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Abstract

Direct current glow discharge mass spectrometry (de-GDMS) has been applied to detect impurities in metals.
The aim of this study is to understand quantitatively the processes taking place in GDMS and establish a model to
calculate the refative ion yield (R1Y), which is inversely proportional to the relative sensitivity factor (RSF), in order
to achieve better agreement between the calculated and the experimental REYs. A comparison is made between the
calculated RIY of the present model and the experimental RIY, and also with other models.
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1. Introduction

The direct current glow discharge mass
spectrometry (dc-GDMS) is known to be a powerful tool
of detecting impurities in conducting solid materials
(see reviews [1,2]). Basically, in GDMS, the secondary
ions from the target are analyzed GDMS has high
detection efficiencies, nsually in ppb (ng/g) or sub-prb
range for nearly all the elements. The concentration
ratio Cx/Cs of the impurity over the matrix is related
with the ratio of the impurity ion current (Ix) over the
matrix ion carrent (Is) measured in GDMS,

Ix/1s = RIY - (Cx/Cs)
= (Cx/Cs)Mx/Ms)/RSFE. (1)

Where RIY is so-called relative ion vield, RSF is the
relative sensitivity factor, and My and Mg are the
masses of impurity and matrix ions. RIY canbe
determined experimentally wsing certified reference
material with the known impurity concentration and its
vahie is generally order of unity. Because the reference
materials for all impurity/material combinations are not
always available, it is desitable to predict RTY with
model calculations. So far, agreement of the calculated
RTY with the experimental RIY is not satisfactory, in
spite of extensive studies by Bogaerts and Gijbels [3],
Bogaerts [4], and Vieth and Huncke [5,6].

The aim of the present study is to understand
quantitatively the processes taking place in GDMS and
establish a model to calculate RIY to achieve better
agreement with the experimental RTY. We compare the
calcnlated RTY of our model with the experimental RTY
and also with other model. In the plasma, there exisia
variety of plasma species, i.€., electrons, neutral atoms,

Ions, their excited species and various kinds of clusters.
These species collide with each other, leading to
complicated processes. In the present study, we
consider that the following processes play roles in the
glow-discharge {(GD) plasma cell:

(1) Spattering of target by positive ions accelerated

by the electric field near the cathode,

(2) Transport of sputtered nemwtral atoms to anode,

(3) lonization of sputtered neutral atoms near the
anode,

(4) Extraction of ions generated near the anode to the
lens and magnetic analyser. These processes of (1) to
(4) will be discussed in details after a description of the
experimental.

2. Experimental

A schematics of glow discharge is shown in Fig, 1
[1]. The experiments were carried out using a VG9000.
The GD plasma cell consists of an anode housing of 25
mm in diameter and a cathode disk with an electrical
insulation of boron nitride and about 1 kV is applied
between themn.  The cathode is separated by 10 mm
from the anode slit. The central part of the cathode of
10 mm in diameter is the target to be analyzed, viz, the
reference material which consists of a metal matrix
with a trace impurity. The impurity concentration in
the reference material has been determined within an
accuracy of ~1 % by wet chemical analysis such as
inductively-coupled-plasma mass-spectrometry (CP-
MS) I7].” Typical discharge current is 1-10 mA in Ar
gas of ~ 100 Pa (~ 1 Torr). Only a fraction of 107 to
10 of Ar atoms is estimated to be ionized in a typical
GD {11 Eckstein, Coburn and Kay [8] reported that the



ionized fraction is ~ 10™ for Ne gas GD. Ar ions are
accelerated by the fields near the cathode and the target
{cathode) are subject to these ion bombardment,
resulting in sputtering of matrix and impurity atoms
(see a review by Behrish [91). The anode potential is
kept at about 8 kV against the ground and ions
generated near the anode are extracted through the
anode slit and led to the ion mass analyser.

3. A theoretical model
3.1 Relative ion yield (RIY)

As discussed in § 1, RIY can be written in terms of
the relative sputtering yield of impurity to that of matrix
for Cx/Cs = 1 (RS), the relative transport efficiency of
sputtered neutral impurity atoms to that of matrix atoms
(RT), the relative ionization probability of impurity to that
of matrix atoms (RT) and the relative extraction efficiency
of impurity ions to that of matrix ions (RE):

RIY=RS+RT-RI-RE. (2)

Some physical constanis relevant to RIY calculation are
given in Appendix A

3.2 Spuitering

The spattering yield (atems per ion) of monatomic
targets by ion impact can be estimated from simulations
such as TRIM by Ziegler, Biersack and Littmarik [10],
and semi-empirical formulae by Matsunami et al. [11]
and by Yamamura and Tawara [12), using the surface
binding energies and densities given in Appendix A.
Firstly, the energy of Ar” ions involved in GD is
discussed. Under the conditions stated above, Ar’ ions
<an gain the maximmmm of 1 keV. Measurements by
Straaten, Bogaerts and Gijbels [13] indicate that the
average energy of Ar ions is 0.1 10 0.15 keV at Ar gas
pressure of 50 to 100 Pa and the discharge currents of 1
to 3mA_ The crosion rate of the cathode appeared to be
independent of the discharge current [14,15],
indicating that no meliing process takes place and
target erosion is not due to evaporation but sputtering
by ion impact. Using a typical size of the observed
crater for Cu target (3.3x10 > cm’ at discharge current
of 5 mA for 2 hr [14]), the erosion rate was estimated as
2.5 (Cu atoms per ion), assuming that a half of the
discharge current is due to At and the rest is the
electron current. The angle of incidence measnred
from the target surface normal (9) of the Ar” ions is
estimated to range from 6 = 0 to Om = ~80 degrees in
view of the GDMS geometry. Hence, the sputtering
yield of the target atoms can be enhanced by a factor of
1.74 at Om=80 over that at normal incidence, assuming
an uniform angular distribution of incidence and the
L/cos(0) law of sputtering [9]. Comparing the crosion

