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Abstract

Tin, titanium and zinc oxide thin films were deposited on glass substrates by spray-pyrolysis. According to the resolution of
XRD and SEM, films are single phase and of uniform surfaces. Elastic modulus and film hardness were studied by instru-
mented indentation. Friction coefficient and wear volume were determined by nanowear procedures. Low friction coefficient
and roughness (< 0.2 and ~ 7 nm, respectively) were measured. Hardness values (between 6 and 11 GPa) were determined to
be in agreement with those reported for similar films grown by physical methods. Titanium and tin dioxide films displayed

better wear and mechanical properties than ZnO films.

1 Introduction

Touch-screen, UV-light emitters, and electrochromic win-
dows are some of the extended electronic applications of
ceramic transparent thin films. Such products exploit the
mechanical properties of transparent conductive oxides
(TCO) to ensure patterning durability and accuracy [1-4].
However, to become potential candidates for these appli-
cations, thin films should exhibit high transparency, high
conductivity, homogeneity, good adhesion, hardness and
chemical stability under different environmental conditions.

Coatings made from tin, titanium or zinc oxides (SnO,,
TiO, and ZnO, respectively) are inexpensive to produce,
nontoxic, easily doped and chemically stable. They have also
a large band-gap, and when doped can show high conductiv-
ity and high excitation-binding energy [5-8]. Very often it is
also desirable to join different (sometimes opposite) proper-
ties in one coating, that is, preparation of multifunctional
coatings. Such coatings are widely used in many fields of
science and technology. This concerns the functional optical
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coatings presenting additional properties as increased hard-
ness, hydrophobicity or resistance to abrasion [5].

These films are grown by different techniques, such as
magnetron sputtering, reactive evaporation, chemical vapor
deposition (CVD), pulsed laser deposition (PLD) and spray-
pyrolysis (SP), among others [9—12]. Spray-pyrolysis pre-
sents several advantages, such as simplicity and low cost of
the equipment involved.

Concerning the mechanical properties, nanoindentation
has been widely used to determine the elastic modulus and
hardness of thin films [13—17]. In contrast to microindenta-
tion, nanoindentation does not require a separate measure-
ment of the contact area. The penetration depth of the speci-
men during nanoindentation is related to the actual contact
area via a calibrated indenter tip. This technique offers an
approach to determine the elastic modulus and hardness of
ultra-thin films, which is difficult to attain by other methods.

The mechanical properties of oxide films grown by spray-
ing have been seldom reported in the literature [18]. In this
work, TiO,, SnO, and ZnO thin films deposited by spray-
pyrolysis on glass substrates at 450 °C were characterized
by nanoindenting techniques. Additionally, the influence
of microstructure on mechanical properties and wear were
studied, as well as surface morphology and optical proper-
ties. Hereafter, these properties are shown and discussed for
thin transparent films grown by spraying.
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2 Experimental procedure
2.1 Preparation process

Thin films of titanium, tin and zinc oxides, were deposited
by spray-pyrolysis on 7 cm X 2.5 cm soda-lime substrates.
Titanium isopropoxide, tin(Il) 2-ethylhexanoate and zinc
acetate were used as precursors. In every case, solutions
were prepared in 20 ml of ethanol and acetylacetone was
used in order to assist solubilization. The solutions were
deposited on substrates, previously washed and dried, at
425 °C by spraying using N, at 1.5-2 bar as carrier gas. In
order to avoid diffusion of sodium ions from the substrate
to the film, substrates were previously coated with a silica
(Si0,) film, which was deposited by immersion in a TEOS
sol followed by a heat treatment at 500 °C. Profilometry
measurements were facilitated by the presence of a mask on
the substrate during spraying. The mask leaves a regular step
between coated and uncoated areas.

2.2 Microstructural characterization

Microstructures were evaluated by means of a Field Emis-
sion Scanning Electron Microscope (FEI QUANTA FEG
250). Crystalline phases were characterized by Grazing
Incidence X-Ray Diffraction (PANalytical X pert Pro, CuKa
radiation) between 20 and 80° 20 with a step size of 0.0334°
and a recording time of 100 s. No filters were used under
this configuration.

2.3 Optical and electrical characterization

Optical transmittance was measured on the basis of UV-Vis-
ible spectra registered with a UV-VIS-NIR Shimadzu 3600
spectrophotometer, equipped with an integrating sphere, in
the 3600-200 nm range. The Van der Pauw method was
applied to electrical measurements using a two Digital Mul-
timeter Rigol DM 3062, applying a 30 V bias voltage.

