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OPTICAL CHARACTERIZATION OF TiO,-Ge NANOCOMPOSITE FILMS
OBTAINED BY REACTIVE MAGNETRON SPUTTERING
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The optical band gaps of the nanocomposite TiO,-Ge thin films deposited by reactive co-
sputtering method onto quartz and silicon substrates at different oxygen partial pressures
have been investigated by the optical characterization method. Using 2%, 4% and 6%
oxygen dilution in argon, an atomic content of 3%, 22% and 35% germanium in the TiO,
oxide matrix was obtained. Structural characterization of layers was performed by X-ray
diffraction and the result revealed that no crystallization phenomena have occurred after
the annealing at 700 °C. When increasing the annealing temperature, at 750 °C the TiO,
anatase phase crystallizes and subsequently it partially convert to the rutile polymorph (at
800 °C). The optical band gaps were analyzed using Tauc plot formula for direct and
indirect transitions gap. Intermediate energy levels appear in the TiO, energy gap and a
slight increasing of the indirect transitions gap with germanium content was noticed.
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1. Introduction

Considerable research of titanium dioxide (TiO,), largely employed in chemistry, comes
from its multifunctional properties making it one of the most investigated metal oxides. This is a
cheap semiconductor with striking photocatalytic capabilities in several heterogeneous reactions.
Applications in the field of electronic devices, decomposition of polluting compound, protection of
artwork from oxidation, medical bioengineering, photoreactions for specific syntheses, solar
energy conversion with optimal quantum yields, and production of molecular hydrogen from water
were generating along the years a substantial scientific literature [1]. The list of TiO, applications
is still growing due to peculiar properties of this promising material emerging at the nanoscale
[2,3].

TiO, is a material of increasing interest especially in electronics and optoelectronics, with
applications in high-k dielectrics, solar cells, and photocatalysis [4-8]. Rutile TiO, has a wide
band gap of 3.1 eV and shows a tendency for unintentional n-type conductivity [9-15].

Optical properties of TiO, include a wide band gap, high transparency in the visible
spectrum and a high refractive index over a wide spectral range (from ultraviolet to the far
infrared). Nanocrystalline titania (TiO,) is also a promising semiconductor for applications based
on its photoconductivity. The reported optical gap of TiO, is in the range of 3-3.6 eV [16-19]
corresponding to the ultraviolet region of the solar spectrum. The titania-germanium (TiO,-Ge)
nanocomposites, defined as a TiO, matrix which include a rather uniform distribution of Ge
nanodots, has recently risen as an alternative solution in the solar cells [20]. Applications TiO,—Ge
nanostructures have a great advantage because their synthesis is relatively cheap and they offer the
promise of high efficiency for solar photon conversion. For their synthesis, the reactive magnetron
sputtering technique is commonly used. Today the TiO, is widely used as dye sensitized, but the
TiO,~Ge nanocomposite could also represent a good alternative [21]. However, the charge
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transport and instability of the organic complex in the dye, still represent major problems.
2. Experimental

The experiments were carried out using a magnetron sputtering system equipped with
balanced magnetron cathodes (110 mm diameter, 55 mm plasma ring) operating in radio-
frequency at 1.78 MHz. Silicon wafers (100) and fused silica were used as substrates. Prior the
deposition, substrates were cleaned by ex situ chemical procedures and in situ argon plasma
etching. A titanium disc with germanium square pieces fixed on its sputtering racetrack ring was
used as a cathode target (Ti:Ge area ratio=15).

Table 1 The EDX chemical composition for the
as-deposited TiO,-Ge samples vs. deposition conditions.

Reactive gas conc. | Ti (at. %) | Ge (at. %)
2% 97 3
4% 78 22
6% 65 35

The deposition was performed at a constant working pressure of 0.3 Pa and substrate
temperature of maximum 150°C. Argon was introduced in the deposition chamber as a working
gas and oxygen diluted in argon (2-10%) was used as a reactive gas. The total gas flow during
deposition was 45 sccm [22, 23]. The TiO,~Ge nanocomposite films were obtained by co-
sputtering. The sputtering rate, Ge/Ti molar ratio, along with their structural and optical features
were tailored by varying the oxygen dilution in argon (Table 1). Magnetron sputtering deposited
films are usually amorphous. In order to induce their crystallization, a post-deposition thermal
annealing was performed in air at 650, 700, 750 and 800°C, respectively. The as-prepared thin
films were characterized by X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
(EDX), Fourier transform infrared (FT-IR) spectroscopy and UV-visible spectroscopy (UV-Vis).