rate with the calculated sputtering yield of TRIM (1997
version), the Ar' energy is estimated as ~0.3 keV. The
discrepancy contd be partly due to the re-sputtering and
an error in the estimation of Ar' current. The energetic
neuntral Ar atoms may contribarie to the sputtering, In
the present study, the energy of Ar' in GDMS is
assumed to be around 0.15 keV. RIY is not seriously
sensitive to the choice of the energy.

It is worthwhile to compare the sputtering yields
of the computer simnlation (TRIM97) with those of
experimenis which are taken from the references listed
in the data compilation [11,12] (Fig. 2). For most of the
clements, agreement of the sputtering yields between
the simulation and experiments is within a factor of 2,
except for low energies. For Si, the simulation values
are somewhat smaller. For Be, the simnlation values
underestimate significantly, especially for low energies.
It also appears that the simulated sputtering vields of C
arc smaller than thosc of experiments by a factor of 8 to
4 at .15 to 0.5 keV. These imply that the TRIM97
simulation underestimates the spuitering yields
significantly for low z clements such as Be, Band C.
The semi-empirical values at 0.1, 0.15 and 0.5 keV by
Yamamura and Tawara [12] are 0.02, 0.074 and 0.443
forB, 1.1, 1.54 and 3.23 for Na, and 0.73, 1.06 and 2 .38
for Mg, respectively. We use the experimental values
for Be and Si, the semi-empirical values for B, Na and
Mg, and the TRIM97 simulation values for other
elements than Be, B, Na, Mg and Si. The sputtering
yields S of elemental targets by 150 €V Ar impact at
normazl incidence are given in Appendix A.

Now, the sputtering of alloys, i.e., muli-
component targets, is discussed. Sputtering yields of
sach component in alloys cannot be simply estinated
from those of clemental targets because of
medifications of the compositions near surface (called
segregation), of the serface binding energies and of the
elastic energy depositions (sce a ref. by Shimizu [16]).
Thus one of the components can be selectively
{preferentially) sputtered, generating the altered layer,
where the composition differs from that of the bulk.
The sclective spuitering continues unti the steady state
is reached. Afier the steady state is reached, the
sputtering yields of each component become equal to
those of the bulk composition. Hence, in the first
approximation, the relative sputtering yield RS is given
by,

RS=1. 3

In this case, the energy of Ar responsible for target
sputtering does not play a role at all. Equation (3) has
been supported by the fact that RTY is kept unchanged
for a prolong discharge time [14] and though it has not
been confirmed yet, eq.(3) sounds good, unless the
steady state condition is violated. Extensive theoretical
studies based on the above equation by Bogaerts and



Gijbels [3], Bogaerts J4], and Vieth and Huneke {3,6],
however, did not give satisfactory agreement with the
experimental RIY. This could be largely due to poor
understanding of ionization, transport, extraction
efficiencies. Nevertheless, the above situation leads us
to modify eq.(3) and such a trial is discussed.

In dilute alloys (Cx < Cs), it is reasonable to
assume that the surface binding energy (Ux) of impurity
is the same ag that of the mairix (Us), ignoring the
selective sputtering. A crude assumption that the
elastic-energy-deposition cross section per atom in the
elemenial target is the same as in the two-component
target would give a possible modification, reminding
that the sputtering vield is inversely proportional to the
surface binding energy.

RS = (Ux/Us) * (5x/Ss), 4)

where Sx and Sg are the sputtering vield of one-
component target consisting of impurity and that of
matrix atoms, respectively (Appendix A). It appears
that this choice Tmproves slightly the agreement
between the calculated and experimental RTY for
certain cases (probably fortuitous), noticing that it is
difficnlt to find a good physical meaning of eq (4). In
this case, again, the energy of Ar for target sputtering is
insignificant, because RS calculated by TRIM97 is
relatively insensitive to the Ar” energy as shown in Fig.
3 for Cu matrix. The variation of RS with the Ar’
energy is within ~20 % for 0.1 to 0.5 keV, except for B
and Be. The ratio at 50 ¢V is somewhat larger or
smaller than that at 0.1 to 0.5 keV. The variation for B
and Be could be more than a factor of 2. The situation is
quite similar to other matrices (Al, Ti, Fe, Zn, Ag Sn,
Au, Pb).

