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Abstract: ZnO films with Ti atoms incorporated (TZO) in a wide range (0-18 at. %) have been grown by
reactive co-sputtering on silicon and glass substrates. The influence of the titanium incorporation in the ZnO
matrix on the structural and optical characteristics of the samples has been determined by Rutherford
backscattering spectroscopy (RBS), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD). The
results indicate that the samples with low Ti content (< 4 at. %) exhibit the wurtzite-like structure, with the Ti+4 ions
substitutionally incorporated into the ZnO structure, forming Ti-doped ZnO films. In particular, very low concentration of
Ti (<0.9 at. %) leads to a significant increase of the crystallinity of the TZO samples. Higher Ti contents give rise to a
progressive amorphization of the wurtzite-like structure so samples with high Ti content (≥18at. %), displays
an amorphous structure indicating the XPS analysis a predominance of Ti-O-Zn mixed oxides. The energy gap,
obtained from absorption spectrophotometry, increases from 3.2 eV for pure ZnO films to 3.6 eV for those with the
highest Ti content. Ti incorporation in the ZnO samples below 0.9 at. % rises both, the blue (380 nm) and green (550
nm) bands of the photoluminescence (PL) emission, thereby indicating a significant improvement of PL efficiency of the
samples.
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1. Introduction
Zinc oxide (ZnO) is a semiconductor material characterized by a broadband gap (~3.2-3.3 eV), a
high transmission in the visible spectral range, a native n-type conductivity as well as by its excellent
photoluminescence (PL) properties, which can be modified by the incorporation of impurities in its
structure [1]. The PL emission of ZnO films presents essentially two peaks, in the UV and in the
visible spectrum, at approximately 380 nm and in the 450-730 nm range, respectively. It is well
known that the degree of crystallinity of the films has a strong influence on the UV emission
efficiency [3,4]. On the other hand, inherent defects in the material, such as zinc (Zn) or oxygen (O)
interstitials or vacancies, controlled by the method and growth conditions, determine the presence of
PL emission in the visible range [2].
A subject that currently awakes a large interest of numerous researchers is the improvement of
the optical and electrical behaviour of ZnO films with the incorporation of metals in its structure (Al,
Ga, In, Ti, etc.), demanded from the point of view of new potential applications: transparent
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conductive contacts (TCO’s), laser diodes including UV light emitting diodes, thin film transistors,
mobile phones, microwave dielectrics, etc., to cite a few [5-8]. Actually, n-type doping controlled by
the incorporation of certain elements in the ZnO network is a recurrent method for tailoring both,
the bandwidth energy and electrical conductivity by increasing the concentration of carriers while
keeping a high transparency in the visible [9]. Most of previous work on doped ZnO films is related
to doping with group III elements (Al, Ga, In) while, most recently, new studies have been
conducted on quadrivalent dopants as titanium, which can provide two free electrons per atom to
improve the conductivity of the ZnO host and to modify the photoresponse.
Furthermore, ZnO ceramic materials with high Ti content have been also searched because of
their applications in paint pigments, gas sensors, catalytic sorbents for removal of contaminants
from hot coal gases (H2S, As, etc.), photocatalytic splitting of water and degradation of organic
compounds, as well as in anodes of Li-ion batteries, microwave devices and low-temperature
co-fired ceramics [10,11].
For these reasons the study of ZnO films with Ti atoms incorporated and the understanding of
