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Low Loss Sol-Gel TiO, Thin Films for Waveguiding Applications
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Abstract: TiO, thin films were synthesized by sol-gel process: titanium tetraisopropoxide
(TTIP) was dissolved in isopropanol, and then hydrolyzed by adding a water/isopropanol
mixture with a controlled hydrolysis ratio. The as prepared sol was deposited by
“dip-coating” on a glass substrate with a controlled withdrawal speed. The obtained films
were annealed at 350 and 500 °C (2 h). The morphological properties of the prepared films
were analyzed by Scanning Electron Microscopy (SEM) and Atomic Force Microscopy
(AFM). The optical waveguiding properties of TiO, films were investigated for both
annealing temperature using m-lines spectroscopy. The refractive indices and the film
thickness were determined from the measured effective indices. The results show that the
synthesized planar waveguides are multimodes and demonstrate low propagation losses of
0.5 and 0.8 dB/cm for annealing temperature 350 and 500 °C, respectively.
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1. Introduction

Titanium dioxide (TiO,) is attracting a considerable amount of research interest due to its interesting
chemical, electrical and optical properties. TiO; has a large refractive index among the transparent metal
oxides (>2.5 at anatase phase, and >2.7 at rutile phase). The optical absorption loss of TiO; is about
10 times lower than silicon at optical communication wavelength of 1.55 mm [1]. Its thermal expansion
coefficient is very small over a wide range from room temperature to 1000 °C, and it is transparent over
a wide range of wavelength. Considering all of these advantages, TiO, has been considered for various
optical applications such as high refractive index component of multilayer optical filter [2], sensors [3],
antireflective coating [4,5], photocatalysts [6,7], integrated optical planar waveguides and devices [8,9],
solar cell [10], IR detectors [11], optoelectronics and photovoltaics [12,13], optical amplifiers [14], and
micro-nano photonic crystal structures [15].

Metal oxides thin films have been made by a variety of methods. One of these, the sol-gel
process [16—18], reflects distinct advantages due to its excellent compositional control, homogeneity on
the molecular level, simplicity, low cost, performing well in atmospheric pressure without the need for
expensive vacuum equipment, lower crystallization temperature, possibility to easily incorporate
rare-earth ions as optically active centers and it can be used to deposit films over a large area with a very
uniform thickness. It allows the tuning of the refractive index and thickness of the film by varying
synthesis parameters.

Several studies have been reported on TiO; thin films elaboration by sol-gel process [19-21] and
indicated that their structural and optical properties depend on the synthesis parameters used in
the process.

In this paper, we report the study of the morphological, optical and waveguiding properties of TiO,
thin films deposited on glass substrates by sol-gel process. To previously obtained results [22],
additional experiments have been performed to prove the reproducibility of optical measurements and
additional morphological characterizations are here presented.

2. Experimental Section

TiO; thin films were prepared by the sol-gel process according to the following procedure: titanium
tetraisopropoxide (TTIP) diluted in isopropanol was hydrolyzed by a water/isopropanol mixture with a
controlled hydrolysis ratio (2 = [H,O]/[TTIP] = 1.4) and for 1 molar final titanium concentration. Glass
substrates were dipped in the freshly prepared sol and then withdrawn at a constant withdrawal speed of
2 cm min~' (“dip-coating”). Four layers were deposited for increasing the thickness after solvent
evaporation, at 80 °C, between two coatings. The obtained films were annealed at 350 and 500 °C (2 h)
and will be called, in this work, Ti0,-350 and Ti0O,-500, respectively.

The characterizations by Scanning Electronic Microscopy (SEM) and Atomic Force Microscopy
(AFM) were performed with a Leica S440 microscope and a Veeco Nanoscope DIM3. Optical
characterization of the films has been carried out using m-lines spectroscopy [23].The refractive indices
and the film thickness were determined from the measured effective indices.
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3. Results and Discussion
3.1. Morphological Characterizations

Figure 1 presents high-magnification SEM images of the same samples. The TiO,-350 sample
(Figure 1a) yielded a SEM observation depicting a perfectly smooth surface, using magnifications of up
to 100,000. As for the TiO,-500 sample (Figure 1b), it is homogeneous and seems to be constituted of
small platelet particles, ranging from 30 to 100 nm in length, and from 10 to 20 nm in thickness,
embedded in a continuous phase which may be a rest of amorphous phase. Indeed, from XRD
measurements (Figure 2) [22], we concluded that at 350 °C the TiO, films are amorphous, but crystallize
in anatase form when heated up to 500 °C.

