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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 film-growth measurements in our film-deposition reactor. Here we report mass-spectrometer measurements of the stable gases produced in the discharge, versus operating conditions. As silane is depleted in the discharge, the silicon atoms go into the a-Si:H film or higher silanes, primarily disilane (Si2H6). The disilane is a minor fraction of the gas, but it plays a major role in the plasma chemistry, and an even larger role is silicon particle growth. We also have to know this to understand our mass spectrometer measurements of Si2Hn radicals that contribute to film growth. Thus, it is desirable to know how much of the depleted silane yields disilane and higher silanes, versus film. This branching has been measured for pure silane discharges, also in this laboratory, but most device deposition is now done using hydrogen-diluted silane. The measurements reported here are for this diluted situation, using conditions that are typical for a-Si:H and μc-Si film deposition. Our results are available in the publication “Production of higher silanes in radio frequency SiH4 and H2-SiH4 plasmas”, which is published in J. Appl. Phys. 96, 7660 (2004) and can be obtained from the AIP Online Journals web site. A synopsis of the information is included next.

The experimental arrangement is shown diagrammatically in Fig. 1. A 35 mm diameter rf electrode 13 mm below a larger, grounded electrode is inside an ~ 4 liter stainless steel vacuum chamber with a residual pressure of 10-7 Torr. The measurements were carried out in static gas to avoid complications that arise in the flow of gas mixtures to pumps. Thus, after chamber pump out, the butterfly valve is closed (see Fig. 1), the chamber is filled with fresh SiH4 or SiH4-H2, and a small leak to the turbo-pumped mass spectrometer chamber provides stable-gas sampling. The discharge region could be heated by means of electric heaters in the electrodes and around the chamber. The temperature of the electrodes was monitored and the heating currents were adjusted to produce a uniform temperature in the discharge region. Measurements were carried out at 22, 130 and 200 oC. Normally, 160-190 V peak-to-peak voltage (2∙Vrf) was applied at 13.56 MHz and the chamber was filled with 220-360 mTorr silane or 2-3.6 Torr H2-SiH4 mixture containing 50-150 mTorr silane. The pressure was increased proportionally at higher temperature to keep the gas density constant. The film growth rate is 0.2-0.4 nm/s in these conditions, as in most device production applications.

Many surface collisions occur between the plasma source and the mass spectrometer, so only stable molecules were observed. The quadrupole mass spectrometer was tuned to distinguish individual mass peaks in the 18–95 amu region. During the measurements, the spectrometer recorded the intensity of one selected peak for each gas: 30, 60 and 90 amu peaks for silane, disilane and trisilane, respectively.

To eliminate slight changes in the sensitivity of the mass spectrometer, due to the harsh environment of silane, the measured intensities were normalized to the initial silane signal measured before the discharge started, as seen in Fig. 2. In order to measure the disilane pressure, and thus calibrate the mass spectrometer sensitivities, we cooled a separate part of the chamber with liquid nitrogen after a discharge to freeze out all the silanes. By slowly increasing the temperature, we were able to distinguish pressure jumps due to silane and disilane near their specific boiling points. This calibration method results in about 10% overall uncertainty in the quantity of disilane thus affecting the branching coefficients (ij in the same amount [see Eq. (5)]. This calibration uncertainty does not affect the value of the depletion rates (Ri). Since very little trisilane was produced, calibration of the trisilane mass spectrometer signal was obtained by estimating the ionization cross-section from the known values for silane and disilane and comparing the measured signals to that from a known amount of krypton, which has similar mass and a known cross-section.

The polysilanes are produced during the discharge when SiHn radical fragments of SiH4 dissociation react with SiH4.1 These are generally written as 2-body reactions, although most must be stabilized by collision with another molecule.

