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Abstract

TiO4 thin films were deposited by reactive magnetron sputtering with increasing thickness
Ti, T , T5 and T4. The pu-Raman spectra showed the presence of anatase TiOs in all films. The
phonon confinement model revealed the crystallite size ranging between 5.9 and 6.1 nm. The
gap energy was found to decrease from 3.45 eV to 3.37 eV. SEM and EDX analysis showed that
the crystallinity and stoichiometry of 7; were enhanced in comparison to 7. The m-lines spec-
troscopy confirmed the normal behavior of the films as multimode waveguide by the increase of
the number of propagation modes with films’ thickness for each Transverse Electric and Trans-
verse Magnetic polarization. Both ordinary and extraordinary refractive indices decreased over
films’ thickness, the birefringence however had an opposite behavior. The cut-off thickness expe-
rienced an increment as a function of thickness. In comparison, m-lines and Swanepoel’s method

were relatively compatible.

Keywords: Multimode waveguide, TiO9, refractive index, birefringence, cut-off thickness,

prism coupler.

1 Introduction

Titanium dioxide (TiO-) is a dielectric with three allotropes: anatase (tetragonal), rutile (tetragonal)
and brookite (orthorhombic). In addition to its low coast, it has very intriguing optical and chemical
properties including high refraction index and dielectric constant, low extinction coefficient in the
infrared and the visible region, high resistance to photocorrosion, non-toxicity and bio-compatibility
[1-4], large optical nonlinearity and negative thermo-optic coefficient [5]. Consequently, TiO, found
use as low lost optical waveguide [6], integrated optical amplifier [7], optical communication device,
sensor [8] and antireflection coating [9] as well as an industrial pigment [10]. Many preparation
procedures for TiO, thin films were reported including reactive magnetron sputtering [7]. Reactive
magnetron sputtering is an effective deposition technique for uniform large scale coating with high

quality film and strong substrate adhesion [11].

Thin films optical waveguides continue to thrive as it bears strong potential for application in
bio and chemical sensing [12—14]. These sensors differ in their operating principle and we mention:
Surface Plasmon Resonance (SPR), resonators, and interferometers. The latter received much atten-
tion and development as a multimode interferometer sensor [15]. The thickness of the waveguide
is intimately related to numerous number of its properties and functionalities including sensitivity,

porosity and dielectric behavior [16—-19] . Waveguides with a thickness larger than the wavelength of



the coupled light (several microns) permit the possibility of multimodes propagation. The material
used to fabricate them are typically glass, polymer or silica which renders them relatively inexpensive
and simple to manufacture [14]. Using high refractive index material such as TiO, allows for thinner
waveguides with the same propagation modes in addition to the privileges offered by the material

properties mentioned above.

In order to design such a waveguide, the variation of its optical properties, for instance, the refrac-
tive index, birefringence, cut-off thickness, effective index and the modes of propagation as a function

of thickness must be understood and considered.

In this work, we concerned ourselves with the study of the effect of thickness on the structural,
morphological and optical properties with an emphasis on the waveguide properties of TiO, thin films

on the basis of prism coupler measurements with comparison to Swanepoel’s method.

2 Experimental

2.1 Deposition conditions and characterization techniques

Reactive magnetron sputtering deposition was used to deposit titanium dioxide (TiO) onto ordinary
glass microscope slides. The target was titanium metal disc of 99.99% purity and the reactive gas was
therefore oxygen. The pressure of the chamber was kept very close to 107% torr with 20:8 argon to
oxygen ratio. The power used in this setup was 250 I and the glass substrates were heated to 350
°C. During the deposition process, the substrate was under constant 3 rpm rotation, at 5 cm distance

from the target and a deposition rate of 2 nm/s.

To proceed with this work, the elaborated films were investigated using several techniques. For the
structural properties p-Raman spectra were recorded at room temperature by inVia Confocal Raman
Microspectrometer at an excitation wavelength of 632.8 nm. For the optical and waveguide proper-
ties of the films, Metricon 2010/M-lines based Prism Coupler (rutile TiO5: n.=2.8639, n,=2.5822
and an apical angle of 44.60°) was employed to couple 632.8 nm HeNe laser light into air/TiOy/glass
in addition to Shimadzu UV-3101PC Spectrophotometer for transmittance evaluation. Finally scan-
ning electron microscope and energy dispersive X-ray spectroscopy (JEOL JSM-7001F) for surface
morphology and stoichiometry respectively. The thickness of the films was measured using m-lines

and abbreviated in the next table:
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Table 1: Thin film name abbreviation with respect to thickness (TE).

