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A comparison of the results obtained by solving the Boltzmann equation with the 
experimental results from optical emissions obtained in SF6-O 2 radiofrequency 
discharges, when N2, Ar, and He are also admitted as actmometers, has allowed 
us to explore the potentialities and limits of actinometry. The use of  different 
actinometers also allowed us to monitor the evolution of  the electron distribution 
functions as a function of the plasma parameters. 
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1. I N T R O D U C T I O N  

Actinometric emission spectroscopy has been found to be one of the 
most  powerful,  nonintrusive, diagnostic techniques for understanding the 
role played by stable and unstable species present in a discharge. This 
technique has allowed the measurement of  reactive atom and molecule 
concentrations by comparison of their optical emissions with those of one 
or more inert gases added to the discharge mixture and is becoming the 
most  widely utilized diagnostic tool for several types of  gas mixtures used 
for etching and deposition. ~t-13) When more actinometers are admitted at 
one time, e.g., N2, Ar, and He, their emissions can be utilized as probes of  
electrons at various threshold energies and give information on the evolution 
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of the electron distribution function (EDF) as a function of a plasma 
parameter.(11-~4) 

The criteria for the utilization of the technique and its limits of validity 
to correct the emissions of different species have been discussed in Ref. 11 
for CC14-CI2 discharges, while in Refs. 12-13 preliminary experimental and 
theoretical results for SF6-O2 discharges are compared and discussed. 

In this paper we carry out a more comprehensive comparative analysis 
between the calculated EDF's and the species excitation rates and experi- 
mental emission trends of F and O atoms and of the actinometers N2, Ar, 
and He in order to find the validity limits for proper utilization of the 
actinometric technique in SF6-O2 discharges. 

The main interest for SF6-O2 radiofrequency discharges comes from 
their utilization in dry-etching °5) materials such as Si, SiO2, and SiaN4 of 
great importance in silicon integrated circuits technology. 

2. EXPERIMENTAL 

The apparatus has been described in detail elsewhere. ~2'3'~5~) It consists 
of an alumina tube (1.8 cm i.d., 50 cm length) capacitively coupled to a 
27-MHz generator by means of two external brass electrodes (5 × 5 cm) 
which conforms to the tube curvature. By .utilizing a matching box the 
impedances were matched in order to reduce reflected power (<-5%). 
Power and peak-to-peak voltage (Vpp) w e r e  monitored continuously with 
a through-line wattmeter and a low-capacitance probe connected to an 
oscilloscope. The power level (50 W) was kept constant for all the experi- 
mental feed compositions explored (0-100% 02-8F6, pressure 1.00torr, 
total gas flow rate 27 sccm). The values of Vpp are plotted in Fig. 1 as a 
function of the feed composition. It is convenient to consider the discharge 
as operating in two different regions as a function of the electrical conditions: 
region 1, at feed composition in the range 0-60% O2, characterized by 
constant values of power and voltage across electrodes; region 2, at composi- 
tions in the range 60-100% 02, with voltage increasing with oxygen per- 
centage. Comparative analysis of the experimental results is restricted 
mainly to the conditions in which region I is operative, i.e., at constant 
voltage. An analysis of emission data is, in fact, difficult when voltage and 
current are varying simultaneously. The data of Fig. 1 are consistent with 
a decrease of energetic electrons at high oxygen content in the feed, as 
shown in Refs. 15a and 16. 

The light emitted from the discharge was sampled axially through a 
sapphire window at the end of the tube and focused by means of a quartz 
lens onto the entrance slit of a 1-m Jarrel-Ash visible monochromator. 
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Fig. 1. Electrical characteristics (see text). 

The spectroscopic analysis of SF6-O2 discharges has been discussed 
in Ref. 1ha under similar experimental conditions. The spectral features 
followed for this work are: 703.7 nm atomic fluorine line, 777.5 nm atomic 
oxygen line, 750.3 nm argon line, 388.8 nm helium line, and 337.1 nm N2 
band of the second positive system. 

