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Engineering the optical and mechanical properties
exhibited by a titanium dioxide thin film
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Thermo-optic and electrostrictive contributions to the nonlinear refractive index were observed in
a titanium dioxide thin film with embedded gold nanoparticles. A sol-gel method was employed
for preparing thin solid film samples. The nanosecond nonlinear optical properties and the Young’s
modulus parameter were changed by shifting the optical absorption band associated with
the localized surface plasmon of resonance of the gold nanoparticles with platinum. The third order
nonlinear optical phenomena exhibited by the sample were induced by the second harmonic of
a Nd-YAG laser with 532 nm wavelength; the nonlinear optical measurements were obtained
by monitoring the transmittance and the amplitude modification for the vectorial components of
the electric fields in a two-wave interaction. Optical evaluations were confirmed considering
a straightforward measurement of the change in the refractive index of the sample when the sample
was located in a Michelson interferometer.
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1. Introduction

Some of the most astonishing features of advanced optical materials are their fascinating
capabilities to interact exhibiting a high selective behavior. Due to the localized surface
plasmon of resonance (LSPR) phenomenon, a tuned sharp optical response in engi-
neered nanoparticles (NPs) with metallic nature can be achieved [1]. The LSPR of
metallic NPs can be modified by the particle size, particle shape and density of their
distribution [2]; besides, the electromagnetic field near and out of the surface of
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the NPs is also responsible for the sensibility of the LSPR response [3]. It has been
extensively demonstrated that the surrounding of the NPs also gives an important
contribution to the LSPR features [4]. Under different environments, similar NPs can
present completely opposite nonlinear optical absorptive effects [5]. Diverse optical
active Nobel metal NPs have been prepared in TiO, substrates by following distinct
preparation methods [6—8]. Moreover, the induced intrinsic residual stress seems to
be a relevant parameter that can influence basic optical material properties in nano-
structures [9]. And therefore, it appears to be evident that the mechanical properties
in metallic nanocomposites could be also defined by the modification of the LSPR. In
order to get a deeper knowledge of the close relation between mechanical and
plasmonic properties, in this work we study the electrostrictive and nonlinear optical
response of a TiO, thin solid film with Au NPs and Pt. We were able to confirm
an important change in the Young’s modulus of the sample originated by the shift of
the absorption peak of its LSPR.

2. Theory

The dependence on irradiance for the refractive index # is called the optical Kerr effect,
and it can be simply described by [10],

n=n0+n2] (1)

where n,, is the index of refraction at low intensity, 7, is the nonlinear refractive index
and [/ is the optical irradiance. In order to describe the propagation of an intense
electromagnetic wave through a thin isotropic nonlinear optical media, we considered
the two circular components of polarization of the electric field E, and E_ as:

E=E,+E_ )
then, the index of refraction for each component of polarization can be written as [10]:
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where A = Re[6 ;(1(132)2] and B = Re[6 ;(1(232)1 ], are the components of the third-order
nonlinear optical susceptibility, described by the tensor y3). The real and the imaginary
part of y3) can be associated with the refractive and the absorptive nonlinearities,
respectively. The components of () are mathematically related by [10],
3) _ 0 3 3

Xl = 2k xh + “4)

The nonlinear refractive index can originate from different physical mechanisms
in the material itself; molecular orientation, electronic polarization, electrostriction or
excited-state population are some examples among others phenomena that can
generate an index nonlinearity. Nevertheless, the manifestation of each one of these
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effects also depends on the beam wavelength, the energy fluence, and the pulse
duration of the optical excitation.

For the case of the electrostriction effect, that is the manifestation of an elastic
strain originated by an electric field, ;(1(131) | can be characterized as [11],
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here n, is the nonlinear refractive index in [cm?/W], ;(1(131)1 in [esu], & represents
the permittivity of the vacuum, v, represents the acoustic speed through the media,
p represents the density of mass and j, is the electrostriction coefficient.

From Eqgs. (5), (6) it is clear that the speed of propagation v, of a mechanical wave
induced by an optical excitation is a function of n,. Therefore, in a metallic nanocom-
posite where n, is strongly dependent on the participation of the LSPR, a modulation
of the mechanical properties could be obtained by the influence of optical excitations.

3. Experiment
3.1. Au:TiO, sample synthesis

The Au NPs embedded in TiO, thin solid films were obtained using a sol—gel method
as it has been previously described [12]. The Au NPs were synthesized with and with-
out the participation of platinum in order to shift their optical absorptive band asso-
ciated with their LSPR. The platinum doped sample was prepared with a Pt/Au molar
ratio of 0.1. An atomic force microscope (AFM) (dimension 3100, nanoscope [V) with
a lateral resolution of 1 nm and a vertical resolution of 0.1 nm was used to measure
the size and density of the Au NPs in the resulting samples considering the vibrational
spectra of the studied systems [13].

3.2. Linear optical response

The linear absorption spectra of the thin solid films were acquired with a Perkin Elmer
XLS UV-visible spectrophotometer. Measurements of the refractive index under
a low level of irradiation were performed by detecting the Brewster angle at 532 nm
wavelength.

