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Abstract. We report on the synthesis of titanium suboxide films using a magnetron sputtering 

setup. The structure of the produced films is characterized using Raman spectroscopy and X-ray 

diffraction and electrical properties are measured by four-probe method. We demonstrate that 

depending on the oxidation rate of the growing films it is possible to produce polycrystalline α-

TiO, corundum and orthorhombic Ti2O3 or almost amorphous TiO2. We focus on the 

characterization of the two phases of Ti2O3 and show that their structure and electrical properties 

significantly differ from earlier results obtained for bulk crystals or epitaxial films. Our 

corundum-type Ti2O3 films have high electrical conductivity (compared to the bulk) and no 

metal-insulator phase transition: the material is locked in the metallic state. The conductivity of 

our orthorhombic Ti2O3 is lower compared to epitaxial films; this phase does not demonstrate 

any phase transitions as well. 
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1. Introduction 

The first report on titanium sesquioxide (titanium III oxide, or Ti2O3) crystal structure was 

published more than 90 years ago [1]. This material normally crystallizes into corundum-type 

space group R  c with lattice parameters of a = 5.157 Å and c = 13.61 Å. Ti2O3 attracted some 

interest due to a broad semiconductor to metal phase transition in the temperature range of 150–

300 °C [2, 3]. This transition is accompanied by a rapid change of physical properties such as 

electrical resistivity [4], specific heat [5], elastic constants [6], and magnetic susceptibility [7]. 

Very recently it was shown that nanoparticle-based Ti2O3 films could be used as an efficient 

photothermal material promising for seawater desalination and purification [8]. 

Under high pressures and high temperatures (19 GPa and 1850 K) corundum Ti2O3 phase 

transforms into golden semiconducting Th2S3-type structure, which is fully quenchable to 

ambient conditions (Pnma orthorhombic cell, a = 7.82 Å, b = 2.85 Å, c = 8.12 Å at ambient 

conditions) [9, 10]. 

Recently, it was shown that Ti2O3 could crystallize into another space group, Immm, with 

orthorhombic cell parameters of a = 9.39 Å, b = 4.42 Å and c = 2.81 Å. The material was 

obtained as an epitaxial thin film on (0001) sapphire substrate using pulsed laser deposition and 

Ti2O3 target at substrate temperatures above 700 °C [11]. Such films are ferromagnetic n-type 

semiconductors with a very high electron concentration and they also demonstrate a 

semiconductor to metal transition at about 370 K. The synthesis of the same material by cathodic 

arc sputtering was reported in our previous article, but that time the phase was not properly 

identified and characterized [12]. 

In most studies, titanium suboxides are produced by different chemical methods, including 

carbothermic [13], metallothermic [14] or hydrogen [15] reduction of TiO2 or by oxidizing 

different titanium-containing precursors, such as TiCl3 [16], TiH2 [17], titanium-tetra-

isopropoxide [18], and others. These methods usually lead to the formation of the bulk or powder 

samples. Thin films are mainly produced by the sputtering of titanium targets or chemical vapor 



deposition, but the reports on the formation and properties of such phases as Ti2O, TiO, Ti2O3, 

Ti3O5, or Ti4O7 are very limited [11, 12, 19–21]. In this work, we demonstrate the formation of 

thin films of different titanium oxide phases with a focus on the structural and electrical 

characterization of the produced Ti2O3 samples. 

2. Experimental details 

Titanium oxide films were deposited using magnetron sputtering system (AJA international 

A3200-XP sources). The base pressure in the vacuum chamber was about 10
-5

 mbar and the 

typical pressure of Ar / O2 mixture during the growth was 4.5x10
-3

 mbar. Ti2O3 samples were 

produced both by reactive RF sputtering from a metallic Ti target (Kurt J Lesker 99.99% purity) 

and by sputtering from a ceramic Ti2O3 target (Kurt J Lesker 99.99% purity) in a pure argon 

atmosphere. Reactive sputtering rate was monitored in-situ using an Inficon quartz crystal 

monitor. This allowed for estimation of the sample thickness and also ensured that deposition 

conditions were consistent. All reactive samples were grown in metallic mode with the oxygen 

partial pressure below the oxide point. During the deposition, the substrate could be heated to 

temperatures of up to 800 °C. The typical deposition time was one hour leading to the formation 

of 250–900 nm thick films depending on the target material and applied power rate (100–200 W) 

and type (DC or RF). The samples were deposited on glass or Si (100) // SiO2 (100 nm) 

substrates. 