the Ti incorporation into the ZnO structure, either as dopant or in the form of a mixed oxide, is still
under debate and constitutes a very interesting challenge. To obtain (TZO) thin films sputtering
techniques are been reported in the literature [12-14]. However, in the most of the reports concerning
sputtering technique, RF magnetron sputtering and ZnO targets [13] or ZnO:Ti targets [14] were
used. In the present project, we propose the deposition of ZnO:Ti thin films in a wide range of Ti
atomic concentrations by mean of reactive DC magnetron co-sputtering technique and by using two
separate targets of pure Ti and Zn and no intentional heating. The experimental procedure used will
allow us to obtain different kind of materials such as doped oxides, mixed oxides or even, new
compounds in thin film forms.
In a previous paper [12], our group has explored the structural phase and composition of
Ti-incorporated ZnO (TZO) ultrathin films (< 40 nm) using X-Ray absorption spectroscopy (XANES)
and Rutherford Backscattering Spectroscopy (RBS). TZO films with increasing Ti content show a
gradual transition from the typical tetrahedral coordination for titanium atoms at lower contents (< 3
at. %), to the octahedral coordination for higher contents (up to 22 at. %), with hexagonal ZnTiO 3 like
structure.
In order to further investigate the effect of Ti addition on the properties of sputtered ZnO
films, we present in this work the structural and optical characterization of thicker TZO films (~ 200
nm). The crystalline structure has been determined by low angle X-ray diffraction, observing how
the highly oriented deposits, grown with preferential (002) direction of the original w-ZnO structure,
are affected by the incorporation of titanium. The composition of the films has been obtained from
RBS, while the oxidation state of incorporated Ti atoms to the ZnO structure has been examined by
X-ray photoelectron spectroscopy (XPS). The surface morphology of samples has been observed by
scanning electron microscopy (SEM). In addition, the variation of the optical properties
(transmittance and optical band gap) with the Ti content has been measured by ultraviolet- visible
(UV-Vis) spectrophotometry, observing an improvement in the transparency at low wavelengths,
when titanium is substitutionally incorporated in the ZnO lattice. The presence of defects (excitons)
has been also analysed by photoluminescence (PL) measurements.
2. Materials and Methods
TZO films have been deposited on both, (100)-oriented silicon samples (resistivity > 6000
ohm·cm) and Corning glass slides, by reactive magnetron co-sputtering in an argon atmosphere
with 20 % of oxygen, and total constant gas flow of 30 sccm. Two independent cathodes (Ti and Zn)
fed with different DC power were used to control the Ti/Zn relative content in the films. All the
samples were prepared after complete poisoning of both cathodes. No intentional heating was
applied during deposition, though the measured substrate temperature was ~ 90 ºC. Table I shows
the power applied in the Zn and Ti cathode sources (PZn and PTi, respectively). The deposition time
was adjusted to obtain in all samples a thickness of 200 nm except in sample deposited at the lowest
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PZn power (Zn/Ti-10/100) due to the low sputtering rate of Ti (~ 4 times lower than Zn). The thickness
of layers was determined by profilometry (Veeco, model Dektak 150).
The chemical composition of the films was obtained by RBS with the 5 MV HVEE Tandetron
accelerator at the Autonomous University of Madrid. These experiments were performed using He +
ions of 3.035 MeV corresponding to the resonance of oxygen atoms, thus improving the oxygen
atoms sensitivity. The chemical composition values have been extracted using the RBX software [15].
Table 1: Deposition conditions, composition and density of the samples

