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A B S T R A C T   

A precise patterning of metal structures plays an essential role in the development of feasible metal-based de-
vices. By examining the etching conditions under which a layer of material is properly etched, the etching 
process can be further optimised and hence controlled. This work reports on the reactive ion etching (RIE) of 
micrometric films of tantalum (Ta) using silicon tetrachloride (SiCl4)/Argon (Ar) plasmas. The etching charac-
teristics have been studied with respect to SiCl4/Ar ratio, plasma power and chamber pressure. It has been found 
that increasing the flow rate of SiCl4 or plasma power leads to an increase in the etching rate. Moreover, the 
observations suggest that it is ineffective to increase the flow rate of Ar to more than 30 sccm and the plasma 
pressure to more than 100 mTorr. The work implemented here represents an important step for the development 
of tantalum-based structures that can be used in a wide range of devices.   

1. Introduction 

The selection of materials used in integrated circuits and micro-
electromechanical systems (MEMS) has broadened considerably in 
recent years. With the advancement in manufacturing technologies, 
electronic and electromechanical devices now involve not only semi-
conductors but also incorporate other materials such as metals, in-
sulators and polymers. Refractory metals possess outstanding 
characteristics that have been a topic of significant interest [1]. 
Tantalum (Ta) is one of the refractory metals that has attracted research 
and industrial attention over many years due to its excellent physical 
and chemical properties such as high melting point, high mechanical 
strength, biocompatibility and high wear resistance [2]. Such charac-
teristics would make tantalum a suitable material for several applica-
tions, including but not restricted to biomedical implants [3], MEMS- 
based sensors and resonators [4–7], biomimetic systems [8] resonant 
gate transistors [8,9], protective coatings [10–12] and diffusion barriers 
[13,14]. 

In order to use tantalum in the intended application, especially in 
electronics and MEMS devices, it must be etched/patterned in such a 
way that leads to precisely fabricated structures. Tantalum metal, 
however, is well known for its remarkable corrosion resistance and 
chemical inertness [15,16]. Such features make tantalum immune to 

chemical attack in most hydrous media. The solutions that are found to 
etch tantalum are hydrofluoric (HF) acid, sulfuric acid (H2SO4), free 
sulphur trioxides (SO3), nitric acid (HNO3) and fluoride ions [15–19]. 
However, the wet etch process suffers from several drawbacks, the most 
important of which are safety (due to the corrosion of acids), under-
cutting that results from the isotropic etching [20,21] and possibly 
damage to other layers attacked by wet etchants. More importantly, 
devices that rely on suspended mechanical components, a sacrificial 
layer must be applied first and then etched away to release the final 
structure [20]. Nevertheless, if a wet-based etching process is used for 
the release, stiction-related problems are encountered in the final 
structure. Such stiction issues could prevent the device from working 
properly. It appears, therefore, that wet etching is not always the 
preferred technique to etch tantalum for MEMS and microelectronics 
applications. 

Based on the challenges in obtaining reliably defined patterns of 
tantalum using wet etching methods, it is vital to employ an alternative 
etching process. Different dry etching techniques have been developed 
to etch tantalum. One of the dry etching approaches in which higher 
anisotropic etch profiles with vertical sidewalls can be obtained is 
reactive ion etching (RIE). The reactive ion etching of tantalum has been 
commonly carried out in fluorine- and chlorine-based plasmas. A num-
ber of studies have been reported on the reactive ion etching of tantalum 
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using different mixtures of plasmas such as sulphur hexafluoride (SF6) or 
SF6/O2 [22], chlorine (Cl2)/chloroform (CHCl3) [23,24], carbon tetra-
fluoride (CF4) [25–28], trifluoromethyl chloride (CF3Cl) and fluoroform 
(CHF3) [28,29], CF4/CHF3 [30]. In addition, a Bosch-based deep reac-
tive ion etching (DRIE) process has been utilised to etch tantalum in a 
plasma mixture of sulphur hexafluoride (SF6) and octa-
fluorocyclobutane (C4F8) [31]. Similarly, tantalum-based films have 
been etched using three mixtures of plasmas: hexafluoroethane (C2F6)/ 
Ar, hydrogen bromide (HBr)/Ar and Cl2/Ar [32]. Issues noticed in these 
etching studies include the relatively fast etch rate, undercutting, 
overetching, using hard mask instead of photoresist and complicated 
etching configuration. With relatively large etch rates of 6 μm/min or 
higher, the etching process might be uncontrollable and can affect the 
layers underneath, hence such etching recipes are not suitable for pre-
cisely controlled features. 

