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The conceniration distribution of sputterad aloms In a glow
discharge (GD) cell Is calculated by numerically solving the
mass transport equation in cylindrical coordinates. The
obtained two-dimensional density map Is used to astimate the
ditfusion current denshy toward different parts of the discharge
call. Back ditfusion toward the sample surface delerminas
the net etching rate of the sampile and Is found to be radially
not uniform. As a result the profile of the craler bottom obtalned
by GD erosion | not flat but has a convex shape. A paramelric
evaluation of the discharge conditions regarding this convexity
Indicates a proportionality with the amount of materlal
intreduced into the plasma so that low discharge powers are
to be preferred for the application of a glow discharge as a
dapth profiling device. Matarial transport to the sampling site
can Influence the sensitivity of an analytical glow discharge.
11 ia shown thet alighl modifications of the boundaries of a GD
call can result in a more efficlent sputtered neulral alom densliy
disiribution In the discharge cell,

INTRODUCTION

The use of glow discharge devices as excitation/ionization
gources ia growing rapidly in the field of analytical spec-
trometry. The simplicity of a glow discharge (GD) allowa it
to be coupled with various spectrometric detection systems;
GD's have been successfully combined with optical emission
{OES), mass (M2), and atomic absorption (AAS) spectrom-
eters,! The choice of one of these analytical tools will depend
on the application; a high sensitivity and selectivity arespecific
benefits of mags spectrometry. GDMS in the double-focusing
configuration in particular has proven to be capable of sub-
ppb detection limits® and is believed to be one of the most
genaitive technigues for elemental analysia of solids. GDOES,
althoiigh not as sensitive, has extensively been applied for
chemical analysis of solid surfaces and thin film systems, 4

Both GDOES and GDMS often make use of a discharge
cell which constricts the discharge to a small volume, The
understanding of the basic phenomena like atomization,
excitation, ionization, and transport of sample material is
essential for good analvtical practice. The transport of
sputtared material in a ateady state GI-plesma is helieved
to be governed by a diffusion proces®® Ferreira et alt
determined the spatial distribution of sputtered atom
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concentrations in a G} by atomic absorption measurements
and proposed a two-dimensional diffusion model to predict
the atom number densities. The observed concentration
profile showed a maximum close to the sample surface which
could not be explained by their diffusion model. Ina previous
paper,’ it was demonatrated that a one-dimensional diffusion
profile canindeed exhibit such a maximum if the appropriate
boundary conditions are applied. A continustion of this work
is presented here and reports on the calculation of the two-
dimensional distribution of sample atoma in a cylindrical glow
discharge cell. With this distribution it is possible to estimate
the amount of material transport to different parts of the call
which can influence its analytical performance. Different
cell configurations are eveluated theoretically, regarding the
depth profiling abilities and the sensitivity of a GD device.

DESCRIPTION AND MODELING OF A GLOW
DISCHARGE

A glow discharge plasma in ita simplest form is a planar
glectrode svatem embedded in a gas environment of reduced
pressure (see Figure 1). Applying a high enough voltage across
this electrode systerm will initiate the discharge and a plasma
is formed in which different (up to 9% zones can be distin-
guished. From the analytical standpoint only two of them
areof interest: the cathode dark space (CDS) and the negative
glow (NG). The former is a narrow zone just in front of the
cathode which incorporates nearly the total potential drop
across the discharge. Because it is the only region of the
plasma where the (noble) gas ions can gain energy on their
way to the cathode surface, it has high significance regarding
gputtering: as a result of the bombardment of the cathode
with accelerated ions and energetic neutrals formed by charge
exchange collisions in the CDS, neutral cathode atoms are
released. lonization of these sputtered species (necessary for
a mass spectrometric analyais) is negligible in the CDE® and
takes place in the negative glow region mainly through electron
impact and Penning ionization. This region takes up nearly
the whole interelectrode space and is quasi-equipotential.

The sputtered speciea loose their initial energy of a few
electron volts by collisions in the gas environment. After
thia thermalization process the transport of sputtered material
is diffusion dominated: starting from an initial distribution
of thermealized particles in the plasma, diffusion can take
place toward and away from the cathode surface (which for
analytical purposes is alao the sample surface).

In a previous paper’ it was shown that the CDS in a glow
discharge can be modeled using a set of coupled Boltzmann
transport equations to describe the flux energy distributions
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Figure 1, Schemalic representation of a planar glow discharge.

of the particles involved: ions, neutrals, and electrons.? The
diffusion model was then addressed in one dimension vielding
the concentration distribution of sputtered atoms on the axis
of a planar glow diu-hxrg‘e configuration. Here the solution
of the diffusion problem in two dimensions is sought for a
eylindrically symmetric glow discharge. As a result a two-
dimensional concentration profile i= obtained showing how
the sputtered atoms are distributed in a certain discharge
configuration.

