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Quasi in situ XPS on a SiOxFy layer deposited on Silicon by a cryogenic process

A silicon oxyfluoride layer was deposited on a-Si samples using SiF4 / O2 plasma at different temperatures between -100°C and -40°C. In situ X-Ray Photoelectron Spectroscopy measurements were then performed in order to characterize the deposited layer. The sample was then brought back to room temperature and analyzed again. It has been shown that a temperature below -65°C is needed in order to significantly enhance the physisorption of SiFx species. Hence, in this condition, a F-rich oxyfluoride layer, stable at low temperature only, is physisorbed. Above this threshold temperature, the native silicon oxide layer is fluorinated and the proportion of O in the deposited layer is higher and remains stable even when the sample is brought back to room temperature.

Introduction

The formation of a silicon oxyfluoride layer has been widely studied for several applications. First, due to its low dielectric constant, the SiOxFy layer can be used as an interlayer dielectric in Back-End-Of Line applications and Very-Large-Scale Integration devices [1][START_REF] Geisler | AIP Conference Proceedings[END_REF][START_REF] Lee | [END_REF] . Its low refractive index makes it also interesting as optical layer [START_REF] Lee | [END_REF][4][5] . It is also used in plasma structuring [6][START_REF] Gaudig | 32nd European Photovoltaic Solar Energy Conference and Exhibition[END_REF][START_REF] Gao | [END_REF][9][10][11] . This layer is also well-known as the passivation layer used to perform anisotropic deep etch of Si in cryogenic standard and STiGer processes [12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28][29][30][31] . As far as we know, the behavior of the SiOxFy layer at cryogenic temperatures has only been investigated for passivation purpose in etching processes, so the knowledge on this layer was based on these studies. It was shown that the SiOxFy passivation layer is either built from the SiFx sites remaining at the silicon surface or by the SiFx radicals species produced in the plasma from the dissociation of SiF4 etch by-products. These SiFx species react with oxygen radicals produced in the plasma to form the SiOxFy layer on the cold silicon surface. This layer grows efficiently at low temperature only, and is modified when the sample is brought back to room temperature 30 . Moreover, when the sample is in contact with air, the fluorine content of the SiOxFy decreases further and leads to a SiOx like layer 9,32 . In 29 , in situ X-Ray Photoelectron Spectroscopy (XPS) analyses on Si samples after exposure to SF6 / O2 plasma at -100°C were reported. The authors assumed that the deposited SiOxFy layer was mainly composed of SiOF3 molecules at the top surface. During the warming of the sample, oxygen and fluorine diffuse more easily at the layer surface. SiF4 molecules are then formed, and being very volatile, desorb immediately from the surface leading to the layer thickness decrease. In 32 , SiF4 / O2 plasma mixture has been produced and studied to evidence the importance of SiFx physisorption in the formation of the SiOxFy layer. It was also shown by Spectroscopic Ellipsometry (SE) measurements that, for the same plasma parameters, the thickness of the deposited layer increases when the sample temperature decreases. Once this layer is brought back to room temperature, a part of it desorbs. The refractive index of the latter layer is close to the one of SiO2 (1.45) when the deposition is performed above -50°C. However, for a deposition temperature below -50°C, the refractive index decreases down to 1.2 after venting, due to the desorption of physisorbed species, making the layer more porous. In order to have a better understanding of the mechanisms involved in the growth of the SiOxFy layer and its desorption, quasi in situ XPS measurements have been performed and are presented in this paper. The silicon oxyfluoride layer was deposited at three different temperatures between -100°C and -40°C using SiF4 / O2 plasma. The layer was analyzed without venting, a first time at the deposition temperature and a second time after warming up the sample.

Experimental

The experiments were conducted on the OPTIMIST platform (Opening of a Technical Platform for the Investigation of the Mechanisms of Interaction between plasma and Surface on a large Temperature range) composed of a home-made ICP reactor connected to a X-ray Photoelectron Spectroscope (XPS). A sketch of this platform is presented in 33 . Tests were performed on a 50 nm thick a-Si layer deposited by Chemical Vapor Deposition (CVD) on a 100 nm thick SiO2 layer, previously grown on Si substrates. Thus, the SiOxFy layer was deposited in the ICP reactor on a 10 x 10 mm² a Si coupon. Then, the a-Si coupon was loaded on a transfer sample rod whose temperature is adjustable using liquid nitrogen in combination with a heating resistance. The sample rod can navigate from the reactor chamber to the XPS chamber while keeping the sample under vacuum and at the desired temperature. Leakage tests were carried out before the experiments in order to ensure the absence of leaks and contaminations, and a plasma clean was performed after each experiment. XPS analysis is carried out with an Al Kα monochromatised x-ray source (SPECS XR 50M and Focus 500) operated at 400 W. The analyser (SPECS Phoibos 150HR) operates in fixed transmission and medium area mode. Survey scans are acquired at 30 eV pass energy (PE) with 0.5 eV steps, and high resolution narrow scans at 14 eV PE with 0.05 eV steps. No charge neutraliser was used during data acquisition. Post-acquisition charge correction was found necessary for the -100°C sample only. Considering the overall composition of the layer, this was carried out by aligning the F 1s principal component with that of the F-Si identified for the -65°C sample; the concomitant observation of CF2 species now at 291.2 eV brought a high confidence in the procedure. We used the software CasaXPS for the quantification and spectral analysis 34 . The a-Si sample was exposed to a 30 s long SiF4 / O2 plasma with 6.6 sccm SiF4 and 20 sccm O2 flow rates (25 % of SiF4 in the mixture). The pressure was set to 3.0 Pa and the ICP power was 200 W.