In this work, a thoroughgoing investigation of the RIE characteristics 
of tantalum films in SiCl4/Ar plasmas has been conducted. Plasma based 
on SiCl4 has already been utilised to etch a number of materials such as 
gallium arsenide (GaAs) [33], gallium phosphide (GaP) [34], amor-
phous silicon (a-Si:H) and silicon nitride (SiNx) [35]. SiCl4 and nitrogen 
trifluoride (NF3) plasmas have been used to etch tantalum and tantalum 
nitride [36]. Despite the high selectivity obtained, the work was limited 
to study the etching rate as a function of gas mix ratio without 
addressing the influence of other etching parameters such as power and 
pressure. Therefore, it is essential to dig deeper into the etching process 
and to select the appropriate etching recipe of tantalum. The purpose of 
the present study is to address the effect of the etching process condi-
tions, namely the gas composition of SiCl4/Ar mixture, pressure and 
power, on the etch rate of tantalum films. To the best of our knowledge, 
no previous work dealing with the etching of tantalum in SiCl4/Ar has 

been conducted in such a comprehensive way. The outcomes of this 
study would be beneficial to the realisation of tantalum-based devices 
where fine and precisely defined features are needed. 

2. Experimental 

Fig. 1 shows a schematic diagram of the process flow for the fabri-
cation and reactive ion etching of tantalum films. All tantalum films 
samples have been fabricated on a 3-in. p-type 〈100〉 silicon wafer (Si- 
Mat Silicon Materials). After cleaning the silicon substrate in acetone and 
isopropyl alcohol solvents followed by rinsing in deionized water rinse, 
a direct current (DC) magnetron sputtering system (Oxford Plasmalab 
System 400 Sputter Coater) has been utilised to deposit a 1-μm-thick layer 
of tantalum (Fig. 1a). The target material used in the sputter deposition 
system is 99.99% pure tantalum. Assisted by argon gas with a flow rate 
of 50 sccm, the sputter deposition has been performed at a pressure of 
11.5 mTorr and a power of 300 W. To protect the tantalum film area that 
is supposed to remain unetched during and after the RIE process, a 1.5- 
μm-thick layer of positive photoresist (Megaposit SPR350 - Rohm and 
Haas Electronic Materials) has been served as an etching mask. Using 
Polos MCD Spin Coater, the resist was spun on at 2500 rpm for 1 min and 
soft baked at 100 ◦C for 1 min. A standard photolithography has been 
employed to pattern the photoresist mask into square shapes (Fig. 1b). 
The photolithography process has been conducted using a Karl Suss 
MA8/BA8 mask aligner. After being exposed for 7 s, developed in MF- 
26A for 1 min (Megaposit MF-26A developer - Rohm and Haas Elec-
tronic Materials), the resist has been hard baked at 115 ◦C for 1 min. The 
etching has been performed using STS Multiplex RIE System. The whole 
surface including the square-patterned regions is exposed to a mixture of 
SiCl4 and Ar plasmas (Fig. 1c). Consequently, the tantalum films have 

Fig. 1. Schematic illustration of fabrication and RIE process of tantalum films.  
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been etched using the recipe parameters presented in Table 1. After the 
completion of the etching, the photoresist has been removed using a 
solvent-based photoresist striper (acetone) (Fig. 1d). To ensure that the 
photoresist has been removed entirely, the samples have been subjected 
to O2 ashing (Electrotech 508 Barrel Asher). The etched surface (i.e., the 
etching profile) has been measured using Veeco Dektak 8000 Surface 
Profiler. Additional measurements of the etched surface have been 
performed with a white light interferometer (Zygo) that has the capa-
bility to provide a non-contact and high precision 3D surface profiling. 
Scanning electron microscopy (SEM) and energy dispersive X-ray spec-
trometry (EDS) have been employed to characterise and analyse the 
chemical composition of etched surfaces, helping in the comprehension 
of the etching mechanism. It is worth pointing out that the samples have 
been held (i.e. the actual etching time) in the etching chamber for 15 
min, thus not the whole (1-μm) tantalum layer has been etched away, 
(see Fig. 2d). 

