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Sputtering YieldsW. EksteinMax-Plank-Institut f�ur Plasmaphysik, Boltzmannstr.2, D-85748 Garhing,Germany wge�ipp.mpg.deAbstrat. Sputtering is aused by ollision asades initiated by energeti ionsor neutrals inident on a solid or liquid target. The sputtering yield, Y , i.e. theaverage number of atoms removed from a target per inident partile (atom orion), is the most global value in sputtering. It depends on the target material, onthe speies of bombarding partiles and their energy and the angle of inidene.Most experimental and alulated results have been determined for amorphous andpolyrystalline targets but also values for single rystal targets are available. Anextensive omparison of experimental and alulated yield values are provided andthe auraies of these values are disussed. The sputtering yields of multiompo-nent systems depend on the bombarding uene and show sometimes a ompliatedbehaviour.1 Experimental MethodsSeveral onditions have to be ful�lled for ahieving reliable and reproduibleresults [1,2℄:a) The beam of inident partiles (ions or neutrals) should have a wellde�ned energy with a small energy width (important espeially at low ener-gies) and a small angular divergene (important at grazing inidene). Thebeam should be mass-analyzed, espeially for light ions, in order to separatedi�erent speies suh as moleular ions from atomi ions and espeially par-tiles with very di�erent masses. The inident uene should be measuredaurately, whih a�ords the knowledge of the ion urrent.b) For elemental targets the impurity ontent in the target should benegligible, espeially if impurities have masses very di�erent from the inves-tigated element. Due to the dependene of the yield on the angle of inidenethe target should be at. An initially polished surfae will, however, gener-ally beome rough during partile bombardment [3,4℄. Implantation of thebombarding speies into the target will also modify the yield; therefore ameasurement of the yield versus the inident uene is valuable to show thedi�erene between low uene and steady state (saturation). Most targetsare not amorphous and the rystal grains are not randomly oriented. Thetarget struture, if not a single rystal, should be heked to have an ideaabout any texture of the target. For a sputtering measurement at a targetonsisting of a thin �lm on a substrate, the �lm should be thik enough, thatthe underlying substrate does not modify the ollision asade in the �lm.



2 W. Ekstein) The vauum onditions should be good enough, that adsorption ofresidual gas speies on the target during bombardment is negligible. This isof speial importane if the yields are low suh as for light inident ions andfor oxide and nitride forming elements. The general ondition is, that thearrival number and the stiking probability of these rest gas speies per unittime must be smaller than the orresponding arrival of beam speies timesthe sputtering yield of the gas speies.For the determination the sputtering yield the inident uene and theremoved target material have to be measured. The inident uene is usuallydetermined by the inident harge, the removed material by several methods[2℄: a) Mass hange.The amount of material removed from an elemental target an be deter-mined by the measured mass hange, �m, giving for the sputtering yieldY = �mM2n1N0 (1)where M2 is the target atomi mass, n1 is the number of inident projetileions (atoms), and N0 is the Avogadro number. This formula is only or-ret, if implantation and trapping of bombarding projetiles [4,5℄ into thetarget is negligible. This is justi�ed for light ions implanted into a targetof heavy atoms, if their onentration stays low during bombardment andif the light ions do not aumulate in the target, i.e. di�usion into the bulkan be negleted. The mass hange of a thin �lm evaporated on a quartzrystal osillator an be determined by a frequeny hange of the osillator[6{8℄. Other problems are the weighing of the bombarded target outside thebombarding vauum hamber due to adsorption of water or oxygen at thesurfae, adsorption of gaseous speies inside the vauum hamber, and surfaeroughness.b) Thikness hange.The amount of material removed an be determined by the measurementof the thikness hange of a thin �lm, for example, with Rutherford baksat-tering [9,10℄. The measured areal density before and after bombardment givethe yield. Other methods are x-ray analysis, nulear reation analysis, meth-ods using eletrons suh as an eletron miroprobe or transmission eletronmirosopy, mehanial methods suh as the measurement of rater depth,and hanges in interferene olours. Changes in eletrial resistivity have beenapplied to thin metal �lms and wires [11,12℄. Thin metal �lms have been sput-tered until a hole appeared [13℄. Possible errors are forward sputtering and anonuniform urrent density distribution.) Colletion of sputtered material.Another proedure to determine the amount of atoms removed is a mea-surement of the sputtered material by olleting it on ather foils. Possibleerrors are an inomplete olletion of sputtered material due to a limited



Sputtering Yields 3solid angle (smaller than half spae), inomplete stiking, baksattering andsputtering of the deposited �lms. This is espeially important for high energysputtered atoms at oblique inidene bombardment. Another very sensitivetehnique is neutron ativation of the olleted material or of the target[14,15℄.d) Field ion mirosopy.This method allows ounting of the atoms sputtered from a tip, but aproblem appears for the determination of the inident ion uene [16,17℄. Anarray of tips was used.e) Spetrosopy method.A plasma olumn in front of the target is may be used for exiting thesputtered neutrals. Spei� emission lines are observed [18℄. The methodneeds knowledge about the plasma, and for the alulation of the exitationrate it relies on an atomi data base as ADAS [19℄. The method is fast andvery sensitive.With these tehniques a large amount of sputtering yield data have beenaumulated for many ion-target ombinations, mostly for polyrystallinetargets.2 Calulational MethodsSeveral e�orts have been made to alulate sputtering yields for amorphous,polyrystalline and single rystal targets [20{23℄. Besides the analyti ap-proah by Sigmund [20,21℄ many sputtering yields have been alulated withomputer programs based on the binary ollision approximation, see Chap-ter by Ekstein and Urbassek . A large number of yields have been providedmainly by Yamamura [24,25℄ with his program ACAT [26℄ and by Ekstein[27℄ with the program TRIM.SP [28,29℄. These authors use di�erent intera-tion potentials, Yamamura the Nakagawa-Yamamura potential [30℄, Eksteinthe KrC (WHB) potential [31℄. For the surfae binding energy [29℄ the heatof sublimation is applied. A omparison for the energy dependene of thesputtering yield of silver bombarded with Ar alulated with di�erent inter-ation potentials is shown in Fig. 1. Whereas the KrC, ZBL, and Moliere(orretion fator to the sreening length, a=0.8) potentials give nearly thesame results, however, Moliere (with a=1) and Nakagawa-Yamamura poten-tials show larger yields at higher bombarding energies. For omparison alsosputtering yields determined by the analyti theory are given; these valuesare generally higher than the yields obtained by omputer programs. In thethreshold region the di�erenes in the yield alulated with the di�erent po-tentials are more pronouned due to the di�erenes of the potentials at largeinteratomi distanes.For the inelasti energy loss an equipartition of the Lindhard-Shar� andthe Oen-Robinson models is used in some omputer simulations (see Chapter
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Fig. 1. Calulated energy dependene of the sputtering yield at normal inidenefor the bombardment of Ag with Ar for di�erent interation potentials (a is aorretion fator to the sreening length) alulated by Yamamura [24,25℄ and byEkstein [32℄. The urve from the analyti theory (Sigmund) is taken from [2℄. Linesare drawn to guide the eyeby Ekstein, Urbassek). The inuene of inelasti energy losses in the al-ulated sputtering yields is shown in Fig. 2. As expeted the e�et of theinelasti energy loss is smallest in the keV energy range and inreases withhigher and lower inident energies. The relative small e�et may be a justi-�ation for the neglet of the inelasti energy loss in the analyti theory.No assumptions are made to improve agreement with experimental data.Only for light ions Yamamura introdued small orretions in the sreeninglength [24,25℄ in the interation potential, whih he supported by theoretialarguments [33℄.The stati BCA programs allow the determination of sputtering yieldsunder the assumption that the target omposition is not hanged duringbombardment. This applies for selfbombardment, hydrogen and noble gasbombardment, as long as trapping of these speies an be regarded as negli-gible. In most other ases, suh as, for example, for metal atom bombardmentof arbon the target omposition is hanged in the implantation range. Thenthe yield will hange with bombarding time or ion uene. In these ases adynami program suh as TRIDYN [29,34,35℄ has to be applied. An exeptionis the bombardment with a low uene (negligible target hange).
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Fig. 2. Calulated energy dependene of the sputtering yield at normal inidenefor the bombardment of Ni with Ar with and without inelasti energy loss alulatedwith TRIM.SP [32℄. Lines are drawn to guide the eye3 Mono-atomi TargetsAs bombarding partiles mainly hydrogen isotopes and noble gases have beenused. The impliit assumption is, that target omposition hanges due tobombardment as for example by implantation are negligible. All other exam-ples are disussed in setions 4 to 8. Experimental data up to 1981 were pre-sented in the review by Andersen and Bay [2℄. Sine that time omputer simu-lation has provided many values [24,25,36℄. Colletion of sputtering yields forspeial materials for the nulear fusion ommunity an be found in [37{41℄.3.1 Energy Dependene of the Sputtering Yield at NormalInideneFor the survey of the many experimental and alulated sputtering yields atnormal inidene the following proedure has been adopted. The alulatedvalues have been �tted by an empirial formula and will be ompared withexperimental data, see 3.3. The reasoning for this proedure is the following:The experimental data often over only a limited energy range between thethreshold energy and at least 10 keV, whereas missing values an be obtainedby alulations. Another point is, possible systemati deviations between al-ulated and experimental data will show up more learly. In experiments the



6 W. Eksteintarget surfae roughness (whih may hange even with ion uene) is usu-ally not known, whereas in alulations a nearly at surfae is assumed. Dueto the inrease of the sputtering yield with an inreasing angle of inidene(with respet to the surfae normal) the experimental data at normal in-idene should generally give a somewhat higher value than the alulatedvalues (up to a fator of two). On the other side, simulations may su�er frominsuÆiently aurate interation potentials or inelasti energy losses.The proedure applied here is di�erent from the �tting by Yamamura[24,25℄ and Janev [42℄, who used the available experimental data and somealulated values for the �tting. In the last mentioned paper the authorsderived a uni�ed analyti representation for the sputtering yields, whih isnot onvenient for pratial purposes.3.2 FittingMany formulae have been proposed to desribe the energy dependene of thesputtering yield at normal inidene, see [43℄ and the literature in this paper.In this book the energy dependene of sputtering yields alulated for normalinidene has been �tted with the formula proposed by Ekstein and Preuss[44℄, whih gives generally a better desription of the available yield values;it was also used in [41℄:Y (E0) = q sKrCn ("L) � E0Eth � 1���=w("L) + � E0Eth � 1�� (2)with the nulear stopping power for the KrC (WHB) potential [43℄sKrCn ("L) = 0:5 ln(1 + 1:2288"L)w("L) withw("L) = "L + 0:1728p"L + 0:008"0:1504L ; (3)the redued energy"L = E0 M2M1 +M2 aLZ1Z2e2 = E0=" (4)and the Lindhard sreening length [45℄aL = �9�2128�1=3 aB �Z2=31 + Z2=32 ��1=2 ; aB = 0:0529177nm (5)where aB is the Bohr radius. Z1, Z2, and M1, M2 are the atomi numbersand the atomi masses of the projetile and target atom, respetively. Thethreshold energy Eth and the values q; � and � are �tting parameters. Thevalue " is used in tables 1 to 9.



Sputtering Yields 7The proportionality of the yield, Y , to the nulear stopping power isadopted from analyti theory [20,21℄. q desribes the absolute yield, � triggersthe onset of the derease of the sputtering yield at low energies towardsthe threshold, and � is assigned in order to desribe the strength of thisderease. The �tting parameters �; q; � and Eth are obtained by a proedurebased on Bayesian statistis, whih provides a region of on�dene and theorresponding errors [44℄.For the �tting of the alulated sputtering yields mainly the values byYamamura [24,25℄ and Ekstein [32,36℄ are used. Both datasets agree mostlyreasonably well, see Fig. 3, but in some ases deviations up to a fator oftwo our. In many ases additional values of the sputtering yield have beenalulated [32℄ to get a reasonable �t to lower energies or to extend the �t tohigher energies, where experimental data were available.

Fig. 3. Energy dependene of the sputtering yield at normal inidene for thebombardment of Mo with Ar alulated by Yamamura [24,25℄ and by Ekstein[32,36℄The �tting parameters for the alulated values are given in Tables 1- 9(Appendix) together with "; Esb and Esb=. Esb is the surfae binding energy,and  = 4M1M2=(M1 +M2)2 is the energy transfer fator, M1 and M2 arethe atomi masses of the projetile and target atom, respetively. Tables 25 -28 give a list of sputtering yields and the orresponding referenes not shownin the �gures.



8 W. Ekstein3.3 Comparison of Calulated Values with Experimental DataFor eah ion - target ombination, where experimental data are available,�gures were produed as shown in Figs. 4-63. Eah �gure shows the algebrai�t for the energy dependene of the alulated sputtering yield values and theexperimental data points measured by di�erent authors at normal inidenefor polyrystalline or amorphous materials. In ases, where only alulatedvalues are available, �t urves for several inident ions are shown in one�gure. The di�erent plots have not always the same energy and yield sales.Usually, the energy sale for the light ions, hydrogen and helium, reahes upto 20 keV, whereas for the heavy ions the energy sale reahes up to 200keV. In some ases the energy sale has been extended, if measured data athigher energies are available. The yield sale has a lower limit of 10�4, theupper limit depends on the data. Experimental data for single rystals havenot been inluded in these plots beause of possible hanneling e�ets; thesame applies for bombardment with nonvolatile ion speies due to uenedependent results (Tables 29 to 31), and to ion speies whih form stableompounds with target atoms suh as oxides.

Fig. 4. Energy dependene of sputtering yields of Li for bombardment at normalinidene with D, 4He, Li [46℄ and H and T
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Fig. 5. Energy dependene of sputtering yields of Be for bombardment at normalinidene [47℄ with H [27,48{51℄, D [16,27,48,50{53℄, 4He [16,17,48,50,51,54{57℄, Be[58{62℄, Ne [55,63℄ and Ar [55,63℄. Several authors in one line mean the same datain di�erent publiations



Fig. 6. Energy dependene of sputtering yields of Be for bombardment at normalinidene with Kr [54,55℄, Xe [18,54,55℄, T and 3He and N, and O [64℄
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Fig. 7. Energy dependene of sputtering yields of B for bombardment at normalinidene with H [65℄, D [27,66℄, 4He [27,65,66℄, B [27,66℄, Ne [67℄, and T, 3He, O(only low uene)
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Fig. 8. Energy dependene of sputtering yields of C for bombardment at normalinidene with H [27,68{74℄, D [27,74{76℄, 4He [27,54,68,72,73,77,78℄, C [27,78{83℄,Ne [27,78,80,84{87℄, and Ar [27,63,70,85,88,89℄
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Fig. 9. Energy dependene of sputtering yields of C for bombardment at normal in-idene with Kr [27,54,85,89,90℄, Xe [18,27,54,85,89℄, N [91{93℄, O [27,53,78,80,87℄,and T, 3He
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Fig. 10. Energy dependene of sputtering yields of Mg for bombardment at normalinidene with Ar [88,94℄, Kr [90℄, and Mg [79℄
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Fig. 11. Energy dependene of sputtering yields of Al for bombardment at normalinidene with H [27,49{51℄, D [27,95,96℄, 4He [27,50,51,54,95{97℄, Ne [63,98,99℄, Al[79,100,101℄ and Ar [63,88,94,98,99,102{108℄
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Fig. 12. Energy dependene of sputtering yields of Al for bombardment at normalinidene with Kr [54,90,98,109,110℄, Xe [54,110℄, N [99℄ and T, 3He
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Fig. 13. Energy dependene of sputtering yields of Si for bombardment at normalinidene with H [27,111℄, D [27,111,112℄, 4He [27,54,111,113℄, Ne [63,113{117℄, Si[79,118℄ and Ar [63,94,113,114,116,117,119{129℄
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Fig. 14. Energy dependene of sputtering yields of Si for bombardment at normalinidene with Kr [54,90,114,116,120,126℄, Xe [54,114,116,120,130℄, N [114,127℄, andT, 3He and Ca [79℄ and S [79℄ selfsputtering
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Fig. 15. Energy dependene of sputtering yields of Ti for bombardment at normalinidene with H [27,49,51,69,111,132℄, D [27,131{133℄, 4He [27,54,123,132,134,135℄,Ne [63℄, Ar [63,94,105,133,134,136{138℄ and Ti [79,139℄
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Fig. 16. Energy dependene of sputtering yields of Ti for bombardment at normalinidene with Kr [90℄, Xe [54,18℄, N [134,137,138℄ and T, 3He
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Fig. 17. Energy dependene of sputtering yields of V for bombardment at normalinidene with H [49,51℄, D [131℄, 4He [27,54,51,131,134,140,141℄, Ne [63,90℄, Ar[63,90,134,141℄ and V [79℄
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Fig. 18. Energy dependene of sputtering yields of V for bombardment at normalinidene with Kr [54,90℄, Xe [54,90℄, N [134℄ and T, 3He
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Fig. 19. Energy dependene of sputtering yields of Cr for bombardment at normalinidene with 4He [54℄, Ne [63℄, Ar [54,63,142{144℄, Cr [79,101℄, Kr [54,90℄, Xe [54℄
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Fig. 20. Energy dependene of sputtering yields of Cr for bombardment at normalinidene with H, D, T, 3He, and energy dependene of sputtering yields of Mn forbombardment at normal inidene with Ar [94,144℄, Kr [54℄, Xe [54℄, and H, D, T,3He, 4He
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Fig. 21. Energy dependene of sputtering yields of Fe for bombardment atnormal inidene with H [27,49,51,75,145℄, D [27,51,75,145℄, 4He [27,51,54℄, Ne[63,90,78,98,99℄, Ar [15,63,88,90,94,98,99,146,147℄, Fe [79,139℄
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Fig. 22. Energy dependene of sputtering yields of Fe for bombardment at normalinidene with Kr [54,90,98,147℄, Xe [54,90,98,147℄, N [99,148℄, and T, 3He
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Fig. 23. Energy dependene of sputtering yields of Co for bombardment at normalinidene with H [49,149℄, D [149℄, 4He [54℄, Ne [63℄, Ar [63,94,104,136,150℄ and Co[79,151℄



Fig. 24. Energy dependene of sputtering yields of Co for bombardment at normalinidene with Kr [54,90,152℄, Xe [54℄, and T, 3He
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Fig. 25. Energy dependene of sputtering yields of Ni for bom-bardment at normal inidene with H [27,49,51,135,153,154℄, D[27,153℄, 4He [27,51,54,55,135,153,155℄, Ne [27,51,55,63,78,90,98,155℄,Ar [27,51,55,63,88,90,94,98,104{106,123,136,144,150,155,156℄ and Ni[27,78,79,100,139,151,157℄
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Fig. 26. Energy dependene of sputtering yields of Ni for bombardment at nor-mal inidene with Kr [27,54,55,90,98,152,155℄, Xe [27,54,55,90,98,155℄, N [148℄, O[27,51,78,155,158℄ and T, 3He
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Fig. 27. Energy dependene of sputtering yields of Cu for bom-bardment at normal inidene with H [27,49,108,135,159,160℄, D[27,108,135,159,161℄, 4He [27,54,96,105,108,135,159℄, Ne [63,90,98,105,108,162{164℄, Ar [27,63,88,90,94,98,102{106,108,144,146{148,150,151,159,161{172℄, Cu[79,100,101,108,139,151,161,162,164℄
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Fig. 28. Energy dependene of sputtering yields of Cu for bombardmentat normal inidene with Kr [54,90,98,105,108,136,147,161{163,165,173℄, Xe[54,90,98,105,136,147,161{163,168,174℄, N [90,148,162,164℄, and T, 3He



Sputtering Yields 33

Fig. 29. Energy dependene of sputtering yields of Zn for bombardment at normalinidene with Ar [88,94,175℄, Kr [90,173,176℄, Zn [79,151℄, and energy dependeneof sputtering yields of Ga for the bombardment at normal inidene with D, T, Ga,and energy dependene of sputtering yields of Ge for the bombardment at normalinidene with H, D, T, 3He
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Fig. 30. Energy dependene of sputtering yields of Ge for bombardment at normalinidene with 4He [54℄, Ne [63℄, Ar [63,94,121,122,177℄, Ge [178℄, Kr [54,136,177℄,Xe [54,177℄
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Fig. 31. Energy dependene of sputtering yields of Zr for bombardment at normalinidene with H [49,51℄, D [27,179℄, 4He [27,54,51,179℄, Ne [63℄, Ar [63,105,180{182℄, Kr [54,90℄
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Fig. 32. Energy dependene of sputtering yields of Zr for bombardment at nor-mal inidene with Zr [79℄, Xe [54℄, and T, 3He, and for bombardment at normalinidene of Se with Ar
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Fig. 33. Energy dependene of sputtering yields of Nb for bombardment at normalinidene with H [183{186℄, D [185,188,189℄, 4He [54,121,185,190℄, Ne [63,136℄, Ar[63,70,136,147,150,191{193℄, Kr [54,90,147℄
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Fig. 34. Energy dependene of sputtering yields of Nb for bombardment at normalinidene with Nb [79,185,187℄, Xe [54,147℄, and T, 3He
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Fig. 35. Energy dependene of sputtering yields of Mo for bom-bardment at normal inidene with H [27,49,51,108,135,149,194,195℄,D [27,51,97,135,140,149,194,196,197℄, 3He [27,51,194℄, 4He[27,54,51,135,140,141,194,198,199℄, Ne [27,63,90,98,116℄, Ar[63,88,90,94,98,103,108,116,141,147,150,181,200,201℄
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Fig. 36. Energy dependene of sputtering yields of Mo for bombardmentat normal inidene with Kr [54,90,98,116,147℄, Mo [79,139,202,203℄, Xe[18,54,90,98,116,147,168,204℄, N [148℄ and T, O
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Fig. 37. Energy dependene of sputtering yields of Ru for bombardment at normalinidene with Ne [54℄, Ar [63℄, Kr [54℄, Xe [54℄ and H, D, T, 3He, 4He
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Fig. 38. Energy dependene of sputtering yields of Rh for bombardment at normalinidene with 4He [54℄, Ne [63℄, Ar [63℄, Kr [54,90℄, Xe [54℄, and H, D, T, 3He



