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Abstract

An experimental method of determination of sputtering yield for current-conducting materials under ion bom-

bardment of light gases in the near-threshold energy range has been developed. Such an information is very important

in both the purely scienti®c and applied aspects. This method is based on the use of special regimes of ®eld ion mi-

croscopic analysis. The procedure of measuring the sputtering yield includes cleaning of the surface in situ by de-

sorption and evaporation of atoms by the ®eld in order to make atomic-clean and atomic-smooth surface. This method

permits to observe single vacancies in the irradiated surface, i.e., directly to count the single sputtered atoms. It has been

used for beryllium, technically pure tungsten, tungsten oxide and mixed W±C layer on the tungsten irradiated by

deuterium ions. The energy dependence of sputtering yield of those materials by deuterium ions at energies ranging

from 10 to 500 eV is investigated. Experimental results for beryllium are in a satisfactory agreement with the calcu-

lations of Eckstein et al. Substantial connection between threshold energy of the sputtering and condition of oxidized

surface of tungsten has been ascertained. The threshold energy for sputtering of oxidized tungsten surface is equal to 65

eV. The threshold energy for sputtering of mixed W±C layer has almost the same value as for the pure W. Ó 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Beryllium, carbon±carbon composites and tungsten

are considered at present as candidate-materials for In-

ternational Thermonuclear Experimental Reactor

(ITER). The presence of various materials, as the di-

vertor and the ®rst wall components, will unavoidably

result in the formation of mixed layers on the surfaces of

plasma facing components.

Tungsten is characterized by a high mass number and

by a high self-sputtering yield, but also by a high

threshold energy for sputtering [1]. However, as a result

of the great chemical a�nity of tungsten to oxygen its

surface is oxidized. As shown in experiments, presence

of the oxide ®lm on the surface of tungsten produced

under a high partial pressure of residual oxygen

(8 ´ 10ÿ5 Torr) in the vacuum chamber causes a con-

siderable (approximately by a factor of 10) reduction in

the threshold energy for sputtering of W bombarded

with light ions, as a result of reduction in the binding

energy of tungsten oxide molecules [1]. But in contrast to

tungsten the threshold energy for sputtering of BeO is

higher than that of pure beryllium. Under conditions of

redeposited materials of an ITER divertor, the surface

of tungsten will be covered with a mixed W±C layer.

Determination of the sputtering threshold energy of

tungsten covered with the mixed W±C and oxide layers

is of the principal importance.
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It should be noted that the experimental determina-

tion of the sputtering threshold energy requires the im-

plementation of extremely sensitive high resolution

techniques allowing in situ cleaning of the surface and

directly to observe each vacancy produced by the bom-

barding ions on the surface, i.e., to take each atom re-

moved from surface into account. Among modern

experimental means of surface diagnostics, the technique

of ®eld ion microscopy was used to study the surface

structure of atomic layers, production, behaviour and

evolution of defects in a crystalline structure, as has been

shown in Refs. [2,3] this technique responds to such

requirements for current-conducting materials.

In this present work the technique of ®eld ion mi-

croscopy was ®rst used for determining the threshold

energy for sputtering of pure beryllium and tungsten,

tungsten oxide and mixed W±C layers on the tungsten

surface, bombarded with deuterium ions, as well as the

energy dependence of the sputtering yields by deuterium

ions in the near-threshold energy range.

2. Experimental technique

The ®eld ion microscope is based on the processes

taking place in electric ®elds with a strength of 108±1010

V/m. The main element of the ®eld ion microscope is a

needle-like sample (cathode) and the anode as a ¯uo-

rescent screen. One can realize the processes of evapo-

ration and desorption in strong electric ®elds, along with

an autoionization. In such cases, the surface atoms are

removed at any temperatures. The phenomenon of de-

sorption is similar, in principle, to that of evaporation

by the ®eld. The di�erences between the evaporating

®elds and the desorbing ones are related to a di�erent

nature of the bond among the particles removed from

the surface.