Sample | Thickness (nm)
T, 137
T 284
T 441
T, 661

2.2 Phonon confinement model

For a better understanding of the structural properties of TiOy. The phonon confinement model
was adopted [20, 21]. In an ideal crystal, the scattering of a phonon is due to the Raman active
optical phonons close to the Brillouin zone center I'. In a nanocrystal of a diameter less than 10
nm, the phonon will be localized within the dimensions of the crystallites [22]. A confined phonon
in a supposedly spherical nanocrystal of a diameter L is described by its wave function (g, 7) as

follows:

(o, ™) = W (7, L)u(go, e 0" )
where W (7, L) is the confinement function and u(¢p, ) contains the periodicity of the lattice. The
Raman intensity as a function of wave number can be calculated over a spherical Brillouin Zone (BZ)

of TiO, (a = 0.3768 nm) using the following equation:

oo [ @l .
= [ o s T ®

where [’y is the full width at half maximum of the Raman peak of anatase particles at room tem-

perature with the value of 7 cm™!

, w(q) is the phonon dispersion curve of the intense £, mode and
lle(qo, @)||* is the Fourier coefficients of the expansion of (¢, 7) around the BZ center [23]. The
dispersion curve was taken to be parabolic w(q) = wy + b7 2, where wy = 142.9 cm ™! and b = 2.23

[20, 21, 23].

272
The Fourier coefficients are commonly expressed as Gaussian peak function ||c(0, 7)||2 = e is=2 )

(¢o = 0 at the center of BZ), however, it was not a good fit for our data instead, an analogy to the
ground state of an electron in hard sphere confinement function was adopted [24, 25]
sinz(ﬁ)

(0, )|1* = m 3)
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2.3 M-lines: theoretical considerations

Prism coupler or so-called m-lines is a technique that uses a prism of high refractive index to couple
light into at least tree layered system, in our case air/TiOq/glass (nTi0,>Ngiass>Nair). This coupling
is possible via an evanescent tail of a monochromatic light reflected by the prism’s base. When the
layer (air) between the waveguide (TiO,) and the prism’s base is about a quarter of the wavelength of
the measurement light and the tangential propagation constants of the light in the prism and the mode
in the waveguide are equal. The light will be coupled in the waveguide and a drop in the intensity
of the reflected light is observed. In the frame of geometrical optics and using Snell-Descartes law,
the effective index (n.s¢) of the mode m is expressed in terms of the prism’s index of refraction n,,

the positive angle of incidence (¢) with respect to the normal of the prism’s face and the prism’s base

angle (0,) as [26-29]:
Neff = Nypsin <arcsin <M) + 9p> 4)

Tp
therefore by varying the angle 6 one can excite multiple propagation modes. The dispersion curves
of the TiO, waveguide films for each Transverse Electric (TE, equation 5) and Transverse Mag-
netic (TM, equation 6) polarization are the equations connecting the films’ thickness and the effective
index. These equations stem from Maxwell equations applied to the boundary conditions for an

1sotropic slob waveguide and gives out the following equations [26-28]:

2. 2 2. 2
kody/n? —n?;, = arctan ( % + arctan % +mm 5)
n n? —nZ;

ey

2 2 2 2 2 2
n n —nNn n n —n

kody/n? —n?;, = arctan | — % + arctan | — % +mm (6)
na n - neff TLS TL - neff

where kg = 27”, A is the wavelength of the radiation source (632.8 nm), d is the film thickness, n
is the refractive index of the film, m is the mode number, n, and n, are the refractive indices of the
superstrate and the substrate respectively. In our case the superstrate was air and the substrate was

ordinary glass.

2.4 Swanepoel’s Method

The method was established by Swanepoel [30] and it is based on the use of transmittance spectrum
to calculate the complex refractive index of a transparent thin film. The transmitted beam through the
film and the substrate is assumed to be normal to the surface of incidence. The interference caused
by the multiple refraction at the two interfaces namely film/substrate and air/film can be seen as a

fringes pattern in the transmittance spectra. The thickness of the substrate must be several orders of
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magnitude than that of the film. For a thin film of a very small extinction coefficient the transmittance

can be written as:
ApB

T = B — Cpcost+ Dp?