Sputtering Yields 43

Fig. 39. Energy dependene of sputtering yields of Pd for bombardment at normalinidene with H [49℄, 4He [54℄, Ne [63,90℄, Ar [63,90,105℄, Kr [54,90℄, Xe [54,90℄
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Fig. 40. Energy dependene of sputtering yields of Pd for bombardment at normalinidene with Pd [79℄, and D, T, 3He
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Fig. 41. Energy dependene of sputtering yields of Ag for bombardmentat normal inidene with H [27,49,70,205{208℄, D [27,205,206,208℄, 4He[27,54,165,190,205,208{210℄, Ne [63,90,165,205,211{214℄, Ar [63,70,88,90,102,104{106,161,165,166,192,210,212{215℄, Kr [54,90,152,161,165,212{214℄
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Fig. 42. Energy dependene of sputtering yields of Ag for bombardment at normalinidene with Ag [79,101,161,214℄, Xe [54,90,161,210,214,216℄, N [90,205,214℄, O[158,162,205,217℄ and T, 3He
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Fig. 43. Energy dependene of sputtering yields of Cd for bombardment at nor-mal inidene with Ar[88,104℄, Kr [90℄, Cd [79℄, and for bombardment at normalinidene of In with Kr [90℄, In [79℄, and H, D, T, Ne
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Fig. 44. Energy dependene of sputtering yields of Sn for bombardment at normalinidene with Ne [90℄, Ar [15,88,90,211,218,219℄, Kr [90℄, Sn [79,151℄, Xe [90℄, andH, D, T, 3He, 4He
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Fig. 45. Energy dependene of sputtering yields of Sb for bombardment at normalinidene with Kr [90℄, and for bombardment at normal inidene of Te with Arand Cs with Cs
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Fig. 46. Energy dependene of sputtering yields of Sm for bombardment at normalinidene with Kr, the bombardment at normal inidene of Tb with Ar [150℄ andH, D, T, 3He, 4He, and for bombardment at normal inidene of Tm with Ar [150℄and H, D, T, 3He, 4He
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Fig. 47. Energy dependene of sputtering yields of Hf for bombardment at normalinidene with 4He [54℄, Ne [63℄, Ar [63,150℄, Kr [54,90℄, Xe [54℄, and H, D, T and3He
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Fig. 48. Energy dependene of sputtering yields of Ta for bombardment atnormal inidene with H [27,49,111,135,149,197℄, D [27,111,149,197,220℄, 4He[27,54,111,135℄, Ne [27,63,90,221℄, Ar [27,63,88,90,94,105,108,136,150,221,222℄, Kr[27,54,90,220,221℄
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Fig. 49. Energy dependene of sputtering yields of Ta for bombardment at normalinidene with Xe [27,54,90,221℄, Ta [79℄, and T, 3He
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Fig. 50. Energy dependene of sputtering yields of W for bom-bardment at normal inidene with H [27,49,51,70,111,149℄, D[17,27,51,97,111,135,140,149℄, 4He [27,51,54,111,140,223℄, Ne [27,50,63,90,136,224℄,Ar [27,50,63,70,88,90,105,136,147,181,192,224℄, Kr [27,54,50,90,136,147,224℄
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Fig. 51. Energy dependene of sputtering yields of W for bombardment at normalinidene with Xe [27,54,50,90,136,147,168,224℄, W [27,79,202,203,225℄, N [148℄, O[27,51,78,158,225℄ and T, 3He
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Fig. 52. Energy dependene of sputtering yields of Re for bombardment at normalinidene with H [49℄, Ne [63℄, Ar [63,182℄, Kr [54℄, Xe [54℄ and D, T, 3He, 4He
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Fig. 53. Energy dependene of sputtering yields of Os for bombardment at normalinidene with 4He [54℄, Ne [63℄, Ar [63℄, Kr [54℄, Xe [54℄, and H, D, T, 3He
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Fig. 54. Energy dependene of sputtering yields of Ir for bombardment at normalinidene with H [49℄, 4He [54℄, Ne [63℄, Ar [63℄, Kr [54,90℄, Xe [54℄
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Fig. 55. Energy dependene of sputtering yields of Pt for bombardment at nor-mal inidene with H [49℄, 4He [54℄, Ne [55,63,90℄, Ar [55,63,88,90,123,150℄, Kr[54,55,90,109℄, Xe [54,55,90℄
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Fig. 56. Energy dependene of sputtering yields of Pt for bombardment at normalinidene with Pt [79℄, O [109℄ and D, T, and 3He, and of Ir for bombardment atnormal inidene with D, T, and 3He
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Fig. 57. Energy dependene of sputtering yields of Au for bombardment at nor-mal inidene with H [27,49,50,149,154,194,226℄, D [27,50,133,149,194,226℄,3He [27,51,194℄, 4He [27,54,50,194,227℄, Ne [63,90,98,174,227{229℄, Ar[15,63,77,88,90,98,102,105,107,129,133,139,143,150,171,174,175,180,210,216,222,227,229{234℄
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Fig. 58. Energy dependene of sputtering yields of Au for bombardment atnormal inidene with Kr [54,90,98,227,229℄, Xe [54,90,174,216,227,229,230℄, Au[79,101,139,227,235{238℄, T, N [228℄, O [158,217℄
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Fig. 59. Energy dependene of sputtering yields of Hg and Tl for bombardmentat normal inidene with Kr [90℄ and of Bi bombardment at normal inidene withAr [88℄, Kr [90℄
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Fig. 60. Energy dependene of sputtering yields of Pb for bombardment at normalinidene with He [165℄, Ne [90℄, Ar [88,90,165℄, Kr [90℄, Xe [90℄, Pb [79℄
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Fig. 61. Energy dependene of sputtering yields of Th for bombardment at normalinidene with 4He [54℄, Ne [63℄, Ar [63,136,150℄, Kr [54℄, Xe [54℄
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Fig. 62. Energy dependene of sputtering yields of U for bombardment at normalinidene with H [239℄, 4He [54,239℄, Ne [63℄, Ar [63,150,239℄, Kr [54℄, Xe [54℄
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Fig. 63. Energy dependene of sputtering yields of U for bombardment at normalinidene with U [240℄, DThe agreement of the experimentally determined sputtering yields at nor-mal inidene with the �t to the alulated values is generally reasonable. Thisgives on�dene to the alulated and measured values. Deviations of up toa fator of two are likely due to unertainties in the di�erent experiments.Even for noble gases implanted into targets the measured sputtering yieldan hange by up to 30% [130℄.There are some obvious deviations:For arbon and silion bombardment by hydrogen isotopes and oxygen themeasured sputtering yields are de�nitely larger than the alulated urves,espeially at low energies, see �gures 8 and 13. This is an indiation fora di�erent mehanism ontributing to sputtering, whih is named hemialsputtering (see Chapter by Jaob, Roth). For materials whih form oxideswith a strong binding the measured sputtering yields are lower as in thease of beryllium, aluminum and tantalum [88℄. The inuene of an resid-ual oxygen pressure in the vauum system on the measured yield has beeninvestigated systematially on�rming lower yields of oxides on the surfae[101,134,241,242℄. For some targets, as for example beryllium, the target hadto be heated to an elevated temperature so that Be di�uses through the oxidelayer resulting in a lean Be surfae [48℄. Experimental data below 100 eVmay be too large due to the energy width and the angular divergene of theinident beam [243℄, energeti neutrals in the ion beam, surfae roughnessand adatoms. Also implantation of heavy noble gases in low Z targets aninrease the yield and may shift the threshold to lower energies [18℄. Exper-imental data deviating by an order of magnitude from the alulated urvesare probably erroneous as in the ase of hydrogen isotope bombardment ofobalt, see Fig. 23.For Cu, Ag, and Au there is a general tendeny, that the measured yieldsare systematially higher at energies above about 1 keV than the alulatedurves. The reason ould be a problem of the interation potential, the surfaebinding energy, or the inelasti energy loss. An experimental reason ould be



68 W. Eksteina large fration of sputtered moleular speies. But the most likely reason forthe observed disrepany is the ourrene of ollisional spikes, whih give alarger ontribution to the yield than for neighbour elements (suh as Pt in thease of Au) [244℄, see also Chapter by Assmann, Toulemonde, Trautmann.Extraordinarily high sputtering yields of the order of 105 are reportedfor the sputtering of sulfur with He ions [245,246℄. These results annot beunderstood by ollisional e�ets; they are explained by the implantation ofharge into the insulating material by the inoming ions and eletrostatirepulsion.In some experiments suh as in fusion plasma devies the inident ux(of hydrogen) has a distribution in energy and angle of inidene [247℄. Cal-ulated yields for a Maxwellian distribution of hydrogen isotopes on severaltargets are provided in [36,248℄.The dependene of the sputtering yield on the target density has beenstudied by Shulga [249,250℄ with omputer simulation showing a slight in-rease in the yield with inreasing target density.3.4 Angle of Inidene Dependene of the Sputtering YieldThe sputtering yield depends on the angle of inidene of the bombardingpartile. Yields have been alulated with TRIM.SP for di�erent angles of in-idene at various energies for several ion-target ombinations Analoguouslyto the energy dependene of the sputtering yield, the angular dependeneof alulated values is �tted with an algebrai formula [44℄ and subsequentlyompared to experimental data.Y (E0; �0)Y (E0; 0) = �os���0��0 �2����f exp�b�1� 1�os���0��0 �2����(6)��0 = � � aross 11 +E0=Esp � �2 (7)��0 takes are of the e�et, that an angle of inidene of 90Æ annot be reahed,if the projetile experiene a binding energy Esp (to simulate a hemialbinding). Esp = Esb for selfbombardment with Esb being the surfae bindingenergy (heat of sublimation), Esp = 1 eV is assumed for hydrogen isotopesand nitrogen, Esp = 0 for nobel gases. This projetile binding e�et is onlyimportant at low energies and espeially for selfbombardment. If Esp = 0, ��0beomes �=2 and formula (6) is lose to the Yamamura formula [251℄ besidesthe parameter . If Esp > 0 the projetile experienes an aeleration and arefration (derease of the angle of inidene). The angle �0m, at whih theangular dependene reahes its maximum, is determined by�0m = 2� ��0 (aros(b=f))1= (8)



Sputtering Yields 69The values of the parameters f; ; b obtained by �tting the alulatedyields (with TRIM.SP) with Bayesian statistis are provided in Tables 10to 24 together with values Y (E0; 0); Esp; ��0 ; �0m. Figures are only given, ifexperimental data for more than three angles of inidene are available.The general behaviour of the angular dependene of the alulated sput-tering yields is shown in Fig. 64. As an example for noble gas ions Fig. 64ashows for 4He on nikel, that the maximum of the angular dependene shiftsto larger angles of inidene with inreasing projetile energy, and that theratio of maximum yield to the yield at normal inidene inreases also withthe inident energy. Close to threshold of sputtering the maximum of thedependene moves towards normal inidene. The situation is di�erent fora ase, where the binding of the projetile to the target beomes importantsuh as for selfsputtering. Fig. 64b shows the angular dependene for opperselfbombardment. Close to the threshold energy of sputtering the maximumours at large angles of inidene, moves then to smaller angles of inidenewith inreasing projetile energy. It shows the same behaviour as for noble gasions at higher energies, where the inuene of the projetile binding energy,Esp, beomes negligible.

Fig. 64. Fit urves to the alulated angular dependene of sputtering yields atdi�erent inident energies for bombardment of nikel with helium (normalized atnormal inidene)(a) and for selfsputtering of opper (b)Plots of the angular dependene of the �ts to the alulated sputteringyields are given in Figs. 65 - 86. In these plots the yields measured by manyauthors are introdued. In some �gures the yield is normalized to the yield atnormal inidene, beause the experimental data were available in this form.
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Fig. 65. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 0.3 keV D on Be[27,252℄, 3 keV D on Be [27,252℄, 3 keV 4He on Be [27,252℄, 1 keV Be on Be [60,61℄,1 keV H on C [27℄, 2 keV H on C [27,253℄
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Fig. 66. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 0.35 keV D 0n C[27,253,254℄, 1 keV D on C [27,253,254℄, 2 keV D on C [27,269,254℄, 2 keV 4He onC [27,253℄, 100 eV C on C [27,83℄, 1 keV C on C [27,83℄
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Fig. 67. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 3 keV C on C[27,269℄, 15 keV N on C [93℄, 30 keV Ar on C [255℄, 1.05 keV Ar on Al [105℄, 0.2keV 4He on Si [27℄, 3 keV 4He on Si [27℄
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Fig. 68. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 100 keV 4He on Ti[27,135℄, 1.05 keV Ar on Ti [105℄, 150 keV Ar on Ti [256℄, 900 keV Ar on Ti [256℄,4 keV H on Fe [27℄, 8 keV H on Fe [27℄
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Fig. 69. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 0.45 keV H on Ni[27,257℄, 1 keV H on Ni [27,51,257,258℄, 4 keV H on Ni [27,51,257,258℄, 8 keV H onNi [51,258℄, 50 keV H on Ni [27,135℄, 1 keV D on Ni [27,253,258℄
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Fig. 70. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 4 keV He on Ni[27,51,253,258℄, 100 keV He on Ni [27,135℄, 1.05 keV Ar on Ni [105℄, 30 keV Ar onNi [259℄, 0.1 keV Ni on Ni [260℄, 0.5 keV Ni on Ni [260℄
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Fig. 71. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 2.5 keV Ni on Ni[260℄, 45 keV Kr on Ni [90℄
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Fig. 72. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 50 keV H on Cu[27,135℄, 0.05 keV D on Cu [27℄, 0.1 keV D on Cu [27,261℄, 0.3 keV D on Cu [27℄,1 keV D on Cu [27℄, 3 keV D on Cu [27℄
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Fig. 73. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 1 keV He on Cu[105℄, 1 keV Ne on Cu [105℄, 45 keV Ne on Cu [90℄, 1.05 keV Ar on Cu [105℄, 20keV Ar on Cu [262℄, 27 keV Ar on Cu [263℄
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Fig. 74. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 37 keV Ar on Cu[168℄, 100 keV Ar on Cu [163℄, 300 keV Ar on Cu [163℄, 1 MeV Ar on Cu [163℄, 1.05keV Kr on Cu [105℄, 45 keV Kr on Cu [90℄
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Fig. 75. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 0.55 keV Xe on Cu[105℄, 1.05 keV Xe on Cu [105℄, 1.5 keV Xe on Cu [105,168℄, 2.05 keV Xe on Cu[105℄, 5 keV Xe on Cu [174℄, 9.5 keV Xe on Cu [168℄
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Fig. 76. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 10 keV Xe on Cu[174℄, 30 keV Xe on Cu [168,174℄, 50 keV Xe on Cu [174℄
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Fig. 77. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 1.05 keV Ar on Zr[105℄, 150 keV Ar on Zr [256℄, 900 keV Ar on Zr [256℄, 12.2 keV D on Nb [185℄, 36.5keV He on Nb [185℄, 60 keV Nb on Nb [185,187℄
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Fig. 78. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 2 keV H on Mo[27,51,258℄, 8 keV H on Mo [27,51,258℄, 50 keV H on Mo [27,135℄
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Fig. 79. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 0.45 keV D on Mo[27℄, 2 keV D on Mo [27,51,258℄, 8 keV D on Mo [27,51℄, 50 keV D on Mo [27,135℄,100 keV D on Mo [27,135℄
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Fig. 80. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 4 keV He on Mo[27,51,258℄, 50 keV He on Mo [27,135℄, 100 keV He on Mo [27,135℄, 27.5 keV Ar onMo [259℄, 9.5 keV Xe on Mo [168℄, 30 keV Xe on Mo [168℄
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Fig. 81. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 0.1 keV D on Ag[27℄, 45 keV Ne on Ag [90℄, 1.5 keV Ar on Ag [105℄, 150 keV Ar on Ag [256℄, 900keV Ar on Ag [256℄, 45 keV Kr on Ag [90℄
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Fig. 82. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 1.05 keV Ar on Pd[105℄, 25 keV H on Ta [27,135℄, 45 keV Ne on Ta [90℄, 1.5 keV Ar on Ta [105℄, 45keV Kr on Ta [90℄
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Fig. 83. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 4 keV H on W[51,264℄, 1.05 keV Ar on W [105℄, 30 keV Ar on W [259℄ 9.5 keV Xe on W [168℄, 30keV Xe on W [168℄, 1 keV W on W [265℄
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Fig. 84. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 1 keV H on Au[27,258℄, 4 keV H on Au [27,258℄, 0.15 keV D on Au [27℄, 0.2 keV D on Au [27℄, 0.3keV D on Au [27,261℄, 1 keV D on Au [27,51,258℄
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Fig. 85. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 3 keV D on Au[27℄, 6 keV Ne on Au [174℄, 14 keV Ne on Au [174℄, 1.05 keV Ar on Au [105℄, 3 keVAr on Au [174℄, 6 keV Ar on Au [174℄
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Fig. 86. Comparison of measured and alulated angular dependene of sputteringyields at di�erent energies for di�erent ion-target ombinations: 10 keV Ar on Au[174℄, 30 keV Ar on Au [174℄, 10 keV Xe on Au [174℄The reasonable agreement of the experimental and alulated yields giveagain on�dene to the alulated values. The angular dependene of themeasured sputtering yield is dependent on the roughness of the target. Thereis a general tendeny, that the yield at normal inidene is somewhat higherfor rough surfaes than for at ones and the opposite is true for large anglesof inidene. At about 45Æ the values for at and rough surfaes are approx-imately the same. K�ustner et al. [266,267℄ determined the surfae roughnesswith a tunneling mirosope and produed from that a distribution of anglesof inidene. Using this distribution as input to a Monte Carlo alulationprovided a muh better agreement of the alulated values with the exper-imental data. Also the assumption of simple geometrial surfae struturesin simulation odes gives better agreement with experimental data [268℄. Forvery rough surfaes the experimental yield at the maximum of the angulardependene an be a fator of �ve lower ompared to a polished surfae [269℄.



92 W. EksteinCitations of experimental data and stati alulations of sputtering yieldsat normal and oblique inidene for elemental targets not inluded in �ts and�gures due to limited values. They are summerized in Tables 25 - 28.3.5 Threshold Energy of SputteringThe threshold energy,Eth, must meet the ondition, that the maximum trans-ferable energy in a ollision is larger than the surfae binding energy. Thismeans, that Eth + Esp > Esb=, where Esp is the binding energy of a pro-jetile to the target surfae (Esp = 0 for noble gas ions), Esb is the surfaebinding energy (heat of sublimation), and  = 4M1M2=(M1 +M2)2 is theenergy transfer fator in a binary ollision. M1 and M2 are the masses ofthe projetile and target atom, respetively. This minimum energy is only anenergy onsideration, but does not take into aount the neessary hange inmomentum.The threshold energy annot be determined diretly. It an be obtainedby extrapolating the sputtering yields to low energies [189,52℄ using a for-mula suh as (2). The threshold energies determined from the alulatedsputtering yields by this �tting are shown in Tables 1 to 9. The resultingthreshold energies obtained from the data �tting are presented in Fig. 87 inthe form of (Eth +Esp)=Esb = Eredth versus the mass ratio M2=M1, beausethen Eredth should approah unity for large mass ratios. At low mass ratiosthe unertainty in the threshold energy beomes rather large. Besides theabove mentioned energy onsideration the momentum reversal for an ini-dent projetile is important. For a light projetile the momentum reversalours mainly in one ollision of an inident light ion with a heavy targetatom [270℄. For smaller mass ratios several ollisions are neessary for themomentum reversal thus inreasing Eredth [271℄. The satter of the valuesshows, that the threshold energies at low mass ratios are not well de�ned.The threshold energy depends also on the angle of inidene. It has beenshown by simulations, that this dependene is stronger for heavy projetilesthan for light inident ions [272℄.4 Single Crystalline MaterialsThe sputtering yields are largely inuened by the rystallinity and the orien-tation of the rystal relative to the inident ion beam. For inidene parallelto rystal planes and/or low index rystal axes the sputtering yields showpronouned minima [90,273{276℄. In these diretions the rystal looks moretransparent and the sputtering is redued. The probability of energy transferfrom the inident atoms to lattie atoms in these open diretions is redued.The angular distributions of sputtered atoms are highly anisotropi and theatoms are emitted in losely paked diretions. This was �rst observed exper-imentally by Wehner (Wehner spots) [277℄ and also established in omputer



Sputtering Yields 93

Fig. 87. Threshold energy, Eth, of the sputtering yield at normal inidene deter-mined by the �tting proedure in the form of (Eth + Esp)=Esb versus the massratio of target mass divided by ion mass. Esb is the surfae binding energy, Esp thebinding energy of a projetile to the target surfaesimulations [278℄. Surveys of these investigations are given in [1,276℄ and inTables 32 and 33. An example is shown in Fig. 88, where the sputteringyield is presented for the bombardment of Cu(001) with argon for two in-ident energies and two inident azimuthal angles [279℄. At 5 keV inidenethe yield shows lear evidene of the open diretions, in whih the inidentions have a larger penetration depth and show a lower sputtering yield. Theexperimental data [280℄ agree niely with the urves alulated with MAR-LOWE, although the surfae region is damaged in the experiment by theinident beam. Some rystallinity must, therefore, remain after bombard-ment, at least for metals. It is interesting to note, that at lower energies (0.5keV) the rystalline behaviour in the sputtering yield has disappeared in theresults of the MARLOWE alulations.
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Fig. 88. Dependene of the sputtering yield, Y, on the angle of inidene for thebombardment of a Cu single rystal with a (001) surfae. a,b: the plane of inideneis parallel to the [110℄ surfae diretion. ,d: the plane of inidene is parallel to the[100℄ surfae diretion (from [279℄). Open squares in b are experimental data [280℄,all other points values alulated with MARLOWE5 Multiomponent TargetsSputtering beomes more omplex, if the target onsists of two or more dif-ferent atomi speies [281℄. This is generally the ase, beause some of theprojetiles are implanted and trapped even in a mono-atomi target (speieswhih form solids as metals, for example). The topi of preferential sputteringbelongs to tis setion. The ompliation arises, beause the energy transferfrom the projetile to the various target speies is di�erent and lighter el-ements have longer ranges. This leads to a target omposition hange withdepth, and onsequently to a hange of the partile reetion oeÆient andthe partial sputtering yields, Yi. In a multiomponent target Yi is de�ned inthe usual way as the ratio of the sputtered atoms of speies (omponent) iper projetile. The omposition hanges proeed with bombardment until atsome inident uene a steady state or equilibrium is reahed. The situationmay beome even more omplex by ompound formation (for example oxides,arbides, et.), possible di�usion and segregation e�ets; surfae roughness



Sputtering Yields 95may also hange with uene. Di�usion may be suppressed if the target tem-perature is low enough.5.1 Fluene DependeneIt is known for a long time, that sputtering depends on uene, espeiallyfor systems suh as O bombardment of Al or Si [282℄ beause of a ompoundformation (oxide). Computer simulations have been performed for a betterunderstanding of these proesses. Considering only ollisional e�ets, a dis-tintion an be made between a deposition and an erosion regime in the aseof a bombardment with nonvolatile projetiles. If more atoms are implantedthan atoms are sputtered, deposition dominates and the situation is that ofa deposition regime. The border between the two regimes is given by [283℄1�RN = �Yi = Ytot or RN +�Yi = 1 (9)where RN is the partile reetion oeÆient and Yi are the partial sputteringyields forming the total sputtering yield, Ytot. Beause RN and Yi depend onthe angle of inidene, the border between the two regimes shift with theinident angle. In both regimes steady state is reahed, if the partial yieldsbeome onstant with inreasing uene. In the deposition regime this willhappen, if a layer of the projetile speies on top of the original target reahessome thikness, so that baksattered partiles and sputtered atoms mustome from this layer. The thikness of this layer will still inrease with furtherbombardment, but no other hanges will our due to the selfbombardment.In the erosion ase, a �nal depth distribution of the di�erent speies willform at steady state at a suÆiently high uene. This depth pro�le will nothange anymore with inreasing uene although the target thikness willderease. Steady state is generally reahed for an inident partile uene,feq , at whih a layer orresponding to the range R of the implanted ions isremoved by sputtering. i.e. feqYtot = �R, where � is the atomi density ofthe sputtered layer. This gives for the uene, feq , to reah steady state orequilibrium [284,285℄feq = �R=Ytot (10)The values, R and Ytot, depend on the projetile energy and the angle of ini-dene. R inreases monotonially with energy, whereas Ytot has a maximumat some energy. This means, that feq has a minimum lose to the energy,where the yield has its maximum. For heavy ions, feq is of the order of 1017atoms/m2, whereas for light ions the equilibrium uene an be muh higher.Analoguously, feq dereases with an inreasing angle of inidene until Ytotreahes a maximum.Impurities of heavy mass atoms or implantation of heavy ions in a target oflight elements will inrease the sputtering yield due to the larger satteringand larger sattering ross-setion. The opposite e�et will our by light



