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nitrogen leads to the elevation of the top of the valence band and therefore to the decrease of the band gap. Thus, the 
band gap of an oxynitride can be easily tuned by simply adjusting the nitrogen content [2, 3].   

Among the existing (oxy)nitrides, -TaON and Ta3N5 are promising candidates as photoanode materials for solar 
water splitting. Their interest results from (i) their abilities to absorb visible light up to ca. 530 nm (2.34 eV) and 600 
nm (2.1 eV), respectively; as well as from (ii) their valence band maximum and conduction band minimum that lie, 
for TaON, at ca. +2.2 V vs. NHE and 0.3 V vs. NHE at pH 0, respectively; and for Ta3N5, at ca. +1.6 V vs. NHE 
and 0.4 V vs. NHE at pH 0, respectively.[4] This implies that – contrary to state-of-the-art photoanode materials 
such as Fe2O3 or WO3 whose conduction bands are located below the water reduction potential – these materials can 
potentially split water without any external bias.    

In the past, TaON photoelectrodes prepared by electrophoretic deposition of TaON powder and Ta3N5 
photoelectrodes prepared by nitridation of surface-oxidized Ta sheets have demonstrated good performances [5, 6]. 
However, the synthesis methods employed do not allow to precisely control properties such as the thickness or the 
composition of the photoelectrodes. Recently, these limitations have been circumvented with Ta3N5 photoanodes 
prepared on Ta or Ti substrates by RF reactive sputtering at 897-1113K, followed by a post-treatment under NH3 
[7]. These photoanodes also demonstrated promising performance but the effects of the deposition conditions on the 
PEC performances were not investigated. More generally, whatever the aforementioned preparation method, it 
always involved thermal treatments under NH3, which can be fastidious, risky and detrimental for conductive 
substrates.    

In this study, TaOxNy photoanodes were deposited by DC reactive sputtering at room temperature and without 
any use of NH3. The effects of the deposition conditions on the photoanodes chemical and physical properties have 
been investigated. In particular, preliminary results on their PEC performances will be presented.  

2. Experimental 

TaOxNy films were deposited on 12 mm x 30 mm FTO substrates (F:SnO2 on float glass TEC 15, Hartford Glass 
Co.) by DC reactive sputtering at room temperature and in a mixture of Ar, N2 and O2. The total pressure was about 
7.5x10-3 mbar. A 5 cm-diameter Ta target (99.95%, Kurt J. Lesker Co.) was used with a distance to the substrate of 
9 cm. Prior to the deposition, the target was pre-sputtered in Ar for 5 min., then in the Ar/N2/O2 mixture for another 
5 min. The DC current was maintained at 250 mA during the pre-sputtering and the deposition. Deposition was 
performed for 25 min. leading to 90 nm-thick TaOxNy films, the thickness having been measured with a TENCOR 
Alpha-Step 500 profilometer.  

The films composition was assessed by Auger Electron Spectroscopy (AES). Analyses were performed with a 
Perkin-Elmer PHI 660 Scanning Auger Microprobe in the Surface Analysis Facility of the Interdisciplinary Centre 
for Electron Microscopy at EPFL. Primary electron beam potential and current were 5 kV and 10 nA, respectively. 
Depth profiling was performed to check the stability of the sputtered films’ composition throughout all the 
thickness. It was made using 2 keV argon ions and the sputtering rate was 4.5 nm.min-1 as calibrated with 100 nm 
Ta2O5/Ta NPL standard. 

The film surface morphology was characterized by High Resolution Scanning Electron Microscopy (HRSEM) 
and Atomic Force Microscopy (AFM). The tilted cross-sections of the TaOxNy films deposited on FTO substrates 
were investigated with a high-resolution scanning electron microscope equipped with a field emission gun (Philips 
XL-SFEG). The images were taken with an acceleration voltage of 3 keV and a 3 mm working distance using an in-
lens detector. AFM was performed using a TMX 2000 Explorer SPM, Topometrix (USA) apparatus in no contact 
mode. The crystallinity was investigated by grazing incidence X-Ray Diffraction (XRD) at an angle of 6° with a 
Bruker D8 Advance diffractometer operating in Bragg-Brentano geometry. The transmission spectra have been 
recorded between 200 and 800 nm on a CARY 5000 UV-VIS-NIR spectrophotometer and for films sputtered on 
quartz. 

Photocurrent measurements were performed under front-side chopped irradiation and in a three-electrode 
configuration using a 0.1 M Na2SO4 aqueous solution (pH 7) as the electrolyte, a Pt wire as the counter electrode, 
and an Ag/AgCl electrode in saturated KCl solution as the reference electrode. The light source was simulated 
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sunlight from a 450 W xenon lamp (Osram, ozone free) passed through a KG3 filter (3 mm, Schott) with a measured 
intensity equivalent to standard AM1.5 sunlight (100 mW.cm-², spectrally corrected). 

