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Article 
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Abstract: Tantalum oxide thin films are deposited by DC reactive magnetron sputtering from a 

tantalum metallic target and oxygen as reactive gas. The reactive gas pulsing process (RGPP) is 

implemented to produce TaOx compounds with tunable chemical compositions. The argon mass 

flow rate is maintained constant whereas that of the oxygen gas is pulsed during the deposition. A 

constant pulsing period T = 10 s is used and the introduction time of the oxygen gas, namely the tON 

injection time, is systematically changed from 0 to 100 % of the pulsing period T. As the tON injection 

time increases, the chemical composition of as-deposited TaOx films is continuously changed from 

pure metallic tantalum to the over-stoichiometric Ta2O5 material. Analysis of the crystallographic 

structure by X-ray diffraction shows that the films adopt the body-centered cubic structure (metallic 

Ta) for the lowest tON injection time values (oxygen stoichiometry x < 1.0) and become amorphous 

for the longest tON injection times. It is shown that the tON injection time is a key parameter to produce 

either homogeneous tantalum oxides, or periodic Ta/TaOx multilayers with alternations close to 3 

nm. Similarly, optical transmittance spectra of the film/glass substrate system are recorded in the 

visible region and the electrical conductivity of the films is measured vs. temperature. Both exhibit 

a gradual evolution from metallic (σ300K = 8.17×105 S m-1 with a null optical transmittance in the 

visible range) to semi-conducting (σ300K = 1.97×103 S m-1 with a semi-transparent behavior) and 

finally to dielectric properties (σ300K < 10-5 S m-1 for interferential films) as a function of the oxygen 

concentration in the films. 

Keywords: tantalum oxide; thin film; reactive sputtering; gas pulsing; metal; semi-conductor; 

dielectric; periodic multilayers. 

 

1. Introduction 

Over the last few decades, many investigations have been focused on the growth and fabrication 

of thin films based-on transition metal oxides [1,2]. These materials are particularly attractive for their 

great potential in electronic, magnetic, and optical applications. They have been studied and 

sometime integrated into various devices such as gas sensors [3], electrochromic systems [4] and 

catalysts [5] among others. Film behaviors are strongly influenced by the structure at the micro- and 

nanoscale, but they depend at first on the chemical composition, especially the oxygen content. As a 

result, playing with the metalloid concentration in metal oxide thin films appears as an attractive 

strategy for tuning many physico-chemical properties [6–8]. While some transition metal oxides have 

ever been deeply investigated due to a spontaneous formation or the ease of fabrication, others like 

tantalum oxides [9,10] have been less studied and their deposition as a thin solid film with tunable 

compositions still remains a challenging task. 

Tantalum oxide compound has great technological interest, particularly because of its optical 

and electrical performances [11–13]. This kind of material has attracted huge attention in recent years 

due to its potential applications as a high refractive index compound in high-finesses mirrors [14], as 

anti-reflecting coatings for solar cells [15], as optical waveguides [16], and as a dielectric capacitor in 
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high density dynamic random-access memories (DRAMs) [17–19]. Compared to silicon dioxide, 

which has a dielectric constant of 3.9, stoichiometric tantalum oxide Ta2O5 compounds can provide 

about 5 to 6 times increase in the capacitance density (dielectric constant of Ta2O5 is in-between 20-

27). This can provide a high packing density in the next generations of DRAMs without reducing the 

thickness of the dielectric materials to unachievable values. Because of such technological attraction, 

tantalum oxide thin films have been grown by a large variety of deposition methods including 

anodization, room temperature oxidation, ion-assisted deposition, chemical vapor deposition (CVD) 

and physical vapor deposition (PVD) [20–25]. TaOx films prepared by these different techniques 

showed widely disperse properties depending on the process parameters, temperature grown, post-

annealing conditions, etc. However, the influence of the oxygen concentration on some characteristics 

of as-deposited films has insufficiently been investigated, especially for the film prepared by reactive 

sputtering [26]. It mainly comes from the difficulties to synthesize metal oxide compounds and so 

thin films based-on tantalum, with tuneable element concentrations, due to instabilities of the reactive 

process [27–29]. Such a drawback restrains the range of reachable chemical compositions and 

consequently the resulting properties. 

