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The mass spectrometry (MS) of stable species and determination of the
rates of chemical reactions occurring in gas phase and on treated sur-
faces are discussed. The presented approach deals with basic equations
of chemical kinetics, gas flow analysis and calibration of the mass spec-
trometer. To verify this approach, experimental data obtained during
etching of amorphous silicon in NF, plasma have been evaluated.

I. Formulation of the Problem
Kinetics of volume and surface processes

The occurrence of chemical reactions in a discharge plasma leads to the vari-
ation of fluxes of stable molecules (reactants and products). The mass balance equation
of each stable species gives a relationship between the difference of outlet and inlet flux
and the rates of the overall reaction. Let J types of stable molecules take part in X inde-
pendent chemical reactions which occur with rates R;. The flux difference Al; due to
reactions occurring in the gas phase and on treated surface is given by the sum of con-
tributions of all reaction rates [1}]:

K
A=Y apRe. 6))
k=1

The proportionality factors a; represent the stoichiometric coefficients in the overall
reactions. The reaction rates can be evaluated from (1) when the values of flux differ-
ences Al; can be experimentally determined (e.g. from MS measurements). The number
of independent equations in the set (1) is always lower than the number of chemical
compounds. Therefore the reaction rates could be determined from the flux differences
of such species where mass spectrometric measurements can be performed. The simul-
taneous measurement of the total rate of conversion of key reactant and the rates of re-
actions producing new stable molecules enables to evaluate the relative importance of
the gas phase and surface processes [2].
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Determination of fluxes of molecules and mass spectrometer calibration

The flux difference of molecules in a flow reactor due to the presence of the
chemical reactions in discharge plasma could be written as:

Al;=1;-1Ip (2)

where J; is the outlet flux when plasma is ignited, 1,0 is the inlet flux of molecules
(assumed the same in the states plasma off and on). The values of Z,ocan be measured
by a flowmeter and fluxes J; should be determined by the MS measurements.

In ref.[3] the use of partial pressure calibration is recommended for the determination of
flow rate of the specific species O; (in torr.Is™) according to the expression:

Q= Sj('r)E.J p}S) 3)

where Sj(»') is the effective reactor pumping speed for species j, &; is the ratio of the reac-
tor pressure and mass spectrometer pressure pj(-s). If the flux of molecules into the mass
spectrometer is negligible then the flux of molecules entering reactor pump can be
identified with the flux leaving reactor J;. Then the flux of molecules /; (in s*) obtained
from (3) is:

L=5¢&p 1D @)

where k and T are Boltzmann constant and absolute temperature, respectively. The ion
peak intensity J; of ion with mass m originated from the fragmentation of molecule of

mass m; in ion source is related to the partial pressure in spectrometer pj(-s) [4]:

© _ Ui
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where o;(m) is the partial ionisation cross section of the molecule of mass m; for ion of

mass m , F(m) is the product of ion transmission efficiency of the spectrometer and the
detector sensitivity for specified ion. Sj(-') can be expressed by pumping speed at pump
inlet S” and the conductance CJ(-r) of connection of plasma reactor and vacuum pump.

Using substitution for pj(-s) and SJ(»') in Eq. (4) the flux of molecules leaving the reactor is:

n) ~(r)
I it = S( Cj EJ I .
S+ C o,(m) Fm) kT

(6)

Generally, the vacuum conductance is a function of the fluxes of all species and (6)
represents a set of non-linear equations for unknown fluxes.

The introducing of the overall calibration factor K; including all quantities except i;
leads to:

L=KE",C00,FE) iy, 7
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The equation (7) provides the possibility to calibrate the mass spectrometer output for
known values of fluxes i.e. to evaluate the calibration factors by means of relation:
Iica
Kica=~—. ®)

Lical

The flux difference Al; (2) can be rewritten using the measured ion peak intensity i; as:
AL =K;i; - Lp. ©)

According to the mentioned dependence of C,(-r) on all partial fluxes, the calibration fac-
tor is a complicated function of molar fractions x; = I; /ZI;. Therefore the values of K;
1

in the state "plasma on" differ from those values Kjc, obtained in the calibration pro-
cedure performed usually at different conditions. The extension of the direct partial flux
calibration to the state "plasma on" depends on the kinetic flow regime in the apparatus.
Two extreme cases of flow are analysed from point of view of mass spectrometer ca-
libration .

Molecular flow. As the vacuum conductance is a function of mass of molecules »1;, the
value of conductance C,(') differs for various species. The flows of single species can be
considered to be independent and values of coefficients K;c. can be determined by ca-
libration procedure using Eq. (8) for all components of the gas mixture of reactants and
products. The coefficients Kjca; obtained by this calibration procedure can be used dur-
ing etching (i.e. plasma on). The flux difference in the state "plasma on" and "plasma
off" is A]j = K,Cal (ij"‘ 1:,()) or AIJ = KjCal Al_,

Viscous flow. The effective pumping speed is the same for all species (as relation
C" = C" is valid) but it depends on the total gas pressure and gas mixture composi-
tion. The set of values of Kjca (Kjca differ each other due to molecular flow at the
mass spectrometer) can be obtained for mixture of reactants and products with known
values of gas flow rates. Because of dependence of the calibration coefficient on gas
mixture composition and total pressure, these coefficients K; are different in the plasma
mixture. Therefore, the set of Kjca enables to calculate only the estimation of gas fluxes
of molecules:

IjEm‘male = K}Cal ij' (10)

The following step is the correction of the value of the gas mixture viscosity 1. As the
value of S?is the same for all species, the relative distribution of fluxes given by equa-
tion (10) is correct and suitable for calculation of accurate value of coefficient of vis-
cosity 1 using formula [5]:

_ Wil
'ﬂ— r %xkq)jk (11)
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where function @ is taken from ref. [5]. New values of conductance C®can be calcu-
lated using value 1. The corrected values of the coefficients X, can be obtained from
relation:

(12)

The correct values of the flux differences can be obtained from (9) using coefficients
given by equation (12).

