Rev. Brasil. Apl. Vac., Vol.5, Nos 1 e 2, 1985. A6D

QUANTITATIVE GAS ANALYSIS IN VACUUM SYSTEMS
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For the determination of small gas quantities,
gases are admitted to a vacuum system under dyna-
mic pumping conditions and a great number of mass
spectra are recorded together with the total-pres-
sure gauge readings. A special calibration proce-
dure has been developed, based on admittance of a
calibrated gas-burst into the analytical chamber.
The apparatus and the calibration method are de-
scribed and an example for the analysis of a N;-
C0-CO; mixture is given, showing that even comp-
lex gas-mixtures can be identified and analysed
with errors of less than 2%.
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INTRODUCTION

Instruments for the measurement of low-density gases are mostly
calibrated 1a terms of "pressure". In practice, however, it may be
more desirable to know accurate values of the density, of the gas
flux or even of the amount of gas. In this contribution we deal
with gas-gquantity measurements. Therefore, a suitable calibration
method should be based rather on a calibrated gas quantity than
on a pressure standard.

There are two possibilities for guantitative measurements of
a small gas amount: the static and the dynamic method. Fig. 1
allows a simplified comparison. In the static method, a wvacuum
chamber with known volume V is evacuated to an ultimate pressure
Po and then the pump is valved off. Now the gas to be measured is
admitted and from the increase of pressure Ap = p - pg Vvs. time
4t, the gas flux, g, as well as the amount of gas, m, can be deri-
ved:
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g = Vbap/ At (1)

and

m=VAp. (2)

gas

pump

!km_ti*: Static vs. dynamic method (V = wolume,
8 = sffective pumping speed, Lp = incresase of
pressure due to gas admittance).

In this method, data evaluation appears to be very simple, espe-
cially if the background is constant. In practice, however, one
has to consider the various reactions of the gases with the hot
filament of the gauge as well as ad- and desorption processes at
the surfaces. Purthermore, the pressure difference Ap is rela-
tively high (compared to the pressure p,) and - consegquently - a
non-linear response of the gauge may give rise to a large error.

In the dynamic method, pumping is maintained continuously. There-
fore, for a given flux or gas amount, the maximum pressure
increase is smaller than in the static method, and it is more
likely to achieve a constant background. Furthermore, as the so-
journ times of the gas molecules in the chamber are much shorter,
the probability for reactions of the admitted gases are reduced
considerably. In this method, the flux can be calculated from the
pressure increase, Ap, and the effective pumping speed, S,¢e, as
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g = AP Sers (3)

and the amount of gas, m, can be determined by integration between
two properly chosen time marks,
t2
m = t_fap S.¢s dt. (4)
1

Even in this method problems may arise, e.g. the background pres-
sures p(t;) and p(t;) may differ due to changes in outgassing, or
the “"true®™ background pressure between t; and t3; (inaccessable
for a direct measurement) may differ from p(t;) or p(t;). How-
ever, the dynamic method offers a number of advantages, especially
if oxigen-bearing gases have to be investigated. This method is
used in our work.

APPARATUS

The apparatus used in our measurements is sketched in Fig. 2. The
all-metal system consists mainly of a small chamber with a sample
heater and a special tweezers-manipulator /1/, and contains the
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necessary measuring instruments (a hot cathode ionization gauge
of the Bayard-Alpert type and a gquadrupole mass spectrometer). It
is pumped by a 170 t/s turbomolecular pump, and backed by a cata-
lysator-baffled rotary pump. Between analytical chamber and pump
a variable conductance is installed, which can be set between 0,8
and 22 L/s (all values N,-equivalent).