The purpose of this paper is to show how a pulsing injection of the oxygen gas can extend the 

panel of the oxygen contents and thus the resulting properties of sputter-deposited TaOx films. The 

role of the pulsing parameters (injection time of the oxygen gas, namely the tON injection time, into 

the deposition process) on the properties of the films is principally investigated. A systematic increase 

of this oxygen injection time leads to amorphous tantalum oxides corresponding to a vanishing of 

the columnar structure, and for the shortest tON injection times, to the growth of periodic and 

nanometric multilayers. Optical characteristics in the visible region show that TaOx films prepared 

with short tON injection times are mainly absorbent, whereas a high oxygen supply tends to produce 

semi-transparent and interferential Ta2O5 compounds. The reverse evolution of oxygen and tantalum 

concentrations is observed vs. the tON injection time, and correlated with the evolution of the film 

electrical properties to become semi-conductors and finally insulators. 

2. Materials and Methods 

Deposition of tantalum oxide thin films was performed by dc reactive magnetron sputtering 

inside a 40 L stainless-steel homemade vacuum reactor. The reactor, equipped with a circular planar 

and water-cooled magnetron sputtering source, was evacuated with a turbomolecular pump backed 

by a mechanical pump to obtain an ultimate pressure of 10-6 Pa. The pumping speed was kept 

constant at S = 13 L s-1. The tantalum target (purity 99.6 at. %, 50 mm diameter) was DC sputtered 

with a constant current density JTa = 51 A m-2 in a reactive atmosphere composed of argon and oxygen 

gases. Argon flow rate was maintained at 4.4 sccm corresponding to an argon partial pressure of 0.3 

Pa. A home-made computer-controlled system, namely the reactive gas pulsing process (RGPP), was 

used to introduce oxygen gas vs. time according to a rectangular shape [30,31]. A constant pulsing 

period T = 10 s was applied. A maximum oxygen flow rate qO2Max = 1.6 sccm was used whereas the 

minimum oxygen flow rate was set at qO2min= 0 sccm. Then,  tON and tOFF times were inversely and 

systematically changed from tON = 0 to 10 s. The target-to-substrate distance was 65 mm. Substrates, 

introduced through a 1 L airlock, were glass and (100) silicon wafers. Before each run they were 

cleaned with acetone and alcohol, and the tantalum target was pre-sputtered in a pure argon 

atmosphere for five minutes before introducing oxygen, in order to remove the target surface 

contamination layer. Room temperature was used for all deposition and the deposition time was 

adjusted in order to obtain a thickness close to 500 nm (measured by a mechanical profilometer). The 

chemical composition of the films deposited on (100) silicon wafer was determined by electron probe 

microanalysis (EPMA). Observations of the film’s cross-section were performed by scanning electron 

microscopy (SEM). Optical transmittance spectra of tantalum oxide coatings deposited on glass 

substrates were recorded from a Lambda 20 UV– visible Perkin- Elmer spectrophotometer. The 

crystallographic structure was investigated by X-ray diffraction (XRD) using monochromatic Co Kα 

radiation with a θ/2θ configuration. The electrical conductivity was measured vs. temperature using 

the van der Pauw’s method in a temperature range from 293 to 543 K. The microstructural analysis 
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was also carried out with a JEOL JEM 2100F Transmission Electron Microscope (TEM) operating at 

200 keV. Cross-sections for TEM were prepared using the standard sandwich technique. They were 

mechanically polished, dimpled down to a thickness of 10 µm and Ar+ ion milled to electron 

transparency. The TEM images were analyzed using the GATAN Digital Micrograph software 

whereas their simulations were obtained with the Java Electron Microscopy Software (JEMS). The 

chemical composition was also measured by energy-dispersive X-ray spectroscopy implemented in 

the TEM. 

