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          Si clusters generated during the plasma chemical vapor deposition (CVD) process have a great influence on the qual ity of the fabricated films. In particular, in hydrogenated amorphous silicon thin films (a-Si:H) used for thin film solar cells, Si clusters are mainly responsible for light-induced degradation. In this study, we investigated the amount of clusters incorporated into thin films using a quartz crystal microbalance (QCM) and specially designed cluster eliminating filters, and investigated the effect of the DC grid mesh in preventing cluster incorporation. Experimental results showed that as the applied voltage of the grid mesh, which is placed between the electrode and the QCM, decreased, the number of clusters incorporated into the film decreased. This is due to the electrostatic force from the grid mesh bias, and this method is expected to contribute to the fab rication of high-quality thin films by preventing Si cluster incorporation.
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      1. Introduction
      Plasma-enhanced chemical vapor deposition (PECVD) is employed to deposit various thin film materials in vacuum using activated radicals and ions in an excited plasma state. In particular, hydrogenated amorphous silicon (a-Si:H) films prepared by PECVD have attracted much attention in recent years due to their potential application as photovoltaic materials. However, there are several technical issues related to these devices, one of which is the fabrication of high-quality thin films while maintaining a high deposition rate. Although several research groups have reported stabilized cell efficiency over 10% in single junction, the deposition rate of less than 2 Å/s is too low for commercial application [1]-[3]. To achieve a high deposition rate, a high generation rate of the film precursors is required. The main species contributing to the film deposition are SiH3 radicals, but the highly ordered silane molecules, SinHm, are inevitably incorporated into the films during film growth [4]. The fraction of highly ordered silane molecules markedly affects the film quality. Thus, the analyses of the each radical and high ordered silane are very important.

      To suppress such degradation of a-Si:H films, we have de veloped a multi-hollow discharge plasma CVD method, in which cluster incorporation can be significantly reduced in the upstream region due to the high gas flow velocity to drive clusters toward the downstream region[5]-[7]. By using this method, we successfully deposited a-Si:H films with a low sta bilized defect density of 4.7 × 1015 cm-3 at a high deposition rate of 3.0 nm/s [8]. The a-Si:H films show high stability against light exposure.

      In this study, we focused on a method to suppress the in corporation of highly ordered Si clusters during film growth by applying a DC voltage to the grid mesh placed between the cathode electrode and the substrate. A specially designed QCM (quartz crystal microbalance) is used to observe the amount of Si clusters contributing to the deposition [9].

    

    

  
    
      2. Experimental Method
      The experimental setup consisted of a multi-hollow electro de as a remote plasma source, a grid mesh for setting the ex perimental conditions, and a QCM for measuring the accumu lated mass discharged from the plasma. Experiments were car ried out at a working pressure of 66.5 Pa and a 60MHz AC voltage with 40Vpp.

      Silane was used as the process gas, and the flow rate wasmaintained at 30 sccm. The process gas injected into thechamber passed through the multi-hollow power electrode andflowed out to the exhaust gas treatment system. During theflow of the process gas, plasma was generated inside theholes, as shown in Figure 1 (a). The various radicals generated in the plasma underwent primary and secondary reactions and passed through the grid mesh located below the power electrode. The radical flux passing through the grid mesh, that is, the radicals contributing to the film growth, were measured in the specially designed QCM.

      
        
        

        Figure 1: 
				
        

        
          (a) Photograph of experimental setup and (b) a schematic diagram
        
        

        

      

      The QCM consisted of three channels (Figure 1 (b)). First, the SiH3 radicals, which are the main deposition species, were measured in Ch. A together with the Si clusters.

      Next, in Ch. B, only the SiH3 radicals were measured with out the clusters. This was realized by installing a cluster elimi nating filter above the QCM sensor. Clusters with a short life time resulting from the high sticking probability were removed by the filter, and thus did not pass through the filter. On the other hand, SiH3 radicals with long life time resulting from the low sticking probability reached the QCM sensor without be ing trapped by the filter. In this experiment, the temperature of the quartz sensors was maintained at 373 K. On the other hand, the QCM was affected not only by the mass change on the quartz crystal sensor, but also by the substrate temperature and chamber pressure. Therefore, we installed Ch. C as a ref erence sensor to measure the influence of temperature and pressure by blocking the top of the sensor.

    

    

  
    
      3. Results and Discussion
      Optical emission spectroscopy (OES) analysis was recorded to determine the radical species emitted from the electrode holes, and their plasma electron temperature. Figure 2 shows the typical optical emission spectra obtained from plasma gen erated by silane discharge. Kampas and Griffith [10] demon strated that SiH* radicals are produced by one-electron impact dissociation, and Drevillon et al. [11] reported that Si*(288nm) and SiH*(414nm) species are generated from the primary colli sion of one electron with the silane molecules. Therefore, the optical emission intensity ratio Si*/SiH* would give in forma tion about the slope of the high-energy tail and can be used as a measure of electron temperature. Thus, if Si*/SiH* has a small value, the electron-energy distribution function (EEDF) becomes steep. Based on this information, we investigated the change in the plasma state depending on the applied bias change.