Since we apply a GD as an atomization,/ionization source
for mass spectrometry in our laboratory, the standard
discharge cell used for analyzing flat samples in a VG000
instrument is taken as A starting geometry for the caleulations.

MATHEMATICAL DMFFUSION MODEL

General. Once the sputtered sample atoms have lost their
initial kinetie energy, the transport of material in a glow
discharge plasma can be regarded as a diffusion process. The
time-dependent variation of the number density of sputtered
particles can then be described by the mass {ransport
equation’?

w = DV'n(z3,2) - [sink] + [source] (1)
where we assurne that the diffusion coefficient, [, is constant
throughout the plasma. The sink and source terms on the
right-hand side of eq 1 aceount for removal and production
fluxes of material, respectively. Since most GD systems have
eylindrical symmetry, it is useful to transform eq 1 into
eylindrical eoordinates:

dnirz) _ D

o
[cﬁi[r..t] L1onrz)  @nirz)
dt r H

= - [sink] +

[source] {2)

The removal of sputtered particles in the system under
study (Figure 2) is mainly caused by deposition on the
gurrounding walls and by the gas flow through the cell exit
slit. Deposition is sccurately dealt with using the appropriata
boundary conditions for eq 2; the convective flow of particles
cgn be described by the sink term??

[sink] = Dir,2)Tnir.z) (3

with 0ir,z) being the flow {convection) velocity of the sputtered
neutrals. This velocity and its distribution is not known but
can be taken s equal to the axial gas flow velocity which can
be estimated from the gas volume flow through the exit slit.®
The relative importance of such & sink term is investigated
by Ferreira etal? They pointed out that the gas flow velocity
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Figure 2. Standard GO cel: (1) sarmple (cathodel; (2) mask; (3) insulator;
(4) cell body (anode); (5) gas Inlet.

is small compared to the thermal velocity of the sputtered
atoms and that it therefore hes no significant influence on
the distribution nir,2). Since we are interested merely in the
more qualitative aspects, we have chosen to neglect this sink
term. The production of particles, however, has to be
accounted for. In our deseription of the diffusion model this
is not done by using & boundary condition which equates the
sputter rate of the sample to the net flux of particles into the
plasma, as is formulated by Ferreira et al. Inatead a certain
thermalization profile is assumed to exist,"! giving the initial
gpatial dependence of the sputtersd particles when they have
lost their kinetic energy after a number of collisions in the
gas environment. This fundamental difference makes it
possible to have also diffusion toward the sample surface and
not only away from the sample as is suggested in ref 6, The
source term can then be expressed as

[source] = JyFyir.z) (4)

where Fypirz) gives the normalized spatial dependence of &
sputtered particle after being thermalized and of; corresponds
to the sputter flux {number of atoms/cm? & released into the
plasma by the sputter process).

If & steady stete is reached, there is no temporal variation
in the atom number density and eq 2 simplifies to

ﬁ{r,z} 1dmirz) " anﬂr.z}}
a T az’
Input Quantities. (1) Diffusion Ceefficient, D. The

diffusion coefficient in a hinary system according to the rigid
sphere model can be caleulated from!s

+JFpirz) =0 (5)

o g T, + M)I2M M,
pd,,

where T ia the temperature (K), M, and M, are the atomic
masses of the gas and sputtered solid (amu), p is the pressure
{Pa), and d,, = (d, + d,)/2 with d, and d, being the atomic
digmeter of the colliding species (cm). K iz a numerical
constant.

A further correction to the binary diffusion coefficient is
posaible using other interaction models for the diffusing
particles but seemed unnecessary in the scope of the caleu-
lations (deviations of ca. 10% ). Table I gives the calculated
diffusion coefficient in a Mo/Ar system for three different
pressure regimes.

(6}

(11} Valles-Abarca, J_ A.; Gras-Marti, A. J_ Appl, Phys. 1984, 55, 1370,
{12} Hirschielder, 1. 0.; Custins, C. F_; Bird, H. B. Molocular T‘.l':eor:r
of Gases and Liguids; John Wiley: New York, 1954,



AMALYTICAL GHEMISTRY, VOL. 64, NO, 17, SEPTEMEER 1, 1882 « 1857

Table I, Discharge Conditions {p, f, V) and Input
Parameters for the Transport Equation

piPs)  IimA/em?, ¥V  Diem¥s) TI(K)

oy (at/em? g)

50 0.94, BE1 1T14 325 0875 = 108
1.81, 1004 1714 25 2.4 ¥ 109
2.81, 1203 1714 G5 4.631 = 1
75 1.66, BAB 1286 a6 1028 X 10
353, 8al 1235 25 2.600 X 101*
4.72, 1068 1286 25 6.633 x 10'¢
100 L.76, 682 857 A6 0.BBE x 101
A4, 747 857 325 2202 X 10
5.28, 962 857 325 5.TAL x 10t
7.94, 1205 857 16 12,043 x 104