96 W. Eksteinatom impurities in a matrix of heavy mass atoms. The �rst e�et has beendemonstrated experimentally by the implantation of Xe into Si [130℄. AlsoTRIDYN omputer simulation an reprodue this e�et in good agreementwith the experimental data [286℄. This sputtering yield ampli�ation is alsoalled the SYA e�et; it has been demonstrated for example by omputeralulations with the program T-DYN [287℄ for the bombardment of thinlayers of Al on several metalli substrates with noble gas ions [288℄.5.2 Osillations in the Partial Sputtering YieldsAt bombardment of a polyrystalline target onsisting of low Z atoms withheavy projetiles in the erosion regime osillations in the partial sputteringyields have been found [289℄, see Fig. 89. At the beginning of the bombard-ment the implanted projetiles built up a pro�le at a depth orrespondingto the mean range, R. Further bombardment broadens and inreases theimplanted pro�le. Due to the simultaneous erosion of the surfae, the pro-�le moves toward the surfae. When the pro�le reahes the surfae, the im-planted atoms are removed e�etively by selfsputtering. After removal of theimplanted layer the partial sputtering yield of implanted atoms is redued.Further bombardment builds up a new pro�le of implanted atoms, whih isbroader and less pronouned than the �rst one. This proess may repeat afew times until a steady state pro�le is reahed and osillations die out. Thepartial sputtering yield of the heavy atoms reah a maximum, when the max-imum of the depth pro�le appears at the surfae. The minimum of the pro�leours, when the atomi fration of the heavy atoms at the surfae is lowest.These osillations have been predited with TRIDYN omputer simulations[289℄ and have been on�rmed by experiment [290℄. The osillatory behaviourwill show up only for large mass ratios (M2=M1 > 5) and not too obliqueangles of inidene, and if di�usion and/or segregation an be negleted. Asimilar example of In implantation into Si [291℄ an be explained in the sameway by ollisional e�ets, although the uene in this experiment was notlarge enough to measure osillations but only the �rst maximum. In suhases eq. (10) does not apply. Calulated dynami behaviour of Be and Ctargets by Cs bombardment has been reported by Sielanko and oworkers[292℄.5.3 Sputtering of CompoundsSputtering of ompound targets by noble gas ions is always in the erosionregime, if retention of noble gases in the target is negleted. Due to the dif-ferent energy transfer of the ion to the omponents of the ompound targetpreferential sputtering will our, ausing di�erent partial yields. The origi-nal stoihiometry will be modi�ed in the projetile range. Usually one speiesis depleted in the target with inreasing uene until some steady state on-dition is established and the target is sputtered stoihiometrially. In these
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Fig. 89. Fluene dependene of partial sputtering yields for normal inidene bom-bardment. Left: Calulated partial yields due to the bombardment of C with 10 keVAu, Ag, Cu atoms [289℄. Right: Comparison of measured and alulated retainedW in C due to the bombardment od C with 100 keV W atoms [290℄ases the uene at whih the yields have been measured should be alwaysgiven. In many experimental results steady state onditions prevail due to thelarge uenes needed for example in weight hange measurements. In Fig. 90the partial yields of C and Ta due to the bombardment of TaC with 1 keVHe at normal inidene are shown versus the inident He uene. The ueneat whih steady state onditions are reahed is about 3 � 1018 atoms/m2.For hydrogen bombardment this steady state uene will be even higher, forheavier noble gases it will be lower. The target omposition lose to the sur-fae resembles more a Ta target than a TaC target as an be seen in Fig.90 from the C atomi fration versus depth. The C depletion will be largerfor hydrogen bombardment, but smaller for heavy atom inidene. For thebombardment of TiC the preferential sputtering e�et is smaller due to thelower mass of Ti ompared to Ta and due to the lower surfae binding energyof Ti ompared to Ta. The experimental equilibrium surfae onentrationsare lose to those alulated [293,294℄. The following ompound targets whihhave been investigated experimentally and by alulations (stati alulationswhih means low uene) are summarized in Tables 34 to 36.Another topi in this �eld is the simultaneous bombardment with two ormore speies. This ours for example in fusion plasmas, where the dominantwall bombarding speies is hydrogen but with impurities of helium, arbon,oxygen, and heavier ions. All the inident partiles have an energy and angu-lar distribution, and due to a sheath potential in front of the vessel wall ionsin di�erent harge states are aelerated towards the vessel wall. Suh kindof problems have been disussed in [295,296℄ for a D inux with C impurityon Be, Si, C, Mo, and W, and in [297℄ for D and 4He bombardment of arbonmaterial.
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Fig. 90. Calulation of the bombardment of TaC with 1 keV He at normal ini-dene. Left: uene dependene of partial sputtering yields of C and Ta. Right:depth distribution of the C atomi fration for several uenes and steady state5.4 Isotope SputteringThe sputtering of isotope mixtures is also nonstoihiometri at low uene.In most ases the lighter isotope is sputtered preferentially. This is usuallydesribed by the value of frationation, whih is de�ned asÆ = Y (Mi)Y (Mj) NjNi � 1 (11)where Y (Mi) and Y (Mj) are the partial sputtering yields of mass Mi andMj , respetively, and Ni and Nj are the normalized abundanes (PNk = 1)of speies i and j, respetively. The �rst theoretial predition for the partialsputtering yield ratio has been given by analyti theory [298℄ and has beenreviewed in [299℄Y (Mi)Y (Mj) = NiNj �MjMi�2m (12)This gives a value for the frationation, whih is only dependent on the massratio:Æ = �MjMi�2m � 1 (13)The value m is the parameter in the power potential. It should be smallerthan unity and has been hosen between 0.05 and 0.3. BCA omputer sim-ulations found a value of about 1/6 from the high energy slope of energydistributions of sputtered atoms [28,300℄. Beause of the similar masses andthe small value of m, the value of Æ is of the order of a few perent. Mea-surements and omputer simulations have shown, that isotope sputtering is



Sputtering Yields 99more omplex than predited by the analyti theory. Measurements found,that the frationation depends on the polar emission angle of sputtered atoms[301℄. This was also found by moleular dynamis [302℄ and by Monte Carloalulations [272℄. The main result of these newer investigations are, that thefrationation is generally larger than expeted from formula (13), see also[303{305℄. Further omputer simulation studies have shown, that the fra-tionation shows an energy and a weak inident angular dependene [285℄.The main reason for the disrepany between the theoretial result and theomputed �nding is the neglet of PKA in the theoretial approah. Thesimulations show learly, that the energy and angular dependene originatepredominantly from PKAs. Their ontribution beomes dominant at low en-ergies, espeially near the threshold. The SKAs, whih are only regarded inthe analyti theory, show also in the simulations nearly no energy or angulardependene. Isotope sputtering is an important subjet in planetary siene[306℄.6 Temperature Dependene of the Sputtering YieldThe ollisional sputtering should not depend on temperature, at least for ran-domized target strutures as long as the surfae binding energy is onstant.However, the surfae binding energy (heat of sublimation) shows a small stepat the solid-liquid transition. This step is of the order of 0.1 eV and the e�eton the sputtering yield is very small and in experiments it is obsured by theonset of vaporization [307℄. For single rystals lattie vibrations and anneal-ing of lattie damage inuene the Wehner spots or hanneling dips in thesputtering yield [276℄. In the ase of multiomponent targets di�usion andsegregation an hange the ollisional results largely as found experimentally[308,309℄ and modelled by simulations. For temperatures lose to the meltingpoint an exponential inrease of the erosion yield is found experimentally.This an be attributed to evaporation [310,208℄.The inuene of the magneti state has been investigated for Fe and Nisingle rystals by [311,312℄ with MD; the e�et is a onsequene of slighthanges in the interation potential for the paramagneti and the ferromag-neti state.New experiments found subthreshold sputtering at high temperatures inthe ase of sputtering of tungsten at 1470 K [313℄ and at higher temperatures(2500 to 3400 K) [314℄. The measured yield is reported to be about 10�4for 5 eV D bombardment. The e�et is explained by sputtering of weaklybound adsorbed W atoms at the surfae due to damage and the near surfaeimplantation of gaseous atoms below the surfae. Similar e�ets have beenreported for Li [315℄ and Sn [316℄.



100 W. Ekstein7 Yield FlutuationsThe sputtering yield shows utuations, i.e. a di�erent yield for every inidention, due to the stohasti slowing down proess of projetiles and reoils inthe target. These utuations are not aessible experimentally but theoreti-ally and by omputer simulation.Harrison [22℄ alled them ASI distributions(for 'atoms per single ion'). A theoretial approah [317℄ did not give any dis-tributions but predited large utuations. In a more detailed investigation[318,319℄ the probability distributions of the sputtering yield were alulatedby Monte Carlo simulations for Nikel bombarded with several ions at dif-ferent inident energies and angles of inidene. The distributions were �ttedwith the two-parametri negative binomial distribution,L�� = � (n+ ��)���n!� (��)(1 + �)n+�� (14)where n is an integer and �; � are parameters. The negative binomial dis-tribution is broader than a Poisson distribution with the same yield (meanvalue of the distribution). Only at low energies and normal inidene the dis-tributions were lose to a Poisson distribution. At higher energies and obliqueangles of inidene up to 100 atoms per single ion an be sputtered, see Fig.91. This may explain the surfae roughening by ion bombardment.

Fig. 91. Probability of sputtering n atoms versus the number, n, of sputtered atomsper single projetile. Ni is bombarded with 50 keV Xe at four angles of inidene, �0.The open irles show the distributions alulated with TRIM.SP [318℄. The values� and � are the parameters of the negative binomial distribution, where � = Yand � is a measure of the width of the distribution. The orresponding Poissondistribution is given for omparison



Sputtering Yields 101In another investigation the r�m power potential was used in a MonteCarlo program [320℄. The alulated distributions ould not be �tted by anegative binomial distribution.8 Time Evolution of the Sputtering YieldThe sputtered atoms need time to leave the target from their original site.Aording to their depth of origin, their path to the surfae and their en-ergy, a distribution of esape times will develop. Whereas time is naturallyinluded in MD programs, it is not neessary in BCA programs. But timehas been inorporated, in MARLOWE [321℄, ACAT [322℄ and in TRIM [323{325℄. Simulations have shown [22,325{327℄, that the esape times of sputteredatoms are typially less than one ps. Light sputtered atoms show a shorteresape time than heavy atoms as demonstrated in Fig. 92.

Fig. 92. Sputtering yield versus time for the bombardment of TaC with 1 keV Arat two angles of inidene, �0, Fig.1b of [325℄The maximum of the esape time dependene of the yield exhibit a shortertime for oblique inidene than for normal inidene. Also the energy andangular distributions of sputtered atoms show a time dependene [325,327℄.9 ConlusionsThe sputtering proess of ion bombardment with energies from the thresholdto the MeV range an be well desribed by BCA omputer programs. Thesputtering yields for many ion-target ombinations agree in most ases very



102 W. Eksteinwell with experimental yields. For pratial use the onstants in the algebraiformulae for the energy and angular dependene of the sputtering yield formono-atomi targets have been determined and summarized in tables.
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118 W. EksteinTable 1. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Li 0.9540 0.0833 1.4705 5.6499 1.85375e+2 1.67 3.76D Li 1.4358 0.1321 1.2091 4.6359 2.08692e+2 1.67 2.40T Li 1.8839 0.1629 0.9741 4.8558 2.32243e+2 1.67 1.984He Li 1.9370 0.3617 1.2501 6.5037 5.56715e+2 1.67 1.80Li Li 8.2237 0.5159 1.7546 5.5264 1.12841e+3 1.67 1.67H Be 0.8007 0.0564 1.5147 14.340 2.56510e+2 3.38 9.32D Be 1.7575 0.1044 1.9906 9.5059 2.82110e+2 3.38 5.67T Be 2.0794 0.1379 1.5660 9.4345 3.07966e+2 3.38 4.493He Be 0.7725 0.3310 1.6036 12.8963 6.65344e+2 3.38 4.494He Be 1.4745 0.3193 1.6989 12.3288 7.19545e+2 3.38 3.97Be Be 2.0334 0.8241 1.3437 16.9689 2.20796e+3 3.38 3.38N Be 5.2833 0.9334 2.5368 16.5425 5.46566e+3 3.38 3.55O Be 1.2209 1.2024 1.6881 22.6648 6.97104e+3 3.38 3.67Ne Be 2.5474 1.8309 1.9400 22.7750 1.06588e+4 3.38 3.96Ar Be 0.8082 3.2032 1.5058 37.1816 3.68450e+4 3.38 5.63Kr Be 0.3844 5.3588 1.9600 61.452 1.67028e+5 3.38 9.64Xe Be 0.4779 8.1740 1.8350 86.942 4.23834e+5 3.38 14.06H B 0.8989 0.0329 1.3689 28.5753 3.32864e+2 5.73 18.33D B 1.0068 0.0686 1.4105 20.255 3.61025e+2 5.73 10.84T B 2.0179 0.1107 1.3317 18.2282 3.89468e+2 5.73 8.393He B 1.2373 0.2013 1.5394 20.829 8.35205e+2 5.73 8.394He B 0.9493 0.2551 0.9796 23.533 8.94388e+2 5.73 7.27B B 3.1629 0.9355 1.5939 26.7860 3.71634e+3 5.73 5.73O B 0.8342 1.0128 1.1909 44.783 8.02325e+3 5.73 5.95Ne B 0.8654 1.3272 1.1180 47.0718 1.21179e+4 5.73 6.31H C 1.3533 0.0241 1.4103 38.630 4.14659e+2 7.41 25.89D C 1.2848 0.0539 1.1977 27.770 4.46507e+2 7.41 15.08T C 1.9050 0.0718 1.1512 23.617 4.78673e+2 7.41 11.543He C 0.7341 0.2058 1.1956 29.883 1.02061e+3 7.41 11.544He C 4.5910 0.1951 1.7852 19.124 1.08716e+3 7.41 9.88C C 13.9666 0.7015 2.0947 21.4457 5.68684e+3 7.41 7.41N C 5.4288 0.7481 1.7701 34.9372 7.37899e+3 7.41 7.45O C 9.6110 1.0171 2.0102 34.1293 9.29758e+3 7.41 7.56Ne C 2.5015 1.1912 1.6551 46.6904 1.39308e+4 7.41 7.92Ar C 1.2622 2.4576 1.3952 68.8460 4.57989e+4 7.41 10.42Kr C 1.3628 3.4372 2.2366 88.2918 1.99609e+5 7.41 16.90Xe C 0.4408 4.3004 1.7734 145.4236 4.98349e+5 7.41 24.13Mg Mg 0.2574 5.3651 1.6993 8.5706 2.86599e+4 1.54 1.54Ar Mg 0.2522 7.5660 1.8294 10.7751 6.10685e+4 1.54 1.64Kr Mg 0.2655 13.1219 2.1498 13.1728 2.37254e+5 1.54 2.21



Sputtering Yields 119Table 2. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Al 0.4138 0.0469 1.6177 30.2224 1.05916e+3 3.36 24.15D Al 0.2912 0.1076 1.3913 18.4706 1.09700e+3 3.36 13.02T Al 0.3384 0.1628 1.3777 14.067 1.13522e+3 3.36 9.283He Al 0.2670 0.4034 2.2720 14.217 1.37037e+3 3.36 9.284He Al 0.2072 0.3889 1.3234 14.0994 2.44780e+3 3.36 7.47N Al 0.3513 2.0764 1.7955 13.6115 1.28804e+4 3.36 3.73Ne Al 0.3813 3.0949 1.7394 16.904 2.22732e+4 3.36 3.43Al Al 0.6008 3.9180 1.9550 16.0955 3.45451e+4 3.36 3.36Ar Al 0.4713 4.7928 2.0810 21.5497 6.28194e+4 3.36 3.49Kr Al 0.3085 8.4547 1.9648 28.6055 2.39411e+5 3.36 4.56Xe Al 0.2200 11.9561 1.9797 37.3796 5.63459e+5 3.36 5.94H Si 0.4819 0.0276 0.9951 49.792 1.16317e+3 4.70 35.07D Si 0.5326 0.0569 1.6537 24.543 1.20314e+3 4.70 18.85T Si 0.4112 0.0816 0.9325 21.298 1.24352e+3 4.70 13.413He Si 0.3065 0.1823 1.3953 21.405 2.59209e+3 4.70 13.414He Si 0.2524 0.2319 1.4732 18.899 2.67374e+3 4.70 10.77N Si 0.4888 1.4367 1.7970 16.6977 1.38909e+4 4.70 5.29Ne Si 0.2995 2.0693 1.5152 23.412 2.39034e+4 4.70 4.83Si Si 0.6726 2.6951 1.7584 20.035 4.10661e+4 4.70 4.70Ar Si 0.2770 3.2299 1.5284 32.8380 6.67979e+4 4.70 4.85Kr Si 0.3000 6.3659 1.7639 39.5819 2.52242e+5 4.70 6.25Xe Si 0.3076 8.4521 1.6342 45.1518 5.91044e+5 4.70 8.09Ca Ca 0.0968 6.6980 1.5276 10.679 9.43891e+4 1.83 1.83S S 0.3163 5.8720 1.7448 16.804 1.05770e+5 3.49 3.49H Ti 0.6214 0.0207 0.9427 77.1765 2.05415e+3 4.89 60.45D Ti 0.3491 0.0565 1.3957 39.259 2.09615e+3 4.89 31.63T Ti 0.3469 0.0887 1.1426 29.3389 2.13856e+3 4.89 21.913He Ti 0.3632 0.1456 1.1171 31.303 4.41677e+3 4.89 21.914He Ti 0.2053 0.2036 1.6310 24.5359 4.50177e+3 4.89 17.19N Ti 0.2321 1.8168 2.0297 16.5403 2.07557e+4 4.89 6.98Ne Ti 0.2317 2.6253 1.8113 19.564 3.39688e+4 4.89 5.86Ar Ti 0.3152 4.8957 1.8291 25.019 8.56428e+4 4.89 4.93Ti Ti 0.3217 4.9010 1.6929 24.356 1.17898e+5 4.89 4.89Kr Ti 0.4445 8.4878 2.2691 30.9784 2.89844e+5 4.89 5.28Xe Ti 0.2234 12.9890 1.8943 39.6382 6.42730e+5 4.89 6.24H V 0.7528 0.0234 1.7703 79.7078 2.17329e+3 5.33 69.90D V 0.6688 0.0606 1.6983 42.766 2.21513e+3 5.33 36.49T V 0.1885 0.0630 1.4064 33.343 2.25738e+3 5.33 25.223He V 0.5942 0.1590 1.2342 34.402 4.65839e+3 5.33 25.224He V 0.1705 0.2146 1.4230 29.0921 4.74299e+3 5.33 19.74N V 0.2801 1.9363 2.1837 18.4653 2.16246e+4 5.33 7.88Ne V 0.1444 3.3295 1.8660 23.1560 3.52128e+4 5.33 6.56Ar V 0.2139 5.2774 1.9274 29.797 8.78018e+4 5.33 5.41V V 0.3015 6.7315 1.6807 25.9840 1.30783e+5 5.33 5.33Kr V 0.3500 9.4796 2.2023 34.6199 2.93342e+5 5.33 5.67Xe V 0.2601 13.9197 2.0005 41.6428 6.45981e+5 5.33 6.62



120 W. EksteinTable 3. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Cr 0.3673 0.0405 1.4998 65.8795 2.29573e+3 4.12 55.11D Cr 0.2899 0.1084 1.7152 35.024 2.33904e+3 4.12 28.75T Cr 0.2663 0.1776 1.8134 25.074 2.38278e+3 4.12 19.853He Cr 0.1869 0.2985 1.3060 28.803 4.91344e+3 4.12 19.854He Cr 0.3120 0.3508 1.8564 21.611 5.00096e+3 4.12 15.53Ne Cr 0.2550 5.8847 2.2414 18.550 3.68638e+4 4.12 5.11Ar Cr 0.3285 7.6222 2.3546 22.3536 9.15022e+4 4.12 4.19Cr Cr 0.3472 9.6358 2.1501 21.4357 1.44437e+5 4.12 4.12Kr Cr 0.3681 13.4719 2.4061 26.2860 3.04062e+5 4.12 4.36Xe Cr 0.0642 20.0590 1.7830 35.7764 6.67613e+5 4.12 5.07H Mn 0.5704 0.0774 2.5497 43.501 2.41819e+3 2.92 41.18D Mn 0.3203 0.2007 1.7627 25.5675 2.46141e+3 2.92 21.44T Mn 0.2140 0.3193 1.8198 18.5434 2.50506e+3 2.92 14.783He Mn 0.1201 0.5548 1.9758 19.7689 5.16191e+3 2.92 14.784He Mn 0.2061 0.6680 1.8364 16.4824 5.24919e+3 2.92 11.54Ar Mn 0.1275 14.2168 1.9572 17.9964 9.37995e+4 2.92 2.99Kr Mn 0.1164 24.5351 1.8377 21.0972 3.08095e+5 2.92 3.05Xe Mn 0.0978 32.8089 1.7796 23.9217 6.72160e+5 2.92 3.51H Fe 0.8696 0.0339 1.8635 67.2578 2.54382e+3 4.34 62.19D Fe 0.2743 0.0919 1.3489 40.8547 2.58856e+3 4.34 32.36T Fe 0.3131 0.1545 1.3250 28.9747 2.67374e+3 4.34 22.293He Fe 0.2630 0.2780 1.5947 29.6538 5.42342e+3 4.34 22.294He Fe 0.1836 0.3347 1.8574 24.2208 5.51371e+3 4.34 17.40N Fe 0.2590 2.7806 2.3278 16.6110 2.46747e+4 4.34 6.77Ne Fe 0.2608 4.4877 2.3857 18.7098 3.98491e+4 4.34 5.56Ar Fe 0.3517 7.5705 2.3822 22.5719 9.75914e+4 4.34 4.46Fe Fe 0.3409 11.0481 1.8048 13.7676 1.74096e+5 4.34 4.34Kr Fe 0.3296 13.8062 2.2461 27.8579 3.19107e+5 4.34 4.52Xe Fe 0.2492 19.8866 2.1631 32.2100 6.94435e+5 4.34 5.18H Co 0.4456 0.0396 1.7711 77.3535 2.66922e+3 4.43 66.85D Co 0.2832 0.1085 1.6859 42.1606 2.71375e+3 4.43 34.72T Co 0.3065 0.1689 1.4653 30.5090 2.75873e+3 4.43 23.883He Co 0.1762 0.3000 1.4515 33.4129 5.67719e+3 4.43 23.884He Co 0.1652 0.3649 1.8250 25.9871 5.76700e+3 4.43 18.61Ne Co 0.0828 5.1602 2.2943 20.8124 4.11463e+4 4.43 5.83Ar Co 0.2709 8.4019 2.3291 23.8571 9.98420e+4 4.43 4.60Co Co 0.3615 11.6517 2.3889 22.5211 1.90123e+5 4.43 4.43Kr Co 0.3021 14.5284 2.2207 28.5342 3.22806e+5 4.43 4.57Xe Co 0.2561 20.8948 2.1435 32.0848 6.98061e+5 4.43 5.18



