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Abstract: Tantalum oxynitride thin solid films have been deposited by reactive magnetron sputtering, using a fixed proportion reactive 
gas mixture (85% N2 + 15% O2) but with varying partial pressures, onto silicon (100) wafer substrates. The physical integrity was observed 
after vacuum thermal annealing at temperatures from 100 °C to 800 °C. The structural evolution on the as deposited and annealed samples 
was obtained by X-ray Diffraction. For the lowest partial pressure, the crystalline structure is that of tetragonal β-Ta. Increasing the 
reactive gas partial pressure leads to the formation of fcc-Ta(O,N) crystals, with various orientations (111, 200, 220).The higher partial 
pressure films are amorphous. The thermal annealing induces a phase transformation, from tetragonal β-Ta to hexagonal TaNx (x<1). AFM 
measurements resulted in low RMS roughness values, regardless of the partial pressure or the annealing temperature. 
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1. Introduction 
Transitional metal oxynitride thin solid films have found a wide 

application in industrial environments, due to interesting electrical, 
optical, mechanical or other properties in association with a 
relatively low cost and ease of manufacturing. Films from this class 
of compounds (oxynitrides) are promising candidates to be 
implemented in practical applications, due to their main feature, 
which is the possibility to tune firstly the metallic/non-metallic ratio 
and secondly the non-metallic content ratio (O2/N2), by closely 
controlling the deposition parameters. Tantalum oxynitride thin 
films have been already studied for their potential in tribological 
and/or mechanical applications [1, 2], electrical applications [3-8], 
or optical applications [9, 10]. 

  
This work presents our results concerning magnetron sputtered 

tantalum oxynitride thin films. In particular, some key information 
regarding the structural evolution and morphology, as a function of 
the deposition parameters and annealing temperature will be 
presented. 

2. Experimental details 
TaOxNy thin films were deposited onto silicon (100) wafers 

substrates by DC reactive magnetron sputtering, using a laboratory-
size deposition chamber, containing a tantalum target (99.6% 
purity), with the following dimensions: (200 × 100 × 6) mm, 
positioned at 70mm relative to the substrate holder. The schematic 
for the deposition equipment used for the experimental part of this 
work is presented in Figure 1. 

 
Fig. 1 Schematic of the laboratory chamber used for the deposition of the 

tantalum oxynitride films. 
 
 
The gas atmosphere during deposition was composed of argon 

as working gas and a mixture of nitrogen and oxygen (fixed 
proportion of 15 % O2 + 85 % N2) as reactive gases. The argon flow 
during deposition (70 sccm) was kept constant during all 
depositions, while the overall N2+O2 gas mixture flow was varied 
between 2.5 and 30 sccm, corresponding to partial pressures 
ranging from 0.02 Pa to 0.24 Pa. The partial pressure values were 
registered before the plasma ignition. The substrate holder was 
grounded (GND), and the temperature was maintained at 100 °C for 
all depositions. A more detailed presentation for the deposition 
protocol for the samples included in this work is presented 
elsewhere [11]. Table 1 contains information regarding the 
deposition parameters for the samples presented in this paper. 

 
Table 1: Deposition parameters for the tantalum oxynitride films. 

Sample Reactive 
gas flow (sccm) 

Partial pressure 
N2+O2 (Pa) 

B2 – TaN0.07O0.03 2.5 0.02 

B3 – TaN0.27O0.20 5 0.04 

B4 – TaN0.55O0.45 10 0.08 

B5 – TaN0.54O0.49 15 0.13 

B6 – TaN0.47O0.67 20 0.17 

B7 – TaN0.41O0.91 22.5 0.20 

B8 – TaN0.39O0.91 25 0.22 

B9 – TaN0.32 O1.24 30 0.24 

 
In order to test the physical integrity of the films as a function 

of the temperature, the films were annealed in vacuum, with the 
following protocol: a base pressure of 10−4 Pa, with a thermal cycle 
in three steps:  

i) an increase of the furnace temperature with an increment 
of 5 °C/min up to the desired temperature; 

ii)  a period of 1 h annealing at the desired temperature; 
iii)  free cooling until reaching ambient temperature.  
The samples were annealed at temperatures ranging from 300 

°C up to 800 °C. The physical integrity was observed with an 
optical microscope. 