3. Results 

3.1. Composition and structure 

The deposition rate of TaOx films is first determined as function of the tON injection time from 

the film’s thickness measured by a mechanical profilometer (500 nm as a target) and knowing the 

deposition time (Figure 1).  

 

Figure 1. Influence of tON injection time on the TaOx deposition rate. The oxygen mass flow rate is 

pulsed with a constant period T = 10 s. Deposition rate gradually changes and exhibits a maximum 

for tON close to 5 s. Three zones, namely Ta:O, TaOx, and Ta2O5-like compounds, are suggested as a 

function of the tON injection time. 

No abrupt drops of the deposition rate are obtained for a given supply of the oxygen gas, as 

commonly observed for transition metal oxide thin films sputter-deposited by the conventional 

reactive process (constant mass flow rate) [32]. A smooth and continuous evolution is rather 

produced when increasing the tON injection time. Without oxygen, pure metallic Ta films are prepared 

with a deposition rate of 840 nm h-1. Injecting the oxygen gas with tON injection times of a few seconds 

leads to a significant increase of the deposition rate. The latter reaches a maximum value of 1460 nm 

h-1 in-between tON = 4-6 s. A further increase of the tON injection time reduces the rate , which goes 

down to 900 nm h-1 for a constant supply of oxygen (i.e., tON = 10 s). This continuous variation of 

deposition rate vs. tON injection time with an optimized condition is often obtained for oxides [33] and 

nitrides [34] prepared by reactive sputtering implementing RGPP. However, most of these ceramic 

thin films (e.g., TiO2, ZrO2, V2O5 …) exhibit a much lower deposition rate than those of the 

corresponding metal when the metallic target completely works in the poisoned sputtering mode (tON 

injection time tending to the pulsing period T). A few nanometers thick compound layer (oxide for 

reactive sputtering with O2, and nitride with N2) is formed on the target surface with a low sputtering 

yield, which reduces the deposition rate compared to that of metal. For reactive sputtering of 
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tantalum oxides (and also similarly reported for tungsten oxides [35]), rates corresponding to the 

deposition of the most stable and nearly stoichiometric compound (i.e., Ta2O5 in this study) is high 

or close to the same order of magnitude as the metallic one. Based-on former investigations proposed 

by Oechsner et al., Ta2O5 is a particular compound for which its sputtering yield can be higher than 

that of the clean metal [36]. According to the same authors, this unusual behavior of Ta2O5 (also 

expected for tungsten and niobium oxides) gives rise to the sputtering of TaO and Ta neutral species 

as well as ionic, neutral and molecular oxygen. It is worth of noting that this high deposition rate of 

tantalum oxides is also connected to a balance between sputtering yield, kinetics of poisoning of the 

target surface, oxygen concentration and density of the deposited oxide, as previously reported for 

WOx thin films [35]. 

Assuming the tON injection time as a key parameter for producing TaOx films with various 

compositions, one may suggest three zones in Figure 1 corresponding to the deposition of Ta:O films 

for the very short tON injection times (lower than about 2 s), and amorphous a-Ta2O5-like film for the 

longest ones (higher than about 6 s). Between these two tON injection times, TaOx compounds can be 

prepared. This adjustable films composition is well illustrated plotting the tantalum and oxygen 

concentrations as a function of the tON injection time (Figure 2). 

 

Figure 2. Tantalum and oxygen atomic concentrations as a function of the tON injection time. A 

continuous and reverse evolution is measured for both elements as tON rises. Solid lines are a guide 

for the eye. Horizontal dashed lines correspond to element concentrations of the stoichiometric Ta2O5 

compound. 

Both concentrations exhibit a continuous and gradual variation as tON rises. From the shortest 

tON of 1 s, the oxygen content reaches 7 at. % and increase rapidly up to 47% for tON = 3 s. A reverse 

evolution is clearly measured for the tantalum content with a symmetric drop of its concentration as 

the tON injection time rises. Nearly equivalent Ta and O concentrations are obtained when tON is 

around 3 s. Afterwards and for tON higher than 4 s, tantalum oxide films become oxygen-rich and 

both concentrations tend to stabilize to values corresponding to the stoichiometric Ta2O5 compound 

(dashed line in Figure 2). It is also worth noting that over-stoichiometric tantalum oxide thin films 

are prepared with tON injection times higher than 6 s and tending to a constant supply of oxygen. 