Field ion microscopic analysis of samples is being

completely optimized and standardized [4] for the study

of tungsten and tungsten-based composite materials. In

the present work an attempt was made for the ®rst time

to ful®ll the same task for beryllium. The extreme di�-

culty of beryllium samples investigation in a ®eld ion

microscope arises from a relatively low melting point

(�1290°C) of beryllium and the rather low binding en-

ergy of beryllium atoms, respectively. Following the

original technique described in Ref. [5], the evaporative

®eld value for beryllium was found to be Fe � 28 V/nm.

This value is much below the electric ®eld strength value

required for helium autoionization (helium is the most

appropriate gas for obtaining images in ®eld ion mi-

croscope; since for its ionization a ®eld strength of

Fi � 44 V/nm is required). Due to the fact that for be-

ryllium Fe 6 Fi, microscopic images of beryllium in

helium are unstable, though providing atomic resolution

in a number of areas.

To overcome the above di�culty, a technique for

obtaining and analysis of desorption images (that is,

images in vacuum in the own ions [6]) was realized in the

present work. The appearance of single vacancies on the

surfaces of irradiated beryllium samples was registered,

primarily, by the high-accuracy measurements of the

variation in the images general brightness (measure-

ments of the value of desorption current were taken

from a micro-channel plate [7] placed in front of the

¯uorescent screen of the microscope), and only rarely by

direct visual observation.

The sputtering yield of tungsten and its compounds

was determined by direct count of the number of formed

vacancies (see, for example, the ®eld-ion image of the

surface of a pure tungsten sample in Fig. 1: single va-

cancies formed during a single irradiation pulse are

marked with arrows).

The experiments were performed in the ®eld ion mi-

croscope [8]. For samples irradiation the technique of

pulsed two-step reversal of high strength polarity was

developed and applied. Ionization of the gas, serving

simultaneously an image-forming purpose, occurred by

the mechanism of electron impact at the moment a short

high-voltage pulse of reverse (negative) polarity was fed,

and the generation of autoelectrons by the sample took

place. The duration of such `ion-generating' high-volt-

age pulses did not exceed 0.1 ls, at amplitude of 5 kV.

Together with the high-voltage pulse, a low-voltage

negative pulse was applied to the sample with pulse

duration being P 10 ls, while the amplitude corre-

sponding to the preset energy of bombarding ions varied

from 10 to 500 V with step of 10 V. Concurrently vari-

ous check analyses were conducted, which realized var-

ious sequences of pulses and their parameters.

Fig. 1. The ®eld-ion image of the surface of a pure W sample:

single vacancies formed during a single irradiation pulse by D�

ions are marked with arrows.
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Implementation of cleaning the surface from the ad-

sorbed particles and formed ®lms in the process of

measuring the sputtering yield in situ allows to carry out

the sputtering measurements from an atomic-pure sur-

face.

The procedure of measuring of the sputtering yield

includes the following operations.

(a) Manufacture of pointed samples and their in-

stallation in the ®eld ion microscope capable of en-

suring three duties of operation: as a proper ®eld

ion microscope, as a desorption ion microscope,

and as a ®eld-emission microscope [3].

(b) Evacuation of the microscope with subsequent

deuterium ®lling; initially vacuum of 3 ´ 10ÿ9 Torr

was reached, after deuterium ®lling the pressure

was between 10ÿ6 and 10ÿ5 Torr.

(c) Preliminary ®eld-ion and (or) desorption micro-

scopic analysis of an initial surface, its cleaning by

evaporation in the ®eld in order to make the atom-

ic-clean and atomic-smooth surface.

(d) Ionization of the deuterium gas which serve in

the same time as imaging gases.

(e) Surface irradiation by D� ions, providing the

pulsed alternation of the voltage polarity at the

sample; the energy of bombarding ions is con-

trolled by a change in the amplitude and duration

of a direct pulse.

(f) Repeated ®eld-ion and (or) desorption micro-

scopic analysis of the irradiated sample surface in

order to identify single vacancies in it, i.e., direct

count of the sputtered atoms.

(g) Evaluation of sputtering yields corresponding

to the given energy of bombarding ions.