 
The structural evolution and stability as function of the 

annealing temperature was observed by X-ray diffraction 
investigations performed using a Philips PW diffractometer (Cu-Kα 
radiation) in a Bragg–Brentano geometry configuration. The 
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resulting patterns were processed with a Pearson VII function and 
the peak characteristics (position, intensity, width) were obtained. 

Atomic force microscopy (AFM) measurements were 
performed on both coated and uncoated samples, with the following 
equipment:  

i) on selected samples using a Park XE-100 atomic force 
microscope, at room temperature, on areas of 20 × 20 μm, 
the surface characteristics being captured with a 200× 
magnification video microscope;  

ii) on selected samples using a Park NX-10, in True Non-
Contact Mode, at room temperature, 100 °C, 300 °C and 
600 °C, on areas of 2 × 2 μm and 500 × 500nm, 
respectively. For all the AFM measurements, the RMS 
(root mean square) roughness was measured. 

 

3. Results and discussions 
 

3.1. Structural evolution and stability 
 

A more in depth discussion regarding the structural evolution 
of the as deposited (non-annealed) tantalum oxynitride thin films 
presented in this paper, as a function of the reactive gas partial 
pressure, can be found elsewhere [11]. However, considering that a 
number of references to the type of structure will be made in the 
following sections, a short overview will be presented hereinafter. 
Figure 2 exhibits the structure variation for the tantalum oxynitride 
samples, as function of the reactive gas partial pressure. Observing 
Figure 2, the samples can be divided in two sets: the samples 
obtained with partial pressures equal or greater than 0.13 Pa are 
essentially amorphous, while the samples obtained with P(N2+O2) < 
0.13 Pa exhibit diffraction peaks evidencing the presence of 
crystallites. The diffraction pattern for the sample produced with the 
lowest partial pressure (TaN0.07O0.03) reveals a broad peak 
containing several diffraction peaks attributed to the tetragonal β-Ta 
phase (00-025-1280). Upon rising the partial pressure (samples 
TaN0.27O0.20 and TaN0.55O0.45), the diffraction patterns contain peaks 
attributed to a fcc-Ta(O,N) type of structure, which signify either a 
face centered cubic fcc-TaN (00-049-1283) or a fcc-γ-TaO (03-065-
6750) structure, containing O and/or N atoms, either substitutionally 
or interstitially, discussed in greater detail elsewhere [11, 12]. 
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Fig. 2 X-Ray diffraction patterns, as a function of the reactive gas partial 
pressure, for the tantalum oxynitride films (Si – substrate, silicon). 
 

The structural stability was assessed by XRD, on the samples 
that were subjected to thermal annealing. Previous results 
concerning the thermal stability of films from the TaON system, 
published by the authors of this paper elsewhere [12], show that 
apart from the lower partial pressure samples, no significant 
changes occur, the films maintaining their structure throughout the 

entire temperature range that was studied (100 °C – 800 °C). The 
main difference between the already reported results and the 
information regarding the samples presented in this paper is the fact 
that the samples presented here were deposited with a grounded 
substrate GND, as opposed to a polarization bias of -50V for the 
samples presented in reference [12]. Some key differences between 
the two sets of samples appear, as a result of the thermal annealing, 
which will be presented in the following section.  

 
Following the XRD pattern analysis obtained from the 

thermally treated samples, three observations can be made:  
i) the film deposited with P(N2 + O2) = 0.02 Pa exhibits the 

most interesting evolution, due to new diffraction peaks, 
observed on the pattern for the 600 °C annealed sample;  

ii) the films deposited with intermediate partial pressures 
exhibit structural stability, regardless of the annealing 
temperature, accompanied by an increase in crystallinity;  

iii) the samples obtained with higher partial pressures 
maintain their amorphous structure, throughout the 
annealing temperature regime.  