Experimental procedure of the determination of the flux difference. Usually the
flow regime varies along the vacuum system of the plasma chemical reactor. Owing to
this effect the value K can not be calculated by any explicit formula and must be exper-
imentally determined.

One possibility is an extrapolation of the calibration data for the state "plasma
on". For this purpose the calibration procedure (in accordance with Eq. 8) should be
carried out using a mixture of reactants and products at the total pressure near to a
value measured in discharge plasma. If the significant changes of the gas mixture com-
position induce a small variation of the calibration coefficient (caused by small variation
of the viscous coefficient, see Fig. 1), then its value can be expressed by Taylor's linear
approximation

L oK;
K; = Kica + Z#N:‘- (13)
i=1 i

The derivatives in (13) should be experimentally determined in the calibration mode. If
the derivatives differ a little from each other, then the calibration factor is a function of
total flux only.

Another way how to obtain directly the values Al; consists in a calibration pro-
cedure using a simulation of gas mixture (consisting of reactants and products). In the
first step, the mass spectrum of discharge plasma should be recorded. In the next step,
a simulation of a mixture consisting of reactants and products is supposed. This simula-
tion can be done by the variation of flow rates of reactants and by addition of a con-
trolled amount of products to obtain a mass spectrum similar to situation when the
plasma is present. The observed variation in the flow rates corresponds to flux differ-
ences Al; due to the chemical reactions running in the plasma. The major drawback of
this method is that the simulation represents a remarkably tedious work especially if
number of species increases. An advantage of interpolation is to be taken to reduce the
extend of this procedure.

II. Application to Si etching by NF, plasma
Chemical reactions in NF, plasma

The overview of chemical reactions occurring in gas phase and on etched sur-
face can be found in [6]. The presence of electron impact dissociation of NF, molecules
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in discharge plasma and the following recombination of radicals leads to the new stable
molecules. First conversion reaction of NF, molecules produces molecules N, and F,:

NF3; — 1/2N,; + 3/2F,. (14)

The rate of reaction (14) will be denoted as R, . In paper [6] the occurrence of the addi-
tional association channel producing molecules N,F, is presented. This reaction can be
described in the following way:

NF; — 1/2NoF4 + 122 F; (15)

whose reaction rate is R,. The reaction (15) produces the new stable molecules N,F,,
its stoichiometry is different from the reaction (14). Generally, both reaction channels
(14), (15) occur simultaneously in the gas phase of NF, plasma.

The influence of the a-Si etching on plasma kinetics was included in similar way. The
fast dissociation processes of NF, molecules occurring in plasma volume produce free F
atoms that are etchants for a-Si. We have considered a production of three F atoms
from one NF, molecule. Then the etching reaction can be expressed :

NF; + 3/4 Si— 3/4 SiF4 + 1/2Nj. (16)

A comparison of Eq. (16) with equations characterizing the volume processes shows
that the etching of a-Si layer can strongly affect the measured stoichiometry of the over-
all reaction. During etching of a-Si layer in NF, plasma, the conversion of NF, mol-
ecules occurs through all mentioned channels. In this case the set of Eqgs. (1) reduces to
three linear independent equations that provide the determination of the reaction rates
of all the above mentioned reactions:

AI(NF;) = (R +Ry+R3) = —-R (172)
M(Nz) = 1/2R1 + 1/2R3 (17b)
AI(SiFs) = 3/4 Rs. (17¢)

Experimental

Experiments have been carried out in a parallel-plate plasma reactor developed
for deposition of high quality a-Si films [7]. The plasma etching of inner surfaces was
used as a standard cleaning procedure. The NF, flow rate was 7 sccm, the total gas
pressure was in the range 200-300 mtorr. The electrode area was 100 cn’, the elec-
trode gap 3.5 cm. The discharge was driven by a 13.56 MHz generator. Mass spectra
have been measured by Balzers QMA 311 quadrupole mass spectrometer connected to
the reactor outlet by stainless steel tube about 1 m long with 6 mm of inner diameter.
Gas flow rates were measured by means of MKS mass flow controllers.

The mass spectra have been taken during a-Si etching in NF, plasma. A calibra-
tion gas mixture consisting of NF;, N, and SiF, was used for the calibration of mass
spectrometer. As the differences of the viscous coefficients of the gas mixture
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components in the plasma reactor are small (n(NF,) =190 pP, n(N,) = 177 pP,
N(SiF4) = 180 pP), the calibration coefficient has been corrected taking into account
only the gas pressure dependence. Fig. 2 shows the measured dependence of the effec-
tive pumping speed versus pressure in the plasma reactor for NF, molecules. The moni-
toring of the flux differences of NF,, N, and SiF, by the corresponding ion peak
intensities yields all three reaction rates.

The relative contribution of a-Si etching in NF, plasma kinetics depends on
magnitude of the etched area. The ratio of a-Si etching rate to the total rate of NF, con-
version has varied from 30%, when a sample with area of 86 cm?® was used, to the value
95 %, when the whole inner surface (about 400 cm?) was etched. In the last case nearly
all reactive species originated within plasma volume are consumed due to etching, i.e.
etching can be considered as a gas flow limited process.

The proposed method enables to check the relative importance of the gas phase
and surface processes. This approach can be easily applied to a variety of plasma chemi-
cal reactors.
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Fig. 1 The calculated relative viscosity of
gas mixture as a function of NF, con-
version due to plasma decomposition.
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Fig. 2 The determinated effective pumping
speed for NF; versus the reactor
pressure.