Results and Discussion

Figure 1. shows the XPS survey spectra of the a-Si surface before and after exposure to SiF4 / O2 plasma at -40°C, -65°C and -100°C. Figure 1. a) shows the reference wide scan before SiF4 / O2 exposure. Contribution of the Si 2s and Si 2p core levels is observed. Presence of oxygen (O 1s) is due to the native oxide on Si, presence of carbon (C 1s) comes from atmospheric contamination.

According to Figure 1. b) and c), the survey scans obtained after deposition at -40°C and -65°C are quite similar. The main change in comparison to the reference sample is the fluorine contribution (F 1s) and the disappearance of carbon. At -100°C, the fluorine peak becomes very intense, whereas the intensity of the silicon and oxygen peaks decreases sharply. Some physisorbed nitrogen (N 1s) is also detected. It may come from some residual N2 in the chamber dissociating during the plasma and that physisorb on the cold surface.

For a more accurate analysis, a narrow scan of each core level was performed. As the scans at -40°C and -65°C are quite similar, only -40°C narrow scans will be presented. Figure 2. shows the narrow scans of the F 1s, O 1s and Si 2p core levels after deposition at -40°C and after warm up. Figure 2. (a) shows F 1s core level. One peak is observed at 687.2 eV, corresponding to F-Si(O) bonds 9,35 .

Regarding the O 1s core level in Figure 2. (b), a peak is detected at 533.0 eV. Its slight shift, as compared to the reference sample (532.7 eV) indicates the presence of some O-SiF bonds from the deposited layer in addition to the O-Si from the native oxide. Figure 2. (c) shows the Si 2p spectra. Two main structures are observed: at 99.2 eV and 103.9 eV, corresponding respectively to the a-Si material and Si4 + oxidation state. On the raw sample, the latter is detected at 103.4 eV and comes from the native oxide layer. The shift observed here shows that part of the native oxide has been fluorinated. It also confirms the existence of SiOxFy species from the deposited silicon oxyfluoride layer due to the presence of fluorine in the layer 9,16,22,29,35,36 . After warming up, the peaks remain unchanged.

The thickness of the deposited layer after warming up the sample to 20°C was estimated using two different means of calculation. First the QUASES-Tougaard software 37 was used to analyse the evolution of the inelastic background of the Si2s-Si2p spectral region from the reference and the plasma treated samples. Second, the attenuation of the Si 2p (a-Si) component resulting from the presence of the deposited layer was used. Photoelectron attenuation length in the deposited layer was considered similar to that in amorphous SiO2 and taken as 37.5 Å for Si 2p photoelectrons 38 . Both means of estimation give converging values of 7 ± 3 Å for the SiOF deposited layer. Confidence in this estimation can be evaluated from the calculation of a 17 ± 1 Å thick native oxide on a-Si using the same procedures. Figure 3. presents the narrow scans of each core levels after deposition at -100°C and after warm up. The F 1s scan in Figure 3. (a) after deposition shows two peaks. The first one is very intense and is detected at 685.5 eV. It is related to F-Si bonds 39 and its intensity strongly decreases after warming up. The second peak is located at 688.5 eV corresponds to F-C bonds 39 due to the physisorption of CFx species etched from the reactor wall. In agreement, the C 1s spectrum (not shown) presents evidence for CFx (x = 1 to 3) species. Two others peaks are also observed after warm up. The first peak at 687.2 eV corresponds to F-SiO bonds, as at -40°C. The second peak at 683.9 eV are identified as F-Cr bonds, such contamination comes from the physisorption of CrF2 species due to the etching of the Ni/NiCr thermocouple measuring the sample temperature. In fact the sample at low temperature also shows some Cr contamination, but the signal is much weaker; as the latter increases upon warm-up we emphasize that the (nonvolatile) CrFx species that were dispersed within the SiOF layer are now concentrated at the surface.