)

where
A =16n’n,, B=(n+1)3(n+n2),C =2(n®>—1)(n* —n?),D = (n—1)3(n —n?), § = 424
and = exp(—ad). n is the refractive index of the film, n, is the refractive index of the substrate,
d is the thickness of the film, 6 is the phase difference between the direct beam (Z;d) and the multiple
reflected beam (l;r) and « is the absorption coefficient. The path difference between Ed and Z;T is of the
following:

2nd = mA\ (8)

the constructive and destructive interference will occur for m being a full integer and half an integer
respectively. In the light of the work of Manifacier et al. [31] we can use continuous functions of A

as envelopes of the maxima 7, and the minima 7;,, of the transmission spectrum:

Ap
Ty = 9
M™ B—CB+ Dp? ©)
A
T = & (10)
B+ CpB+ Dp?
combining the reciprocal of equations 9 and 10 yields:
1 1 2C
== (11)
T, Tuy A

by direct substitution of A and C' we can calculate the refractive index such that:

n:\/NJM/N?—ng (12)

depending on the absorption coefficient, equation 12 will change. For the transparent region N will
be:

2n,  ni+1
N = = 13
T t— (13)
and for the weak and medium absorbing region:
Ty — T 241
N = 2n,- M P (14)

T Ty 2



the equation for the refractive index of the substrate n4 can be calculated using the following equation:

1 1
— ——1 15
TS+ T, (15

Nng =

The refractive index is now a function of 73, and 7;,. Equation 8 for two successive maxima or

minima, refractive indices n; and ny and wavelengths of A; and Ay (A\; > \3) can be written as:

2dn1 = m)\1
(16)
QdTLQ = (’ITL + 1)/\2
so we can solve for the thickness d o
i 12 (17)

2(Ang — Aony)
The envelop functions were calculated using OriginPro 2016 (Origin- Lab Corp.). In summary the
method will proceed as follows: Computing the envelope function 7', and 7;,, starting from the trans-
mittance data. For a particular wavelength () there exists a maxima on the transmittance spectrum
(or equivalently 7},) and a corresponding minima on the envelope 7}, and vice versa. These points

will be used in equation 12 to calculate the refractive index (n) and hence the thickness (d) [32, 33].

3 Results and discussion

3.1 Raman spectroscopy

In order to identify the crystal structure of the TiOs thin film, the -Raman spectroscopy was used
and the spectra were displayed in figure 1. The intensity in the interval 190-800 cm ! of Tb, T3 and T}
thin films was rescaled with respect to the intensity of £, peak for more visibility of the peaks present
in the same interval. Anatase TiO5 has six atoms per unit cell so there are fifteen optical vibrational
modes: 1A, + 1Ay, + 2814 + 1By, + 3E, + 2E, [34, 35], six of which are Raman active [36]
namely 144 (E,) , 197 (E,), 399 (By,), 513 (A1), 519 (By,) and 639 cm ™! (E,). In the case of TiO,
rutile structure the fundamental modes are 143 (B,), 447 (£,), 612 (A,,), and 826 cm ™! (Big) [37].
It is obvious from figure 1 that the 7} thin film had poor anatase crystallinity. The anatase structure
was also present in the thicker films (75, 75 and T}), however, the 73 film exhibited small traces of
the rutile phase. The vibration modes positions in addition to the crystallite sizes deduced from the
phonon confinement model were depicted in table 2. The blue shift and broadening of the peaks were
therefore attributed to phonon confinement as the main cause [38] in addition to non-stoichiometry
defects [39, 40].
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Figure 1: The Raman spectra of the as-deposited thin films.
Table 2: Obtained and calculated information from the x-Raman spectra.
T Peak T5 Peak T5 Peak Ty Peak
Peak .\ _1 . 1 .\ 1 . 1
position (cm ™) positions (cm™") positions (cm ™) positions (cm™")
Anatase E, 149 149 149 149
Anatase E, / 201 202 201
Anatase By, / 403 402 402
Rutile E, / / 447 /
Anatase  A;,/B, / 525 523 524
Rutile Ay / / 617 /
Anatase E, / 643 643 643
Crystallite size (nm) 5.1 5.9 5.9 6.1