3. THE BASIS OF ACTINOMETRY 

It is worth clarifying some points of actinometry to avoid confusion, 
even though the principles of the technique have already been discussed 
in some detail in previous works. (2-9'11-14) 

The technique consists of admitting into the feed small and constant 
amounts of "near" inert gases, such as N2, At, and He, which do not modify 
the discharge characteristics. The method is based on the combination of 
measured intensities of emissions from actinometers and from discharge- 
emitting species. If we assume that excitation by direct electron impact 
prevails (stepwise excitation processes, excitation transfer between particles, 
and pair recombination of positive and negative ions can be omitted, (7) as 
well as cascading from higher excited states(I)), then the process for the 
generation and quenching of the optical emission is 

e+X --~ X*+e (1) 

X* --* X+hl,  (2) 

X*+M --* X + M  (3) 

where e, X, and M represent electrons, emitting species in the ground state, 
and third bodies, respectively. 
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At steady state the emission intensity of X*, Ix, is correlated to the 
density of X, Nx, and of neutrals N by the expression 

Nx nx 
IxCC (4) 

1 - NKQ/Ax* 

In Eq. (4) ~x represents the excitation efficiency of X by means of electrons 
with energy higher than the energy threshold etn; KQ and Ax* are collisional 
deactivation rate coefficient and transition probability for X* spontaneous 
emission. Usually, the term NKoJAx+ is assumed to be either less than 1 
at low pressure (P ~< 1 torr) or constant at higher pressures, (2'3) and Eq. (4) 
can be simplified into 

Ix °c Nx~?x (5) 

The excitation efficiency can be expressed as follows: 

nx = N~ Ox*(e) ef (e)  de = N~Zx (6) 
m et h 

Here, eo and m denote electron charge and mass, O-x+(e) is the cross section 
of excitation, f ( e )  is the electron distribution function, EDF, and Zx is the 
excitation rate coefficient. Equations (1)-(6) are valid both for emitting 
species and actinometers. From these, we easily obtain 

Ix Nx ~/x N x Z x  
- - ~ c  . . . .  (7) 
/act Naet ~/act Nact Z act 

If  the ratio of excitation efficiencies or rate coefficient of the emitting species 
and of the actinometer does not depend on the discharge parameter subject 
to variation, one gets the simple actinometric equation 

Ix Nx 
--<:,c (8) 
laot N.c, 

which allows measurement of the concentration trends of X from the 
variation of Ix/Iac, when Na+, is known or kept constant. 

Equation (8) deserves some comment because its validity depends on 
the constancy of the term Zx/Z,+t which, however, can vary as a consequence 
of: 

(a) differences in the shapes of or(e); 
(b) differences in the values of em of species and actinometer. 

While the differences in the cross-section shapes have not been found to 
introduce large deviations from Eq. (8), (9"~2) point (b) is more crucial and 
must be duly taken into consideration to avoid errors in the use of Eq. (8). 
The general behavior which should be followed for the utilization of Eq. 
(8) is either to correct only the emissions of those species which closely 
match the actinometer in energy or to make use of several actinometers 
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with different thresholds in order to extend the range of eth of the emitting 
species which can be corrected with this technique. In this last case it is 
possible to get information also on the evolution of the EDF at various 
energies. In Ref. 11, where use has been made of N2, Ar, and He as 
actinometers for CC14-C12 discharges, it has been shown that the ratios of 
the various excitation rate coefficient, Zi/Zj, including those of the 
actinometers, become independent of electron energy at the higher energies. 
When these conditions are attained, use of Eq. (8) can be extrapolated even 
for species with threshold energy much lower than that of the actinometers. 

In this paper we compare the experimental results obtained with N2, 
Ar, and He actinometers added to SF6 + 02 mixtures with the calculations 
of the effect of the feed composition (SF6/O2) and of the amount of added 
actinometer on the variations of EDF and on the various Zi/Zj ratios. 

The results obtained confirm the validity of the technique for these 
mixtures also and allow us to find its limits. 