{2y Thermalization Profile, Frirz). Az a result of noble
gas sputtering, neutral atoms are released from the sample
target having initial energies of a few electron volts. The
angular and energetic spectrum of this flux can be described

hyll.l$
HEM =2U0EE+ L  cos e n

where L/ is the surface binding energy of the target (usually
taken equal to the sublimation energy) and @ is the angle
which the initial trajectory of the sputtered particle makes
with the source normal. Due to multiple collisions with
the atoma of the surrounding gas environment, these sputtered
particles will loose their kinetic energy and have only thermal
energy. To describe the spatial profile of stopped (thermal-
ized) particles, one can define the distribution FUE 8.2}, 80
that F(E.#,z) dz is the probability that a particle which had
initial energy E and direction # with the source normal is
stopped in the gas layer (2,2 + dz). At this moment we assume
that the sample surface and the gas environment are infinite,
s0 that there is no radial dependence (FIE.#.rz) = F(Efz)).
In order to come to the spatial distribution of thermalized
particles, the distribution of interest is then Fpiz), the
convolution of FiE.#z) with the energetic and angular
spectrum of the particle flux emitted by the aputter target!

Fyiz) = [ [dEdo a(EAFES (8)

The distribution function F{E#,z) can be caleulated by
taking into account the different collisional events which lead
to an energy loss of the sputtered neutral. In general, two
processes have to be considered:

(4} Elastic collisions between the energetic neutral atom
and a gas atom in which the neutral transfers a cartain amount
of energy T, to the nucleus of the gas atom target. This event
can be combined with a change in direction {seattering) of
the particle slowing down and is determined by the nuclesr
seattering cross section o.(E, T 0,8, indicating that the state
of the neutral atom changes from (E.8) to (E = Tet).

{B) Inelastic collisions in which the energy loss of the
energetic neutral is transferred to the electrons of the colliding
gas atom. This event is characterized by the inelastic
(electronic) cross section o, (E, T, % and an energy losa T,.
These kinds of collisions do not bring sbout a change in
direction of the neutral,

The next step is to caleulate the distribution function
F(E #,2) and solve the convolution integral, eq 8. This is done
in the appendiz using a continuous slowing down approxi-
mation, where scattering and inelastic collisions are n ¢
The distribution of thermalized sputtered particles then
becomes

Ry/=
(1+ (B2’
where Ky corregponds to the range of particles with energy

Foplz) = (9)

(13) Thompaan, M, W. Phifos. Mag. 1968, 18, 3T7.

U/, the surface hinding energy of the target (see appendix).

{3y Sputtered Particle Flux, Jo The flux of material
released under the sputter action of the noble gas (atomas, em?
5} 15 estimated using & mathematical computer code which
models & one-dimensional planar glow discharge® In a
previous paper’ this model has been checked by comparing
experimental and calculated etching rates for 8 Mo/Ar
system, incorporating a fitting parameter to reach agreement
between calculated and experimental etching rates. Since
the treatment was one-dimensional, this parameter was
believed to account for the radial diffusion processes in the
discharge cell. The present description of a two-dimensional
diffusion procesa should result in a parameter-less agreement.

The sputter flux, Jy, is obtained by calculating the sputter
yield of the cathode target in a glow discharge due to fon and
atom bombardment utilizing the ion and neutral flux energy
distributions at the cathode surface (fj(z,E) for z = 0}, and
an empirical formula' for the sputtering vield, ¥iE)

Jo= [ AE YEMNf (2D # fop(2.B)] (10)

The computer code calculates the flux energy distributions
fitz.E) by solving a set of coupled Boltzmann transport
equations for ions, neutrals, and electrons describing the main
proceases in the dark space of a glow discharge (charge
exchange, ionization, and secondary electron emission by the
target). Further details on this are found in ref 9. Table I
gives the values, as caleulated, for Jy in the Mo/ Ar system at
three different pressures and power densities, corresponding
to the experimental conditions at which the etching rate was
also measured.’

Solution of the Diffusion Equation. The partial dif-
ferential equation described in eq 5 can be approached
analytically as long as the boundary of the two-dimensional
region where the function nirz) is to be determined is
relatively simple. For more complex systems, like the one
under study, one has to use numerical methods, With the
particular boundaries determined by the walls of the discharge
cell and with the specific boundary conditions, eq 5 is solved
using a computer program EFDE:,' based on a finite difference
method. The essence of the methoed e to superimpose upon
the region of interest a net and to replace the partial
differential equation to be solved by an approzimate difference
equation at each nodal point of the net. The value of the
funetion of interest, ni{r,z), at a certain nodal point of the
domain is then caleulated according toits neighboring points
and starting from a “guess” for all not boundary points. The
golution is then found by the method of successive overre-
laxation, an iterative scheme with & correction process which
is applied until the values of the funetion rir,2) are jugded
to be sufficiently close to the “true solution”. This method
of solving partial differential equations also allows boundary
conditions involving a derivative of the unknown function.
Since the system under consideration has cylindrical sym-
metry, this applies for the z-axis of the aystem, as can be seen
from Figure 2. On the z-axis, which coincides with the axis
of the glow discharge cell, a condition of the form Dani0,z)/dr
= { is valid, indicating that there is only an axial and no
radial diffusion flux on the cel axis.