For the same sample the operations (c)±(g) were re-

peated many times. The number of `irradiating' voltage

pulses was varied from 10 to a few hundred in the cases

of low values of the sputtering yields.

An important step in the process of sputtering yield

evaluation was the determination of irradiation ¯uences.

In the present work, the irradiation ¯uence was computed

from the formulas derived by the authors in Ref. [9] (see

also Ref. [2]). The required values for average work

function u for Be, W, WO and WC (3.92, 4.54, 5.0 and 3.6

eV, respectively) were taken from Ref. [10]. At the spec-

i®ed irradiation parameters the surface point with the tip

average radius Ro � 100 nm was exposed to �2.5 ´ 107

impacts of D� ions per second, or 250 ions per pulse,

which corresponds to a ¯ux density of 2.5 ´ 1017 ions/cm2

s. That means for a sputtering yield Y � 10ÿ1 about 25

single vacancies are observed on the entire sample surface

viewed through the microscope after one irradiating

pulse (the ®eld-ion image of the pointed sample tip sur-

face with Ro � 100 nm shows P 105 atoms) and equiv-

alent for Y � 10ÿ3 only 1 vacancy over 4 pulses.

The needle-point samples of Be were produced by

electrochemical etching in concentrated H3PO4 at 30±50

V dc. In the case of tungsten, electrochemical etching

went in 1.5 N solution of NaOH at 5±10 V dc.

For producing an oxide layer on the surface of

tungsten the samples were heated under the atmo-

sphere up to the temperature of �750°C. The ®lms of a

W±C mixture were produced by collection of the pro-

ducts of simultaneous tungsten and graphite sputtering

by 20 keV Ar� ions on the needle-like and massive

samples.

The thicknesses of oxidized and mixed layers, their

roughness and a chemical composition were determined

with the pro®lemeter made by Sloan Instruments and by

the Auger electron srectroscopy (AES), in combination

with the layer-after-layer etching from masssive samples.

Phase composition of the targets was investigated using

X-ray analysis of crystalline structure in the sliding

beam geometry.

3. Results and discussion

3.1. Threshold energy for sputtering

In Table 1 the experimental results of sputtering

threshold energies by deuterium and helium ions for the

pure Be W, mixed W±C layer and for tungsten oxide are

compared with those of the published experimental and

theoretical data [1,11].

From Table 1 it follows that the values, Eth, mea-

sured by the new method for pure beryllium bombarded

with D� and He� ions are in satisfactory agreement with

experiments performed for Be irradiated with D� and

He� ions at 923 K in JET tokamak and also with the

calculations of Eckstein et al. [11]. The literature value

of the sputtering threshold energy for Be at the room

temperature during irradiation is considerably higher.

The reason for this high value is probably surface oxi-

dation of the beryllium which leads to higher threshold

energy for sputtering due to the higher surface binding

energy of oxides.

No signi®cant di�erences are observed between the

values of Eth for W and mixed W±C layer bombarded

with D� ions. The results for W and W±C layer are in a

good agreement with an earlier measurement of

threshold energy for sputtering of W and W±C by D�

ions [11±15].

The threshold energy for sputtering of tungsten oxide

by deuterium ions measured by ®eld ion microscopic

technique is 65 eV, in contrast to the Eth @ 18 eV in Ref.

[1], where tungsten oxide is produced during irradiation

with D� ions under background oxygen pressure of

8 ´ 10ÿ5 Torr and the yield is measured by the weight

loss method. A low Eth is obtained due to an assumed

low surface binding energy (EB � 0.3 eV) of the tung-

sten oxide molecules [1]. In our experiments on the

surface of tungsten a stable oxide ®lm, �50 nm thick is
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produced. An estimate of the surface binding energy

from Ref. [1] gives its value of �1.1 eV.

The drastic increasing of sputtering threshold energy

by D� ions for tungsten oxide layer observed by means

of the new technique may also be attributed to the dif-

ferences of sputtered particles composition between

these two methods. The new method identi®es only W-

vacancies, i.e., counts only the W sputtered atoms, the

weight loss method registrates all sputtered surface at-

oms, including adsorbed atoms and molecules.

