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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 described measurements of the stable gases disilane and trisilane that are produced in H2-SiH4 discharges. This information has been used in the studies reported here to calibrate the mass spectrometer signals from the discharge for these higher-silane species. We have obtained good signals from the H atom, silane radicals (SiHn, n = 0-3) and disilane radicals (Si2Hn, n = 0-5). Here we will describe the measurements of radicals H, SiHn with n = 0-3  and Si2H2, the most abundant disilane radical. Our primary interest is in measuring these radicals from a RF discharge in a H2/SiH4 mixture, as this is most frequently used for device production. However, to improve understanding of the deposition chemistry, it is of interest to compare the radicals from various H2/SiH4 mixtures to those from a pure silane (inlet flow) vapor. The radical fluxes to the substrate of a pure silane (inlet flow), RF discharge have not previously been measured, so we started with such a discharge. The conditions are typical for device production from pure silane, except for the substrate temperature. The pressure is 0.3 Torr, of which 95% is SiH4 and the remainder is H2 from (~ 10%) decomposed SiH4. The electrode gap is 2 cm, the temperature is 300K, and the film growth rate is near 0.1 nm/s.

In order to avoid excessive particle production in the rea​​ctor and thus clogging the pumping orifices, the dis​​​​​charge is pulsed: turned on for 0.5 s, then off for 2 s. The gas flow then carries silicon particles out of the discharge region while there are small enough (<10 nm dia. [3]) to avoid clogging of the apertures and turbo pump. A second advantage of the discharge pulsing is that it can be used to verify the detection of radicals. These appear only during the discharge, whereas the densities of stable gases change slowly with discharge switching. The time dependence of the stable gas and radical densities, detected by the mass spectrometer during the pulsed discharge, is shown in figure 1. Note the rise and decay of stable species and step changes in radical and atomic hydrogen densities.
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Fig. 1 Time dependence of densities during discharge. Signals are arbitrarily normalized to show on the same scale; backgrounds are subtracted. The electron energy is 25 eV for the stable gases, and different for the radicals, as explained in the text.

In order to detect radicals, we measure the TIMS signals versus electron energy, using electron energy below the stable-gas, dissociative-ionization threshold. Two different electron currents are used for each electron energy, to allow subtraction of the signal from the discharge ions that leak through the deflector grids. The result of such a measurements for mass 31 (SiH3+) is shown in figure 2.
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Fig. 2 Energy scan on SiH3+ below the SiH4 dissociative ionization threshold. TIMS signals are averaged during and after the discharge.

The ions escaping from the discharge and leaking through the deflector grids yield the  0.2 nA signal at the multiplier output. This parasitic signal does not depend on the electron current or energy. (This leakage current is 10-5 of the ion current before  applying voltage to the deflector grids.) One can also note that, due to finite electron temperature, we detect some signal from the dissociative ionization of silane even below its 12.3 eV threshold.

After the ion background is subtracted, the signals due to ionization by the electron beam (during and after the discharge) are obtained, as in Fig. 3. The radicals ar​​riving from the discharge are clearly identified by their specific ionization threshold. 

The electron energy scale and MS sensitivity are calibrated with a threshold scan of SiH4→SiH2+ from a known silane pressure in the chamber (without discharge). Using this calibration, we found that, for a typical 0.3 Torr pure silane discharge operated at 200 Vpp RF voltage, which yields a deposition rate of 0.1 nm/s, the density of SiH3 is 2.2x1011 cm-3 which is 2.2x10-5 that of SiH4. Similar mea​surements with atomic hydrogen yields a density of H at the substrate that is 3.8 % of SiH3 density under these conditions. The densities of the other silane radicals are quite small, current results indicate that the densities of SiH2, SiH, and Si are less than 4.6, 1.9, and 0.5 % of SiH3, respectively. We expect to lower these limits soon. 
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Fig. 3. Detection of SiH3 radicals: energy scan below the SiH4 → SiH3+ threshold. The signals at two different electron currents are subtracted, thus eliminating the signal from ion leakage.

Measurements of disilane radicals (Si2Hn, n = 0-5) have also been made. At the required mass resolution, the mass spectrometer is much less sensitive for these disilane radicals versus the SiHn radicals. Calibrating this sensitivity difference requires several measurements, so the present calibration is quite preliminary. Nonetheless, it appears that there is a very significant density of Si2H2 at the substrate. The Si2H2+ signal versus cathode voltage is shown in Fig. 4. The electron energy is 2.6 eV lower than this cathode voltage, mostly due to contact potential differences between the Ba cathode and carbon ionization chamber. Thus, the “discharge on” signal is consistent with an 8.0 eV threshold, about as expected for Si2H2 ( Si2H2+. The slope of this signal is about 13% of the slope of the SiH3 (SiH3+ signal taken on the same day. After dividing by our (preliminary) calibration ratio for this mass 58 signal, versus the mass 31 signal for SiH3, and assuming Qionization ( x, the Si2H2 density is 0.6 times the SiH3 density. The other Si2Hn radical signals are considerably smaller than this Si2H2 signal, and will not be described here.   
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Fig. 5. Mass 58 signal versus electron-beam cathode voltage, with and without discharge. The ion background has already been subtracted from both signals. 
The flux (Fxm) of Si atoms carried by a radical to the substrate is the most important indicator of the contribution of this radical (SixHm) to film growth. Our TIMS signals are proportional to the portion (nxm) of the radical density at the substrate that is moving toward the surface (where the small aperture allows some to pass through to the ionizer). From the kinetic-theory boundary condition, the radical flux that reacts with the substrate is FRxm = nxmvxβxm/2, where vx is the mean radical velocity and βxm is the reaction probability (per collision) on the substrate; actually the silicon-film surface. The fraction of this that yields deposition of one Si-atom is a fraction γxm/βxm of this, or Fxm = nxmvxγxm/2, where x Si atoms are carried by each radical. Thus, comparing Si2H2 to SiH3, F22/F13 = (n22/n13)(v2/v1)(γ22/γ13) = (0.6)(0.7)(γ22/0.15) ( 2.8 γ22, since γ13 = 0.15 has been measured. If Si2H2 reacted with high probability, incorporating 2 Si atoms, this would yield γ22 = 2 and a Si2H2 contribution to film growth that exceeds that of SiH3 by a factor of 5-6. But a calculation of F13, using the above measured n13 and including several experimental uncertainties, yields 0.066(0.03 nm/s film growth rate (G) from SiH3, compared to a measured G = 0.1(0.02 nm/s. These numbers agree within their uncertainties, and do not allow for a Si2H2 contribution that greatly exceeds that of SiH3. Thus, we conclude that γ22 <<1; apparently there is a relatively stable form of Si2H2, similar to acytelene as the equivalent hydrocarbon, which has a small surface reactivity.

The H reaction probability is also not known, but can be reasonably estimated as 50%. Thus, in terms of reacting flux (FR) to the film: FR(SiH3) = 30, FR(SiH2) < 4, FR(SiH) < 1, FR(Si) < 1, FR(H) = 10. It is clear that, as expected, SiH3 produces most of the film growth. However, these numbers allow for a significant fraction from the other SiHn radicals, H reactions may be important, and the reactive flux of Si2H2 is not known. Thus, the radical mixture and film-growth might have significant dependence on the discharge parameters. Consequently, we are refining these preliminary measurements to provide better limits on the other radicals, particularly SiH2 and the other Si2Hn. We are also considering possible measurements that might yield the very important βxm and γxm factors, that relate the surface density of each radical to its contribution to film growth.
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