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Abstract 

Tantalum pentoxide films were deposited on Si substrates at room temperature, by heating metallic filaments at 

temperatures below 600 oC, at a pressure of 1 Torr in O2 environment. This deposition method can be applied for all 

metallic oxides having higher vapor pressure than the corresponding metal. These (hwTa2O5) films were composed by 

amorphous material (as revealed by XRD measurements) and were found to be highly transparent within the range  

350-1000 nm. Spectroscopic ellipsometry measurements have shown that the real part of the refractive index (n) of 

hwTa2O5 films depends on the deposition time and has a value below 1.5. As shown by scanning electron microscopy 

(TEM) measurements, these grains were composed by others with dimensions near 5 nm and with voids between them. 

The above microscopy measurements explain the high porosity of hwTa2O5 films. Moreover, hwTa2O5 films were also 

characterized by XPS and UPS measurements and the stoichiometric composition of the deposited films was determined. 
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Introduction 

There is currently much need for high-k dielectric 

materials, as they are vital for the development of 

nanosize semiconducting components being developed 

in transition from microsize dimensions following 

Moore’s Law [1, 2]. Many researchers have 

investigated suitable high-k dielectric materials in order 

to replace the well-known silicon dioxide, as its leakage 

current is too large at thickness down to 1.4 nm [3]. A 

few authors have recently reported that materials such 

as hafnium dioxide (HfO2) [4-6] and zirconium dioxide 

(ZrO2) [7-9], with high dielectric constants of 20 and 

23, respectively, are advantageous in capacitive 

applications and especially in leakage current 

dependent applications, such as portable (battery-

operated) devices. However, research on one particular 

type of dielectric remains relatively rare. Tantalum 

pentoxide (Ta2O5) with high-k relative dielectric 

constant (27) has shown great thermal stability, high 

mobility and low electrical defect densities [10, 11]. It 

has been recognized as an attractive material for 

applications in coatings [10, 11], catalysts [12], 

electronic circuitry [12], and it is utilized in capacitors 

[11-13] due to its high dielectric constant. It has also 

been reported as a very promising candidate for 

capacitive memories [19], optoelectronic applications 

as light waveguides [14-16], and in optical devices  

as an antireflection or birefringent coating and as a 

component of multilayer interference filters [17, 18, 20, 

22]. There are many different methods for the 

deposition of Ta2O5 films including electron beam 

evaporation [12, 20-22], anodization [23], chemical 

vapor deposition (CVD) in its numerous configurations 

(thermal, low-pressure, plasma-enhanced, photo-

assisted, metal–organic) [12, 13, 24-27], reactive 

sputtering [12, 14-16, 28, 29], ion beam sputter 

deposition [30], sol-gel spin coating [12, 31, 32], 

atomic layer deposition [12, 33] and pulsed laser 

deposition (PLD) [10, 11]. 

 In this work we report on porous Ta2O5 films 

grown at room temperature, exhibiting high optical 

transmission and refractive index near and below 1.5 

within the visible range. These films are deposited very 

easily compared to other methods using a heated 

metallic filament under vacuum. This deposition 

method can be applied for all metallic oxides having 

higher vapor pressure than the corresponding metal. 

This method keeps the substrate at room temperature 

rendering the deposition method suitable for using 

organic and plastic substrates, while allowing for fine 

film thickness control that can yield ultra-thin films. At 

the same time, this technique offers a fast process 

turnaround and economical operation compared to other 

deposition methods. 
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Experimental 

Ta2O5 films were deposited by heating a tantalum 

filament in a vacuum chamber (this is why the 

deposited films are named hereafter hot-wire tantalum 

pentoxide, hwTa2O5, films) at filament temperatures 

lower than 600 oC. hwTa2O5 films were deposited on Si 

pieces with dimensions of 2×2 cm2 cut from (100)  

Si wafers. Before deposition the substrates were  

given a piranha clean, washed in ultra-pure water and 

dried in a nitrogen stream. Substrates were then  

placed in the deposition chamber on a copper susceptor 

located 5 cm below a tantalum filament fixed between 

two Cu current leads. After loading, the chamber was 

evacuated to below 10-2 Torr and then the pressure was 

stabilized to 1 Torr with the aid of a pressure control 

system comprising a baratron manometer, a butterfly 

valve and the electronic unit. After pressure 

stabilization, the filament was heated with the 

application of an AC (50 Hz) current (50V applied to 

the Ta filament). Deposition time variation was used to 

control the film thickness and the times used varied 

between 1 second to 60 seconds. During deposition the 

substrate remained near room temperature. 

