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Highly Sensitive Monitoring of Ru Etching Using Optical Emission D. Shamiryan,z M. R. Baklanov, and W. Boullart IMEC, Leuven, Belgium During Ru etch with oxygen-based plasma, strong emission lines have been observed in the region of 340-390 nm with the most prominent peak at 373 nm. These are attributed to the emission of neutral Ru. We have shown that the emission can be used for end-point detection for Ru patterning by plasma etch as well as for highly sensitive in situ monitoring of the etch chamber cleaning after Ru processing. © 2005 The Electrochemical Society. 关DOI: 10.1149/1.1928227兴 All rights reserved. Manuscript submitted February 24, 2005; revised manuscript received April 6, 2005. Available electronically May 17, 2005.



Continuous scaling of metal-oxide-semiconductor field effect transistors 共MOSFETs兲 brings challenges that cannot be resolved using conventional materials. A straightforward example is the polysilicon gate that starts showing a number of limitations as the gate size goes below 100 nm. The main limitations are high gate resistance and gate depletion. Gate depletion, which arises due to insufficient dopant activation close to the poly-Si/gate dielectric interface, lowers the surface-effective field that degrades device performance. Both problems can be overcome by using metals as the gate electrode. Metals have low resistivity and high electron density that is not subjected to depletion. Ruthenium is one of the promising candidates for the metal gate electrode. It has the appropriate work function of p-MOS devices and is thermally stable in contact with dielectrics like SiO2 or ZrO2.1 Since Ru forms volatile ruthenium tetraoxide RuO4 共boiling temperature ⬇104°C兲, it is reported to be relatively easily patterned by ozone gas2 or oxygen plasma.3 It was found that addition of 10% Cl2 increases the etch rate. This might be due to the fact that chlorine can increase the concentration of oxygen radicals and ions.4 No etch products other than RuO4 and some RuO3 共such as RuF5兲 were observed during etching of RuO2 with O2 /CF4 plasma. Exposure of RuO2 to Cl2 plasma left some Cl on the surface 共as found by X-ray photoelectron spectroscopy, XPS兲 but no Ru chloride.4 Attempts to etch RuO2 with SF6 /Ar, BCl3 /Cl2, SF6 /BCl3 /Ar were reported to be unsuccessful; no ruthenium-containing species were detected in the downstream emission by Fourier transform ion cyclotron resonance 共FTICR兲 spectroscopy.5 It can be concluded that no plasma other than an O2-containing is known to etch Ru 共or RuO2兲. The optical emission was studied during the etching of ruthenium oxide by oxygen-containing plasma. It was shown that the emission can be used for end-point detection, and it was assumed that a possible source of the emission is Ru atoms.5 Knowledge of the emission spectra is necessary to develop etch monitoring during patterning of Ru metal gates. On the other hand, the optical emission spectroscopy of electronically excited radicals is extremely sensitive and can be used for quantitative monitoring of small amounts of Ru contaminating the etch chamber. In this paper we present experimental data on optical emission spectra, characteristic for the Ru etch process and demonstrate their utility for the end-point detection during Ru patterning and for Ru contamination monitoring in the etch chamber after processing of Ru wafers. Such detection can provide in situ monitoring of the chamber cleaning. It is shown that the optical emission at 373 nm has a higher sensitivity to the Ru traces than well known total reflection X-ray fluorescence 共TXRF兲 analysis.



etcher with TCP power and substrate bias controlled separately. The spectrometer operates in the wavelength range from 200 to 870 nm with a resolution of 0.37 nm. Results and Discussion Strong emission lines were observed during Ru etching by O2 /Cl2 共10% Cl2兲 plasma in the range between 340 and 390 nm. The most prominent peak is observed at 373 nm, as can be seen from Fig. 1. None of those peaks are present if the same O2 /Cl2 is ignited when no Ru is present. Since no peaks are observed when pure chlorine plasma is used, one can conclude that the observed peaks are not related to any Ru chlorides that might be formed in the O2 /Cl2 plasma. The emission spectra were recorded for three etch plasmas, O2 /Cl2 共10% Cl2兲, O2 /CF4 共10% CF4兲, which is also reported to have a higher Ru etch rate as compared to pure O2 plasma, and, finally, pure O2 plasma 共see Fig. 2.兲. The Ru etch rates in the studied plasmas are shown in Table I. We did not observe the reported increase of the Ru etch rate caused by addition of CF4 and found both pure O2 and O2 /CF4 plasmas etch Ru almost one order of magnitude slower than O2 /Cl2 plasma. The peak intensity at 373 nm in O2 /Cl2 plasma is higher than that in O2 or O2 /CF4 plasmas. However, the peak intensity does not correlate with the etch rate, while the etch rate of O2 /Cl2 is one order of magnitude higher than that of O2 or O2 /CF4 the total peak area produced by O2 /Cl2 plasma is only 50% higher. The emission lines



