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Abstract: The measurement of temperature is of fundamental importance in a huge scale of
applications, from nanomedicine, where the early detection of tumorous cells is an essential
requirement, to microelectronics and microcircuits [1]. Optical sensors with a micro/nano-spatial
resolution can be used for temperature determination within a biological frame. Within this contest,
Raman spectroscopy [2] is particularly interesting: the inelastic scattering of light, has the advantage
of a contactless measurement and exploits the temperature-dependence of intensities in the
spectrum by observing the intensity ratio of anti-Stokes and Stokes signals. Titanium Dioxide can
be regarded as a potential optical material for the temperature detection in biological samples,
thanks to its high biocompatibility, already demonstrated in literature [3], and to its strong Raman
scattering signal. The aim of the present work is the realization of biocompatible optical
thermometers, with a sub-micrometric spatial resolution, made of Titanium dioxide. Raman
measurements have been performed on Anatase powder using 514.5, 568.2 and 647.1 nm excitation
lines of the CW Ar/Kr ion laser. The laser beam is focalized through a microscope on the sample,
kept at defined temperature using a temperature controller. The Stokes and anti-Stokes scattered
light is analysed through a triple monochromator and detected by a liquid nitrogen cooled CCD
camera. Raw data are analysed with Matlab and Raman spectrum parameters—like area, intensity,
frequency position and width of the peak—are calculated using a pseudo-Voight fitting curve.
Preliminary results showed that good reliable temperatures can be obtained.
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1. Introduction

The field of temperature sensors application is wide and varied, ranging from the measurement
of temperature in biological samples and tissues to the detection of hot spots in microcircuits [1]. In
particular biological applications [4-7] require high temperature resolution, high spatial resolution
and proven biocompatibility of the material chosen as sensor.

Among all techniques available nowadays for the temperature measurement with the
requirement of nano and micrometric spatial resolution, Raman spectroscopy [8-10] has the great
advantage of a contactless measurement, moreover it does not require a specific preparation of the
samples. With respect to other optical thermometric techniques, as IR thermography, it's
characterized by a greater spatial resolution, on the order of the diffraction limit of the probe laser
[11].

The Raman effect is the inelastic scattering of light and well defined characteristics of the Raman
spectrum, like intensity, position in frequency and width of peak signals, are related to temperature.
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It follows that temperature can be measured from Raman spectra by determining the degree of the
shift position of a defined peak at different temperatures, or by evaluating the broadening of its
linewidth or by measuring the peak intensity ratio of the anti-Stokes signal to the Stokes signal. In
the present work the anti-Stokes/Stokes intensity ratio is used to estimate the local temperature of the
material [12].

A good Raman thermometer material should possess these properties: (a) a large Raman
scattering cross-section (to reach high signal-to-noise ratios), (b) high intensity Raman peaks at low
Raman shifts, the upper limit depends on the working temperature, in general near room
temperature it is about 600 cm™ [10]; indeed the lower the Raman shift the more sensitive is the peak
intensity to temperature, (c) well-defined and distinguishable Raman peaks, (d) low absorbance at
the excitation wavelength, to avoid heating mechanisms.

Studies of Raman temperature measurement can be found in literature for Silicon [11,13],
Gallium Arsenide [14], Gallium Nitride [15] and graphene [16]. Also Titanium dioxide (TiO2) has
been tested in few works as a Raman temperature thermometer for Titanium dioxide microparticles
[17,18] and for thin films of Titania used in solar cells [19].

Titanium dioxide general features of chemical stability and nontoxicity, make it a very
interesting compound for various different applications, including photocatalysis [8,20], optical
coatings, optoelectronic devices [21] and biomedicine [3]. It is a wide band gap insulator (3.0 eV [22])
and exists in nature in three different crystal structures: anatase, rutile and brookite. In particular the
anatase phase is exploited in photocatalysis, photochemical solar cells, optoelectronic devices, and
chemical sensors [23,24]. Titanium dioxide seems to suite perfectly all the requirements for a good
thermometer material and has been chosen as Raman active thermometric material in our research.