Sputtering Yields 121Table 4. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Ni 0.6039 0.0334 2.0121 72.9013 2.79866e+3 4.46 67.06D Ni 0.2649 0.0904 1.6534 42.0439 2.84552e+3 4.46 34.84T Ni 0.3185 0.1734 1.3881 30.7743 2.89285e+3 4.46 23.963He Ni 0.1421 0.3183 1.3582 33.9111 5.94964e+3 4.46 23.964He Ni 0.2024 0.3704 1.9128 25.3764 6.04409e+3 4.46 18.67N Ni 0.1941 2.9510 2.0380 18.4448 2.67793e+4 4.46 7.17O Ni 0.2107 3.4027 2.2297 18.3954 3.18555e+4 4.46 6.63Ne Ni 0.2478 4.5041 2.4046 18.7208 4.30554e+4 4.46 5.86Ar Ni 0.3068 7.9565 2.3102 23.3069 1.04416e+5 4.46 4.63Ni Ni 6.5700 11.8130 2.7875 11.7462 2.06960e+5 4.46 4.46Kr Ni 1.9541 13.5535 2.5909 18.1503 3.37355e+5 4.46 4.60Xe Ni 1.3490 20.8734 2.3649 21.2671 7.29221e+5 4.46 5.22H Cu 0.5015 0.0566 1.9914 61.7219 2.92563e+3 3.52 57.14D Cu 0.1989 0.1374 1.6642 35.5599 2.97095e+3 3.52 29.61T Cu 0.2904 0.2899 1.9648 24.2892 3.01673e+3 3.52 20.323He Cu 0.0750 0.7126 1.0303 28.4759 6.20088e+3 3.52 20.324He Cu 0.1639 0.6376 1.9937 21.5232 6.29218e+3 3.52 15.79N Cu 0.1595 3.4102 2.1567 15.6557 2.75601e+4 3.52 5.95Ne Cu 0.2009 5.0380 2.4014 15.5801 4.40689e+4 3.52 4.81Ar Cu 1.9417 14.8712 2.3907 12.9166 1.05525e+5 3.52 3.71Cu Cu 2.6044 14.5469 2.5577 10.7777 2.24619e+5 3.52 3.52Kr Cu 0.3072 16.6183 2.3257 21.3482 3.35590e+5 3.52 3.59Xe Cu 0.2781 24.4581 2.2393 23.6265 7.18907e+5 3.52 4.00Ar Zn 0.5168 35.7476 2.0349 7.6061 1.08696e+5 1.35 1.43Zn Zn 0.3077 30.3139 2.1318 6.5831 2.43109e+5 1.35 1.35Kr Zn 0.4951 34.1270 2.4413 6.9161 3.43442e+5 1.35 1.37D Ga 0.2292 0.1113 1.7674 29.5602 3.23166e+3 2.82 25.88T Ga 0.2369 0.1706 1.4510 21.3773 3.27716e+3 2.82 17.72Ga Ga 0.1105 16.5357 1.4877 16.8456 2.62439e+5 2.82 2.82H Ge 0.3938 0.0245 1.1582 88.3539 3.31932e+3 3.88 71.67D Ge 0.2327 0.0609 1.4101 44.6555 3.36441e+3 3.88 37.00T Ge 0.2998 0.0815 1.3007 30.8678 3.40997e+3 3.88 25.303He Ge 0.3206 0.2127 1.3195 32.3887 6.99838e+3 3.88 25.304He Ge 0.1446 0.2673 1.5062 26.2298 7.08909e+3 3.88 19.60Ne Ge 0.1485 3.5700 2.0064 14.1111 4.82268e+4 3.88 5.70Ar Ge 0.2357 6.2991 2.3935 15.5675 1.12992e+5 3.88 4.24Ge Ge 0.3535 11.8041 2.3480 17.2208 2.82619e+5 3.88 3.88Kr Ge 0.1769 12.8791 2.0150 23.9964 3.49421e+5 3.88 3.90Xe Ge 0.0838 18.2164 1.7290 28.5395 7.36368e+5 3.88 4.23Ar Se 0.1608 11.1577 2.2076 9.0783 1.18037e+5 2.14 2.40



122 W. EksteinTable 5. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Zr 0.4518 0.0103 1.0406 182.7468 4.42211e+3 6.33 146.11D Zr 0.6485 0.0306 1.9944 80.1168 4.47714e+3 6.33 75.02T Zr 0.7209 0.0542 1.6586 54.9858 4.52564e+3 6.33 51.023He Zr 0.5744 0.1184 0.7719 66.7939 9.25829e+3 6.33 51.024He Zr 0.2633 0.1371 0.9538 53.1725 9.35457e+3 6.33 39.32Ne Zr 0.1101 2.5721 1.6851 23.4583 6.06862e+4 6.33 10.67Ar Zr 0.1601 5.0472 2.0223 24.0260 1.37106e+5 6.33 7.47Kr Zr 0.2163 9.2238 2.1484 33.5793 4.03685e+5 6.33 6.34Zr Zr 0.2699 10.8645 1.9248 29.9208 4.75691e+5 6.33 6.33Xe Zr 0.2943 12.8431 2.2275 37.8291 8.25496e+5 6.33 6.54H Nb 0.6259 0.0112 1.3327 210.8697 4.57351e+3 7.59 178.37D Nb 0.3858 0.0328 1.5253 106.8707 4.62220e+3 7.59 91.55T Nb 0.6475 0.0593 1.8826 68.8233 4.67139e+3 7.59 62.233He Nb 0.3872 0.1233 1.1568 79.8178 9.55327e+3 7.59 62.234He Nb 0.2626 0.1418 1.3089 62.2687 9.65087e+3 7.59 47.95Ne Nb 0.1307 2.4654 1.8441 28.0914 6.23657e+4 7.59 12.94Ar Nb 0.1913 5.3954 2.3033 28.6038 1.40484e+5 7.59 9.02Kr Nb 0.1964 9.5591 1.9919 42.3615 4.11932e+5 7.59 7.61Nb Nb 0.2284 10.4521 1.8885 37.3983 5.03904e+5 7.59 7.59Xe Nb 0.1998 13.4775 2.0015 49.0697 8.40173e+5 7.59 7.82H Mo 0.5124 0.0114 1.1469 201.4886 4.71832e+3 6.83 165.63D Mo 0.3241 0.0326 1.5410 97.7738 4.76698e+3 6.83 84.95T Mo 0.5078 0.0661 1.5955 67.1475 4.81614e+3 6.83 57.713He Mo 0.3541 0.1373 0.9926 75.3995 9.84614e+3 6.83 57.714He Mo 0.1537 0.1563 0.9989 59.3088 9.94365e+3 6.83 44.44N Mo 0.1157 1.7900 1.8032 28.2561 4.10879e+4 6.83 15.36O Mo 0.1762 2.1069 2.4821 23.9169 4.83320e+4 6.83 13.94Ne Mo 0.2205 2.8995 2.6514 23.6170 6.38956e+4 6.83 11.89Ar Mo 0.1339 6.3606 1.9562 28.2149 1.43274e+5 6.83 8.23Kr Mo 0.1412 11.9419 1.6911 38.6337 4.17411e+5 6.83 6.86Mo Mo 0.3580 12.2715 2.1844 31.4737 5.33049e+5 6.83 6.83Xe Mo 0.2401 32.5719 1.6694 47.4030 8.47848e+5 6.83 7.00H Ru 0.3912 0.0129 1.6744 194.6779 5.01173e+3 6.69 170.73D Ru 0.2887 0.0428 1.9612 97.5326 5.06083e+3 6.69 87.48T Ru 0.3922 0.0882 1.7061 68.6863 5.11042e+3 6.69 59.373He Ru 0.1990 0.1998 1.7831 72.7607 1.04414e+4 6.69 59.374He Ru 0.1617 0.2364 1.7290 57.4279 1.05397e+4 6.69 45.67Ne Ru 0.1389 3.1882 2.1092 26.1200 6.70985e+4 6.69 12.06Ar Ru 0.1872 6.8381 2.2039 27.4779 1.49334e+5 6.69 8.24Kr Ru 0.2419 13.1833 2.3683 35.6820 4.30460e+5 6.69 6.75Xe Ru 0.1828 18.9085 2.0945 43.4787 6.68372e+5 6.69 6.81



Table 6. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Rh 0.4883 0.0174 1.5635 173.8870 5.16041e+3 5.78 150.14D Rh 0.3593 0.0511 1.8715 85.5661 5.21007e+3 5.78 76.90T Rh 0.3510 0.1026 1.4508 61.9159 5.26022e+3 5.78 52.173He Rh 0.1514 0.2049 1.5288 64.9824 1.07444e+4 5.78 52.174He Rh 0.1038 0.2212 2.0736 49.0159 1.08438e+4 5.78 40.12Ne Rh 0.1310 3.7410 2.0601 23.2979 6.87945e+4 5.78 10.54Ar Rh 0.1519 7.8385 2.1666 24.8932 1.52692e+5 5.78 7.17Kr Rh 0.1467 15.4269 2.1139 33.6867 4.38429e+5 5.78 5.84Xe Rh 0.2480 21.6042 2.3157 34.9750 8.82222e+5 5.78 5.87H Pd 0.3805 0.0307 1.5679 119.3501 5.30935e+3 3.91 104.94D Pd 0.1879 0.0875 1.7784 61.2249 5.35878e+3 3.91 53.72T Pd 0.2011 0.1654 1.5686 42.9267 5.40870e+3 3.91 36.423He Pd 0.1429 0.3249 1.7971 44.0328 1.10446e+4 3.91 36.424He Pd 0.1312 0.3839 1.8906 34.3297 1.11435e+4 3.91 27.99Ne Pd 0.1449 5.3982 2.3415 15.9494 7.03218e+4 3.91 7.29Ar Pd 0.1147 11.4507 2.1538 18.1505 1.55391e+5 3.91 4.93Kr Pd 0.1636 20.9141 2.3051 22.0273 4.43321e+5 3.91 3.97Pd Pd 0.2531 26.4367 2.3402 19.4305 6.59103e+5 3.91 3.91Xe Pd 0.1879 30.3470 2.1409 23.6613 8.88306e+5 3.91 3.95H Ag 0.4315 0.0568 1.9568 88.4899 5.46029e+3 2.97 80.79D Ag 0.1118 0.1421 1.7562 48.1788 5.51044e+3 2.97 41.35T Ag 0.2015 0.2513 1.5178 33.7714 5.56109e+3 2.97 28.033He Ag 0.1344 0.4479 1.6924 34.1484 1.13527e+4 2.97 28.034He Ag 0.1136 0.5817 1.9719 26.4533 1.14531e+4 2.97 21.54N Ag 0.1020 3.5600 2.2635 13.0433 4.66664e+4 2.97 7.30O Ag 0.0839 4.5394 2.0010 13.4494 5.47544e+4 2.97 6.60O(Mol) Ag 0.1711 5.6305 2.5908 13.4489 5.47544e+4 2.97 6.60Ne Ag 0.0995 5.5124 2.7313 11.8829 7.20736e+4 2.97 5.59Ar Ag 0.1650 18.8203 1.9424 13.9098 1.58921e+5 2.97 3.76Ar(KrC) Ag 0.1178 13.6070 2.1743 13.5876 1.58921e+5 2.97 3.76Ar(Mol) Ag 0.2320 16.4201 2.4019 13.6547 1.58921e+5 2.97 3.76Ar(Mola) Ag 0.1673 12.4010 2.3562 12.0571 1.58921e+5 2.97 3.76Ar(ZBL) Ag 0.2100 13.9829 2.4962 14.0709 1.58921e+5 2.97 3.76Kr Ag 0.1801 30.5548 2.4713 16.2072 4.51993e+5 2.97 3.02Ag Ag 0.1687 36.6162 2.4091 15.2340 6.93021e+5 2.97 2.97Xe Ag 0.2236 35.8737 2.2844 17.5897 9.03858e+5 2.97 3.00Ar Cd 0.1235 25.3480 2.2793 5.4146 1.61276e+5 1.16 1.50Kr Cd 0.1779 46.8071 2.6365 6.1572 4.55218e+5 1.16 1.19Cd Cd 0.1861 66.4019 2.2778 5.7795 7.27916e+5 1.16 1.16H In 0.4760 0.0408 1.7747 77.6070 5.76339e+3 2.49 72.02D In 0.1803 0.1049 1.4528 42.4095 5.81315e+3 2.49 36.82T In 0.1745 0.1751 1.3489 29.0900 5.86340e+3 2.49 24.93Ne In 0.0348 5.9422 1.3768 12.1811 7.51927e+4 2.49 4.90Kr In 0.0996 23.4774 2.0666 13.4197 4.62260e+5 2.49 2.55In In 0.1224 30.7665 1.9472 13.0986 7.63793e+5 2.49 2.49



124 W. EksteinTable 7. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Sn 0.4702 0.0352 1.6669 104.1095 5.91631e+3 3.12 93.23D Sn 0.1829 0.0715 1.6497 53.8847 5.96574e+3 3.12 47.63T Sn 0.2917 0.1556 1.5871 36.4853 6.01566e+3 3.12 32.233He Sn 0.1558 0.3227 1.5754 38.8436 1.22714e+4 3.12 32.234He Sn 0.1102 0.3244 1.8523 29.6119 1.23702e+4 3.12 24.73Ne Sn 0.1152 4.5687 2.2682 11.5544 7.67367e+4 3.12 6.28Ar Sn 0.0746 9.2172 2.1869 11.9822 1.67157e+5 3.12 4.14Kr Sn 0.3289 17.5340 2.6550 13.6369 4.66941e+5 3.12 3.22Sn Sn 0.1494 27.3600 2.0140 15.7681 8.00660e+5 3.12 3.12Xe Sn 0.9767 25.3092 3.2145 14.2636 9.22556e+5 3.12 3.13Kr Sb 0.1171 22.1319 2.0888 13.5706 4.73059e+5 2.72 2.82Ar Te 0.0993 12.8971 2.2723 7.4376 1.72282e+5 2.02 2.78Cs Cs 0.1310 59.8329 1.7733 4.4983 1.00007e+6 0.82 0.82Kr Sm 0.1279 25.7558 2.4453 9.2611 5.50683e+5 2.16 2.35H Tb 0.4151 0.0245 1.4450 180.8106 8.32995e+3 3.89 154.97D Tb 0.2514 0.0764 1.4668 92.1545 8.38203e+3 3.89 78.85T Tb 0.2675 0.1140 1.7383 58.8710 8.43464e+3 3.89 53.143He Tb 0.1970 0.2290 1.5498 62.3825 1.71555e+4 3.89 53.144He Tb 0.1613 0.3219 1.5186 48.4940 1.72593e+4 3.89 40.61Ar Tb 0.0825 10.8668 2.0502 14.1521 2.15976e+5 3.89 6.06H Tm 0.3646 0.0525 1.6677 119.3908 9.00672e+3 2.52 106.64D Tm 0.1931 0.1483 1.5930 61.7026 9.05971e+3 2.52 54.22T Tm 0.2005 0.2252 1.7487 39.5783 9.11324e+3 2.52 36.513He Tm 0.1329 0.4083 1.5808 42.9760 1.85244e+4 2.52 36.514He Tm 0.1182 0.5425 1.8624 32.4379 1.86300e+4 2.52 27.88Ar Tm 0.1010 18.0207 2.1079 9.4852 2.29744e+5 2.52 4.07H Hf 0.6050 0.0106 1.3803 320.9804 9.52208e+3 6.31 281.94D Hf 0.2980 0.0303 1.8401 157.1012 9.57512e+3 6.31 143.26T Hf 0.2352 0.0507 1.3451 112.2792 9.62870e+3 6.31 96.423He Hf 0.2596 0.1083 1.1964 115.5387 1.95639e+4 6.31 96.424He Hf 0.1695 0.1230 1.7304 84.5645 1.96695e+4 6.31 73.58Ne Hf 0.0698 3.0827 1.6671 28.7970 1.15397e+5 6.31 17.29Ar Hf 0.0841 7.2844 1.9088 23.6839 2.39690e+5 6.31 10.56Kr Hf 0.0969 15.8759 1.9090 27.1771 6.21788e+5 6.31 7.26Xe Hf 0.1218 22.7796 2.0536 32.7651 1.16579e+6 6.31 6.46H Ta 0.5966 0.0078 0.7141 483.1426 9.69565e+3 8.10 366.86D Ta 0.6251 0.0218 0.7705 225.5901 9.74893e+3 8.10 186.37T Ta 0.2642 0.0284 1.0425 147.2448 9.80275e+3 8.10 125.423He Ta 0.5951 0.0885 2.0793 131.9549 1.99149e+4 8.10 125.424He Ta 0.1193 0.0989 1.3173 116.3022 2.00210e+4 8.10 95.70Ne Ta 0.0675 2.7626 2.0170 36.3551 1.17263e+5 8.10 22.43Ar Ta 0.1468 6.2661 2.3669 28.6179 2.43215e+5 8.10 13.67Kr Ta 0.1074 14.2018 2.0456 34.5045 6.29462e+5 8.10 9.36Xe Ta 0.1175 20.2166 2.0128 42.5105 1.17814e+6 8.10 8.31Ta Ta 0.1583 26.6919 1.9785 41.4906 1,93615e+6 8.10 8.10



Sputtering Yields 125Table 8. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H W 1.0087 0.0075 1.2046 457.42 9.86986e+3 8.68 399.36D W 0.3583 0.0183 1.4410 228.84 9.92326e+3 8.68 202.85T W 0.2870 0.0419 1.5802 153.8842 9.97718e+3 8.68 136.483He W 0.2424 0.0884 1.2439 164.3474 2.02666e+4 8.68 136.484He W 0.1692 0.1151 1.7121 120.56 2.03728e+4 8.68 104.13N W 0.0921 1.4389 2.0225 45.3362 7.90505e+4 8.68 32.98O W 0.0777 1.8824 1.7536 44.2135 9.19794e+4 8.68 29.46Ne W 0.0828 2.5520 1.9534 38.6389 1.19107e+5 8.68 24.35Ar W 0.2113 5.9479 2.3857 27.0503 2.46646e+5 8.68 14.80Kr W 0.1747 13.6917 2.5161 34.7592 6.36677e+5 8.68 10.09Xe W 0.1385 20.5321 2.0952 44.8701 1.18932e+6 8.68 8.93W W 2.2697 18.6006 3.1273 24.9885 1.99860e+6 8.68 8.68H Re 0.6547 0.0089 1.5919 410.7532 1.00450e+4 8.09 376.92D Re 0.3445 0.0262 1.6638 214.3341 1.00987e+4 8.09 191.42T Re 0.2667 0.0460 1.7325 143.8798 1.01529e+4 8.09 128.783He Re 0.2026 0.1092 1.5099 151.8603 2.06207e+4 8.09 128.784He Re 0.1179 0.1189 1.6235 115.5715 2.07275e+4 8.09 98.24Ne Re 0.0871 3.0197 1.9011 37.8276 1.20995e+5 8.09 22.93Ar Re 0.0922 8.1299 2.0957 32.2292 2.50221e+5 8.09 13.91Kr Re 0.1159 16.1742 2.1166 35.8918 6.44513e+5 8.09 9.45Xe Re 0.1345 23.6228 2.1797 42.6697 1.20203e+6 8.09 8.34H Os 0.5133 0.0089 1.3016 458.5624 1.02204e+4 8.13 386.83D Os 0.2692 0.0267 1.3190 232.7884 1.02739e+4 8.13 196.42T Os 0.3100 0.0507 1.5438 148.1225 1.03279e+4 8.13 132.103He Os 0.2226 0.1111 1.6367 152.6164 2.09735e+4 8.13 132.104He Os 0.1207 0.1315 1.9064 115.7747 2.10799e+4 8.13 100.75Ne Os 0.0816 3.0236 2.1827 37.7170 1.22785e+5 8.13 23.44Ar Os 0.0985 7.4153 2.2543 32.1090 2.53422e+5 8.13 14.17Kr Os 0.1140 16.3882 2.1619 36.1888 6.50625e+5 8.13 9.57Xe Os 0.1751 23.5196 2.4600 40.4010 1.21043e+6 8.13 8.41H Ir 0.4857 0.0108 1.7106 367.3325 1.03972e+4 6.90 331.72D Ir 0.2445 0.0332 1.6722 188.7811 1.04510e+4 6.90 168.42T Ir 0.2550 0.0640 1.6312 127.4106 1.05053e+4 6.90 113.263He Ir 0.1693 0.1387 1.4318 134.4943 2.13313e+4 6.90 113.264He Ir 0.1057 0.1664 1.6693 102.6618 2.14384e+4 6.90 86.37Ne Ir 0.0847 3.5828 2.0777 32.7658 1.24708e+5 6.90 20.06Ar Ir 0.1070 8.8295 2.2049 27.7592 2.57103e+5 6.90 12.11Kr Ir 0.1117 19.1063 2.2947 31.0366 6.58875e+5 6.90 8.16Xe Ir 0.1933 27.1913 2.5754 34.0523 1.22412e+6 6.90 7.15



126 W. EksteinTable 9. Fitting values �; q; � for the energy dependene of the sputtering yieldY (E0) at normal inidene in (2). In addition, the threshold energy,Eth, the reduedenergy, ", the surfae binding energy, Esb, and Esb= are givenion target � q � Eth (eV) " Esb (eV) Esb=H Pt 0.4428 0.0136 1.4981 325.0317 1.05744e+4 5.86 285.91D Pt 0.2020 0.0395 1.5601 166.7835 1.06283e+4 5.86 145.14T Pt 0.2492 0.0756 1.4307 112.6259 1.06828e+4 5.86 97.593He Pt 0.1998 0.1482 1.5445 113.4769 2.16890e+4 5.86 97.594He Pt 0.1214 0.1802 1.8192 85.5658 2.17963e+4 5.86 74.41O Pt 0.0785 2.8246 2.0224 31.5095 9,78987e+4 5.86 20.91Ne Pt 0.0949 5.0805 2.1232 28.0853 1.26583e+5 5.86 17.24Ar Pt 0.1380 13.7922 2.2949 23.3808 2.60590e+5 5.86 10.38Kr Pt 0.1087 29.4816 1.9534 27.9365 6.66218e+5 5.86 6.97Xe Pt 0.0658 41.7055 1.5076 34.0986 1.23553e+6 5.86 6.09Pt Pt 0.2616 42.2193 2.4689 28.0416 2.25981e+6 5.86 5.86H Au 0.3117 0.0286 1.8415 206.4074 1.07527e+4 3.80 187.17D Au 0.2082 0.0843 1.2739 112.9565 1.08070e+4 3.80 95.00T Au 0.1680 0.1560 1.4421 74.8582 1.08618e+4 3.80 63.883He Au 0.1346 0.3759 1.6028 75.1673 2.20499e+4 3.80 63.884He Au 0.0928 0.3406 1.6773 57.2732 2.21579e+4 3.80 48.70N Au 0.0934 3.6067 2.0278 22.0847 8.55290e+4 3.80 15.32O Au 0.0634 4.0269 1.9029 21.3321 9,94281e+4 3.80 13.67Ne Au 0.0758 5.9707 1.8885 19.0757 2.18526e+5 3.80 11.27Ar Au 0.0906 12.0104 2.3969 15.6192 2.64318e+5 3.80 6.78Kr Au 0.0940 30.2381 1.7709 18.7951 6.74618e+5 3.80 4.54Xe Au 0.1371 47.6103 2.5053 19.7602 1.24955e+6 3.80 3.96Au Au 0.1126 61.2607 1.7156 21.4123 2.32799e+6 3.80 3.80Kr Hg 0.0964 14.1592 2.1495 24.7454 6.81273e+5 6.36 7.65Kr Tl 0.0707 37.5934 2.3358 8.2027 6.87823e+5 1.88 2.28He Pb 0.0686 0.4081 1.6658 31.7654 2.32414e+4 2.03 27.31Ne Pb 0.0569 6.7337 2.1626 9.6887 1.34122e+5 2.03 6.27Ar Pb 0.0462 15.7003 1.9270 8.4298 2.74555e+5 2.03 3.74Kr Pb 0.0551 35.9566 2.0207 9.1375 6.95357e+5 2.03 2.48Xe Pb 0.0637 52.3584 2.0982 10.8209 1.28038e+6 2.03 2.14Pb Pb 0.1461 81.3238 2.1946 10.3121 2.53951e+6 2.03 2.03Ar Bi 0.0289 14.2020 1.5639 9.4013 2.78342e+5 2.17 4.03Kr Bi 0.0578 30.2017 2.0562 9.1764 7.03904e+5 2.17 2.664He Th 0.1680 0.1524 1.5450 103.5217 2.61980e+4 5.93 88.99Ne Th 0.0592 2.9258 1.6073 30.7814 1.49508e+5 5.93 20.14Ar Th 0.0543 7.3739 1.6067 23.7676 3.02995e+5 5.93 11.83Kr Th 0.0767 16.5776 1.8831 22.9040 7.54519e+5 5.93 7.61Xe Th 0.1059 24.2490 1.9981 26.4766 1.37124e+6 5.93 6.42H U 0.5069 0.0144 1.4948 365.5917 1.31300e+4 5.42 322.05D U 0.1807 0.0266 1.2763 189.3173 1.31849e+4 5.42 163.184He U 0.0839 0.1136 1.6784 95.3598 2.69513e+4 5.42 83.37Ne U 0.0449 3.0029 1.8839 28.5107 1.53434e+5 5.42 18.81Ar U 0.0584 7.6218 2.1314 21.6010 3.10275e+5 5.42 11.01Kr U 0.0592 18.0929 2.0957 22.5283 7.69792e+5 5.42 7.04Xe U 0.0694 26.9596 2.2075 25.9587 1.39494e+6 5.42 5.91Rn U 0.1709 40.4320 2.3889 30.1936 2.96732e+6 5.42 5.43U U 0.1932 56.2825 2.0420 26.7960 3.32167e+6 5.42 5.42



