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Abstract This work describes about the control on phase

formation in titanium oxide thin films deposited by reactive

dc magnetron sputtering. Various phases of titanium oxide

thin films were deposited by controlling the oxygen partial

pressure during the sputtering process. By adding nitrogen

gas to sputter gas mixture of oxygen and argon, the oxygen

partial pressure was decreased further below the usual

critical value, below and above which the sputtering yields

metallic and oxide films, respectively. Furthermore, nitro-

gen addition eliminated the typical hysteretic behaviour

between the flow rate and oxygen partial pressure, and

significantly influenced the sputter rate. On increasing the

oxygen partial pressure, the ratio between anatase and

rutile fraction and grain size increases. The fracture cross-

sectional scanning electron microscopy together with the

complementary information from X-ray diffraction and

micro-Raman investigations revealed the evolution and

spatial distribution of the anatase and rutile phases. Both

the energy delivered to the growing film and oxygen

vacancy concentrations are correlated with the formation of

various phases upon varying the oxygen partial pressure.

1 Introduction

Titanium oxide, a versatile material, has been widely

investigated in powder or thin film form due to its wide

variety of applications including photocatalysis [1, 2], anti-

corrosion [3], light- and gas-sensors [4, 5], electronic

(memory) switching [6, 7], electrochromics [8, 9], pig-

ments, and charge separating devices [10, 11] (e.g. de-

synthesized solar cells). The demand for tailoring the

material properties to meet specific application require-

ments and miniaturization of devices attracted much

attention to the fabrication of titanium oxide mostly in the

form of thin films and nanostructures. As far as the titanium

oxide thin films are considered, most of the applications in

general are microstructure (crystallographic phase) depen-

dent. Anatase phase of titanium oxide, for instance, is

known to exhibit pronounced photocatalytic [12–14],

photoluminescence [15] and super-hydrophilic activity [16,

17]. Rutile finds applications in optical coatings due to its

high refractive index [18–20] and also shows interesting

dielectric properties [18, 21, 22]. Therefore, having control

on the crystallographic phase of the film is vital for the

targeted applications which are phase dependent.

Though the microstructural modifications are possible

during or after the film deposition, the former is always

preferred. Numerous techniques including sol–gel, hydro-

thermal, direct oxidation, chemical vapour deposition,

physical vapour deposition, electrodeposition, sonochemi-

cal and microwave, as summarized in Ref. [23], have been

explored to synthesize titanium oxide films. Among them,

however, sputter deposition is preferable for fabricating

thin films with large area thickness uniformity, good

reproducibility and large-scale industrial production.

Besides, this technique offers the possibility of altering the

film properties during the deposition by controlling one or

more sputtering parameter(s) [24, 25]. For instance, sputter

deposition of crystalline thin films is possible at room

temperatures. In this case, the energy for crystallization is

delivered via bombardment of energetic particles to the

growing film. This, therefore, facilitates the usage of heat-
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sensitive substrates like polymers; otherwise convention-

ally the substrates are heated to high temperatures during or

after the film deposition. In order to understand the cor-

relation between the crystallographic phase and deposition

conditions (or parameters) in sputtered titanium oxide thin

films, some efforts have been previously made. The phase

formation as a function of total pressure [26–29], film

thickness [30], magnetic field strength [31], magnetron

configuration [32, 33], nature of sputtering gas [34], ener-

gies of ions or particles bombarding the substrate [21, 35,

36] and substrate temperature [29, 35, 37] has been

attempted. However, a complete understanding on various

critical factors influencing the phase formation during the

film growth has not yet been realized.

In this article, we discuss about the formation of various

phases of titanium oxide thin films influenced by the

sputtering gas atmosphere, particularly the effect of oxygen

partial pressure and addition of nitrogen gas during the

sputtering process. In principle, there is a critical value of

oxygen partial pressure which determines the deposition of

compound or metallic films in a reactive sputtering process.