Disilane (n2) production:

SiH2+SiH4 ( Si2H6


(1)


Trisilane (n3) direct production:

SiH2+SiH4 ( HSiSiH3+H2


(2)


HSiSiH3+SiH4 ( Si3H8


(3)
Trisilane (n3) indirect production:

SiH2+Si2H6 ( Si3H8


(4)
Disilane and trisilane are depleted by electron collisions and radical reactions. Assuming that dissociation rates do not change significantly, as SiH4 is depleted and higher silanes and particles build up, the following rate equations describe the densities of stable gases (n1,2,3):
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We have determined the dissociation rates, R1, R2 and R3, and the branching coefficients, (12, (13 and (23 by fitting the analytic solutions of Eq. (5) to the data. The remaining Si and H from silane, disilane and trisilane dissociation goes into the silicon film, which was not directly measured here, but can be deduced from (ij coefficients.

A typical set of measurements and the fit using Eqs. (5) can be seen in Fig. 2. Here the individual discharges were on for 0.5 s and separated by 2 s off, while the data is plotted versus total discharge on time. This on time and the 2 s separation between individual dicharges were enough to avoid significant particle buildup in this case.


The pressure dependence of the Ri and (ij were measured at 22 and 200 (C. The T = 200 (C, Ri results are shown in Fig. 3; the 22 (C data at equivalent densities are similar and not shown. The Ri decrease by a factor of ~2 from 350-580 mTorr, and a similar change occurs in the intensity of the blue SiH emission, which is normally proportional to discharge power. Note that the Ri ratios are almost constant. The (ij do not exhibit noticeable pressure dependence in this range, and are not shown graphically: (12=0.34(0.04, (13=9.6(10-4(2(10-4 and (23=0.03(0.005 at 200 (C. The given variations do not include the uncertainty of the mass spectrometer calibration for disilane and trisilane.


The temperature dependence of the (ij branching coefficients in pure-silane, Vrf =76 V discharges was investigated by using the same initial n1 and Vrf as in the 300 mTorr, 22 (C data at 130 and 200 (C. The results are shown in Fig. 4, where it can be seen that the T dependence is minor, slightly more than the experimental uncertainty of (12, (23 and (13 .


The depletion rates (Ri) of different silanes were also measured across this temperature range.  As one can see in Fig. 5, the depletion rates of higher silanes tend to increase relative to that of silane as the temperature increases. However, after terminating the discharges we also observed thermal decomposition of di- and trisilane at 200  C. This is labeled R2thermal and R3thermal in Figs. 3 and 5. Thermal decomposition is normally not significant compared to discharge-induced decomposition, but here the thermal decomposition occurs throughout the ~ 300 times larger chamber and the discharge duty cycle is only 20%. As can be seen in Fig. 5, the thermal decomposition was still only 5-10% of discharge decomposition and does not account for the increasing R2/R1 and R3/R1 with increasing temperature.

2 Torr H2-SiH4 mixtures containing 50, 100 and 150 mTorr silane were also investigated; these mixtures correspond to H2 dilution ratios of 39, 19 and 12 respectively, as we will show in Discussion. Measurement results are shown in Fig. 6. With the exception of R3 at the highest silane content, the Ri are essentially independent of SiH4 pressure and proportional to the blue SiH light. However, the branching coefficients (Fig. 7) change significantly, with (12 and (23 decreasing and (13 increasing with increasing silane content. The value of (12 appears to be approaching the pure silane value (0.28) at a similar silane pressure, whereas (23 (0.009–0.017) is considerably smaller than the pure silane case (0.02–0.03).

The influence of Si particles in the stable gas chemistry was investigated by varying the discharge on time between 0.5 and 8 s using conditions given in Fig. 8. The off-times were changed similarly to keep the duty cycle at 20%. For the 0.5 s discharge, no particles larger than a few nm occur, whereas for 8 s discharge >50 nm particles build up.5 In spite of this difference, there was no significant change either in Ri or in (ij. The value of R1, R2 and R3 remained constant within 10% experimental uncertainty. The fitted branching coefficients have a different uncertainty, but (12, (23 and (13 have no on-time dependence within their 5, 12 and 40% uncertainty. 