Table 10. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mT Li 100 7.2592 2.6907 0.8685 4.20e-2 1.00 95.71 74.53T Li 300 5.3765 1.5393 0.9380 4.52e-2 1.00 93.30 77.31Li Li 100 10.9922 5.1816 0.7382 9.48e-2 1.67 97.36 68.79Li Li 200 8.0198 3.3011 0.8089 1.50e-1 1.67 95.22 71.79Li Li 1000 4.8470 1.4003 0.8167 2.07e-1 1.67 92.34 79.36H Be 15 11.1512 10.4683 1.1501 2.39e-5 1.00 104.48 25.75H Be 17 16.2828 13.6595 0.5330 1.80e-4 1.00 103.63 23.40H Be 20 11.8530 9.7870 0.6069 8.03e-4 1.00 102.60 28.10H Be 22 9.9611 8.0685 0.6398 1.45e-3 1.00 102.04 31.29H Be 25 8.5822 6.5543 0.6820 2.57e-3 1.00 101.31 38.37H Be 30 6.2386 4.3193 0.8005 4.68e-3 1.00 100.35 48.80H Be 40 6.1156 3.5415 0.8961 8.46e-3 1.00 98.98 59.73H Be 50 5.9126 3.0661 0.9447 1.15e-2 1.00 98.05 64.11H Be 70 5.7275 2.5808 0.9899 1.54e-2 1.00 96.82 68.08H Be 100 5.3523 2.1181 1.0194 1.85e-2 1.00 95.71 70.71H Be 140 5.2036 1.8698 1.0226 1.98e-2 1.00 94.83 72.34H Be 200 4.9195 1.5975 1.0221 2.02e-2 1.00 94.04 73.90H Be 300 4.7651 1.4198 1.0017 1.93e-2 1.00 93.30 75.30H Be 500 4.5468 1.2312 0.9622 1.69e-2 1.00 92.56 77.19H Be 1000 4.3749 1.0536 0.8651 1.26e-2 1.00 91.81 81.10D Be 11 15.1382 12.5716 0.5871 2.61e-5 1.00 106.78 27.74D Be 12 12.2769 9.7520 0.4890 9.29e-5 1.00 106.10 28.24D Be 13 11.8349 9.1246 0.5030 2.32e-4 1.00 105.50 32.16D Be 14 11.1728 8.4156 0.5234 4.65e-4 1.00 104.96 35.47D Be 15 10.3229 7.5816 0.5573 8.10e-4 1.00 104.48 39.31D Be 17 9.3601 6.5239 0.6180 1.73e-3 1.00 103.63 45.94D Be 20 8.6777 5.6452 0.7059 3.64e-3 1.00 102.60 52.97D Be 25 8.5752 5.1717 0.7833 7.30e-3 1.00 101.31 58.26D Be 30 8.6869 4.9678 0.8221 1.08e-2 1.00 100.35 60.94D Be 40 8.3485 4.4220 0.8753 1.68e-2 1.00 98.98 63.92D Be 50 8.4098 4.2438 0.8948 2.09e-2 1.00 98.05 65.35D Be 70 7.8175 3.6199 0.9330 2.63e-2 1.00 96.82 67.56D Be 100 7.1106 3.0041 0.9611 3.10e-2 1.00 95.71 69.49D Be 140 6.6162 2.5702 0.9727 3.32e-2 1.00 94.83 71.06D Be 200 5.8071 2.0229 0.9890 3.51e-2 1.00 94.04 72.90D Be 300 5.3019 1.6773 0.9801 3.44e-2 1.00 93.30 74.52D Be 500 4.7090 1.3205 0.9559 3.24e-2 1.00 92.56 76.70D Be 1000 4.2992 1.0429 0.8839 2.53e-2 1.00 91.81 80.41D Be 3000 3.2495 0.4832 0.9270 1.25e-2 1.00 91.05 84.71T Be 10 11.3143 7.1581 0.5161 1.75e-5 1.00 107.55 54.13T Be 11 10.9347 6.8942 0.5346 7.08e-5 1.00 106.78 54.50T Be 12 11.3517 7.0538 0.5714 1.77e-4 1.00 106.10 56.20T Be 13 11.3297 6.9311 0.5920 3.49e-4 1.00 105.50 57.54T Be 15 11.8958 7.0949 0.6393 9.03e-4 1.00 104.48 59.55T Be 17 12.0355 7.0598 0.6734 1.74e-3 1.00 103.73 60.62T Be 20 12.3549 7.1299 0.7128 3.43e-3 1.00 102.60 61.29T Be 25 12.2645 6.9111 0.7510 6.83e-3 1.00 101.31 62.12



128 W. EksteinTable 11. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mT Be 30 11.9180 6.5619 0.7738 1.03e-2 1.00 100.35 62.87T Be 50 10.7247 5.4280 0.8473 2.11e-2 1.00 98.05 65.39T Be 100 8.7843 3.8375 0.9167 3.27e-2 1.00 95.71 68.86T Be 200 6.8472 2.5074 0.9558 4.00e-2 1.00 94.04 72.19T Be 300 6.0145 1.9963 0.9542 4.14e-2 1.00 93.30 73.94T Be 500 5.1690 1.5181 0.9354 4.05e-2 1.00 92.56 76.25T Be 1000 4.4884 1.1230 0.8709 3.38e-2 1.00 91.81 80.254He Be 11 13.3115 7.4762 0.6483 1.59e-5 0.00 90.00 55.054He Be 12 11.3837 5.9236 0.7450 4.18e-5 0.00 90.00 59.114He Be 13 11.0954 5.5450 0.8004 8.92e-5 0.00 90.00 60.714He Be 15 12.0126 6.1657 0.7756 3.08e-4 0.00 90.00 59.664He Be 17 11.0765 5.5593 0.8258 8.21e-4 0.00 90.00 60.434He Be 20 11.1672 5.7241 0.8209 2.27e-3 0.00 90.00 59.584He Be 25 10.8794 5.6025 0.8297 6.28e-3 0.00 90.00 59.364He Be 30 10.6545 5.4832 0.8281 1.16e-2 0.00 90.00 59.394He Be 40 9.8918 4.9831 0.8487 2.35e-2 0.00 90.00 60.204He Be 50 9.3707 4.6041 0.8623 3.42e-2 0.00 90.00 61.114He Be 70 8.5526 3.9849 0.8863 5.03e-2 0.00 90.00 62.894He Be 100 7.7207 3.3762 0.9077 6.76e-2 0.00 90.00 64.804He Be 140 6.8183 2.7618 0.9309 8.31e-2 0.00 90.00 66.814He Be 200 6.1209 2.2840 0.9469 9.60e-2 0.00 90.00 68.754He Be 300 5.4354 1.8381 0.9580 1.06e-1 0.00 90.00 70.864He Be 400 5.1109 1.6232 0.9604 1.09e-1 0.00 90.00 72.144He Be 500 4.7756 1.4360 0.9609 1.10e-1 0.00 90.00 73.204He Be 700 4.6688 1.3495 0.9432 1.09e-1 0.00 90.00 74.294He Be 1000 4.5214 1.2552 0.9168 1.04e-1 0.00 90.00 75.614He Be 2000 3.9996 0.9553 0.8655 8.70e-2 0.00 90.00 79.634He Be 3000 2.9548 0.4527 0.9860 6.80e-2 0.00 90.00 81.594He Be 5000 2.3689 0.2360 1.0133 5.93e-2 0.00 90.00 83.864He Be 10000 2.3184 0.2110 0.9873 4.08e-2 0.00 90.00 85.21Be Be 12 35.8412 18.6635 0.4936 1.26e-5 3.38 117.96 78.65Be Be 13 36.3925 19.1900 0.5105 2.14e-5 3.38 117.02 76.76Be Be 15 36.6304 19.6402 0.5253 5.23e-5 3.38 115.39 74.15Be Be 17 35.6814 19.3245 0.5289 1.15e-4 3.38 114.03 72.38Be Be 20 33.7964 18.4992 0.5227 3.05e-4 3.38 112.35 70.38Be Be 25 30.3372 16.8120 0.5223 1.09e-3 3.38 110.19 67.94Be Be 30 27.7102 15.5065 0.5251 2.68e-3 3.38 108.55 66.10Be Be 40 24.3009 13.7865 0.5368 8.41e-3 3.38 106.21 63.58Be Be 50 22.2057 12.6890 0.5547 1.68e-2 3.38 104.57 62.14Be Be 70 19.4611 11.1466 0.5914 3.77e-2 3.38 102.39 60.93Be Be 100 16.6662 9.3775 0.6469 7.00e-2 3.38 100.42 61.30Be Be 200 12.0795 6.2040 0.7708 1.43e-1 3.38 97.41 64.55Be Be 300 9.7816 4.6056 0.8401 1.86e-1 3.38 96.06 67.06Be Be 500 7.6374 3.1692 0.8981 2.33e-1 3.38 94.70 69.96Be Be 700 6.6434 2.5351 0.9168 2.57e-1 3.38 93.97 71.61Be Be 1000 5.7378 1.9957 0.9261 2.74e-1 3.38 93.33 73.36Be Be 3000 4.1459 1.0784 0.8930 2.63e-1 3.38 91.92 79.02Be Be 5000 3.7580 0.8504 0.8638 2.27e-1 3.38 91.49 81.91



Sputtering Yields 129Table 12. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mN Be 20 48.9385 26.5720 0.5034 1.30e-5 1.00 102.60 64.91N Be 25 40.8964 22.5484 0.5362 1.32e-4 1.00 101.31 62.92N Be 27 39.8702 22.1580 0.5309 2.23e-4 1.00 100.89 62.01N Be 30 37.4299 20.9914 0.5363 4.97e-4 1.00 100.35 60.99N Be 40 32.2237 18.4203 0.5534 2.72e-3 1.00 98.98 58.78N Be 50 27.1013 15.5100 0.5983 7.94e-3 1.00 98.05 58.46N Be 70 23.2661 13.3500 0.6312 2.53e-2 1.00 96.82 56.99N Be 100 18.5794 10.4007 0.6958 6.02e-2 1.00 95.71 58.90N Be 140 14.9483 8.0322 0.7602 1.08e-1 1.00 94.83 60.25N Be 200 11.8204 5.9812 0.8224 1.72e-1 1.00 94.04 62.81N Be 500 7.1837 2.9571 0.9262 3.38e-1 1.00 92.56 68.30N Be 1000 5.3902 1.8661 0.9559 4.48e-1 1.00 91.81 71.80Ne Be 22 37.8307 19.0105 0.6044 1.54e-5 0.00 90.00 61.56Ne Be 25 35.8007 18.1513 0.6087 4.73e-5 0.00 90.00 61.02Ne Be 30 32.6599 16.7384 0.6188 1.99e-4 0.00 90.00 60.35Ne Be 35 30.1281 15.5617 0.6274 5.66e-4 0.00 90.00 59.88Ne Be 40 27.8302 14.4241 0.6390 1.28e-3 0.00 90.00 59.64Ne Be 45 25.8448 13.4144 0.6510 2.44e-3 0.00 90.00 59.52Ne Be 50 24.3632 12.6735 0.6597 4.08e-3 0.00 90.00 59.37Ne Be 60 21.5727 11.1858 0.6815 9.11e-3 0.00 90.00 59.47Ne Be 70 19.3093 9.9345 0.7037 1.63e-2 0.00 90.00 59.79Ne Be 100 15.1087 7.5705 0.7520 4.51e-2 0.00 90.00 60.82Ne Be 150 12.1657 5.8694 0.7943 9.80e-2 0.00 90.00 62.20Ne Be 200 10.3791 4.8187 0.8263 1.50e-1 0.00 90.00 63.45Ne Be 300 8.4375 3.6736 0.8644 2.40e-1 0.00 90.00 65.34Ne Be 500 6.6629 2.6321 0.9027 3.72e-1 0.00 90.00 67.84Ne Be 700 5.8331 2.1425 0.9218 4.58e-1 0.00 90.00 69.49Ne Be 1000 5.1859 1.7686 0.9333 5.44e-1 0.00 90.00 71.07Ar Be 30 35.7128 17.2562 0.6278 1.18e-5 0.00 90.00 63.48Ar Be 35 32.4561 15.7178 0.6419 5.22e-5 0.00 90.00 63.23Ar Be 40 30.6583 14.9605 0.6464 1.48e-4 0.00 90.00 62.79Ar Be 45 28.8311 14.1259 0.6530 3.43e-4 0.00 90.00 62.53Ar Be 50 27.0273 13.2560 0.6634 6.98e-4 0.00 90.00 62.39Ar Be 60 24.1964 11.8526 0.6801 2.02e-3 0.00 90.00 62.32Ar Be 70 21.9850 10.7572 0.6948 4.36e-3 0.00 90.00 62.27Ar Be 100 17.3823 8.3702 0.7353 1.83e-2 0.00 90.00 62.69Ar Be 150 13.3017 6.1743 0.7841 5.72e-2 0.00 90.00 63.81Ar Be 200 11.1755 4.9841 0.8183 1.01e-1 0.00 90.00 64.98Ar Be 300 9.0871 3.8726 0.8510 1.91e-1 0.00 90.00 66.18Ar Be 500 7.1160 2.7974 0.8891 3.49e-1 0.00 90.00 68.15Ar Be 700 6.1626 2.2693 0.9109 4.71e-1 0.00 90.00 69.59Ar Be 1000 5.3790 1.8371 0.9295 6.07e-1 0.00 90.00 71.10



130 W. EksteinTable 13. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mD B 30 9.8225 6.6573 0.7286 1.17e-3 1.00 100.35 49.15D B 50 7.3199 3.8871 0.9134 6.66e-3 1.00 98.05 63.17D B 100 6.5102 2.7189 0.9959 1.46e-2 1.00 95.71 69.50D B 400 5.0009 1.4855 0.9885 2.05e-2 1.00 92.86 75.34D B 500 5.0131 1.4255 0.9687 1.87e-2 1.00 92.56 76.18D B 8000 2.9214 0.3459 0.9361 5.43e-3 1.00 90.64 85.95B B 1000 7.1514 2.8161 0.8867 2.12e-1 5.73 94.33 71.41B B 2000 5.4626 1.8079 0.9049 2.50e-1 5.73 93.06 74.71H C 40 19.9809 13.5817 0.8381 9.00e-6 1.00 98.98 49.97H C 50 12.0758 8.1489 0.7350 1.75e-4 1.00 98.05 48.45H C 70 5.4383 3.1284 0.9195 1.23e-3 1.00 96.82 58.82H C 100 3.9021 1.5976 1.0451 2.92e-3 1.00 95.71 69.59H C 140 4.0027 1.3367 1.0590 4.42e-3 1.00 94.83 73.42H C 200 3.8151 1.0804 1.0649 5.84e-3 1.00 94.04 75.69H C 300 3.8086 0.9751 1.0455 7.05e-3 1.00 93.30 77.01H C 500 4.1077 1.0059 0.9884 6.76e-3 1.00 92.56 78.24H C 1000 4.4299 1.0578 0.8756 5.68e-3 1.00 91.81 80.93H C 2000 4.1024 0.8166 0.9397 4.44e-3 1.00 91.28 81.26D C 30 18.7533 13.3928 0.6303 8.58e-5 1.00 102.60 43.62D C 40 10.5178 6.5616 0.7465 7.35e-4 1.00 98.98 54.48D C 50 7.5874 4.1326 0.8655 1.96e-3 1.00 98.05 62.05D C 70 6.1109 2.7764 0.9695 4.79e-3 1.00 96.82 67.95D C 100 5.4981 2.1396 1.0110 8.18e-3 1.00 95.71 71.23D C 140 5.1852 1.8064 1.0205 1.10e-2 1.00 94.83 73.06D C 200 5.1235 1.6777 1.0074 1.32e-2 1.00 94.04 73.95D C 300 4.9019 1.4719 0.9931 1.47e-2 1.00 93.30 75.31D C 350 4.9419 1.4793 0.9963 1.62e-2 1.00 93.06 75.12D C 500 4.9952 1.4436 0.9320 1.44e-2 1.00 92.56 76.64D C 1000 4.4895 1.1320 0.8660 1.30e-2 1.00 91.81 80.25D C 2000 4.5151 1.0312 0.8022 1.02e-1 1.00 91.28 83.72T C 25 19.6619 13.0973 0.5723 4.70e-5 1.00 101.31 47.74T C 30 14.1788 8.6868 0.6507 2.44e-4 1.00 100.35 55.39T C 35 12.8594 7.3628 0.7278 6.90e-4 1.00 99.59 60.04T C 40 10.8275 5.8369 0.7969 1.23e-3 1.00 98.98 63.13T C 50 9.4042 4.6780 0.8682 2.76e-3 1.00 98.05 66.04T C 70 7.8716 3.4803 0.9388 6.05e-3 1.00 96.82 69.07T C 100 7.3284 2.9473 0.9618 9.44e-3 1.00 95.71 70.90T C 140 6.5713 2.4171 0.9798 1.28e-2 1.00 94.83 72.35T C 200 6.2607 2.1538 0.9746 1.54e-2 1.00 94.04 73.39T C 300 5.9195 1.9209 0.9502 1.75e-2 1.00 93.30 74.51T C 500 5.4224 1.6330 0.9126 1.87e-2 1.00 92.56 76.23T C 1000 5.0328 1.3613 0.8358 1.68e-2 1.00 91.81 79.77



Table 14. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0m4He C 25 14.6404 8.8559 0.6282 4.20e-5 0.00 90.00 50.274He C 27 12.0307 6.8705 0.7074 1.00e-4 0.00 90.00 54.324He C 30 13.1803 7.2609 0.7109 2.40e-4 0.00 90.00 56.284He C 35 10.6979 5.5485 0.7917 7.20e-4 0.00 90.00 59.154He C 40 9.2954 4.4707 0.8724 1.50e-3 0.00 90.00 61.854He C 50 8.8544 4.1314 0.8858 3.83e-3 0.00 90.00 62.854He C 60 8.2705 3.7475 0.8993 6.84e-3 0.00 90.00 63.744He C 70 7.7165 3.3800 0.9141 1.01e-2 0.00 90.00 64.694He C 100 7.0586 2.8816 0.9323 1.83e-2 0.00 90.00 66.584He C 140 6.5107 2.4872 0.9451 2.63e-2 0.00 90.00 68.194He C 200 6.0474 2.1599 0.9522 3.45e-2 0.00 90.00 69.734He C 300 5.5877 1.8616 0.9536 4.28e-2 0.00 90.00 71.264He C 400 5.2835 1.6741 0.9516 4.75e-2 0.00 90.00 72.344He C 500 5.0843 1.5587 0.9464 5.05e-2 0.00 90.00 73.104He C 700 5.0583 1.5204 0.9217 5.17e-2 0.00 90.00 73.974He C 1000 4.6895 1.3191 0.9059 5.19e-2 0.00 90.00 75.614He C 2000 4.5101 1.1834 0.8292 4.69e-2 0.00 90.00 79.014He C 3000 4.0905 0.9440 0.8126 4.24e-2 0.00 90.00 81.984He C 5000 3.7153 0.7059 0.7928 3.40e-2 0.00 90.00 85.984He C 10000 2.6820 0.2986 0.9802 2.43e-2 0.00 90.00 91.354He C 20000 2.0022 0.1082 1.0128 1.66e-2 0.00 90.00 86.45C C 30 42.3520 22.5877 0.5107 1.83e-5 7.41 116.43 75.33C C 40 37.6060 20.3491 0.5157 1.35e-4 7.41 113.29 71.99C C 50 32.0236 17.1592 0.5118 5.21e-4 7.41 111.06 71.44C C 70 26.5068 14.2187 0.5267 2.57e-3 7.41 108.02 69.37C C 100 22.0310 11.8066 0.5552 8.84e-3 7.41 105.23 67.62C C 140 18.7261 9.9820 0.5946 2.13e-2 7.41 102.96 66.50C C 200 15.8273 8.2671 0.6395 4.14e-2 7.41 100.90 66.38C C 300 13.1991 6.6409 0.6938 7.16e-2 7.41 98.93 66.97C C 500 10.5675 4.9405 0.7630 1.16e-1 7.41 96.94 68.62C C 1000 7.7788 3.1823 0.8291 1.78e-1 7.41 94.92 71.47C C 300 13.0293 6.6396 0.7021 8.05e-2 7.40 98.93 66.24C C 1000 8.0328 3.4041 0.7226 1.79e-1 7.40 94.92 71.84C C 3000 4.9485 1.5045 0.7311 2.49e-1 7.40 92.85 81.25N C 40 46.4143 25.1992 0.5238 1.81e-5 1.00 98.98 62.64N C 50 41.1533 22.6413 0.5434 1.23e-4 1.00 98.05 61.08N C 70 33.5042 18.5624 0.5864 1.11e-3 1.00 96.82 59.92N C 100 26.2400 14.2958 0.6513 5.53e-3 1.00 95.71 60.43N C 140 20.3476 10.7156 0.7195 1.63e-2 1.00 94.83 61.73N C 200 15.5449 7.7646 0.7867 3.68e-2 1.00 94.04 63.53N C 300 11.9070 5.5403 0.8432 6.94e-2 1.00 93.30 65.56N C 500 8.9090 3.7472 0.8908 1.21e-1 1.00 92.56 68.04N C 1000 6.7186 2.4884 0.9106 1.96e-1 1.00 91.81 70.84N C 15000 3.1017 0.5614 0.9345 2.64e-1 1.00 90.47 81.85N C 30000 2.4599 0.3007 0.9258 2.15e-1 1.00 90.33 85.79



