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Physical Sputtering of Candidate Plasma-Side Materials 
for FED/INTOR 

J. 6. Roberto 
Solid State Division 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Abstract 

Physical sputtering data are reviewed for a variety of candidate 

plasma-side materials for fusion reactor applications. Normal Incidence 

sputtering yields are presented for both light and heavy Ions (Including 

H, D, 4He, and self-1ons) on Be, B, C, S1C, T1C, V, stainless steel, Mo 

and W targets for energies ranging from the sputtering threshold up to 

10 keV and higher. The available data are compared with model calcula-
4 

tlons for H, D, T, He, and self-1on sputtering of the candidate 

materials. The Influence of angle of Incidence, surface composition 

and morphology, and target temperature 1s discussed. The sputtering 

of multl-component targets and the energy and angular distributions 

of sputtered atoms are also considered. It 1s found that the existing 

data and models are adequate for factor-of-two estimates of physical 

sputtering yields for most of the relevant energies and 1on-target 

combinations. 



Introduction 

Physical sputtering 1s the energetic removal of a near surface 

atom from a solid target as a result of an atomic collision sequence 

Initiated by an Incident energetic particle. In general, the collision 

sequence will Involve many target atoms and the sputtering process can 

be described by transport equations (1). For light 1ons at low energies, 

an analytic solution 1s not possible and numerical (2), Monte Carlo (3-4) 

and empirical (5-6) approaches have been developed to describe the 

sputtering. A wide variety of sputtering data can be represented 

using these available formalisms. 

In fusion devices, sputtering contributes to Impurity Introduction 

and to the erosion and surface modification of plasma-side materials. 

The sputtering process 1s extremely sensitive to surface properties 

since sputtered atoms originate within the f i rst few monolayers of 

the target surface. This 1s particularly Important 1n fusion environ-

ments where sputtering can occur during the simultaneous release, 

deposition and diffusion of a wide variety of atomic and molecular 

species. Sputtering yields can also be significantly modified by 

related chemical effects such as the formation of oxides and volatile 

compounds. These phenomena fal l 1n the category of chemical sputtering 

and are discussed only briefly here. 

In this report, physical sputtering data are presented for light 
4 

Ions (H, D, He) and self-1ons on Be, B, C, S1C, T1C, V, stainless 

steel, Mo, and W targets. These materials represent a wide range of 

candidate materials for plasma-side components In FEO/INTOR. Energies 

£10 keV are considered in detail, and available data at higher energies 
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are also Included. Normal Incidence sputtering yields are given and 

compared with model calculations. The effects of angle of Incidence, 

surface composition and morphology, and temperature are discussed. 

Angular and energy distributions of sputtered particles and sputtering 

of multl-component systems are also considered. It 1s generally found 

that the existing data for physical sputtering 1n these materials 1s 

adequate when considered 1n relation to uncertainties 1n surface 

conditions and edge temperatures In fusion devices. 

Sputtering Models 

A general formulation of sputtering has been developed by Slgmund (1) 

In the form of an analytic solution to linear transport equations. The 

sputtering yield Y as a function of a normally Incident particle at energy 

E 1s written 

Y (E) - 0 ( M z / M i ) sn ( E f Z i > Z z ) ( 1 ) 

where Eg (eV) 1s the surface binding energy (often taken as the sublimation 

energy), N (A"^) 1s the target atomic density, and Mj 2 and Zj 2
 a r e 

projectile and target masses and atomic numbers, respectively. The 

mass-ratio-dependent function a can be determined experimentally or 

estimated theoretically and Sn 1s the nuclear stopping power at the 

surface. Equation 1 establishes the theoretical basis of the surface 

binding energy and nuclear stopping power in the general description 

of sputtering. 

For low-energy light 1ons, the atomic collision sequence leading 

to sputtering Is not sufficiently randomized to justify approximations 

underlying Equation 1. A numerical solution of the transport equations 
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1s possible and the ANISN code (7) has been adapted for this purpose (2). 

ANISN calculations are 1n reasonable agreement with measured sputtering 

yields for low-energy light 1ons and reproduce the dependence of the 

sputtering yield on the angle of Incidence (2). The Monte Carlo binary 

collision codes MARLOWE (3) and TRIM (4) can also be applied to the 

low-energy light 1on regime. MARLOWE allows explicit treatment of 

target crystal Unity. The faster TRIM code 1s applicable to amorphous 

targets and 1s the most widely used sputtering code. 