The oxygen partial pressure, in fact, could be varied with

the oxygen flow, and above the critical value of oxygen

partial pressure, the sputtering process switches from

metallic to compound mode. In this work, we also dem-

onstrate the possibility of pushing the limit associated with

oxygen partial pressure further down by adding nitrogen

during the sputtering process. With the extended window

of sputtering process of oxide film regarding oxygen partial

pressure, we demonstrate the growth of titanium oxide thin

films (on silicon substrates without any intentional heating)

with various phases from anatase-rich to rutile-rich via

mixture of both.

2 Experimental procedure

Titanium oxide thin films were deposited onto well-cleaned

silicon substrates using reactive DC magnetron sputtering

technique with a titanium target of 99.99 % purity. The

size of the sputtering target was 76.2 mm, and the target to

substrate spacing was maintained around 55 mm. The

deposition was carried out in a mixed gas atmosphere

containing argon, oxygen and nitrogen (in some cases) at a

constant sputtering current of 0.9 A. The substrates were

not intentionally heated, but it was observed that the tem-

perature of the substrate surface reaches as high as 160 �C

for the deposition time of 1 h. Oxygen partial pressure in

the sputtering chamber was varied by controlling the

oxygen and/or nitrogen flow, and the argon flow was

adjusted accordingly to maintain a constant working pres-

sure of 8 9 10-3 mbar. In order to achieve a constant film

thickness of about 200 nm, the time of deposition was

adjusted according to the variations in sputtering rate at

different oxygen partial pressures. The summary of the

experimental specifications are given in Table 1. The

sputtered films were characterized by various techniques to

study the correlation between the oxygen partial pressure

and phase formation. The surface morphology and micro-

structure of the films were analysed by field emission

scanning electron microscopy (FE-SEM) with ZEISS

SUPRA 55 microscope. Formation of different crystalline

phases was studied by grazing incidence X-ray diffraction

(GI-XRD) technique with Bruker D8 discover diffractom-

eter (using Cu Ka radiation with k * 0.15418 nm). Micro-

Raman scattering measurements were performed by Reni-

shaw’s inVia system with 514.5-nm line of Ar? laser

excitation using 509 objective lens and 1,800 groves/mm

grating assisted with thermoelectric cooled CCD detector

in the backscattering configuration for in-depth structural

elucidation of the specimens. The chemical composition of

the films was determined by X-ray photoelectron spec-

troscopy (XPS) with SPECS spectrometer (using Al Ka

source with 1,486.74 eV energy), and further details about

these measurements will be published elsewhere.

3 Results and discussion

Figure 1 shows the hysteretic behaviour, between oxygen

partial pressure and oxygen flow, of the sputtering process

of metallic titanium target in oxygen atmosphere (Fig. 1a),

and in case of addition of 4 sccm nitrogen (Fig. 1b). The

hysteresis shown in Fig. 1a resembles a typical reactive

sputtering process of a metallic target. On increasing the

oxygen flow (forward sweep), the process switches from

metallic to oxidic (or compound) mode through a sharp

transition. Up to a certain value of oxygen flow, oxygen is

adsorbed on the target surface by a gettering process and

the sputtered films are mainly metallic. When the flow

crosses the critical value, oxidic films are obtained due to

target poisoning. As marked in the hysteresis curve

(Fig. 1a) with larger dark circles, two thin film specimens,

named A and B, were sputtered in oxygen ambient. Spec-

imen A was deposited deep in the oxidic mode at 80 mPa

oxygen partial pressure, and B was deposited during the

Table 1 Summary of experimental conditions for the sputtering of

various titanium oxide films

Sample

name

Oxygen partial

pressure (mPa)

Oxygen flow

(sccm)

Nitrogen flow

(sccm)

A 80 7.6 0

B 50 4.9 0

C 30 3.5 4

D 10 2.0 4
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reverse sweep at 50 mPa oxygen partial pressure (in the

transition regime) just before the sputtering falls into the

metallic mode.

Figure 1b shows the effect of incorporation of 4 sccm

nitrogen during the sputtering process. The typical hys-

teretic behaviour vanishes, and a smooth transition from

metallic mode to oxidic mode of sputtering occurs.