4. CALCULATION ON EDF AND EXCITATION RATE 
COEFFICIENTS 

EDF's are obtained by solving the Boltzmann equation. The usual 
technique, described in Ref. 17, was applied for the numerical treatment 
of the Boltzmann equations, which is parametric in E~ N and in the mixture 
composition. The mixtures explored are SF6+O2, SF6+O2+Ar, He, N2, 
and SF6 + At, He. In the calculations we have used cross sections for electron 
collisions with 02, SF6, and N2 molecules and He atoms from Refs. 17-19. 
Modified values from Ref. 20 were used for argon atoms: these were fitted 
to the measured electron mobility and the Townsend ionization coefficient. 

In Fig. 2 we report the EDF in pure SF6 and pure 02 (Fig. 2A), in 
SF6+ 10% At, He, and N2 (Fig. 2B), and in (SF6+20% O2)+10% Ar, He, 
N2 (Fig. 2C) for E/N=lO-15Vcm 2. It is shown in the figure that the 
number of low-energy electrons in the distribution, i.e., those below the 
EDF crossing, increases with oxygen addition. This effect is confirmed by 
the EDF calculated for the SF6-O2 mixtures and is evidenced by the decrease 
of mean electron energy, g. It should, however, be stressed that at higher 
E / N  values the opposite behavior occurs. (16) Crossing of calculated EDF 
occurs approximately at 6 eV. 

Addition of 10% N2, At, and He to the mixtures modifies to some 
extent the EDF. It is shown in the figure that N2 introduces the greatest 
modification by increasing the low-energy electrons; this is due to the large 
energy losses for vibrational excitation. On the contrary, He and Ar increase 
high-energy electrons (~>6 eV). This effect is more marked with helium, 
while argon introduces only negligible effects. 
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Fig. 2. Calculated electron distribution functions for E/N = 1 × 1 0  - 1 5  V c m  2 in : (A) pure SF6 
and pure O2; (B) SF6+10% Ar, He, N2; (C) (SF6+20% O2)+10% At, He, N 2. Symbols: 
(0) N2; (/x) Ar; (©) He. Solid lines in (B) and (C) refer to pure SF 6 and SF6+20% 02, 
respectively. 

The excitation rate coefficients Zi for the excitations of nine states of 
monitored particles have been independently calculated for three ternary 
mixtures,  (SF 6q-20% 0 2 ) + a c t i n o m e t e r ,  as a function of the amount of 
added actinometer by making use of the calculated EDF and cross sections 
plotted in Fig. 3 and tabulated in Table I. 

In Fig. 4 Z{s are plotted vs. actinometer percentage in 20% O2-SF6 
mixtures. The figure shows that: 

1. The excitations of the various states are only slightly modified b y  
argon admission, while admission of He increases generally all the 
excitations (eth > 6 eV) and admission of  N2 decreases the excitation 
rates of the various states. 

2. The excitation rates of the 3p2p and 3p~p states of He are the most 
sensitive to actinometer additions. 
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Table I. Emission Wavelengths, A, Thresholds, eth , and References for Excitation 
Cross-Sections, Q, for Various Transitions. In the Absence of Cross-Section Data these 
were Replaced by Argon-Like Curves. Zi's are the Order of Magnitude Values of the 

Excitation Rate Coefficients 

Number Gas e, h (eV) Q Z i )t (nm) Transition 

1 O 10.73 At(5) E-11 777 .5  3pbP-3sSS 
2 O 10.73 At(4) E-10 7 7 7 . 5  3pbP-3sSS 
3 N 2 11.00 Ref. 21 E-1I 337.1 (0,0) SPS 
4 Ar 11.83 Ref. 24 E-11 - -  4s'(1/2) 
5 Ar 13.47 Ref. 23 E-11 750.3 4p'(1/2)-4s'(1/2) 
6 F 14.74 Ar(5) E-12 7 0 3 . 7  3p2P-3s2P 
7 F 14.74 Ar(4) E-12 7 0 3 . 7  3p2p-3s2P 
8 He 23.00 Ref. 17, 22 E-16 3 8 8 . 9  3p3P-2s3S 
9 He 23.06 Ref. 21 E-17 5 0 1 . 6  3plP-2slS 

3. The excitation rates actually depend more on threshold energy than 
on cross-section shape, as suggested in Section 3. 