 The deposited hwTa2O5 films were characterized 

with a variety of techniques, including spectroscopic 

ellipsometry within the 350-1000 nm range using a  

J. A. Woolam Inc M2000F rotating compensator 

ellipsometer (RCETM) running the WVASE32 

software at an angle of incidence of 75,14o. A LEO 

Supra 35 VP and a PHILIPS CM 20 were used           

for the SEM and TEM measurements, respectively.    

X-ray photoelectron spectroscopy was carried out in an 

ultra-high vacuum system (pressure < 4×10-9 mbar), 

using a non-monochromatized Al Kα (1486.6 eV)  

X-ray source, for XPS measurements, and a 

hemispherical electron energy analyzer, Leybold EA-

11, operating at 100.00 eV pass energy, with an anode 

power of 240 W; the analyzed area was an 

approximately 2×5 mm2 rectangle positioned near the 

geometric center of each sample. All samples were 

measured as deposited, without any treatment or 

cleaning before being introduced into the ultra-high 

vacuum chamber.  
 

Results and discussion 

In Fig. 1 the recorded transmission spectra of a 

hwTa2O5 film deposited on a quartz substrate is shown. 

The corresponding spectrum of a bare substrate is also 

shown. It is observed that the hwTa2O5 sample is 

transparent and within the visible range its transmission 

coincides with the transmission of the substrate alone, 

indicating a film of high optical quality, without light 

losses below the band gap, which are usual in 

transparent metal oxide films. A closer look of the 

spectra in Fig. 1 shows that in some cases the maxima 

fall slightly above the transmission of the bare 

substrate. This is indicative of a film more transparent 

than the fused silica substrate, i.e., with refractive index 

smaller than that of the latter.  

 
Fig. 1. The recorded transmission spectra of a hwTa2O5 film 
deposited on a quartz substrate is shown. The corresponding spectrum 

of a bare substrate is also shown. 

 

 The high transparency of hwTa2O5 films renders 

difficult the study of their optical properties using 

optical transmission-reflection measurements, due to 

the lack of intense, visible, interference fringes in the 

spectra. Therefore, samples were deposited on Si 

substrates and their optical properties were 

systematically studied by SE measurements of Ψ and Δ 

within the photon energy range 1.2 to 4 eV. Theoretical 

spectra were synthesized with the aid of the effective 

medium approximation (EMA) [34] considering 

samples composed by database Ta2O5 and voids and 

finally fitted to those experimentally recorded. In Fig. 2 

(upper) the photon energy variation of the real part of 

the refractive index of hwTa2O5 film is shown.  

 

 

Fig. 2. (Upper) The photon energy variation of the real part of the 

refractive index of hwTa2O5 film. (Lower) The thickness and the void 
fraction, as obtained from the SE analysis. 
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   It can be observed that the refractive index of 

hwTa2O5 films exhibit similar variation with that for the 

database Ta2O5 film, but is shifted toward lower values. 

The shift is small for short deposition times and 

saturates at a value below 1.5. This small value of the 

refractive index of hwTa2O5 films causes their optical 

transmission and low reflection observed in Fig. 1. The 

thickness and void fraction, as obtained from the SE 

analysis, is shown in Fig. 2 (lower). It must be noted 

that, independently of filament temperature, for 

thicknesses below approximately 20 nm the void 

fraction increases linearly and saturates at values near 

60%. These high void fractions, i.e. the high porosity of 

hwTa2O5 films, justify the high optical transmission and 

low reflection of the corresponding samples seen in 

Fig. 1. In spite of their high porosity and the low 

deposition temperature used (room temperature), 

hwTa2O5 films proved to adhere well on many kinds of 

substrates. Good adhesion was shown to silicon, fused 

silica and glass, while the corresponding hwTa2O5 films 

were able to bear patterning by lift-off. The above films 

deposited on organic films were also used for the 

fabrication of hybrid organic light emission diodes. 

 In Fig. 3 SEM micrographs taken on the surface of 

hwTa2O5 samples deposited at filament temperatures of 

500 oC are shown. The deposition times of the above 

films are not the same, thus they have different 

thicknesses. It can be observed that the samples exhibit 

a granular surface morphology with voids between 

grains. The film thicknesses range between 10 and    

100 nm (depending on deposition time), which is larger 

than the grain size. This indicates a growth 

preferentially on top of the first deposited grains, which 

is expected since the deposition occurs at room 

temperature so species condensing on the surface have 

low mobility. This tendency continues for thicker films, 

resulting in grains composed of smaller ones. As the 

quantity of the superficial oxide on the filament is 

depleted with deposition time, the growth rate drops to 

very low values; therefore, this deposition method is 

not suitable for the deposition of films with thickness 

above 1000 nm.  

 A possible reason for the high void fractions 

exhibited by hwTa2O5 films is that the grains seen in 

Fig. 3 are not compact but they consist of smaller 

grains, which can be observed in Fig. 3b. 