 
Figure 3 contains the diffraction patterns for the sample 

obtained with 0.02 Pa partial pressure (TaN0.07O0.03), in the 
following conditions: as deposited, and annealed at 400 °C, 600 °C 
and 800 °C. The first two conditions presented in Figure 3 (As 
deposited and 400 °C) exhibit peaks which were attributed to the 
tetragonal β-Ta structure, albeit with a higher degree of 
amorphization, deduced from the presence of the broad peak located 
in the range 36.6° < 2θ < 41.3°. With an increase in temperature, 
new diffraction peaks can be observed, starting with the diffraction 
pattern for 600 °C. This means that somewhere between 400 °C 
(where no new peaks can be observed) and 600 °C (where the new 
peaks are clearly distinguished), a phase transformation occurs. One 
key observation needs to be mentioned: this structural change was 
reported previously, however the temperature interval where it 
occurs, for the GND sample, is significantly lower (400 °C ÷ 600 
°C), compared to the samples produced with the polarized substrate 
holder (-50V bias) (600 °C ÷ 700 °C) [12]. These new peaks have 
been attributed to a TaNx hexagonal structure, where x < 1 (due to 
the stoichiometry of this sample [11]). None of the peaks for the 
tantalum phases (α-Ta or β-Ta) coincide with the peaks found on the 
diffraction patterns presented in Figure 3. Accordingly, considering 
the stoichiometry of the sample and the peak positions, the 
following hexagonal phases are equal candidates: β-TaN0.43 (01-
071-0265), Ta2N (00-026-0985), TaN0.5 (01-089-4764), Ta2N0.86 (01-
089-5199). 
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Fig. 3 The diffraction patterns for the sample deposited with P(N2 + O2) = 
0.02 Pa, obtained for the as deposited film, and for the 400 °C, 600 °C and 
800 °C annealed films. 
  

It would seem that the annealing treatment promotes the 
transformation from the tetragonal β-Ta phase to the hexagonal 
phase of tantalum nitride. This transformation is due to the 
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migration of the N atoms from grain boundaries and interstitial 
positions. Taking into account that oxygen is present in the sample, 
it is possible that these hexagonal crystals contain some O atoms, as 
it was referred previously [12]. 

 
The annealed samples have been also subjected to an optical 

analysis. Apart from the samples deposited with P(N2 + O2) = 0.02 
Pa and  P(N2 + O2) = 0.08 Pa, all the films keep their physical 
integrity, regardless of the annealing temperature, meaning that no 
visible cracks and/or delaminations have been observed on the 
surface. The observed defects, which were noticed starting with the 
700 °C temperature, for the P(N2 + O2) = 0.02 Pa and  P(N2 + O2) = 
0.08 Pa samples, are presented in Figure 4a and 4b, respectively. 

 

 

 
Fig. 4 Failure features observed on the surface of the annealed samples, 
deposited with P(N2 + O2) = 0.02 Pa (a) and  P(N2 + O2) = 0.08 Pa (b). 
 

 
The cracks and delamination observed in Figure 4 could be 

explained either by a change in dimension for the lattice parameters, 
considering that this sample exhibits the phase transformation from 
tetragonal to hexagonal, in the case of the sample deposited with 
P(N2 + O2) = 0.02 Pa, or by a thermal expansion coefficient 
mismatch between the film and the substrate, for both samples. 

 

3.2. Surface morphology 
 

Several applications necessitate a much larger effective surface 
area than the apparent surface area (ex. solar cells, photocatalytic 
materials, etc). The thin film should, therefore, have a high effective 
surface area, thus an increased surface roughness. An increased 
surface roughness can be obtained by generating loosely packed 
small grains. Quantitative measurements of roughness and surface 
area, obtained using AFM, suggest that nor the deposition 
parameters (for the as deposited films), neither an increase in 
temperature (after potential thermal annealing processes) influence 
significantly the surface roughness of the TaON thin films presented 
in this paper.  

