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Microscopic decomposition processes and gas-solid interactions in CnF2n+2-H 2 
and CF4-C2F4 discharges are studied by comparing mass-spectrometric results 
with actinometric emission diagnostics. The role played by CF x radicals is evident 
in the various processes of gas-phase formation of saturates and unsaturates as 
well as in the "activation growth mechanism" of polymer deposition. 
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1. INTRODUCTION 

A great deal of work has recently been done in the field of gas-phase 
plasma diagnostics with the aim of understanding the role played by unstable 
and stable species produced in radiofrequency discharges of fluorocarbons 
during the processes of plasma fluoropolymer film deposition and plasma 
etching for fine lithography techniques. Among the various diagnostic 
techniques, mass spectrometry ~1) and emission spectroscopy ~2-6) proved to 
be the most promising tools for monitoring active species. 

Very recently a new diagnostic technique, which makes use of 
"actinometer" gases, has been demonstrated by Coburn et aL (7"8) and 
d'Agostino et al. (9-[4) The technique consists essentially in adding, to the 
feed, actinometric gases such as N2, At, or He, and in following their 
emissions at 380.5,750.3, and 587.5 nm, respectively, in order to determine 
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the electron excitation functions. A combination of the excitation efficiency 
of the emitting levels of the actinometric gases with the emission intensities 
of some species allows the determination of the variation of the ground-state 
species densities with plasma parameters (feed compositions, power input, 
etc.). The validity and applicability limits of the technique have been 
examined in numerous works) 1°-18) This technique has been utilized by us 
to explain and classify the properties of discharges fed with fluorocarbons, 
and to examine their decomposition channels. ~12~ It has also been utilized 
to investigate the microscopic interactions between CFx radicals, F atoms 
and electrons, and silicon or fluoropolymer surfaces, during Si etching or 
polymer deposition on it, when CnF2n+z-H2 (or C2F4) mixtures are used, 
under conditions identical to those of the present work. (13) 

In this note we compare the results obtained by mass-spectrometry 
with those obtained by emission actinometric spectroscopy (actinometry) 
in order to clarify the decomposition channels of perfluorocarbons (C,F2~+2) 
in the presence of reducing agents (H2, C2F4) and to ascertain the validity 
of actinometry for evaluating microscopic etching and polymerization 
mechanisms. The results obtained, confirming the activation growth 
mechanism of polymer deposition and the Si etching by F atoms, allow us 
to suggest a simplified microscopic model of discharge processes, which 
involves CFx radicals and which accounts for the observed trends of the 
various stable and unstable species, and for the polymerization rates as a 
function of the discharge parameters. 

2. E X P E R I M E N T A L  

A schematic drawing of the apparatus, which has been described in 
detail elsewhere, ~9'1°) is shown in Fig. 1. The tubular reactor (1.8 cm i.d., 
50 cm length) was made of alumina and capacitively coupled to a 27-MHz 
generator by means of two external brass electrodes (5 x 5 cm). The experi- 
ments were carried out under the following conditions: pressure = 0.5 torr, 
power input = 50 W, total gas flow rate = 50 sccm. Details for the spectro- 
scopic measurements are reported in Refs. 9, 12, and 13 along with the 
criteria for the actinometric analysis of the density trends of F atoms, CF 
and CF2 radicals, and the electron excitation function for the various 
C.F2n+2-H2, C2F4 mixtures examined. Values of Si etching and polymeriz- 
ation rates have been determined gravimetrically. The experiments have 
been carried out with (111) substrates lying over an A1203 plate immersed 
in the discharge and facing the potential electrode. With this configuration 
of substrate holder decoupled from ground, the substrate is kept at a 
potential close to that of the plasma, and ion collisions should give a low 
contribution to charged particle bombardment of the substrate because at 
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Fig. 1. Experimental apparatus. (RV) Regulating valves; (V) valves; (LV) leak valve. 