3.3. Nonlinear optical response

The third-order nonlinear optical properties of the samples were investigated using
a vectorial two-wave mixing experiment [5]. A 532 nm wavelength and 1 ns duration
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Fig. 1. Experimental setup. MNL — the sample, A1, A2 — polarizers, PD1, PD2 — photodetectors.

pulse was provided by the second harmonic of a Nd-YAG laser source. Figure 1
illustrates the experimental setup. MNL represents the sample, A1, A2 are polarizers,
and PD1, PD2 are photodetectors with integrated filters. Pump and probe beams, with
linear polarizations making an angle of 45°, are in simultaneous propagation in
the same region of interaction of the studied sample. A single pulse with maximum
energy of 80 mJ was employed as a pump beam, while a pulse with 10 nJ of energy
was used as a probe beam. The diameter of the beam waist for the pump beam in
the sample was measured to be 6 mm and for the probe beam it was 1 mm. The polar-
ized irradiances of the transmitted beams in the two-wave interaction were measured
in different cases of polarization of the incident beams making an angle ¢ between
their planes of polarization. The axes of transmission of the analyzers A1 and A2 were
aligned in order to detect the orthogonal components of the polarization of the waves.

3.4. Estimation of the Young’s modulus
by electrostriction measurements

Equations (5) and (6) together with the measured value of n, lead us to evaluate
the change in the speed of the induced mechanical waves through the samples with
ananosecond beam; then the correspondent Young’s modulus M was calculated by [14],

M = vip @)

Furthermore, the strain £ allows to describe the deformation of a solid sample due
to an applied stress; it can be calculated by,

o
.- 8
M ®
here M is the Young’s modulus and o represents the average normal stress, that is,

o= — )]

with F representing the applied force and 4 is the area.
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4. Results and discussion

The thickness of the selected resulting films was close to 250 nm and the refractive
index was about n = 2.6 for the 532 nm wavelength. The optical absorbance spectra
are presented in Fig. 2. One can clearly observe the absorbing bands associated with
the LSPR of the NPs with a blue shift of the resonance from 600 nm to approximately
450 nm resulting from the platinum doping in the preparation of the sample.

0.06

Absorbance
o
o
=

o
o
N}

400 500 600 700 800
Wavelength [nm]

Fig. 2. Optical absorbance in the studied samples.

In order to measure the Au NPs size and density in the resulting films, a statistical
cumulative analysis of several AFM micrographs of the samples with Au NPs was
undertaken. The data was recorded in standard tapping mode. Figure 3 shows a repre-
sentative AFM image obtained in the analysis of the thin film samples. The results of
the statistical analysis showed that important differences in the particle size were
obtained through the different films. In the samples without platinum, the average
size of the Au NPs was approximately 87 nm, while for the platinum doped samples

b

Fig. 3. Typical AFM micrograph of the selected thin films samples with embedded Au NPs: in a TiO,
matrix (a) and in a Pt-doped TiO, matrix (b).
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the result was approximately 110 nm. The particle density in both cases results in about
1.55%10° em ™ = 20%.

To perform the nonlinear optical experiments, our measurement system was
previously calibrated using carbon disulfide (CS,) with a thickness of D =1 mm, as
a nonlinear medium with a well-known third-order nonlinear susceptibility of
|7®]=1.9x10""2 esu [10].

We use the expressions for the amplitudes of the transmitted fields derived
elsewhere [5]:
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where E,.(z) and E,,(z) are the complex amplitudes of the circular components of
the transmitted waves beams; E5,(z) and E4.(z) are the amplitudes of the self-diffracted
waves, while EY,, EY,, EY., and EY, are the amplitudes of the incident and self-dif-
fracted waves at the surface of the sample; o(/) = o, + Bl is the irradiance dependent
absorption coefficient, where ¢, and J are the linear and two-photon absorption coef-
ficients, respectively; / is the total irradiance of the incident beams; J, (¥{!)) stands
for the Bessel function of order m, z is the thickness of the nonlinear media, and
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are the nonlinear phase changes. Here the optical wavelength is represented by A.
By comparing numerical simulations of Egs. (10)—(13) with the data obtained from
the transmitted irradiances in the thin film samples, we obtained the nonlinear optical
parameters. Figure 4 shows the experimental transmittance of the probe beam with
the best fitting of the numerical simulations. These results are consistent with the re-
ported values obtained in a similar sample with a different temporal regime with
picosecond pulses [12].
The estimated n, and f parameters are presented in Table 1.
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Fig. 4. Nonlinear optical results.

Table 1. Nonlinear optical parameters.

Sample Bm/W] ny [m*/W] Lz [esu]
Au NPs + TiO, 1.0x107 7x1071 1.17x1078
Au NPs + TiO, + Pt 1.1x107° 2x10714 3.34x10°%

As a comparative result, we measured the nonlinear refraction for a pure TiO, sample
and then we found that n, = 7x107!7 m?*/W. This last result is in a good agreement with
the nonlinear optical response previously reported for samples prepared with different
processing routes [15].

