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Abstract— In this work, adopting simple sol-gel dip
coating technique, we deposited tin incorporated
amorphous titanium oxide thin films (thickness, 152+2
nm) on pure silica glass from precursor sols (viscosity,
7.5%1.5 cP) with a fixed metal oxide content (six weight
percent) by varying tin (Il) ethyl hexanoate to titanium
isopropoxide molar proportions, R (0 to 0.18) in
presence of acetylacetone as sol stabilizer. The films
cured at 450°C in air atmosphere were found to be
highly transparent in the visible region and X-ray
amorphous. The samples were characterized by
spectroscopic ellipsometer for the measurement of
physical thickness, refractive index (RI) and extinction
co-efficient (k) while the volume porosity was calculated
from the measured RI of the films. With increasing tin
content in the precursor sols, the root means square
surface roughness (RMSSR) as measured from atomic
force microscope found increased while the RI
decreased but the trend in change of RMSSR found
identical with the trend in change of volume porosity
and extinction co-efficient of the films. In brief, the
RMSSR was found to be closely related to k and volume
porosity as well as RI of the films. A co-relation was
also drawn between the RMSSR values with the static
water contact angle on the surface of the films.
Amorphous metal oxide thin films with relatively high
refractive index, transparent and low optical loss could
be used as optical waveguide materials. Therefore, the
film (TS3) deposited from the precursor sol with R, 0.03
showed highest RI value (1.86) with lowest RMSSR and
k values. This TS3 film could be used as planar optical
waveguide material.

Keywords— Sol-gel dip coating, amorphous
thin  film, surface roughness, ellipsometric
analysis, static water contact angle

I. INTRODUCTION

Amorphous metal oxide semiconductor based
transparent thin films have attracted a great scientific
interest for their amazing properties and applications in
diverse areas such as optical waveguides, couplers,
resonators, etc. [1]-[3]. The properties of the films
could further be enhanced if proper mixed oxide with
optimized composition be used [4]. On the other hand,
the thin film materials as photonic materials with high
refractive index and low optical loss with low surface

roughness are mostly desired for fabrication optical
waveguide [5].

On the other hand, transparent high refractive
indexed metal oxide thin film materials including
zirconia, titania, tantalum oxide are well studied in
recent years for the development of optical
waveguides [6]. It is known that the light propagation
losses in amorphous materials are generally low
compare to their crystalline counterparts [6]. Among
the several metal oxides, titania is a wide band gap
(3.2 eV) semiconductor that shows good durability,
high transmittance and refractive index (RI) over the
visible region [7]-[9]. In the same vein, amorphous
titanium oxide shows low propagation loss of 7.5
dB/cm at around 633 nm and 1.2 dB/cm at ~1550 nm
whereas the loss of anatase titania is 5.8 dB/cm at
1550 nm [10]-[11]. There are several techniques for
deposition of titanium oxide including cost effective
and facile sol-gel technique and it is found that the
optical properties of sol-gel based titanium oxide film
depend on the precursor sol/solution composition and
chemistry, incorporation/doping of foreign metal, film
curing atmosphere and temperature etc. [12]. Among
the several reports available in the literature, Bsiri et al.
[13] fabricated chromium doped densified titanium thin
films with high refractive index. Also, Mahanty et al.
[14] reported crystalline tin doped titanium oxide
powder with improved optical properties. However, to
the best of our knowledge, the sol-gel preparation of
amorphous tin incorporated titanium oxide thin films
with relatively high refractive index, loss optical loss
and low surface roughness is yet to be found in the
literature.

In this work, we report the successful development
of amorphous tin incorporated titanium oxide (TS) thin
films with relatively high refractive index, loss optical
loss in terms of low extinction coefficient and low
surface roughness by adopting sol-gel technique using
the optimized precursor composition through finding
out from varying molar proportions, R (0 to 0.18) of
Sn(ll)-ethyl hexanoate (TEH) to titanium (IV)
isopropoxide (TIOT). It was seen that with increasing
tin content in the precursor sols, the root means
square surface roughness (RMSSR) found increased
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while the RI decreased but the trend in change of
RMSSR found identical with the trend in change of
volume porosity and extinction co-efficient of the films.
Therefore, the co-relations have been drawn between
the RMSSR values with the RI, extinction co-efficient,
volume porosity and the static water contact angle on
the surface of the films as functions of R through
several adequate characterizations. Finally, we found
that the film derived from the optimized sol
composition with R = 0.03 was the best to be used as
an optical waveguide material.

