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Abstract

The Monte Carlo program TRIDYN is applied to investigate the dynamic behaviour of the binary systems Be±C,

Be±W and C±W, where one species represents the bombarding atom and the other the target atom. The ¯uence de-

pendence of the particle re¯ection coe�cient, of the sputtering yield, of the target composition, and of implantation

values is calculated for incident energies between 300 eV and 10 keV (in a few cases up to 1 MeV) and for various angles

of incidence. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

In contrast to ion bombardment studies with gaseous

ions, mainly noble gas ions, this paper deals with inci-

dent projectiles which form solids at room temperature.

These projectiles can build up solid layers inside or on

top of the bombarded target which is, in general, pos-

sible for gaseous ions only at very low temperatures or if

the ions form compounds with target atoms. Although

bombardments with ions forming solids have been per-

formed in the ®eld of doping semiconductors as Si with

B or P, for example, the incident ¯uences were usually

rather low to produce only low concentrations of these

dopants in the target. Higher ¯uxes than those in ion

beams are achieved in plasmas which allow also higher

¯uences. In today's fusion plasma devices the most

common ®rst wall materials are low Z (atomic number)

elements such as C and Be as well as B in the form of

thin ®lms. In the design of a future large fusion machine,

ITER [1], three elements, Be, C and W, are proposed to

be implemented in the machine at di�erent locations.

Besides the bombardment with hydrogen isotopes, the

walls of the main vessel and divertors are bombarded

with ions (or atoms) from all material species existing in

the machine. Material mixing in fusion devices has been

observed [2±4]. However, it seems reasonable to study

simple binary systems ®rst.

Previous investigations of the bombardment of W by

C for incident energies of 1 and 6 keV have shown [5],

that at an angle of incidence of about 40° (with respect

to the surface normal) the deposition behaviour at small

angles of incidence changes into an erosion behaviour at

large angles of incidence under steady-state conditions.

Calculated values agreed reasonably well with experi-

mental data of the weight change. Similar results have

been found in [6] for the bombardment of Be with

3 keV C.

The present calculations with TRIDYN extend the

earlier studies to a larger energy range and to the inverse

systems, bombardment of Be, C and W with W, C and

Be, respectively.

2. The simulation code

The calculations have been performed with the

Monte Carlo program TRIDYN (version 40.3) [7,8],

which is based on TRIM.SP [8,9]. It is a Monte Carlo

program which assumes a randomized target structure

and treats the atomic interactions as a sequence of bi-

nary collisions between atoms. In all calculations the

WHB (Kr±C) potential [10] is applied. For the electronic

energy loss an equipartition of Lindhard and Schar� [11]

and Oen and Robinson [12] models is used. TRIDYN

takes target composition changes by collisional e�ects

into account and allows to determine sputtering yields,

re¯ection coe�cients, and several other bombardment

related e�ects as a function of the incident ¯uence.
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A projectile and the recoils generated by it are fol-

lowed from collision to collision until their energy is

below a threshold energy (typically the surface binding

energy). After each projectile and all its recoil atoms

have come to rest the depth distribution of the elemental

composition and the density are updated. The density is

calculated by the reciprocal addition of the atomic

densities of the pure elements according to the compo-

sition [7,8]. The surface binding energy is varied between

the heat of sublimation for the pure elements and the

mean value of both numbers (model 3 in [13]). Di�usion

and/or segregation is not taken into account which

seems to be justi®ed at room temperature or below for

the systems investigated, which is inferred from the good

agreement with an earlier comparison of experimental

and calculated values [5]. The available di�usion coe�-

cients of C in W imply a negligible di�usion below 700 K

[14].

The calculations have been performed for the bom-

bardment of Be with C and W, C with Be and W, and W

with Be and C in the energy range from 0.1 to 10 keV in

most instances, with few calculations up to 1 MeV, and

for various angles of incidence.

