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Chemical Reaction on Etched TaNO Thin Film as O2 
Content Varies in CF4/Ar Gas Mixing Plasma 

1. INTRODUCTION

Until now, many researchers have studied the properties of TaNO 
thin films [1-5]. Their application for thin film resistors is restricted 
because their resistivity changes suddenly when the nitrogen partial 
pressure is increased, and because TaNO thin films have a variety 
of crystal structures. The range of resistivity, that can be obtained 
by changing the partial pressure, is not sufficient for all types of 
embedded passive resistors. Therefore, different methods are needed 
to allow stable resistivity control. In addition, a fine process with a 
relatively high etch rate, high selectivity, strict control of CD (critical 
dimension) variation, a steep profile, and no recessed under layer is 
needed when the feature size of the gate is below several nanometers. 

To date, the etch characterization of TaNO thin film hasn’t been 
studied using a high density plasma. S. Beck obtained a steep profile 
of the TiN/TaN stack using oxide mask and BCl3 and/or Cl2/HBr. 

However, during the high-k etch process with BCl3 chemistry, TaN 
thin film was removed laterally and formed a undercut profile [6-8]. 
In our experiment, O2/CF4/Ar plasma was selected as the etching gas 
chemistry because O2/CF4/Ar plasma was widely used due to its high 
selectivity and possible formation of a passivation layer. However, the 
etch mechanism of TaNO thin film in O2/CF4/Ar has not been studied.

In this research, the etch properties of TaNO thin films and the 
surface reaction between TaNO thin film and O2/CF4/Ar plasma 
were investigated with an inductively coupled plasma (ICP) etch 
system. In order to understand the effects of input parameters 
on the etch rates of TaNO thin film and selectivity respect to SiO2, 
we investigated the variation of input parameters such as O2/
CF4/Ar gas mixing ratio, RF power, DC-bias voltage, and process 
pressure. X-ray photoelectron spectroscopy (XPS) was performed to 
understand the variations in the chemical states of TaNO thin film 
when the TaNO thin film surface was exposed in O2/CF4/Ar plasma.

2. EXPERIMENTS

The TaNO thin films were fabricated on standard 8 inch silicon 
wafers with a resistivity of 15 ~ 25 Ohm·cm. The TaNO thin film 
produced by the oxidation of deposited TaN films at 400℃ had a 
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final thickness of about 160 nm. The etching experiments were 
performed in a ICP system [9]. The reactor consisted of a cylindrical 
chamber with a 26 cm diameter and two power generators. A 13.56 
MHz power generator was connected to a 3.5 turn copper coil to 
generate the ICP. Another 13.56 MHz power generator was attached 
to the substrate electrode to control the DC-bias voltage. The 
etching characteristics of the TaNO thin films were investigated as a 
function of the O2/CF4/Ar gas mixing ratio. In addition, the plasma 
etching of the TaNO thin films was investigated by changing the 
etching parameters listed in Table 1. The etch rate was measured 
by a surface profiler (α -step 500 KLA Tencor). The compositional 
changes on the etched TaNO surface were investigated using XPS 
(Thermo VG Scientific SIGMA PROBE). The spectra were plotted 
by counting the photo electrons at kinetic energy intervals of 0.1 
eV. The detailed information of the inner region of the film was 
provided by the spectra recorded at 90°. All of the samples for the 
XPS analysis were bare TaNO thin films without any photo-resist 
patterns and the size of the samples and etching time were 1×1 cm2 
and 10 sec, respectively.

3. RESULTS AND DISCUSSION 

3.1 Effect of O2 content in CF4/Ar gas mixing and RF 
power

For the characterization of the TaNO thin film was systematically 

investigated as functions of the O2/CF4/Ar gas mixing ratio, RF 
power, DC-bias voltage, and process pressure. Figure 1(a) shows the 
etch rate of the TaNO thin film as a function of the O2/CF4/Ar plasma 
gas mixing ratio. The other process conditions, viz. the RF power, 
DC-bias voltage, process pressure, and substrate temperature, were 
maintained at 700 W, - 250 V, 2 Pa, and 40℃, respectively. As the 
O2 content in the CF4/Ar gas plasma increased, the etch rates and 
selectivity of the TaNO thin films increasesd The maximum etch 
rate of TaNO thin film was 297.1 nm/min at O2/CF4/Ar (=6:16:4 
sccm) [10,11]. This implies that, for a given range of experimental 
conditions, the chemical reactions were more effective than the 
physical etch pathway. Figure 1(b) shows the effect of the RF power 
on the etch rates of TaNO thin film in the O2/CF4/Ar plasma. As the 
RF power applied to the ICP coil was raised from 500 to 800 W, the 
other process conditions, viz. DC-bias voltage, process pressure, 
and substrate temperature, were maintained at - 250 V, 2 Pa, and 
40℃ ℃, respectively. The etch rate of the TaNO thin film increased 
from 184.8 to 333 nm/min. This etch rate behavior with increasing 
RF power may be explained by the acceleration of both the physical 
and chemical etching pathways as the volume densities and fluxes 
of ions and fluorine atoms increased. 