These oxygen-rich metal oxide compounds are often produced when the reactive sputtering process 

is fully set in the poisoned mode [37]. These operating conditions give rise to the formation of an 

oxide layer on the target surface, which is sputtered in an argon + oxygen atmosphere. As-deposited 

films are then all over-oxidized. 

This symmetric, reverse and smooth evolution of metal and metalloid concentrations vs. tON 

injection time has ever been reported for other metal oxide thin films sputter-deposited by RGPP 
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playing only with the injection time of oxygen gas [38,39]. As tON increases, metal oxide (MeOx) films 

become oxygen-rich, while the metal concentration symmetrically decreases. This correlates with an 

alternation of the sputtering mode from metallic to the oxidation one. These results chiefly prove and 

illustrate that RGPP is a valuable approach to precisely tune the chemical composition of MeOx films 

(from sub- to over-stoichiometric compounds). This issue can be quite difficult to reach by 

conventional reactive sputtering (due to non-linear phenomena), and without implementing some 

feedback control systems or high pumping speed of the deposition chamber [40–42]. 

X-ray diffraction analyses of TaOx films show that the crystalline structure is also influenced by 

the oxygen pulsing, particularly for tON injection times lower than 6 s (Figure 3). Without oxygen 

supply and as expected (not shown here), the typical pattern of a pure Ta film is obtained with 

diffracted signals corresponding to the bcc (body-centered cubic) α-phase. The shortest injection time 

of the oxygen gas (tON = 1 s) gives rise to weak and broad peaks. Most of them are related to the α-Ta 

ground state bcc structure with a crystal size of a few nanometers. It is interesting to notice the 

occurrence of two significant peaks at 2θ = 34.80° and 64.51° assigned to (002) and (413) planes of the 

β-Ta metastable tetragonal structure, respectively. This metastable β-Ta phase has ever been reported 

for the deposition of Ta films by sputtering, particularly when impurities like residual oxygen are 

present during the deposition process [36,43–45]. These results can also be compared to the binary 

phase diagram of the Ta-O system [46]. The latter shows the co-existence of α- and β-phases for a 

wide range of concentrations (from 1 to 71 at. % of oxygen) and the occurrence of the β-phase for an 

oxygen concentration lower than 1 at. % at room temperature. 
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Figure 3. X-ray diffraction patterns of TaOx thin films prepared with various tON injection times. S = 

silicon substrate;  = α-Ta ground state bcc structure;  = β-Ta metastable tetragonal structure. 

Colin et al. [47] pertinently showed that some mechanisms (stress, deposited energy) occurring 

during the early growth stages of Ta deposition favor the preferential nucleation of the β-Ta phase 

and its stabilization over the film thickness. They also demonstrated the key role of interface layer 

formation on the crystalline phase occurrence, with a major role of an amorphous Ta interlayer. For 

our tantalum oxide films prepared by RGPP with the shortest tON injection time, the tOFF time is long 

enough to mainly keep the process in the elemental sputtering mode. As a result, the 1 s time of 

oxygen periodically supplied prevents the growth of the most stable α-Ta phase leading to an 

amorphization of the deposited film, and favoring the formation of the β-Ta phase. For these 

operating conditions, both α- and β-Ta phases coexist, and longer pulsing periods would promote 

the formation of the α-Ta phase [47].  