Il. EXPERIMENTAL
A. Preparation of Precursor Sols

Initially, titanium (V) isopropoxide (TIOT) was
dissolved in mixed solvents (1:1, v/v) medium
containing ethanol (EMSURE®, Merck, Germany) and
2-butanol (E. Merck, 99%). After 5 min of stirring,
acetylacetone (acac; Merck, 99%) was added to the
above aliquot as stabilizer (TIOP : acac = 1.5, molar
ratio) and continued the stirring for another 5 h to
obtain a cleared pristine sol. This pristine sol was then
divided into five equal parts (each having 100 ml in
volume). In the next, different amount of Sn(ll)-ethyl
hexanoate (TEH) (Sigma-Aldrich, 95%) was added into
the five parts of the pristine sol by varying TEH to TIOT
molar proportions (R); 0, 0.03, 0.06, 0.11 and 0.18
during vigorously stirring for approximately 5 h. The
sols with varying R values of 0, 0.03, 0.06, 0.11 and
0.18 were designated as TS0S, TS3S, TS6S, TS11S
and TS18S, respectively. Finally, the required amount
of the mixed solvents was added in each of the
precursor sol to make the total mixed metal oxide
content fixed to six weight percent in each sol with
continuous stirring. It is noted that during the
preparation of precursor sols, the room relative
humidity was maintained within 45 to 50%.

B. Thin Film Deposition

As-prepared sols could not produce homogeneous
coating on cleaned and polished silica glass substrate
(Quartz glass plate, code CUSQ223; Ants Ceramics
Pvt. Ltd., India; dimension: length 75 mm, width 25 mm
and thickness 1 mm). However, after 24 h of ageing,
the aged sols were found to be useful as wettable sols
for the formation of thin films on the substrate by dip
coating techniqgue (Dip Master 200, Chemat
Technology Inc., USA). All the films were deposited
with a fixed withdrawal speed of 18 cm/min and after
the deposition; the as-coated films were initially baked
at 150°C for about 30 min in an air oven followed by
final curing at 450°C with a soaking period of 1 h in the
same air oven. The final films were designated as TS0,
TS3, TS6, TS11 and TS18 that derived from the
precursor sols of TS0S, TS3S, TS6S, TS11S and
TS18S, respectively.

lll. CHARACTERIZATIONS

The amorphous nature of the films was confirmed
from X-ray diffraction (XRD) patterns of the films,
recorded by employing Bruker make D8 Advance with
DAVINCI design X-ray diffraction unit having nickel-

filtered CuK, radiation source (wavelength = 1.5418 A)
in the 20 range of 10° to 80°. The FTIR vibrations of
the scratched off film materials were measured by the
spectrometer (Nicolet 5700, Thermo Electron
Corporation) with the number of scans of 100 and the
wavenumber resolution of 4 cm™. Viscosity (7.5+1.5
cP) of aged precursor sols was measured at room
temperature (~30°C) by software controlled Thermo
Scientific  HAKKE Rheostress (model RS6000),
Germany using cone-plate (sensor system, C60/1) at a
shear rate and time, 400 S™* and 60S, respectively.
The film physical thickness (T) and refractive index
(RI) were measured wusing a Spectroscopic
Ellipsometer (Semilab, 1117 Budapest, Hungary,
model GES5-E) in the wavelength region of 300 to
1000 nm. The dispersion curves (i.e. Rl versus
wavelength plots) were derived with help of the
available software of the instrument using Cauchy-
Lorentz model. It is worthy to note that the T and RI
values of each film were determined at 632.8 nm and
the data is displayed in Table 1. Atomic force
microscope (AFM, Nanosurf Easy Scan 2,
Switzerland) was used to analyze the film surface
topography as well as average line scan profile height
whereas the root means square (RMS) surface
roughness were determined from the AFM images
(dimension: 50 um x 50 pm) [15] of the thin films
employing WSxM 5.0 Develop 7.0-Image Browser
software. UV-Vis-NIR spectrophotometer (Shimadzu
UV-PC-3100; photometric accuracy: transmission
10.3%, wavelength resolution, 0.10 nm) was used to
measure the transmittance property of the films in UV-
visible regions. Static water contact angles (WCA) on
the surface of the films were measured at room
temperature by using Easy drop (Kriss) FM 40MK2
GmbH, Hamburg, Germany.