3.3 Transport of neutral atoms from the cathode
to anode

Some of the sputtered neutral atoms from the
cathode are ionized in the negative glow and the
positive column regions. However, these positive ions
feel the weak electric field towards the cathode and
cannot reach the anode. Vieth and Huneke [6], and
Bogaerts and Gijbels [3] assumed that the transport
efficiency of the sputtered atoms is inverscly
proportional to the diffusivity Dx and that 1/Dx o<
(T + TAD (1x)'%. Here, Ty and T o7 are the atomic
radii of the impurity and Ar, respectively, and
(Tx + TAr)Y represents the cross section of collisions
beiween the sputtered atom and Ar atom, and ux is the
reduced mass of impurity atom and Ar, ux=
MxMAr(Mx+MAr). Remind that within the hard

sphere model, the collision cross section is independent
of the energy of sputtered atoms. Hence, the coliisions
of the sputtered atoms with Ar atoms are frequent
enough so that the transport of the sputtered atoms can
be treated by a diffuison process, and that the initial
angnlar and energy distributions of the sputtered atoms
are no longer kept when the sputtered atoms reach the
anode and the effect can be discarded. Then the relative

transport efficiency (RT) is given by
RT = (ux/u9)"” {(tx + TA T + TADY. (5

Note that more stronger dependence on the atomic
radius (4th-power of the radius sum instead of the
2nd-power) is suggested by Hang and Harrison [17] for
transport of neutral atoms.

In this study, the atomic radii (r) are taken as the
calculated mean atomic radii of the outer shells
(relativistic Hartree-Fock-Slater calcnlation) [18],
neglecting d- and f-shell contributions and the values
are given in Appendix A. The radius of Pd is taken as
the mean of the radii of the ncighbouring two atoms (Rh
and Ag), because Pd has no 5s-electron but filled 4d-
electron and the 4d-shell radius is too small to be the
atomic radius. These calculated values (Appendix A)
agree to an accuracy of 10% with the radii of 12-
coordinated or tetrahedral covalent configorations [19],
except that the calculated values are larger by more
than 20% for Li and Be and larger by up to ~30% for
those atoms having d-shell contributions (Scto Cu, Y to
Ap and Ln 1o P1), and smaller by a factor of ~ 2 for inert
gas atoms (Ne, Ar, Kr and Xe). The radii of the atoms
having the d-shell contributions agree within ~ 10%
with those in ref. [19], by taking an appropriate
averaging of the outer shell radii {20). The calculated
RT (eq.(5)) ranges from 0.4 to 2.2 for Fe matrix as
given in Table 1 and these values differ by 10~30 %
from the values in ref. [3] (for Sb, the difference is the
maximum of -34%). These discrepancies are probably
due to the choice of the atomic radii. In fact, usage of
atomic radii from ref. {19] gives RT values closer to
those in ref {3} for many impuritics within ~10% ,
except for Na, 5i, Ca, As, In and Pb, the difference
being the maximum of 17 % for Ca.

3.4 lonization of atoms near the anode

A part of neutral atoms reached near the anode arc
lonized. Then the ions are extracted through a slit of
the anode, sent inio the lens system and ion mass
analvser, and finally reach a detector. There are two
mechanisms of ionization: Electron impact ionization
(EI) and Penning ionization (PI) (see a review by Siska
[21} for PI).



3.4.1. Electron impact ionization

In the case that EI is dominant for fonization, we
need to know the electron energy (distribution) to
estimate EI cross section (EICS). According to the
calculation by Bogaerts [4], the electron reaches the
energy of 0.5 keV and has a flat distribution down to
several eV (secondary electron region). The electron
acceleration presumably takes place very near the
cathode (cathode dark space) and the electrons lose
their energy in the negative glow (NG) and/or positive
cohmmn before reaching the anode. The total energy
loss of an electron with the energy of 0.5 -0.3 keVin Ar
at 100 Pa is calculated as ~0.2 keV/cm (ICRUS4 report
[22]). It is interesting to compare this value with that of
the above calculation [4]. The energy loss of charged
particles (electrons and ions) in plasma is also an
interesting subject.

The relative electron-impact ionization
probability of impurity to that of matrix (REI) is simply
given by

REI = ¢ y(Ee)/ 0 (Be), (6)

whete, 0y and ¢ g; are the electron impact
ionization cross sections (EICS) for impurities and
matrix at an electron energy of Ee. EICS for many
elements are given by Bell et al. [23], Lennon et al.
[24], Higgings et al. [25], and Tawara [26]. Data from
Tawara are used for all elements investigated in this
study, except for Sn. For Sn, EICS is taken from ref,
Higgins et al. [25]. EICS at the electron energy of 100
eV together with the ionization potential I are given in
Appendix A, EICS data for Sb, Bi, Pd, Rh and Pt are
not available at present. EICS for An seems to be a little
bit larger [26] and the values are not used in the
following REI calculation. REI has a weak energy
dependence as shown in Figs. 4(a) and (b). From these
results and the fact that the calculated energy of
clectrons is less than 0.5 keV and order of 6.1 keV as
mentioned above, the electron energy for EICS is
chosen as 100 eV in this study. Averaging of the EICS
is not significant, unless the electron energy is lower
than ~ 50 eV. To improve the accuracy, the EICS
shouid be averaged over the electron energy
distribation, if it is known.