3.2. Energy dependence of sputtering yield for beryllium

by D� and He� ions

Fig. 2 shows the measured sputtering yields of be-

ryllium bombarded with deuterium and helium ions at

energies from 10 to 200 eV (points). The energy depen-

dences of Be sputtering yields with D� and He� ions

calculated by Eckstein et al. [11] and averaged experi-

mental data for combinations Be±D� and Be±He�

[15,16] are also given in this graph. The agreement be-

tween experimental sputtering yields of beryllium mea-

sured by the ®eld ion microscopic technique and

computer simulation data [1] is quite good. While the

averaged experimental data from Refs. [15,16] in near-

threshold energy range have lower values in comparison

with calculated curves due to the presence of oxide ®lm

on the beryllium surface.

One should note that the production of vacancies in

the energy range under study was observed in the ®rst

surface layer only. As a result, in the energy range 10±

200 eV, the sputtering of beryllium atoms takes place

from the ®rst monolayer on the surface.

3.3. Energy dependence of sputtering yield for W, WO,

W±C by deuterium ions

The Auger electron analysis of the mixed W±C layer

shows that in the layer, �104 nm thick, W and C are

distributed uniformly and the oxygen impurity on the

surface does not exceed 9.5 at.%. As a result of tungsten

heating in air, the WO-layer thickness on tungsten is

�50 nm.

The energy dependence of sputtering yields for

tungsten by deuterium ions is given in Fig. 3 (curve 1).

In Fig. 3 in addition to our experimental results, also

experimental (curve 2) and calculated (curve 3) energy

dependence of sputtering yield for combination W±D� is

presented. The sputtering yields of tungsten, measured

by various techniques are rather close to each other,

being in a su�ciently good agreement with a theoretical

curve.

The energy dependence of the sputtering yields for

the redeposited W±C layers and WC [11] also practically

coincides (Fig. 4).

Fig. 2. Energy dependence of sputtering yield of Be with D�

and He� ions at room temperature: (d) this work, Be±D�; (m)

this work, Be±He�; (1) calculated data for Be±D� [11]; (2) av-

eraged experimental data for Be±D� [11]; (3) calculated data for

Be±He� [11]; (4) averaged experimental data for Be±D� [11].

Table 1

The measured threshold energies for sputtering compared to literature values

No. Material Ion T(K) Eth (eV) experimental Eth (eV) experimental

[1,11±14]

Eth (eV) theoretical

1 Be D� 78±373 <10

923 10 [11,14] 9,8 [11]

293 26,2 [11]

2 Be He� 293 <10 44,5 [11] 30 [12]

923 13,9 [11,14] 13,9 [11,14]

3 W D� 293 160 175 [12]; 178 [11] 201 [11]; 160 [13]

4 W+C D� 78±293 150

5 WC D� 171 [11]; 150 [12]

6 Tungsten oxide D� 293 65 <18 [1]
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An energy dependence of the sputtering yield of

tungsten oxide by deuterium ions (curve 1) is given in

Fig. 5. For comparison, on the same graph, the experi-

mental data by Roth et al. [1] for the tungsten sputtered

by D� ions under oxygen pressure of 8 ´ 10ÿ5 Torr

(curve 2), as well as those for pure tungsten (curve 3), are

given. In the energy range <100 eV, the sputtering yields

for tungsten irradiated under high pressure of oxygen

essentially exceed the corresponding sputtering yields

measured by the ®eld ion microscopic technique. At

E > 350 eV the sputtering yield values for tungsten ox-

ide measured by weight loss technique (curve 2) ap-

proach to the sputtering yields for W (curve 3). It means

that, when the sputtering yield rises up to 3 ´ 10ÿ4 at./

ion under experimental conditions [1], the oxide ®lm on

the tungsten surface has been sputtered by D� ions.

4. Conclusions

1. The advantages of the ®eld ion microscopic technique

are:

� The possibility of cleaning the surface in situ from

adsorbed atoms and molecules of residual gases,

from oxygen ®lm, etc.