IV. RESULTS AND DISCUSSION
A. X-ray Diffraction Study

X-ray diffraction patterns of TS films along with
pristine titanium oxide film are shown in Figure 1. It
can be seen from the figure that all the films are X-ray
amorphous. A broad XRD peak in the 26 region of
~25° to ~28° was found, implying the amorphous
nature of the films.

Intensity (a.u.)

10 20 30 40 5 60 70 80
2-Theta (degree)
Fig.1. XRD patterns of the films cured at 450°C in
air atmosphere.
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B. Film Surface Property

Film surface feature (Fig. 2) and surface roughness
were analysed by AFM studies. In this respect, the root
means square surface roughness values (RMSSR)
was calculated from the respective AFM images with a
fixed scan area of 50 um? using WSxM 5.0 Develop
7.0-Image Browser software. It was observed that the
RMSSR (Table 1) was found to be increased with
increasing TEH to TIOT molar proportions (R) in the
precursor sols. However, the TS18 film derived from
the precursor sol with R, 0.18 showed extremely high
RMSSR value. It is known [15] that the RMSSR (R,) of
a material surface could be related to root mean
square average of the roughness profile coordinates.
The R, could be expressed (eqgn. 1) [15] in terms of the
evaluation length, L having the profile coordinates Z
and X. In this work, we determined the Z from the line
scan profile height of AFM images of the films
(thickness, 15212 nm, Table 1). On the other hand, the
surface roughness of sol-gel based film could depend
upon several factors such as surface roughness of
substrate used, film thickness, film homogeneity,
composition of precursor sol, growth of crystalline
materials etc. [16]-[17]. It is worthy to note that in the
present work, all the films were amorphous in nature
with nearly similar physical thickness (Table 1) and we
used silica glass substrate of similar surface
roughness value (0.75 nm) for deposition of all the
films. Therefore, the increased surface roughness
could mostly be associated with the composition of the
precursor sol where the change of R value could be
the major influential factor. However, the exact reason
for the influence of R was difficult to understand at the
present work and it will be the future scope of work.

L
Rq=ﬁjlzz(x)|dx -———(1)

In egn. 1, Z(x) is the function that demonstrates the
surface profile. The profile of the sample could be
analyzed in terms of profile height (Z) and position (x)
for the evaluation length, L.

Table 1: Characteristics of precursor sols and thin films

Film Film Refractive  Extinction ~ Volume RMS Average WCA

designation  thickness index coefficient, porosity, roughness H (nm)  (¥1°)
(2 nm) (£0.01) k P (nm)
(£0.0002)  (+0.5%)

TS0 154.3 1.77 0.0078 20.20 24 21.11 55

TS3 149.7 1.86 0.0045 13.49 1.8 19.59 52

TS6 150.3 1.83 0.0061 15.67 2.2 20.35 54

TS11 154.7 1.81 0.0078 17.16 29 2357 57

TS18 150.9 1.72 0.0105 24.15 13.3 128.79 66

Note: RMS, H and WCA indicate root means square,
atomic force microscopic line scan profile height and
static water contact angle on the thin film surface,
respectively.

C. FTIR Spectral Study

FTIR spectral study (Fig. 3) was carried out
systematically to reveal IR active bond vibrations that
would originate from various functional groups and
metal oxygen bonds in the sample scratched off from
as-deposited TS11 and the 450°C cured thin films,
could address the formation of amorphous oxide thin
films derived from the precursor sols. The FTIR
vibrations of the as-deposited sols to oxide (TS) films
could suggest that different organic functional groups
such as metal acetylacetonato complex were present
till the film curing temperature of <150°C (Fig. 3a). The
assignment of appeared vibration peaks that found in
as-prepared TS15 film is given in Table 2.

