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Introduction: Plasma enhanced chemical vapor deposition of silicon nitride as a passivation layer has been widely practiced by the semiconductor industry for many years. The plasma allows the silicon nitride layer to be deposited at a much lower temperature than is possible with just chemical vapor deposition.  Pulsed radiofrequency plasmas in particular have been lauded for their apparent reduction in “dust” formation during plasma assisted processing.  In the case that the flow within the reaction chamber is segregated flow, there likely comes a point where the reactants are sufficiently depleted.  More power or a longer rf pulse can hinder formation of the desired products and foster unwanted side reactions.  In the case of a parallel plate reactor with a shower head gas delivery system, the effect of pulsed plasmas is somewhat unpredictable, since the degree of mixing between the working and grounded electrode is relatively unknown.  In this study, CARS was used to monitor the silane concentration at several delay times after the rf pulse was completed.  This provided valuable information regarding the degree of mixing which occurred in the reactor and was correlated with data that determine the film qualities.

Methods and Materials: The silicon nitride films were deposited on doubly polished pure crystalline silicon wafers in a prototype PECVD reactor constructed at Idaho State.  It consisted of two parallel plates of 140 mm diameter and separated by a distance of 22 mm.  A 150 mm inner diameter glass oven surrounded the plates.  Silane, ammonia, and nitrogen ultra-high purity reactant gases flowed in through two quartz tubes connected to the upper plate.  A radial showerhead pattern, drilled into the upper platen cover, mixed and introduced the reactants into the plasma region between the plates.  A radiofrequency plasma was maintained between the plates using a constant amplitude rf signal generator. The output of the signal generator was sent through a burst gate unit triggered by a pulse generator to an amplifier and than to the upper plate in the plasma chamber. The pulse generator controlled the entire experiment insuring synchronization of the spectroscopic sampling with the rf pulse.  A bird wattmeter was used to monitor the plasma peak power before it had been matched into the plasma using an L-type network.  The reactor was used in a continuous flow mode with the pressure maintained at a constant value of 667 Pascal.  The pump and probe laser beams from the CARS instrument,1 entered the plasma region and focused at the center of the plates, 9mm from the top electrode.  The Q-branch of the totally symmetric Si-H stretching mode at 2187cm-1 shift was monitored to obtain concentration information.   For all of the studies, flow rates were held constant at 10 sccm silane, 20 sccm ammonia, 20 sccm nitrogen, and 2.7 sccm argon.  The argon flow was fed directly onto the windows to minimize deposition on the window surfaces.  The repetition rate was held constant at 10 Hz.  The duty cycle was varied by changing the pulse width, but the peak power, was held constant or varied in a known way.  Experiments were performed at 2, 5, and 10 ms pulse width and in a continuous plasma.  Also peak power was varied from 25 to 40 watts.  The square-root of the CARS signal, at the maximum of the Q-branch was compared to a no-plasma case to determine the percent depletion of the silane reactant at several different pulse widths and peak powers to provide information on the degree of mixing that occurs between the parallel plates.  This information was correlated with film thickness, stress, and content measurements derived from light scattering and infrared spectroscopic studies.

Results: The silane depletion, measured in plasma using CARS, increased with increasing pulse with for the 2 and 5 ms pulse width plasma and was in good agreement with the rate of deposition determined from thickness and mass measurements.  However, in going from a 5 to 10 ms pulse width plasma, again the rate of deposition nearly doubled, but the silane depletion only changed by about 1/3 of that.  These facts indicate that the flow within the plasma region is largely a segregated flow, with the reactant velocity vectors being largely in the forward direction toward the lower grounding electrode.  Infrared analysis of the thin films produced by a 25 watt peak power rf plasma indicated  the films created at longer pulse widths generally had slightly more hydrogen attached to the silane than at shorter pulse widths up to a 10 ms pulse width.  However the films from the continuous plasma had less hydrogen attached to the silane for a 25 watt plasma.  In addition, for a 2ms pulse width, the amount of SiH relative to NH decreased when the power was increased from 25 watts to 40 watts.

Conclusions: It was found, from CARS measurements of the concentration of silane in the plasma region, that silane depletion generally increased with increasing rf pulse width and power. Changes in the pulse width at constant peak power result in differences in the deposition rates and the resulting silicon nitride films.  The CARS measured depletion rates can be reconciled with the deposition rates if it is assumed that the reactant flow is largely segregated and in the forward direction.  This condition suggests that the difference in deposition rate between the pulsed rf plasmas and the continuous plasmas is mainly due to just the amount of time that the material spends in the inter-electrode region.  In this case, the deposition rate of the continuous plasma was below the pulsed plasma cases, since it takes roughly only 15 ms for the reactants to traverse the inter-electrode spacing assuming segregated flow.  Certainly as the flow gets closer to the lower electrode surface, velocity components in other direction and mixing must occur, leading to increases in the effective plasma time for the reactants and products.   
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