The crystal structure of the produced samples was determined by X-ray diffraction (XRD) 

using Bruker AXS D8 DISCOVER setup with a Cu Kα (0.15418 nm) radiation monochromised 

by a Ge double bounce monochromator in θ–2θ geometry over the range of 20–90 degrees. The 

lattice constants of the crystals were calculated using the least squares method by minimizing the 

following expressions: 
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for the Immm space group, where hi, ki and li are the Miller indices corresponding to all observed 

peaks, di are the corresponding interplane distances, and a, b and c are the lattice constants of the 

crystal. Crystallographic domain sizes were calculated from the FWHM of the XRD patterns 

using the Scherrer equation.  

Additional structural investigations were performed using Horiba Jobin Yvon micro-Raman 

spectrometer LabRam HR800 with x100 magnification lens in the range of 65–865 cm
-1

. A He-

Ne laser with 632.8 nm wavelength was used to excite the Raman scattering. The laser was 

focused at a spot with a diameter of about 300 μm and the irradiation power was limited to 

approximately 2 mW to avoid any structural changes or phase degradation of the samples. 

The electrical characterization of the samples was performed through four-probe method. 

For the low-temperature regime (5–300 K), measurements were performed using a Keithley 

2400 sourcemeter in Van de Paul geometry using silver wire contacted through silver adhesive to 

the sample surface under evacuation and closed cycle refrigeration. At elevated temperatures 

(300–600 K) the same sourcemeter was used but a linear 4-point probe measurement was made 

using spring loaded gold contacts. Elevated temperatures were achieved through the use of a 

resistive heater placed below the sample substrate. Temperature control was maintained by 

proportional-integral-derivative (PID) control of the heater power with a thermocouple attached 

to the resistive heater as feedback. Prior to measurement of the high temperature behavior the 

system was sealed in a bell jar, which was evacuated and then back filled with nitrogen five 

times to produce an oxygen deficient environment. This was done to minimize reaction with 

atmospheric oxygen at high temperatures. 

3. Results and discussion 

3.1. Corundum Ti2O3 films produced by reactive sputtering. 

Stoichiometric Ti2O3 samples could be produced by reactive magnetron sputtering in 



oxygen when the film growth rate to reactive gas pressure is about 50 nm / (min*μbar) and 

substrate temperature is between 550 and 600 °C. The typical XRD pattern for such film (510 

nm thickness: 60 min of 200 W RF sputtering; argon to oxygen pressure: 4.32 : 0.18 μbar; 

substrate temperature: 550 °C) deposited on glass substrate is shown in Figure 1. The indexing is 

done by comparing of our pattern to one calculated from the structural file CIF#1532065 

(Crystallography Open Database (COD), [22]). 

All observed peaks could be attributed to Ti2O3 crystal (R  c space group) with lattice 

constants of c = 13.87 Å and a = 5.07 Å. Compared to the bulk, our films are expanded along c-

direction and contracted along the a-direction, similarly to the effect observed in Ti2O3 

nanoparticles [23]. On the other hand, the same structural changes could be observed by heating 

of Ti2O3 single crystals [2]. For instance, a similar c = 13.87 Å can be achieved for bulk samples 

at T ≈ 340°C, significantly above the phase transition temperature. This indicates, that the 

structure of our thin films at room temperature corresponds to the structure of bulk Ti2O3 in the 

high temperature, metallic phase. The average coherent crystallographic domain size for the thin 

films is 40 nm, much smaller than the film thickness. The presence of a significant amount of 

grain boundaries could therefore be the driving force for the phase stabilisation of the metallic 

state. 

The distortion of the crystal structure is also seen in Raman spectra of the samples (see 

Figure 2). The typical spectrum consists of seven lines, corresponding to a full set of A1g and Eg 

vibrations of the Ti2O3 crystal lattice [3]. All are shifted towards the lower wavenumbers 

compared to the bulk: 210, 256, 298, 339, 449, 503, and 559 cm
-1

 instead of 237.5, 279, 306, 

350, 466, 514, and 571 cm
-1

. Moreover, the intensities of the first A1g and the first Eg lines are 

almost the same, while in bulk samples, and 632.8 nm excitation wavelength, the first A1g mode 

was previously reported to be about five times stronger than the first Eg mode [24]. Such redshift 

and change in relative intensities can also be observed during the heating of the bulk crystal 

above the metal-insulator transition temperature. This, again, supports the assumption of the 



metallic nature of our films at room temperature. 