3. Results and discussion 

Fig. 2 shows scanning electron micrographs and white light inter-
ferometry measurements of the surfaces of tantalum films etched in 
SiCl4/Ar plasmas. Clean and anisotropic etching profiles with a vertical 
sidewall have been observed, evident in (Fig. 2a) and (Fig. 2b). The inset 
in Fig. 2b shows a zoom-in view of the etched sample where the 
anisotropic etching profile is clearly seen from the vertical sidewalls. 

The purpose of using a white light interferometer is to ensure precise 
measurements of the etch depth as well as the etch profile of etched 
surfaces of tantalum films. An example of a typical interferometry image 
of a square pattern is shown in Fig. 2c. The actual profiles of the etched 
surfaces extracted from the interferometry measurements are depicted 
in Fig. 2d. The profile shows the etch depth (height) as a function of the 
side length (distance) of the square patterens. For nearly all patterns 
(50–250 μm), the etching profile has been found to be satisfactorily 
anisotropic (i.e., sidewall angles of ~89–89.8◦). The obtained mea-
surements from the SEM and WLI are strong evidence to exclude the 
scenario of isotropic etching in our devices. 

3.1. Effects of etching gas composition 

The first parameter to investigate its effect on the etching process of 
tantalum films is the flow rate of etching gases. Fig. 3 shows the 
dependence of the tantalum etching rate on the flow rate of SiCl4 and Ar 
plasmas. The etching process has been conducted under a power of 60 W 
and a pressure of 100 mTor. In the first case, the plasma mixture ratio of 
SiCl4/Ar are 3:1, 5:1, 7:1, 9:1 and 11:1. By holding the Ar flow rate 
constant at 5 sccm, the etch rate has been observed to increase signifi-
cantly with the flow rate of SiCl4 (see Fig. 3a). As the flow rate of SiCl4 
increases from 15 to 55 sccm, the etch rate has been found to increase 
from 23 to 62 nm/min. The increase in the etching rate is possibly 
related to the large number of Cl radicals generated in the plasma. As the 
reactive species density increases, a chemical etching occurs. Such ob-
servations are in agreement with previous etching experiments [37]. 

In the second case, the influence of adding Ar to the main etching gas 

on the etch rate has been examined. Fig. 3b represents the etch rate with 
respect to the flow rate of Ar under the same power (60 W) and pressure 
(100 mTorr) conditions while keeping the flow rate of SiCl4 constant at 
10 sccm. When the flow rate of Ar increases from 10 to 30 sccm (i.e. the 
plasma composition of Ar: SiCl4 are 1:1, 2:1 and 3:1), a considerable 
decline in the etch rate has been observed. The reason for slower etching 
is possibly the dilution effect. Due to physical ion bombardment of Ar, 
increasing the Ar flow rate could influence the number of etching rad-
icals produced in the plasma and thus lead to a decrease in the etching 
rate [37]. However, the obtained etch rate (~ 4 nm/min) seems to 
remain almost stable as more Ar is added. In this case, the number of 
active radicals become insufficient to induce etching. Such observations 
provide essential information on the role of Ar flow rate on tantalum 
etching. Importantly, the percentage of Ar in the total flow rate seems to 
have a limit like that observed for quartz [38]. Moreover, we have found 
that the etch side-wall profile is affected by the amount of Ar. The higher 
the flow rate, the more the profile tends to be anisotropic. Therefore, it 
can be concluded that it is recommended to maintain the Ar flow rate at 
5–10 sccm. 

From a comparison point of view, the obtained etching rate is ~23 
nm/min for SiCl4 3:1 Ar (Fig. 3a), and it is ~9 nm/min for SiCl4 1:3 Ar 
(Fig. 3b). Under the same power and pressure magnitudes, the highest 
etching rate (~ 73 nm/min) has been achieved in the etching condition 
where the flow rates of Ar and SiCl4 are equal. When compared with 
other materials, especially III-V semiconductors [33,39], etched in SiCl4 
plasma, the etching rate obtained here for tantalum can be considered 
relatively higher. 