3. Results and discussion 

The photoelectrochemical properties of materials are strongly dependant on (i) their crystallinity, the defects of 
which can act as recombination centers; (ii) their morphological properties such as their surface area or the feature 
size that charge carriers have to travel through; (iii) their absorption properties which must be optimal with regard to 
light harvesting; and (iv) their composition which will govern the material surface’s reactivity but will also have an 
influence on the other properties. Therefore, correlations between the O2 partial pressure during deposition (PO2) and 
the properties aforementioned have first been investigated in order to determine the optimal synthesis conditions and 
identify any limiting factors that should be overcome in the future.    

 
The most trivial correlation between the PO2 and the sputtered films properties that can be expected concerns the 

film composition. Table 1 shows the evolution of the chemical composition as a function of the PO2. The atomic 
percentages measured throughout the whole TaOXNY film thickness during the depth profiling were averaged and 
allowed for the calculation of ratios reported in table 1. It appeared that the N/(N+O) ratio decreased from 86% to 
28% when the PO2 was increased from 0 to 4.2x10-4 mbar. This confirmed that – logically – the oxygen content 
could be easily controlled through the PO2.  
 

Table 1: Chemical composition ratios of the TaOxNy sputtered photoanodes as a 
function of the PO2 and determined by AES analysis.  

PO2  
(10-4.mbar) 

Ta/(Ta+N+O) 
ratio (%) 

N/(Ta+N+O) 
ratio (%) 

O/(Ta+N+O) 
ratio (%) 

N/(N+O) 
ratio (%) 

0 48 45 7 86 
0.9 44 47 8 85 
1.9 41 41 17 70 
3 37 31 32 49 

4.2 34 19 47 28 
 
To examine the X/(Ta+N+O) ratios, where X=Ta, N or O, it has to be mentioned that the evaluation of the 

content of light elements such as nitrogen and oxygen by means of AES often results in underestimated values [8]. 
Therefore, the trends observed regarding to the X/(Ta+N+O) ratios have to be considered with caution. It was clear 
that as the PO2 was risen, the Ta/(Ta+N+O) ratio decreased. At low PO2, this ratio seemed closer to the one 
encountered in TaN phases but, taking into the potential underestimation of the nitrogen content, this ratio could 
also be compatible with other tantalum nitrides such as Ta3N5, Ta4N5 or even Ta5N6. At high PO2, the X/(Ta+N+O) 
ratios became closer to the ones encountered in the TaON phase. 
 

Beside the chemical composition, the crystallinity and the morphological properties of the films have been 
investigated by XRD, SEM and AFM.  

Figure 1 illustrates the evolution of the XRD patterns as a function of the PO2. Below 0.9x10-4 mbar, the 
diffractograms exhibited reflections that could be assigned to the Ta3N5 phase (JCPDS 01-072-0813), which was 
consistent with the AES results. Only a few broad peaks could be observed which indicates that the films were 
poorly crystallized. Beyond a PO2 of 0.9x10-4 mbar, the films became amorphous.  
Such an amorphization of sputtered layers, going from oxides or nitrides phases toward their oxynitrides 
counterparts through the adjustment of the PO2 or the PN2, is well known and has already been reported for TiOxNy, 
HfOxNy or ZnOxNy films [9, 10]. This behavior might have two concomitant origins: on the one hand, the defect 
creation due to the anionic substitution which destabilizes the lattice and leads to a crystallization delay; and on the 
other, the competition between the formation of the different phases involved, which in our case would be the 
Ta3N5, the TaON and the Ta2O5 phases. This last assumption is reinforced by the AES trends which showed that – 
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be considered as a good place to start. Thus further improvement of the performances through crystallization and 
through the use of catalysts could allow us to reach reasonable performances.  

4. Conclusion 

TaOxNy photoelectrodes were prepared by DC reactive sputtering at room temperature. The effects of the 
atmosphere’s composition during deposition – i.e. a mixture of Ar, N2 and O2 – have been investigated. It has been 
shown that the increase of the PO2 led to the amorphization of the films – initially crystallized in the Ta3N5 structural 
type – as well as to the increases of the films roughness, of their oxygen content and of their bandgap energy. With 
regard to the photocurrent densities, an optimal PO2 has been highlighted. This could correspond to a composition 
which provided the optimal tradeoff between, on the one hand, the delay of the crystallization and the increase of the 
bandgap energy – which are usually detrimental for PEC performance – and, on the other, the increases of the films 
stability and surface area, which are beneficial for PEC performance.  

Although the best PEC performances were still pretty low comparing to the one reported in the literature, it is 
expected that further crystallization and the use of catalysts could allow us to reach reasonable performances in the 
future. Moreover, the synthesis of such dense films and the precise control of the photoelectrodes characteristics, 
such as the thickness, the composition and so on, will allow these electrodes to be used for further fundamentals 
studies. Finally, the use of FTO as substrates is also an advantage since this makes this photoelectrodes suitable for 
tandem cell devices [13].  
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