Branching coefficients and rate coefficient ratios are also provided in a tabular form in Table I for different discharge conditions. The given uncertainties (where provided) correspond to the variation of multiple measurements, and do not include the uncertainty of the mass spectrometer calibration. 

DISCUSSION AND CONCLUSIONS

The present, static-gas measurements yield plasma chemistry equivalent to that in a flowing-gas chamber, where a fraction f of silane is depleted within the gas dwell time. For equivalent T, P and Vrf the same fraction of higher silane and film occur in the present case at the same f number. Due to the large ratio of total chamber volume (~4 l) to the discharge volume (~0.012 l), the actual rates Ri for depleting the silanes within the discharge region are ~320 times larger than the Ri in the chamber. For example, 320xRi=0.64 1/s would yield ~50% silane depletion in a 1 s chamber emptying time, as is typical. The ratios of Ri only depend on the plasma chemistry and do not depend on the chamber volume.

Hydrogen dilution is often expressed as R=H2 flow / SiH4 flow. In most industrial systems gas mean free path at chamber exit is much less than the orifice diameter, so H2 and SiH4 flow together to pumps. Then R=H2 pressure / SiH4 pressure, and in the present experiment R=39, 19 and 12 has been investigated. This traverses the R region where amorphous and microcrystalline silicon are formed, so both productions are covered by the present data.

The ratio R2/R1 observed here is ~ 4.3 at room temperature in pure SiH4, with or without particles in the discharge, and ~ 3.0–4.1 with major H2 dilution. Some increase of R2/R1 with increasing temperature is also observed (see Fig. 5). These ratios are similar to those reported in Ref. 1 (6.5–8.4), under rf conditions that probably supported major concentrations of particles. The ratio R3/R1 is ~ 9-15 in all room temperature cases studied here, which is again similar to the ratios reported in Ref. 1 (6–8). As pointed out in Ref. 1, these Rx are partly due to electron collisional dissociation of SixH2x+2, but the largest contribution results from H and SiH2 reactions. The rate coefficients for these radical reactions might have some T dependence, but should not depend on the presence of particles or H2. However the ratio of different radical densities may depend on H2. The electron dissociation rate coefficients have a moderate dependence on electron temperature, due to lower thresholds for the higher silanes. But the conditions used here tend to yield a similar silane dissociation rate within the discharge (and resulting film growth rate), hence a similar effective electron temperature occurs. Thus, it is reasonable that the Rx/R1 ratios are nearly invariant at constant temperature.

The values of β12 observed here is ~ 0.3-0.35 for all conditions, implying that particles and H2 dilution do not have major influence on this branching to Si2H6. This range of β12 is essentially the same as the range reported in Ref. 1 (0.25-0.30). In Ref. 1 it was assumed that an SiH2 produced by electron collisional dissociation of SiH4 reacts with SiH4 to yield primarily Si2H6, while each H from SiH4 dissociation yields SiH3 and thereby film. Thus, β12 reflects the ratio of SiH2 versus H and SiH3 from electron collisions with SiH4. 

The present value of β13 is very small, hence fairly uncertain, but within this accuracy it also does not depend significantly on SiH4 pressure or the presence of particles or H2. But the β13 values observed here (6-9 x 10-4) are 100 times smaller than those reported in Ref. 1 (0.06-0.08). The most likely explanation of the much larger β13 in Ref. 1 is that the orifice to the mass spectrometer was close to the discharge, and Si3Hn radicals were collected along with Si3H8. In contrast, here the mass spectrometer was separated by a long length of chamber and tubing, and any detected species must survive hundreds of surface collisions. It thus appears that this difference is probably due to collecting Si3Hn radicals as well as Si3H8 in the experimental setup,1 but only stable Si3H8 here. This leads to a different conclusion regarding the branching of the SiH2 + 2 SiH4 reaction. The β13 reported here represents the probability of SiH2 + 2 SiH4 ( Si3H8, while that in Ref. 1 probably represents SiH2 + 2 SiH4 (  Si3Hn with n<8, and n=6 most likely from reaction enthalpies.