3.2. Effects of power and pressure 

The influence of the reactive ion etching pressure and power on 
tantalum etch rate is shown in Fig. 4. The results have been obtained 
under a constant flow rate of 25 sccm of SiCl4 and 5 sccm of Ar. It has 
been observed that the etching rate decreases from 46 to 27 nm/min as 
the chamber pressure increases from 30 to 240 mTorr (Fig. 4a). Such a 
monotonic decrease in the etching rate is consistent with previous 
studies [37,39–41], which suggest that increasing the etching chamber 
pressure causes a reduction in the plasma density. In this case, the 
etching mechanism is influenced significantly by ion bombardment 
where the mean free path of ions generated decreases (i.e. low ion en-
ergies) with the increase of the plasma pressure [41]. It is also possible 
that etch by-products could be re-deposited on the etched surface which 
affects the etching depth of tantalum. Based on the observations shown 
in Fig. 4a, it appears that the chamber pressure in the RIE process is more 
likely to have physical etching characteristics. 

In the case of varying the plasma power from 20 to 120 W while 
maintaining the pressure constant at 100 mTorr, the etching rate shown 
in Fig. 4b appears to rise slightly before increasing considerably at 
higher plasma powers. A surge in the etching rate (up to 113 nm/min) 
has been achieved as the plasma power rises from 60 to 120 W. It has 
been reported that such etching observations at high plasma powers are 
possibly due to great quantity of reactive Cl radicals and higher ion flux 
[37,40]. In general, the RIE plasma pressure and power appear to play a 
key role in changing the etchant concentrations and ion bombardment 
energy and thus affecting the etching process of tantalum [28]. 

3.3. Analysis of etched surfaces 

The etch mechanism of tantalum in SiCl4/Ar plasmas can be com-
prehended by inspecting the etched surface of tantalum. To do this, etch 
by-products formed on the tantalum surface after the RIE have been 
determined using SEM-EDS. The beam energy used in the EDS mea-
surements was 15 keV. Fig. 5 shows the EDS spectra (profiles) and 
elemental composition (tables inset) of tantalum surfaces following the 
etching. Generally, the etched area has been observed to be mainly 
dominated by tantalum with a small percentage of oxygen (O) carbon 

Table 1 
Parameters for the reactive ion etching process of tantalum films.  

Pressure (mTorr) Power (W) SiCl4 flow (sccm) Ar flow (sccm) 

100 60 
(15, 25, 35, 45, 
55) 5 

100 60 10 
(10, 20, 30, 40, 
50) 

(30, 60, 120, 
240) 

60 25 5 

100 (20, 40, 80, 100, 
120) 

25 5  
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(C) and chlorine (Cl). Oxide peaks suggest the formation of tantalum 
oxide (TaxOy). From the atomic percentage of oxygen presented in the 
tables inset in Fig. 5, it is believed that tantalum pentoxide (Ta2O5) has 
been formed. It is highly possible that the sputter-deposited tantalum 
films have been oxidised during the sputtering or due to exposure to the 
atmospheric environment. This native oxide can be removed by physical 
sputtering during the RIE process. 

It is worthwhile to mention that the absence of silicon peaks in the 
EDS data is because of the fact that EDS is not sensitive to surface. Based 
on that, we would exclude the reported scenario [36] which claimed 
that a layer of silicon dioxide (SiO2) might be formed due to a reaction in 
the etching chamber between oxygen and a silicon precursor resulting 
from SiCl4. Therefore, the appearance of oxygen peaks suggests that the 
oxide layer has been created after the etching. Following the removal of 

      (a)   (b)

      (c)   (d)

Fig. 2. SEM photographs and WLI surface profiles of tantalum etched films. (a) Top-view SEM image of a square etched pattern. (b) Top-view SEM image showing 
the sidewall of an etched surface. (c) Top-view WLI surface morphology. (d) Etch depth vs pattern length extracted from WLI profile. 

Fig. 3. Etch rate of tantalum as a function of a flow rate of etching gases of (a) SiCl4 and (b) Ar. Etching parameters of power (60 W) and pressure (100 mTorr) have 
been held constant during the RIE. 
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the thin oxide layer, a reaction could occur between chlorine species and 
tantalum resulting in the formation of volatile etch products such as 
tantalum chloride (TaClx). Nevertheless, the small percentage of chlo-
rine depicted in the tables inset in Fig. 5 suggests that tantalum chloride 
has been formed on the surface. Although carbon has not been used in 
etching, carbon peaks have been detected. The source of this carbon 
could be attributed to contamination induced during the RIE process 

[36,42,43]. 