3.4.2 Penning ionization

There is an estimation by Smith, Serxner and Hess
{27] that Penning ionization (PT) contribution is ~
50 %. There are a few data on the PI cross section, o 5
(Riscberg, Parks and Schearer [28]). The rafio of PI”
over El contributions can be estimated by

<Op " NArH) - v>/<og+Je, (7

where N(Ar*) is the Ar metastable density, v the
relative velocity of atoms to be ionized and Ar¥, and Je
the electron current density. < > means averaging over
v. Inserting 6 1/ 6 5 ~10, v ~10° cm/s (corresponding
to ~1€V Ar), Je ~10"%/cm’s (~1mA/cm?), Eq.(7)
becomes larger than unity when N(Ar*)/N(Ar) > 10°
for 100 Pa Ar (N(Ar) ~3.5x10*%cm’”), indicating that PI
is dominant. Hence, data of o ; and N(Ar*) are of
crucial importance for evaluation of the PI contribution,
An approximate formula for the relative Penning
ionization of impurity to that of matrix atoms (RPJ) is
given by Riseberg, Parks and Schearer [23],
assuming that o, is proportional to = 1 2 (0 ,; &
polarizability o r°) ,

RPI=(ux/pe)? (x/15°, (8

where p is the reduced mass definedin §3.3 andris
the atomic radius (Appendix A). The calcalated RPI
for Fe matrix is compared with those by Bogaerts and
Gijbels [3] in Table 1 and Fig. 4(a). The ratio of RPI of
eq.(8) over their RPI varies from 0.45 (B) to its
maximum of 1.66 (Cr, Mo). The ratio of RPI over those
in ref. {3] for Fe matrix takes its minimum of 0.3 (C).
Replacement of the atomic radii by those from ref. [19]
in €q.(8) does not improve the sitmation, the ratio of new
RPI valucs over those in ref. [3] for Fe matrix varies
from the minimum of 0.58 (C) to the maximum of 2.22
(Ca). Hence, the discrepancy between the present
calculation (eq.(3)) and that in ref. [3] is not simply due
to the different choice of the atomic radii, because the
RT values calculated with the atomic radii from ref.
{19] agree with those in ref. [3], as mentioned in §3.3.
RPI calculation in ref. [3] is based on the rate equation,
incorporating Ar metastable (Ar*) production
processes by impacts of fast electron, fast Ar ion, fast Ar
atom and eic., and loss processes such as ionization by
fast electrons, excitation to higher energy level,
clectron quenching to the nearby resonant levels,
Penning ionization of sputiered atoms, two- and three-
body cotlisions with Ar ground state atoms, diffusion to
and de-excitation at the walls. These calculated RPI
values naturally differ from those of a simplified eq.(8).
RP1 is also compared with REI for Fe matrix in
Fig. 4(a). Z (atomic number of impurities)- dependence
of RPI in Fe matrix is more stronger than that of REL
Recombination of ions with electrons, the details of
which are discussed by Vieth and Huneke [6], will
reduce the ion fraction, and modify REI and RPL In
this report, the recombination process is discarded,
since the electron density is assumed to be low [3].



3.5 Extraction efficiency
Finally, we consider the relative extraction

efficiency (RE) of impurity ions to that of matrix ions,
which are generated near the anode by EI and/or P1. In
refs. [3-4], the extraction efficiency is assumed to be
independent of mass, i. e, RE = 1. In this study, M"”
dependence is adopted for the extraction efficiency
[291,

RE=Ms/Mx)"™ (9
A more weaker mass dependent RE is discussed by
Vieth and Huneke [6]: replacement of mass M by the
rednced mass p and/or by smaller exponent than 0.5 in
€g.(9).

4. Results and discussion

The relative ion yields can be calenlaied with the
equations described above, assuming that the detection
efficiency is mass independent. The results for Fe, Cu
and Al matrices are given in Tables 1-3 and Figs. 5-7.
Here Ar' ion energy is taken as 150 eV for calculation
of RS with eq.(4) and the electron energy is taken as
100 eV for REI evaluation, as discussedin §3.2and §
3.4.1. Since, RIY is calculated by the relative quantities
(eq.(2)), the ratios of the calculated RTY (RIY-cal.) over
the experimental RIY (RTY-exp.) are appropriate for
comparison between the calculation and experiment.

For 33 impuritics in Fe matrix, RT (relative
transpori efficiency), RE (relative extraction efficiency)
andRT * RE range from 0.39 (B)t02.2 (Ba), 2.8 (Li)to
0.52 (Bi) and 1.9 (Li) to 0.6 {Au), respectively, as seen
in Table 1. The ratios R-ETE=REI +RT - RE/
RIY-exp.) of the RIYcal. (RE! < RT - RE)based onthe
electron impact ionization with RS=1 over the RIY-
exp. vary from 0.3 (Pb) to 10 (Li) for 30 impurities, as
seen in Fig, 5(a) and Table 1. Hence, the calculation is
not satisfactory. The ratios (R-PTE) of the RTY-cal.
(RPI - RT + RE) based on the Penning ionization with
RS&=1 over the RIY-exp. vary from 0.36 (An) to 26 (L1)
for 33 impurities {Fig. 5(a) and Table 1}. Thus
agreement of the calculation with the experiment is
worse. The ratios of the RTY-cal. by Bogaeris and
Gijbels [3] over the RTY -exp. scatter from 0.68 (V) to
7.4 (Na). Their calculation is neither satisfactory, as
described in § 1. One reminds that the present
experimental RIYs agree with those in ref. [3] within
20 %, for 26 impurities. The present RIY-exp. is larger
by 50% (Be), 60% (Cd) and 30% (Au), and smaller by
~25% (Zr, Sb) and 40% (As) than those in ref. [3].