3. Results and discussion

It is worthwhile to clarify the terminology in this

paper. During all ion bombardments three processes

occur: backscattering, sputtering and implantation.

Only at energies below the sputtering threshold, sput-

tering is not possible, and for very low target mass to ion

mass ratios backscattering becomes extremely improb-

able. Due to implantation of the incident species the

originally pure elemental target turns to a two compo-

nent target with a depth dependent composition in the

implantation range. Steady-state or equilibrium is de-

®ned here by the situation, that the re¯ection coe�cients

and the partial sputtering yields do not change anymore

with increasing ¯uence. If at steady-state the thickness of

the target decreases with increasing ¯uence, the system is

erosion dominated (shortly called erosion), though all

three processes mentioned above are still at work. In the

opposite case, where at steady-state the target thickness

increases with increasing ¯uence, the system is deposi-

tion dominated (shortly called deposition).

If an energetic projectile hits a target it can be either

implanted or backscattered (or transmitted, if the target

is thin enough). In addition, energy is transferred in

collisions to the target atoms which can eventually leave

the target, i.e., sputtering. Implantation changes the

target composition in the depth region, where the pro-

jectiles are stopped. This in turn changes the density of

the target and the nuclear and electronic stopping of

projectiles and recoils in that region. As a consequence,

backscattering is changed; it will increase if the im-

planted species has a higher mass than the target species

and vice versa. If the implanted species extends to the

surface, the surface binding energy is changed according

to the surface composition, which causes a change in the

(partial) sputtering yields. Furthermore, the surface

position is receding or growing according to the situa-

tion if more atoms are removed than implanted or vice

versa. Finally, all these changes occur until steady-state

conditions are reached. Naturally, all these e�ects de-

pend on the incident energy, E0, and on the incidence

angle, a, of the projectile and on the target and projectile

species.

As examples, the depth pro®les of Be implanted into

C at an incident energy of 500 eV and a � 40° and 50°
(with respect to the surface normal) are shown in Fig. 1

for several incident ¯uences. The depth value of zero

indicates the original surface position, the vertical lines

show the actual surface position after some ¯uence. As

can be seen in Fig. 1(a) for a � 40°, the Be depth pro®les

become broader (extension to negative values) until
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Fig. 1. Depth distribution of Be at several ¯uences for the

bombardment of C with 500 eV Be at two angles of incidence

(with respect to the surface normal): (a) a � 40° and (b) 50°.
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steady-state is reached at a ¯uence of some 1017 atoms/

cm2 and a pure Be layer is formed. This means, that at

steady-state the system is determined by Be self-sput-

tering and that the Be layer grows at a constant rate

because the self-sputtering yield of Be is below unity.

For a � 50° the target thickness initially increases

slightly with the incident ¯uence until the surface recedes

(move of the vertical lines to positive values), at ¯uences

above 1� 1017 atoms/cm2 as shown in Fig. 1(b). The Be

atomic fraction never reaches unity and, above some

¯uence (�1:5� 1017 atoms/cm2), the Be depth pro®le

gets constant and the surface recedes at a constant rate,

steady-state is reached.

The surface movement is positive for an increasing

and negative for a decreasing target thickness. The

change of the target thickness with the incident ¯uence

becomes constant at steady-state. It is positive for de-

position and negative for erosion. The most rapid in-

crease in the positive target thickness change occurs at

normal incidence, and the largest negative target thick-

ness change happens to be at about a � 70° for 500 eV

Be impact on C. At an angle of incidence, a � 45°, the

target thickness change is positive for low ¯uences, but

then it turns to a negative target thickness change.

Therefore, the transition from deposition to erosion at

steady-state occurs at an angle of incidence slightly

smaller than a � 45°. Close to the transition angle the

¯uences needed to reach steady-state conditions become

rather large. The mean depth of the Be layer increases

linearly with the Be ¯uence at steady-state in the depo-

sition case, whereas it becomes constant in the erosion

regime.