27 MHz and 0.5 torr ions would not be able to follow the applied field and 
would move only by diffusion. 

The discharge products, sampled through a leak valve in the sampling 
system shown in Fig. 1, entered the ionization chamber where they were 
ionized by 20-eV electrons, and the positive ions produced were then 
mass-analyzed in a Balzers type QMG 511 quadrupole equipped with a 
250 liter sec -1 turbomolecular pump. The ionization energy of 20 eV was 
chosen in order to reduce fragmentation and the degree of reactions among 
the various fragments, to identify heavier compounds such as C3, C4, C5, 
and C6 fluorocarbons, and also to reduce the fragmentation of unsaturated 
compounds such as C2F4. The pressure in the ionization chamber was kept 
in the range of 5 • 10 -6 to 10 -5 torr, and the mass spectra of the discharge 
effluents were always compared with the spectra obtained with the discharge 
off. 

In Fig. 2 we report the predominant mass peaks obtained with pure 
C2F4 under both conditions: discharge on and discharge off. It can be seen 
that, with the present analysis conditions (chamber pressure 10 -Storr, 
20 eV), the ion peaks arising from C2F4 fragmentation in the quadrupole 
are C2F~- (m/e = 100), CzF ~- (m/e = 81), CF~ (m/e = 50), and CF + (m/e = 
31), while CF~- (re~e=69), C3F~- (m/e---- 131), and C3F~ (m/e -- 150) are 
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Fig. 2. Main  mass  peaks  f rom pure  C2F 4. 

the result of reactions in the mass chamber between the fragments and 
C2F4. A comparison of these spectra with those obtained with the discharge 
on shows that many saturates and unsaturates are formed, even with 
numbers of carbon atoms as high as 6. The results obtained with different 
mixtures indicate that reactions of fragments in the mass chamber are 
negligible. 

Argon fed into the mixture at constant small flow (about 1%) was 
utilized both as actinometric gas for emission spectroscopy and as mass- 
spectrometric internal standard in order to compare results under different 
conditions. The rotary pump utilized for evacuating the sampling chamber 
was equipped with a zeolite trap to prevent back-streaming of pump oil. 
The rotary pump used for the flowing system was equipped with Fomblin 
L Vac 16 oil (a perfluorinated polyether manufactured by Montedison) to 
prevent corrosion and damaging of the pump. Dry nitrogen was utilized as 
ballast gas both to reduce the partial pressure of corrosive agents in the 
pump and to prevent hydrolysis of the products in the exhaust stream at 
the end of each run. The pumping system has been operated for more than 
a year without any alteration of the pumping performances. 

3. THE EFFECT OF R E D U C I N G  AGENT S  
ON CuF2n+2 D E C O M P O S I T I O N  

3.1. Conversion Trends 

Reducing agents such as H2, or unsaturated fluorocarbons such as C2F4, 
or the silicon itself, behave as F-atom scavengers and lead to the formation 
of either HF, saturates such as C2F6, or etching products such as SiF4. The 
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depletion of F atoms reduces the recombination reactions: 

F+CFx ~ CFx+I (x=0-3)  (1) 

and does not affect processes such as 

CFx --~ CFx_I+F (x=4-1)  (2) 

CFx+CFx ~ CFx+~+CFx_~ (x=3-1)  (3) 

This leads to a net increase of CFx radicals in the gas phase. °2) The change 
of the [CFx]/[F] ratio in the gas phase leads to a variation of the plasma 
medium characteristics, since HF, C2F6, and SiF4 are very poor etchants 
with respect to F atoms, while CF~ radicals can lead to the following 
processes: 

q) etching of SiO2, which can increase the SiO2/Si etching selec- 
tivity; (19-21) 

(ii) polymerization over a silicon surface, provided enough active sites 
are created by charged particles on the polymer surface to assist 
the growing process; (13) 

(iii) reactions with gas-phase unsaturated and saturated species (22'23) 
which lead to higher chain compounds such as C3-C6 
fluorocarbons. 
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Fig. 3. Relative peak intensities with discharge on and off and conversions of reactants,/3, in 
CI~4-He and C2F6-H 2 as a function of percent hydrogen in feed. 
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In Fig. 3a and 3b the overall effect of introducing H2 in the feed is 
shown for CF4 and C2F 6. In this figure the results are compared with those 
obtained with the discharge off, and the relative decrease of the ions peaks 
(CF~-, re~e=69, C2F~, m/e=ll9, H~, re~e=2), which is due to the 
reactions caused by the discharge, can be assumed proportional to the 
overall (CF4, C2F6, and H2) reactant conversions in the various mixtures. 