In Fe matrix, the ratios (R-SETE) of the RTY-cal.
(RS - REI * RT - RE) based on El with RS of eq.{4) over
the RTY-exp. scatter between 0.2 (Ca) and 5 (Ga) for 33
impurities, as scen in Fig. 5(b) and Table 1. The ratios
(R-SPTE)of the RTY-cal (RS - RPI - RT - RE) based on

L

PI with RS of eq.(4) over the RIY-exp. scatter between
0.2 (B) and 13 (Na). Agreement of the calculation
based on RS of eq.(4) with the experiment is neither
satisfactory.

For 10 impurities (S, Fe, Co, Ni, Zn, As, Se, Ag,
Sn, and Te) in Cu matrix as shown in Fig. 6(a) and
Table 2, the RIY-cal. (REI - RT + RE) agree with the
RIY-exp. within a factor of 2 (0.5 (Ni) to 1.9 (S)). For
Pb impurity, the RIY—cal. is a little bit smalier than the
RIY-exp. (R-ETE = 0.23 for Pb). Replacement of REI
by RPI does not improve the agreement between the
calculated and experimental R1Ys. The ratios (R-PTE)
vaty from 0.14 (Pb) t0 0.9 (Ag).

In Cu matrix (Fig. 6(b) and Table 2), the ratios
(R-SETE) scatter within 0.4 10 1.2, except for Pb (0.13).
The agreement becomes slightly befter and thus,
replaccment of RS=1 by eq.(4) seems to be reasonable
in this case. However, this improvement is probably
fortuitous, because the data points are not enough. The
ratios (R-SPTE) scatter between 0.06 and 0.9 and the
agreement is poor,

The situation for Al matrix is similar to Fe matrix
(Fig. 7¢a) and (b) and Table 3). For 21 impurities in Al
matrix, the ratios (R-ETE) scatter between 0.2 (Fe) and
1 (Ga), except for Ti (0.16) and Pb (0.11). The ratios
{R-PTE) scatter between 0.3 (Pb, 8b) and 6 (Na) for 27
impurities. The ratios (R-SETE) scatter between 0.2
(Ca, Ti, Pb) and 2.4 (Ga). The ratios (R-SPTE) scatier
between 0.3 (B) and 11 (Na) for 27 imparities. Hence,
replacement of RS=1 by eq.(4) does not improve the
sitnation.

Tt also appears that replacement of M by the
reduced mass in £q.(9) gives slightly better agreement
between RIY-cal. and RIY-exp. especiaily for
impuritics with low and high atomic numbers such as
Li and Pb.

5. Summary

In conclusion. the present stmple calculation
reproduces RIYs as good as those of theory in ref. {3].
However, the agreement between the calculation and
experimert is not satisfactory at present. Summarising
specifically,
(1) The relative sputtering yield RS 1s reasonably set
equal to 1, unless strong segregation takes place.
Segregation is to be investigated.
{2) The relative transport efficiency RT varies within a
factor of ~2. The relative extraction efficiency RE also
varies within a factor of ~2. RE canbe replaced by a
more moderate mass-dependent formula than eg.(9) or
uity.
(3) The most important process in GDMS is the
ionization of spuitered atoms near the anode, as already
pointed out in ref. [3]. The eleciron energy distribution
near the anode is necessary for the case that the electron
impact 1onization is dominant. Data of electron impact



ionization cross section for Sb, Bi, Pd, Rh, Pt and Au
are desired. The Penning ionization cross sections are
of crucial importance. The choice of atomic radii in
¢.(8) is also to be examined. Asymmetric or quasi-
symmetric charge transfer may play role [3], though the
data is scarce.

It has been pointed out that the foilowing
quantities in GD are not well known:

(1) Energy of Ar ions and Ar neutral responsible for
sputtering of the cathode (target) and the current (flux)
of these encrgetic ions and atoms,

{2) Electron energy distribution and the electron
current near the anode,

(3) Metastable Ar* density.

Many of processes in GDMS are common in
plasma physics and plasma-watl interactions. More
systematic investigations, especially the ionization
process would be fruitful to improve the theory.
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Appendix A  Atomic number(Z), mass(M), density(g/cnr’), surface binding energy(L),
ionization potential(l), sputtering yield(S) of elemental target for 150 ¢V Ar impact,
electron impact ionization cross section(EICS) in 107 °cm” at 100 eV and atomic radius(r).

z M
Li 3 6.94
Be 4 9.01
B 5 10.81
C 6 12.00
N 7 14.00
0 8 16.00
Ne 10 20.00
Na 11 23.00
Mg 12 2431
Al 13 26.98
Si 14 28.09
P 15 30.97
S 16 32.06
cl 17 35.45
Ar I8 40.00
K 19 39.10
Ca 20 40.08
Sc 21 44.96
Ti 2 47.90
v 23 50.94
Cr 24 52.00
Mn 25 54.94
Fe 26 55.85
Co 27 58.93
Ni 28 58.71
Cu 29 63.54
7n 30 65.37
Ga 31 69.72
Ge 2 72.59
As 33 74.92
Se 34 78.96
Kr 36 £3.80
Rb 37 85.47
Sr 38 87.62
Y 39 88.91
I 40 9122
41 92.91
Mo 42 95.94
Ru 24 101.10
Rh 45 102.90
Pd 16 106.40
Ag 47 107.87
cd 48 112.40
In 49 114.82
Sn 50 118.70
Sb 51 121.75
Te 52 127.60
Xe 54 131.30
Ba 56 137.34
W 74 183.90
Re 75 186.20
Pt 78 195.10
Au 79 197.00
T 81 204.40
Pb ) 207.20
Bi 83 208.98