3. Results and discussion

As mentioned above, TiO,—Ge films were prepared from a Ti—-Ge target by reactive co-
sputtering using three different oxygen dilutions. One can expect that the structural properties of
the films would be influenced by the sputtering conditions and the thermal annealing[24].

In Table.1 it is shown the elemental composition of TiO,—Ge nanocomposite sputtered
thin films, estimated by EDX spectroscopy. One can notice a linear dependence between the
oxygen dilution in the working atmosphere and Ge concentration into the TiO, matrix. The results
suggest that the ratio of Ge into TiO, matrix can be adjusted by controlling the working
atmosphere, the oxidizing rate of Ti and thus its sputtering yield. This process is explained by the
preferential oxidation of Ti, thus leaving Ge in the elemental form, due to the difference of
electronegativity between Ti (1.54 Pauling) and Ge (2.01 Pauling) [25].

The XRD patterns of the films are plotted comparatively in Fig. 1 where the peaks where
identified using the ICDD database (TiO,-anatase — ICDD: 70-6826, TiO,-rutile — ICDD: 82-514
and GeO, — ICDD: 85-1519). One can notice that the annealing temperature changes significantly
the microstructure of the composite films. The XRD patterns show that no crystallization
phenomena have occurred after the annealing at 700°C. When increasing the annealing
temperature to 750°C, TiO,-anatase phase crystallized. It is well-known that the anatase phase is
thermodynamically less stable than the rutile phase, and thus by increasing the annealing
temperature to 800°C it partially converts to the rutile polymorph (Fig.1). It was noticed that the
experimental diffraction peaks of both anatase and rutile are shifted towards higher angles relative
to the reference ICDD positions, accompanied by the changes of relative intensities. These
modifications of the diffraction patterns of titanium oxides suggest the dilution of Ge atoms in the
anatase and rutile lattice, respectively. This shift is slightly noticeable in the samples with 3% Ge
and 22% Ge annealed at 750°C and 800°C respectively.
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Fig. 1 XRD patterns of TiO,-Ge nanocomposite films deposited by magnetron sputtering at
various oxygen dilution as reactive gas: 2% O, ,annealed at 750 °C-(b) and 800 °C-(c)
and 4%0, annealed at 750 °C-(a) and 800 °C-(d)
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where D is the mean crystallite size in A, A is the wavelength of Cu Ko X-rays (1.5418 A), B is the
size broadening of diffraction line (integral breadth) in radians and 0 is the diffraction angle. Value
of B is determined from the experimental line width by subtracting the instrumental profile width.
The instrumental profile was calibrated using a standard corundum sample (NIST SRM 1976).
Neglecting the possible strain broadening of the peaks, the following average crystallite sizes were
obtained: 36 nm for anatase in samples with 3% Ge (annealed at 750°C and 800°C), 25 nm for
anatase in samples with 22% Ge (annealed at 750°C and 800°C), 19 nm for rutile in the sample
with 3% Ge (annealed at 800°C) and around 35 nm for GeO, in the samples annealed at 800°C.

The crystallite size of Ge and TiO, was evaluated using Scherrer’s formula D =
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Fig. 2 FT-IR spectra of TiO, —Ge nanocomposite films obtained by reactive co-sputtering
(2%, 4% and 6% O, dilutions) after annealing at 800 °C