3.2 UV-Vis

The transmittance spectra of the TiO, thin films were depicted in figure 2. There was no significant

change in the average transmittance of the thin films over the visible region (400-800 nm). The results

calculated by Swanepoel’s method were listed in table 3. A red shift was present in the absorption
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Figure 2: Transmittance spectra and tauc’s plots for the various deposited thin films.

edge as the thickness increased. This shift was obvious in the optical gap energy which was calculated

by linear extrapolation of the plot (ahu)% vs. photon energy (hv) using Tauc’s equation [41]:
ahv < (hv — E,)" (18)

where h is the plank’s constant, v is the frequency of the photon, £, is the optical gap energy, « is
the absorption coefficient and n equals 2 for indirect allowed transition in the case of anatase TiOs.
From previous studies, the anatase TiO, thin films optical gap energy takes values of 3.15 to 3.4 eV
[42]. The optical gap energies of our obtained thin films were close to the above mentioned range.
However, these values were still higher than that of the single crystal bulk (3.18 eV [43]) which was
attributed to quantum size effects [44, 45]. The increase in the films’ thickness slightly reduced the
quantum size effects and therefore lowered the optical gap energy. Furthermore, the widening in the
optical band gap could be attributed to the non-stoichiometry of the films since stoichiometry has a
direct effect on the electronic structure of compounds [46, 47] and the lack of Ti atoms will mainly
result in a decrease in the isolated Ti 3d,, electronic state which is the minimum of the conduction
band [48, 49]. This effect will be justified in the next section via EDX analysis.
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3.3 Surface morphology and composition

Scanning Electron Microscope imaging (SEM figure 3) in addition to Energy Dispersive X-ray spec-
troscopy (EDX figure 4) were performed on the 7) and the 7 thin films. The 7} film had small
dispersed grains (less than 40 nm on average) of poorly crystallized anatase structure [50] in accor-
dance with EDX analysis which indicated % oxygen to titanium atomic ratio. The 7} thin film had
relatively homogeneous spherical grains which meant that the film exhibited a better crystallinity with
an average grain size of 100 nm [51]. This latter had % oxygen to titanium atomic ratio which was
close to the perfect stoichiometry of TiO,. These observations seem to be in good agreement with
p#-Raman and UV-Vis results [39, 40].

X50,000 12KV WD 8.1mm . 100nm

X30,000 12kV WD 8.1mm ™ 100nm

Figure 3: Scanning electron microscope images of the 7} (left) and 7} (right) thin films.
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Figure 4: Energy dispersive X-ray spectroscopy peaks in addition to the stoichiometry of 7 (left) and
T (right) thin films.

3.4 M-lines measurements

The waveguiding curves were presented in figure 5. It was notable that the optical guided modes

number increased with thickness. The ordinary refractive index (n,) and the thickness (d) of the film
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were calculated simultaneously by solving equation 5 for at least two modes and in the same manner,
the extraordinary refractive index (n.) and the thickness were obtained from equation 6 [52]. Both

ordinary and extraordinary refractive indices as well as the beirefringence were depicted in figure 6.
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Figure 5: The reflected intensity from the base of the prism as a function of the angle of incidence,
TE polarization (left) and TM polarization (right).
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Figure 6: The variation of the ordinary (n,), extraordinary (n.) refractive indices and birefringence as
a function of films’ thickness.

To explain the relation between the refractive index and the density of crystals a modified expres-

sions of Gladstone—Dale relation were proposed [53, 54]. On that account, we can state clearly that
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the diminishing in the density of the thin films leads to a diminishing in the refractive index. This was
put to use to explain the slight decrease of the refractive indices as a function of thickness (figure 6)
and it is in perfect agreement with the work of Rocquefelte et al. [55] on the major effect of density
of different TiO, crystal structures on their refractive index. The main reason for the decrease in den-
sity as the thickness increased and therefore the refractive index was the deposition method namely
reactive magnetron sputtering as the density of the sputtered films is proportional to the inverse of the
thickness as investigated by Swann [56].