Solving eq 5§ numerically has the advantage that it allows
fairly complex boundaries; in that way different cell designs
¢an be investigated upon analytical performance. For all
investigated cell designs the following boundary conditions
apply:

{44 Yomamira, Y. Matsunami, M; Itoh, M. Rodiar. EfF. 1983, 71, 6.
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DaoD, Geneva, 1577,
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nirzi =0 onall cell walls

0.5 _ o on the cell axis an
r
J.DFT{.E]-G forr> R

where R is the radivs of the crater in the sample surface formed
by the sputter action of the plasma. In the preceding section
on the thermalization profile, it was silently assumed that
the thermalization and diffusion processes are decoupled.
Since the distance traveled (by a sputtered particle) by
diffusion in the lapse of time of the slowing down process is
ome order of magnitude smaller than the mean range of the
particies, thermalization can be regarded as an instantaneous
process and decoupling from the diffusion process is justified 1

RESULTS AND DISCUSSION

For the standard cell design, depicted in Figure 2, the
ealculated spatial variation of the molybdenum aputtered
atom concentration in an argon discharge is shown in Figure
3 for a typical set of discharge conditions. Since the
distribution is not uniform, material fluzes in different
directionsa occur. From an analytical standpoint, diffusional
tranaport of material can then determine the performance of
a GD cell. In the case of GDMS, the ions are samplad closa
to the exit slit at the back of the cell so that a high
concentration of sputtered atoms at the exit alit as well s a
large (axial) diffusion flux toward the exit alit are preferable
from a sensitivity point of view. GIV's are alao used for depth
profiling (combined with OES or MS), and in thia case the
possible mass transport toward the sample surface can
influence the depth resolution. Both diffusional fluxes can
be estimated from the calculated concentration distribution
inthe GD call ohtained by solving eq 5. Different cell designs
can then be investigated upon analytical performance merely
by changing the boundaries of the investigated system.

Caleulated Crater Profiles and Etching Rate, Ascan
be seen from Figure 3, the concentration profile exhibits &
maximum close to the sample surface, & result of the decou-
pling of the thermalization process from the diffusion process.
Consequently, the diffusion flux of sputtered material toward
the sample surface s nonzero and can be estimated from the
slope of the concentration distribution near the sample surface

Tar = D). az

o ysrthen correaponds to the number of atoms/cm? s returning
to the sample surface by diffusion. Since the sputter fluz is
known, the net etching rate (E, cm/s) of the sample can be
ealculated:

e 1 (13)
= et N,
et = o= Tairr (14)

where J is zero outside the crater surface (the size of which
iz determined by the cell structure). M, and p, correspond
to the atomic weight and the density of the sample material,
reapectively, and N, is Avogadro's number. A typical
calculated crater profile in a Mo sample obtained after 1 h
sputtering in an Ar discharge (p = T6 Pa, V= 881V, | = 3.53
mA/ em?) is shown in Figure 4, From this figure two features
of GD etching can be seen. Firat, the crater profile displays
a large rim at the crater edge. This is caused by the fact that
back diffusion alao occurs outside the crater, although no
material is sputtered away here, Jo (2q 14) then becomes

oas b - nmy
F i.

:l.i'.t|E m = LAY

nuff-\ ™ = Jaa
B i‘b o

r (em)
&
TE+E7 Y

1 1 I 1
: B

=&18

-0.38 - =634
0 = =058
=TT - a7

X i i i i L L i i i i ] i i =0.88
4““ o3 o.a8 [ ] 3=l 1.00 LB -]

z (cm
Figure 3. (a. Top) Density map for the sputiered neutral Mo atoms
in & MolAr gliow discharge system (p = 75 Pa, I = 3.53 mAfcma, V
= 881V). (b, Botiom) Topographic reprasantation of the concentration
distribution of sputiered Mo atoms in & Mo/ Ar G0 system (p = 75 Pa,
I = 3.53 mAJjem®, V¥ = BB1 V, cross saction of part a through the
r.z plana).

negative, yielding a negative etching rate, indicating material
accumilation on the sample surface. The existence of a
concentration gradient causing the back diffusion outside
the crater ia the result of incorporating the posaibility of radial
diffusion in the model. Second, the crater bottom is not flat,
but has a convex shape. BecauseJyis constant over the whaole
crater surface, this means that .y is a function of the radial
distance, r, a result of nonuniform radial mass transport. This
crater shape is observed by several authors, Nickel ot al.'®
ghowed comparable crater profiles and pointed out the
influenee of the bottom shape on the depth resolution. Dats
provided by ref 17 indicate a convex crater shape, although
exact profiles were not shown. Up until now this convexity