Sample

PZn
(W)

ZnO
Zn/Ti-100/10
Zn/Ti-100-60
Zn/Ti-100/100

100

Zn/Ti-60/100

60

Zn/Ti-10/100
TiO2

PTi
(W)

Thickness
(nm)

0
10
60
100

199±5
197±5
200±9
200±7

10
0

100

Composition (at. %)
Ti

Density
(g/cm3)

Zn

O

0.2
0.9
1.2

48
45.9
44.9
43.5

52
53.9
54.3
55.3

5.6
4.6
4.5
4.2

207±3

4.1

40.8

55.1

4.8

57±2
18±2

18.2
30.8

17.7
-

64.1
69.2

3.6
3.8

-

The crystalline structure of TZO films with different Ti content was identified by X-ray diffraction
with the Bragg-Brentano configuration (Siemens D 5000, with Cu anode, Kα radiation =1.54178 Å).
Low incidence angle (0.7º) was used to obtain the preferred orientation of the crystals.
XPS analysis were carried out in an ultra-high vacuum system (residual pressure 8·10-8 Pa)
equipped with a hemispheric analyser (SPECS Phoibos 100 MCD -5). The pass energy was 9 eV, giving
a constant resolution of 0.9 eV. A twin anode (Al-Mg) X-ray source was operated at a constant power
of 300W, using the Mg Kα (1253.6 eV) radiation. The Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 lines at 84.0, 368.3
and 932.7 eV, respectively, of reference samples were chosen for the calibration of the binding energy
(BE). Possible charging effects produced during XPS measurements were corrected using as reference
the BE of the C 1s peak (285 eV) due to adventitious C.
The optical characteristics (transmittance) and energy gap, Eg, have been obtained from optical
spectrophotometry in the wavelength range from 300 to 2000 nm using a SolidSpec-3700
spectrophotometer. In order to assess the effect of Ti addition in the ZnO matrix, PL measurements
were also carried out using a Labram system, model HR800 UV provided with a He-Cd laser (325 nm)
and a diffraction grating of 150 lines /mm, with 40  lenses.
SEM images of the surface morphology of ZnO films with different Ti content were obtained with
a Philips XL30 SFEG system.

3. Results and Discussion
3.1. Film composition and RBS analysis
Fig. 1 shows both the experimental and fitted RBS spectra of the series of TZO samples,
including pure ZnO and TiO2 reference films. A zoom (20) of the energy zone between 2000 and
2500 keV is also attached to the spectra to better observe the metal signal. An excellent fitting of the
experimental spectra was obtained by assuming a single layer of Zn-Ti-O on the silicon substrate.
The results indicate a good quality of the substrate-film interface (within an estimated resolution
about 5 nm), thus confirming that the composition of the layer is very homogeneous throughout the
whole thickness.
The density of the films (Table I), was calculated from the RBS curves using the film thicknesses
obtained by profilometry. It decreases as the Ti incorporation increases, from the reference value for
ZnO (5.6 g/cm3) to the density of the pure TiO2 sample (3.8 g/cm3). This is a consequence of the lower
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atomic mass of Ti (22 amu) as compared to Zn (30 amu), as far as the titanium is incorporated
substitutionally in the ZnO structure, as discussed below.

Figure 1. RBS spectra (experimental and simulated) of ZnO films with increasing Ti content (from below to
above). A zoom (x20) is included for the high energy region to magnify the signal of Zn and Ti.

Fig. 2 gives the variation of the composition of the TZO films as a function of the power
applied to the one of the cathodes (either Zn or Ti), keeping constant the other at 100 W.
According to the data in Table I, in the samples deposited with a fixed power in the Ti cathode,
PTi = 100 W, the Ti content decreases abruptly from 30.8 at. % (pure TiO 2) up to 1.2 at. % as the
power in the Zn source is increased. Conversely, in samples deposited with a constant power of
the Zn cathode, PZn = 100 W, the Ti content takes lower values from 0 (pure ZnO sample) to 1.2%
at. %. Apart from other factors, this effect is a consequence of the larger sputtering yield of Zn as
compared with that of Ti. Thus, the use of two independent sputtering sources allows obtaining
a wide range of compositions in the TZO films

Figure 2. Variation of the Ti concentration in the films as a function the applied power to the cathodes (Zn
and Ti) for a fixed power of Ti (upper curve) and Zn (lower curve), respectively