2.4 Mechanical characterization

Elastic modulus and hardness were measured by means of
a Hysitron Triboindenter. A Berkovich diamond indenter
with a total included angle of 142.3° was used for every
measurement of 20 load—unload cycles with 450 uN. The
data sets were processed using appropriate software to pro-
duce load—displacement curves [19]. The Hertzian method
[20, 21], which proposes the estimation of the slope of
the unloading curve by first fitting the entire unloading
data, was employed to determine the reduced (E,) and the
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hardness (H) of the materials. The reduced elastic modulus
is related to the elastic modulus of the sample (E) and the
contact stiffness (S) by means of the following equations:
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where v is the Poisson’s ratio and subscript i denotes the
indenter material, R represents the indenter radius which is
25 nm, A is the displacement and P the force applied. Mak-
ing a fitting to P—h curves, E, is obtained.

A,.qx 1s the surface contact area at the maximum dis-
placement. The contact stiffness (S) is the slope of the
unloading curve taken as the first derivative in the maxi-
mum depth of a fitted power law function of the unload-
ing segment of the curve. For the indenter tip used in this
work, E;;; 1140 GPa and v;;, 0.07, while the Poisson ratio
was assumed to be 0.25.

The material hardness (H) was defined as the maximum
load, P,,,,, divided by the projected area of the indentation
under this load, Eq. (5):

P
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The tip area function A(hc) was calibrated from indenta-
tions upon a fused silica sample of known E.

2.5 Frictional behavior

The Hysitron Triboindenter was also used for nanoscratch
tests. The load was ramped from O to 450 puN in 30 s, and
the scratch length was set as 1500 pm at a moving veloc-
ity of 50 um/s. Scanning wear tests were performed on
each sample using a diamond cube-corner probe. Each test
consisted of 25 cycles with a scan size of 20 pm. Wear
tests were performed at normal loads of 200 uN on each
sample. After wear tests were completed, the areas were
imaged using a 60 um scan size. These images were then
analyzed to determine whether film failure had occurred.
Also, Scanning Probe Microscopy (SPM) analyses, using
Gwyddion Software was used.
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3 Results and discussion

Figure 1 shows the XRD patterns of TiO,, SnO, and ZnO
films deposited by spray-pyrolysis on glass substrates at
450 °C. The patterns show the diffraction peaks of TiO,
(JCPDS 01-083-2243), SnO, (JCPDS 077-0451) and ZnO
(JCPDS 01-075-0576), indicating no preferred crystalline
orientation in the films. Diffraction peaks due to the Kj; line
of Cu are observed, and identified, in patterns of TiO, and
ZnO.

(110)

600 - Sno,
4007 101)
200 (@11)
-~
T T T T T 1
© 12004 (101) ]
3 T|02
S 80
‘3 400
5 90 e
E o T T T T T 1
3600 ZnO
2400
1200 4
(103)
. (112)
T T T T T 1
20 30 40 50 60 70 80

26 ()

Fig. 1 XRD patterns of TiO,, SnO, and ZnO thin films deposited by
spray-pyrolysis at 450 °C

FE-SEM images in Fig. 2 show dense films with uni-
form crack-free surfaces. Apparently, the SnO, film is com-
posed of the smallest grains, whereas the ZnO film showed
the biggest. In addition, from SPM analyses, films display
very small surface roughness of only a few nanometers as
shown in Table 1. Film thicknesses measured by profilom-
etry revealed that SnO,, TiO, and ZnO films are of similar
thickness of about 400 nm. The regular thickness values
and the low roughness obtained in all samples suggest that
the spraying is a useful method to obtained good quality
reproducible films.

Electric resistivity and refraction index of TiO,, SnO,,
and ZnO thin films were measured and results are shown
in Table 1. It can be observed that the films present high
resistivity; while refractive index (n) values are similar to
the usual values reported for these materials [22—-25]. How-
ever, SnO, films showed the lower resistivity values. Non-
stoichiometry is the reason for the low resistivity of SnO,
[26]. In fact, the formation energy of oxygen vacancies in
SnO, is very low, causing the natural nonstoichiometry and

Table 1 Thickness (d), average roughness (R,), electrical resistivity
(o) and refraction index (n) of TiO,, SnO,, and ZnO thin films

Film d (nm) R, (nm) o (Q cm) n

TiO, 446 5.70 00 2.58
SnO, 189 6.36 378 1.78
ZnO 527 7.96 1580 2.01

Fig.2 SEM images of (a, d) SnO,, (b, e) TiO,, and (¢, f) ZnO films. Scale bars 1 um and 500 nm
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Fig.3 Load-depth curves for films using a 450 uN load. Measured
displacements were higher than 30 nm in either sample