 

  
 
Fig. 3. SEM micrographs taken on the surface of hwTa2O5 samples 

deposited at filament temperatures of 500 oC at different deposition 
times. 

 In order to further investigate the morphology of 

hwTa2O5 films TEM measurements were made.    

 In Fig. 4A, B TEM images taken on a hwTa2O5 

sample with thickness of 60 nm and grown at a filament 

temperature of 500 oC are shown. It is observed that the 

sample is actually composed of spherical grains with 

dimensions of the order of 5-6 nm. The corresponding 

electron diffraction pattern exhibits no structure, 

similarly to XRD spectra taken on hwTa2O5 films. This 

indicates that grains are composed by essentially 

amorphous material. However, the dark-field TEM 

image reveals the existence of crystalline regions with 

dimensions of the order of 1-3 nm in the films. The 

absence of structure in XRD and electron diffraction 

patterns can be explained by the small size of 

crystallites and their random orientation in films. It may 

be concluded then that hwTa2O5 films are essentially 

composed by amorphous grains with dimensions near 

5-6 nm, the center of which is probably occupied by 

crystalline Ta2O5, without, however, preferential 

orientation. Since the depositions were carried out at 

room temperature, which is not favorable for 

crystallization, it is reasonable to suppose that the 

grains observed in Fig. 4 were formed on the heated 

filament. Such grains then, or clusters of grains, were 

emitted from the filament and condensed on the 

substrate. 

 

 

 
Fig. 4. (A, B). TEM images taken on a hwTa2O5 sample with 

thickness of 60 nm and grown at a filament temperature of 500 oC. 
(C) XRD pattern taken on annealed hwTa2O5 film.   

(a) 

(b) 

(c) 
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 As reported before, XRD patterns taken on as 

deposited hwTa2O5 films exhibited no peaks at all. 

XRD measurements were made on samples after a 

series of annealing steps for 30 min in N2 ambient and 

for various temperatures up to 600 oC. Up to 400 oC 

XRD patterns remained structureless; at this 

temperature weak peaks, indicating enhanced 

crystallization, started to appear. At even higher 

annealing temperatures weak, and not well shaped, 

peaks appear in the XRD patterns (Fig. 4C). 

 For tantalum oxide films deposited in oxygen 

environment, for all XPS spectra the Ta4f peak has 

been analyzed in two doublets with energy separation 

of 1.9 eV, equal full widths at half maximum (FWHM) 

and an area ratio of 4/3 for Ta4f7/2 to Ta 4f5/2        

(Fig. 5a). The main peak Ta 4f7/2 is at a binding 

energy of 26.4±0.1 eV corresponding to oxygen bonded 

to tantalum in Ta2O5, in agreement with the literature 

[29].  

 

(a)                           (b) 

 

(c)                              (d) 

Fig. 5.  XPS spectra for (a) Ta4f and (b) O1s for hwTa2O5 film. (c) 
Hel UP Valence band edge spectra and (d) high binding energy cut-

off for hwTa2O5 film. 

 

 In XPS spectra of the same layers (Fig. 5b) the O1s 

peak has been analyzed in one component at a binding 

energy of 530.7±0.1 eV corresponding to oxygen 

bonded to tantalum in Ta2O5 in agreement with the 

literature [29]. The atomic stoichiometry was estimated 

to be equal to Ta: O = 1: 2.25 (Ta2O5). The valence 

band (VB) of Ta oxide samples appeared at 2.6±0.1 eV, 

for the oxygen deposited layers. The work function has 

been estimated from the Fermi level and it was found to 

be 4.5±0.1 eV, close to the literature reported results for 

Ta2O5 [35]. The ionization potential value for this film 

was 8.5 eV. 

Conclusion  

Summarizing, it was demonstrated that hwTa2O5 films 

deposited at relatively low filament temperatures (up to 

600oC) exhibit a high porosity, of the order of 60% of 

their volume, because they are composed by grains with 

dimensions of the order of 5-6 nm, which coalesce to 

form clusters with dimensions of several tens of nm 

increasing with the film thickness. Due to this high 

porosity, hwTa2O5 films exhibit low refractive index 

values; therefore, they exhibit high optical transmission 

within the domain of their transparency. The growth of 

hwTa2O5 films occurs from the condensation of Ta2O5 

vapors produced by the evaporation of the superficial 

oxide formed on the tantalum filament, which has 

higher vapor pressure than the metal at these 

temperatures. Generalizing, it is noted that this simple 

deposition method can be applied for all metallic oxides 

having higher vapor pressure than the corresponding 

metal. hwTa2O5 films are stoichiometric, essentially 

amorphous and retain these characteristics for annealing 

temperatures up to 400 oC. XPS measurements reveal 

the stoichiometric character of the deposited films.   
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