Table 2. Assignment of FTIR vibrations

FTIR vibrations

(cm™) Assignments References
3600-3100 Vo.H 18
1720 Vcoon (free 2 ethyl 19
hexanoic acid)
1590 cho + chc 20
(asymmetric
acetylacetonate)
1530 Ve=c t 6CH 20
(acetylacetonate)
1380 0s (CHy) 20
1150 v (CH; bending) 20
450-700 VSn-O/VTi-O 21
Fig.2. AFM images of (a) TS0, (b) TS3, (c) TS6, (d)
TS11 and (e) TS18.
Www.jmest.org
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Fig. 3. Substrate corrected FTIR spectra of
scratched off titanium tin oxide thin film materials: (a)
TS11 as-coated film cured at different temperatures
and (b) TS thin film materials cured at 450°C.

On the other hand, the FTIR spectra of 450°C cured
TS thin films materials was also performed (Fig. 3b).
In TSO thin film, a broad vibration ranging from 700 to
450 cm™, centered at ~600 cm™ was appeared, could
be attributed to Ti-O vibration [21]. Upon incorporation
of tin into the precursor sols for TS thin films, new
vibration peaks were appeared (such as ~520 cm™,
~570 cm™, ~680 cm™). It is worthy to note that the
presence of Sn-O-Sn vibrations in the TS films might
be overlapped within the broad vibration of Ti-O.
However, with increasing the incorporation level of tin,
the relative intensity of the new peaks systematically
increased. This result could imply the formation of
hetero atomic linkage Ti-O-Sn along with homo atomic
linkage of Ti-O-Ti/Sn-O-Sn.

D. Optical Property

Refractive index (measured at 632.8 nm) and
physical thickness of the films cured at 450°C
temperature are given in Table 1. From the measured
refractive index, it could possible to calculate the
volume porosity, P in percentage (%) of the TS thin
films using Lorentz-Lorentz (L-L) relationship (eqgn. 2)
[15].

1- (P/100) = (n*-1)/ (N*=1) x (N*+2)/ (n°+2) — — (2),

where, ‘N’ corresponds to the RI of pure dense
material and ‘n’ is the observed RI of the film.

Using eqn. 2, the calculated volume porosity, P (%)
from ellipsometrically measured refractive index values
of TSO, TS3, TS6, TS11 and TS18 thin films cured at
450°C were found to be ~20.2, ~13.5, ~15.7, ~17.2
and ~24.2, respectively (Table 1). It is noted that the
calculation of P was based [22] on the refractive index
(N, 2.064 at 632.8 nm) of dense titania and the
experimentally measured RI (n) values of the TS films.
In this work, among all the films, TS3 showed the
lowest volume porosity that could possibly be due to
greater densification of the film matrix [13]. This
assumption could be justified from the highest
refractive index of TS3 film. In this respect, the film
showed lowest RMSSR that could have a weak
scattering effect on light during the measurement of
refractive index (RI) using spectroscopic ellipsometer
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Fig. 4. Plots of refractive index as function of
wavelength (optical dispersion curves; a, ¢ and e for
TS3, TS6 and TS11, respectively) and plots of
extinction coefficient as function of wavelength (b, d
and f for TS3, TS6 and TS11, respectively)

and as a result, the measured RI was relatively high
[23]. On the other hand, the maximum volume porosity
of TS18 film could be related to its lowest refractive
index of the film. It is worthy to note that the dense tin
dioxide has the comparable refractive index (2.006)
[24] with titanium dioxide. In this case, all the
composite film should show similar refractive index but
it was seen that with increasing tin content in the
precursor sols, the RI of the developed films was found
to be decreased and the calculated volume porosity
was noticed to be increased.
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Fig. 5. (a) Plots of RMSSR and RI, (b) plots of
RMSSR and volume porosity and (c) plots of RMSSR
and extinction coefficient as a function of R.