All reactively sputtered Ti2O3 films exhibit the similar behavior, even at the edges of 

stability (where Ti2O3 is mixed with other phases), with lattice constants in the range of c = 13.8 

– 13.9 Å and a = 5.02 – 5.08 Å giving c/a = 2.72 – 2.76 that is well above the value 

corresponding to the semiconductor to metal transition region (c/a = 2.68 – 2.70, [2]). The recent 

calculation [25] showed that this ratio plays the major role on the width of the bandgap, thus we 

could expect that the conductivity of our samples would correspond to the conductivity of the 

bulk at elevated temperatures (above the phase transition region). Our measurements confirmed 

such behavior (see Figure 3). We should also note that Ti2O3 films demonstrate no rapid change 

of resistivity neither at high nor at low temperatures. This indicates that the films are “frozen” 

into the metallic state. The observed increase of conductivity with temperature for our films, 

contrary to what is expected in a metal, could be associated with contributions of grain 

boundaries material, or overall defective nature of the thin films. A strong defect or grain 

boundary scattering contribution in a metal can lead to the observed conductivity improvements 

with temperature, as their effect is reduced at higher temperatures. We relate the absence of the 

phase transition to the significant decrease of the lattice constant a for our films compared to the 

bulk, where it varies from 5.157 to 5.125 Å for temperatures between 20 and 600 °C [2]. An 

alternative explanation is the low crystallographic domain size observed in the films, which leads 

to a high number of grain boundaries within the films. The high number of such boundaries 

could lead to the suppression of the transition behavior due to frequent disruption of the Ti-Ti 

bond which is the origin of the behavior. Both mechanisms, the lattice distortion and small grain 

size are most likely linked. 

3.2. Other titanium oxide phases produced by reactive sputtering. 

The amount of oxygen in the growing film is determined by the oxygen pressure inside the 

chamber, the rate of target sputtering, the surface state of the target (metallic vs. compound 

sputtering) and the substrate temperature. Depending on the conditions, the following phases 



could be reactively sputtered from the titanium target (in the order of increasing oxygen partial 

pressure during growth): TiO – orthorhombic (Immm) Ti2O3 – corundum (R  c) Ti2O3 – anatase 

TiO2 – rutile TiO2. The same sequence was previously observed using an arc sputtering 

technique [12]. During the magnetron reactive sputtering, Immm Ti2O3 was always mixed with 

either TiO, or R  c Ti2O3, or both. The pure phase was produced from Ti2O3 target and will be 

characterized in detail in the following chapter. 

XRD patterns of the selected TiOx films are given in Figure 4 and the corresponding Raman 

spectra are shown in Figure 5. The amount of oxygen in a film is increasing from sample (a) to 

sample (d); the list of growth parameters is given in Table 1. The indexing in Figure 4 is done by 

comparing of our patterns to ones calculated from the structural files: CIF#9008749 for TiO, 

CIF#1532065 for R  c Ti2O3, CIF#9009086 for anatase TiO2, and CIF# 9009083 for rutile TiO2 

(COD database). CIF file for Immm Ti2O3 was created following the data of Li et al. [11]. 

The lowest oxygen content leads to the formation of α-TiO, sample (a). All observed XRD 

peaks correspond to the cubic NaCl structure with a lattice constant of a = 4.16 Å, which is 

similar to the value previously reported for the bulk, 4.165 Å [27]. Since the first order Raman 

scattering is not possible in such structure, we see no well-defined peaks in Figure 5a. The 

Raman spectrum of this phase is characterized by a very broad feature centered around 220 cm
-1

 

and an additional low-intensity broad line around 510 cm
-1

. The average crystallographic domain 

size is 33 nm. 

Increasing the oxygen amount leads to the deposition of an α-TiO / Immm Ti2O3 mixture. 