(18} Mickel, H; Guntur, D.; Masurkiewicz, M., Neoumidis, A. Spec-
trochim, Acta 1991, #68, 126,

{17} Jahrling, R. Togungsbericht 2 Anwendertreffen Analytische
Glimmentlodungs-Spectroshopie; Konferenzen des Forschungecentrum
Jillich, 1#80, Band 1, p 83.
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Figure 4, Theoratical crater profile in a Mo sample after 1-h exposure
to an Ar GD-plasma (p = 75 Pa, [ = 3.53 mAfom?®, V = BA1 V).
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Figure 5. Theoretical crater profiles in a Mo sampés after 1-h exposure
to an Ar G0-piasma for three diffarent power densities.

was explained by a nonuniform cathode dark space in front
of the sample surface, the part of the plasma in & GD which
incorporates the total voltage drop across the discharge.
Consequently, the energy gained by the sputtering particles
is not uniform, and since the sputtering vield is dependent
on energy, this may cause 8 nonuniform etching rate. Here
we show that nonuniform radial mass trensport, combined
with & uniform dark space, could be an alternative explanation.

It is obvious that the sputtered particle flux, s, and the
back diffusion particle current density o gy are dependent on
the discharge conditions, thus affecting the net etching rate
of thesample. Equation b is solved for the different discherge
conditions mentioned in Table [, and the etching rates are
calculated. The plasma characteristics chosen for the cal-
culations are those for which the etching rate was also
measured experimentally and reported in a previous paper.’
For a given pressure (75 Pa) the calculated crater profiles in
a Mo sample after 1-h exposure to an Ar plasma are shown
in Figure 5 at three different power densities. Ascan be seen
from this figure, the convexity of the crater bottom increases
with power density, and consequently also the information
thickness (defined as the maximum minus minimum crater
depth) because at & given time the analyte originates from
different depths in the sample, indicating that lower discharge
conditions are preferable for obtaining flatter crater bottoms.
Examining the source term in the diffusion equation (eq 5}
maore closely, it can be noticed that for a given pressure Friz)
and [ are constant (Fri(z) iz a normalized distribution function
which is only pressure dependent) 8o that by changing the
discharge power only J; is altered. This means then that J;

O Pa
5 Fu
14,83 oo P

Inf.Thickn.
{um) 12.84
]
18,23 3

8.83

i

W ’

2,80 @0 7.0 180 408 599 609
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Figurs 8. Calculated information thickness as a function of powar
dansity for three diffarent pressures (MoJ/Ar systam).
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Flgure 7. Thecratical depth profe for a layered sample (4, B). Soid

lines, standard ced; dashed lines, partial shislding of the sampie surface.
Discharge conditlons: p = 75 Pa, J = 3.53 mA/om®, V' = BE1 V.

influences the radial distribution of the back diffusion current
density, Jye. A flat crater bottom would indicate that the
radial diffusion current density is constant or zero (no radial
concentration gradient), a condition which is in this descrip-
tion only met on the cell axis, Increasing the input of material
induces larger and nonuniform radial concentration gradients
0 that the axial diffusion current density toward the sample
surface is not constant over the whole crater surface and a
more convex crater shape is obtained. Figure 6 shows the
dependency of the information thickness on discharge power
for three pressures, For a constant power density the
information depth is inversely proportional to the pressure
beeause lower preasures yield higher sputter fluxes.

It 18 interesting to investigate the effect of these crater
profiles on the theoretical depth profile of a layered sample.
Suppose a sample with a layered structure as shown in the
right upper corner of Figure 7 is analyzed as a function of
time with a GD device. Assuming that material A and B
have equal sputter rates (Jy, = Jyp), the material loss at
different time intervals can be calculated as a function of the
radial distance, r. The theoretical depth profile for a specific
set of discharge conditions is presented in Figure 7, assumning
that the amount of material liberated in the plasma gives rise
to a proportional analytic signal intensity (solid lines).
Because of the convexity of the crater bottom, the measured
signal as a function of time will change from a step function
like behavior (for an infinite depth resolution) to & more
smeared out signal. The value of the slope of the increasing/
decreasing signal in the interface region indicates to what
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Figurs 8. Measurad and theoretically calculated etching rates for the
Mo/ Ar G0 systam as & function of power density for thres ditferant
preseunss.

extant the depth resolution is deteroriated. In this specific
case the depth resolution is sbout 2.5 pm (B3-17% defini-
tion'®),

It is now possible to examine how the theoretical etching
rates compare to experimental data. Figure 8 demonstrates
the correlation between the etching rate and the power density
at three pressures. The dashed lines correspond to the best
fit for the theoretical etching rates at each pressure (the mean
etching rate over the whole crater surface is taken); the solid
lines give the best fits through the experimental points, As
can be seen from the figure, the agreement between exper-
iment and theory is satisfactory. In a previous paper we
mentioned a similar agreement for a one-dimensional treat-
ment of the diffusion problem. The fitting parameter needed
in that model was believed to account for radial diffusion
processes. In the two-dimensional view elaborated here, no
fitting parameter is neccessary, justifying its introduction
and interpretation in the one-dimensional case.