Moreover, the sputtering rate is increased up to 4 times

compared with that in pure oxygen ambient (see the curve

corresponds to the right Y-axis of Fig. 2). This is related to

the higher erosion rate of nitride compared with the oxide

formed on the target surface, which is predominantly

covered by the nitride. A strong influence of nitrogen

inclusion on the oxidic sputtering of other metals is

reported in Ref. [38]. As seen in Fig. 1b, nitrogen addition

facilitates deposition of titanium oxide at reduced oxygen

partial pressures, which otherwise would lead to the

deposition of metallic films. In the presence of nitrogen,

specimens C and D were deposited at 30 and 10 mPa

oxygen partial pressure, respectively, as marked in Fig. 1b

with larger black circles. Note that the nitrogen flow was

kept constant at 4 sccm and the oxygen flow was varied,

which was 3.5 and 2 sccm for depositing specimen C and

specimen D, respectively.

The composition stoichiometry of the films was ana-

lysed by XPS using the Ti2p1 and O1s core level spectra. It

was found that O/Ti ratio increases with the oxygen partial

pressure as seen in Fig. 2 (curve corresponds to left Y-axis).

This means that the compound formation is limited at low

oxygen partial pressures, whereas the film is saturated with

oxygen at high oxygen partial pressures. This further

indicates that the oxygen vacancy concentration in the

films increases with the decrease in the oxygen partial

pressure. In the case of nitrogen addition, in specimen

C and D, the amount of nitrogen incorporated is about 1.2

and 2.4 atomic percentage, respectively. It is interesting to

note that nitrogen incorporation in these sputtered films is

very low compared with oxygen although oxygen and

nitrogen flows were almost comparable (as in the case of

specimen C, for example). This is attributed to the

replacement of metal nitride by oxide due to higher reac-

tivity of the later [39].

The influence of oxygen partial pressure on the micro-

structure and surface morphology of the films was investi-

gated by FE-SEM, and the corresponding secondary

electron images are shown in Fig. 3. Variations in the

microstructure and surface morphology are shown in the

fracture cross-sectional (right) and plan-view (left) images,

respectively. Specimen A, deposited at 80 mPa oxygen

partial pressure, consists of columnar grains aligned verti-

cally to the substrate plane (see Fig. 3a). The film surface

appears to be rough and consists of faceted grains resem-

bling an array of different polygons. A careful observation

revealed the presence of small fraction (\20 %) of fine

grains composing a layer underneath the columnar grains at

the film–substrate interface. This indicates that the film

consists of two distinct grain types. In specimen B, for an

oxygen partial pressure of 50 mPa, the columnar growth has

considerably diminished. Therefore, there is a reduction in

Fig. 1 Oxygen flow versus oxygen partial pressure hysteresis of

titanium sputtering a in pure oxygen atmosphere and b with 4 sccm

nitrogen flow
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Fig. 3 Plan-view (left) and

cross-sectional (right) FE-SEM

images of titanium oxide thin

films sputtered at various

oxygen partial pressures;

a 80 mPa, b 50 mPa, c 30 mPa

and d 10 mPa
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the fraction of coarse grains down to *30 %, and the fine

grains occupy the remaining volume of the film (see

Fig. 3b). The vertical dimension of the coarse grains is

found to be reduced drastically compared with the previous

case. Though the cross-sectional image of the specimen

shows a bi-layer-like structure, the plan-view image

recorded at relatively low magnification reveals that the

surface is not fully covered by the coarse grains. Instead, the

elongated coarse grains appear as large clusters in the

background of fine grains. The microstructure of specimen

C, deposited at 30 mPa oxygen partial pressure with

nitrogen inclusion, is shown in Fig. 3c. The plan-view

image shows the size and distribution of the clusters of

coarse grains in the background of fine grains. The cluster

size and density have significantly reduced in comparison

with specimen B. Major volume fraction of the specimen

(about 90 %) and its surface is occupied by the fine grains.