The new phase is detected by the appearance of small XRD peaks around 2θ = 40.7°, 45.2°, 

58.6°, 65.5°, and others. The further increase of oxygen content adds R  c Ti2O3 into the film and 

we can see the mixture of three phases as shown in Figure 4b.  Using Raman spectroscopy it is 

difficult to distinguish between magnetron-sputtered TiO and Immm Ti2O3 films since the 

polycrystallinity only leads to broad features (compare Figure 5a and Figure 7a).  Immm Ti2O3 is 

characterized by a more prominent intensity drop in the range of 340-380 cm
-1

, that we can 



clearly see in Figure 5b, thus suggesting the presence of this phase. Two main features of R  c 

Ti2O3 can be found around 214 and 250 cm
-1

. 

Increasing the oxygen partial pressure during growth, first eliminates α-TiO (leaving a 

mixture of two Ti2O3 phases), followed by the formation of pure R  c Ti2O3 described in above. 

More oxygen gradually decreases the amount of R  c Ti2O3 and the intensity of 

corresponding Raman lines (Figure 5c, d). The new Raman features are very broad and have 

low-intensities indicating the amorphous nature of such films. A small peak around 140 cm
-1

 

could correspond to the formation of low-quality anatase TiO2. It is confirmed by an XRD peak 

located around 2θ = 25.5° ((101) anatase plane, Figure 4d). A nearby peak at 2θ = 28.2° 

corresponds to the signal of rutile TiO2. The both peaks are very broad confirming the poor 

crystallinity of the films, both anatase and rutile phases have a coherent domain size on the order 

of 10 nm. The further decrease of oxygen diminishes all signals from the anatase phase. 

3.3. Titanium oxide films produced by sputtering of Ti2O3 target. 

Due to the limitations of our sputtering system, the minimum oxygen flow during the deposition 

was 0.4 sccm (the corresponding oxygen partial pressure was 0.18 μbar). Using that flow 

resulted in the formation of titanium dioxide, even at the highest powers applied to the target. 

Thus, all experiments with Ti2O3 target were conducted under a pure argon atmosphere. 

The samples were produced at different argon flows (chamber pressures from 3.3 to 5.3 μbar), 

substrate temperatures (from 550 to 820 °C), deposition times (from 5 to 60 minutes), and 

applied power types (DC or RF). In all cases we detected only the formation of Immm Ti2O3 

phase and the typical XRD pattern for such film is given in Figure 6. 

All peaks observed for our samples could be attributed to Immm structure with the lattice 

constants of a = 8.39 ± 0.01 Å, b = 4.43 ± 0.01 Å and c = 2.85 ± 0.01 Å. The growth conditions 

had no effect on the structure of the produced material. Compared to the epitaxial films on 

sapphire [11], there is a significant discrepancy in the value of a-parameter (8.39 Å instead of 

9.39 Å). Average crystallographic domain size, as calculated using the Scherrer equation is 



approximately 70 nm. This value is higher than that observed in the previously discussed 

reactively grown films. 

The further confirmation of the significant structural difference between epitaxial and 

magnetron sputtered films is obtained by Raman spectroscopy. Epitaxial films demonstrate four 

main features located around 240, 330, 440, and 605 cm
-1

, Figure 7c. Arc sputtered films have 

the similar response, Figure 7b. All Raman spectra in Figure 7 have the similar background with 

a sharp decrease of intensity around 350 cm
-1

. There is a small feature around 320–330 cm
-1

 for 

magnetron sputtered films, but there are no peaks around 240, 440 or 605 cm
-1

. Instead, there is a 

broad feature around 210 cm
-1

. 

The electrical characterization of magnetron sputtered Immm Ti2O3 films revealed no 

specific features for our material, see Figure 8b. The conductivity steadily increases with the 

temperature increase and no transition from semiconducting to metallic state was observed. It is 

different from the epitaxial films on sapphire where such transition was found around 370 K 

[11]. Moreover, the absolute value of resistivity for our material is 5–15 times higher that could 

be due to the different structure of the films. Interestingly, if we compare magnetron sputtered 

Immm and R  c Ti2O3 films, we see no difference in temperature dependence and values of 

resistivity above 150 K (Figure 8a, b). 

Additional experiments with Ti2O3 target were performed at very low substrate 

temperatures. Surprisingly, below 200°C we detected the formation of titanium monoxide. 

Compared to reactively sputtered TiO, the lattice constant of such films was slightly increased: a 

= 4.22 – 4.23 Å, see Figure 9. 