To verify the above argument, we calculated
volume porosities from the measured refractive indices
at 832.8 nm of the thin films. However, it was observed
that upon incorporation of tin into the precursor sols
forming TS thin films, initially, the refractive index was
found to be increased significantly and then, it became
gradually decreased and the TS3 showed maximum
refractive index (~1.86) even compare to pristine
titanium oxide thin film (~1.77). This result fully
supported the calculated volume porosity of the
samples. It is worthy to note that all the films including
TS3 film was amorphous. On the other hand, among
all the films, TS3 showed lowest extinction coefficient
value indicating low absorption (attenuation) loss
particularly at 632.8 nm as per the linear relationship
[25] (egn. 3) that observed between the measured
extinction and absorption coefficients. It is noted that
we measured (Fig. 4) the dispersion curves i.e. the
change of RI and the change of extinction coefficient
as a function of wavelengths starting from UV to NIR

regions (350 nm to 950 nm) for understanding the
change of optical constants of the TS films.
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Fig. 6. UV-Visible transmittance spectra of TS thin
films.

The plot (Fig. 5a) of change of RMS roughness with
refractive index as a function of R values in the
precursors shows an approximately inverse
relationship with the RI and the RMS roughness
changes. In the same vein, the plot (Fig. 5b) of change
of RMSSR with volume porosity as a function of tin
content also reveals similar relationship of the
measured RI with the RMS roughness values of the
films. However, approximately similar nature (Fig. 5c)
was observed between the changes of extinction
coefficient with volume porosity as function of tin
content in the precursor sols. This result suggested
that the volume porosity/surface roughness could
control the attenuation loss of the films visa-a-vis the
refractive index change of the TSO thin films as both
the metal oxides possess similar Rl values in their
densified crystalline structures [24].

k = alldr - - - - (3), where a and ) are absorption
coefficient and wavelength of light, respectively)

UV-Visible transmission spectra of the films on pure
silica glass substrate are shown in Figure 6. The
percent (%) transmittance of the films in the visible
region was found ~80%. However, a slightly lower
transmittance was noticed for the TS3 film compared
to other films i.e. TSO, TS3, TS6, TS11 and TS18
films. This could attribute to the relatively high film
refractive index that could induce a higher reflectivity of
TS3 film [15].Therefore, the TS3 film with high
refractive index with low optical loss and low optical
loss in terms of extinction coefficient could be useful as
planar waveguide material [15].

E. Static Water Contact Angle

Surface property in terms of RMSSR was validated
by measuring static water contact angle (WCA) of the
TS films at room temperature. Figure 7 shows the
images of water-droplets onto the surface of the TS
thin films. It was observed that with increasing Sn
content of the precursor sols, the WCA was found to
be increased and a maximum value of WCA was found
in TS18 film which showed the highest RMSSR. It is
noted that the surface roughness of the films could
play an important role upon the surface property in
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terms of WCA of the films [15]. In the present work, on
increasing the Sn content in the precursor, the trend of
change of RMSSR and the change of measured WCA
showed similar behaviour that fully supported the
change of film surface property in terms of RMSSR of
the TS film (Fig. 7).

~55° ~52° ~54°

-~

~57° ~66°

11118

Fig.7. Photographs showing the change in shape of
water-droplets on the surfaces of TS thin films (static
water contact angles in degrees are embedded in the
respective figures).
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Fig. 8. Plots of RMSSR and static water contact
angle as a function of R.

V. CONCLUSION

Adopting simple sol-gel dip coating technique, we
deposited tin incorporated amorphous titanium oxide
thin films (thickness, 15242 nm) on pure silica glass
from precursor sols (viscosity, 7.5+1.5 cP) with a fixed
metal oxide content (6 weight percent) by varying tin
(1) ethyl hexanoate to titanium isopropoxide molar
proportions, R (0 to 0.18) in presence of acetylacetone
as sol stabilizer. The films cured at 450°C in air
atmosphere were found to be highly transparent in
visible region and was X-ray amorphous. With
increasing tin content in the precursor sols, the root
means square surface roughness (RMSSR) found to
be increased while the RI decreased but the trend in
change of RMSSR found identical with the trend in
change of volume porosity and extinction co-efficient of
the films. A co-relation was also found between the
RMSSR values with the static water contact angles on

the surface of the films. The amorphous metal oxide
thin film (derived from the precursor sol with R = 0.03)
with relatively high refractive index, highly transparent
and low optical loss could be used as optical
waveguide materials.
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