The cross-sectional image shows that the coarse grain

clusters at the film surface. While decreasing the oxygen

partial pressure further down to 10 mPa (at a nitrogen flow

of 4 sccm and oxygen flow of 2 sccm, as in the case of

specimen D), the columnar grains entirely disappear and the

film microstructure is dominated by the fine grains (see

Fig. 3d). The film appears to be homogeneous with rela-

tively smooth surface as there is no contribution from the

coarse grains.

The specimens were further analysed by grazing inci-

dence XRD with 0.5� angle of incidence to investigate on

the crystallinity and phase, and the results are shown in

Fig. 4. The diffraction peaks corresponding to various

crystal planes of anatase and rutile phases are indicated by

solid and dashed vertical lines, respectively, in the figure.

The signature peak of anatase and rutile emerges at 2h
values of 25.3� and 27.45�, respectively [40]. According to

Fig. 4a, specimen A is predominantly anatase with some

amount of rutile phase. On the other hand, specimen

D shows no pronounced diffraction peak, and this therefore

indicates amorphous phase or very small crystallites.

However, the overall conclusion drawn from the XRD

analysis is that the ratio between anatase and rutile fraction

and the grain size increases with the oxygen partial pres-

sure. The grain growth in anatase phase with the increase in

oxygen partial pressure is well distinguished than that in

rutile. Correlating the XRD results to the corresponding

SEM images indicates that the faceted coarse grains are

anatase and granular fine grains are rutile. This correlation

fits also well with the previous results in literature [41–45].

The specimens were analysed by micro-Raman tech-

nique in order to clarify further on the crystallographic

phase formation. Since the micro-Raman technique, in

principle, is sensitive to the presence of short-range order

in materials, comprehensive information on the micro-

structure could be derived. Particularly specimen D, which

appears to be X-ray amorphous, is expected to consist of

fine rutile crystallites if the assumption that the fine grains

appear in SEM image are rutile is valid. The Raman spectra

for the specimens are presented in Fig. 5, where the Raman

peaks for anatase and rutile phase are marked as A and R,

respectively, along with their peak positions [46–50] and

the substrate peaks are marked as Si [51–53]. Specimen

A shows a strong anatase peak at *144 cm-1 that belongs

to Eg mode of vibration. This peak is in fact related to O–
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Ti–O bending type vibration predominantly. Additional

peaks for anatase phase appear at *197, 399 and

639 cm-1 belong to Eg, B1g and Eg mode of vibration,

respectively. The rutile peak appears at *612 cm-1

belongs to A1g mode, and it is related to Ti–O stretching-

type vibration predominantly. Another rutile peak appears

at *826 cm-1 belongs to B2g mode, and it is related to O–

Ti–O stretching (i.e. both oxygen atoms move simulta-

neously towards or away from central Ti) [54]. Raman

spectra for the specimens A to C reveal that the anatase

peak intensity at *144 cm-1 decreases with oxygen par-

tial pressure, and this inference agrees well with the XRD

results. Raman spectrum of specimen D does not show any

anatase peak; however, the presence of rutile phase could

be identified by the peaks at *612 and *826 cm-1. It

should be noted that the XRD pattern of this specimen did

not show any crystalline peak(s) except a broad amorphous

hump (see Fig. 4d), and this is related to the technical

limitation of the X-ray method in distinguishing very short-

range ordered crystalline phases from the amorphous

content [55, 56].

Therefore, intercorrelating the results from the SEM,

XRD and micro-Raman techniques, it could conclusively

be stated that the finer (spherical) and coarser (columnar)

grains are mainly composed of rutile and anatase, respec-

tively (see Figs. 3d, 4d, 5d). In order to better understand

about the spatial distribution of the anatase and rutile grains

along the thickness of the film, angle-dependent grazing

incidence XRD was performed with a sample of 300 nm

deposited in the oxidic mode, i.e. with deposition condi-

tions similar to sample A. The incidence angle was varied

from 0.3 to 1.5� (corresponds to probing depths of

approximately 60–300 nm), and the results are shown in

Fig. 6. There is no rutile peak observed for an inclination

angle of 0.3�, a less intense peak appeared for 0.5�, the

peak intensity then increased for 1� and remained the same

for angles above 1.5�. The observation confirms the pre-

sence of rutile phase at the film–substrate interface and

buried under the anatase phase that is present in the film

surface. A similar observation is also reported in ref. [30].