In the threshold region (up to -10 keV for light 1ons), empirical 

relations provide the best estimates of sputtering yields. One such 

relation (5) 1s based on the observation that the energy dependence of 

sputtering yields 1n this region can be described using an energy 
i 

parameter E « E/Eth where E^ 1s the threshold energy for sputtering. 

The total sputtering yield at normal incidence is written 

Y • Q (Mj, M2, Eb) Yn CE-> ( 2 ) 

where Q 1s a f i t t ing parameter and Yn 1S the normalized sputtering 

yield given by 

Y n - 8.5 x 10"3 E'^4 (1 - \ t ) / 2 . (3) 

Simple approximations are available (5) for Q and E th which allow 

estimates of normal incidence sputtering yields within a factor of 

two for most materials up to E' « 20. For higher energies, Ŷ  can 

be modified (5) by the ratio Sn(E')/Sn(20) consistent with Equation 1. 

Ir, Figure 1, calculated yields using Equation 2 (with the above 

modification for E' >20) are compared with normal Incidence sputtering 
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yield data for light and heavy 1ons on Mo at energies up to 100 keV. 

The agreement 1s excellent, although It should be pointed out that 

Q and E th were experimentally determined for this f i t . Experimental 

data for Q and Eth are available for a wide variety of materials (8). 

We will refer to Equation 2 as the IPP model. 

The computer code DSPUT (6) represents another empirical approach 

to physical sputtering yields. In this model, recent physical 

sputtering data have been Incorporated Into an analytical expression 

for the sputtering yield 1n terms of Mj 2
 a n d eB* An9 le o f 

Incidence effects are also Included using an empirical angular-dependent 

function for light 1ons below 10 keV. The DSPUT code can be used to 

calculate normal Incidence yields for both light and heavy 1ons on all 

targets at energies up to 100 keV. The f i t to existing data 1s not as 

good as the IPP model (particularly 1n the threshold region) but the 

practical application of the code 1s somewhat simpler. A comparison 

of DSPUT calculations with experimental data and the IPP model 1s 

shown 1n Figure 1. 

Normal Incidence Yields 

Normal Incidence sputtering yields for the various 1on-target 

combinations considered 1n this survey are shown 1n Figures 2-10. 

Most of the recent and more complete studies through mid-1982 are 

Included. Approximately two-thirds of the presented data are 

available 1n two compilations. Anderson and Bay (9) have collected 

all physical sputtering data for single element targets through 

mid-1977. Roth, Bohdansky and Ottenberger (8) compiled the 
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extensive set of low-energy light 1on sputtering data from their group 

1n 1979. The data for light 1on sputtering are fairly complete for 

energies up to 10 keV. Self-sputtering data are available for only a 

limited number of targets and considerable reliance on extrapolations 

from Inert gas sputtering 1s required. In each figure, the data are 

compared with estimates from the IPP and DSPUT models. Calcu^ted 

yields for T 1ons are also shown. Summary data for D and self-1on 

sputtering of the candidate materials are presented 1n Table I . 

For Be, the measured yields compare very well with yields for 

BeO (8) and are probably more representative of the oxide surface. 

The C data are for room temperature; substantially increased yields 

are expected at higher temperatures (10-12) due to chemical and other 

effects. Self-sputtering yields are generally much larger than light 

1on yields and can lead to catastrophic Increases 1n Impurity Intro-

duction 1f they exceed unity. From the data 1n Table I , normal 

Incidence self-sputtering yields of less than unity are expected at 

all energies for the lighter targets Be, B, C, and possibly S1C and 

T1C. Self-sputter1ng yields exceed unity in V, stainless steel, Mo 

and W for energies above 0.6 - 1 keV. Self-sputtering yields may 

also exceed unity for lighter targets at grazing angles of incidence. 

Qualitative estimates of the accuracy of the data range from ±30% for 

light 1ons 1n stainless steel to factors of 2-4 1n some self-ion 

cases. The data are more reliable near the peaks 1n the sputtering 

curves where the yields are larger and less energy-dependent. 

