been performed for measuring the intensity dependence
of the NLO response for one sample. The measurements
were performed in ambient air at room temperature. The re-
versible character of the NLO response has been thoroughly
controlled.

3 Experimental results and their discussion

Figure 2 presents the dependence of the total trans-
mittance (a) and normalized on-axis transmittance (b) on the
input laser intensity for layers of TiO, nanoparticles of thick-
ness 180 and 360 nm (curves 1 and 2, respectively). At in-
tensities below 10 MW /cm?, photoinduced bleaching (dark-
ening) has been observed for the layer with thickness of 180
(360) nm, see Fig. 2a. Atintensities above 10 MW/ cm?, allin-
vestigated samples show photoinduced darkening, while the
photoinduced absorption saturates at large intensities. The
variation of the transmittance by few percent is accompanied
with a pronounced changing of the beam radius and an essen-
tial enhancement of the on-axis transmittance in the far field
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FIGURE 2 Dependence of the total transmittance (a) and of the normal-
ized on-axis transmittance in far field (b) of thin layers of TiO, nanoparticles
(layer thickness 180 nm — curve 1, 360 nm — curve 2) on the laser intensity at
1064 nm

(Fig. 2b), i.e., self-focusing of the laser beam in the layers is
rather important.

The real (NRI variation) [13] and imaginary (photoin-
duced absorption) parts of the effective cubic nonlinearity x
can be obtained by assuming the simplest model for multi-
photon processes. The normalized on-axis transmittance in
the far field 7, through the aperture with radius r( can be ex-
pressed by taking into account a Gaussian decomposition ap-
proach [14] with subsequent spatial-temporal averaging [15]:
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where S = 1 — exp (—2r3/w?) is the aperture linear transmit-
tance, b=—(1—2z/R)/ (ka2 / 2z) is ratio of geometric focus-

ing to diffraction broadening, ¢, = kdAn is on-axis NLO
phase shift due to the NRI variation An that is proportional to
a peak laser intensity Iy, k is the wavevector, w is the beam ra-
dius in the linear regime, a is the beam radius at the sample
plane, R is the wave front curvature at the sample plane and z
is the distance between the sample plane and the aperture.
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Equation (1) has been used to fit the normalized on-axis
transmittance plotted in Fig. 2b. The estimated NLO cubic re-
sponse is Re(x®) ~ 2 x 1073 esu what is six (four) orders of
magnitude higher than for the bulk (nanoparticle) response.
This high NLO response can explain the different variation of
the total transmittance for the layers with different thickness at
intensities below 10 MW /cm?.

The efficient modulation of the NLO phase changes the
multiple beam interference conditions inside the nanoporous
layer (NLO Fabry—Perot cavity effect). The positive NRI
peak variation An (~ 1 at 7MW /cm?) leads to reduction
of the wavelength in the thin layers of TiO, nanoparticles
AM = —AAn/n (X) that causes linear transmittance increas-
ing (decreasing) for the single (double) layer film in 1064 nm
range, see Fig. 1. The effect corresponds to bleaching (darken-
ing) versus laser intensity of the sample with the thickness 180
(360) nm at initial intensities, see Fig. 2a.

From a phenomenological point of view, the observed
NLO can be described as an effective TPA process with an en-
hanced g coefficient. For instantaneous cubic NLO response,
the total transmittance can be expressed as [15]

T (ly) = Tiin

In (1 +¢q) [1+O.228q} ®

1+0.136¢

where Tji, and Legr = (1 —exp (—ad))/« are the linear trans-
mittance and the effective interaction length. The value of the
parameter ¢ is given by ¢ = SL.gly. The fraction in brackets
in (2) is a proper approximation for the temporal averaging
effect for a Gaussian temporal profile in the case of g < 100
range.

For the TiO, layer with thickness of 360 nm, rather high
values of B = 770 cm/MW (at intensities below 3 MW /cm?)
and of B =100cm/MW (at intensities between 5 and
11 MW/cm?) have been obtained. For comparison, 8 is
14+ 18 cm/GW for bulk TiO; (rutile) at 530 nm [8]. The
value of g is about 300 cm/MW at the negative transmit-
tance slope (intensity 11 ~ 13 MW /cm?) for the layer of TiO,
nanoparticles with thickness 180 nm. From our point of view,
the difference of the effective TPA coefficients for both layers
at laser intensities around 10 MW /cm? is caused by the domi-
nating contribution of the NLO cavity effect that has opposite
signs for the different samples.

As mentioned above, the absorption coefficient is rela-
tively high for the given samples. Therefore, the large value
of x® can be explained by resonant excitation of deep de-
fect states in the forbidden gap of anatase. The nature of these
states is not matter of this article, they are related probably
to surface states and/or oxygen vacancies. It should be re-
marked that the value of x® can be even further increased
if additional defects are generated by slight reduction of the
anatase at decreased partial pressures of oxygen. However, in
such case, the action of intensive laser pulses would be ac-
companied by non-reversible changes in the layers of TiO,
nanoparticles.

We believe that the resonant transition from the localized
deep trap (DT) state into a shallow trap (ST) bound state with
high electron polarisability is responsible for the giant NLO
response in nanoporous TiO,. Figure 3 depicts a schematic
of the involved processes. The process “1” is given by the
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FIGURE 3 Scheme of involved basic processes (VB — valence band, CB —
conduction band, Er — Fermi-level, DT — deep traps, ST — shallow traps, HT
— hole traps): 1 — resonant transition DT-CB with fast trapping at ST; 2 — ex-
citation and relaxation of electron from CB to ST; 3 — resonant two-photon
electron excitation from VB into DT through virtual state in the gap, creation
of a free hole; 4 — electron trapping from ST into DT; 5 — free hole trapping,
creation of surface bound holes

extremely fast excitation of an electron from DT into the con-
duction band CB followed by trapping into a ST (trapping
within 180 fs [16]). Process “2” is an excitation and relaxation
of electron from the CB to the ST. The relaxation of the ex-
cited electron back into a DT “3” is very slow (hundreds of
ps [17]) in comparison to the used laser pulse. High rates of
excitation and re-excitation and low rates of relaxation lead to
a cumulative effect in terms of instantaneous response.

The resonant excitation of electrons from DT dominates
at low laser intensities. At higher laser intensities, competitive
resonant two-photon absorption of electrons from the valance
band VB into empty DT “4” becomes important. This pro-
cess starts to dominate around 20 MW /cm? when consequent
photoinduced darkening takes place. As result, the values of 8
and Re(x®) decrease by 1-2 orders of magnitude. Photogen-
erated holes migrate to the surface where they are trapped at
surface bound radicals “5” that create hole trap HT in the gap.
At high laser intensities, Auger recombination will decrease
further the NLO response.

The resonance conditions can be detuned by adsorption of
the different types of molecules and by the variation of the ac-
tive sites due to the adsorption/desorption processes. Analysis
of the NLO response at higher excitation levels gives a possi-
bility to get more detailed information about the photoinduced
processes. From this point of view, the NLO response can be
used to analyze surface states and their photocatalytic activity
in systems of nanoparticles.

4 Conclusions

Finally, the giant NLO response of nanoporous
anatase layers has been observed, and it has been attributed
to the resonant optical depopulation of the deep defect states
on the surface of TiO; (anatase) nanoparticles under picosec-
ond laser irradiation. The result should have a simple physical
background — some resonant cumulative effect in terms of in-
stantaneous response, in our opinion. With respect to this, the
effective readout of the cumulative NLO refractive index vari-
ation during the laser pulse at tens of ps has been observed.
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