The shift in the peak position of anatase phase may be

related to the difference in the strain and a possible dif-

ference in grain size at the film surface and deeper into the

film.

The cause of the formation of bi-layer like structure in

our samples is not yet fully understood, although it was

reported in other studies [30]. However, anatase grain

growth is speculated to be initiated by the (unintentional)

heating of the substrate during the deposition, and the

substrate heating in case of longer deposition times must be

considered. Our recent measurements showed that the

deposition conditions similar to that adopted for sample A

resulted in heating up of the substrate surface as high as

160 �C for the sputtering time of 1 h. The grain growth will

then be possible due to the substrate heating along with the

kinetic energies of the particle bombardments. The authors

consider that the following might be the reason for the

presence of anatase above the rutile. At the beginning of

the film growth, oxygen vacancy defects are created due to

particle bombardments and preferential removal of oxygen

from the stoichiometric titanium oxide [57]. The oxygen

vacancies generally favour to rutile growth by acting as

nucleation sites for the growth of rutile nuclei [58, 59]. In

later stages of the deposition, the vacancy concentration

might be reduced due to the substrate heating [60]

favouring the anatase nucleation. From thermodynamic

point of view, the rapid growth of anatase could also be due

to its lower surface free energy (though the rutile has a

slightly lower Gibbs free energy) [61]. The nucleation of

anatase does not necessarily mean the rutile to anatase

transformation, but it could be originated from the amor-

phous fraction that exists with the rutile nanocrystals [62].

The presence of the amorphous fraction could be realized

from the broad diffraction peaks seen in Fig. 4c, d, and is

expected to be located at the grain boundaries [63].

It is shown, in this work, that adding nitrogen during

sputtering has the following effects: (a) reduction in the

lower limit of oxygen partial pressure for the deposition of

compound films in oxidic mode, (b) an increase in the sputter

rate compared to argon–oxygen atmosphere and (c) deposi-

tion of rutile or rutile-rich mixed phases with very low (\2.4

atomic %) nitrogen incorporation in the films without

intentional substrate heating. Apart from that, higher oxygen

partial pressures (without nitrogen incorporation) favour the

formation of anatase phase, while the lower oxygen partial

pressures (with nitrogen incorporation) are in favour of the
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rutile growth. There are several concepts proposed in liter-

ature to explain the correlation between the crystallographic

phase formation in the deposited films and sputtering

parameters. However, the most convincing explanation is

based on the total energy delivered to the growing film. The

total energy is attributed to the crystallization of the film

through the migration of ad-atoms on the substrate [42, 64,

65]. The crystallization is enhanced by increasing the total

energy [36, 66]. There are reports in literature on the

enhancement crystal growth as a result of ion bombardment

or high-energy neutral particle bombardment during depo-

sition [67, 68]. The total energy, in fact, includes the con-

tributions from the following: (1) intentional substrate

heating, (2) energy from the bombarding species, (3) the heat

coming from the target and the plasma (resulting uninten-

tional heating of the substrate) and (4) energy due to the

exothermic chemical reaction during the compound forma-

tion. Moreover, the rate of deposition is found to be a crucial

parameter in determining the phase formation. Lower

deposition rates (means longer deposition times) yield

higher crystallinity, whereas higher rates lead to lower

crystallinity or sometimes amorphous phase. It is to be noted

that with sufficiently longer deposition times, the uninten-

tional heating of the substrate becomes significant in deter-

mining the crystallinity of the film. In addition to the effect of

the lower deposition rate, the reason for higher crystallinity

observed in our samples might be the stoichiometric factor

due to higher oxygen partial pressure and the (significant)

substrate heating due to longer deposition time. The possi-

bilities of formation of various phases (including the amor-

phous phase) with respect to the energy of the particles

bombarding on the substrate at various substrate tempera-

tures are reported in Ref. [21].