The FT-IR spectra in transmission mode for the films deposited on Si(100) wafer for
TiO,-Ge films with 3%, 22% and 35% atomic content of Ge are shown in Fig.2. The atomic
content corresponds to different values of oxygen partial pressure as shown in Table 1. The spectra
display features corresponding to complex vibrations due to TiO, and GeO,, with three strong
broad bands positioned at 1062 cm™ (attributed to Ge-O vibrations), 866 cm™ (Ge-O-Ge
vibrations), and 450 cm™ (assigned to TiO, vibrations) [26]. One can also remark that overall
spectra intensity is increasing with the annealing temperature, as well as the shift to higher wave
numbers. These displacements could be due to the presence of Ge atoms into the TiO; lattice, that
also indicates a certain degree of modification in the TiO, lattice, which could be correlated with
the compositional and crystalline changes.
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It is well-known from literature that apparent energy band gap of TiO,-Ge composite thin
films changes with the film thickness [27], deposition technique [29], and annealing temperature
[30] due to the formation of nanoparticles [27], nanoporosity[31], and a oxide lattice [28,29]
causing quantum confinement effects associated with nanostructures [27,28,29]. In order to obtain
information about the energy band gap of TiO,-Ge and also about the influence of deposition
conditions the absorbance spectra of the thin films with different content of Ge were recorded. The
optical absorption edge was analyzed with Tauc equation [32],

ohv =AMhv-E)",

where A is the optical constant, o is the absorption coefficient, E; is the optical band gap and m
value is 1/2 for direct transitions and 2 for indirect transitions.
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Fig. 3 Variation of (ah v)2 with excitation energy
hv for a TiO, film to identify direct transitions

We analyze first the TiO, films annealed at 800°C, deposited in the same conditions as
TiO,-Ge. Variation of (ah v)2 with photon energy hv for deposited films is shown in Fig.3. One

can observe that the plots are linear over a wide range of photon energy, suggesting direct
transitions. The direct band gap energy E, of 3.6 eV, was calculated using Tauc Eq. for m=1/2,
from the intersections of the straight line with the energy axis. To evaluate the indirect band gaps

of TiO, we plotted the variation of (ah v)“2 versus photon energy hv (Fig.4). The fit with Tauc

equation with m=2 gives 3.20 eV, corresponding to the indirect band gap. All band gap values
obtained for TiO, thin films prepared by magnetron sputtering are in good agreement with the
reported values from the scientific literature, 3.60-3.75 eV for the direct band gap and
3.05-3.20 eV for the indirect band gap respectively [33].

In Fig. 5 and Fig.6 we analyze the variation of (ah v)2 function on the photon energy hv

for the nanocomposite titania TiO,-Ge with 3% respectively 22% content of Ge (atomic percent),
annealed at 800°C. Using the same algorithm described above we evaluated the direct band gap
from Tauc equation. For nanocomposite with 3% Ge in Fig. 5 the calculated direct band gap is
3.75 eV. For nanocomposite with 22% germanium in Fig.6 the direct band gap is 3.72 eV. One can
notice only a slight modification of the direct band of 0.03eV when Ge atomic content is varied
from 3% to 22%. This absorption edges of TiO,-Ge match the optical edge of undopped TiO,. This
means that Ge atoms concentration is to small to influence the optical direct spectrum of the TiO,
host matrix.

In the insets of Fig. 5 and Fig. 6 we plot the variation of (ah v)2 for smaller values of

photon energy hv . We notice the nonlinear behavior, not seen in the undoped titania. It suggests
the presence of the electron indirect transition.
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The indirect band gap for nanocomposite titania dopped with 3% and 22% (at. %.)
germanium was calculated from Fig.7 and Fig.8 respectively. From Fig.7 we obtained the indirect
gap energy E = 3.27 eV for the most pronounced absorption (highest absorbance A) and other
two indirect transitions with energy gap 1.91 eV and 1.06 eV. In Fig.8 with increasing germanium

content we notice that the most pronounced indirect gap increased from 3.27 eV (3% at. cont.) to
3.45 eV (22% at. cont.). We noticed other three indirect transitions with the gap energy 2.95 eV,

1.96 eV and 0.9 eV respectively [35].
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Fig.8 Variation of (ah v)°'5 with excitation energy

hv for a TiO,-Ge film with 22% Ge (at. %) to
identify direct transitions

The nanocomposite titania doped with germanium was prepared by reactive magnetron
sputtering using co-deposition method. Germanium content was modulated by the partial pressure
of oxygen in working atmosphere. It was proved that the presence of Ge in TiO, matrix produces
the shift of the diffraction peaks. The results obtained from optical absorption measurements
analysed show that the amorphous TiO, matrix gives the major contribution to the direct band gap.
The indirect gap slowly increases with Ge content. The indirect energy edges could also appear
due to thecontribution of different clusters/defects present in the amorphous matrix.
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