Table 15. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mNe C 45 42.4911 21.3692 0.6065 1.07e-5 0.00 90.00 61.50Ne C 50 39.2571 19.9517 0.6096 3.41e-5 0.00 90.00 60.88Ne C 60 34.9544 17.7437 0.6312 1.48e-4 0.00 90.00 60.82Ne C 70 30.5197 15.4178 0.6536 4.59e-4 0.00 90.00 60.95Ne C 100 23.0552 11.4059 0.7070 3.25e-3 0.00 90.00 61.66Ne C 140 17.8207 8.5421 0.7551 1.18e-2 0.00 90.00 62.74Ne C 200 13.9445 6.4094 0.7992 3.03e-2 0.00 90.00 64.05Ne C 300 10.9291 4.7545 0.8387 6.50e-2 0.00 90.00 65.64Ne C 500 8.4196 3.3744 0.8761 1.26e-1 0.00 90.00 67.77Ne C 1000 6.3131 2.2510 0.9033 2.32e-1 0.00 90.00 70.51Ne C 2000 5.1757 1.6622 0.9003 3.36e-1 0.00 90.00 73.01Ne C 5000 4.3556 1.2290 0.8572 4.16e-1 0.00 90.00 76.75Ne C 10000 3.6410 0.8456 0.8528 4.21e-1 0.00 90.00 80.50Ne C 20000 2.8697 0.4814 0.8953 3.81e-1 0.00 90.00 83.58Ar C 70 33.8798 16.4564 0.6471 6.64e-5 0.00 90.00 63.02Ar C 100 26.2324 12.6103 0.6901 8.27e-4 0.00 90.00 63.14Ar C 140 20.3486 9.5425 0.7354 4.62e-3 0.00 90.00 63.83Ar C 200 15.8749 7.1967 0.7784 1.66e-2 0.00 90.00 64.78Ar C 300 12.3051 5.3108 0.8200 4.54e-2 0.00 90.00 66.11Ar C 500 9.2928 3.7250 0.8616 1.09e-1 0.00 90.00 67.95Ar C 1000 6.6196 2.3464 0.9035 2.47e-1 0.00 90.00 70.65Ar C 30000 2.4175 0.3179 0.9919 8.57e-1 0.00 90.00 82.69Xe C 150 30.7260 13.6835 0.6070 4.50e-5 0.00 90.00 67.97Xe C 170 29.2745 12.9894 0.6384 1.24e-4 0.00 90.00 67.57Xe C 200 25.3437 11.1859 0.6259 4.15e-4 0.00 90.00 68.05Xe C 250 22.4002 9.7749 0.6740 1.70e-3 0.00 90.00 67.72Xe C 300 19.5075 8.3043 0.7070 4.24e-3 0.00 90.00 68.20Xe C 500 13.2878 5.3847 0.7239 2.76e-2 0.00 90.00 69.80Xe C 1000 8.5390 3.0860 0.7752 1.27e-1 0.00 90.00 72.57Xe C 3000 5.1292 1.4472 0.7645 4.66e-1 0.00 90.00 79.52Xe C 10000 3.8051 0.8756 0.9244 1.02e-0 0.00 90.00 78.55Xe C 30000 2.4297 0.3057 1.0023 1.46e-0 0.00 90.00 82.70Xe C 100000 1.9300 0.1564 1.0042 1.69e-0 0.00 90.00 85.21Ar Al 100 14.7601 8.5471 0.6703 1.17e-1 0.00 90.00 53.34Ar Al 500 6.7055 3.4612 0.8024 9.10e-1 0.00 90.00 59.33Ar Al 1000 5.4733 2.5849 0.8298 1.37e-0 0.00 90.00 62.79Ar Al 1050 4.4893 1.7504 0.8913 1.17e-0 0.00 90.00 68.35Ar Al 10000 3.3890 1.0004 0.8667 2.39e-0 0.00 90.00 75.57D Si 30 44.6047 26.3734 0.3164 1.52e-4 1.00 100.35 52.21D Si 50 25.2643 14.1721 0.5693 3.09e-3 1.00 98.05 59.73D Si 100 12.7099 6.0832 0.6848 1.15e-2 1.00 95.71 67.42D Si 500 6.3060 2.0569 0.8725 2.48e-2 1.00 92.56 75.30D Si 1000 4.6790 1.2020 0.8521 2.36e-2 1.00 91.81 80.314He Si 200 3.3626 1.1091 0.9879 7.68e-2 0.00 90.00 70.924He Si 2000 2.3967 0.4284 0.9844 1.08e-1 0.00 90.00 80.124He Si 3000 2.5727 0.4683 0.9532 9.56e-2 0.00 90.00 80.80Ar Si 4500 3.1385 0.8328 0.9440 1.28e-0 0.00 90.00 75.79



Table 16. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mSi Si(KrC) 200 11.0479 6.1405 0.6299 2.13e-1 4.70 98.72 61.01Si Si(Mol) 200 10.5874 6.1453 0.6210 2.86e-1 4.70 98.72 58.02Si Si(ZBL) 200 11.0834 5.9494 0.6393 1.73e-1 4.70 98.72 63.26Si Si(SiSi) 200 7.9001 3.8139 0.6017 1.70e-1 4.70 98.72 65.35Si Si 500 7.4656 3.6011 0.8032 4.40e-1 4.70 95.54 65.97Si Si 2000 4.7498 1.8181 0.8645 8.96e-1 4.70 92.78 71.39He Ti 100000 1.9229 0.1065 0.9665 1.63e-2 0.00 90.00 88.09Ne Ti 38 7.8592 4.0707 0.8577 1.12e-2 0.00 90.00 59.06Ne Ti 380 4.1989 1.9114 0.9136 5.33e-1 0.00 90.00 63.48Ne Ti 3800 3.3212 1.1093 0.8712 1.08e-0 0.00 90.00 72.68Ar Ti 1050 3.9753 1.6427 0.8942 1.12e-0 0.00 90.00 66.65Ar Ti 150000 1.7921 0.1849 0.9639 1.24e-0 0.00 90.00 85.29Ar Ti 900000 1.4988 0.0650 0.9866 6.30e-1 0.00 90.00 88.02H V 100 4.3828 3.2190 0.8990 1.01e-4 1.00 95.71 43.98H V 120 3.3311 2.2723 0.9700 4.49e-4 1.00 95.22 49.41H V 140 2.8610 1.8516 0.9921 1.03e-3 1.00 94.83 52.28H V 200 2.1946 1.0807 1.0293 3.09e-3 1.00 94.04 63.12H V 400 2.0664 0.5226 1.0687 7.87e-3 1.00 92.86 76.39H V 1000 2.3097 0.3954 1.0493 1.04e-2 1.00 91.81 80.48H V 3000 2.3607 0.2866 1.0250 8.30e-3 1.00 91.05 83.24H V 10000 2.6833 0.3268 0.9415 4.88e-3 1.00 90.57 85.48D V 55 5.1320 4.2287 0.8769 2.54e-4 1.00 97.68 34.89D V 60 4.7591 3.8345 0.8881 5.51e-4 1.00 97.36 37.10D V 70 4.0378 3.1247 0.9217 1.47e-3 1.00 96.82 40.94D V 100 2.8895 1.8739 0.9819 5.49e-3 1.00 95.71 52.57D V 200 1.9899 0.6708 1.0998 1.70e-2 1.00 94.04 72.10D V 500 2.4386 0.5933 1.0536 2.68e-2 1.00 92.56 76.97D V 1000 2.3231 0.4408 1.0423 2.85e-2 1.00 91.81 79.60D V 3000 2.3990 0.3768 0.9870 2.31e-2 1.00 91.05 82.28D V 10000 2.3706 0.2715 0.9614 1.24e-2 1.00 90.57 85.23T V 40 6.3376 5.3953 0.8382 3.49e-4 1.00 98.98 31.03T V 50 4.7448 3.8690 0.8969 1.79e-3 1.00 98.05 36.46T V 70 3.5720 2.5052 0.9398 6.60e-3 1.00 96.82 48.19T V 100 2.4950 1.3038 1.0454 1.43e-2 1.00 95.71 62.15T V 300 2.7891 0.8677 1.0445 3.78e-2 1.00 93.30 73.79T V 1000 2.3834 0.4768 1.0372 4.53e-2 1.00 91.81 79.14T V 3000 2.3246 0.3700 0.9891 3.71e-2 1.00 91.05 82.10T V 10000 2.2078 0.2396 0.9737 2.03e-2 1.00 90.57 85.174He V 35 1.7453 2.6763 0.9355 5.04e-4 0.00 90.00 0.004He V 40 2.1705 2.6154 0.9342 1.63e-3 0.00 90.00 0.004He V 50 2.5628 2.4407 0.9078 5.65e-3 0.00 90.00 15.764He V 70 1.9394 1.4203 0.9787 1.68e-2 0.00 90.00 42.654He V 100 2.2659 1.2170 1.0013 3.35e-2 0.00 90.00 57.514He V 300 2.6903 0.9304 1.0086 8.98e-2 0.00 90.00 69.654He V 1000 2.2475 0.5217 1.0161 1.24e-1 0.00 90.00 76.234He V 3000 2.1180 0.3668 1.0015 1.17e-1 0.00 90.00 79.994He V 10000 1.9835 0.2272 0.9958 7.55e-2 0.00 90.00 83.55



134 W. EksteinTable 17. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mH Fe 4000 2.2066 0.2560 1.0265 1.22e-2 1.00 90.49 82.98H Fe 8000 2.3317 0.2544 0.9961 8.87e-3 1.00 90.64 84.46H Ni 150 3.2117 2.2893 0.9835 2.00e-3 1.00 94.67 46.65H Ni 200 2.7207 1.6060 1.0171 4.30e-3 1.00 94.04 56.30H Ni 400 2.1098 0.6960 0.9564 1.16e-2 1.00 92.86 73.69H Ni 450 1.8895 0.4824 1.0956 1.42e-2 1.00 92.70 75.64H Ni 1000 2.0731 0.3479 1.0856 1.52e-2 1.00 91.81 79.80H Ni 4000 2.5028 0.3836 0.9871 1.33e-2 1.00 90.91 82.38H Ni 8000 2.3038 0.2492 1.0029 9.39e-3 1.00 90.64 84.29H Ni 50000 1.7324 0.0610 1.0093 2.70e-3 1.00 90.26 87.89D Ni 1000 2.2389 0.4761 1.0506 4.51e-2 1.00 91.81 78.13D Ni 4000 1.9552 0.2335 1.0325 3.34e-2 1.00 90.91 83.00D Ni 8000 2.0430 0.2136 1.0102 2.37e-2 1.00 90.64 84.274He Ni 100 2.0241 1.3441 0.9916 5.47e-2 0.00 90.00 48.324He Ni 500 2.5267 0.8794 1.0066 1.68e-1 0.00 90.00 69.544He Ni 1000 2.4668 0.7284 0.9950 1.90e-1 0.00 90.00 72.914He Ni 4000 1.9873 0.3420 1.0072 1.67e-1 0.00 90.00 79.904He Ni 8000 2.0723 0.3149 0.9841 1.32e-1 0.00 90.00 81.724He Ni 100000 1.8360 0.0921 0.9937 2.23e-2 0.00 90.00 87.36Ne Ni 1000 4.7811 2.7093 0.7414 1.47e-0 0.00 90.00 54.86Ar Ni 40 20.4675 11.2697 0.6240 2.88e-3 0.00 90.00 56.17Ar Ni 50 14.8926 8.1426 0.7142 1.20e-2 0.00 90.00 56.68Ar Ni 70 10.5289 5.9310 0.7567 5.35e-2 0.00 90.00 55.22Ar Ni 100 7.6304 4.4032 0.7971 1.53e-1 0.00 90.00 54.13Ar Ni 290 5.5978 3.4646 0.7233 7.65e-1 0.00 90.00 49.79Ar Ni(ZBL) 290 5.1631 3.2541 0.7388 7.80e-1 0.00 90.00 48.85Ar Ni 300 5.0306 2.9919 0.8059 7.78e-1 0.00 90.00 52.63Ar Ni 1000 3.9887 2.1644 0.7780 1.97e-0 0.00 90.00 57.09Ar Ni 3000 2.8656 1.1258 0.9315 2.81e-0 0.00 90.00 67.63Ar Ni 30000 1.9547 0.3494 0.9924 3.23e-0 0.00 90.00 79.90Ni Ni 100 14.1078 8.8411 0.5677 1.13e-1 4.46 101.92 53.21Ni Ni 500 5.8343 3.5339 0.8012 1.24e-0 4.46 95.40 54.74Ni Ni 1000 4.8757 2.7113 0.8474 2.03e-0 4.46 93.82 58.40Ni Ni 2500 3.9820 1.8894 0.8896 2.90e-0 4.46 92.42 63.91Ni Ni 5000 3.4691 1.4129 0.9121 3.74e-0 4.46 91.71 68.14Ni Ni 10000 2.6717 0.8456 0.9678 4.34e-0 4.46 91.21 73.05Kr Ni 45000 2.7039 0.6843 0.9179 5.61e-0 0.00 90.00 77.21



Table 18. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mH Cu 50000 1.9195 0.0855 1.0004 3.01e-3 1.00 90.26 87.68D Cu 50 4.4937 4.2207 0.8591 1.47e-3 1.00 98.05 18.41D Cu 100 1.7910 1.2622 1.0565 1.64e-2 1.00 95.71 48.67D Cu 300 2.1337 0.6577 1.1002 4.34e-2 1.00 93.30 70.56D Cu 1000 2.1945 0.4894 1.0319 5.39e-2 1.00 91.81 76.41D Cu 3000 2.6275 0.5238 0.9010 3.93e-2 1.00 91.05 81.26D Cu 10000 2.2766 0.2868 0.9299 2.47e-2 1.00 90.57 85.094He Cu 1000 2.3431 0.6903 0.9933 2.30e-1 0.00 90.00 72.98Ne Cu 1000 2.5361 1.1735 0.9540 1.84e-0 0.00 90.00 62.70Ne Cu 45000 2.0420 0.3165 0.9773 1.62e-0 0.00 90.00 81.74Ar Cu 16 23.7198 11.9382 0.6384 2.12e-5 0.00 90.00 61.24Ar Cu 18 22.1882 11.3333 0.6891 7.78e-5 0.00 90.00 60.20Ar Cu 20 21.4383 11.0751 0.6527 1.80e-4 0.00 90.00 59.76Ar Cu 25 19.9619 10.5883 0.6529 8,40e-4 0.00 90.00 58.33Ar Cu 30 17.3814 9.4935 0.6603 3.12e-3 0.00 90.00 56.69Ar Cu 40 14.1287 8.0673 0.6709 1.54e-2 0.00 90.00 54.17Ar Cu 50 11.7916 6.8970 0.6891 3.96e-2 0.00 90.00 52.86Ar Cu 100 5.8601 3.5052 0.8223 2.71e-1 0.00 90.00 52.43Ar Cu 300 3.4966 2.0419 0.8881 1.05e-0 0.00 90.00 53.90Ar Cu 1050 2.8705 1.4081 0.9193 2.45e-0 0.00 90.00 60.93Ar Cu 20000 2.4430 0.6188 0.9469 3.99e-0 0.00 90.00 76.49Ar Cu 27000 2.4527 0.5926 0.9391 3.90e-0 0.00 90.00 77.43Ar Cu 30000 2.5535 0.6295 0.9259 3.84e-0 0.00 90.00 77.44Ar Cu 37000 2.6151 0.6326 0.9153 3.68e-0 0.00 90.00 78.01Ar Cu 100000 2.3985 0.4287 0.9369 2.93e-0 0.00 90.00 81.47Ar Cu 300000 2.1945 0.2936 0.9252 2.05e-0 0.00 90.00 84.76Ar Cu 1000000 1.7152 0.1116 0.9744 1.17e-0 0.00 90.00 87.20Cu Cu 20 32.1005 17.5504 0.5452 1.90e-4 3.52 112.76 70.78Cu Cu 50 18.4043 10.9887 0.5362 2.45e-2 3.52 104.86 58.42Cu Cu 100 12.6246 8.0725 0.5792 1.87e-1 3.52 100.63 51.08Cu Cu 300 6.5005 4.0702 0.7677 9.47e-1 3.52 96.18 52.93Cu Cu 1000 4.0103 2.1565 0.8836 2.40e-0 3.52 93.40 59.67Cu Cu 3000 3.4447 1.5309 0.9067 3.80e-0 3.52 91.96 65.70Cu Cu 10000 3.1653 1.1604 0.8892 5.14e-0 3.52 91.07 70.87Cu Cu 100000 2.7838 0.6638 0.9178 4.66e-0 3.52 90.34 78.47Kr Cu 1050 3.5413 1.7566 0.8719 2.50e-0 0.00 90.00 60.71Kr Cu 45000 2.0693 0.4034 0.9762 6.65e-0 0.00 90.00 79.37Xe Cu 550 4.4365 2.2223 0.8477 1.37e-0 0.00 90.00 60.43Xe Cu 1050 3.9040 1.8736 0.8561 2.31e-0 0.00 90.00 62.02Xe Cu 1500 3.8896 1.8648 0.8579 2.32e-0 0.00 90.00 62.05Xe Cu 2050 3.5977 1.6054 0.8667 3.48e-0 0.00 90.00 64.51Xe Cu 5000 2.8734 1.0386 0.9247 5.17e-0 0.00 90.00 69.84Xe Cu 9500 2.8168 0.9214 0.9274 6.33e-0 0.00 90.00 72.10Xe Cu 30000 2.6217 0.7036 0.9293 8.10e-0 0.00 90.00 75.93Xe Cu 50000 2.1291 0.4332 0.9697 8.70e-0 0.00 90.00 79.03



136 W. EksteinTable 19. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mGa Ga 100 11.5816 7.0037 0.6206 2.37e-1 2.97 99.78 55.67Ga Ga 150 9.1207 5.4708 0.6617 4.43e-1 2.97 98.01 55.69Ga Ga 200 7.9098 4.6934 0.6991 6.33e-1 2.97 96.95 56.11Ga Ga 300 6.5454 3.7692 0.7209 9.46e-1 2.97 95.68 57.32Ga Ga 900 4.6037 2.3725 0.7691 2.08e-0 2.97 93.29 61.67Ga Ga 1000 4.4426 2.2574 0.7917 2.22e-0 2.97 93.12 62.13Ar Zr 1050 3.1470 1.2965 0.9014 1.00e-0 0.00 90.00 66.66Ar Zr 150000 1.9591 0.2715 0.9305 1.28e-0 0.00 90.00 84.26Ar Zr 900000 1.5211 0.0854 0.9871 6.60e-1 0.00 90.00 87.25D Nb 12200 2.3944 0.2938 0.9234 8.91e-3 1.00 90.52 86.03He Nb 36500 2.1121 0.2220 0.9265 3.25e-2 0.00 90.00 86.55Nb Nb 60000 3.1234 0.9023 0.8518 3.86e-0 7.59 90.64 76.94H Mo 230 2.5308 1.5589 0.9749 6.45e-5 1.00 93.77 54.02H Mo 250 2.4814 1.4465 0.9794 1.36e-4 1.00 93.62 56.47H Mo 300 1.9363 1.0499 1.0147 4.51e-4 1.00 93.30 59.26H Mo 400 1.7189 0.7725 1.0282 1.32e-3 1.00 92.86 65.13H Mo 700 1.4682 0.3142 1.0664 3.72e-3 1.00 92.16 78.02H Mo 1400 1.8628 0.2690 1.0462 5.79e-3 1.00 91.53 81.76H Mo 2000 1.8885 0.2330 1.0410 5.99e-3 1.00 91.28 82.88H Mo 3000 2.0833 0.2444 1.0274 6.04e-3 1.00 91.05 83.28H Mo 4000 2.2339 0.2605 1.0147 5.55e-3 1.00 90.91 83.69H Mo 7000 2.4427 0.2922 0.9822 4.82e-3 1.00 90.68 84.32H Mo 8000 2.4361 0.2873 0.9759 4.70e-3 1.00 90.64 84.78H Mo 50000 2.2285 0.1283 0.9825 1.36e-3 1.00 90.26 87.59



Table 20. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mD Mo 110 3.6499 2.6095 0.9457 4.86e-5 1.00 95.45 46.36D Mo 120 3.2952 2.3286 0.9466 1.57e-4 1.00 95.22 47.01D Mo 200 1.9634 1.1456 1.0224 2.83e-4 1.00 94.04 56.81D Mo 300 1.4416 0.5467 1.0712 6.97e-3 1.00 93.30 69.42D Mo 450 1.4557 0.3418 1.0933 1.14e-2 1.00 92.70 76.80D Mo 2000 2.0337 0.3153 1.0220 1.84e-2 1.00 91.28 81.62D Mo 8000 2.0631 0.2276 0.9909 1.36e-2 1.00 90.64 84.55D Mo 50000 2.1611 0.1359 0.9794 3.50e-3 1.00 90.26 87.40D Mo 100000 1.8823 0.0773 0.9826 2.50e-3 1.00 90.18 88.49T Mo 75 5.7190 4.3244 0.8477 4.99e-5 1.00 96.59 41.28T Mo 80 4.4191 3.3686 0.8953 1.40e-4 1.00 96.38 41.46T Mo 90 3.7017 2.7864 0.9114 4.73e-4 1.00 96.02 42.54T Mo 100 3.0735 2.2637 0.9516 1.00e-3 1.00 95.71 44.59T Mo 170 1.9057 1.0592 1.0260 6.88e-3 1.00 94.39 59.00T Mo 300 1.5224 0.4495 1.0976 1.66e-2 1.00 93.30 73.90T Mo 1000 1.9541 0.3696 1.0454 3.03e-2 1.00 91.81 79.57T Mo 3000 1.8690 0.2429 1.0270 3.03e-2 1.00 91.05 82.70T Mo 10000 1.9745 0.2106 0.9852 2.09e-2 1.00 90.57 84.893He Mo 90 2.2907 2.0843 0.9297 4.75e-4 0.00 90.00 22.983He Mo 100 2.2428 1.9581 0.9243 1.12e-3 0.00 90.00 27.623He Mo 140 1.6236 1.2028 0.9934 5.50e-3 0.00 90.00 42.113He Mo 300 1.4534 0.5258 1.0395 2.59e-2 0.00 90.00 68.313He Mo 1000 1.8915 0.4184 1.0215 5.66e-2 0.00 90.00 76.743He Mo 3000 1.9766 0.3390 1.0012 6.41e-2 0.00 90.00 80.093He Mo 10000 1.8416 0.2120 0.9975 5.29e-2 0.00 90.00 83.474He Mo 70 2.1772 2.1982 0.9302 4.82e-4 0.00 90.00 0.004He Mo 80 2.3636 2.1575 0.9161 1.44e-3 0.00 90.00 22.264He Mo 100 1.6240 1.4009 0.9877 4.56e-3 0.00 90.00 30.154He Mo 140 1.4173 0.9332 1.0098 1.28e-2 0.00 90.00 48.904He Mo 1500 1.9254 0.3901 1.0151 8.56e-2 0.00 90.00 77.954He Mo 4000 2.0918 0.3877 0.9785 8.73e-2 0.00 90.00 79.894He Mo 8000 2.0587 0.3226 0.9598 7.73e-2 0.00 90.00 82.174He Mo 50000 1.8652 0.1239 0.9958 2.64e-2 0.00 90.00 86.344He Mo 100000 1.9021 0.1135 0.9788 1.67e-2 0.00 90.00 87.36Ar Mo 160 4.8275 2.6130 0.8934 2.12e-1 0.00 90.00 57.22Ar Mo 1601 3.1027 1.3279 0.9136 1.37e-0 0.00 90.00 65.40Ar Mo 16010 2.9182 0.9421 0.8367 2.23e-0 0.00 90.00 74.24Ar Mo 27500 1.7967 0.3351 0.9851 2.52e-0 0.00 90.00 79.64Mo Mo 300 10.1673 5.9485 0.6592 3.15e-1 6.83 98.58 57.67Mo Mo 350 9.4843 5.5342 0.6670 3.90e-1 6.83 97.95 57.34Mo Mo 1000 5.9822 3.2443 0.7442 1.12e-0 6.83 94.72 60.11Mo Mo 2000 4.7935 2.4008 0.7783 1.76e-0 6.83 93.34 62.97Xe Mo 9500 3.3127 1.2332 0.8500 3.77e-0 0.00 90.00 70.26Xe Mo 30000 2.9323 0.8811 0.8899 4.96e-0 0.00 90.00 74.66