The number of implanted atoms is N � �1ÿ RN �,
where N is the number of incident projectiles, and RN is

the particle re¯ection coe�cient. The number of atoms

removed from the target is given by the sum of the

partial sputtering yields, N �P Yi, where i denotes the

di�erent species in the target including the projectile

species. In the case discussed here, C is the only target

species at the beginning of the implantation (zero ¯u-

ence), but after some ¯uence the target contains also the

projectile species which is Be. If 1ÿ RN >
P

Yi, then the

number of implanted atoms is larger than the number of

atoms removed from the target, and deposition occurs.

In the opposite case, 1ÿ RN <
P

Yi, erosion dominates.

It may happen, that a deposition behaviour changes into

an erosion situation with increasing ¯uence or the op-

posite behaviour may occur. At steady-state, the partial

sputtering yields of the (original) target species must

become zero in the deposition case. The condition for

the change of a deposition into an erosion regime is

given by the equality of implanted and sputtered atoms,

namely, the number of the implanted species, (1ÿRN )

equals the number of sputtered species, �YBe � YC�:

1ÿ RN � YBe � YC � Ytot: �1�

This is demonstrated for 500 eV Be bombardment of C

at a � 40° and 50°, for which RN , YBe, YC, and Ytot is

shown in Fig. 2(a) and (b) versus the incident ¯uence. In

both cases the Be sputtering yield increases with in-

creasing ¯uence over the sputtering yields of C, but for

a � 40° the sputtering yield of C gets zero for larger

¯uences which is not the case for a � 50°. This result is

obvious from the Be depth pro®les in Fig. 1. The change

of the particle re¯ection coe�cients is small in both cases

due to the small mass di�erence of Be and C. The hor-

izontal line gives the condition RN � Ytot � 1 which

separates the deposition and erosion regime. The case of

a � 40° is clearly in the deposition regime, whereas the

case of a � 50° is in the erosion regime. The ¯uctuations

seen in Fig. 2 are of statistical origin.

Plotting RN � Ytot versus the angle of incidence, a, at

steady-state conditions clearly determines the angle of

incidence region for deposition and erosion, see Fig. 3.
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Fig. 2. Partial sputtering yields, YBe and YC, particle re¯ection

coe�cient, RN , total sputtering yield, Ytot � YBe � YC, and

RN � Ytot versus the ¯uence of 500 eV Be on a C target at an

angle of incidence (with respect to the surface normal) of (a) 40°
and (b) 50°.
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The condition RN � Ytot < 1 de®nes the deposition re-

gime and the condition RN � Ytot > 1 the erosion regime.

In the example of 500 eV Be bombardment of C the

transition point is close to a � 40°. The point at a � 45°
is slightly above the unity line, which explains why the

partial C sputtering yield is not equal to zero, see Fig. 4.

For angles of incidence a < 45° the Be sputtering yield

dominates the behaviour, whereas at angles a > 45° RN

and YC increase and YBe decreases.

Surface roughness has the general e�ect to increase

the sputtering yield at normal incidence and to decrease

the yield for large angles of incidence with minimal ef-

fects around an angle of incidence of a � 45° [15,16].

The particle re¯ection coe�cient is lowered in most

cases compared to a ¯at surface. For the bombardment

of a rough target surface the results decribed above will

certainly be changed, but the general behaviour of ero-

sion and deposition as shown above will persist.