Increasing more the tON injection time to 3 s induces even more an amorphous structure. Two 

broad signals around 35° and 65° are clearly recorded by XRD. They correspond to the range of 2θ 

angles related to α- and β-Ta phases, more accurately defined for tON = 1 s. This longer tON injection 

time prevents the process to remain mainly in the elemental sputtering mode. It rather extends it in 

the oxidized sputtering mode and an alternation between these two modes is then established. The 

long-range order of α- or β-Ta phase cannot be obtained to produce clear diffracted signals and an 

amorphous structure prevails. For tON injection times higher than 5 s, amorphization of the films is 

even more noticeable. The broad signal close to 2θ = 35° is shifted to lower angles and corresponds 

neither to the α- nor to the β-Ta phase. For films prepared with tON injection times higher than 6 s, 

XRD does not exhibit any diffracted signal, but the same broad envelop in-between 2θ = 20-40° and 

a weaker one close to 2θ = 55°. This type of patterns is typical of tantalum oxide thin films sputter-

deposited at room temperature. These results well agree with former investigations previously 

published by others [48,49]. They are indicative of an amorphous structure of as-deposited Ta2O5 

films on unheated substrates [50], or a possible nano-crystalline structure [51].  

Chittinan et al. also deposited tantalum oxide films by reactive sputtering with the same strategy 

of oxygen pulsing [52]. In the same way, they produced films exhibiting an amorphous structure by 

conventional reactive sputtering or whatever their pulsing conditions. They recorded very similar X-

ray diffraction patterns than those we obtained with tON injection times higher than 5 s, as shown in 

Figure 3. 

Cross-section observations by scanning electron microscopy (SEM) show a poorly defined 

microstructure of tantalum oxide films sputter-deposited with various tON injection times (Figure 4). 

The typical columnar architecture of pure Ta films (not shown here) becomes less distinct even for 

the lowest tON of 1 s (Figure 4a). A brittle behavior is rather produced for films deposited with 

injection times lower than 6 s, where some fractures of the silicon wafer is extended from the substrate 

through the film thickness. This also means that tantalum oxide films present signs of a quite good 

adhesion to the silicon, despite the oxygen pulsing and deposition with no external heating of the 

substrate. 
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Figure 4. Cross-section pictures by SEM of tantalum oxide thin films sputter-deposited on Si 

substrates for different tON injection times: a) tON = 1 s, b) tON = 5 s, c) tON = 6 s, d) tON = 9 s. 

For the longest tON injection times (e.g., tON = 9 s), a columnar growth becomes more 

distinguishable (Figure 4d). These pulsing conditions correspond to a nearly constant supply of the 

oxygen gas (reactive sputtering process mainly in oxidized mode). From composition analyses 

(Figure 2), the deposition of tantalum oxide films tends to the stoichiometric Ta2O5 compound. This 

cross-section microstructure agrees with Ito et al. results, who sputter-deposited tantalum pentoxide 

films at room temperature [53]. The authors similarly noticed a columnar structure corresponding to 

the first zone of structural zone models for films prepared at room temperature with density lower 

than that of the bulk Ta2O5 [54].  

The poorly defined microstructure observed from SEM cross-sections (Figure 4) has been more 

precisely investigated by HRTEM observations and with a higher magnification. Two types of films 

can be prepared by adjusting the tON injection time: periodic multilayers or homogeneous tantalum 

oxide films (Figure 5). For tON = 3 s (Figure 5a and 5b), regular and nanometric Ta/TaOx alternations 

are clearly produced with a period Λ = 3.4 nm through the total film thickness. The highest 

magnification (Figure 5b) shows that interfaces between metallic Ta (dark bands) and oxide TaOx 

(bright bands) sub-layers are not frankly defined but gradually change. Despite very short times of 

oxygen gas supplies and stops (a few 102 ms are required to stabilize the pulsing signal at the 

beginning of tON and tOFF times), oxygen species are not instantaneously evacuated for the sputtering 

chamber. In addition, oxygen diffusion from TaOx to Ta sub-layers cannot be neglected leading to 

gradual and periodic variations of Ta and O concentrations through each sub-layer. However, the 

profile analysis (not shown here) clearly brings to the fore the nanometric period with metal and 

oxide alternations and a thickness λTa = 1.9 nm (dark bands) and an oxide TaOx sub-layer λTaOx = 1.5 