Table2 Average elastic modulus (E), hardness (H), friction coeffi-
cient (Coef.) and wear volume (Vol.) of films

Film E (GPa) H (GPa) Coef. Vol. (pm3) Reference
TiO, 922+4.1 10.7+0.8 0.128 245 This work®
SnO, 785+04 6.1+0.1 0.137 226 This work®
ZnO 108.2+7.3 7.3+08 0.178 7.68 This work®
TiO, 161 9.4 - - [5]

SnO, 71 5.1 - - [33]

ZnO - 8 0.29 3 [34]
In-SnO, 100 6.5 - - [31]
In-ZnO 140 10.6 - - [31]

CrN - 234 - - [35, 36]
TiN - 24 - - [37]

*Wear volume obtained after 15 cycles under a 200 pN load

the low resistivity observed in SnO, with respect to other
semiconductors. Moreover, nominally undoped SnO, has a
carrier density of up to 10?° cm™ [27]. On the other hand,
TiO, and ZnO present higher resistivities. Oxygen vacan-
cies are deep donors in ZnO, being unlikely to cause n-type
conductivity [28, 29].

Figure 3 shows load—displacement curves for TiO,, SnO,,
and ZnO films. The parameter a from Eq. (2) is showed, and
from these values the elastic modulus is calculated. Follow-
ing the Hertzian model and approaching a fitting to P—h
curves, different values of a can be calculate. All curves
were approached to 3/2 power to fit with the Hertzian model.

Compared to other transparent oxides Table 2, the films
showed good stiffness and hardness [30, 31]. The low scat-
tering on elastic modulus and hardness data may be due
to the low porosity and roughness Table 1. Although ZnO
showed a relatively low mechanical performance compared
to values reported by other researches [31, 32], this film
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displayed higher stiffness than TiO, and SnO, films, even
though TiO, resulted harder.

The friction coefficients and wear volumes obtained by
nanoindentation showed similar performances on TiO, and
SnO, films related to ZnO. The three samples showed low
friction coefficients (<0.2) in agreement with previous
reports [31, 32, 38], although ZnO clearly showed a lower
performance. The wear behavior observed is strongly related
to the friction behavior for each pair [32], which is related to
the wear volume. In this way TiO, and SnO, showed lower
values than ZnO, which is an indication that TiO, and SnO,
actually protected the indentation point to a certain extent
before damage occurred. This was expected as the average
friction coefficients of these films were lower than that of
ZnO-film. Then, shear stresses imposed on SnO, and TiO,
coatings are reduced, leading to wear reduction. The higher
roughness, grain size and thickness of the ZnO film are prob-
ably the reasons for its lower wear and mechanical perfor-
mances with respect to SnO, and TiO, films.

The representative 60 um, 2-D topographical in-situ SPM
images of TiO,, SnO, and ZnO surfaces, after 20 um, 25
nanowear tests with 200 uN peak loads along the respec-
tive wear profile, are shown in Fig. 4. Images with associ-
ated wear forces showed no film failure, based on post-test
Z-heights of 20 um nanowear areas. Nanowear results on
samples can be used to rank the best wear resistance ana-
lyzed film failure at each load. Using this ranking system,
results in Table 2 show the ranking order for best wear resist-
ance to be TiO,, SnO,, and ZnO, which is in agreement with
SPM results. Although these are promising results, further
studies are needed before using spraying for the deposition
of protective oxide coatings for, e.g., opthalmics, auto-
motive or flat panel display industry. Reference hardness
values for tin, titanium and zinc oxide films are shown in
Table 2 for the sake of comparison. Films of known “hard”
materials such as CrN and TiN are also included [35-37]. It
can be observed that the hardness values for TiO,, SnO, and
ZnO thin films measured in this work are comparable with
those reported in the literature.

4 Conclusions

Tin, titanium and zinc oxide thin films deposited on glass
substrates by spray-pyrolysis were evaluated by naoindent-
ing techniques. Uniform dense films with average roughness
around 6.5 nm were deposited. Titanium and tin oxide coat-
ings showed better mechanical properties and wear perfor-
mance than ZnO films. Hardness values between 10.7 and
6.11 GPa were measured for TiO,, SnO, and ZnO, which are
comparable to hardness values of these oxide films grown
by other techniques. These results are a contribution to the
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Fig.4 60 um, 2-D topographi-
cal in-situ SPM images of

a TiO,, b SnO, and ¢ ZnO
surfaces after nanowear tests
(load 200 uN)

gap that exists on the reported mechanical properties of

semiconducting-oxide films deposited by spray-pyrolysis.
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