It can be seen from these figures that the relative decrease of CF~- and 
C2F~- peaks follows approximately the same trends and that the discharge 
activation for hydrogen, i.e., the relative decrease of the H2 peak, is higher 
the lower the hydrogen percentage in the feed. In Fig. 3c and 3d the overall 
reactant conversions have been plotted as a function of the percent hydrogen 
in the feed for both cases. It can be seen that at low hydrogen compositions 
almost all of it reacts with fluorocarbons, while its conversion decreases 
with increasing reactant availability in the feed. On the contrary, the overall 
fluorocarbon conversion increases with increasing H2 in the feed; this effect 
is more pronounced in C2F 6 than in CF4, where a tendency toward a 
maximum conversion of ~18% is shown at ~50% H2 in the feed. 

In Fig. 4 the trends of the ion peak C2F~ (m/e  = 100) has been reported 
for CFa-C2F4 mixtures, for both discharge on and off. In this case we cannot 
use as a diagnostic species the CF~ (m/e=69) peak because this ion is 
generated also in the spectrometer chamber in the presence of high amounts 
of CF~- and/or CF2 and F, as for C2F4-rich effluents (see Fig. 2). The profiles 
of C2F~- reveal high conversions of C2F4 into products when it is in mixture 
with CF4, and also as a pure feed. 
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Fig, 4. Relative peak intensities of C2F 4 parent  ion with discharge on and off and CzF'4 
conversion as a function of percent  CzF 4 in feed for  CF4---CzF 4 mixtures.  
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Fig. 5. Emission actinometric results of Ref. 13: relative concentrations of F atoms and CFx 
radicals and relative emissions of both actinometers (N 2 and Ar) as a function of percent 
additive in feed. 

The low accuracy of the conversion data, particularly at lower C2F4 

percentages, does not hinder the conversion trend, which smoothly decreases 
with increasing C2F 4 content in the mixture. The differences from the steeper 
decrease observed for hydrogen conversions in C~F2n÷2-H2 mixtures are 
the result of three effects caused by the addition of C2F4: 

(1) the linear increase of both CF and CF2 radicals (see Fig. 5); 
(2) the decrease of C F  4 concentration; 
(3) the marked decrease of electron density. 

Points (1) and (3) will be discussed later. 

3.2. Trends of Active Species 

The results shown in Figs. 3 and 4 should be explainable on the basis 
of actinometry with the data reported in Fig. 5 which have been taken from 
Ref. 13. In CF4-H2 mixtures, CF2 concentration is a maximum at about 
50% H2, and CF radicals exhibit an earlier maximum, while in C2F6-H2, 
CF2 has about the same trend but CF always increases. A similar trend for 
CF2 and CF is found for C3Fs-H2 mixtures, while for CF4-C2F4 mixtures 
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both radicals increase linearly with C2F 4 percentage in the feed. Tetra- 
fluoroethylene is in fact a source of CFx radicals, and this leads to the 
formation in the discharge of various "addit ion" compounds such as Cz-C6 
compounds. 

In Fig. 5 trends of the emission intensities of both actinometers are 
also reported. These emissions are related to the electron excitation func- 
tion, f(ne), a function of the electron densities, he, at energies E > ' E t h  

(where Eth is 11.5 and 13.7 eV for N2 and Ar, respectively). The observed 
coincidence of the trends for the two actinometric gases is an indication 
that, under our experimental conditions, f(ne) is independent of the excita- 
tion cross sections, and therefore the emission intensity trends can be 
assumed proportional to the electron density in a broad energy range. <13~ 
With this assumption, it can be observed that C2Fg acts as a sink of fast 
electrons; in fact their density decreases almost exponentially in the CF4- 
C2F4 plasma on C2F4 addition, while a linear decrease is observed in CF4-H2, 
and an almost independent behavior in C2F6-H2 and C3F8-H2 mixtures. 