nm (bright bands). Ta and O atomic concentrations performed by energy-dispersive X-ray 

spectroscopy reveal an oxygen-rich composition in the oxide sub-layer with 73±4 at. % of O and 27±4 

at. % of Ta. These contents correspond to an oxide phase close to the Ta2O5 compound. A significant 

amount of oxygen is measured in metallic sub-layers with 10-19±4 at. % of O and 81-90±4 at. % of Ta, 

which is assigned to inclusion of oxygen in the Ta sub-layer. Even if a small probe size (1 nm) has 

been used for the EDX measurements, the presence of oxygen in the metallic sub-layers can also be 

explained by the widening of the electron beam crossing the specimen. 
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Figure 5. Cross-section views by HRTEM of tantalum oxide thin films sputter-deposited by RGPP 

using two different tON injection times: a) and b) tON = 3 s; c) and d) tON = 7 s. Periodic Ta/TaOx 

multilayers or homogeneous TaOx films can be prepared by means of a precise and single adjustment 

of the tON injection time. 

It is also worth noting that high resolution images and diffraction patterns did not allow to detect 

any crystalline phase but amorphous Ta and TaOx sub-layers. A former study focused on Ta/TaOx 

multilayers with thicker periods showed that the metallic Ta sub-layer has to be higher than 10 nm 

to get nanometric crystal of the bcc α-Ta phase; the oxide TaOx sub-layer remaining amorphous 

whatever the thickness [48]. In our study, due to the very low thickness of sub-layers (lower than 2 

nm), one can expect an amorphous structure of Ta and TaOx alternations. As a result, Ta/TaOx 

nanometric multilayers prepared with tON injection times lower than 5 s are completely amorphous 

and can be rather defined as a-Ta:O/a-Ta2O5 alternations. For tON injection times higher than 5 s, 

homogeneous and amorphous tantalum oxide thin films are obtained (Figure 5c and 5d). No 

alternations of bright and dark bands are observed for these pulsing conditions, but a rather dark 

grey shading with a random distribution of atoms, as shown in Figure 5d for the highest 

magnification. Ta and O concentrations are in the range 25-29±4 at. % and 71-75±4 at. %, respectively. 

These contents agree with the overall composition previously determined by EPMA and presented 

in Figure 2. 

Similar Me/MeOx, [55,56] Me/MeNy, [57] MeNy/MeOxNy [58] periodic multilayers have ever been 

reported for other ceramic thin films prepared by reactive sputtering using RGPP but with thicker 

periods. Assuming deposition rates of the pure metal (process in elemental mode) and that of the 

corresponding compound (process in poisoned mode), and if the pulsing period is not too short with 

a suitable tON injection time, periodic alternations can be fabricated with a period thickness Λ of a few 

nanometers and with metal/compound interfaces in the order of the nanometer. However, the 

smallest metal/compound alternations also depend on the reactivity of the metalloid towards the 
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metal, especially when oxygen is involved with very reactive metals like titanium for instance. For 

such conditions, no clear multilayers can be reached and kinetics of the reactive sputtering process 

as well as reactivity of metal vs. metalloid both restrain the minimum period thickness and the quality 

of alternations and interfaces. 

3.2. Optical and electrical properties 

Since tantalum oxide is an attractive thin film material for optical applications, optical 

transmittance of the films deposited on glass substrate has been measured in the visible range and 

for various tON injection times (Figure 6). 

 

Figure 6. Optical transmittance spectra in the visible range of tantalum oxide thin films sputter-

deposited on glass and for different tON injection times. For tON lower than 5 s, films are completely 

absorbent. Glass substrate is also shown as a reference. 

For films prepared with tON lower than 5 s, no transmitted signal is measured for wavelengths 

in-between 200-1100 nm. Reactive gas supplied in the sputtering process is too short to incorporate 

enough oxygen in the film. Longer tON injection times (particularly from 5.3 to 5.8 s) lead to semi-

transparent thin films with an optical transmittance of a few %, which gradually increases when 

wavelength tends to the infrared region. Some fringes start appearing for tON > 5.8 s but films 

prepared with such conditions still remains significantly absorbent with an optical transmittance 

lower than 70% at 1100 nm and progressively reducing for becoming null at 280 nm. 