Physical sputtering 1n these materials Is Independent of projectile 

charge and the sputtered species are primarily (>90%) neutral atoms (5). 
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Angle of Incidence Effects 

Sputtering yields generally Increase as incident particle 

trajectories move away from the surface normal. The effect 1s most 

pronounced for light 1ons above a few keV. Measured total yields (8) 

for 8 keV H sputtering of Mo at 80 degrees from the surface normal 

are a factor of twenty greater than normal Incidence yields. TRIM 

calculations (13) Indicate maximum enhancements of -40 times for 

D sputtering of N1, Mo and W above 40 keV. Heavy 1on yields show 

maximum Increases compared to normal Incidence of factors of two 

near 1 keV (14) and 3-6 at 20-40 keV (9). The maximum 1n the 

sputtering yield usually occurs at 60-70 degrees from the surface 

normal for heavy 1ons and near 80 degrees for light 1ons. The yields 

fall at larger angles due to Increased particle reflection at grazing 

Incidence. The available experimental data are summarized 1n Figure 11. 

Within the framework of the Slgmund theory (1), the total sputtering 

yield should vary as cos"* e where f 1s between 1 and 2. This result 

does not adequately represent the range of available data. For heavy 

1ons around 1 keV, the angular-dependent yields follow a simple func-

tional relationship suggested by Oechsner (14). For light Ions below 

10 keV, Smith et al. (6) have f i t the available data with an analytical 

expression. The computer codes ANISN (7) and TRIM (15) have produced 

the best agreement with the light 1on data and have been used to 

Investigate angular dependent sputtering processes. Calculated 

angular-dependent yields are compared with experimental results 1n 

Figure 11. Additional data can be found 1n refs. 2, 8» 9, 13 and 14. 
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Surface Effects 

Plasma-s1de surfaces 1n fusion devices are exposed to a dynamic 

deposition and release process often leading to undefined and changing 

surface conditions. Sputtered particles originate 1n the f irst few 

monolayers of the target, and sputtering yields are extremely sensitive 

to the composition and binding energy at the surface. Surfaces exposed 

to significant Impurity fluxes (such as 11m1ters and divertor plates) 

will necessarily accumulate redeposlted material since sputtering yields 

greater than unity cannot be tolerated. A11 surfaces are possible 

candidates for hydrocarbon and oxide contamination which can also 

significantly affect sputtering yields. Surface conditions probably 

represent the largest uncertainty 1n predicting sputtering yields 1n 

fusion devices. A monolayer coverage will nearly eliminate bulk 

release by sputtering, and an oxide layer can reduce yields by up to a 

factor of ten 1n some cases (16). 

There is considerable evidence (17,18) that sputter deposited 

material exhibits similar sputtering behavior as bulk material of the 

same composition. Redeposlted plasma-side material is also expected 

to Incorporate significant concentrations of H Isotopes and He. 

High fluence sputtering experiments are routinely performed on 

projectile-saturated surfaces, and H and He loading probably alters 

bulk yields by less than a factor of two due to changes in Sn and 

particle reflection coefficients. These effects are incorporated 

1n the existing data base. 

Surfacc morphology can also affect sputtering yields. Roughened 

surfaces often show slightly higher yields than polished surfaces (9), 
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but with severe roughening as represented by honeycomb or matted fiber 

surfaces yields decrease by factors of 2-6 (19,20). The sputtering 

yield at glancing angles of Incidence 1s particularly sensitive to 

surface morphology. The flaking of blistered surfaces can affect 

total erosion yields. 

Although the relevance of the existing sputtering data base can 

be challenged on the basis of unknown surface conditions In fusion 

devices, 1t 1s likely that the situation 1s not so poorly defined. 

Modern cleaning techniques effectively reduce oxygen and hydrocarbon 

contamination and the primary effect of redeposltevi material 1s to 

change the mix of sputtered atoms. Erosion .^perlments 1n fusion 

devices (21-24) have led to results which can be understood In terms 

of available laboratory sputtering data. Nevertheless, surface 

conditions remain a major uncertainty 1n the sputtering of plasma-side 

materials. 

Temperature Effects 

There 1s no conclusive evidence that physical sputtering yields 

are enhanced at elevated temperatures. Light Ion sputtering rates 

of elemental targets are unchanged at high temperature in the absence 

of chemical effects (25). Recent experiments cslng heavy 1ons (26) 

show no significant Increase 1n the sputtering yield up to temperatures 

where release by evaporation exceeds sputtering by factors of three. 