Although several authors have reported comparable ex-
perimental crater profiles as the ones calculated here, our
experimental data did not back up this convexity in all cases.
Several reasons can account for this inconsistency., The
experimental crater profiles shown in ref 7 did not unam-
biguously reveal a convex crater bottom of the proportions
ascaleulated here. Theinitial sample surface was occasionally
bent, resulting in & crater pit superimposed on a curved surface
which made the assessment of the depth and the crater profile
sometimes rather difficult. This initial bending wes caused
by the sample cutting and polishing prior to plasma exposure;
the errar bars on the experimental points in Figure 8 reflect
these experimental difficulties. Secondly, most of the ex-
perimental crater profiles reported in the literature stem from
GD-optical studies. For GD-DES, higher gas pressures and
discharge currents are used, giving higher sputter yields. Since
the crater bhottom profile is determined by the amount of
back diffusion and its radial distribution, 8 more convex crater
shape is then anticipated at these discharge conditions. The
fact that those are not as pronounced ae observed at lower
discharge pressures” might suggest that the value for Jyy is
overestimated or that its dependence on the radial distance,
r, is not 8o critical. ‘The former statement implies, however,
that the sputter particle flux, Jy, is also too large, otherwise
the estimated etching rates (as calculated from the net flux
of materigl, see eq 13) would not yield comparable values to
the experimental data. At this point it is not yet fully clear
what causes this inconsistency. A more unembiguous ex-

(18} Dechsner, H., Bd. Thin Film end Depth Profile Analysis;
Springer-Verlag: Berlin, 1984,
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Figure 8. Theoratical crater profiles ina Mo sample after 1-h axpogure
1o & G0-plasma: (1) standard cell configuration; (2) partial shisiding
of the sample. Discharge conditions: p = 75 Pa, I = 3.53 mAfem?,
V= 881V.

perimental determination of crater profiles at various dis-
charge conditions is currently being set up to obtain more
reliable data of the experimental crater profile under various
discharge conditions, Still we can conclude that the radial
nonuniform redeposition is the mean cause of a rather large
information thickness in GIJ systems and we start from this
fact to try to find & modified cell configuration which leads
to an improvement in depth resolution.

{ne way of diminishing the convexity of the crater bottom
is simply to allow less material to be introduced into the
syatem, thus decreasing the concentration gradients inside
the discharge cell. Supposing that the analyticel tool to
ohserve the sputtered material (OES or M3) is sensitive
enough, thie can easily be achieved by reducing the diecharge
conditions as is already mentioned. Another way of doing so
is a partial shielding of the sample surface with a mask. As
a result less material is put into the plasma, but at the same
time the etching rate of the sample stays high. An example
of a resulting crater profile where the exposed surface area
is reduced by a factor of 4 is presented in Figure 9 together
with the crater profile for the standard configuration obtained
for the same set of discharge conditions. It is obvious that
the information thickness is confined between narrower limits
a0 that a better depth resolution can be expected. Again the
theoretical depth profile for a layered sample can be caleu-
lated; in Figure 7 the result is shown by the dashed curves:
the depth resolution is now estimated at 1.6 um, compared
to 2.5 pm for the standard cell configuration.

Cell Design and Sensitivity. Up until now we have
examined the effect of the back diffusion particle current
density on the crater shape in the sample surface, starting
from a certain cell geometry (Figure 2). The cell geometry
also has, however, an influence on how the eputtered particles
are distributed in the cell. Inorder to optimize the sensitivity
of the analytical method, one wants to have the highest
possible concentration of analyte species (atoms, ions) near
the sampling region, In our case where the GD is employed
a8 an atomization/ionization source for mass spectrometry,
most of the extracted and analyzed ions originate from close
to the exit alit so that a high concentration of ions in this
region is preferable.

The standard cell used in our mass spectrometer for
analyzing flat samples has & “neck™formed anode body to
constrict the discharge to s part of the sample surface. This
neck in the anode body is a necessary evil: it constricts the
discharge but also prevenis the sputtersd material from
spreading efficiently further on in the cell, since a large part
will be depesited on the neck walls, The axial density profile
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Figure 10. Calculated axlal (v = 0) density profile for Mo atoms in the
standard G0 call for two diferent power densities (p = 75 Pa),

of sputtered newutrals for two discharge powers (Mo/Arsystem,
75 Pa) aa it is obtained from a cross section of Figure 3 through
the symmetry axis (r = ) of the system is shown in Figure
10. The profiles exhibit & maximum close to the sample
surface, a consequence of implementing the thermalization
profile of sputtered particles as a source term in the diffusion
model and thus allowing back diffusion to the sample surface.