Figure 1. SEM images of TiO, thin films: (a) TiO,-350 and (b) TiO,-500 samples
(magnification x50,000).
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Figure 2. X-ray diffraction patterns of TiO,-500 sample and commercial powder as a
reference [22].
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AFM images (Figure 3) show the surface morphologies of the both samples and from these images,
the Roughness Mean Square (RMS) values were measured at 1.65 nm and 3.26 nm for TiO,-350 and
Ti0,-500 films, respectively. TiO,-350 film has an extremely small roughness which is consistent with
the smooth surface observed by SEM analysis. On the other hand, TiO,-500 film shows a slightly greater
roughness which is also consistent with its SEM image, showing two morphologies. Thus, the roughness
seems to be dependent on the annealing temperature value. Our results and observations agree with the
work of Mechiakh et al. [24] who reported that the RMS value was found to increase from 0.617 to
3.713 nm for sol-gel TiO; thin films annealed at 350 and 450 °C, respectively; and that the increase in
the roughness is due to the increase in the grain size. Similarly, Urlacher ef al. [25] found, in the case of
sol-gel ZrO, waveguides, that the amorphous film exhibits a smoother surface than the crystallized one,
and the RMS varies from 0.2 to 2.1 nm, when increasing temperature from 300 up to 600 °C. From their
analysis, this result is mainly due to crystallite growth when increasing temperature.

Due to our small roughness values, we may predict low optical losses for the waveguiding properties
of the films. These properties are studied hereunder.

Figure 3. AFM images of TiO; thin films: (a) TiO,-350 and (b) TiO,-500 samples.
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3.2. Optical Characterizations

The waveguiding features of TiO, thin films are investigated by dark m-lines spectroscopy
technique [23,26]. This well known method allows us to obtain the optogeometric parameters of
waveguiding thin films, such as thickness and refractive index. A right angle rutile prism is mounted
onto a precise rotary stage (0.001°), which can be turned by a feedback-controlled DC motor. The mode
profiles in both the TE (transverse electric) and TM (transverse magnetic) polarizations are obtained by
measuring the reflected intensity of a He-Ne laser beam operating at a 632.8 nm wavelength, as a
function of the incidence angle. The corresponding effective mode indices can thus be calculated.
Consequently, we can determine the refractive indices nrg and nmy for the TE and TM polarization,
respectively, and the thickness of films. Figures 4 and 5 display typical TE and TM guided mode spectra
of the TiO; films for two samples TiO,-350 and TiO,-500, respectively. We observe the excitation of
two guided modes for TE and TM polarization for the TiO,-350 sample and two guided modes for TE
and only one guided mode for TM for the TiO,-500 sample.
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From the angular position of the reflectivity dips we compute the effective mode indices, which then
serve to calculate the refractive indices and the thickness of the layer through the following dispersion

relationship [23]:

2nd 2 2 %
T 0
where:
/2
" 2p Nm2 _nj2 .
q)(n,nj) = arctan n— nz——Nz j=a,s (2)
j m

For TE mode p =0 and n = ntg and for the TM mode p = 1 and n = nrm; O, ey and D, ) are the phase
shift at air/film and film/substrate interfaces, d is the film thickness, A is the wavelength of the light in
vacuum, 7, and n; are, respectively, the air and substrate refractive indices, m the mode number and N, is

the effective index of the m™ mode.

Figure 4. Typical guided mode spectra of TiO»-350 thin film: (a) transverse electric (TE) and
(b) transverse magnetic (TM) polarizations.
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Figure 5. Typical guided mode spectra of TiO,-500 thin film: (a) TE and (b) TM polarizations.
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From the angular position of TE and TM guided modes (Figures 4 and 5) we deduced the
corresponding effective indices. These values are then used to compute the thin film parameters:
ordinary refractive index (nrg), extraordinary refractive index (ntyv) and thickness (d). The calculation is
based on the least square method widely discussed by Kersten [27]. In the case of Figure 4 (7=350 °C),
we found nrg = 1.9720, nv = 1.9895 and d = 358 nm. While for the case of Figure 5 (7= 500 °C), we
found ntg = 1.9949, nv = 2.0092 and d = 336 nm. Finally, from the refractive index and thickness, we
computed the theoretical effective indices of the thin films. The results are reported in Table 1. We
notice a very good agreement between measured and calculated values of effective indices.

The results show that refractive index increases with annealing temperature while thickness decreases
due to shrinkage and densification of the films. These results are in good agreement with the work of
Wang et al. [28] who found, in the case of sol-gel TiO, waveguides, that the film thickness decreases and
the refractive index increases when the heat treatment temperature increases. Urlacher et al. [25]
reported, in the case of ZrO, film, that the thickness roughly decreases between 300 and 400 °C
indicating a high densification of the layer before crystallization. Refractive index simultaneously
increases as a consequence of densification, organic compound removal and structural change in

the material.

Table 1. Measured (N, exp.) and computed (N, th.) effective mode indices; and films
thicknesses deduced from these measurements.

