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ABSTRACT

The trapping of deuterium in solids is investigated with
the Monte Carlo program TRIM. The amount of deuterium
trapped in amorphous carbon and silicon exposed to a
plasma is calculated as a function of incident fluence
and plasma temperature. These data can be used to obtain
plasma parameters from measured trapping curves on

probes exposed to a plasma.




1. INTRODUCTION

The implantation of hydrogen into the vacuum vessel wall
is an important process in plasma machines /1, 2/. The
energies and the angles with which the particles bombard
the wall are dependent on the conditions of the plasma
edge. It was the idea of Staudenmaier and Staib to get
information of the plasma edge temperature and about

the particle flux to the wall by measuring the trapped
amount of hydrogen probes exposed to a plasma /3-5/.

To reach this goal it is necessary to know the trapping
curves for the hydrogen bombardment with a broad energy
and angular distribution. This is difficult to establish
experimentally, but it is possible to use a Monte Carlo
program, here TRIM /6/, to calculate range distributions
of hydrogen in carbon and silicon and with the knowledge
of experimentally determined saturation concentrations the
corresponding trapping curves can be obtained. For mono-
energetic implantation trapping curves and depth distribu-
tions can be compared with experimental results to check
the calculations /7-9/. A further advantage of the calcu-
lations is the applicability to low energies where no
experimental results are available. Carbon and silicon
have been used so far because there is no indication of
diffusion of hydrogen in these materials at room temperature.
All calculations are performed for deuterium, since there

are only scarce experimental data for hydrogen.

2. MODEL

The depth distributions of the implanted deuterium are
calculated by the TRIM program /6/. The TRIM program

is based on the binary collision model as many other

codes. The particles loose their energy mainly by inelastic
collisions and the trajectorv is determined by nuclear

collisions. Two inelastic energy loss models are used:




_2_

the Lindhard-Scharff (LS) /10/ and the Oen-Robinson (OR)
inelastic energy loss /11/. The Moliére-potential is
used for determining the deflections by elastic colli-
sions. The particles are followed until they have slowed
down to an energy of 5 eV. The program does not include
any chemical effects or diffusion in the solid.

For the determination of the trapping curves (the amount
of deuterium atoms trapped per cm2 as a function of the
incident fluence) the calculated depth distribution is
linearly increased until the maximum of the depth distri-
bution has reached the given saturation concentration of
deuterium in the solid. Up to this point the trapping
curve is linear with fluence. With a further increase

of primary fluence particles are only trapped at depths,
where saturation has not yet been reached. In this
procedure it is assumed that the depth distribution for

a given incident energy does not change with dose as long
as the trapped amount at a certain depth is below the
saturation concentration. For monoenergetic bombardment
the calculated trapping curves can be checked by
experimental results /3/. The same kind of procedure has
been used by Cohen and McCracken /12/ to construct
trapping curves, but with the difference that they used
Gaussian depth distributions with ranges taken from Brice
code /13/ calculations.

For applications in plasma machines an isotropic Max-
wellian velocity distribution was assumed. The ion flux [
per unit density parallel to the magnetic field lines onto
a probe perpendicular to the magnetic field B is then
given by

' 1/2
d n = o Uk = E (%) . %,exp( - %.)d(%.)sina cosa da (1)




with E' = kT, m = ion mass, v, = ion velocity parallel gz
a = angle of incidence and n, = plasma density. The depth
distribution D(x) for the flux given in (1) can be

written in the following way:

O O
E . 9 Eax %
D (x) =/ /D(X,E,a)dr,,' = / /D(x,E,a)f(E)g(u)dEdu
o o O o

(2)

where D(x,E,a) is the depth distribution for the inci-
dent energy E and an angle of incidence ao. x is the
depth normal to the surface. Dividing up the integrals

in a sum of inteqgrals and subsequent integration yields:

D(x) =5 & p(x,E;,u,) £, (B, (a) (3)
i B J
with
E, E. B E-
— W [ i L o i+1 1]
f1(Ei)—E(m Y LT + E.)eXP( E.) (1 + E.)exp( —F%]
(4a)
£ (3.)= +(sin’ SR
2(aj)— 5(51n uj+1 sin aj) (4b)
and
CEj = (EjqtEy)/2
Ej = (aj+1+ aj)/2

D(x,E,a) is assumed to be constant in the intervals

(Ei_Ei+1) and (uj—aj+1).

The depth distributions D(X,Ei,aj) are calculated for

15 incident energies Ei(ﬁi = 10, 30, 50, 70; 90, 150,
250, 350, 450, 550, 650, 750, 850, 950 and 1500 eV) and

for 10 angles of incidence Ej(aj = 2.5%; 10%°; 20°; 30°;




40°; 50°; 60°; 70°; 80°; 87,5°). For each (Ej,_aj)—combi—

nation 20000 incident particles were used. Emax was
chosen to be 2 keV.

The depth distributions weighted with the known factors
f1 and f2 are added together. Then the same procedure as
for the monoenergetic distributions is applied to get

the corresponding trapping curves.
The calculated depth distributions are stored on tape

so that trapping curves for other saturation concentra-

tions and plasma temperatures can easily be determined.