 
Figure 5 presents the RMS roughness values for some of the as 

deposited samples and uncoated substrates. The samples were 
analyzed on a 20 × 20 μm area. From the RMS roughness values 
and also considering the surface features inherited from the 
substrate, shown in figure 5, one can conclude that the deposition 
process variable parameter (the reactive gas partial pressure) does 
not have a significant influence on the surface roughness, and, 
furthermore, that the preparation stage of the substrate could be 
used, at least in this particular case, to increase the effective surface 
area of the TaON films, due to the fact that the films follow the 
irregularities of the substrate surface.  

 

Figure 6 shows the variation of the RMS roughness as a 
function of temperature, for the lowest partial pressure sample. The 
roughness at 100 °C, 300 °C and 600 °C was measured in-situ, the 
AFM equipment having the capacity to heat the sample at the 
desired temperature, up to 600 °C, which was the maximum 
capability of the microscope. A slight increase in surface roughness 
can be observed after the phase transformation, from tetragonal to 
hexagonal structures, which occurs somewhere in the 400 °C – 600 
°C temperature domain. However, all the RMS roughness values 
can be considered to be very low, which translates into a relatively 
small effective surface area of the material. Higher surface 
roughness values would allow for a better adsorption of dye 
molecules on the surface of the films and subsequent rapid 
degradation of the molecules (for photocatalytic materials), thus the 
surface roughness would be one of the first parameters to be 
improved in order to obtain a higher effective area. 

 
Fig. 5 AFM micrographs obtained from uncoated substrates and from the 
intermediate and high partial pressure samples (a,b – uncoated, c – P(N2 + 
O2) = 0.17 Pa, d - P(N2 + O2) = 0.20 Pa, e - P(N2 + O2) = 0.22 Pa, f - P(N2 + 
O2) = 0.24 Pa). 

 
4.Conclusions 

 
1. A set of tantalum oxynitride thin films were produced by DC 

reactive magnetron sputtering. Several configurations have been 
obtained by modifying the partial pressure of the reactive gases 
mixture (15% O2 + 85% N2) between 0.02 Pa and 0.24 Pa, while 
keeping the other deposition parameters identical (GND 
substrate, 100°C substrate temperature, 1A target current, 1h 
deposition time).  

 
2. The structures exhibited by the as-deposited films are as follows: 

for the lowest partial pressure – tetragonal β-Ta; intermediate 
partial pressures – fcc Ta(O,N) structure; high partial pressures – 
amorphous.  

 
3. After deposition, the films were subjected to vacuum annealing 

treatments from temperatures ranging from 300 ºC up to 800 ºC, 
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in order to assess their physical integrity (cracks, delaminations) 
and their structural stability (phase transformations), as function 
of the temperature. The lowest partial pressure sample presents a 
phase transformation somewhere in the 400 °C – 600 °C 
temperature domain, from tetragonal to hexagonal.  

 

4. Further investigations would be needed in order to pinpoint the 
temperature or temperature domain where this phase 
transformation occurs.  

 
5. No delamination or cracks were detected after the annealing at all 

the temperatures, with the exception of the samples produced 
with P(N2 + O2) = 0.02 Pa and P(N2 + O2) = 0.08 Pa, which after 
the annealings done at 700 °C and 800 °C exhibit fissures and/or 
severe delamination.  

 
6. AFM measurements showed very low RMS roughness values, 

regardless of the deposition parameters, for the as deposited 
samples, and also when subjected to heating up to 600 °C. 

 

 

 

 

 
Fig. 5 The influence of temperature on the surface roughness, for the sample 
obtained with P(N2 + O2) = 0.02 Pa. 
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