A number of samples can be stored inside the chamber within the
reach of the manipulator. A large viewport serves for identifying
the samples and for controlling the manipulator movement. For
outgassing, the samples are transferred ontc the heater (in most
cases a simple Mo-strip as used in evaporation plants); outgas-
sing temperatures up to 1800 K can be chosen and ocutgassing may
last from a few seconds to one hour. In order to keep the back-
ground pressure during the sample measurements as constant as pos-
sible, the Mo-strip is heated many hours in advance, allowing to
achieve temperature equilibrium and low outgassing. As an example,
the outgassing of a D+-implanted TiC-POCO sample at 1120 K is
shown in Pig. 3.
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Figure 3: Qutgassing of a D*-implanted TiC-POCO
ample at 1120 K (signals at mass numbers 1 to 4
in units of 100 Amps).

For spectrometer control and data acquisition, a LSI 11/23 compu-
ter is used. In every outgassing measurement, many hundred spectra
are collected together with the respective BA-gauge readings.

SPECTRUM DECOMPOSITION AND DATA EVALUTION

For data evalution it has to be considered that every single mass
spectrum h; is caused by a superposition of the individual
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spectra of the gases present in the ion source. In a simplified
form, a single spectrum can be written as

hy = @ TP & Qu (5)

with hij aes peak height at mass number i,
Py ' ans partial pressure of gas with index k,
By  sas sensitivity for gas k (relative te Nzl,
Qiyx =+- "cracking pattern” of gas k (= probability
to find an ion with mass number i), norma-
lized to give i Qi = 1 for any gas k.

After the outgassing, the measured values of the total pressure
as well as the single mass spectra are integrated according to
Eq. (4):

T2
P = [ap(t) 4t (6)
£
and
t2
I; = [hyt) at, (7)
)

In the next step, the decomposition of the integral spectra Iy
is done via a least-sgquares-fit procedure, using individual
weights for the measured wvalues h; and the (separately measured)
"calibration factors" Q) . (With respect to the accuracy of the
cracking patterns, which may change with pressure, time, pumping
speed, etc., and to the respective influence on the achievable
accuracy, see /2,3/.) In this way we get the "true" partial-pres-
sure composition, Py, and the "true" gas composition my can be
calculated as

my = Py Sy (8)

(S = effective pumping speed for the gas k). Py and my are rela-
tive figures and are normalized to give iPk = Emk = 1. In the
final step, the (relative) wvalues P, are used to correct the
{still N, -equivalent) total pressure integral P (see Eg. (6))
for the different sensitivity values ¢, , giving the "true" total-
pressure integral,

Py = P E(Py/€x)/ L Py, (9)

and, in a similar way, the respective "true" amount of gas, mg.
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CALIBRATION PROCEDURE

As outlined above, in our method the mass spectrometer is used
for the determination of the relative gas-composition only, and
the absolute values are derived from the BA-gauge readings. There
are many reasons for this procedure, introduced more than a decade
ago /4/. One reason is that, compared tc a mass spectrometer, the
long-time drift in the ion production rate (depending e.g. on
filament position) and also in the ion-collection efficiency of a
BA-gauge are much smaller. In particular, surface- and space-
charge effects, and a possible drift in lens potential and in SEM
gain in the mass-spectrometer may change the absolute heights of
the peaks and thus alter the calibration.

On the other hand, our method requires an absolute calibration of
the term pressure times pumping speed, according to Eq. (4), ma-
king in-situ calibration of the BA-gauge together with the conduc-
tance necessary. For this purpose, and also for checking the pro-
perties of the mass-spectrometer, a special “gas burst" calibra-
tion technigue has been developed. The calibration unit, shown in
the upper section of Figure 2, consists mainly of a calibrated
volume (22 cm?) including a membrane mancmeter of the capacitance
type, allowing accurate measurements of the total pressure bet-
ween 10°' and 1 mbar. The gas quantity in this chamber is simply
calculated from the product of volume and pressure, and - by suc-
cessively admitting different gases into the chamber - even calib-
rated gas-mixtures can be produced and maintained until they are
needed.

These calibrated gas quantities can be admitted to the analytical
chamber at any time by opening the (electrically driven) valve V,.
The "length"™ of the burst can be chosen by a proper setting of
the conductance of this valve. The all-metal system is evacuated
by a 50 i/s turbomolecular pump.