The deposition rate, in our case, significantly decreases

as the oxygen partial pressure increases. As mentioned

earlier in the report, upon increasing the oxygen partial

pressure from 10 to 80 mPa, the deposition rate decreased

by 4 times (see Fig. 2). This, therefore, can directly be

related to the decrease in the sputtering yield due to the

increase in surface coverage of the target by compound

formation [69]. For a constant sputtering current of 0.9 A,

the sputtering voltage increases from *360 to 450 V if

oxygen partial pressure is increased from 10 to 80 mPa.

This is expected to be related to the growth of insulating Ti–

O compound on the target surface at higher oxygen partial

pressures [70]. Therefore, the effective voltage contributed

to the acceleration of charged particles is likely to be lower

compared with that at lower oxygen partial pressures. This

means that the energy delivered to the sputtered particles is

inadequate at higher oxygen partial pressures to grow rutile

phase while at lower oxygen partial pressures, the sputtered

particles, with high sputtering yield, arrive at the substrate

with sufficient energy to grow rutile phase.

Although the phase formation is described in terms of

oxygen partial pressure and energy transfer, an under-

standing from the point of view of oxygen vacancy creation

and the consequences on the film growth and phase for-

mation upon nitrogen incorporation during sputtering is

also necessary. The following discussion deals about the

role of incorporated nitrogen on the phase formation. The

influence of impurity and growth (or deposition) atmo-

sphere on the microstructural transformations, particularly

from anatase to rutile, could be explained in terms of

defects generated in titanium oxide film. The defects could

be either interstitial titanium ions or oxygen vacancies [71–

73]. The ions are, in principle, expected to inhibit the

transformation by hindering the atomic diffusion, whereas

the vacancies tend to promote the transformation by rup-

turing of two Ti–O bonds out of six and forming new

bonds. In general, substitution of oxygen sites by nitrogen

atoms is not likely to occur due to the larger ionic radius of

nitrogen (1.71 Å) compared with that of oxygen (1.40 Å).

Instead, two nitrogen atoms could substitute three oxygen

atoms by maintaining the chemical state of Ti (Ti4?), and

this eventually results in the formation of one oxygen

vacancy [74]. Since the rutile phase is capable of accepting

large number of defects than anatase, its formation is

favoured at conditions promoting large number of defects/

vacancies for instance at lower oxygen partial pressures

[75, 76]. Moreover, it has been noticed that oxygen defi-

ciency in the film decreases while increasing the oxygen

concentration in the sputtering environment [77]. This

means that at higher oxygen partial pressures, as the for-

mation of the vacancy-related defects are less likely, the

anatase phase formation might be favoured. Hence, by

considering both the above-mentioned concepts, it is

believed that the energy transfer can be predominantly

responsible at higher oxygen partial pressures, whereas the

energy transfer as well as oxygen vacancy is responsible at

lower oxygen partial pressures for the observed phases in

the sputtered films.

4 Conclusions

Titanium oxide thin films with various combinations of

anatase and rutile phases were deposited on silicon sub-

strates by reactive DC magnetron sputtering using titanium

target in the atmosphere of argon, oxygen and nitrogen gas

mixture. Addition of nitrogen extended the window of

oxygen partial pressure that could be used to deposit the

oxide thin films with a small amount of nitrogen incorpo-

ration (\2.4 at.%). Upon increasing the oxygen partial

pressure, various phases of titanium dioxide films from rutile

to anatase-rich via a mixed phase were deposited. At lower

oxygen partial pressures, the films were predominantly rutile
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with fine grains, whereas at higher oxygen partial pressures,

coarse-grained anatase phase dominated in the film. The

energy delivered to the growing film and nitrogen incorpo-

ration during sputtering are attributed to the formation of

various phases with respect to oxygen partial pressure.
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