This result indicates the non-stoichiometric transfer of the material from the Ti2O3 target to 

the substrate. The oxygen is lost during the sputtering; however, higher temperatures promote the 

oxidation of the growing titanium oxide film by the residual gas in the vacuum chamber. At 

higher temperatures the oxidation rate is fast enough to convert monoxide to Immm Ti2O3. 

None of the Ti2O3 films deposited by reactive magnetron sputtering from a metallic Ti 



target or pure Ar sputtering from a Ti2O3 target exhibited the metallic to semiconducting 

transition characteristic of the material. Corundum-type Ti2O3 appears to be frozen in the 

metallic state regardless of temperature. The semiconductor to metal transition in Ti2O3 is driven 

by the increase of the Ti-bond length with temperature. As our films show distinct texture 

changes relative to the bulk (reduced a, increased c), we hypothesize that our Ti-Ti is always 

above this critical point and that results in the exhibition of metallic properties even at low 

temperatures. 

4. Conclusions 

Using the magnetron sputtering system, we produced thin films of different titanium oxide 

phases, including TiO2, Ti2O3 and TiO. The structure of all samples was determined by X-ray 

diffraction and Raman spectroscopy. We showed that corundum type Ti2O3 films significantly 

differ from the bulk. Particularly, that results in the absence of semiconductor to metal transition 

due to the locking in of the film into the metallic regime for all temperatures. Electrical 

properties of our material demonstrated no specific features and its conductivity corresponded to 

the conductivity of the bulk crystals in the metallic state. This may be due to both the differences 

in the crystallography and texturing which may lead to the Ti-Ti bond length being above the 

threshold distance for all temperatures investigated. We also demonstrated the formation of 

another Ti2O3 phase crystallized at Immm space group. The structure of such films again differ 

from the structure of the same material reported earlier. In summary, our work presents the 

important data about growth and characterization of titanium suboxides thin films. 
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Figure 1. XRD pattern of stoichiometric Ti2O3 film produced by reactive magnetron sputtering 

on glass substrate. 

Figure 2. Raman spectrum of stoichiometric Ti2O3 film produced by reactive magnetron 

sputtering. 

Figure 3. The dependence of resistivity on the temperature: (a) magnetron-sputtered Ti2O3 film, 

(b) Ti2O3 bulk [26]. 

Figure 4. XRD patterns of the selected TiOx films (logarithmic scale). Asterisks mark the 

positions of the substrate holder peaks. □ – α-TiO, ◊ – Immm Ti2O3, ○ – R  c Ti2O3, r – rutile 

TiO2, a – anatase TiO2. An intense peak at 2θ = 69.16° for sample (b) is due to the Si (100) 

substrate; other samples are deposited on glass. The oxidation rate is increased from sample (a) 

to sample (d), the synthesis conditions are listed in Table 1. 

Figure 5. Raman spectra of the selected TiOx films: (a) α-TiO, (b) α-TiO + Immm Ti2O3 + R  c 

Ti2O3, (c) R  c Ti2O3, (d) R  c Ti2O3 + rutile TiO2 + anatase TiO2. 

Figure 6. XRD pattern of the sample produced from Ti2O3 target on glass substrate. Asterisks 

mark the positions of the substrate holder peaks. 

Figure 7. Raman spectra of Immm Ti2O3 films: (a) magnetron sputtered film on glass substrate 

[this work]; (b) thin arc sputtered film on the silicon substrate [12] (asterisks mark the positions 

of the silicon substrate peaks); (c) epitaxial film on sapphire [11]. 

Figure 8. The dependence of resistivity on the temperature (logarithmic scale): (a) magnetron-

sputtered Immm Ti2O3 film, (b) magnetron-sputtered R  c Ti2O3 film (c) epitaxial Immm Ti2O3 

film [11]. 

Figure 9. XRD patterns for TiO films produced from Ti2O3 target at different substrate 

temperatures: (a) 40 °C, (b) 200 °C, and by reactive sputtering of Ti target at 550 °C (c). 

Asterisks mark the positions of the substrate holder peaks. 

Table 1. Growth parameters of the selected TiOx films. 



sample 

substrate 

temperature, 

°C 

oxygen 

pressure, 

μbar 

growth 

rate, nm/min 

(a) 550 0.18 12.7 

(b) 780 0.18 11.2 

(c) 550 0.28 14.7 

(d) 550 0.30 14.3 
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