Crur treatment of the diffusion problem makes it possible
to change the boundaries of the cell so that we are able to
investigate whether slight modifications in cell configuration
will improve the distribution of the atoms. Since a lot of
material is deposited on the neck of the cell, an improvement
can be made by cutting off a part of the neck (Figure 11a),
thus making a widespread distribution of sputtered atoms
toward the end of the cell easier, A topographic presentation
of the concentration distribution in such a cell configuration
is demonstrated in Figure 11b. Regarding a high concen-
tration of sputtered species near the exit slit, it would be even
more advantageous to have no neck in the cell at all. But
then the discharge is no longer constricted to the sample
surface, and the shielding mask is also eroded by the plasma,
To avoid this, one can make the mask part of the anode body
and place the insulating ring behind the mask (Figure 12a).
Then the mask itself constricte the discharge, and the axial
material transport to the end of the cell is improved because
deposition in the first part of the cell is avoided and at the
same time more sputtered material is allowed to be introduced
into the cell due to its incressed volume. The latter is the
result of assuming a steady-state plasma (dn/dt = 0} the
larger the volume in which a steady concentration and
distribution has to be reached, the more material is required
tobe put into the aystem. Figure 12bshows the concentration
distribution of the sputtered neutrals for this cell. Ifwe make
a cross gection along the z-axis (r = 0) through the two modified
configurations investigated, it is clear that the concentration
profiles show an increase of sputtered atom density near the
exit slit of the modified cell compared to the distribution in
the standard cell, as is shown in Figure 13. Also the diffusion
flux on the cell axiz increases, which can be estimated from
the slope of the diffusion profile close to the exit alit

J‘m . -D{%]l"l‘_ﬂ"l} (15)

For the cell without the neck a 3 times higher axial diffusion
flux is obtained. With the boundary conditions applied here
{n =0 onthe cell walls), Jqis of courae directly proportional
with the atom number density. Since Jqy corresponds to a
number of atoms crossing an imaginary plane of 1 em¥/s, &
larger diffusion flux indicates that more material is trans-
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Figure 11. (a, Top) Modified cell configuration in which a part of the
neck is cut off. (b, BoMom) Topographic repressntation of the
concentration distribution of sputtered Mo atoms ina Mo/ Ar GD system
for the modified ced shown in part a (p = 75 Pa, [ = 3.53 maSom?,
V= BE1 V).

ported to the region of analytical interest. Although the
present caleulations deal with atoms only and a8 constant
ionization efficiency throughout the cell is assumed for GDMS
(which is certainly not the case), it is not probable that the
ionization efficiency will change considerably in the modified
cell configuration. Therefore, it can be expected that a relative
increase in atom number density will yield a corresponding
increase in ion dengity.

In'Figure 13 a part of the caleulated density profile for a
higher discharge power in the standard cell is shown by the
dashed curve. This indicates that the improved cell even
brings about s higher neutral atom density and diffusion flux
near the exit slit for a lower discharge power because of &
more efficient sputtered newtral distribution in the cell,

It should be noticed that a comparable cell as the one
described here is currently developed by VG to achieve a
muore sensitive analysis for flat sample forms with the VGS0OD0
mags spectrometer. The theoretical evaluation of this cell
design given here can be seen as an a posteriori explanation
of the expected higher semsitivity. An experimental survey
of the analytical capabilities of this new cell is currently
underway and will be reported in the near future.
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Figure 12. (a, Top) Modifiad cell configuration in which the shielding
mask forms & part of the anode body. (b, Bottom) Topographic
raprasantation of the concantration distribution of sputtered Mo atoms
in & Mo/Ar GD system for the modified cell shown in part a (p = 75
Pa, [ = .53 mAfom®, V= BE1 V)

CONCLUSION

By solving the two-dimensional diffusion equation in
cylindrical coordinates, the distribution of sputtered neutral
sample atoms in & GD system can be calenlated. With the
distribution the diffusional mass transport to different parta
of the cell can then be estimated. Diffusion to the sample
surface is not uniform, resulting in & convex ercsion pattern
of the sample. By manipulating the boundaries of the GD
system, modifications in the cell geometry can be made to
improve the performance of a GI} as an analytical tool
regarding both the ercsion of the sample (depth profiling)
and the senaitivity of a GD analysis.

The depth profiling abilities of a G system are affected
by the amourt of material liberated into the plasma. Flatter
crater profiles are theoretically obtained when less material
is sputtered away. This can be achieved by lowering the
discharge power but aleo by a partial shielding of the sample.
The latter approach lowers the information thickness but
atill & relatively high etching rate can be maintained.