e’
0.530
1.80
235
2.266

1.00
1.74
2.70
232
1.82
207

0.863
1.54
3.00
452
6.10
7.19
743
7.87
8.80
8.90
8.95
711
551
5.34
572
479

1.33
2.60
449
647
8.60
10.21
12.18
12.40
11.96
10.47
8.58
7.31
728
6.62
622

352

19.29
21.04
21.40
19.30
11.88
1132
9.81

U(eV)
1.63
332
577
737

1.11
1.51
339
4.63
343
2.85

0.934
1.4
3.90
4.85
531
4.10
292
428
439
444
3.49
1.35
231
3.85
2.96
223

0.852
1.72
4.37
6.25
7.57
6.82
6.74
575
3.89
295
1.16
2.52
3.14
275
223

1.90
890
3.03
5.84
3.81
1.88
203
2.18

IeV)
5.39
932
8.30
11.26
14.54
13.61
21.56
5.14
764
5.98
8.15
10.55
10.36
13.01
15.76
4.34
6.11
6.56
6.83
6.74
6.76
743
790
786
763
772
939
6.60
788
9.31
9.75
14.00
418
5.69
6.30
6.95
6.77
7.18
1.36
7.46
833
7.57
8.99
5.78
734
.64
9.01
12.13
521
7.98
7.87
896
922
6.11
741
7.29%

s
0.0644
0.150
0.0740
0.0700

1.54
1.06
6.252
0.18¢
0.195
0.269

0.224
0.210
0.186
0230
0292
0.520
0.83%
0.536
0.605
0.635
0.869
1.912
0.713
0.454
0.670
0724

0.547
0476
0.335
0.298
0.303
0.432
0.483
0.594
0.828
1.01

1.81

0777
G.636
0.619
0.698

0.432
0.382
0471
0.624
0.862
0.949
0.838
0.642

EICS
145
1.91
2.03
2.15
1.56
1.45
0.680
2.10
2.40
6.50
520
4.40
4.20
3.30
245
4.90
3.20
115
3.50
8.75
4.00
415
3.70
5.00
2.60
2.30
2.80
6.90
5.80
525
5.30
3.406
4.60
4.18

523

6.05
4.87

2.60
4.43
7.90
73

8.83
4.45
4.80

14.0
720
4.35

H(nm)
0.1983
0.1381
0.1072
0.09137
0.07485
0.06368
0.04940
0.2128
0.1652
0.1468
0.1266
0.1204
(.1048
0.09324
0.09243
0.2614
62101
0.1961
0.1836
0.1
0.1883
0.1633
0.1576
0.1524
0.1477
0.1591
01394
0.1389
0.1273
0.1291
0.1162
0.09847
02750
02258
02077
0.1957
02012
0.1935
0.1815
0.1767
0.173
0.1683
0.1505
0.1516
0.1418
0.1331
0.1345
0.1171
0.2495
0.1669
0.1609
0.1544
0.1505
0.1796
0.1576
0.1675



Table 1 Comparison of the calculated relative ion yield (RTY) with the experimenral RIY (RIY- -exp) in
Fe matrix. RSF-exp is the experimental relative sensitivity factor. REL RPI, RT and RE are the
calculated values of the relative electron-impact-ioniziion cross-section of impuity to that of Fe (matrix)
at 100 eV (eq.(6)), the relative Penning jonization cross section (eq.(8)), the relative transport efficiency
(eq.(3)) and the relative extraction efficiency (eq.(9)). RS is the relative sputtering yield of impurity to
that of Fe by 150 eV Ar impact at normal incidence (eq.(4)). R-ETE and R-PTE are the ratios of REI -

RT - RE and RPI - RT - RE over RIY-exp, respectively. Similary, R-SETE and R-SPTE are the ratios
of RS - REI - RT - REand RS - RPI - RT - RE over RIY-exp, respectively. RPI(BG96) and RTY(BG96)
are the calculated RPI and RIY taken from Bogaerts and Gijbels [3].