3.2. Crystalline structure
Fig. 3 shows the X-ray spectra obtained for the samples disclosed in Table I. As can be
observed, a pure ZnO sample grown as reference presents the typical polycrystalline hexagonal
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wurtzite structure, with a (002) preferential orientation. The samples deposited with the lowest
power applied to the Ti cathode (10 W), resulting in a Ti concentration of 0.2 at. %, show a peak
centred in the position corresponding to the plane (002) of the ZnO, but with much higher intensity
than that obtained for the reference ZnO sample (note that the intensity of the spectrum is divided
by a factor of 3). In addition, no TiO2 peaks were detected. These results indicate that the Ti atoms
are incorporated as a dopant (electron donor)in the wurtzite structure, substituting the zinc atoms in
the ZnO lattice, and significantly improving the crystallinity of the doped ZnO sample . This
interpretation is consistent with the smaller radius of Ti 4+ (0.068 nm) as compared to the Zn2+ radius
(0.074 nm) [7, 16].
However, when the titanium concentration increases above 1.2 at. %, the intensity of the (002)
peak decreases and widens, suggesting a progressive amorphization of the sample [16]. This is more
apparent in TZO samples with 4.1 at. % Ti, where the ZnO peaks suffer a shift towards lower
diffraction angles. This fact has been explained by the compressive stress generated in the direction
parallel to the surface, which induces an increase in the interplanar spacing, eventually leading to
the peak displacement at lower angles, as detected at in Fig. 3 [16, 19]. However, the presence of
some zinc titanate crystallites cannot be discarded [20].
The loss of crystallinity when the amount of Ti atoms increases above a certain level has been
also interpreted as a result of the intense flux of sputtered Ti atoms on the sample surface during the
film growth [19]. Thus, the film with the highest Ti concentration (18.2 at. %) is completely
amorphous, not showing any crystalline planes associated with ZnO. However, these amorphous
samples could keep a certain atomic bonding structure with octahedral coordination typical of
titanate phases (ilmenite), as we previously reported in Caretti et al. [12] in for ultrathin TZO
samples (< 40 nm) with high Ti content (>18 at. %).
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Figure 3. X-ray spectra of TZO films with different Ti content. (Notice that the intensity of the sample with Ti
content 0.2 at. % is divided by 3, whereas the sample with 18.2 at. % Ti is multiplied by 4

3.3. XPS analysis
XPS measurements were performed on selected TZO films to obtain a qualitative analysis of the
chemical oxidation state of the elements in the compound. Fig. 4 depicts detailed windows for the
Zn 2p3/2, O 1s and Ti 2p levels of analysed samples: pure ZnO and TiO 2 reference films, along with
samples with low (0.9 at. %) and high Ti content (≥ 18 at. %). As can be observed in Fig. 4a, the Zn
2p3/2 spectrum of the ZnO films displays a peak at 1022.5 eV (vertical dotted line) characteristic for
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ZnO bonds, which slightly shifts ( 0.2 eV) to the high BE side once Ti is detected in the network,
implying that the nature of the link between Zn and O atoms has been slightly modified.
Similarly, Fig. 4b shows the Ti 2p doublet for the TiO 2 reference film (upper part) with a main
peak at 459.1 eV and a spin-orbit splitting of 5.7 eV that can be attributed to Ti-O bonds [21]. Those
peaks shift  0.2 eV to the high BE side with decreasing Ti contents in the films. In addition, the
signals of Ti for the TZO samples are detected with very low intensity for both levels 2p 3/2 and 2p1/2,
characteristic of the doublet TiO2.
As for the O 1s peak of the ZnO reference film, Fig. 4c displays a main peak at 531.2 eV that
can be attributed to Zn-O bonds and a shoulder at 1.6 eV above the main peak that has been
attributed to oxygen-defect sites related to oxygen vacancies in the matrix [20]. It is worth noting that
the shoulder disappears and the main peak shifts to 530.6 eV with increasing Ti contents. The
gradual shift of the Ti 2p doublet to the high BE side and the fact that the O 1s BE is somewhere
between those of TiO2 and ZnO indicates that Ti-O bonds are more ionic than in pure TiO2 pointing
out to the formation of Ti-O-Zn mixed oxides instead of the formation of single oxide phases as
reported before for the Ti-O-Si system [22, 23].

Figure 4. Spectra of Zn 2p (a), Ti 2p (b), and O 1s (c) of TZO films with low ( 0.9 at. %) and high (18 at. %) Ti
content, including reference ZnO y TiO2 samples. Vertical dotted lines represent the position of the reference
energy of ZnO (a), TiO2 (b) and O-Zn and O-Ti (c) chemical bonds