Various results of this kind of calculations performed

for di�erent incident energies and various projectile and

target species are shown in Fig. 5, where the regions of

deposition and erosion are separated by a curve deter-

mined from the transition points. In Fig. 5(a) two curves

are shown, one for the bombardment of C with Be and

one for the bombardment of Be with C. In both cases

deposition occurs in the whole energy range given for

angles of incidence below about 45°. Towards lower

projectile energies erosion is restricted to larger angles of

incidence due to the decreasing sputtering yield (with

decreasing energy) and increasing re¯ection. Recalling

that at steady-state thick Be layers form on top of the C

substrate below some angle of incidence, the border line

between erosion and deposition should be given ap-

proximately for conditions where Ytot � RN � 1 for self-

bombardment. Calculated values for Y and RN due to

self-bombardment can be found in [17]. Inserting the

corresponding values for self-bombardment into Fig. 5

leads to the same transition curve corroborating the

interpretation giving above within the limits of inter-

polation errors. Horizontal and vertical error bars (open

symbols) originate from the interpolation of data in the

tables of [17]. The lower surface binding energy of Be

(3.38 eV) compared to C (7.41 eV) is responsible for the

extension of the Be on C curve to lower energies.

A similar plot as in Fig. 5(a) for the Be/C system is

shown in Fig. 5(b) for the Be/W system. The curve for

Be on W is nearly the same as for Be on C. This is clear

from the argument given above, that this curve should

be given approximately by the values for Be self-bom-

bardment. The W bombardment of Be shows a di�erent

behaviour, a strong decrease down to normal incidence

(a � 0°). For W bombardment above an energy of 1 keV

only erosion occurs for all angles of incidence. The

reason is the larger W self-sputtering yield which in-

creases above unity at about 1 keV; the particle re¯ec-

tion coe�cient is negligible for normal incidence

�RN � 0:01�. The self-sputtering yields again agree ap-

proximately with the W on Be curve. Fig. 5(c) shows the

corresponding dependencies for the C/W system, which

are very close to the Be/W system. The reason, that the

values for self-sputtering [13] agree only approximately

with the values calculated in this paper, is the inhomo-

geneity of the target composition with depth for the

curves calculated here compared to the situation of one

component target for self-sputtering.

In the deposition case, the deposited ®lm thickness

grows proportional with the incident ¯uence (above

some ¯uence). On the contrary, in the case of erosion,

a constant depth pro®le of the implanted species is
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established at equilibrium. This depth pro®le depends on

the incident energy and the angle of incidence. Examples

are shown in Fig. 6 for 500 eV Be on C with the angle of

incidence as parameter, and for W on Be at normal in-

cidence in the energy range from 1 to 10 keV, in Fig. 7.

The Be pro®les become narrower with increasing angle

of incidence as expected from the more glancing inci-

dence (lower penetration depth). For the same reason

and increasing re¯ection the maximum concentration

decreases with increasing angle of incidence. At a ®rst

glance it looks surprising, that at a � 45° a complete Be

layer of 3 nm is formed, though it is in an erosion re-

gime. The explanation is a small escape probability of C

atoms from depths below 3 nm (see [18]). In the case of

W impinging on Be, the pro®les become broader with

increasing energy due to the larger penetration depth.

The maximum concentration decreases with increasing

energy; this decrease is faster near 1 keV and becomes

small at energies around 10 keV. For energies above 2

keV an increased W concentration in the uppermost

layer is observed, see Fig. 7, which has often been found

for heavy ion implantation in such kind of calculations.

One possible explanation for this ®nding is the larger

escape depth of C atoms compared to W atoms [18].

From the depth distributions at steady-state, like

those given in Figs. 6 and 7 for the erosion regime, the

maximum atomic fraction of the implanted species at

steady-state can be determined. Results are shown in

Fig. 8(a) for Be impinging on C, and in Fig. 8(b) for W

bombardment of C. Points in the energy versus angle of

incidence plane for maximum atomic Be fractions of 0.8,

0.5, and 0.2 are given in Fig. 8(a) for Be bombardment
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of C together with the points separating the erosion and

deposition regions (solid line with full circles in Fig. 5(a),

which corresponds to a maximum Be fraction of unity).

The curves for the given atomic Be fraction are ap-

proximately parallel to the curve which separates the

deposition from the erosion region (curve for 100% Be

coverage). The maximum atomic Be fraction is monot-

onously decreasing with increasing angle of incidence.

