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not possible to distinguish between these two annealing 

processes at elevated temperatures. 

An alternative model for the radiation enhanced diffusion 

process would involve the migration of Ag atoms over pathways 

formed by complex defects generated through ion bombardment. In 

this model, complex defects themselves do not diffuse, but 

instead act as channels or conveyors for diffusing silver 

atoms. RED would still be expected to disappear in this model 

when the activation energy for complex defect dispersal has 

been reached at elevated temperatures .. 

As described earlier, topographical development is known 

to contribute to the interface broadening observed in our 

profiles. As the temperature is increased, the rate of surface 

diffusion is likewise increased. This diffusion could well be 

responsible for the erosion of the surface microstructures 

observed at room temperatures, consequently causing lower 

symmetric broadening values to be observed in our depth 

profiles at high temperatures. The phenomenon of enhanced 

surface diffusion leading to reduced surface microstructure at 

elevated temperatures has in fact previously been reported by 

128 
Kuhlen and Jager in a study of silver layers evaporated onto 

polycrystalline copper substrates. Together, the dual effects 

of increased defect annealing and of enhanced surface diffusion 

causing microstructure attenuation are probably responsible for 

the observed sharpening of interface profiles at elevated 

temperatures . 
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The sharp drop in diffusion coefficients occuring between 

102°c and 137°c is indicative of a transition. If this 

transition is taken to occur at 120°C, it would correspond to 

a n energy of 3kT, or about 0.1 eV, imparted to each atom in the 

crystal . It may be that this energy, per point defect, is 

sufficient to disperse the defect complexes likely responsible 

for RED. At any rate, this observed transition behaviour can 

be described mathematically using Maxwell-Boltzmann 

statistics, as is shown in equation 6.15. This mathematical 

model takes into account the various competing processes of ion 

induced defect annealing and of enhanced thermal diffusion as 

the temperature is varied, assuming that these processes are 

sufficient in themselves to account for the observed 

temperature dependence. 

F. Summary 

Radiation enhanced diffusion measurements have been 

carried out by Auger sputter depth profiling of Ni / Ag 

multilayered thin-film structures in order to determine the 

effect of room temperature RED on the interface broadening in 

sputter depth profile measurements . The interface broadening 

observed is determined by a number of factors, the main two 

being roughening and RED in the case of this system. These two 

factors were found to be separable using the assumption that 
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roughness leads to symmetric profile shape, while asymmetry is 

caused by diffusion . This concept is confirmed by interface 

broadening results which increase with depth (for subsequent Ag 

layers) for surface roughness, but remain independent of depth 

for diffusion (c . f . Table I). The fact that depth profiles of 

Cr/Cr2o3 
multilayered thin film structures exhibit similar 

broadening effects, demonstrates that the observed processes 

are not unique to the sputtering of the Ag/Ni system. 

Effective diffusion rates were determined for primary ion 

energies 1-keV and 4-keV as 1 . 22 x 10-
17+ 1.75 x lo- 15 SNi 

2 -17 -15 2 

[cm /s ] and 1 . 35 x 10 + 9.75 xl0 SNi[cm /s], 

respectively, where SNi is the sputtering rate [nm/s]. These 

va l ues are substantially higher than the grain boundary 

diffusivity of Ag in Ni at room temperature and are in 

acceptab le agreement with RIS rates determined in previous 

experiments. Defect comp l exes, rather than point defects are 

likely to play important role in RED. It is important to note 

that the range of the RED process (i . e. the range of the 

defect s responsible for it) is considerably higher than the 

range o f the ion mixing. 

Temperature dependence experiments demonstrate that 

thermal diffusion was clearly not the primary mechansim for the 

diffusion at low temperatures . Further, the fact that 

interfaces became sharper as the temperature was raised 

indicated that defects responsible for the RED process tended 
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to be dispersed or annealed out at relatively low temperatures, 

about 120 °c. 

Beyond the particular findings concerning the Ni/Ag and 

Cr/ Cr2
o3 

systems, our study suggests that RED may contribute 

substantially to interface broadening in some multicomponent 

systems with relatively low activation energies of diffusion. 

It is likely that radiation enhanced diffusion generally takes 

place in many other systems , especially when high current 

densities are used for depth profiling , being more like a rule, 

than an exception. 
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VII. CUMULATIVE SUMMARY 

A summary of results is presented here along with 

possible avenues for future research stemming from this work. 

The first chapters presented results of Monte Carlo code 

simulations of the sputtering process using the program EVOLVE, 

developed at the University of Maryland. Contours of constant 

recoil production density were observed to depend in shape on 

both the angle of incidence and energy of the bombarding ion 

beam . The generation method of segregating recoil groups was 

applied to demonstrate a number of significant features of the 

collision cascade. It is concluded from this study that the 

recoil activity grows in size and tends to move away from the 

target surface with increasing time. It is further concluded 

that the majority of sputtered atoms originate from early 

generations and are produced from sites in relative close 

proximity to the entry point of the incident bombarding ion. 