Due to the very small amount of Si3H8 produced, the indirect production of Si3H8 (β23) is difficult to determine accurately. Nonetheless, the β23 values obtained here cover a large range, from 0.01-0.03, and this seems to imply unlikely changes in the number or products of the SiH2 + Si2H6 reaction. Perhaps a Si2H4 + SiH4 reaction also contributes significantly to Si3H8 production, and even small amounts of Si from the initial SiH4 dissociation could react with a pair of SiH4 to produce Si3H8. With H2 dilution, H atom reactions might also produce Si from SiH2, Si2H4 from Si2H6, etc. In essence, so little Si3H8 is produced that it could come from many sources, whose relative contributions vary with conditions.

The branching of silane decomposition into higher silanes may depend on silane and higher silane release from surfaces, as well as on radical and electron reactions with silane. Surface contributions to the stochiometry may become particularly important with high H2 dilution, which increases H and H+ surface reactions. It has also been shown that electron recombination on particles can change the discharge impedance and the electron energy distribution,2,3 and this could be accompanied by changes in the Rx/R1 ratios as well as in the βij. In contrast, the observed nearly constant Rx ratios and βij (except for β23) implies considerable stability to the discharge chemistry, even with changes in temperature, H2 dilution and particle density. 

In conclusion, the branching of decomposed silane into stable higher silanes and the decomposition rates of these stable gases have been measured versus temperature, H2 dilution and the presence of particles. An overall conclusion is that, with the exception of a very minor Si3H8 production, these discharge chemistry parameters do not depend strongly on these changes in the vapor conditions. A comparison of β13 with the equivalent branching in Ref. 1 leads to the conclusion that SiH2 reactions with two silanes yield considerable Si3H6 but almost no Si3H8; an apparent production of significant amounts of Si3H8 in Ref. 1 is attributed instead to Si2H6. 
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Table I : Branching coefficients and depletion rate ratios at different conditions 

	
Conditions
	β12
	β13

(x10-4)
	β23
	R2/R1
	R3/R1



	294 mTorr, 22 °C
	0.28

±0.01
	3.7

±1.7
	0.02

±0.0025
	4.3

±0.2
	9.4

±1.5

	402 mTorr,

130 °C
	0.31
	11
	0.026
	6.4
	17.2

	471 mTorr,

220 °C
	0.35
	10
	0.028
	7.8
	24.0

	50 mTorr in 2 Torr H2
	0.37
	6.4
	0.017
	4.1
	14.7

	100 mTorr in 2 Torr H2
	0.34
	8.6
	0.015
	3.6
	10.6

	150 mTorr in 2 Torr H2
	0.30
	9.6
	0.0088
	3.2
	4.2


Figure captions

Fig. 1 Experimental setup.

Fig. 2 Total pressure and gas composition versus discharge time (points), and fitted lines from Eqs. (5) including the direct and indirect trisilane production. Signals are normalized to the initial pressure (P0) and silane signal (Si0). The initially 290 mTorr, pure-silane discharge starts at 0 s and the total discharge time is 200 s, but diffusion to the sampling orifice causes ~10 s delay to the signals.

Fig. 3 Pressure dependence of different rate constants at 220 (C, Vrf = 75 V.

Fig. 4 Temperature dependence of branching coefficients at 300 mTorr 22 (C equivalent densities.

Fig. 5 Temperature dependence of the rate coefficient ratios at 292 mTorr room temperature equivalent densities. Solid symbols: with thermal decomposition, open symbols: without thermal decomposition.
Fig. 6 Rate constants versus SiH4 partial pressure in 2 Torr, 22 (C,  H2-SiH4 mixture Vrf=80V.
Fig. 7 Branching coefficients versus SiH4 partial pressure in 2 Torr H2-SiH4 mixture at room temperature.
Fig. 8 Depletion rates versus discharge on-time in room temperature, 294 mTorr, Vrf= 73 V, initially pure silane measurements.
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