4. Conclusions 

An enhanced and controllable dry etching process of tantalum can be 
achieved by exploring the main factors that have a major impact on 
etching mechanism. Tantalum films of thickness of 1 μm sputter- 

Fig. 4. Etch rate of tantalum as a function of plasma (a) pressure and (b) power. The flow rates of etching gases of SiCl4 and Ar have been held constant at 25 sccm 
and 5 sccm, respectively. 

 (a)                                                                                 (b) 

   (c)   (d) 

SiCl4

(sccm) 

Atomic (%) 

C O Cl Ta 

15 17.16 30.58 0.74 51.08 

25 18.99 28.67 0.19 51.94 

35 19.43 31.00 0.25 48.98 

45 19.26 29.42 0.06 51.19 

55 20.77 30.13 0.15 48.82 

Ar  

(sccm) 

Atomic (%) 

C O Cl Ta 

10 26.85 25.80 0.10 45.68 

20 24.29 21.90 1.82 51.99 

30 24.67 25.46 0.47 49.41 

40 25.66 26.81 0.29 47.24 

Pressure 

(mTorr) 

Atomic (%) 

C O Cl Ta 

30 27.27 19.78 0.66 52.30 

60 23.30 21.20 0.23 55.26 

120 24.79 23.61 0.17 51.43 

240 26.67 25.96 0.37 47.00 

Power 

(W) 

Atomic (%) 

C O Cl Ta 

20 26.56 23.41 0.41 49.61 

40 26.38 24.18 2.25 47.19 

60 24.66 25.06 0.23 50.05 

80 26.71 25.56 0.06 42.34 

100 3.51 62.08 0.00 1.40 

120 10.70 43.51 0.02 9.64 

Fig. 5. EDS spectra of RIE etched surfaces of tantalum films in SiCl4/Ar plasmas. Each spectrum represents measurements of etched film samples with respect to (a) 
SiCl4 flow rate, (b) Ar flow rate, (c) pressure change and (d) power change. Insets are tables showing the chemical composition in atomic (%) of the etched surfaces. 
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deposited on a silicon substrate and masked with photoresist have been 
etched in a reactive ion etching system using SiCl4 and Ar plasmas. The 
etching process presented in this work is intended to provide a 
comprehensive investigation on the effect of different etching parame-
ters on the etching of tantalum. The etching rate has been studied with 
respect to etching gases ratio of SiCl4/Ar, a chamber pressure from 30 to 
240 mTorr and a plasma power ranging from 20 to 120 W. A significant 
increase in the etching rate has been observed when the flow rate of 
SiCl4 and plasma power increase. It has been found that adding more Ar 
to the main etching gas or increasing the chamber pressure leads to a 
decline in the etching rate. Based on the outcomes obtained from this 
work, an optimum etch recipe for etching tantalum films can be 
determined. 
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D. Joannopoulos, M. Soljačić, I. Celanovic, R.D. Geil, Large-area fabrication of high 
aspect ratio tantalum photonic crystals for high-temperature selective emitters, 
J. Vac. Sci. Technol. B, Nanotechnol. Microelectron. Mater. Process. Meas. 
Phenom. 31 (2013), 011802, https://doi.org/10.1116/1.4771901. 

[32] J.H. Choi, S.M. Hwang, J.Y. Lee, A.A. Garay, C.W. Chung, Highly anisotropic 
etching of Ta thin films using high density plasmas of halogen based gases, 
Vacuum. 133 (2016) 18–24, https://doi.org/10.1016/j.vacuum.2016.08.003. 

[33] S. Golka, S. Schartner, W. Schrenk, G. Strasser, Low bias reactive ion etching of 
GaAs with a SiCl[sub 4]/N[sub 2]/O[sub 2] time-multiplexed process, J. Vac. Sci. 
Technol. B Microelectron. Nanom. Struct. 25 (2007) 839, https://doi.org/ 
10.1116/1.2737439. 
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