3. RESULTS

Calculations have been done for implantation of D in

amorphous C and Si. For carbon only the Lindhard-Scharff

(LS) /10/ inelastic energy loss AELS = C .kL. fﬁ'with

the correction factor C = 1.0 has been applied. For Si both
the LS value with C = 1.6 as well as the Oen-Robinson (OR)

-+ 0.045exp(-0.3.r/a)

S

/11/ local inelastic energy loss AEbR= EL
/(naz) with C = 1.7 has been used. The Oen-Robinson energy
loss is always used for Si if it is not stated otherwise.

This choice gave the best agreement with experimental
results /7/. For both targets the saturation concentration
was chosen to be 40 % /13,3/.

Depth distributions for monoenergetic implantations

and for three angles of incidence are shown in fig.1-3

for D in C and in figs. 4-6 for D in Si. The shape of the
distributions is changing with the angle of incidence a:
With increasing o« the maxima shift nearer to the surface,
the width of the distributions gets slightly smaller

and the implanted number of particles decreases. The depth
distributions become broader with increasing incident

energy E_.




As a measure for the shape of the depth distributions the
average depth x normal to the surface (mean projected
range) which is the first moment of the distribution, and
the standard deviation of the average depth (x24§2)1/2,
which is the second moment of the distribution, are shown
in figs.7 and 8 for D in C and in figs.9 and 10 for D

in Si as a function of cos a. These figures clearly
demonstrate that the average depth is not proportional to
cos a, but that the dependence on the angle of incidence
is rather small at least for energies below a few hundred
eV. Also the standard deviation of the average depth shows
only a small dependence on oa. It should be mentioned that
the average depth is not the position of the maximum of
the distribution and that the standard deviation of the
average depth differs from the half width of the distri-

butions.

The average depth and the standard deviation of the

average depth versus the incident enerqgy Eo for o« = o

are given in fig.11 for D in C and in fig.12 for D in Si.

In these log-log plots the average depth is nearly a straight
line, corresponding to a power law x vES with c slightly
below 1. The calculated curves might shift up or down
somewhat for different values of the inelastic energy

loss and the interaction potential.

Depth distributions of implanted D in amorphous C and Si
for a Maxwellian energy distribution and an isotropic
angular distribution of the incident ions are shown in
the figs.13-14. Parameter at these curves is the ion
temperature kT. The distributions exhibit an exponential

decrease at least for part of the distribution.




These depth distributions have been used to calculate
trapping curves in a similar way as for monoenergetic
implantations, i.e. trapping at each depth until

the saturation concentration is reached. In the following
figs. 15-20 the calculated trapping curves for D in C

and Si are shown. The monoenergetic curves have been
included here because they can be checked experimen-
tally. For Si two different inelastic energy losses 1.6
times the Lindhard-Scharff (fig.17) and 1.7 times the
Oen-Robinson value (fig.18), have been used to show the
dependence of the trapping curves on one of the important
parameters which enter the calculations. From comparison
with experimental data (monoenergetic implantation) the
second case (fig.18) yielded better agreement with
measured depth distributions /9/. For a different
saturation concentration the trapping curves are not
changed in the linear part, but the trapped amount

at high fluences is increased proportional to the
saturation concentration as can be seen by comparing
figs. 19-20.

In order to get a feeling about the dependence of the
reflection on the angle of incidence the particle
reflection coefficient versus the angle of incidence a
are given in figs.21 and 22 for D on C and Si for a few
incident energies.

4. DISCUSSION

The model to construct the trapping curves is based on
Monte Carlo calculations of the depth distribution with

the program TRIM. TRIM has been tested for a large

variety of scattering and implantation problems and TRIM
results gave reasonable agreement with experimental results
at least for energies above a few hundred eV (see for

example /14/. But it should be kept in mind that




these calculations are based on the binary collision
model. It is not clear at which energies this assumption
breaks down, but it seems to work even at energies of
about 10 eV as the application of this code to sputtering
problems indicate. Chemical effects which may become
important at low energies are not included in the code.
Other uncertainties are the potential and the inelastic
stopping used in the code. Especially there are no
experimental data for energies below 1 keV for the in-
elastic energy loss. One has to rely on theoretical
models as Lindhard-Scharff's, Oen-Robinson's or Firsov's
approaches. The program deals with an ideally flat
surface which might not be the case in the experiments.
Surface roughness, oxide layers and implanted gas tend

to increase the trapped amount /15/. Swelling of the

implanted material may also change the results /9/.

The trapping curves published in /12/ are in good overall
agreement with the results given in this report, but

there are some systematic deviations; especially the linear
part of the trapping curves is shifted to higher fluences
in /12/.
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Fig.10: Dependence of the standard deviation of the average
depth versus cosa for D onto Si for 6 incident ener-

gies. 1.7 x Oen-Robinson inelastic energy loss was
assumed. Lines are drawn to guide the eye.
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Fig.11: Average depth (mean projected range) and standard
deviation of the average depth versus the incident
energy of D onto C for normal incidence. Lindhard
inelastic energy loss was assumed.
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Robinson inelastic energy loss was assumed.
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Fig.21: The particle reflection coefficient RN versus the
angle of incidence a for D onto C. 20 000 incident
particles per incident energy and angle a, Lindhard
inelastic energy loss.
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Fig.22: The particle reflection coefficient RN versus the
angle of incidence o for D onto Si. 20 000 inci-
dent particles per incident energy and angle a,
1.7 x Oen-Robinson inelastic energy loss.