      
        
        

        Figure 2: 
				
        

        
          Optical emission spectrum for typical silane plasma discharge
        
        

        

      

      Figure 3 shows the OES data and oscilloscope information for the bias change during experiments, for determining the plasma state. The intensity of SiH* in Figure 3 (a) is reported to be proportional to the deposition rate of the thin film [12]. This is because the SiH* intensity is proportional to the rate of radical generation due to electron collision dissociation of SiH4. As shown in Figure 3 (a), the intensity of SiH* remained almost constant with the grid bias change. The Si*/SiH* value represents the high-energy tail of the EEDF, as des cribed above, which represents the electron temperature. The Si*/SiH* value remained almost constant with a change in the bias change, as shown in the Figure 3 (b). The electron tem perature is related to the formation of Si clusters in the plas ma; at high electron temperatures, highly reactive Si, SiH, and SiH2 species are easily generated in the plasma. The results in dicated that the cluster generation rate is constant with the grid mesh bias. Namely, both the SiH* intensity and Si*/SiH* intensity ratio remained unaffected by the grid mesh bias, and did not modify the radical density and cluster density during plasma discharge.

      
        
        

        Figure 3: 
				
        

        
          SiH* OES intensity (a), Si*/SiH* OES intensity ratio (b), Vpp (c) and Vdc (d) as a function of the grid mesh bias
        
        

        

      

      Figure 3 (c) shows the results of peak-to-peak voltage (Vpp) measurement obtained using the oscilloscope. The Vpp valve was almost constant with bias change. The Vpp value is related to variation of the plasma potential. It was also confirmed that this did not change with the bias applied to the grid mesh out side the multi-hollow electrode. The Vdc voltage in Figure 3 (d) represents the sheath DC voltage applied to the powered electrode. This DC voltage difference was due to the differ ence in the flux of the electrons and ions reaching the electrode. In other words, it means that there is a potential dif ference between the surface of powered electrode and the bulk plasma. Thus, an electrostatic force and an ion drag force were generated in this region by such a potential difference. These forces were in balance, and the negatively charged clus ters floated at the end of the sheath. Therefore, the results de picted in Figure 3 (d) means that the generated clusters are trapped in the sheath and the forces on clusters are constant without change.

      Figure 4 shows the frequency shift of the QCM due to dep osition with (w/) and without (w/o) the Si clusters. According to the Sauerbrey equation [13], the change in resonance frequ ency is inversely proportional to the mass change of the films deposited on the quartz sensor. For the frequency shift without clusters, the deposition rate decreased due to the installation of the cluster eliminating filter above the quartz sensor. Si clus ters with a high sticking probability were adsorbed on the fil ter surface without passing through the filters, while SiH3 radi cals with a low sticking probability reached the quartz sensor surface through the filters and contributed to the mass increase [14]. Thus, the main contribution of the w/o cluster in Figure 4 was thought to be due to SiH3 with a long lifetime. On the other hand, the w/ clusters is the mass increase including the contribution of SiH3 radicals together with the Si clusters. Using this method, we could briefly discuss the effect of the grid mesh bias on the deposition rate with and without clusters.

      
        
        

        Figure 4: 
				
        

        
          Time dependence of frequency variation with and without clusters
        
        

        

      

      Figure 5 shows the deposition rate calculated using the fre quency shift of the QCM. Clusters in the plasma tend to be negatively charged due to the large cross sectional area and low velocity [15][16]. When the grid mesh potential is lower than the bulk plasma potential, the electrostatic force acts from the grid mesh toward the bulk plasma, and thus, it becomes difficult for the negatively charged clusters to pass through the grid mesh. This expectation is consistent with the experimental results in Figure 5. The number of w/ clusters decreased with a decrease in the bias of the grid mesh. These results indica ted that the negatively charged clusters could not pass through the mesh due to the electrostatic force. On the other hand, the number of w/o clusters remained constant because the SiH3 radicals mostly contributed to frequency shifting. Since the SiH3 radical had a smaller cross-sectional area and higher ve locity than the clusters, it could easily pass through the mesh without being negatively charged.

      
        
        

        Figure 5: 
				
        

        
          Grid mesh bias dependence of the deposition rate with and without clusters
        
        

        

      

    

    

  
    
      4. Conclusions
      We investigated the effect of the mesh on the Si cluster in corporation through a specially designed QCM. When the grid mesh bias was lower than the plasma potential, the negatively charged clusters could not pass through the grid mesh due to the electrostatic force. Therefore, such plasma modification would be useful for preventing cluster incorporation in the fabrication of high-quality thin films.
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