2. Materials and Methods

Raman measurements have been performed using a Micro-Raman setup in a back-scattering
geometry. The system is equipped with a CW Ti:Sapphire Laser tunable in the range 675-1000 nm
(Spectra Physics, 3900S) pumped by a CW Optically Pumped Semiconductor Laser (Coherent, Verdi
G7) and an Ar*/Kr* gas laser (Coherent, Innova 70) providing the lines at 488, 514.5, 530.8, 568 and
647.1 nm. The laser beam is coupled to a microscope (Olympus BX 40) and focused on the sample by
a 100%, 50x or 20x objectives (Olympus SLMPL). The Raman scattering is collected into the slit of a
three stages subtractive spectrograph (Jobin Yvon S3000) by means of a set of achromatic lenses. The
spectrograph is made up by a double monochromator (Jobin Yvon, DHR 320), working as a tunable
filter rejecting elastic scattering, and a spectrograph (Jobin Yvon, HR 640). The Raman signal is
detected by a liquid nitrogen cooled CCD (Jobin Yvon, Symphony 1024 x 256 pixels front
illuminated).

A temperature controlled stage (Linkam, THMS600/720) is used to change the temperature of
the sample, by means of a liquid nitrogen reservoir and heating resistances. The sample, a commercial
Anatase powder (Sigma Aldrich), is inserted in the temperature controller stage, and uniformly
heated/cooled to reach the desired temperature, with a rate of 5° K/min and a thermalization time of
at least 30 min. Before starting the experiment, a procedure of purging air from the stage chamber
with nitrogen is done. Once the thermalization process is done, consecutive Stokes and anti-Stokes
measurements are conducted to calculate the local temperature of the sample. Measurements are
repeated to obtain a consistent set of data. The frequency incident on the sample is properly chosen
in order to avoid sample heating, that is by using photons less energetics than the band gap of
Titanium dioxide [22]. Measurements of the anti-Stokes/Stokes ratio at different laser powers confirm
that the signal is independent by power over the range explored, i.e., 0.5-20 mW. Usually for
temperature measurements a power of 3—4 mW is used.
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3. Results and discussion

3.1. Characterization of TiO2 through Raman Spectroscopy

The Raman spectrum of Anatase powder, recorded at room temperature, using a laser at 647.1
nm, with an input power of 1.52 mW is reported in Figure 1. The spectrum clearly shows an intense
peak centred at 143 cm™ and peaks with a lower intensity that are outlined in the insets.
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Figure 1. Stokes (right) and anti-Stokes (left) Raman spectrum of Titanium dioxide anatase at 647.1

nm.

Anatase is characterized by 15 optical modes at the I' point of the Brillouin zone, described with
the following irreducible representation of the normal vibrational modes [21,25]:

1414 + 145y + 2B,y + 1By, + 3E, + 2E,

Among all these, six modes, A4, 2B,4, and 3E, are the Raman-active ones (as reported in
Figure 1 and in Table 1); the Raman spectra show only five peaks since the Bigand A1z modes at 512
and 518 cm™ are not distinguishable at the experimental conditions. The experimental frequencies,
reported in Table 1, have been corrected by using the cyclohexane frequencies as calibration, and are
comparable to data reported in literature [21].

Table 1. Experimental Titanium dioxide anatase Raman-active modes compared to those reported in

literature [21].

Symmetry Experimental (cm™) Literature [21] (cm™)

E, 143 143
Eq 197 198
Big 397 395
Big 512
At 515 518
E, 640 639

By observing Stokes and anti-Stokes data, it turned out that the best peak for temperature
monitoring is the Eg mode at 143 cm™. It is well defined, very intense even at low laser powers, and
highly sensitive to temperature, thanks to its low Raman shift.

Temperature Determination

Raw Raman data are analysed with Matlab, using a Voigt fitting, to obtain the Raman spectrum
parameters, like area, intensity, frequency position and width of the peak. In particular, the anti-
Stokes area of the E; mode is divided by that of the Stokes signal to obtain the experimental anti-
Stokes/Stokes ratio, p, reported in Table 2, on the second column.
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Table 2. Anti-Stokes/Stokes ratios and row temperatures determined from Raman experimental data,
measured at 298 K, at different the excitation wavelengths (II and III columns). Values of the
calibration constant at the used excitation wavelengths (IV column). Sample temperature obtained
from experimental anti-Stokes/Stokes ratios, using the calibration constant (V column).