Figure 3 (c) presents the Si 2p spectra. After deposition, only the peak at 103.6 eV is detected. The contribution from the a-Si material (99.2 eV) is not observed. This indicates that the sample surface has been totally covered with a SiOxFy layer thicker than 10 nm (typical XPS analysis depth assuming an attenuation length of ~3 nm for Si 2p photoelectrons). At this temperature, the desorption rate of physisorbed SiFx species is lower than at higher temperatures, which leads to an accumulation of SiFx species at the surface 40 . After warm up, the substrate contribution can be detected again due to the desorption of fluorinated species. Figure 3 (b) shows the O 1s spectra. The low temperature SiOxFy layer gives a contribution at 534.1 eV. Two other oxygen peaks are detected at 541.2 eV and 545.2 eV. They could not be clearly identified. Nevertheless, they may come from some residual species trapped in the physisorbed layer. A similar double contribution is observed on the N 1s region (not shown). After warming up, these species disappear and only one peak, located at 533.0 eV is detected. It is the same as at -40°C and corresponds to O-SiF bonds from the SiOxFy layer. Such evolution shows that the modification of the surface after the deposition at -100°C and after warm up is due to the desorption of SiFx species. Moreover, this desorption indicates that the deposited layer at -100°C is a mix of a physisorbed layer, only stable at low temperature, and a chemisorbed layer that remains even at room temperature. Figure 4. shows F 1s and O 1s spectra after deposition at the three different temperatures. It allows to evidence the intermediate behavior at -65°C. Indeed, in Figure 4. (a) a small tail is already detected at 685.5 eV related to F-Si bonds. The intensity of this peak strongly increases when the deposition is performed at -100°C. Moreover, Figure 4. (b) shows that the intensity of O-SiF peak at 533.0 eV slightly drops from about 24000 cps at -40°C to about 20300 cps at -65°C. Moreover, at -100°C, that at 534.1 eV is only about 6100 cps.

Using the acquired scans, the relative surface composition has been quantified after deposition and after heating the sample back to 20°C. The obtained results are presented below in Figure 5.

The experiments performed at -40°C and -65°C lead to very similar results that do not significantly change after heating. The composition averaged on the analyzed depth is about 59% of Si, 23% of O and 17% of F. At -100°C, it was shown in Figure 3. (c) that the surface is totally covered by a SiOxFy layer. According to Figure 5., this layer, including the C, O, N trapped species is composed of 11% of Si, 18% of O, 52 % of F, 4% of C and 15% of N. Skipping the trapped physisorbed species, one obtains 74% F, 8% O and 18% Si. After heating, a significant part of this layer desorbs, which is in agreement with the SE observations reported in 23,29,32 . The F content decreases to 19.5%, which is close to the amount detected at the surface at -40°C and -65°C. These XPS measurements have first evidenced the existence of a temperature threshold. Indeed, at -65°C and above, the native oxide is fluorinated and a layer with a low amount of fluorine can be deposited. This SiOxFy layer is stable in temperature, as it does not change after bringing the sample back to 20°C. According to 17,32 , the material of this layer is close to SiO2. Being rich in oxygen, it is consequently more resistant to SF6 plasma.

Below -65°C and more specifically at a temperature close to -100°C, the surface residence time of SiFx species is significantly increased 40 . The deposited silicon oxyfluoride layer is consequently a mix of chemisorbed molecules and physisorbed fluorine-based species. The physisorbed part of this SiOxFy layer is only stable at low temperature, as a significant part of SiFx is converted in SiF4 molecules which immediately desorb from the surface once formed during the sample warming up 23 . The thickness decrease observed in 32 is hence due to the depletion of SiFx species from the surface layer.

Conclusions

This study presents the effect of temperature on the deposition of a SiOxFy layer on a-Si. It shows that the concentration of fluorine atoms in the deposited SiOxFy layer increases when decreasing the temperature below -65°C. Then, a decrease in the Si-O peak intensity and the formation of a small peak related to Si-F bonds can be clearly observed by in situ XPS analysis. At -100°C, the SiOxFy layer has a stoichiometric composition close to a SiOF3 as reported in 29 with a SF6 / O2 plasma in overpassivating regime. This study also confirms that the layer is significantly modified during the warming of the sample with a large depletion of SiFx species from the layer. Thus, once warmed up, there is no significant difference in the composition of the deposited SiOxFy layer regarding the deposition temperature. However, in a previous study 32 although performed under different conditions, the authors showed that when depositing a SiOxFy layer at low temperature (close to -100°C) and then warming it up, the created layer is porous. This is due to the desorption of SiFx species, and the layer will consequently have a different optical index than if it was deposited at room temperature. Finally, this study showed that at -40°C and -65°C, a chemisorbed SiOxFy layer can be formed by first fluorinating the native oxide, whereas at -100°C, the physisorption of SiFx species is enhanced and thus the deposited layer is a mix of chemisorbed and physisorbed species.

Thus, this study offers further insights into the mechanisms involved in processes using SiF4 / O2 plasma, which is used in the so-called STiGer cryogenic etching processes 41 . However, it also offers the possibility to tune the SiOxFy chemical and optical layer properties as desired, by adjusting the temperature of deposition. 
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 2345 Figure 1. XPS survey scans on a-Si coupon before and after SiF4 / O2 plasma exposure at three different temperatures (Experimental conditions: SiF4 / O2 plasma: 25%, 30 s, 3 Pa, 200 W)
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