Heavy molecular bombardment In the "spike" regime also Indicates no 

temperature effect (27). This result does not agree with earlier 

experiments (28) where an Increase 1n the sputtering yield was 



observed at high temperature for heavy 1ons above 10 keV. No Increased 

yields have been reported, however, for heavy 1ons at high temperature 

below 10 keV. This Includes sputtering yield measurements through 

the melting point of low temperature metals (29). Target temperature 

1s not a factor 1n the transport theory of sputtering (1). In most 

cases, evaporation will far exceed sputtering near the meltlirj point. 

Temperature variations related to surface and chemical effects 

have been reported 1n light and heavy 1on sputtering. H sputtering 

of graphite Increases by a factor of ~10 near 500°C due to CĤ  

formation (10). He and Ar sputtering of graphite also Increase with 

temperature (11), although the mechanism (possibly electronic) 1s not 

understood (12). The sputtering of stainless steel Increases by a 

factor of - 2 at 400 - 500°C (30) consistent with changes 1n surface 

composition due to diffusion processes 1n this temperature region. 

The erosion yield of S1C shows up to a factor two increase at 

600 - 1200°C (31,48), a temperature range where the unsputtered 

surface shows depletion 1n S1 (48). Heavy ion sputtering of Ag at 

high fluences above 400°C increases -30% due to cone formation (26). 

Temperature variations 1n sputtering yields not related to chemical 

effects or surface segregation are probably less than a factor of 2. 

Multi-Component Materials 

The sputtering of alloys and compounds generally leads to a 

depletion of the surface layers In the lighter component of the 

material (61). Preferential sputtering of the lighter or more easily 

removed component requires this depletion since the yields at large 
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doses must reflect bulk composition (62). The effect on total 

sputtering yields 1s small as long as the depletion does not result 

1n the formation of a new phase with a significantly different binding 

energy. Fortunately, new phases are not observed (at least for 

sputtering at low temperature) for stainless steel and carbides which 

represent the most promising multl-component materials for plasma-side 

applications. The sputtering rates of the various components of 

stainless steel are similar, and data for stainless steel and Fe are 

almost Indistinguishable (8-9). For carbides and oxides, the sputtering 

yield generally follows the heavy component elemental yield (5,8). 

Ratios of light 1on sputtering yields (taken at the peak 1n the 

sputtering curve) for multl-component materials as compared with 

the corresponding heavy component materials are given 1n Table I I . 

The multf-component yields (atoms per 1on as determined by weight loss 

using the average atomic mass) are often slightly higher, but In many 

cases represent a lower net release of the heavy component than for 

the corresponding elemental target. Possible effects of enhanced 

diffusion or segregation at high temperatures In multl-component 

systems are probably more severe for mechanical properties than for 

sputtering (5). 

Differential Yields 

The angular and energy distributions of sputtered atoms are 

Important In determining the transport of sputtered material 1n fusion 

devices. According to SlgmUnd (1), the angular distribution of 

sputtered atoms should be proportional to the cosine of the ejection 
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angle. This 1s generally observed for sputtering at normal Incidence 

except for very light 1ons at low energy where an over-cosine distr i -

bution 1s found (5,32). At grazing angles of Incidence, the angular 

distribution Is peaked forward due to the Increased contribution of 

primary recoil atoms (32,33). Computer calculations have shown this 

general behavior (15). The cosine distribution 1s probably adequate 

for most fusion applications. 

Within the approximations of linear cascade theory (1), the flux 

density energy distribution for sputtered atoms 1n the solid angle do 

at angle e from the surface normal can be represented using the 

Thompson formula (34): 

2 E„ E cos 
f (E) dE da - — £ . dE do (4) 

ir (E + E0)3 

2 

where f(E) is the fraction of the flux density (atoms/cm -s) emitted 

1n the Interval dE da at angle 6, and Eg is the surface binding 

energy. This distribution has Its maximum at E0/2 (typically several 

eV) and 1s Independent of projectile mass and energy. Experimental 

energy distributions generally follow Equation 4 although the maximum 

often differs slightly from E0/2. Bay et al . (35) have observed a 

shift 1n the energy distribution to lower energies for light 1ons as 

compared to heavy 1on sputtering. The maximum of the energy distr i -

bution occurs closer to Eg/4 for the lightest 1ons. This trend can 

be used to estimate energy distributions for various 1on-target 

combinations; however, more measurements will be required to affect 

a significant Improvement on Equation 4. 
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Conclusions 

Physical sputtering data for candidate plasma-side materials 1n 

FED/INTOR are adequate for most modeling and engineering applications. 