3.4. SEM observations
Fig. 5a shows the SEM image of the surface of as-deposited pure ZnO films, made of inhomogeneous
polycrystalline grains, according to the XRD results (Fig.3). The incorporation of a small amount of
Ti (0.2 at. %) in the ZnO structure, Fig. 5b, does not produce significant differences in the
morphology of the sample with respect to the initial ZnO films, though the distribution of grains is
more homogeneous all over the surface. This confirms that low doping of ZnO induces the film
growth with more aligned and ordered crystalline structures than that of pure ZnO films. As the
concentration of Ti in the sample increases (4.1 at. %), Fig. 5c, the grain size decreases and, most
notably, in the case of films with 18.2 at. % of Ti (Fig. 5d), where the grain boundaries are barely
appreciated. The surface morphology in these high Ti coatings is close to that of observed in
as-deposited TiO2 films (Fig. 5e) that are fully amorphous [24,25], in agreement to the findings of
Mullerova et al [20].
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Figure 5. SEM images of the surface of ZnO samples with different content of Ti (b-d), including reference
samples of ZnO (a) and TiO2 (e).

Summarizing these observations, along with the structure and composition data obtained by
RBS, XRD, XPS and SEM, including previous XANES results [12], one can classify the sputtered TZO
coatings in three compositional groups, with different properties:
a) Films with low Ti content (<0.9 at. %), exhibiting a highly crystalline wurtzite-like
structure, where the Ti+4 ions are incorporated into the ZnO structure by substituting the Zn atoms,
thus forming crystalline Ti-doped ZnO films.
b) TZO films with medium Ti content (up to 4.1 at. %), showing a wurtzite structure which
becomes amorphous with increasing the Ti content.
c) TZO films with high Ti content (18.2 at. %) displaying a fully amorphous structure with
predominance of the Ti-O-Zn oxides (probably ilmenite type) and a minor content of wurtzite.
3.5. Optical Properties
Fig. 6 shows the transmittance spectra obtained for the TZO samples with different Ti content.
We include also the spectrum of the glass substrate and that of a stoichiometric ZnO film. As can be
observed, the samples present a high transparency (~ 80 %) in the wavelength range 400-2000 nm,
except for the layers with a high Ti concentration (18.2 at. %), whose transmittance is significantly
lower. As stated above, this sample shows an amorphous structure, made of mixture of Ti-O-Zn
oxides. According to some authors, the presence of Ti-O aggregates in these films might reduce the
transmission of light in the visible range [16]. In addition, their absorption edge is shifted to lower
wavelengths, as seen in the figure for increasing Ti concentrations.
From the above results, the optical behaviour has been analysed in more detail in terms of the
calculated absorption coefficient, , of the samples. Adequate fitting of the (αhν) n values with n = ½
or 2, allows one to identify the type of electronic transitions across the bandgap (either indirect or
direct, respectively) in the light absorption process. Fig. 7 depicts the (αhν)2 values (Tauc plot),
corresponding to the best fit of the above alternatives, i.e. direct transitions of the TZO films. From
these curves, it is possible to obtain the energy gap by extrapolation of the asymptote in the
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high-energy range to the energy axis. The evolution of the Eg with the titanium concentration in the
TZO films is displayed in Fig. 8.

Figure 6. Optical transmittance spectra of TZO samples with different Ti content, including the ZnO reference
film and the glass substrate.

As it can be appreciated, the gap energy increases monotonously from 3.2 eV, for pure ZnO, to
3.3 eV for low Ti-doped films with the wurtzite structure. This increase can be interpreted in terms of
the Moss-Burstein model, which states a virtual shift of the band gap for highly doped degenerate
semiconductors [26, 27]. In this case, the large electronic population in the conduction band leads to
a displacement of the Fermi level above the button of the conduction band, so that the excited
electrons need larger energy to jump to the Fermi level (i.e. the highest occupied levels).

Figure 7. Variation of (αhν)2 values, as a function of energy for ZnO films with different concentration of Ti
incorporated (from 0 to 18.2 at. %)

As stated above, for larger Ti content in the films, the wurtzite-like structure progressively
becomes more amorphous and the gap rises up to 3.6 eV when the Ti content is 4.1 at. %. Finally, at
the highly doped film (Ti concentration 18.2 at. %) the bandwidth increases to 3.9 eV. In this case,
this value cannot be justified by the doping effect but, instead, it could be arisen by the presence of a
different amorphous TZO compound.
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Figure 8. Energy gap, Eg, for the TZO films as a function the incorporated Ti content (the solid line is drawn as
guide for the eye)

