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CHAPTER 6 

CONCLUSIONS 

Oxide based diluted magnetic semiconductor materials have been a subject of increasing 

interest due to reports of room temperature ferromagnetism in several systems and to their 

potential use in the development of spintronic devices based on semiconductors. The TiO2 

compound has been extensively studied as a host matrix. Several dopants such as Co, Cr 

and Fe have been utilized to achieve ferromagnetism at or above room temperature. 

Among them, Co-doped TiO2 has attracted particular interest due to its ferromagnetic 

behaviour well above RT (Tc > 650 K) for low Co doping concentrations, both in anatase 

and rutile phases. Despite their ferromagnetic properties, there is still no clear 

demonstration of the existence of carrier-mediated ferromagnetism in Co:TiO2 system, 

most of the films having been reported as ferromagnetic insulators and thus useless for 

spintronic applications. This is a key problem that can only be solved by tuning the n-type 

carrier density of these materials. 

In general, it seems that not only the growth conditions, including the pressure of oxidants 

such as water vapour and oxygen, but also the growth technique (MBE, PLD, co-

sputtering) and intrinsic effects (substitutional dopants with matrix cations) have a strong 

effect on the properties of the films. This chapter summarizes the main results of the work 

presented in this thesis report. Amorphous and polycrystalline structures of anatase and/or 

rutile thin films were produced on Al2O3(0001) substrates using the pulsed laser deposition 

technique. A number of studies were carried out to optimize the deposition parameters in 

order to obtain the desired properties for the films. 

Variable laser energy for two different substrate temperatures, in argon  

Laser output energy was manipulated during PLD in an Ar environment at a substrate 

temperature of either 250 ºC or 310 ºC.  For a substrate temperature of 250 ºC, laser output 

energies were in the range of 52 to 195 mJ. In this deposition no crystalline TiO2 (anatase, 

rutile or brookite) was produced. For a substrate temperature of 310 ºC, laser output 

energies were in the range of 52 to 157 mJ. This deposition produced a polycrystalline 

anatase phase with a very small fraction of rutile phase. The crystallinity of the films 
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improved when deposition was carried out at higher substrate temperatures. By raising the 

substrate temperature from 250 ºC to 310 ºC, the crystallite dimensions were increased 

from 9 ± 1.2 to 11.5 ± 1.2 nm, demonstrating that the substrate temperature is an important 

parameter for optimizing film growth and influencing the nucleation processes and the 

mobility of the atoms onto the growing surface.  

Variable total pressure for two laser energy and two substrate temperature values 

A combination of the rutile and anatase phases was achieved when combining either a 

substrate temperature of 310 ºC with a laser output energy of 157 mJ and argon pressures 

between 7.0×10-2 and 7.0×10-1 mbar, or a substrate temperature of 250 ºC with a laser 

output energy of 195 mJ and argon pressures between 2.5×10-1 mbar and 7.5×10-1 mbar. 

While rutile is the dominant phase at lower values of PT, anatase is formed at higher values 

of PT so it is clear that the total pressure in the chamber is an important parameter in 

defining the crystalline structure of Co-doped TiO2 films. In the range of growth conditions 

used in the studies described here, polycrystalline or amorphous structures could be 

obtained as well. 

Variable substrate temperature  

Substrate temperature was manipulated while depositing Co-doped TiO2 films by pulsed 

laser ablation in a background gas consisting of argon. The working pressure was 5.0×10-1 

mbar and the laser fluence was 6.4 Jcm-2. The substrate temperature was in the range of 

200 ºC to 350 ºC. In this environment, the Co-doped TiO2 thin films deposited at 200 ºC 

exhibited amorphous structure and were poorly crystallised when grown at 250 ºC. At 310 

ºC, the deposition yielded a mixture of anatase (86.2%) and rutile phases (13.8%) with the 

crystallites randomly oriented. For the highest substrate temperature of 350 ºC, samples 

were again less crystalline.  

Variable argon flow rate for two different total pressures 

The argon flow rate was changed during deposition on an Al2O3(0001) substrate at a fixed 

substrate temperature of 310 ºC. Total pressure was kept contstant at one of two different 

values, PT  = 5.0×10-1 mbar or PT  = 7.0×10-2 mbar. We observed that by increasing the 

argon flow rate from 6 sccm to 30 sccm both the crystallinity of the anatase phase was 

improved (crystallite size = 11.4 nm) as well as the rutile phase started to appear, as 

indicated by the presence of very small diffraction peaks. A further increase of the argon 

flux to 180 sccm and 270 sccm resulted in phase transition from anatase to rutile and in a 
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predominantly rutile phase, with amorphisation of the anatase phase, respectively. The 

transition from random orientation to highly oriented film growth is observed with the 

reduction of the total pressure and, consequently, of the oxygen partial pressure. The Co-

doped TiO2 thin films deposited at PT = 7.0×10-2 mbar were highly oriented to the 

substrate. For the film grown at ΦAr = 30 sccm, the crystallization of the films was quite 

good, with the rocking curve of the (200) peak showing a full width at half maximum 

(FWHM) of 1.51º. 

Variable hydrogen flux for two substrate temperatures in Ar/H2 background gas 

The hydrogen flow rate was varied during deposition of the Co-doped TiO2 films on 

Al2O3(0001) in an Ar+H2 environment. Total pressure was kept constant at 1.0×10-1 mbar 

while the substrate temperature was maintained at one of two different values, 200 or 310 

ºC. The use of hydrogen during growth appears possible although controlling phase 

formation remains challenging. We obtained Co-doped TiO2 rutile films highly textured 

along the [200] direction. Film crystallinity was augmented in samples grown with low 

hydrogen addition, 0.1 and 0.2 sccm (FWHM = 0.4º).  The use of small amounts of 

hydrogen proves useful in growing oxygen deficient Co-doped TiO2 thin films. Optical 

measurements reveal that the optical band gap shifts towards higher wavelength (red shift) 

in the Co-doped rutile films, a result consistent with n-type doping of the materials. 

The characterization of the Co-doped TiO2 films by spectroscopic ellipsometry showed 

that their optical properties are highly dependent of the PLD deposition conditions. High 

substrate temperatures together with a high H2 flow result in films that have a high k below 

the band gap. This is indicative of a high density of free charges, which can be attributed to 

Co incorporation and the appearance of oxygen vacancies. The results also show that 

whenever Co nanoclustering occurs, the formation of the clusters takes place in a thin 

surface layer. 

Magnetization measurements of Co-doped TiO2 thin films by VSM and MCD also pointed 

out to the presence of Co nanoclusters, simultaneously with the incorporation of Co in 

substitutional sites of the titania lattice. Only the highest conductive samples showed 

ferromagnetism. Hence it seems that we were able to grow a “true” magnetic 

semiconductor although phase purity was not achieved. Further studies are required, 

namely attention should be paid to the effect of ageeing on the magnetic properties of the 

materials. 
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Future research 

Taking into account the polar nature of titanium oxide (strongly ionic rather than covalent 

bonding), the carriers can be created not by introducing a donor impurity states but by 

changing the valence state of the lattice cation. Therefore, we believe that an effective way 

of controlling the number of n-type carriers in Co:TiO2, rendering the material a potential 

candidate for spintronic applications, is via co-doping processes with non-magnetic cations 

displaying higher oxidation states than the lattice ions, and therefore releasing conduction 

electrons to promote free-carrier-mediated ferromagnetism and to induce the desired 

metallic ferromagnetic behaviour with highly spin polarised charge carriers. 

 

 

 