3.2 Effect of process pressure and DC-bias voltage 

Figure 2(a) shows the etch rate of TaNO thin film as a function 
of the process pressure in the O2/CF4/Ar(=6:16:4 sccm) plasma. 
As the process pressures increased from 1 to 3 Pa, the other 
process conditions, viz. the RF power, DC-bias voltage, and 
substrate temperature, were maintained at 700 W, - 250 V, and 40℃℃, 
respectively. The TaNO thin film etch rate decreased from 371.4 
to 244.4 nm/min. This decrease in process pressure reduces the 
density of the chemically active species, which reduces the chemical 
reaction. However, since the mean free path and ion energy 
increases with decreasing process pressure, the ion stimulated 

Table 1. Process conditions.

Gas mixture (sccm) O2/CF4/Ar(0~9:16:4)

RF power (W) 500 ~ 800
DC-bias voltage (V) -150 ~ -300

Process pressure (Pa) 1 ~ 3

Fig. 1. Etch rates of TaNO and the selectivity of TaNO to SiO2 as a 
function of the O2/CF4/Ar gas mixing ratio and RF power.

 

Fig. 2. Etch rates of TaNO and the selectivity of TaNO to SiO2 as a 
function of the process pressure and DC-bias voltage.
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desorption of the reaction products  increased and the fraction 
of free surface available for the chemical reaction decreased. As 
a result of the effect of the pressure on the etch rate of the TaNO 
thin film, the etch process is limited by the supply of the chemical 
source, and therefore, the etch rate of the TaNO thin film decreases 
with increasing process pressure [16,17]. The TaNO thin film etch 
rates are shown in Fig. 2(b) as a function of the DC-bias voltage. As 
the DC-bias voltage increases from - 150 to - 300 V, the other process 
conditions, viz. the RF power, process pressure, and substrate 
temperature, were maintained at 700 W, 2 Pa, and 40℃, respectively. 
The TaNO thin films etch rate increased from 297.1 to 476.7 nm/
min. This etch rate increase is attributed to the increase of the mean 
ion energy. This results in a  sputtering yield increase for both TaNO 
thin film and the reaction products [12-15].

In our opinion, the domination of the chemical reactions may be 
explained by the following factors. Since the melting point of TaF5 is 
about 229℃, the chemical pathway domination may be related to 
its lack of volatility. As a result, radical and ion densities increased 
with increasing RF power. The molecular bonds were broken by the 
ions bombarding the TaNO thin film surface. Therefore, chemical 
reactions were frequently generated in the plasma due to the higher 
ion density and increased number of broken molecular bonds. The 
etched byproducts were easily evaporated by these physical and 
chemical phenomena. This conclusion is supported by the data 
shown in Figs. 1 and 2.

3.3 XPS analysis 

In order to analyze the surface chemical state in detail, XPS 
narrow scan analysis was performed as a function of O2 content in 
CF4/Ar(=16:4 sccm) plasma. The Ta 4f narrow scan spectra taken at 
a 90o angle were obtained from the TaNO surfaces. As shown in Fig. 
3, mono peaks at the binding energy (B. E.) of 26.1 eV and 27.6 eV 
corresponded to Ta 4f5/2 and Ta 4f7/2 as reported by C. Atanassova et. 
al [18-20]. As shown in Fig. 3(a), the narrow scan spectra appeared 
in the peaks obtained from the  TaNO film as deposited, and 
after etching. When the TaNO thin films were exposed to the O2/
CF4/Ar(=0~9:16:4 sccm) plasma, the Ta 4f core peak decreased 
in intensity. For the O2/CF4/Ar(=0:16:4 sccm) plasma as shown 
in Fig. 3(b), the Ta 4f peak can be decomposed into two peaks 
corresponding to the Ta-N or Metal bond (25.85 eV) and the Ta-Ox 
bond (27.6 eV). These binding energies are in agreement with the 
reported values [19]. The intensity of these peaks decreased when 
increasing the O2/CF4/Ar(=6:16:4 sccm) mixing ratio, as shown in 
Figs. 3(c)~(d). The Ta 4f peak can also be decomposed into three 
peaks corresponding to the Ta-N or Metal bond (25.85 eV), the Ta-
Ox bond (27.6 eV), and the Ta2-O5 bond (28.2 eV, 28.3 eV). Also, a 
new peak appeared at the Ta2-O5 peak. The etching processes in the 
CF4/Ar(=16:4 sccm) plasma and O2/CF4/Ar(=6:16:4 sccm) caused a 
noticeable decrease in the Ta 4f peak. This can be attributed to the 
destruction of the oxide bonds by ion bombardment. This chemical 
shift indicated that a chemical reaction occurred between Ta, O and 
F, resulting in the formation of Ta-F bonds on the surface [19-21].