Table 21. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mAr Pd 1050 2.3568 1.1640 0.9286 2.32e-0 0.00 90.00 60.65D Ag 100 1.6699 1.1575 0.9596 6.25e-3 0.00 90.00 45.70Ne Ag 45000 2.1511 0.4426 0.9044 2.10e-0 0.00 90.00 80.73Na Ag 30000 2.2411 0.4338 0.7345 2.34e-0 0.00 90.00 88.48Ar Ag 1050 2.1556 1.0385 0.9298 2.82e-0 0.00 90.00 61.50Ar Ag 150000 2.2567 0.4090 0.9091 3.50e-0 0.00 90.00 82.21Ar Ag 900000 1.6226 0.1125 0.9708 1.56e-0 0.00 90.00 87.08K Ag 30000 2.5838 0.7509 0.8372 4.76e-0 0.00 90.00 76.65Kr Ag 45000 2.6001 0.7415 0.8747 8.56e-0 0.00 90.00 76.09H In 2000 2.1191 0.3247 0.9816 1.65e-2 1.00 91.28 82.88In In 100 9.7358 5.6869 0.6304 2.97e-1 2.52 99.02 57.82In In 200 6.8624 3.9483 0.6930 7.49e-1 2.52 96.40 57.66In In 1000 3.8772 1.9659 0.7756 2.76e-0 2.52 92.87 62.12H Ta 25000 2.2410 0.1662 0.9913 1.95e-3 1.00 90.36 86.394He Ta 100000 1.8527 0.1291 0.9751 2.05e-2 0.00 90.00 86.90Ne Ta 45000 2.0106 0.4231 0.9077 1.04e-0 0.00 90.00 80.32Ar Ta 1050 2.4778 1.1269 0.9297 9.69e-1 0.00 90.00 63.40Kr Ta 45000 2.3799 0.7121 0.8775 5.01e-0 0.00 90.00 75.03H W 500 2.5871 1.3240 0.9573 1.18e-5 1.00 92.56 60.99H W 550 2.0951 1.0881 0.9637 4.25e-5 1.00 92.44 60.36H W 600 2.1147 1.0569 0.9534 8.88e-5 1.00 92.34 61.71H W 700 1.5690 0.7245 0.9963 2.42e-4 1.00 92.16 64.02H W 800 1.9786 0.8800 0.9555 4.18e-4 1.00 92.02 65.34H W 900 1.3549 0.5469 0.9980 6.72e-4 1.00 91.91 67.62H W 1000 1.3708 0.4824 1.0067 8.64e-4 1.00 91.81 70.70H W 2000 1.3195 0.1490 1.0566 2.42e-3 1.00 91.28 83.01H W 4000 1.7762 0.1779 1.0283 3.46e-3 1.00 90.91 84.21D W 250 4.2860 2.9471 0.7250 2.34e-5 1.00 93.62 44.77D W 270 2.6708 1.6256 0.9398 7.63e-5 1.00 93.48 54.23D W 300 2.0195 1.1760 0.9927 2.08e-4 1.00 93.30 56.36D W 350 1.9721 1.1169 0.9762 5.98e-4 1.00 93.06 57.35D W 400 1.6044 0.8545 1.0054 1.11e-3 1.00 92.86 59.65D W 500 1.3909 0.6348 1.0216 2.20e-3 1.00 92.56 64.51D W 600 0.9409 0.3319 1.0655 3.39e-3 1.00 92.34 70.32D W 700 1.1523 0.3351 1.0523 4.22e-3 1.00 92.16 73.95D W 1000 1.1544 0.1901 1.0824 6.55e-3 1.00 91.81 80.04T W 170 4.0524 2.7547 0.8673 3.77e-5 1.00 94.39 48.03T W 180 2.0906 1.4464 0.9946 9.81e-5 1.00 94.26 48.35T W 200 2.1916 1.4650 0.9693 3.03e-4 1.00 94.04 49.93T W 250 1.6394 1.0231 1.0104 1.23e-3 1.00 93.62 53.51T W 300 1.5437 0.8764 1.0206 2.41e-3 1.00 93.30 57.48T W 400 1.2873 0.5691 1.0391 4.89e-3 1.00 92.86 65.52T W 500 1.1505 0.3777 1.0626 7.22e-3 1.00 92.56 71.95T W 700 1.0887 0.2120 1.0927 1.11e-2 1.00 92.16 78.51T W 1000 1.1499 0.1573 1.1050 1.49e-2 1.00 91.81 80.97



Table 22. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0m4He W 130 3.9913 3.1578 0.8285 3.21e-5 0.00 90.00 34.584He W 140 3.2148 2.5337 0.8598 1.32e-4 0.00 90.00 35.534He W 150 2.0005 1.6150 0.9398 3.10e-4 0.00 90.00 35.124He W 170 2.0656 1.6420 0.9004 9.50e-4 0.00 90.00 35.634He W 200 1.2584 0.9604 0.9999 2.33e-3 0.00 90.00 40.254He W 250 1.1950 0.8161 1.0037 5.42e-3 0.00 90.00 49.964He W 300 1.1907 0.6873 1.0087 8.61e-3 0.00 90.00 54.774He W 350 0.9696 0.4845 1.0304 1.21e-2 0.00 90.00 59.944He W 400 1.2471 0.5171 1.0235 1.47e-2 0.00 90.00 65.304He W 500 1.1760 0.3783 1.0397 2.03e-2 0.00 90.00 70.654He W 600 1.3199 0.3561 1.0396 2.42e-2 0.00 90.00 73.614He W 700 1.2670 0.3010 1.0461 2.88e-2 0.00 90.00 75.304He W 1000 1.4993 0.3257 1.0302 3.78e-2 0.00 90.00 76.774He W 1400 1.6342 0.3388 1.0143 4.57e-2 0.00 90.00 77.704He W 2000 1.7995 0.3688 0.9903 5.15e-2 0.00 90.00 78.414He W 5000 2.0005 0.3776 0.9353 5.91e-2 0.00 90.00 80.914He W 10000 2.0468 0.3395 0.8989 5.63e-2 0.00 90.00 83.584He W 20000 1.5332 0.1238 1.0084 4.78e-2 0.00 90.00 85.084He W 50000 1.6774 0.1195 0.9966 3.23e-2 0.00 90.00 86.03N W 48 2.9557 5.8879 0.9465 1.82e-5 1.00 98.21 0.00N W 50 1.7735 4.3144 0.9468 5.70e-5 1.00 98.05 0.00N W 52 1.2707 3.6458 0.8840 1.35e-4 1.00 97.90 0.00N W 55 1.1002 3.3751 0.9604 3.60e-4 1.00 97.68 0.00N W 60 0.4622 2.5095 1.0118 9.73e-4 1.00 97.36 0.00N W 70 3.5011 4.1573 0.8630 3.26e-3 1.00 96.82 0.00N W 80 2.7960 3.4029 0.8841 7.00e-3 1.00 96.38 0.00N W 90 2.1152 2.6541 0.9226 1.17e-2 1.00 96.02 0.00N W 100 1.7312 2.1735 0.9489 1.72e-2 1.00 95.71 0.00N W 120 1.6230 1.6737 1.0004 2.77e-2 1.00 95.22 0.00N W 140 1.7195 1.5092 1.0176 3.99e-2 1.00 94.83 30.54N W 200 2.0738 1.3460 1.0316 7.57e-2 1.00 94.04 51.98N W 300 2.2531 1.2151 1.0310 1.32e-1 1.00 93.30 59.47N W 500 2.4324 1.1313 1.0171 2.13e-1 1.00 92.56 62.20N W 1000 2.4383 0.9940 0.9936 3.39e-1 1.00 91.81 66.00Ne W 45 1.4835 3.8004 0.8094 1.64e-5 0.00 90.00 0.00Ne W 50 0.2818 2.3919 0.9244 7.38e-5 0.00 90.00 0.00Ne W 60 0.1490 1.7027 0.9423 3.61e-4 0.00 90.00 0.00Ne W 70 1.0487 1.9268 0.8972 8.44e-3 0.00 90.00 0.00Ne W 80 0.4630 1.3150 0.9399 1.58e-2 0.00 90.00 0.00Ne W 100 0.7008 1.0256 0.9957 3.15e-2 0.00 90.00 0.00Ne W 140 1.3407 1.0746 0.9942 6.97e-2 0.00 90.00 36.63Ne W 200 1.9700 1.1784 0.9844 1.23e-1 0.00 90.00 53.20Ne W 300 2.1649 1.1382 0.9810 2.02e-1 0.00 90.00 58.30Ne W 400 2.3287 1.1413 0.9754 2.67e-1 0.00 90.00 60.74Ne W 500 2.4225 1.1426 0.9688 3.24e-1 0.00 90.00 62.01Ne W 700 2.2943 1.0333 0.9668 4.25e-1 0.00 90.00 63.45Ne W 1000 2.2664 0.9602 0.9638 5.33e-1 0.00 90.00 65.24



Table 23. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mAr W 30 18.8008 14.3233 0.5298 1.03e-5 0.00 90.00 29.59Ar W 35 6.8215 6.2803 0.5504 1.17e-4 0.00 90.00 10.89Ar W 40 0.0399 1.2328 0.8651 4.63e-4 0.00 90.00 0.00Ar W 45 0.0200 0.9444 0.9324 1.26e-3 0.00 90.00 0.00Ar W 50 0.0092 0.7256 1.0034 2.85e-3 0.00 90.00 0.00Ar W 55 0.0177 0.5887 1.0523 5.23e-3 0.00 90.00 0.00Ar W 60 0.4625 0.7963 1.0148 8.40e-3 0.00 90.00 0.00Ar W 70 1.1976 1.1420 0.9778 1.75e-2 0.00 90.00 17.06Ar W 80 1.5694 1.2543 0.9772 2.86e-2 0.00 90.00 36.57Ar W 100 1.9354 1.3595 0.9674 5.60e-2 0.00 90.00 45.02Ar W 140 2.4932 1.5322 0.9542 1.16e-1 0.00 90.00 51.84Ar W 200 2.8464 1.6178 0.9437 2.01e-1 0.00 90.00 55.25Ar W 300 2.7481 1.4845 0.9442 3.36e-1 0.00 90.00 57.30Ar W 500 2.6042 1.3461 0.9401 5.62e-1 0.00 90.00 58.98Ar W 700 2.6193 1.3056 0.9333 7.25e-1 0.00 90.00 60.31Ar W 1000 2.4763 1.1745 0.9366 9.26e-1 0.00 90.00 62.00Ar W 1005 2.4753 1.1700 0.9371 9.39e-1 0.00 90.00 62.11Ar W 1050 2.4911 1.1739 0.9341 9.61e-1 0.00 90.00 62.22Ar W 30000 1.5166 0.2967 0.9875 2.59e-0 0.00 90.00 79.04Xe W 9500 2.1148 0.7406 0.9329 4.25e-0 0.00 90.00 70.47Xe W 30000 2.2644 0.7036 0.9115 5.94e-0 0.00 90.00 73.50W W 35 32.1495 16.2298 0.4627 2.13e-5 8.68 116.47 80.98W W 40 31.5560 16.1944 0.4990 5.60e-5 8.68 114.98 77.95W W 50 31.1720 16.3715 0.5115 1.92e-4 8.68 112.62 74.22W W 50 29.1892 14.9454 0.4922 1.77e-4 8.68 112.62 76.62W W a 50 31.1660 16.1845 0.5159 1.92e-4 8.68 112.62 75.18W W 60 28.4556 15.0978 0.5159 5.89e-4 8.68 110.82 72.13W W 70 25.7454 13.7699 0.5175 1.51e-3 8.68 109.40 70.52W W 80 23.3907 12.5813 0.5156 3.15e-3 8.68 108.23 69.29W W 100 19.8712 10.8397 0.5208 9.54e-3 8.68 106.42 66.95W W 100 20.1422 10.9606 0.5241 9.26e-3 8.68 106.42 67.16W W 120 17.5207 9.6863 0.5251 2.04e-2 8.68 105.05 64.98W W 140 15.8372 8.8582 0.5403 3.58e-2 8.68 103.98 63.43W W 200 12.9717 7.4152 0.5705 9.68e-2 8.68 101.77 60.57W W 300 10.2481 5.9264 0.6168 2.28e-1 8.68 99.65 58.79W W 350 9.5022 5.4740 0.6363 2.92e-1 8.68 98.95 58.78W W 400 8.9966 5.1930 0.6532 3.59e-1 8.68 98.38 58.41W W 500 8.1383 4.6991 0.6674 4.97e-1 8.68 97.51 60.21W W 800 6.1837 3.4586 0.7349 8.47e-1 8.68 95.95 59.20W W 1000 5.6049 3.0949 0.7587 1.07e-0 8.68 95.32 59.35W W 1000 5.8226 3.2309 0.7429 1.04e-0 8.68 95.32 59.26W W 2000 4.4556 2.3233 0.7594 1.81e-0 8.68 93.77 61.45W W 2500 4.0991 2.0502 0.8270 2.10e-0 8.68 93.37 62.84W W 5000 3.6732 1.7278 0.8289 3.11e-0 8.68 92.39 64.62



Sputtering Yields 141Table 24. Fitting values f; b;  for the angular dependene of the sputtering yieldin (6). Furthermore, the values for the yield at normal inidene, Y (E0; 0), thebinding energy, Esp, for the projetiles, the value ��0 (deg.), (7), and the angularposition, �0m (deg.), of the maximum yield, (8), are givenion target E0 (eV) f b  Y(E0,0) Esp (eV) ��0 �0mH Au 1000 1.1436 0.1758 1.0340 7.55e-3 0.00 90.00 80.23H Au 4000 1.7553 0.1874 1.0068 1.10e-2 0.00 90.00 83.65D Au 130 2.8168 2.1780 0.8276 2.44e-4 1.00 95.01 38.42D Au 140 2.1529 1.6150 0.9556 4.92e-4 1.00 94.83 42.96D Au 150 2.0274 1.5209 0.9366 7.96e-4 1.00 94.67 42.59D Au 160 1.9649 1.3976 0.9776 1.14e-3 1.00 94.52 46.64D Au 200 1.7254 1.1440 0.9847 3.05e-3 1.00 94.04 50.51D Au 250 1.9522 1.1324 0.9057 5.45e-3 1.00 93.62 56.45D Au 300 1.2658 0.5848 1.0421 7.84e-3 1.00 93.30 64.55D Au 500 0.9402 0.1928 1.1191 1.60e-2 1.00 92.56 77.78D Au 1000 1.3545 0.2159 1.0734 2.51e-2 1.00 91.81 80.27D Au 3000 1.6865 0.2338 0.9943 3.12e-2 0.00 90.00 82.20Na Au 30000 2.2786 0.6106 0.8236 2.20e-0 1.00 90.33 79.04Ne Au 6000 1.9240 0.6608 0.9121 2.18e-0 0.00 90.00 71.27Ne Au 14000 1.6611 0.4130 0.9587 2.31e-0 0.00 90.00 76.51Ar Au 1050 1.8345 0.9363 0.9395 2.24e-0 0.00 90.00 59.44Ar Au 3000 1.7776 0.7560 0.9330 3.52e-0 0.00 90.00 65.41Ar Au 6000 1.4391 0.4722 0.9762 4.28e-0 0.00 90.00 71.21Ar Au 10000 1.5072 0.4461 0.9697 4.74e-0 0.00 90.00 73.33Ar Au 30000 1.8818 0.5059 0.9221 5.11e-0 0.00 90.00 76.07K Au 30000 2.2529 0.3512 0.8527 4.72e-0 1.00 90.33 86.35Xe Au 10000 2.3259 0.9589 0.8569 8.88e-0 0.00 90.00 67.16Kr Hg 762 3.0516 1.4476 0.8695 1.06e-0 0.00 90.00 62.37H U 2000 1.2788 0.1275 1.0504 4.13e-3 1.00 91.28 82.73Kr U 17900 1.6156 0.4821 0.9436 5.76e-0 0.00 90.00 73.68



Table 25. Elemental targets for whih measurements and stati alulations (lowuene), not inluded in �ts and �gures, have been performedtarget ion energy (keV) angle (deg.) meas. al.Li D,Li 0.075,0.125,0.2 0 - 89 [328℄Li D,T,Li 0.01 - 10 0 - 85 [329℄Li D,4He,Li 0.1 - 1 45 [46℄ [46℄Li D,4He,Li 0.7 45 [330℄ [330℄Li T 0.01 - 1 0 - 85 [331℄Li Li 0.05 - 50 0 [332℄Be D 0.01 - 0.7 45 [333℄ [333℄Be T 0.015 - 1 0 - 85 [331℄Be Be 0.05 - 50 0 [332℄Be Be 1, 3 0 - 85 [334℄B B 1 0 - 85 [334℄C H 0.3 0, 60 [335℄C H,D,T 0.05 - 10 0 [336℄C H,D,T,3He,4He 0.02 - 10 0 - 85 [331℄C H, Xe 0.4,1,10,40 0,60,80 [28℄C 4He 0.1 - 9 0 [337℄C C 0.03 - 10 0 - 85 [332,338℄C C 0.1, 0.3 0 - 75 [335℄C Ar 0.4, 10, 40 0, 60 [339℄C Ar 1 0 - 85 [340℄C Arn 0.1/atom 0 [341℄C C + Pt 0.3 - 1 0 [342℄Al O 10 0 [158℄Al O 5 0 [343℄Al Ne,Al,Ar,Kr,Xe 10-50 0 [344℄Al Al 0.025 - 0.09 0 - 90 [345℄Al Ar 40 0 - 85 [346℄Al Ar 3 0 [347℄Si O 10 0 [158℄Si O 5 0 [343℄Si O,Ar 4.5,9 0 - 60 [242℄Si Ne 0.2 - 0.62 0 [348℄Si Ne,Ar,Xe 0.5,1,5 60 [349℄ [349℄Si Si 0.05 - 100 0 [332℄Si Si 0.5 - 5 0 [350℄Si Si 0.03 - 10 0 - 89 [351℄Si Si,Ar,Kr 0.04, 0.6 0 [348℄Si Ar 3,5,10 0,45,60 [124℄Si Ar 0.4,1 0 [339℄Si Ar 0.2 - 100 0 [352℄Si Ar 3 51 [353,354℄Si Ar 0.15 - 3 0 [355℄Si Ar 1.05 0 - 85 [356,357℄Si Ar 5,10 0 [358,359℄Si Ar 0.05 - 2 [360℄Si Ar,Kr 1 0 [361℄Si Xe 2 - 12 0 [362℄



Sputtering Yields 143Table 26. Elemental targets for whih measurements and stati alulations (lowuene), not inluded in �ts and �gures, have been performedtarget ion energy (keV) angle (deg.) meas. al.Ti O 10 0 [158℄Ti 4He 0.15 - 10 0 [337℄V O 10 0 [158℄V 4He 0.2 - 10 0 [363℄Cr O 10 0 [158℄Mn O 10 0 [158℄Fe H,D,T,4He 0.6 - 10 0 [270,364℄Fe D 0.06 - 200 0 [365℄Fe D 50,100,200 60,75,85 [365℄Fe O 10 0 [158℄Fe Ar 0.3 - 5 0 [366℄Co O 10 0 [158℄Co Ar 0.2 - 10 [367℄Co Ar 1 0 - 85 [368℄Ni H 50 0 - 85 [135℄Ni H 0.45,1,4 0 - 80 [257℄Ni H 0.1,0.2,0.45,1 0 - 85 [369,370℄Ni H 1 0 - 80 [318℄Ni H 4 80 [371℄Ni H,D,T,4He 0.1 - 10 0 - 85 [372℄Ni H,D,T,4He 0.05 - 8 0 [336℄Ni H,D,4He,Ne,Ar 0.15 - 100 0-87.5 [28,373℄Ni D 0.08 - 50 0 [28,373℄Ni D 1 0 - 85 [365℄Ni 4He 100 0 - 80 [135℄Ni 4He 0.03,0.1,1 0 [370℄Ni 4He 4 0 - 85 [374℄Ni 4He,Ne 1 0 - 80 [318℄Ni 4He,Ne 0.1 - 100 0 [318℄Ni Li,B,N,Ne,Al 0.15 0 [375,376℄Ni O 10 0 [158℄Ni Ca,Ni,Ga,Kr,Xe 0.15 0 [375,376℄Ni Ne 1 0-87.5 [28℄Ni Ne 0.1 - 100 0 - 85 [377℄Ni Ar 40 0 - 85 [346℄Ni Ar 0.1 - 0.5 0 [134℄Ni Ar 0.2 0 [378,379℄Ni Ar 0.5, 1 0 - 85 [340℄Ni Ni 0.03 - 100 0 - 80 [332,380℄Ni Ni 0.03,0.1,1 0 [370℄Ni Xe 0.07 - 100 0-87.5 [28,318℄



144 W. EksteinTable 27. Elemental targets for whih measurements and stati alulations (lowuene), not inluded in �ts and �gures, have been performedtarget ion energy (keV) angle (deg.) meas. al.Cu H 50 0 - 78 [135℄Cu D 30 - 300 0 [381℄Cu 4He 0.08 - 50 0 [337℄Cu 4He,Ne,Xe 3 0 [382,383℄Cu 4He,Ne,Kr,Xe 1 0 [352,358℄Cu 4He,N,Ne,Ar,Kr,Xe 0.5 - 2 0 - 70 [384℄Cu O 10 0 [158℄Cu Ne 10 0 [385℄Cu Ne, Xe 3 0 [382℄Cu Ar 1 - 30 0 [383℄Cu Ar 1.05 0 - 85 [356℄Cu Ar 0.01 - 1 0 - 85 [370℄Cu Ar 0.1 - 1.4 0 [352℄Cu Ar 40 0 - 85 [346℄Cu Ar 3,30,300 0 [382℄Cu Ar 5 0 [386℄Cu Ar 5 0 [387℄Cu Ar 1 0 - 85 [368℄Cu Ar 0.3 0 - 60 [388℄Cu Ar, Cu 0.5 - 10 0 [389℄Cu Ar, Xe 0.4,10,40 0,60 [339℄Cu Cu 1 0 [358℄Zn O,Ar 1 70 [210℄Ga D,T,Ga 0.02 - 10 0 - 80 [329℄Ga D,Ga 0.075,0.125,0.2 0 - 89 [328℄Ga O 5 0 [343℄Ge O a 10 0 [158℄Ge O 5 0 [343℄Ge Ar 0.4,1 0 [339℄Ge Ar 1.05 0 - 85 [356,357℄Ge Ge,Kr 0.1 - 0.62 0 [348℄Nb H 16400 0 [186,390℄Nb O 10 0 [158℄Nb Ar 20 0,45,77,85 [391℄Mo H,4He 0.1 { 10 0 [270℄Mo H,D,4He 50,100 0 - 75 [135℄Mo H, D, T 2 0 - 85 [365,372℄Mo D 0.06 - 200 0,60,75,85 [365℄Mo D,T,4He 0.15 - 9 0 [336℄Mo D,T,Mo 0.03 - 100 0 - 85 [392℄Mo O 10 0 [158℄Mo Mo 0.05 - 100 0 [332℄Ag 4He,O,Ar,Xe 1 70 [210℄Ag O 10 0 [158℄Ag Ar 0.015,0.1,1 0 [370℄Ag Ar 1.05 0 - 85 [356℄Ag Xe 0.4,10 0 [339℄