Experimental The Ru etch was performed on the Lam Research Versys 2300 etch chamber configured for 200 mm wafers etch and equipped with a spectrometer. The chamber is a transformer coupled plasma 共TCP兲
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Figure 1. Emission spectra of O2 /Cl2 共10% Cl2兲 plasma in the region of 330-390 nm during Ru etch 共solid curve兲, the same plasma without Ru presence 共dotted curve兲, and pure Cl2 plasma in the presence of Ru 共dashed curve兲.
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Figure 2. The emission spectra of O2 /Cl2 共10% Cl2兲 共solid curve兲, pure O2 共dashed curve兲, and O2 /CF4 共10% CF4兲 共dotted curve兲 plasmas in the 330 -390 nm region in the presence of Ru.



have a weak correlation with electronically excited and ionized RuO4 states either calculated theoretically6 or observed experimentally.7 The theoretical peak is predicted at 385 nm 共which corresponds to the electronically allowed transition to the 1T2 state 兵1t1关2p共O兲兴 → 2e共M-O兲其, while a broad peak was experimentally observed in the limits of 350-430 nm. However, the exact peak positions do not match. Therefore, the observed emission is related to some etch byproducts and not to the main reaction product RuO4. According to the National Institute of Standards and Technology 共NIST兲 Atomic Spectra Database,8,9 the spectra observed during the Ru etching in O2 /Cl2 plasma correspond to the emission of electronically excited Ru atoms. The comparison between the experimentally observed spectrum of O2 /Cl2 plasma during Ru etch and neutral Ru emission lines from the NIST Database is shown in Fig. 3. The intensities from the database were normalized by the intensity of the highest observed peak at 373 nm. One can see that neutral Ru emission lines coincide with the observed peaks during the Ru etch with fairly good correlation between relative peak intensities. A similar observation 共strong emission from a by-product and not the main etch product兲 was reported by Mucha et al.10 during the etching of silicon by atomic fluorine where the main source of chemiluminescense are electronically excited SiF3 radicals while the main reaction product is SiF4. The observed emission of Ru can be directly used in semiconductor processing. Tracking the emission at 373 nm allows observation of an end point during Ru etch. Such an end-point trace, recorded during dry etching of a metal gate stack containing Ru is shown in Fig. 4. A similar trace during etching of RuO2 by Ar/O2
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Figure 3. The observed emission spectra of O2 /Cl2 共10% Cl2兲 plasma during Ru etch 共dashed curve兲 and neutral Ru emission lines 共vertical lines兲 from the NIST Atomic Spectra Database.8,9



plasma was reported by Vartanian et al.5 One can see a drop of about 60% in the signal intensity after about 48 s of etch. The Ru film thickness was equal to 20 nm. Another application of Ru emission is related to the chamber cleaning process applied after etching. It has been found that the Ru emission lines described above do not disappear completely after the completion of the Ru etch and are still observed during the etch of the next wafer even if it does not contain any Ru at all. Such an emission can be explained by deposition of Ru on the chamber walls with subsequent removal accompanied by its emission. In Fig. 5 the emission during the chamber cleaning is illustrated. After complete etching of one blanket Ru wafer of 50 nm thickness, a number of bare Si wafers were etched with O2 /Cl2 共10% Cl2兲 chemistry for 60 s. The spectra shown were taken after first 5 s of etch of every



Table I. Ru etch rate in different plasmas. The etch conditions: pressure, 10 mTorr; plasma power, 900 W; bottom electrode power, 90 W; total gas flow, 200 sccm. Plasma



Etch rate 共nm/min兲



O2 /Cl2 共10% Cl2兲 O2 Cl2 O2 /CF4 共10% CF4兲



42.3 3.2 Not measurable 4.8



Figure 4. Intensity at 373 nm 共with bandwidth of 4 nm兲 as a function of time during patterning of a gate stack containing Ru. A clear end point is observed.
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Electrochemical and Solid-State Letters, 8 共7兲 G176-G178 共2005兲 the sixth wafers were below the detection limit 共which is 1.0 ⫻ 1012 atom/cm2兲. It should be noted, that the Ru emission is still observed on the third wafer while TXRF measurements are below the detection limit. That makes optical emissions more sensitive to Ru contamination of the chamber walls than indirect TXRF measurements. Conclusions Optical emission during Ru etch by oxygen-based plasma 共attributed to the emission of neutral Ru atoms兲 can be used for highly sensitive etch-process monitoring. The emission lines in the region of 340-390 nm with the most prominent peak at 373 nm can be used for end-point detection during the patterning of Ru metal gates as well as for in situ monitoring of etch chamber cleaning after Ru etch. The chamber contamination monitoring is more sensitive to the Ru presence than the conventional TXRF analysis. IMEC assisted in meeting the publication costs of this article.



References Figure 5. Emission spectra of O2 /Cl2 共10% Cl2兲 plasma in the region of 330-390 nm during etching of bare Si wafers after Ru etch is finished. The numbers refer to the cleaning wafer number.



wafer. One can see that Ru emission peaks are gradually reducing with the number of cleaning wafer until the fifth wafer shows the same spectrum as the sixth. The cleaning has been confirmed by TXRF. Ru concentration on the first, third, and sixth cleaning wafers has been measured by TXRF. Some Ru contamination 共1.5 ⫻ 1012 atom/cm2兲 has been observed on the first wafer, while the measurements of the third and
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