Total sputtering yields are known within a factor of 2 over much of the 

relevant energy range for many of the ion-target combinations considered. 

Empirical formulations reproduce much of the available data within this 

accuracy. The effect of angle of Incidence on the sputtering yield 

can be estimated from experimental results or calculated using computer 

codes. Target temperature does not directly Influence physical sput-

tering yields. Multl-component materials under consideration show 

sputtering behavior similar to the corresponding heavy component 

elemental targets. Differential yields (energy and angular distribu-

tions) are 1n reasonable agreement with theoretical estimates and 

computer calculations. Surface conditions strongly Influence sput-

tering yields and Introduce major uncertainties 1n the application of 

the existing data to fusion devices. Improved understanding of 

surface and plasma edge conditions 1n fusion devices 1s a prerequisite 

for effective utilization of further refinements 1n the physical 

sputtering data base. 
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Table I . Normal incidence yields for D and selfion sputtering of candidate materials 

at 0.3, 1, and 3 keV. Self-sputtering exceeds unity for V U300 eV), 

stainless steel (>500 eV), Mo (>700 eV) and W (>600 eV). Estimated accuracies 

are ±50% for D sputtering and within a factor of two for self-sputtering. 

Material D Sputtering Yield (atoms/D) Self-Sputtering Yield (atoms/ion) 

300 eV 1 keV 3 keV 300 eV 1 keV 3 keV 

Be 0.02 0.03 0.02 0.5 0.6 0.5 

B 0.03 0.03 0.02 - 0 . 4 - 0 . 6 - 0 .5 

C 0.03 0.02 0.01 0.3 0.5 0.5 

SiC 0.02 0.03 0.02 0.3 0.6 0.8 

TiC 0.01 0.02 0.02 0.3 0.5 0.9 

V -0 .01 -0.03 -0 .03 - 0 . 3 - 1 >1 

stainless steel 0.01 0.03 0.02 0.6 1.4 1.6 

Mo 0.002 0.007 0.008 0.5 1.3 2 

W 2 x 10~4 0.002 0.005 0.4 1.3 2 



Table I I . Relative peak sputtering yields for light ions incident on multi-component 

materials and the corresponding heavy component elemental targets. The 

ratios are compiled from ref. 8. 

Multi-Component Elemental Yield Ratio 
Target Target (Multi-Component/Elemental) 

AI203 Al 1.2 

Inconel Ni- ~ 1 

SiC Si 1.2 

Si02 Si 1.5 

Stainless steel Fe 

TaC Ta 1.6 

Ta2°5 Ta 3 

TiC Ti 1.6 

UC W 3 
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FIGURE CAPTIONS 

F1g. 1. Comparison of experimental normal Incidence sputtering 

yields (5) for Mo targets with calculated yields from the 

IPP model (5) and DSPUT (6). 

F1g. 2. Normal Incidence sputtering yields for Be targets (refs. 

36-39). These data are similar to results obtained for a 

BeO target and may be representative of the oxide surface. 

F1g. 3. Normal Incidence sputtering yields for B (and B̂ C) targets 

(refs. 40-41). 

F1g. 4. Normal Incidence sputtering yields for C and graphite 

targets (refs. 40, 37, 42-46). 

F1g. 5. Normal Incidence sputtering yields for S1C (and S1) targets 

(refs. 39, 45, 47-50). Calculated yields for S1 and C on S1C 

are also shown. 

F1g. 6. Normal Incidence sputtering yields for T1C (and T1) targets 

(refs. 45, 46, 39, 49, 51, 52). Calculated yields for Ti 

and C on T1C are also shown. 

Fig. 7. Normal Incidence sputtering yields for V targets (refs. 

43, 46, 39, 53, 54). 
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F1g. 8. Normal Incidence sputtering yields for stainless steel 

targets (refs. 17, 18, 50, 39, 55, 56). 

F1g. 9. Normal Incidence sputtering yields for Mo targets (refs. 

43, 46, 9, 57-59). 

F1g. 10. Normal Incidence sputtering yields for W targets (refs. 

40, 45, 46, 60). 

F1g. 11. Variation of the sputtering yield with angle of Incidence 

(refs. 14, 8). Calculated results using TRIM (13), 

ANISN (2), and DSPUT (6) are also shown. Solid curves 

are to aulde the eye. 
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