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The technical approach to this project is to utilize mass spectrometry to measure radical and ion species that arrive at the substrate of a plasma-enhanced-chemical-vapor-deposition (PECVD) reactor. Threshold ionization mass spectrometry (TIMS) is utilized for the radical detection. A small-scale reactor mimics those used to produce hydrogenated amorphous (a-Si:H) and microcrystalline ((c-Si) silicon and silicon/germanium (a-Si:Ge:H) solar cells. Radio frequency (RF) and high frequency (HF) discharges will normally be studied, and the reactor utilizes a similar electrode gap (2-3 cm), substrate temperature (20-250 (C), gas pressures (0.1-5 Torr), gas mixtures and discharge power density to that used in an industrial reactor. 

In the last report, we discussed how the designed ionizing-electron-beam behavior was achieved. Here we discuss the design and behavior of the collection and focusing of these ions, and their transmission through the mass spectrometer (MS). An overview of the experimental arrangement is provided in Fig. 1. The electrostatic lenses that focus ions into the mass spectrometer are shown in more detail in Fig. 2, where calculated ion orbits are also shown. Due to necessity of detecting low radical densities at the substrate, and the small fraction of radicals exiting the substrate orifice that are ionized by the electron beam, it is important to have efficient ion collection into the MS. The radicals expand thermally from the substrate orifice, and when ionized the ions initially have almost the same (vector) velocity, as if they had started at the orifice. The ion optics is therefore designed to focus the substrate orifice into the MS input orifice. This design, and its performance, will now be presented.

An electrostatic lens is always positive, with a strength that depends on the ratio (RE) of ion kinetic energy entering and exiting the lens. Here the initial kinetic energy is the thermal energy, typically ~ 0.04 eV, and the ions are accelerated to ~30 eV in the first lens, so RE is very large for this lens, that is between the grounded-screen, “source” electrode and the “First Ion Lens” electrode. This large RE has two important advantages. First, the lens has almost the same strength for RE = 1000 as for RE = 50 (ie. for large RE), and as a result the large spread of initial thermal energies does not produce a large spread of ion orbits. The second advantage of this large “Ion2” voltage is that it produces a strong electric field at the ion-source location, along the ionizing electron beam. As a result, stray electric fields due to surface contact-potential differences and electron-beam space charge, due not seriously perturb the ion orbits. The disadvantages of the large first-lens RE, and the resulting short focal length, is that the image (“Image1”) of the substrate aperture occurs only slightly beyond the lens plane (the plane between the grounded screen and “Ion2”), and the ions have a large angular spread at the image. The MS would not transmit a very large fraction of these ions. To overcome this we introduced lens two, between elements “Ion2” and “Ion3”, to produce “Image2” at the MS input. This re-imaging lowers the ion angular spread entering the MS, allowing for high MS ion transmission. The ion energy inside the MS is typically 7 eV, and “Ion2” is typically set to ~3 Volts, so the second lens decelerates the ions from 30 to 3 eV, and there is a third, weak (RE = 2.3) lens at the MS orifice.
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Fig.1. Overview of the apparatus used to study radicals at the discharge substrate. 
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Fig.2. Diagram of the ion-collection region of the apparatus, with calculated ion orbits. The lens diameters are 1 cm, and the vertical dimension is expanded a factor of 3 (relative to horizontal) for clarity. The ionization occurs in a grounded-screen chamber, the first ion lens is typically biased to -30 V, the second ion lens to -2 V and the mass spectrometer to -7 V. 

The dependence of ion signal on the voltages of the ion-focussing lenses is shown in Fig.3. This compares favorably with ion-orbit calculation using the SIMION code, from which an example set is shown in Fig.2. By comparing the voltage dependencies of the SIMION orbits to the data in Fig.2, we conclude that the ion collection is working essentially as designed. It appears that ions from ~ 0.5 cm of electron-beam length, out of 1 cm inside the “source” screen region, are collected with good efficiency. To miminize contact potential differences, particularly in the presence of silicon deposition, the ion lens elements and the grounded screen are usually coated with “Aero Dag”, a sprayed carbon black.
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Fig.3. Dependence of the ion signals on ion-lens voltages.  

Another factor that contributes to the size of the SiHn radical signals is the transmission of the mass spectrometer, at the resolution required to fully separate the SiHn+ peaks. This has been evaluated by comparing the current entering and leaving the quadrupole region of Fig.2. A typical transmission in this mass 30 region is 10%. In the mass region of 56-62, corresponding to the disilane radicals Si2Hn, this transmission has dropped to ~ 2 %, and for H and H2 it is near 50%. Thus, we are most sensitive to H atoms, once H+ is resolved from H2+ by switching the mass spectrometer frequency to 5 MHz. 
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