� The possibility to observe each vacancy produced

by the bombarding ions upon the surface, i.e.,

count each sputtered atom.

2. The drastic increasing of the threshold energy for

sputtering of tungsten oxide bombarded with deuteri-

um ions is observed. The sputtering threshold, Eth,

measured by new ®eld ion microscopic technique is

equal 65 eV.

3. The threshold energies for sputtering of pure berylli-

um irradiated with deuterium and helium ions at

Fig. 5. Energy dependence of the sputtering yield of tungsten

oxide (curve 1), (curve 2) ± from [1] and tungsten (curve 3) [1]

bombarded with deuterium ions: (d) this work, experimental

data for tungsten oxide; (m) experimental data for W±D� under

oxygen pressure of 8 ´ 10ÿ5 Torr [1]; (+) experimental data for

W±D� [1].

Fig. 3. Energy dependence of the sputtering yield of tungsten

bombarded with deuterium ions: (1) this work, experimental

data (d) for W±D�; (2) experimental data (m) for W±D� [11];

(3) calculated data for W±D� [11].

Fig. 4. Energy dependence of the sputtering yield of mixed

W±C layer on tungsten (1) and WC (2) [11,13] bombarded

with deuterium ions: (d) this work, experimental data for

mixed W±C layer; (m) experimental data for WC [11,13].
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room temperature are in satisfactory agreement with

the calculations of Eckstein et al., but signi®cantly

lower than those values determined by the weight loss

method at room temperature.

4. The energy dependences of sputtering yield for pure

W and for mixed W±C layer on tungsten bombarded

with D� ions correspond to the earlier published data

for W and WC.

5. The production of vacancies in the energy range un-

der study was only observed in the ®rst surface layer.

Acknowledgements

This work was supported by the International

Atomic Energy Agency.

References

[1] J. Roth, J. Bohdansky, W. Ottenberger, Data on low

energy light ion sputtering, Max-Planck-Institut f�ur Plas-

maphysik, Report IPP 9/26, 1979.

[2] A.L. Suvorov, Avtoionnaja microskopija radiacionnich

defektov v metallach, M.: Energoizdat, 1982.

[3] A.L. Suvorov, Struktura i svoistva poverchnostnich atom-

nich sloev metallov, M.: Energoatomizdat, 1990.

[4] E.W. Muller, T.T. Tsong, Field Ion Microscopy, Principles

and Application, Elsevier, New York, 1969.

[5] A.L. Suvorov et al., Atomn. Energ. 38 (1975) 72.

[6] A.F. Bobkov, A.L. Suvorov, Poverchnost 10 (1983) 67.

[7] J.A. Panitz, Progr. Surf. Sci. 8 (1978) 219.

[8] A.L. Suvorov et al., Prib. Techn. Eksp. 6 (1985) 188.

[9] P.A. Bereznjak, V.V. Slezov, Radiotechn. Elektron. 17

(1972) 354.

[10] V.S. Fomenko, Emissionnie svoistva materialov, Kiev:

Naukova dumka, 1981.

[11] W. Eckstein, C. Garcia-Rosales, J. Roth, W. Ottenberger,

Sputtering data, Max-Planck-Institut f�ur Plasmaphysik,

Report IPP 9/82, 1993.

[12] J. Bohdansky, Research Co-ordination Meeting on Plas-

ma-interaction Induced Erosion of Fusion Reactor Mate-

rials IAEA, Vienna, 1989.

[13] J. Roth, J. Bohdansky, A.P. Martinelli, Proceedings of

First Conference on Ion Beam Modi®cation of Materials,

Budapest, Hungary, 1978, pp. 1541±1568.

[14] J. Roth, W. Eckstein, M. Guseva, Fusion Eng. Des. 37

(1997) 465.

[15] J. Roth, J. Bohdansky, R.S. Blewer, W. Ottenberger,

J. Nucl. Mater. 85&86 (1979) 1077.

[16] J. Roth, W. Eckstein, J. Bohdansky, J. Nucl. Mater. 165

(1989) 199.

M.I. Guseva et al. / Journal of Nuclear Materials 266±269 (1999) 222±227 227