Sample Polarization m N exp. N th, AN,, n d (nm)
TE 0 1.8687 1.8685 2x10"%  1.9720 358
. TE 1 1.5664 15659  5x10*
Ti0,-350 4
™ 0 1.8444 1.8442 2x10 1.9895
™ 1 1.5135 15134 1x10™"
TE 0 1.8816 1.8814 2x10"%  1.9949 336
Ti0,-500 TE 1 1.5532 1.5527 5x10™
™ 0 1.8479 1.8475 4x10*  2.0092

The sharpness of the reflectivity dips, observed on Figures 4 and 5, indicates a good optical
confinement of the light beam into the thin films. Measurements of the losses will bring more insight
about this point. Indeed, the determination of optical attenuation in waveguides is of great interest for
designing integrated optical devices. Practical use of such structures directly depends on the
measurement of this parameter. Several techniques have been used for loss measurement among which
the end-fire coupling [29], the prism coupling method [30], and a new approach that uses a prism-in
coupling method to feed the light into the waveguide and the end-fire coupling to measure the
transmitted light [31].

For optical losses measurement, we used the prism-in coupling method (Metricon Model 2010) in
which the exponential decay of light is measured by a fiber probe scanning down the length of the
propagation streak. A least square exponential fit is then made to the intensity as a function of distance
patterns and the loss is calculated in decibels per centimeter (dB/cm). The overall loss measured is the
combined total of both scattering loss from particles or other scattering centers and surface roughness,
and the inherent absorption of the waveguide material.
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The results of the optical attenuation of the fundamental TE mode in TiO, thin films annealed at
350 and 500 °C are shown in Figure 6a,b. The optical losses have been estimated around a = 0.5 dB/cm
and o = 0.80 dB/cm, respectively, using the following equation:

(x——&lo 4
L8|, 3)

where [ is the initial light intensity, and /; is the light intensity at the considered position L, measured
in centimeters.
Table 2 summaries the structural and optical characteristics of both samples.

Figure 6. Optical attenuation of the fundamental TE mode in TiO; thin film (a) TiO,-350
and (b) Ti10,-500 samples: surface scattering measurement (dotted line), with exponential fit

(in red).
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Table 2. Comparison of films characteristics. The refractive indices and attenuation values
are given for the fundamental TE mode.

H.T.T Structure Thickness: RMS Refractive  Attenuation:

Sampl
APIE oy 22] d (nm) (mm)  index:n  a(dB/em)

Ti0,-350 350 Amorphous 358 1.65 1.9720 0.5

Ti0,-500 500  Crystallized 336 3.26 1.9949 0.8

* H.T.T: heat treatment temperature.

As we reported above, TiO,-350 sample is amorphous while TiO,-500 is crystallized and the film
thickness decreases with annealing temperature. From our results, we can deduce that increasing
annealing temperature leads to increasing RMS, refractive index and optical losses. Similar results on
the increase of optical losses with the annealing temperature were already reported on sol-gel
710, [25,32] and TiO; [33] films. For the former, Ehrhart ez al. [32] reported that in order to obtain ZrO,
thin films with a high refractive index (n = 1.96) and low optical losses (0.29 dB/cm), the best
heat-treatment corresponds to an annealing at 400 °C, thus preserving an amorphous phase, while optical
losses increase at a temperature of 450 °C when the crystallization into a metastable tetragonal phase
appears; Urlacher ef al. [25] also found that ZrO, optical losses increase when the annealing temperature
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and film crystallinity increase: they obtained 0.8 and 2.5 dB/cm as attenuation coefficients for the
amorphous film heat treated at 300 °C and the crystallized film annealed at 600 °C, respectively. For the
latter, Bahtat et al. [33] reported that at lower temperatures (450 °C), the films’ structure consists of a
mixture of amorphous TiO; and anatase nanocrystals and its surface is smooth. On the contrary, when
increasing the annealing temperature, crystallization increases yielding a higher roughness and the
films’ waveguiding properties disappear.

4. Conclusions

In this work we reported the investigation of TiO, thin films prepared by sol-gel process for optical
waveguiding applications. The surface morphologies observed by SEM and AFM have shown that the
quality of the films present a low roughness when the annealing temperature is 350 °C, but increases at
an annealing temperature of 500 °C.

The optical properties were determined by m-lines spectroscopy. The synthesized thin films are
displaying several guided modes meaning that the coupling and confinement of the light in the film is
efficient. The results show that the refractive index increases with annealing temperature, due to a higher
densification of the film. The optical losses of the amorphous film, annealed at 350 °C, and the
crystallized one, annealed at 500 °C, were estimated to be around 0.5 and 0.8 dB/cm, respectively, from
surface scattering measurement using the moving fiber method. This work emphasizes the importance of
the film microstructure determination and clearly shows the correlation between structural and optical
properties. The sol-gel process seems therefore very promising for the synthesis of planar waveguides
for integrated photonics, especially when heat treated below the crystallization temperature. Moreover,
we believe that by optimizing the synthesis parameters of the process, the optical losses can be decreased
to less than 0.3 dB/cm.
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