Sputtering Yields 145Table 28. Elemental targets for whih measurements and stati alulations (lowuene), not inluded in �ts and �gures, have been performedtarget ion energy (keV) angle (deg.) meas. al.Cd O 5 0 [343℄Cd Ar, Xe 0.4,10,40 0 [339℄In D,T,In 0.02 - 10 0 - 80 [329℄In Ar 1 70 [210℄Sn H,D,4He 0.3 - 1 45 [393℄ [393℄Sn O 10 0 [158℄Sn O 5 0 [343℄Ta H 25 0 - 70 [135℄Ta Ar 1.05 0 - 85 [356,357℄Ta Li,B,N,Ne,Al 0.15 0 [375,376℄Ta Ca,Ni,Ga,Kr,Xe 0.15 0 [375,376℄W D 0.06 - 200 0,60,75,85 [365℄W D,T,W 0.03 - 50 0 - 85 [392℄W O 10 0 [158℄W W 0.03 -100 0 - 80 [332℄W W 10 70 [358℄W W 0.15 - 1 0, 20 [394℄Pt Ne 0.03,0.1,1 0 [370℄Pt Ar 0.2 - 50 0 [395℄Au H, D, T 1 0 - 83 [372℄Au D 0.15 - 20 0 [337℄Au D,T,4He 0.1 - 8 0 [336℄Au 4He 0.15 - 9 0 [337℄Au O 10 0 [158℄Au Ar 1 70 [210℄Au Ar 0.4,10 0,60 [339℄Au Ar 0.02,0.1,1 0 [370℄Au Xe 0.4,10 0,60 [339℄Au Au 100 0 [396℄Au Au 10 - 10000 0 [397℄U U 0.05 - 9 0 - 85 [300℄U U 0.1 - 10 0 [398℄U U 0.05 - 100 0 [332℄



146 W. EksteinTable 29. Elemental targets bombarded with metal ions for whih experimentsand/or stati alulations (low uene) have been performedtarget ion energy (keV) angle (deg.) exp. al.Be C 3 0-70 [334℄Be Hg 1 0 [399℄C Cd 0.1 - 0.5 0 [400℄C W 100 0 [290℄ [290℄C Hg 0.05-0.5 0 [401℄C Hg 5 - 100 0-60 [402℄C Hg 10 - 25 0 [403℄C Hg 0.4 - 10 0 [370,25℄Al Au 50 0 [237℄Al Hg 0.5 - 3 0 [399℄Al Hg 0.125-0.35 0 [401,404℄Al Hg 0.4 0 [63℄Al Hg 20 0 [403℄Al Hg 0.07,0.2,1 0 [370℄Si B 20,40,60 0 [405℄Si Al 25,50,100,150 0 [405℄Si P 25,50,100,150 0 [405℄Si Ge 0.04 - 0.2 0 [348℄Si As 25,50,100,150 0 [405℄Si Cs 2 - 12 0-60 [362℄Si Au 50 0 [237℄Si Hg 1 0 [399℄Si Hg 0.125-0.35 0 [401℄Si Hg 0.4 0 [63℄Si Pb 25 - 500 0 [114℄Si Pb 0.03 - 20 0 [25,370℄Ti Cd 0.1 - 0.5 0 [400,406℄Ti Hg 0.1 - 0.5 0 [401,404℄Ti Hg 4 - 14 0 [211℄Ti Hg 0.4 0 [63℄Ti Hg 0.04-0.28 0 [407℄Ti Hg 15,20,25 0 [403℄V Hg 0.125-0.35 0 [401℄V Hg 4 - 15 0 [211℄V Hg 0.4 0 [63℄Cr Hg 1 0 [399℄Cr Hg 0.1 - 0.3 0 [401,404℄Cr Hg 0.025-0.35 0 [142℄Cr Hg 0.05-0.23 0 [407℄Mn Hg 1 0 [399℄Fe Ti 110 0 [408℄Fe Ni 90 0 [139℄Fe Hg 0.5 - 4 0 [399℄Fe Hg 0.4,0.8 0-75 [409℄Fe Hg 1-100 0-60 [402℄Fe Hg 0.1 - 0.4 0 [401,404℄Fe Hg 4 - 15 0 [211℄Fe Hg 0.04-0.3 0 [407℄Fe Hg 20 0 [403℄



Sputtering Yields 147Table 30. Elemental targets bombarded with metal ions for whih experimentsand/or stati alulations (low uene) have been performedtarget ion energy (keV) angle (deg.) exp. al.Ni Cu 90 0 [139℄Ni Hg 0.5 - 4 0 [399℄Ni Hg 0.07-0.4 0 [401℄Ni Hg 0.2,0.8 0-62 [409℄Ni Hg 4 - 15 0 [211℄Ni Hg 0.02-0.25 0 [407℄Ni Hg 10 - 25 0 [403℄Ni Hg 0.03 - 0.1 0-85 [369,370℄Co Hg 1 0 [399℄Co Hg 0.125-0.35 0 [401℄Co Hg 4 - 15 0 [211℄Co Hg 0.04-0.25 0 [407℄Cu Be 0.5, 1 0 [384℄Cu Na,Si,P,S,Cl,K 5-20 0 [262℄Cu V,Bi 45 0 [410℄Cu Ni 90 0 [139℄Cu Zn,Cd,I,Hg,Tl 5-20 0-53 [262℄Cu Co,Ni,Cd 39 0 [173,411℄Cu Cd, Hg 0.1 - 0.5 0 [400℄Cu Ag 0.5, 1 0 [384℄Cu Hg 1 0 [399℄Cu Hg 0.06-0.3 0 [401℄Cu Hg 4 - 15 0 [211℄Cu Hg 0.03-0.25 0 [407℄Cu Hg 10 - 25 0-45 [403℄Cu U 30 0 [108℄Zn Ni,Co,Cu,Cd 39 0 [173,176,411℄Ge Hg 0.125-0.4 0 [401℄As Ag 45,90 0 [139℄Zr Cd 0.1 - 0.5 0 [400,406℄Zr Hg 1 0 [399℄Zr Hg 0.1-0.4 0 [401℄Zr Hg 0.04-0.28 0 [407℄Nb Br 100,70000 0 [193℄Nb Hg 0.2 - 0.4 0 [401℄Nb Hg 0.05-0.25 0 [407℄Mo Cd 0.1 - 0.5 0 [400℄Mo Hg 0.5 - 4 0 [399℄Mo Hg 0.15-0.8 0-65 [401,409℄Mo Hg 4 - 15 0 [211℄Mo Hg 0.04-0.26 0 [407℄Mo Hg 15,20,25 0 [403℄Rh Hg 0.075-0.3 0 [401℄Rh Hg 4 - 15 0 [211℄Pd Hg 1 0 [399℄Pd Hg 0.075-0.3 0 [401℄Pd Hg 4 - 15 0 [211℄



148 W. EksteinTable 31. Elemental targets bombarded with metal ions for whih experimentsand/or stati alulations (low uene) have been performedtarget ion energy (keV) angle (deg.) exp. al.Ag Hg 1 0 [399℄Ag Hg 0.05-0.25 0-60 [401℄Ag Hg 0.125 0-60 [409℄Ag Hg 4 - 15 0 [211℄Ag Hg 0.03-0.2 0 [407℄Ag Hg 10 - 25 0 [403℄Ag Bi 30 0 [397℄Cd Ni 39 0 [411℄In Hg 20 0 [403℄Sn Co,Cu,Cd 39 0 [411℄Ho Hg 20 0 [403℄Hf Hg 0.12-0.4 0 [401℄Ta Cd 0.1 - 0.5 0 [400℄Ta Hg 1 0 [399℄Ta Hg 0.11-0.35 0 [401℄Ta Hg 0.4 0-70 [409℄Ta Hg 4 - 15 0 [211℄Ta Hg 0.04-0.26 0 [407℄Ta Hg 10 - 25 0 [403℄W C 1, 6 0-70 [412℄W C 2.4 0 [413℄W CH3 3.0 0 [413℄W Cd 0.1 - 0.5 0 [400℄W Hg 0.5 - 2 0 [399℄W Hg 0.04-0.4 0 [401℄W Hg 0.2-0.8 0-65 [409℄W Hg 4 - 15 0 [211℄W Hg 0.05-0.29 0 [407℄Re Hg 0.125-0.35 0 [401℄Ir Hg 0.1 - 0.3 0 [401℄Pt Hg 1 0 [399℄Pt Hg 0.2 0-70 [409℄Pt Hg 4 - 15 0 [211℄Pt Hg 0.03-0.29 0 [407℄Au Al 50 0 [237℄Au S 80000 0 [414℄Au Ni 69000 0 [414℄Au I 99000,198000 0 [414℄Au Hg 0.05-0.25 0 [401℄Au Hg 4 - 15 0 [211℄Au Hg 0.02-0.19 0 [407℄Au Bi 30 0 [397℄Pb Ni 39 0 [411℄Th Hg 0.1-0.42 0 [401℄U Hg 0.075-0.35 0 [401℄



Sputtering Yields 149Table 32. Crystalline targets for whih experiments and/or stati alulations (lowuene) have been performedsingle rystal target ion energy (keV) angle (deg.) exp. al.Be(001),(010),(110) D,4He 0.1 0-80 [415℄Bn(0001) Ar,Xe 0.3 - 3 0 [416℄ [416℄Al(100) Al 0.1 - 1.3 0 [417℄Al(111) Al 0.025-0.15 0-90 [345℄Al(111) Ar 3 0 [347℄Si Ar 1 0-50 [418℄Si(100) Ar 0.5 45 [419℄Si(100),(110),(111) Ar 40 0 [122℄Si(111) Ar 0.04 - 8 0 [420℄Si(111) Ar 0.05-0.8 0 [421℄Si(111) Ar 1-5 0 [146℄Si(111) V,Co,Ni,Er 40 0 [422℄Fe(001) Ar 1 65 [311℄Ni(100) Ar 0.2 0 [423℄Ni(100) Ar 0.2 0 [424℄Ni(100) Ar 1 0 [425℄Ni(100) Ar 0.02-0.04 0 [426℄Ni(001) Ar 1 0-75 [311℄Ni(001) Ne 10 0-85 [312℄Ni(110) Ar 15 30 [379,427℄Ni(111) Al 0.025-0.15 0-90 [345℄Ni3Al(100) Al 0.5,1.3 0 [417℄Ni0:35Fe0:65(111) Ne 10 45 [428℄minerals(001) 4He,N,Ne,Ar,Xe 50 0-60 [429℄



150 W. EksteinTable 33. Crystalline targets for whih experiments and/or stati alulations (lowuene) have been performedsingle rystal target ion energy (keV) angle (deg.) exp. al.Cu(111) 4He,B,Ne,Ar,Xe 3 0 [347,430℄Cu(111) Ne,Ar 0.6, 5 0 [431℄Cu(100),(110),(111) Ar 1-20 0 [432℄Cu(100) Ar 5 0 [433℄Cu(100) Ar 20 29-61 [433℄Cu(100),(110),(111) Ar 0.6 0 [434℄Cu(100) Ar 0.6 0 [435℄Cu(100),(111) Ar 0.6-20 0 [436,437℄Cu(100) Ar 5 0 [438℄Cu(100) Ar 0.6 0-60 [439℄Cu(100),(111) Ar,Kr,Xe 0.6,5 0 [440℄Cu(111) Ar 1-10 0 [358℄Cu(100) Ar 40 1-8 [441℄Cu(100) Ar 27 0-75 [442℄Cu(100) Ar 1.05,5 0-85 [443℄Cu(100) Ar 0.1,0.5 0 [444℄Cu(100) Ar 27 0-87 [445,446℄Cu(100),(110),(111) Ar 0.2,5 0 [447℄Cu(100) Ar 0.5,5 0-85 [279℄Cu(001) Ar 0.05-0.6 0 [448℄Cu(100) Ar 0.05-1 0 [449℄Cu(100),(110).(111) Ar 0.5-5 0 [278℄Cu(122) Ar 0.5-5 0 [278℄Cu(001) Ar 0.06-0.6 0 [450℄Cu(111),(113),(122) Ar 0.5-5 0 [146℄Cu(123),(011),)001) Ar 0.5-5 0 [146℄Cu(012) Ar 0.5-5 0 [146℄Cu(111) Ar,Cu 0-0.25 0-85 [451℄Cu(001) Ar 20, 30 0-41 [452,453℄Cu(001) Ar 0.01-2.5 0 [454℄Cu(100) Ar,Kr,Xe 5 60-70 [455℄Cu(100) Ar 5 0-48 [456℄Zn(1000),(1010),(1120) Ar 3 0 [278℄Ge(100),(110),(111) Ar 1-5 0 [146℄Ge(100),(110),(111) Ar 40 0 [122℄Ge(100),(110),(111) Ge 50 0 [402℄Gd(0001) Ne 20 30 [379,457℄Pt(111) Ne,Ar,Xe 0.04-5 0 [458℄Pt(111) Xe 5 0-85 [459℄Pt(100) Pt 0.1-200 0 [460℄Pt(111) Pt 0.1-200 0 [461℄Au(100) Be,N,Ne,Cu 0.1 - 2 0 [462℄Au(111) Ar 3 0 [347℄Au(100) Mo,Xe,Er,Au 0.1 - 2 0 [462℄Au(111),(001) Au 0.5-500/nul. 0 [463℄Pb/CU(100) Ar 3 0 [464℄



Sputtering Yields 151Table 34. Compound targets for whih experiments and/or stati alulations (lowuene) have been performedompound ion energy (keV) angle (deg.) exp. al.LiF Ar 0.01-5 0 [129,465℄ [466℄Be4B H,D,4He 0.05-4 0 [27,467℄Be2C D 0.02-2 0 [47℄Be-C Be 0.3-5 0 [62℄Be-W Be 0.3-5 0 [62℄10B0:211B0:8 4He,Ar,Kr,Xe 0.07-2 60 [293℄B4C H 0.06-8 0 [69℄B4C H,D,4He 0.1-4 0 [27,72℄ [27℄B4C H,D,4He 0.06-8 0-75 [27,51,111℄B4C H,D,4He 0.025-8 0-85 [27,36℄B4C D,4He 0.03-10 0 [468℄B4C Ne 0.15-10 0 [27,66℄B4C C,O, Ne 0.015-3 0-80 [27,36℄B4C Cd 0.1-0.5 0 [400℄BN Ar 0.3-5 0,45 [469℄ [469℄BN Ar 0.3-10 0,45 [470,471℄BN B,N,Ne,Ar,Kr,Xe 0.15-10 0,45 [472℄ [472℄BN Li,B,N,Ne,Al 0.2-2 0 [375,376℄BN Ca,Ni,Ga,Kr,Xe 0.2-2 0 [375,376℄BeO H,D,4He 0.05-4 0 [27,50,51,252℄BeO D 0.33-3.33 0 [75℄BeO O 0.1-10 0-85 [27,36℄B2O3 O 0.15-3 0 [27,36℄B(OH)3 O 0.15-3 0 [36℄C/USB15 D 0.01-3 0-80 [27℄ [27℄SAP H,D,4He 0.25-8 0 [51,473℄MgO Ar 3-25 0 [474℄MgO Ar 0.05-1 0 [129℄AlN Ar 0.3-5 0,45 [469℄ [469℄AlN Ar 0.3-10 0,45 [470,471℄Al2O3 H,D,4He 0.10-8 0 [27,51,473℄Al2O3 Ar 3-25 0 [474℄Al2O3 Xeq+ 0.1-1.5 0 [475℄Al on metals 4He,Ne,Ar,Kr,Xe 0.3,0.5 0 [288℄SiC H 0.6-20 0 [69℄SiC H 5, 7.5 0 [68℄SiC H,D,4He 0.10-8 0-80 [27,51,72,111℄SiC H,D,4He 0.10-8 0 [52℄SiC D,4He 0.02-10 0 [468℄SiC O,Ne 0.15-10 0 [27,78℄SiC Ar,Xe 0.5-5 60,80 [349℄ [349℄Si3N4 H 0.1-1 0 [127℄Si3N4 Ar,Kr 0.5-2.5 0? [126℄SiO2 H,D,4He 0.06-8 0 [27,51℄SiO2 Ar 3-40 0-70 [474℄SiO2 Ar 0.06-1 0 [129℄SiO2 Ar,CF4 0.07-1.5 0 [125℄SiO2 Ar,Kr 0.5-2.5 0? [126℄



152 W. EksteinTable 35. Compound targets for whih experiments and/or stati alulations (lowuene) have been performedompound ion energy (keV) angle (deg.) exp. al.TiH2 H 0.1 0 [476℄TiB2 H,D,4He 0.20-8 0 [27℄TiB2 4He 3-20 0 [477℄TiB2 4He 0.02-25 0 [468℄TiB2 Cd 0.1-0.5 0 [406℄TiC H,D,4He 0.10-8 0 [27,72℄TiC H,D,4He 0.10-8 0-80 [27,51,111℄TiC D 0.02-40 0 [398℄TiC D 0.4-10 0 [478℄TiC D 2 0 [132℄TiC D,4He 1.5-60 0 [477℄TiC D,4He 0.02-80 0 [468℄TiC O,Ne 0.15-10 0 [27,78℄TiC Cd 0.1 - 0.5 0 [400℄TixCy H 0.5,6 0,30 [36℄TiN N,Ar 0.4-0.7 0 [138℄ [138℄TiN Cd 0.1-0.5 0 [406℄TixAly O 9.25 0 [479℄VC Cd 0.1 - 0.5 0 [400℄VN Cd 0.1 - 0.5 0 [406℄VSi2 Kr 0.2 0 [480℄Cr3C2 Cd 0.1 - 0.5 0 [400℄FeH, FeH2, FeT H 0.1, 0.5 0 [476℄SS H 0.6-20 0 [69℄SS H 0.5-7.5 0 [68℄SS H 0.4-1 0 [154℄SS H,D,4He 0.10-8 0 [27,51,153℄SS D 0.33-10 0 [75℄SS D 5-30 0 [220℄SS O 0.10-10 0 [27,78℄SS H,D,4He 0.08-10 0 [145℄SS304 H,D,4He,Ne,Ar 1-20 0 [481℄SS N,Ne,Ar 25 0 [99℄SS Ar 1-5 0 [146℄Inonel H,D,4He 0.07-8 0 [51,153℄Inonel D,4He 0.10-10 0 [145℄Inonel Hg 0.1-0.3 0 [404℄K-Monel Hg 0.15-0.3 0 [404℄S-Monel Hg 0.1-0.3 0 [404℄NiCroFer H,D,4He 0.07-8 0 [51,153℄B20Fe40Ni40 4He 2-20 0 [482℄Cu/Li D,4He,Ne,Ar 0.1-8 0 [483,484℄ [483,484℄



Sputtering Yields 153Table 36. Compound targets for whih experiments and/or stati alulations (lowuene) have been performedompound ion energy (keV) angle (deg.) exp. al.GaN Ar 0.15-0.6 0 [485℄GaN Ar 0.3-10 0,45 [470℄GaN Ar 0.3-3 0,45 [471℄ [471℄GaN Li,B,N,Ne,Al 0.2-2 0 [376℄GaN Ca,Ni,Ga,Kr,Xe 0.2-2 0 [376℄GaP Ar 0.15-0.6 0 [485℄GaAs Ar 0.15-0.6 0 [485℄GaAs Ar 0.03-1 0 [129℄GaAs Ar 0.3 0-85 [355℄GaAs Cs 8 0-60 [362℄GaSb Ar 0.15-0.6 0 [485℄ZrB2 Cd 0.1-0.5 0 [406℄ZrC H,D,4He 0.12-8 0 [27,51℄ZrC Cd 0.1-0.5 0 [400℄ZrN Cd 0.1-0.5 0 [406℄NbB2 D 0.40-8 0-70 [257℄ [257℄NbC Cd 0.1-0.5 0 [400℄MoSi2 Cd 0.1-0.5 0 [406℄92Mo100Mo Ar,Xe 5,10 0-85 [189℄MoW Cd 0.1-0.5 0 [406℄InP Ar 0.15-0.6 0 [485℄InAs Ar 0.15-0.6 0 [485℄Sn-Li D, He,Li 0.2-1 45 [486℄ [486℄Sn0:8Li0:2 D 0.5 0 [487℄LaB6 Cd 0.1-0.5 0 [406℄TaC H,D,4He 0.40-8 0 [27,51,111℄TaC 4He 0.15-10 0,30 [34℄TaC 4He 1 0 [294℄TaC Ne 0.07-50 0-90 [293,488℄TaC Cd 0.1-0.5 0 [400℄Ta2O5 H,D,4He 0.50-8 0 [27,51℄Ta2O5 H,D,4He,Ne 2-15 0 [10℄WC H,D,4He 0.20-8 0 [27,51,111℄WC 4He 0.02-15 0 [293,468℄WxC1�x 4He 1 30 [293℄WC 4He 0.20-15 0 [27℄WC 4He,Xe 0.07-15 30 [293℄WxC1�x D 0.07-0.2 0 [489℄WxC1�x 4He 1 30 [293℄WN N 10 0,45,70 [490℄WO3 O,Ne,Kr 0.05-10 0-85 [36℄WO3 O 0.50-6 0 [36℄WxOy O 0.10-5 0 [36℄UF4 O,F,Ne 100,1.2-3 MeV 0 [491℄glasses 4He,N,Ne,Ar,Xe 50, 70, 100 0-60 [429℄minerals 4He,N,Ne,Ar,Xe 50 0-60 [429℄





Index
adatom, 67adsorption of{ oxygen, 2{ water, 2angular dependene of the sputteringyield{ Ag, 86{ Al, 72{ Au, 89{91{ Be, 70{ C, 70{72{ Cu, 77{81, 94{ Fe, 73{ Mo, 83{85{ Nb, 82{ Ni, 74{76{ Pd, 87{ Si, 72{ Ta, 87{ Ti, 73{ W, 88{ Zr, 82annealing, 99baksattering, 3Bayesian statistis, 7BCA program{ ACAT, 3, 101{ MARLOWE, 93, 101{ Monte Carlo (MC), 91, 99{101{ TRIDYN, 4, 96{ TRIM, 101{ TRIM.SP, 3, 68, 100binary ollision approximation (BCA),3ather foils, 2hanneling, 8, 99

omposition{ hange, 5, 94ompound formation, 94rater{ depth, 2depth{ distribution, 95, 96depth of origin, 101di�usion, 94{96, 99eletrial resistivity, 2eletron miroprobe, 2energy dependene of the sputteringyield{ Ag, 3, 4, 45, 46{ Al, 15, 16{ Au, 61, 62{ B, 11{ Be, 9, 10{ Bi, 63{ C, 12, 13{ Ca, 18{ Cd, 47{ Co, 27, 28{ Cr, 23, 24{ Cs, 49{ Cu, 31, 32{ Fe, 25, 26{ Ga, 33{ Ge, 33, 34{ Hf, 51{ Hg, 63{ In, 47{ Ir, 58, 60{ Li, 8{ Mg, 14{ Mn, 24



156 Index{ Mo, 7, 39, 40{ Nb, 37, 38{ Ni, 5, 29, 30{ Os, 57{ Pb, 64{ Pd, 43, 44{ Pt, 59, 60{ Re, 56{ Rh, 42{ Ru, 41{ Sb, 49{ S, 18{ Se, 36{ Si, 17, 18{ Sm, 50{ Sn, 48{ Ta, 52, 53{ Tb, 50{ Te, 49{ Th, 65{ Ti, 19, 20{ Tl, 63{ Tm, 50{ U, 66, 67{ V, 21, 22{ W, 54, 55{ Zn, 33{ Zr, 35, 36energy loss{ eletroni, 3, 4, 6, 67{ { Lindhard-Shar� model, 3{ { Oen-Robinson model, 3esape time, 101evaporation, 99�eld ion mirosopy (FIM), 3utuation, 100uene, 4, 6, 94{97frationation, 98, 99heat of sublimation, 3, 92, 99implantation, 96interation potential, 3, 4, 6, 67, 99{ Nakagawa-Yamamura, 3{ power, 98, 101{ sreened Coulomb{ { KrC (WHB), 3, 6{ { Moli�ere, 3
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