Excitation Wavelength ~ Anti-Stokes/Stokes Row Calibration Sample
(nm) Ratio Temperature Constant Temperature
(K) (K)
514.5 0.5231 292 0.979 + 0.006 301
568.2 0.5120 281 0.964 + 0.007 296
647.1 0.6569 425 1.22+0.01 298

The anti-Stokes/Stokes ratio allows to determine the local temperature T of the sample, through
the relation:

= )

[a_S —C- (Vm - V0)3 ex (_ hvm)
Is (Vm +vp)? P kgT

where v,,, is the frequency of the vibrational mode m considered, v, the laser frequency, h the
Planck’s constant, kg the Boltzmann constant, and C is the calibration constant. This calibration
constant is related to the experimental set-up, to parameters like the polarization of the incident laser
and the CCD and grating efficiency. It has been determined at each excitation wavelength by
performing measurements at temperature variable in the range 283-323 K. The Raman spectra of the
lower-frequency E; mode recorded at three temperatures, 283, 298 and 318 K, using an excitation
source Agy, = 647.1 nm, are reported in Figure 2a and anti-Stokes/Stokes ratios used for the
calibration are plotted in Figure 2b. Equation (1) was fitted to the experimental values, leaving C as a
free parameter, and the resulting curve is the solid line shown in Figure 2b.

calibration curve

&  experimental ratios
07

o
@
&

=
@
&

1

298 K

Anti-Stokes/Stokes ratio

@
=

Intensity (a.u)

283K
or 4

062

-1
=300 -200 =100 0 100 200 300 280 285 290 295 300 305 310 315 320 325

Raman Shift (cm") Temperature (K)

(a) (b)

Figure 2. (a) Raman spectra of the lower-frequency E; mode recorded at 283, 298 and 318 K, using
excitation source of 647.1 nm, (b) anti-Stokes/Stokes experimental ratios (open circles) as function of
the temperature imposed by the thermostat and calibration curve (solid line).

The same calibration procedure was applied also at 514.5 and 568.2 nm excitation wavelengths
and the values of C, with relative uncertainties, are reported in the fourth column of Table 2. The
calibration constant of 0.979, 0.964 and 1.22, respectively at 514.5, 568.2 and 647.1 nm, has been
determined with a precision of approximately 0.6-0.8% (less than 1%). Considering that the intensity
of the peak can be determined by means of a Voigt fit with a precision of 1%, the total uncertainty on
the temperature measurement can be as good as 5 K.

The goodness of the calibration was evaluated on the base of room temperature measurements
(at 298 K) on the same sample of Titanium dioxide powder, realized in different days. The mean
values obtained from the Raman spectra acquired at room temperature using the excitation
wavelengths of 514.5, 568.2 and 647.1 nm are reported in Table 2. The second and the third columns
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report the experimental anti-Stokes/Stokes ratios and the corresponding raw temperatures. These
results display a marked difference between temperature measurements at different wave lengths,
outlining the importance of the calibration coefficient which considers the instrumental response
function, i.e., the efficiency of detection of photons, at diverse wavelengths. The last column reports
finally the measured temperature of the sample: the temperature values obtained at different
wavelengths are very close to the attended one, 298 K.

4. Conclusions

The determination of local temperature at nanoscale is a key point to reach the control of
physical, chemical or biological processes, since temperature is an important parameter influencing
processes themselves. A great experimental effort is worth to be devoted in the nanothermometry
field, from the realization of new materials, to the implementation of detection techniques and test of
prototypes of real devices.

In this work Titanium dioxide is proposed as a Raman thermometer for biological applications,
as it seems to be a good thermometer material, thanks to its optical and biological properties. TiO,
as Anatase, has been tested in a wide optical range, at wavelengths of 514.5, 568.2 and 647.1 nm,
where it has been demonstrated its efficiency in the temperature detection, which can be obtained
following the identification of the instrumental calibration coefficients.

Actually, these preliminary results achieved are promising, and represent a starting point for
future experiments, regarding the investigation in a wider wavelength range, close to the biological
window, or the realization of more complex titanium dioxide based systems.
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