Since the thermo-optical effect can generate a density expansion that is an opposite
modification in the nonlinear refractive index with respect to an electrostrictive force,
we studied the change in the refractive index by thermo-optical response of the sample
excited by a nanosecond pulse. We locate the sample in the arm of a Michelson
interferometer operating at a 532 nm wavelength. From our results there was not
an observable change in the position of the fringe patterns for an expanded single
nanosecond pulse with 80 mJ detected by a CCD camera; however we were able to
obtain a noticeable variation in the interferometric response after 6 seconds of expo-
sition of a semiconductor laser at 445 nm wavelength and 1.25 W. Experimental results
of a representative measurement are shown in Fig. 5. The white squares plotted on
Fig. 5 were put on the same position of the pattern to clearly observe the fringe
displacements.

Regarding the displacement in an interference fringe pattern observed in Fig. 5, it
can be estimated a change in the refractive index by [16],

2An=mA (14)

where 2An represents the modification in the optical path in an arm of the interfer-
ometer, An is the change in the refractive index and m is related to the number of
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Fig. 5. Modification in the interferometric fringe pattern when the TiO, sample with embedded Au NPs
is in steady state of temperature (a), irradiated during 6 s by a 1.25 W at 445 nm (b).

fringes. Our estimation of An for the thermal nonlinearity excited by the 445 nm beam
is about 1x107>.

We calculated the heat-transference generated by optical irradiation in propagation
through the samples by using [17],

r oz

oT 0 x dT o
or {pc = :|+ >0 I(t, ) (15)

here T is the temperature, which is a function of the depth z =250 nm, the thermal
conductivity & =3.34 W/m-K, the density p=0.01908 mol/cm>, the heat capacity
C=298.15 J/mol-K, the time of irradiation ¢# = 6 s, the linear absorption coefficient
a=65m" and I is the optical intensity. The results are presented in Fig. 6.
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Fig. 6. Numerical heat transference originated by a Gaussian beam in propagation through a TiO, sample
with embedded Au NPs.
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We assume that the participation of the LSPR in the nonlinear optical properties
can accelerate the propagation speed of mechanical waves. We calculated the change
in the Young’s modulus of our sample by using Eq. (7). It is possible to observe
an important decrease in the Young’s modulus of the sample, after the inclusion of
platinum, by comparing the maximum and minimum points plotted in Fig. 7.
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Fig. 7. Change in the Young’s modulus vs. nonlinear refractive index.

As it can be seen from Fig. 7, a strong nonlinear modification of the Young’s
modulus can be achieved by the shift of the LSPR in the TiO, containing Au NPs and
platinum. The participation of the LSPR seems to be responsible for the enhancement
in the nonlinearity of index [18—20] and therefore also it ought to be responsible for
the change in the Young’s modulus parameter. Apparently, the simultaneous propa-
gation of optical and mechanical waves can potentially exhibit functional applications
where it is mandatory to adjust or manipulate the mechanical properties in opto-me-
chanical systems [21].

It can be considered that from the modification of the optical properties in a nonlinear
interaction also a change of the features of the mechanical waves can be derived [22].
Thus, in order to confirm the participation of an electrostriction effect dependent on
irradiance without an important contribution from a thermal nonlinearity, a reduction
of the beam diameter of the probe beam at the two-wave interaction was performed
under a similar condition of single-pulse irradiance of the pump irradiation, then, there
was observed a complete fading of the modulation in the polarization of the probe after
its propagation through the sample. This case corresponds to the reduction of a strong
inhomogenous profile of irradiation capable to generate the electrostriction [23].

Our conclusions about the change in the mechanical properties were confirmed
by a nanoindenter NHT from CSM Instruments with a maximum load of 20 mN and
a Berkovich diamond tip that shows a change from 941 to 727 MPa after the Pt doping
of the TiO, sample with Au NPs. However, we used Egs. (8) and (9) to calculate
the variation in the induced strain that can originate from an average normal stress
applied with a force of 20 mN, generated by the maximum irradiance induced in
the studied samples. Experimental results shown in Fig. 8 showed that the mechanical
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Fig. 8. Strain vs. Young’s modulus.

measurements generate irreversible changes in the sample with shape deformations in
more than twice the size of the film thickness; nevertheless nonlinear optical mea-
surements allow the evaluation of mechanical parameters without perturbing the me-
chanical properties of the sample.

We can consider the possibility to modulate the strain in thin solid films by means
of a laser system to adequate the mechanical properties of particular samples. Sensors
or actuators in mechanical systems can be designed using this procedure.

5. Conclusions

Within this work, a modification of nonlinear optical properties and Young’s modulus
in a TiO, thin film with Au NPs was obtained by Pt doping. The nonlinear optical
properties of the samples were compared by detecting the electrostriction effect
induced by nanosecond pulses. Important differences in the nonlinear optical refraction
and in the Young’s modulus modification of the samples were achieved by the re-
sulting shift of the LSPR of the NPs. Potential applications for tuning the optical and
mechanical properties of nanodevices are contemplated.
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