3.6. Photoluminescence (PL)
Fig. 9 illustrates the PL spectra of selected TZO samples. A reference spectrum of stoichiometric
ZnO is included as well. Pure ZnO films exhibit a PL peak in the UV region (380 nm), attributed to
the near band edge excitation of defects, as well as a wide green band (550 nm) of lower intensity
due to shallow defects [7,28]. The incorporation of Ti (0.2 at. %) in the ZnO films rises both PL
signals, increasing the intensity of the blue band in a factor of 2, thereby indicating a significant
increase in PL efficiency in the UV, which corroborates the improvement of crystallinity of
low-doped ZnO films, as detected by XRD. This behaviour is explained by the increase of exciton
defects caused by substitution the Zn2+ by Ti4+ ions in ZnO lattice [7, 29].

Figure 9. PL spectra of the TZO samples with different Ti content.

For higher Ti concentrations in the film structure (4.1 and 18.2 at. %), the PL spectra show in
both cases a tail at wavelengths above 360 nm, suggesting the presence of the corresponding
emission peaks, likely of low intensity, deeper in the blue range (out of the detection limit of the
spectrophotometer). As afore-mentioned, these samples correspond either to a mixture of crystalline
ZnO and other amorphous compounds (for Ti = 4.1 at. %) or to the amorphous titanate phase (for Ti

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 December 2018

doi:10.20944/preprints201812.0298.v1

= 18.2 at. %). Indeed, the optical energy band gap for these materials is 3.6 and 3.9 eV, respectively
(Fig. 8), which may give rise to near edge excitonic transitions in that region.
Generally, the green band of PL spectra of TZO films is attributed to single ionized oxygen
vacancies [2, 26, 29], in agreement to our XPS results (see above). The large emission intensity
observed for the sample with 4.1 at. % Ti corroborates the existence of w-ZnO aggregates within the
titanate phase, which is supposed to bear a large defect concentration. On the other hand, the
decrease of the emission in this optical range for the sample with much higher Ti content (18.2 at. %)
can be associated to the amorphous nature of pure titanate films, which present a broad low
emission band in the 500-600 nm range, as observed in Fig. 9. This phenomenon has been related to
the presence of delocalized electronic levels (Ti-O5 clusters) in the optical bandgap [30]. As it is well
known, amorphous semiconductors have a large population of electronic states close to the band
edges (mobility gap) which obviously may smooth the PL spectra of the green band. Nevertheless,
the green luminescence processes in ZnO materials are still a matter of intense debate [1].
4. Conclusions
The above results demonstrate a close relationship between the crystalline structure of
sputtered TZO coatings and their optical response, determined by the atomic Ti concentration in the
films. Specifically, films with low Ti content (≤ 0.9 at. %), exhibit a highly crystalline wurtzite-like
structure, with the Ti+4 ions substitutionally incorporated into the ZnO structure, forming Ti-doped
ZnO films. Their energy gap (3.3 eV) is slightly higher than reference ZnO films (3.2 eV). Higher Ti
contents still keep the wurtzite structure, which becomes progressively amorphous with increasing
the Ti content, widening the energy gap. At Ti concentration of 18.2 at. %, the material displays a full
amorphous structure of Ti-O-Zn mixed oxides and the gap further increases to 3.9 eV. On the other
hand, the PL characteristics of pure ZnO films show the typical blue band (whose position correlates
with optical gap), as well as the green band, associated to near edge excitation of defects, likely
ionized oxygen vacancies. Ti addition below 0.9 at. % in the films raises the UV band emission,
thereby indicating a significant improvement of PL efficiency. For a larger Ti contents (4.1 at. %)
there is a shift of the blue band to the deep UV range, whereas the green band increases likely due to
a larger of defect concentration in the bandgap. Finally, the amorphous nature of the films for Ti of
18.2 at. % preserves a similar PL emission (blue and green band) both with much lower intensity.
Hence, we prove that there is a very narrow window of titanium content to be incorporated into the
structure of ZnO films improving its crystalline structure as well as its luminescence and other
optical properties.
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