This study raises the possibility of a drop in the local 

potential binding energy, a parameter of well known importance 

to the sputtering yield. 

The results of computer code simulations of ion 

bombardment of a Ga-In eutectic alloy were presented in Chapter 

II. A depth dependent displacement energy model was introduced 

and shown to produce results in good agreement with 

experimentally measured sputtering yields. It is noted from 
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this study that angular distributions of sputtered particles 

tend to exhibit increasingly peaked angular exit directions 

with increasing depth of origin. A future direction of 

investigation would be to evaluate angular sputtering yield 

distributions as a function of the incident angle of the 

bombarding ion beam for comparison to experimental results for 

varying angles of incidence. This information would be useful 

to researchers performing laser induced ionization studies of 

velocity distributions of sputtered atoms. 

Chapter IV described the use of the program LOGIT for 

the parameterization of the sputter depth profile interface 

region of thin film multilayered structures. The LOGIT program 

was shown to be both accurate and reliable in the 

characterization of real experimental depth profiles. Use of 

the logistic function to parameterize an error function 

demonstrates that it is not possible to distinguish between the 

logistic function and the error function at our current level 

of experimental accuracy. The statistics assocciated with the 

fits returned by this program have permitted the verifiable 

identification of trends associated with the data for a given 

multilayered depth profile structure. These trends are the 

exhibition of increasing interface broadening with sputtered 

depth and the constancy of profile asymmetry as deeper 

interface regions are profiled. Use of the LOGIT program has 

allowed the successful intercomparison on sputter depth profile 

data made under varying experimental conditions. 
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A future area of investigation for LOGIT would be the 

comparison of profiles done under the same experimental 

conditions, but employing different materials. Another avenue 

for future research would be the comparison of the degree of 

profile asymmetry under varying experimental conditions on a 

uniform target sample. A uniform, consistent set of such 

measurements might help to relate the asymmetry parameters 

given by LOGIT to possible causitive physical processes such as 

radiation induced diffusion or cascade mixing. LOGIT may also 

be successfully employed in the comparison of experimental 

depth profiles to Monte Carlo computer simulations of ion 

bombardment of multilayered thin film structures. 

In Chapter V, a systematic evaluation of the effect of 

ion bombardment parameters on the interface resolution versus 

depth of sputter profiles has been presented . This evaluation 

was performed in a consistent manner on a uniform set of 

multilayered thin film structures using the same materials 

under varying experimental conditions . Parameters investigate d 

included : ion energy, angle of incidence, and current density . 

This study demonstrates that the extent of interface broadening 

depends not only on the elemental composition of the sample 

used, but also on the experimental conditions under which 

sputtering is conducted. An explanation for the broadening is 

given in terms of physical processes believed to occur during 

the sputtering process. This study concludes that optimization 
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of interface depth resolution can be achieved through variance 

of the conditions of profiling. 

It would be of interest in a future experiment to vary 

the experimental conditions of the sample itself during the 

sputtering process. The generation of a consistent set of 

metal/metal interface profiles performed while rotating the 

target or heating it to elevated temperatures would be of 

considerable use in elucidating the mechanisms and processes 

which occur during sputtering. 

A study of radiation enhanced diffusion (RED) in a Ag/ Ni 

multilayered system was introduced in Chapter VI . This study 

employed the use of an asymmetric Gaussian equation to model 

the broadening of the Ag marker layer during the ion 

bombardment process . The quality of the fit of this equation to 

the experimental depth profile data demonstrates the accuracy 

of this model. Fits to this equation allow the deconvolution of 

the symmetric interface broadening from the asymmetric 

interface broadening. Through comparison to light scattering 

experiments it was demonstrated that the symmetric broadening 

is due to the development of surface topography. Plots of the 

diffusion coefficient obtained from the fits versus the ion 

current density under which the samples were bombarded 

demonstrate a linear relationship between defect production 

rate and diffusion coefficient as expected from the theory of 

microscopic diffusion. 
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Chapter VI also includes a study of the effect of sample 

temperature on the interface profile width. This investigation 

attests to a significant decrease in the profile broadening at 

elevated sample temperatures, indicating that the processes 

contributing to this broadening are either limited or 

deactivated at high temperatures. This is an important 

discovery as use of this technique will likely allow future 

improvement in the ability to resolve interface regions during 

sputter depth profiling. 

It would be of interest to perform low temperature 

sputering of the Ag/Ni samples as a further check on the 

accuracy of the microscopic model of Dienes and Damask. At low 

temperatures, defects would not be expected to diffuse rapidly 

to sinks. On the other hand, activation energies for the 

migration of Ag atoms may not be reached in this regime leading 

to the lessening or elimination of RED. It would be of interest 

to observe which of these effects predominates, and whether 

other effects come into play under these new conditions . Thus, 

low temperatu re experiments would not only help to corraborate 

old theories, but may help to provide new insights as well . 
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