3.3. Trends of End Products 

In Fig. 6 the normalized peak intensities of HF ÷ (m/e = 20) and C2H~- 
(m/e = 26) are plotted as a function of the hydrogen percentage in the feed 
for CFa-H2 mixtures. The narrow maximum of the HF ÷ peak is related to 
the minimum in the fluorine atom density, shown in Fig. 5, and the increasing 
hydrogen concentration (see Fig. 3). The decrease in HF ÷ intensity after 
the maximum is too steep to be explained only on the basis of the dilution 
caused by H2 addition. This result seems to confirm the hypothesis of F-atom 
re-formation with increase in the H content, as suggested by an analysis of 
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the "actinometric" results in Ref. 13, on the basis of the two possible 
reactions: 

H F + e  ~ H + F + e  (4) 

H + H F *  --+ H 2 + F  (5) 

where HF* refers to vibrationally excited HF, which is always present in 
large amounts when hydrogen is added to fluorine-containing discharges.~24} 
The first reaction should probably give only a minor contribution to F-atom 
re-formation, at least in CF4-H2 where the actionometer 's density trend, 
and probably the electron density, decrease with hydrogen addition. F atom 
re-formation is observed in all CnF2n+2-H 2 mixtures. 

In Fig. 7 the HF + trend in C2F6-H2 mixtures is shown, along with the 
trends of C2H~ and C2S~- (m/e= 100), which are quite similar to that 
observed for CF4-H2. A completely different behavior is observed for the 
C2H~- peak: while it always increases with hydrogen content in C2F6-H2, 
it shows a clear maximum in CF4-H2. This is probably due to a different 
electron density behavior. In fact, a decrease in the electron density and /o r  
electron distribution function reduces the rate of the primary decomposition 
channel (12) 

CF4+e  + C F 3 + F + e  (6) 

and the rate of reaction of fragments with both H and 8 2. 
It can also be seen from Fig. 7 that the C2F2- peak intensity increases 

with H2 in the feed in a very similar way to that observed spectroscopically 
for CF2 radicals (see Fig. 5). These similarities are in agreement with the 
general consensus on the role of unsaturates such as C2F4 or C2F2 as sources 
of CF 2 and CF radicals, (23-2s) respectively. The rapid raction rates involved 

Fig. 7. Normalized peak intensities of CzH2, 
HF, and C2F 4 parent ions vs. percent hydrogen 
in C2F6-H 2 discharges. 
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in the plasma phase (12~ should lead to the "plasma-chemical equilibria" 

C2F4 ~ CF2+CF2 (7) 

C2F2 ~ CF+CF (8) 

The correspondence between radical concentrations determined by 
actinometry and "end-products" by mass-spectrometric analysis emerges 
by comparing the'data of Fig. 5 with those of Fig. 8, where mass peak 
intensities corresponding to C2F~-(C2F2), C3F~-, C2F~-(C2F6), CaF~(C3F4), 
C3F~-(CaF6), and C3F~-(C3Fs) are reported vs. C2F4 percentage in CF4-C2F4 
mixtures. CF~ radicals (see Fig. 5) and C2F4 densities (see Fig. 4) increase 
almost linearly with C2F4 addition, while CF4 decreases. On the basis of 
these trends, one should expect that: (a) species originating from the rapid 
recombination reactions between radicals (CFx+CFx) and/or between 
radicals and C2F4 (CF~ +C2F4) should increase almost linearly with C2F4 
addition; (b) species originating from the recombination between CF4 and 
either CFx radicals or C2F4 (both CFa+CFx and CF4+C2F4 processes) 
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should show a maximum with C2F4 addition. Points (a) and (b) hold provided 
that recombination processes are faster than their respective decomposition 
reactions. These trends are clearly seen in Fig. 8: 

--C2F~, which is related to fluoroacetylene, increases linearly with 
C2F 4 addition, as would be expected from the linear increase of CF 
radicals in Fig. 5; 

--C2F~-(C2F6) , originating from the fast equilibrium reaction CF4+ 
CF2 ~ C2F6, goes through a maximum, this finding is in perfect 
agreement with the results shown in Ref. 12, where this fast reaction 
has been assumed as the main decomposition channel prevailing with 
respect to C2F6 ~-CF3+CF3 in C2F6 discharges; 

--CaF~- , which comes out from C3F8, shows the same profile as CEF~ 
and should originate from either of the direct recombinations CF4 + 
C2F4 --~ C3F8 or CF4+CF2+CF 2 --~ C3F8; 

--C3F6-, corrected for the contributions arising from recombinations 
in the mass chamber (Fig. 2), also shows a linear relationship with 
C2F4 addition; in fact, its production should occur through CF2+ 

CEF 4 --~ C3F6; 
--similar considerations should apply to explain the C3F~- and CaF~- 

trends, even though the interpretation would be more speculative 
at the moment. 