Using the caleulated axial density profiles, it is shown that
a more efficient transport of material toward the end of the
cell can be accomplished by a simple cell boundery modifi-
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Figure 13. Calcuated axial {r = 0) density profiles for Mo atoms In
tha three cels investigated: (1) standard cell; (2) cell depicted in Figure
118; {3) cofl depicted in Figure 12a (discharge conditions for 1, 2, and
3 p=75Pa, I = 3.53 mAsem?, V= BE1 V) (4) standard call with
higher discharge power applisd (0 = 75 Pa, [ = 4.72 mAjcm®, V=
1068 V)

cation: avoiding the use of 8 "neck™formed anode body to
constrict the discharge to the sample surface yields a higher
concentration and diffusional mass transport to the region of
analytical interest,

APPENDIX

Consider a gas layer of width Az in front of the sample
surface. If AzN/cos & dr; is the probahility of a collision in
the gas layer, with N being the number density of the gas,
resulting in an energy loss between T and T+ dT (Ty= T,
ar T}, the distribution function at 2 > Az can be writtan a8

PES2) =220 a0 P(E-Tyhye - a2) +
AzN
{1 - mj-d u'-,] FiEpz - Az) (A1)

where 8 equals # for an elastic collision and # for an inelastic
eollision. The firat term on the right-hand side accounts for
those particles which have undergone a collision, the second
term for those which emerge from the layer without scattering
or energy loss. Since do, and de, are completely separable,
&g Al becomes

FEbz) =
Azl
22N [ o, FE - T,z - 821 + [do FE- Ty~ s2)) +
AzN
[ 1- m_l‘da,, + j‘d{r,,]] FEfz=Az) (AT)
Expending F(E - T f,2 - 42) up to the first order in Az yields
FIE.8.z2) =

2 ([ g~ 1,0 2sPETE] |

AFE ;ET..E'.!J]] "

[1 - %{J‘dun - j'dw_}] [FLE.E'.-:J - W] (A3)

Rearranging terms and letting Az — 0 gives an integral

_I-da‘[F{E - T 82 -
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equation of the Boltzmann-type

AF(E.f.z)

ﬂﬂ:

=N [do,[FES2) - FE-T,8,2] +
N [do [FEf.z) - FIE- T, 82)] (Ad)

Solving eq A4 is possible but laborious. Instead, a simpli-
fication can be made if one assumes a continuous slowing
down (CSD) of the sputtered particles where scattering and
inelastic collisions are neglected. This sssumption gives
realistic results for heavy sputtered particles with low energy
slowing down in a gas environment of comparatively lighter
atoms. With this approximation, eq Ad becomes

aFE 8
§ ——If: %) = N [ de (FES2) - FEE-To#,2) (A5)

Since only elastic collisions are taken into account, the second
term of the right-hand side of eq A4 vanishes; # can be taken
equal to # for amall scattering angles. Again expanding FiE
= T2, assuming that T, is small compared to E, but now
up the first order in T, gives

= N [ do,1,FES2)

AF(E.8,z2)
=00 f e————i 3k

dz
= —‘Ma—F[:i!E'.ﬂzl Idd’“T“

AF(E f.2)

= NS (B2

[(AB)

where 8,(E) = -[des, T, is the nuelear stopping cross section,
From eq Af it follows that in the CSD approzimation the
position and energy of a stopping particle are simply related
and all particles of a given energy and angle stop at the same
point, producing a § function distribution. The solution of
&q AG can then be written as

FESs = a(z y j;EN;fE} o a) (AT)

The nuclear stopping cross section can be related to the energy

(184 fohmson, R. E. Introduction to Atomic and Molecular Coltisions;
Flenum Press: New York, 1982

loss of the particle slowing down along its straight line
trajectory!?

-%E _ NS, (E) = N [do,T, {AB)

For inverse power law interaction potentials betwean the
slowing down neutral and the target gas atoms (Vir) = r1%)
Ofe CAN Write

—%r aE"H (AD)

where o is a parameter depending on the preasure, the tem-
perature, and the mass ratio M/ M:" ¢ is dependent upon the
energy of the stopping particle and is taken equal to I/, here,
Since the CE3D model neglects scattering, transformation from
the originel direction to & direction along the source normal
is straightforward:

dE _ P

“dz cosé

Combining eqs A10 and A7, the distribution of stopped
particles iz obtained:

FiEpz) = E(z - ﬁ% o8 a) (AL1)

(4100

Theintegral [FdE/aE"* corresponds tothe rangeof a particle
with initial energy E. Solving the integral in eq A1l and
inserting the distribution of stopped particles in the convo-
lution integral (eq 8) yields the required thermalization profile
for the emitted particle flux:

Friz)= [ [dEd0 #(EH bz - (a/2'E* cos ) (A12)

Thie integral is analytically solvable; following ref 8, the ther-
malization profile then can be written as

Fyiz) Ryfa (A13)
p=—

T L+ Ry

where By = ['dE/aE"" is the range of particles with energy
Lf, the surface binding energy of the target.
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