A further increase of the tON injection time leads to transparent tantalum oxide thin films 

(average transmittance higher than 80%) exhibiting typical interferential fringes. It is interesting to 

observe that from tON = 7 s and when oxygen injection tends to a constant supply, films show nearly 

the same optical transmittance. It well correlates with a stabilization of the chemical composition (O 

and Ta concentration become constant, as shown in Figure 2) and a homogeneous structure observed 

at the nanoscale from HRTEM (Figure 5c and 5d). The range of tON injection times included between 

5 s and 7 s appears as the most interesting operating conditions to largely tune the optical 

transmittance of the films from absorbent to transparent in the visible region. In addition, such a 

range also corresponds to the maximum deposition rate formerly measured and discussed (Figure 1). 

Absorption edge in the near UV region is also influenced by the oxygen supply with a blue shift 

as tON rises. This behavior has also been measured for other transparent metal oxide films prepared 
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by reactive sputtering likewise pulsing the oxygen gas [39,59]. It is closely connected to oxygen 

vacancies in the film, which create states in the optical band gap, below the conduction band [60]. 

Increasing the tON injection time until a constant supply of oxygen reduces the density of oxygen 

deficiency in the film. Optical transparency in the visible range is favored and the band gap increases, 

which correlates with a slight shift of the absorption edge to lower wavelengths. 

This gradual evolution of optical properties corroborates other investigations devoted to some 

metal oxide thin films prepared by RGPP [61]. Similarly, playing with a suitable range of tON injection 

times allows a wide tunability of many physical properties, not solely optical characteristics but 

electronic transport properties as well [62]. To that end, the electrical conductivity of tantalum oxide 

thin films prepared on glass and for different tON injection times was measured as a function of the 

temperature (Figure 7). Without oxygen injection (tON = 0 s), conductivity of pure Ta films is higher 

than 2.06×106 S m-1 at 300 K and is slightly influenced by the temperature change. The evolution of 

resistivity vs. temperature (not shown here) gives rise to a typical metallic-like behavior with a 

temperature coefficient of resistance (TCR300K) at room temperature of 1.16×10-3 K-1. This value is 

lower than that of the bulk (TCR Ta bulk at 300 K = 3.54×10-3 K-1 [63]) as often reported for thin films 

and mainly assigned to the number of grain boundaries per electron mean free path in polycrystalline 

metallic thin films [64]. Increasing such a number, TCR reduces and can even change of sign (from 

positive to negative) although the conductivity is kept in a metallic regime. 

Introducing the oxygen gas leads to more resistive films although the order of magnitude of 

conductivity is still in the metallic range up to tON = 4 s. Conductivity largely drops to a few 105 S m-

1, but is inversely influenced by temperature even for the shortest tON = 1 s since films become slightly 

more conductive as the temperature rises. A negative TCR300K is then obtained, which reduces from -

2.20×10-4 to -2.66×10-4 K-1 when tON changes from 1 to 4 s, respectively. This loss of electrical 

conductivity with a negative TCR value has ever been measured for other metal oxide thin films 

containing a few at. % of oxygen or exhibiting a sub-stoichiometric composition [35,48,56]. These 

uncommon electronic transport behaviors are typical of disordered or poorly crystalline metal-rich 

oxide thin films, especially when Ta β-phase is produced [65]. It is worth noting that this range of tON 

injection times corresponds to Ta-rich oxide films (Figure 2) exhibiting a periodic multilayered 

nanostructure (Figure 5). In addition, films prepared with 1 s ≤ tON ≤ 4 s are optically absorbent (Figure 

6) with a poorly crystalline structure composed of α-Ta, β-Ta and amorphous tantalum oxide phase 

mixture (Figure 3), which finally vanishes to produce a complete amorphous structure for longer tON 

injection times. 
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Figure 7. DC electrical conductivity as a function of the reciprocal of temperature 1000/T measured 

on tantalum oxide films prepared on glass substrate with tON injection times lower than 5.5 s (the 

corresponding temperature T is also indicated on the top axis). 