Similar curves for the maximum atomic W fraction for

the W bombardment of C at steady-state are shown in

Fig. 8(b). In the determination of the maximum atomic

W fraction the increase of the atomic W fraction at the

surface, see Fig. 7, has been neglected. As in the case of

Be impinging on C the curves are approximately parallel

to the curve of 100% W coverage (solid line with full

squares in Fig. 5(c)). With increasing W energy and

angle of incidence the maximum W fraction at steady-

state decreases. The reason is the increase of the

implantation depth and of the sputtering yield with in-

creasing energy and the increase of the particle re¯ection

coe�cient and of the sputtering yield with increasing

angle of incidence.

Fig. 9 shows the partial sputtering yields at equilib-

rium for the examples of Be bombardment of C at

a � 60° and of W bombardment of C at normal inci-

dence. The partial W sputtering yield is practically unity

as it should be at steady-state, whereas the C sputtering

yield increases from 0.8 at 300 eV to 0.9 at 10 keV. The

reason for this di�erent behaviour is the particle re¯ec-

tion coe�cient, which is an order of magnitude larger

for the C case (�0.2 to 0.1) and decreases with increasing

energy. The maximum in the C partial yield develops,
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because the maximum yield for self-bombardment of Be

and C at a � 60° is in the low kilo-electron-volt range,

and the fraction of Be at the surface at equilibrium has a

maximum at about 2 keV. The Be and C partial yields

due to W bombardment both increase with the incident

energy, whereas the Be yield increase is somewhat faster

than the C yield increase due to the lower surface

binding energy of Be. The W partial yield exhibits a

maximum at about 300 keV. It should be remembered

that the composition pro®le at equilibrium changes with

the incident energy.

Besides the depth distribution of implanted species

the retained amount can be measured. The retained W

and C for the same examples as above is shown in

Fig. 10. The retained C in the Be target is larger than the

retained W at the same energy. Whereas the retained W

increases only by about 50% from 1 to 10 keV, the re-

tained C increases by about an order of magnitude in the

same energy range. The reason is the larger range of C

than that of W. The strongest increase in the retained W

occurs for energies above 100 keV.

4. Conclusions

Computer simulations with the dynamic Monte

Carlo program TRIDYN have shown that, dependent

on the incident energy and on the angle of incidence, ion

bombardment of solids results in regions of erosion and

deposition. This was demonstrated for the systems Be on

C, C on Be, Be on W, W on Be, C on W, and W on C in

the energy range from 100 eV to 10 keV, in some cases

up to 1 MeV. The separation of the erosion and depo-

sition regimes can be approximately given by the con-

dition, that the Ôsum of the partial sputtering yields and

the particle re¯ection coe�cient is equal to unityÕ for

self-bombardment. Depth pro®les of the implanted

species at equilibrium are given for two examples, 500 eV

Be bombardment of C and W bombardment of Be at

normal incidence, in the erosion case, where constant

depth pro®les are established.

The steady-state behaviour of the energy dependence

of the sputtering yield, the mean range, and the retained

amount of implanted atoms is compared for three ero-

sion cases, W on Be and C at normal incidence and C on

Be at 60°. For W bombardment at normal incidence the

Be and C partial sputtering yields increase with in-

creasing energy. In the case of the C target the calcula-

tions have been extended up to 1 MeV, and the partial C

yield exhibits a maximum at about 300 keV. The Be

yield has a maximum at about 2 keV for C bombard-

ment of Be at a � 60°. The mean range and the retained

amount of C is larger than the retained amount of W,

above 1 keV, and this di�erence is increasing with inci-

dent energy up to 10 keV.

The systems investigated show a complex behaviour,

which indicate that the use of di�erent wall materials in

the same fusion machine will result in a complex com-

position of the plasma facing surface, which is di�cult

to predict in detail.
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