The capability of our method is illustrated by the analysis of a
calibrated mixture of Ny, CO and CO, (one of the worst cases for
a4 mass-spectrometric gas analysis). Within a relative error of
#+ 10 % equal amounts of every gas were taken (i.e. 33 + 3 % in the
mixture). This gas mixture was admitted to the analytical chamber
and was treated as an "unknown gas®, i.e., the total pressures and
the peak heights measured with the mass spectrometer were recorded
and computed as in the case of an unknown sample. Pig. 4 shows
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the signals at the 4 most significant mass numbers. Data evalua-
tion was based on cracking patterns, measured separately for the
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Fi @ 4: Admittance of a N3 -CO-CO; mixture for
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tien purposes (signals at mass numbers
12, 16, 28 and 44 in units of 1079 Amps).

pure gases. Table I shows the integral spectrum for the admitted
gas mixture, I, = FM(2), at the 7 mass numbers chosen between 12
and 44, the values m, = AMOUNT OF GAS (PER CENT) together with
the calculated external errors and the quantity m (= TRUE AMOUNT
OF GAS) and its composition (all values in STD CCM = mbar).

Table I: Results obtained from the analysis of
2=C0=-C0; mixture.

H z FALZy DFRCI) FHIZ) FCiZy DIFeZY DELD
i2 1 62,039 1.030 62,0571 62 6002 =0.5411 0.2741
14 2 74,707 1.077 ThT0OAT 78. 0407 =1.3341 1.533%
18 3 103.542 1,004 103.5424 109.2520 =5.70%4 27,2429
22 4 20,494 1.021 20,4934 33570 -2.8434 70434
28 3 1932.973 2:.442 1732.9744 1932.4732 0.4774 00337
29 & 18.453 1.024 17.143% 1.2993 1.5840
44 7 1145.4624 1,748 1143.7786 1.8473 C.8830

CHI SOURRED = 39.44 DEGREES OF FREEDOH = & RATIO EXT./INT.ERROR = 3.1401

1 BLI) ERROR

i 11.0025 0.5SI0E+00
2 B.5347 0.5IFE+00
3 14,3295 0. 74JE-01

AMOUNT OF OAS (PER CENT)

N2 co co2
35.53 27.54 3471
ERROR .71 1.70 0.:20

AMOUNT OF GAS (N2-EO0) = 0.187E-03 STD-CCH
TRUE AMOUMT OF 0AS = 0,171E-03 STD-CCH

GAS AMOUNT (STD=CCM)
crmsmszassEsssessEEsesTE
N2 P 0.40FE-04
co t 0.47IE-04
co2 P 0.632E-04
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From a series of test measurements we know that standard devia-
tions of less than 2 % in the gas composition, as obtained in
this analysis, can only be achieved if the mass spectrometer has
been calibrated very carefully, e.g. with bursts of pure gases,
and if the pressure range and the pressure increase chosen for
the calibration are almost identical to the conditions during the
measurement of the (unknown) gas quantity.

CONCLUSION

Many hundred samples (glasses, metals, minerals) have been inve-
stigated by the gas-analytic technique described in this contribu-
tion. Before the gas-burst calibration technique was introduced,
the absolute accuracy was related to the BA-gauge accuracy only,
and was not much better than within a factor of 2. In these measu-
rements we have learned that cracking patterns may change between
calibration and measurements, especially if the duration of the
calibration and/or if the pressure range chosen differ too much
from the respective wvalues of the analytical measurement (i.e.,
the gas guantity of the calibration burst and its length should
be wery similar to the respective value of the analysis). Only
with very careful calibration, as with the gas-burst technigue,
we could improve the accuracy of our fit-procedure to better than
+ 2 %, even for mixtures of oxigen-bearing gases. The absolute
accuracy of our present method, mainly given by the accuracy of
the capacitance manometer, is assumed to be better than + 5 §&.

This work was sponsored by the Fonds zur Forderung der wissen-
schaftlichen Forschung and by the OUsterreichische Akademie der
Wissenschaften.
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