ReF-=p| RiYaep] RET | RP1 | RPBGI8Y | RT | RE | RIRE | RERIXRE | RivEces) | REE | RPE | ms | istE] more
Fe .00 1.00 100 1000, 100] 1000 .00 .00 .00 1.00 7.00 |
0 167| o.ur44| 03m2| 1m 0840| oSez0! Ze4]  1.096 o758 0.300 102 262 ooas8| o488 1.20
He 153| 0.105| 0.518| o378 U500| 04775 248) 1488 0.614 0.260 582 28| oz217|  128] o928
B 128| 0.150] 05481 0.480 0420] 0.3852| 227| 06756 0.480 2.190 3.20 1.11|  oies| o5e8| 0.267
Na 203] 0203 0.688| 1.6 130] 1.180] 158! 1838 104 150 5.14 77|  o7a8| 383 1Az
™ 154] 0263 0648| o.az8 105 oese2| 1.52] 1298 0,541 104 207 425| osas| 208! 267
Al 1381 0350 178] oer2 084T| 0.7812| 144|  1.085 1 0.800 550 2w]| oa72)  205] a78
st 185] 0272 141] o4 0780] 0.6467| 1.41| DBI05 1A o.ex0 PE 148| o383 171 0531
P a18| 075| 1.19| v.ass 0740] GEZ/D| 1.34| o8e 100 0.670 571 186 0202 188| 0540
s 3.90]  0.347| i14| 0.257 0740| o543 | t.32| 07477 0.818 2570 553 125 34 185] o418
Ca| 080] 130! naes] 220 1581 1967 1.48]  1ems 139 218 1.08] 270 oi88| 0.478| .44
T 5.480 179] 0848] 138 114]  t108] 1.08) 1zt 1.22 125|  osa4 14| o048, o032 0558
v 0.550 163] 238! 138 108 1.43| 1905 148 282 1.10 173 12| oem 147]  oese
cr 221] O04z1| 1.08] 188 101]  1242| 104 4 138 101 230 513| ama| 07 477
Mn 148|  o674| 1121 in 0s90| 1.043| 101 1.051 118 0.560 175 73 107 187 1.85
Co 10| ausa| 135! 0.814 1.00| ©.9es5| O.974| 05438 128 .01 s32] os0 1.16 154 1.04
NI 1.51] 0898 0703] 0.8 700] 053{@| 0875| 0.s08s .63 100] 0817 108 123 113 133
cu 5.14| 0221 06z2| 108 104]  10d8| 0sm| oorar 0.005 .08 273 484 12| ez 514
Zn 577| 0203] 0767 0714 143| 0.8a71) 0.924| os.8200 0.821 125 3.08 28 112] 34 324
ce 456 0274 188 0715 1.12] 0693 0.866] 0.8001 148 124 5.45 208] os/m| 477 1.83
At 508] 0284] 142| 0.581 106] 08304] 0.863] G7189 1.02 110 3.85 1.58| ose4| 233 136
Sa 328 0434] 1.43] DAz 0580| 07431] 0.841 08250 0,895 0.590 208{ 0817| 07101 147] o430
zr 0850 192] 141] 208 142]  1451| o7m2| 1135 = 180] o8|  124|  ae2| 0878 +.00
s 112 1.53] 164] 204 122{ 1439| 0.783| 1088 130 1.48 147 1.46 128 150 167
Ag 431] 0448] 0703] 1.8 130| 1217 07| oarse 2815 182 1a7| 268 130 178 348
cd §71| o0as2| 120} oeen 38| 1.082| 0.705] G7aa7 o.258 1.83 254 208] oms|  zam 1.90
Tn 385 o&m| 214 100 144]| 10v5] oewri 07488 1.0 1.8 a7 1.48] 0.854| 282 123
sn 247]  0860| 197! 0.825 148] 0.8043| 0.688; 08820 135 2.04 158] 0654 o0& 136  0.568
b 5.28| 0414 0.085 150] D.ozer| 0.677| D623 211 1031 oaaz o.7ea
To 348| o0ee0| z238| o714 133| oeeie] osez| 0.6230 148 171 225| o0em| e 15631  0.485
Ea 117|  218] 130] 457 2158{ 0.638| L35 178 0848|  28s|  osm| 0304 107
Au 202 175 1.04 138] 1428 0532| 08008 184 2.358 v 0.512
Ph 258 148] 1.18] 120 175] 1.188] 0518 0827 0.732 L78|  0505] GB515| o742| O0%76] 03
B 4051 o824 1.44 t84] 1297| 0517| GE708 a0 1.05] ogde 0838




Table 2 Similar to Table 1, except for Cn matrix.

RSFexp] RiYexp| REl | RPI | RT | RE | RIRE | REXRIxRE | RPIXRTxRE | REIE | RPTE| RS | RSETE | RSPTE
Cu 100| 100| 1.00| t.00 .00 1,60 1.00 1.00
3 pesd] o752] 191] 0385| osp4| 143) 0885 1.85 o318 220] o420f oz1| oass| ooy
s 0710 0.708 183 | 0243 0524 1.41 0737 1.35 0178 1.80 0253} 0.253 ] 0,482 0.0840
Fe 0270 320 1.81) 0047 0083 107 1.03 1.85 0.973 0.517 0.304| 0758 0.3 2.230
Co 0.290 320| 27| 68e6| 64x| 104) 0066 210 pg30| oes7| o2 osE| as@| ozs0
Ni 0.440 2410 113 o7m8| omgv| 104 o083 1.06 p73s| osm2| o0as0| oseo| o487 oms
Zn 135 0762 122] 0678| 0.854| 0.888]  0.842 1.08 8.570 135! 0747 0BS5S 116 oass
As 1.05 142] 28| 0551 o7ea| ozt 0738 1.88 0.405 1.50| o3s2| oesa| o&7s| oowm
Sa 0.880 140] 230 o4os| 0715] nas7! 0.4 1.48 0.260 105] o1ee| osw| asss| oosss
Ag 132 128! 113| 128| 117 ovezr] osss 1.02 416] 0788} 0000| 09E2| 0774| 0884
Sn 0.710 263 347] o7e2| oes7| o7a2]  o7m0 222 0547, os84a| oon8| osse| o&8| ota7
Sb 1.22 1.57 0648 0880 0.722 0.843 0417 02088 | 0.58%1 0448
Te 0,980 208 284] oerx| asor! o708 neso 248 D431 118  o208| os13] eema| ass
Pb 0.8 5407 18| 1.14] 18] o584] osam 11 0728 ©233| 0140! 0581 of3t]| oovas
B 1.34 2.45 138 125| 0s51] ness 0.940 034 | 048 0477

Table 3 Similar to Table 2, except for Al matrix.