The birefringence (An = n. — n,) of the 77 thin film was almost zero which was due to the fact
that the film had a poor anatase crystallinity so the anisotropy was lost (figure 6). The rest of the thin
films experienced an increase in the birefringence as they approached more and more the bulk state
[57]. The difference in birefringence between the films and that of the bulk (0.073) was an indication

of change in the Ti-O bond polarizability in the two main directions of the anatase structure [58-60].
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Figure 7: The dispersion curves: the solid lines represent the bulk index of refraction, the connected
dots represents the obtained thin films’ refractive indices.

Equations 5 and 6 were plotted with respect to the optical anisotropic nature of anatase TiO; in
figure 7, which depicted the evolution of effective indices vs. thickness for n being that of the bulk
and our thin films. The ordinary refractive index of bulk anatase TiO,, and the extraordinary one
were taken to be n, = 2.488 and n. = 2.561 respectively [61]. The effective index as a function of
thickness in both TE and TM polarization was in qualitative accordance with dispersion curves of bulk
anatase Ti0, indicating the normal behavior of the films as a slob waveguide, nonetheless, there were

not a very high quantitative agreement. This was explained provoking the relation between the density
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and thickness as discussed above i.e, the effective indices of the obtained thin films were smaller in
value than that of the bulk. As had been previously mentioned, the 7} thin film exhibited eight modes,
four in each TE and TM polarization. The number of modes decreased with the decrease in the films’
thickness (figure 5). This is expressed in the cut-off condition which indicates the minimum thickness

(dmin) needed to support a mode m in a thin film [26]:
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dppin(TE) = = 19)
() e (

2 2_ 2
arctan (% e "“) +mr
a

n2—n2

2 _ 2
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the minimum thickness d,,,;,, is supposed to be only a function of the mode number m, despite that the

refractive index n in equations 19 and 20 was it self a function of thickness, therefore the minimum
thickness for each propagating mode will get affected by the film thickness. Figure 8 illustrates d,,;,
as a function of mode number m for the bulk refractive index in addition to the refractive indices
obtained for our thin films. It was seen clearly that the increase in thickness of the films decreased the
refractive index which in its turn increased the cut-off thickness. This is very important to consider

when designing thin films for waveguiding.
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Figure 8: The cut-off condition as a function of the mode number m and the refractive indices n.

The calculated refractive index obtained by Swanepoel’s method in the weak absorption region
was fitted using the full Cauchy’s equation [62] or just taking the two first terms to obtain table 3,
accordingly the refractive index was determined from the fitted plot at A = 632.8 nm. The thickness
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of the films calculated by the same method were slightly different in comparison with those mea-
sured by m-lines measurements. The fitted results of the refractive index based on Swanepoel’s data
were found generally to decrease with the increase in thickness which was in alignment with previ-
ous explanations. We justified the difference between the two methods by mentioning the fact that
Swanepoel’s method relay on the transmittance measurement which was performed using unpolar-
ized light, consequently the detector of the UV-Vis instrument will detect the average interaction of
the incident light with the thin film. Contrary to m-lines which is founded on the selective excitation
through an evanescent field of guided modes of a film by varying the angle of incident as previously
mentioned. This permits more accurate evaluation of propagation constant in the film and hence the

refractive index.

Table 3: The information obtained and calculated from Swanepoel’s method and m-lines.

Sample Prism coupler measurements Swanepoel’s method calculations
N Ne Thickness (nm) refractive index | Thickness (nm)
T 2.3123 2.3125 137 2.168 163
15 2.3117 2.3530 284 2.263 377
T3 2.2484 2.3145 441 2.150 420
Ty 2.1831 2.2755 661 2.105 754

4 Conclusion

In this work, we had investigated the effect of thickness on the various properties of TiO, thin films
prepared by magnetron reactive sputtering. The p-Raman spectra showed that all films exhibited
anatase structure. The optical gap energy was found to decrease over the increase in thickness.

The optical properties were determined by m-lines spectroscopy and Swanepoel’s method based on
UV-Vis measurements. The refractive index was found to decrease over the thickness of the films.
The number of the guiding modes increased with films’ thickness as predicted by the dispersion
curves and from that the cut-off thickness increased with the increase in films’ thickness. This work
emphasized the experimental consideration to be taken for the design of multimode slob waveguide
based on TiO, including the deposition method, thickness and refractive index. The high optical

quality of our TiO, thin films makes them very suitable for multimode waveguiding applications.
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