Figure 4 shows the XPS narrow scan spectra for O 1s taken at 
a 90o angle. These TaNO surface spectra were taken after etching 
in the O2/CF4/Ar(=0~9:16:4 sccm) gas mixture. As shown in Fig. 
4(a), the narrow scan spectra appeared at the peaks obtained from 
the TaNO film as deposited and after etching. The peak at 530.6 
eV corresponds to the O 1s bond. When the TaNO thin film was 
exposed to the O2/CF4/Ar (=0:16:4 sccm) plasma and the O2/CF4/
Ar (=6:16:4 sccm) plasma, the O 1s core peak decreased in intensity. 
For the O2/CF4/Ar (=0:16:4 sccm) plasma TaNO thin film (as shown 
in Fig. 4(b)), the O 1s peak can be decomposed into three peaks 
corresponding to the O-Ta (530.6 eV), O-O (531.75 eV), and O-F 
(533.1 eV) bonds. As shown in Figs. 4(c)~(d) for O 1s, the O 1s peak 
can be decomposed into three peaks corresponding to the O-Ta 

(530.6 eV, 530.45eV), O-O (531.75 eV, 531.5 eV), and O-F (532.9 eV, 
532.4 eV) bonds. After etching the TaNO thin film in the plasmas, 
the shoulder peak of O-F (532.9 eV, 532.4 eV) decreased significantly. 
However, in the  TaNO thin film spectra that were etched in the O2/
CF4/Ar (=0:16:4 sccm) and O2/CF4/Ar(=6:16:4 sccm) plasmas, the 
O 1s peak intensities corresponding to the O-Ta and O-O bonds 
decreased owing to the formation of O-F bonds [18]. The dramatic 
increase in the number of O-F bonds was due to the effective 
dissociation of the Ta-O bonds by the ion bombardment. Based 
on the XPS results, it was revealed that Ta and O were removed 
by the chemical reactions with the F radicals and by the physical 
bombardment of the Ar ions [18,19].

Figure 5 shows the XPS narrow scan spectra for N 1s taken at a 
90o angle. These TaNO surface spectra were taken before and after 

 

 

Fig. 3. Ta 4f XPS spectra of TaNO surface etched with O2/CF4/Ar gas 
mixing ratio at take off angle of 90o. (a) Narrow scan, (b) O2/CF4/Ar=0:16:4 
sccm, (c) O2/CF4/Ar=6:16:4 sccm, and (d) O2/CF4/Ar=9:16:4 sccm.

 

 

Fig. 4. O 1s XPS spectra of TaNO surface etched with O2/CF4/Ar gas 
mixing ratio at take off angle of 90o. (a) Narrow scan, (b) O2/CF4/Ar=0:16:4 
sccm, (c) O2/CF4/Ar=6:16:4 sccm, and (d) O2/CF4/Ar=9:16:4 sccm.
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etching in the O2/CF4/Ar gas mixture at a fixed RF power of 700 
W, a DC-bias voltage of - 250 V, a process pressure of 2 Pa, and a 
substrate temperature of 30℃. We could not identify the N 1s peaks 
from 396 eV to 400 eV. Because the O-F bond is removed during the 
etching process, the intensity of the N 1s peak did not appear to 
be nearly that of the Ta 4p3/2 peak [18-20]. The F 1s photoelectron 
peaks obtained from the etched sample are shown in Fig. 6. The XPS 
binding energy of 685.6 eV was assigned to F 1s as a result of the 
less volatile Ta-Fx. This lead to an etch rate increase with increasing 
amounts of O2 content in the CF4/Ar plasma. This shift to higher 
energy was due to the chemical reaction [20,21].

4. CONCLUSIONS 

We investigated the etching characteristics of TaNO thin films 
using an ICP system. The etching characteristics (including the 
etch rates) and selectivity of TaNO thin films were investigated as 
functions of the etching parameters. The maximum etch rate of 
the TaNO thin film was 297.1 nm/min in O2/CF4/Ar(=6:16:4 sccm) 
plasma. As the O2 fraction in the O2/CF4/Ar plasma increased from 0 
to 9 sccm, the TaNO etch rate increased from 0 to 6 sccm. However, 
the TaNO etch rate decreased with the further addition of O2 gas. 
The etch rates of the TaNO thin films increased with increasing 
RF power, and DC-bias voltage, but decreased with increasing 
process pressure. Ion bombardment was required to enhance 
the etching characteristics due to the relatively low volatility of 
the by products formed during etching by the O2/CF4/Ar plasma. 

The chemical states of the etched TaNO films were investigated 
using XPS. The etching mechanism of the TaNO thin film can be 
explained as follows: Ta interacted with the F radicals in the O2 
containing plasmas, but remained at the surface due to the low 
volatility of TaFx. This can be effectively removed with the help of 
ion bombardment. These results agree with the general energy 
dependency of ion enhanced chemical etching yields.
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Fig. 5. N 1s XPS narrow scan spectra of TaNO surface etched with O2/
CF4/Ar gas mixing ratio at a take off angle of 90o.

Fig. 6. F 1s XPS narrow scan spectra of TaNO surface etched with O2/
CF4/Ar gas mixing ratio at a take off angle of 90o. 