RSF.exp] RiYexp] RE! | RPl | RT | RE | RTRE | REXRTRE | RPIXR™RE | RETE { R-FIE | RS | A-SEE | RSFE
Al 1.00] 1.000; 1000] 100| 000 1.000 1.000 1.00
Be ossol 0578 o294 oss2] osw| 173 .08 0.319 0811} 0554 108| 0.583| o3| 0618
) 103] 0391| 0312] 0283) 0.508{ 1.58{  0.800 0250 026| 088} 0578) 0.500] 0B8] 0289
Na 100! ossz| 03e3] 280] 155) 1.08 1.88 0542 487| o083 5711 200 17 11.4
™ 0.870 103! 0385 138] 12| 1.05 1.18 D437 183] 0.4 1581 187| o785 287
s 141] 0730) 0800) 0.648| 0.848] 0580 0831 0.685 o540| 0800 o730l oore| esmi 72
P 157 o730] 0.677] 0574; oex4| 0s33| o789 0.520 o042| o713] o0eos)o7e3] osm| a4
Ca 0.800 1.88 | Q.42 3271 178 0B 1.48 0.720 478 3.434 288 0452 0,188 1.20
T 0.450 age| 05| 235 157 o7: 1.18 0635 277| o015a| o0686] 131] oz08| osor
v 0.570 220] 35| 207] 1.50] o728 1.08 147 236| O0446| 0688 182] o008 124
cr 138 1.43] D.BIS| 250 183| 0720 117 0723 294 0.508 208] 280 13 .13
Mo 1.03 197| peaa| 18s| 17| a7e1] Gceeo 0.613 158 ©311] 0804 287| oese 2
Fa 0.850 242| 05801 148] 1.31; 0885|0813 0520 138 0215] o562 28a] &7 1.51
Co| o810 26| o7es! 138| 127} os77| ose2 o083 147 0248f D438 311] o7e 138
NI 1.3 157, 0400] 124 t22] cere| 0830 n.232 1037 0211} o0854| 330| os8 218
Cu aga| 0600} 0354] 157| tas{ oes2| osme 0.315 140] 0.5 233 385 1.88 a7
Zn 318| aovez| 0431 108] 1.17] 0642 D748 0.223 078|042 104] 2@ 1281 315
Ga aas! o7ral 1.08| 108! 147 om2! 071 0.778 o7 1.00 101§ 235 238 2%
zZr 1.02 a33] 0.805| 213] 191] 054 1.04 0.834 axm| o250 o0sea] 218] o054 2141
Mo 1.04 342| 0gs1{ 303! 1.89| 053 1.00 0.533 04| oz3| oese| 245 o084t 2.07
Ag 416! oge2| D400} 203] 1.60| 05007 079 0.320 152]  o0a3m I 1.15 5.85
cd 348 120] oes2| 148] 140] 0.480] oe84 0,486 o8s7| 038s| ops3s1] 28]  pose 204
in 3.85 108| 122] 148 141] 0485| oema 0.928 1.02] 0774 oee7| 220 177 247
Sn 220 2.00 123 131| 0477| oE&m 785 oas2| 234 0.604
sb 248 1.83 1.02] 121 n471] 0672 0.583 0318 189 0.634
Au 481 1.48 156| 148 0.370| o548 0.849 0560 384 218
Fb 218 358’ 0668] 178! 158] 0281|058 0.381 101} 0107 o028s] tse] 0213|  ases
El 3.88 218] | 214{ 170] n3sa| oe12 131 0625| 1.84 1.02




Fig. 1. Schematics of glow

discharge after Chapman {1};

(a) subdivisicn of the glow

regions, (b) luminous

ntensity, (c) potential,

{(d) electric field, (¢) space
charge density and
{) current density.

Fig. 2. Ratio of the sputtering
yields S calculated by
TRIM1997 over the

clemental targets as a
function of Ar” energy at

experimental S for various
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Fig. 3. Ratio of the sputtering
yields of elements with the
atomic mumber Z over that of
Cu by Ar” with 50 - 500 eV.
The sputtering yvields are
calcuiated by TRIM(1997
version) af noymal meidence.

Fig. 4. Ratio of the electron
mapact jomzation cross
section (EICS) of elements
with the atomac mumber Z
over that of Fe (a) and Ca
(b). The calculated ratios of
PI (Penning iomization) cxoss
section of eq.(8) (A) and
those from [3] ({1, RPI
(BG96)) are also shown in
Fig, 4a).
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Fig. 5(a) Ratios of the calcualted relative ion yield (RIY-CALC) over
the experimental (RIY-EXP) vs atomic number of impurities in Fe
matrix. R-ETE and R-PTE are REI * RT * RE and RPI - RT * RE over
RIY-EXP, respectively (sco also Table 1). BGS6/EXP is the ratio of
the RIY-CALC taken from ref. [3] over the RIY-EXP.

(b} Ratios of RIY-CALC over RIY-EXP vs atomic mumber of
mmpurities in Fe matrix. R-SETE and R-SPTE are RS * REI * RT - RE
and RS - RPI - RT + RE over RIY-EXP, respectively (see Table 1).



Fig. 6(a) and (b) Similar
to Fig. 5(a) and (b), except
for Cu matrix (see Table 2).

Fig. 7(a) and (b} Similar
to Fig. 6(a) and (b), except for
Al matrix (see Table 3).
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