Point 3 can be deduced by a comparative inspection of  Figs. 3 and 4: the 
cross sections for helium states differ in shape and have the same eth. In 
fact, Zi for both states vary with the same lows in the various cases 
considered. 

In Fig. 5 we plot the ratios of the excitation rates, Z~/Zj, for O 
and F atom states (state i) and for the actinometers (j) as a function of  the 
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Fig. 3. Cross sections of Table I. 
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actinometer addition to a SF6  feed. If the term Zi/Z~ is constant, the equation 
of actinometry, (8), can be utilized to correct emission from state i with 
actinometer j. Among the gases considered here and for the given composi- 
tions of the etching mixtures, argon is the best actinometer up to - 1 0 %  
addition. Use of N2 introduces only a small distortion (up to 8%) for F 
atoms when the N2 is admitted in large amounts, while the distortion is 
negligible either for O or F atoms below 3% N2. Helium causes large 
distortions with its admission (around 10% when 1% He is admitted). 
Distortions of  Zi/Zj caused by helium admission can be ascribed to the 
large differences between the eth'S of F or O atoms and helium. In Ref. 11 
it has been shown that distortion decreases when E/N and f are increased. 

5. EXPERIMENTAL RESULTS 

The experimental results are collected in Fig. 6, where relative emissions 
of N2, At, He, F, and O, as well as IAr/IN2 and IHe/IA,:, are plotted as a 
function of oxygen percent in SF6-O2 mixtures when a constant flow of 
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Fig. 6. Emissions of actinometers, and their ratios, of  F a t o m s  and oxygen atoms as a function 
of  the oxygen percentage in the feed. 
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actinometer ( - 2 % )  was added to the feed. It is evident that in region II 
there is, generally, a steeper decrease of emissions, as pointed out in Section 
2; however, our analysis will be limited to region I where the electrical 
parameters are kept constant. 

A feature of  actinometer emission is that N2 intensity increases when 
the percent oxygen is increased, while Ar and He decrease (helium more 
markedly). This means ~that addition of  oxygen enriches the EDF with 
electrons of  energies - 1 1  eV (N2) at the expense of high-energy electrons, 
i.e., - 1 4  eV (At) and - 2 3  eV (He). The trends of the ratios of  actinometer 
emissions give the same indications; in fact IAJ IN2 decrease markedly while 
IHe/Igr decrease at a low extent. 

The behavior of actinometer emissions is in good qualitative agreement 
with the calculated evolution of EDF when oxygen is added to a SF6 feed, 
as shown in Fig. 2. It should, however, be stressed that the experimental 
results are consistent with EDF crossing between - 1 1  eV (N2) and - 1 4  eV 
(Ar), while calculations lead to crossing at lower energy. The discrepancies 
may be due to the nonuniformity of the electric field, which would lead to 
an erroneous estimation of experimental values of E/N,  and/or  excessive 
approximations in some evaluated cross sections, as discussed in Section 4. 

The F and O atom emissions at 703.7 and 777.5 nm, respectively, are 
also plotted in Fig. 5. The experimental trends are consistent with previous 
results obtained under similar conditions (3'25) and mirror the trends of both 
electrons responsible for the excitations and electrons which induce dissoci- 
ations in SF6-O 2 mixtures. This duality can explain the unexpected behavior 
of  oxygen atom emission in region II. 