Increasing more the tON injection time until a constant oxygen supply produces more resistive 

films and for tON higher than 5.5 s, conductivity cannot be measured with our system. For these 

deposition conditions, films become semi-conductors and lastly insulators. For films obtained with 

tON in-between 5-5.5 s, conductivity vs. reciprocal temperature (Arrhenius plot) gives rise to a clear 

linear evolution indicating a thermally activated conduction mechanism. The activation energy 

calculated for this range of tON injection times increases from 10 to 26 meV, which are quite low values 

compared to other oxide materials. These results well correlate with pulsing conditions 

corresponding to the deposition of oxygen-deficient Ta2O5 films. A short increase of the tON injection 

time leads to a fast oxygen-enrichment of the films and consequently, they rapidly exhibit dielectric 

characteristics (transparent in the visible region and insulator). Baker et al. [66] recently reported very 

similar results on tantalum oxide films prepared by changing the total chamber sputtering pressure. 

They also brought to the fore an abrupt increase of resistivity with an increasing oxygen content. 

They measured a gradual transition from metallic conduction to an activated tunneling through the 

oxide phase with an exponential relationship between oxygen concentration and activation energy 

for films tending to the Ta2O5 compound. 

4. Conclusions 

Tantalum oxide thin films 500 nm thick are sputter-deposited by DC reactive magnetron 

sputtering. A Ta target is sputtered in a reactive atmosphere composed of Ar and O2 gases. The 

reactive gas pulsing process, namely RGPP, is implemented introducing the oxygen gas with a 

constant pulsing period T = 10 s while a systematic change of the tON injection time is performed. A 

reverse and gradual evolution of tantalum and oxygen concentrations is thus obtained as a function 

of an increasing tON injection time leading to an over-stoichiometric Ta2O5 compound when the 

oxygen supply tends to be constant (tON = T = 10 s). Deposition rate vs. tON reveals an unusual 
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maximum for intermediate tON injection times, which is mainly connected to the high sputtering yield 

of the Ta2O5 compound compared to that of the metal. 

Whatever the oxygen supply, films exhibit a poorly defined columnar morphology with a brittle 

fracture observed from cross-section views. For the longest tON injection times, i.e., higher than 5 s, no 

long-range order is detected but an amorphous structure with a homogeneous and random 

distribution of atoms. These deposition conditions produce TaOx films with an adjustable oxygen 

concentration from sub- to over-stoichiometric Ta2O5 compound. Such films also show a transparent 

optical transmittance in the visible region with typical interferential fringes and thus electrical 

properties corresponding to semiconducting characteristics with a thermally activated conductivity. 

Playing with the tON injection time in-between 1-5 s allows the growth of periodic and 

nanometric Ta/TaOx multilayers with a regular period length Λ of a few nanometers through the 

overall films thickness. For these pulsing conditions, both α- and β-Ta phases are obtained with a 

significant part of an amorphous oxide, which becomes predominant by increasing the tON injection 

time. Films exhibit a fully absorbent optical characteristic with a metallic-like electrical behavior. A 

precise adjustment of the tON injection time in the range of a few seconds leads to a change of sign 

(from positive to negative) of the temperature coefficient of resistance although the conductivity is 

maintained in a metallic regime.  

These results clearly demonstrate that pulsing the introduction of the oxygen gas is a powerful 

tool for producing metal oxide thin films with structure exhibiting a homogeneous or a multilayered 

structure at the nanoscale with properties ranging from metal to semiconductor and finally insulator 

playing only with a single deposition parameter: the injection time of the reactive gas. In addition, 

the experimental strategy presented herein can be extended to other types of metal oxide systems or 

other nitride, carbide, sulfide compounds, and thus to gain insight into growth mechanisms that 

determine the final nanostructure of films sputter-deposited by RGPP. 
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