4. D I S C H A R G E  M E C H A N I S M S  

The experimental results reported allow us to correlate the formation 
of end products, such as HF and various saturates and unsaturates, with 
the main "active" species, namely F atoms, CFx radicals, and electrons. In 
a previous paper d'Agostino et al. (13) have shown that etching and polymeriz- 
ation rates can also be correlated through detailed mechanisms to the 
concentration trends of the same active species. A general simplified 
mechanism can now be suggested which accounts for the various macro- 
scopic parameters in CnF2n+2-(H 2 or C2F4) discharges on the basis of the 
possible microscopic processes. 

In Ref. 13 it has been found that F atoms etch silicon without any help 
by charged particles or without competing with other species which could 
cover active sites, provided that substrates are uncoupled from ground and 
that the [F]/[CFx] ratio is high. 

In this case accurate predictions of the silicon etch rate are possible 
because it is directly proportional to the F atom concentration and indepen- 
dent of the feeds utilized. On the other hand, it has been found that polymer 
deposition can occur by direct gas-phase radical deposition over surface 
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sites of the polymer previously activated (activation growth model, AGM) 
by impact with charged particles of low energy. The corresponding polymer 
deposition rate for the AGM has been written (13~ as 

[R~]f(ne) 
rp = A [M] (9) 

where A is constant, [Rg] and [M] are the concentrations of radicals and 
neutrals, and f(ne) is the electron excitation function, a function of the 
electron density. Equation (9) reproduces the experimental deposition rates 
in the various mixtures fairly well, as shown in Ref. 13, and is the first 
tentative direct experimental correlation of external and internal parameters 
in fluoropolymer deposition discharges. The real importance of low-energy 
charged particle bombardment, i.e. of f(ne) in Eq. (9), in this type of 
polymerization discharge can be fully realized by comparing Fig. 8 with 
Fig. 4 of Ref. 13. It can be seen that, by increasing the reducing agent (C2F4) 
in the feed, the production of heavier C2-C6 compounds increases through 
CF and CF2 radical recombination with both stable and unstable compounds. 
However, heavier compounds cannot be regarded as intermediates in the 
polymer deposition, as generally believed(25-27): it is found that polymer 
deposition rates go through a maximum at 30% C2F4, as a consequence of 
the decrease of f(ne) (see Fig. 5), while the production of C2-C6 addition 
compounds generally increases with C2F4 addition. A simplified model of 
mechanisms that take into account the various phenomena occurring both 
in the gas phase and on the surface in fluoropolymerization discharges is 

e + CnF2n+ 2 + H 2 or unsaturates 
plasma 

activation 

e +CFx + H F o r  saturates (10) 

CFx + CFx, unsaturates or saturates ~ C 2 - C  6 addition compounds (11) 

CFx+(Pol)* --~ (Po1) n*+l (12) 

{e} 
I - ,  I + + (Pol),, --~ (Pol)* (13) 

M + (Pol)* ~ (Pol)n + M (14) 

Reaction (10) of the model represents the creation of CFx species, i.e., the 
building blocks for both addition compounds [stage (11)] and polymer 
deposition on "activated" surface sites [stage (12)]. Stages (13) and (14) 
take into account activation through charged particle bombardment and 
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deact ivat ion through neu t ra l  interact ions,  respectively. Act ivated  sites are 
deno ted  by asterisks. 

5. C O N C L U S I O N  

The use of different approaches,  such as ac t inomet ry  and mass spec- 
t rometry ,  to discharges util ized for etching a n d / o r  polymer iza t ion  with 
perf luor inated  hydrocarbons  in mixtures  with other  additives largely 
enhances  the diagnostic possibilities in e lucidat ing etching and polymer  
fo rmat ion  mechanisms.  Macroscopic parameters ,  such as etch and polymer  
deposi t ion rates, as well as p roduct ion  of stable compounds ,  can be corre-  

lated directly to the re levant  microscopic processes through the densi ty 
t rends  of radicals and  atoms. 
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