In Fig. 7 we report IF/Ig~, IF/IN: and Io/IN2 vs. percent oxygen. A 
theoretical analysis of  Section 4 led to the conclusion that Ar and N 2 are 
the best actinometers for use with F and O atoms, respectively, and that 
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Fig. 7. IF~IN2 , JrV/IAr , and Io/Igr as a function of the oxygen percentage in the feed. 
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N2 introduces a low distortion at low percentages. This effect is also shown 
in the figure: in fact, the curve Iv/Ig~, which should represent the concentra- 
tion trend of  F atoms according to Eq. (8), slightly differs from the curve 
IF/IN2, particularly at low oxygen content in the feed. It is worth mentioning 
that the valueS of IF~IN2 and IF/IAr at 20% 02 can be made to coincide by 
simply multiplying IF/IN2 by the theoretical distortion ratio KAr/KN2 as 
obtained by the curves in Fig. 5. It can be s~en from the figure that 
actinometric correction of oxygen emission leads to a predictable rising 
trend with percent oxygen. 

The bell-shaped F atom concentration trend is a known phenomenon 
both in SF6-O 2 and in CF4-O 2 etching mixtures. In Ref. 16 it is shown that, 
ill correspondence with a maximum F atom concentration (~30%) ,  there 
is a crossing of: (a) the rate of direct production of F atoms (i.e., e + SFx 
SFx-1 + F-  and e + SFx ~ SFx-I + F+  e), which decreases with % 02, and 
(b) the rate of direct production of O atoms, which increases with % 02. 
Oxygen atoms produced in the discharge react with SFx radicals leading 
to SOF2, SOF4, and SO2F 2 and freeing F atoms, through an overall 
bimolecular process. (25'26) 

The effect of the introduction of the actinometers in a SF6-O 2 feed is 
analyzed in Fig. 8 with respect to the emissions of F, O, and the actinometers. 
In this figure emissions are plotted as a function of actinometer addition 
to a 20% O2-8F6 feed. It can be seen that the 777.5 nm emission of oxygen 
remains constant, at least up to 10% addition of different actinometers, 
even though one should expect a small decrease due to the dilution effect. 
The 703.7 nm emission of fluorine atoms starts to decrease in all cases if 
the amount of actinometer gases reaches about 3-5% of total pressure. This 
value, hence, affects the experimental limiting amounts of actinometer gas 
admission in SF6-O2 discharges. Higher admissions must be avoided 
because they introduce modifications of the plasma media. 

It should be noted from the figure that the decrease of F emissions 
cannot be explained by the small dilution effect. 

Finally, the emissions of the actinometers are nearly linear with percent 
addition of the respective actinometer. Linearity of actinometer trends 
implies that its admission does not greatly change the electron densities at 
energies higher than about 11 eV (see Fig. 2). As for the production mechan- 
isms of oxygen and fluorine atoms, the dissociation of oxygen (dissociative 
attachment) starts at 4.2 eV, (27) while the threshold energy for the same 
process for SF 6 is only a little above zero. (25) For this reason one should 
expect an increase of F atom production with nitrogen addition, because 
it enriches the EDF with low-energy electrons. The observed opposite trend 
of fluorine atoms with nitrogen should probably imply a selective chemical 
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Fig. 8. Measured intensities of the monitored excited particles in 20% O2-SF 6 mixtures as a 
function of the actinometer percentage admixtures. 

interaction of  nitrogen with other particles in the plasma, when its admission 
is higher than 3-5%. 

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

Admission of different actinometer gases in dry-etching plasmas is of  
great utility because the technique is simple, fast, and nonintrusive and 
allows some inportant  discharge parameters to be controlled. The theoretical 
and experimental analysis carried out in SF6-O2 radiofrequency discharges 
has allowed us to explore the potentialities and limits of  the technique. The 
main features are: 

1. Using different actinometers, N2, Ar, and He, the evolution of  the 
EDF with plasma parameters can be monitored because 
actinometers act as probes of  electrons at various eth'S. 
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2. The maximum allowable admission of actinometers is in the range 
3-5%.  Higher concentrations lead to changes of  discharge media. 

3. Argon can be utilized as a tracing element for F and O atoms without 
introducing distortions, and N2 can be used for O atoms while for 
F atoms it can be utilized only at low concentrations. Helium cannot 
be utilized for fluorine and oxygen in SF6-O 2 discharges at low 
mean energies. (u) 
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