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ABSTRACT 

This thesis reports a study of the effects of ion 

bombardment on material composition and their implications 

in material modification and analysis. First, composition 

changes in binary alloys and compounds as a result of rare­

gas sputtering were observed by using Rutherford backscat­

tering techniques. The heavier components were generally 

found to become enriched in a surface layer whose thick­

ness corresponded to the ion range. After an amount of 

material comparable to this thickness had been sputter­

removed, the surface layer reached a steady-state. The 

steady-state surface composition was independent of the 

mass and energy of the sputtering ion. (Chapters 2 and 3) 

The results were interpreted in terms of a preferen­

tial sputtering, which generated enrichment of the heavy 

species at surface, in combination with an ion-induced 

atomic mixing effect, which propagated the composition 

change over a depth comparable to the ion range . A model 

based on this interpretation seemed to combine all experi­

mental results into a consistent picture. (Chapter 4) 

The model was then extended to study the phenomena of 

high-dose ion implantation. The idea of preferential 

sputtering was used to predict the limits of compositions 

achievable by implanting ion species A into material B, 
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or by implanting A+ into material AB. The formation 

kinetics of the implanted surface layer was determined by 

both sputtering and atomic mixing effects. The model 

yielded results in good agreement with preliminary experi­

mental results. (Chapter 5) 

One of the important implications of sputter-induced 

surface layer composition changes has been their effects on 

the use of sputtering in surface-cleaning and in depth­

profiling techniques. In this respect, we also studied the 

effect of atomic mixing and preferential sputtering on the 

evolution of very thin surface layers during sputter-etching. 

We observed that, for · lo~ ion doses, the atomic mixing 

effect first produced a uniformly alloyed surface layer with 

a thickness comparable to the ion range. Then, during the 

successive steps of sputter-etching, the surface layer main­

tained a conitant thickness, but with a decreasing alloy (or 

impurity) concentration. Again, the previously developed 

model was extended for the present case. It also combined 

the results into a consistent picture. Based on these 

studies, we then extended the model further to predict the 

effect of atomic mixing and preferential sputtering on the 

depth-profiling techniques. A simple equation was obtained, 

which related the "apparent" depth profiles to the true 

ones. (Chapter 6) 

Finally, the effect of atomic mixing has been studied 
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in the cases where the ion range penetrated through the 

interface between a surface metal film and an underlying 

Si-substrate. Silicide formation at the interface was 

observed for ion doses~ 1014cm- 2 . For higher doses, 

more Si-atoms were incorporated into the surface layer and 

the system appeared to be amorphized. After being 

thermally annealed, the samples showed formation of meta­

stable phases which had not been reported previously. 

The present results suggest that the i?n-induced atomic 

mixing effect has the potential of producing thin-film 

materials with any desirable compositions or with 

compositions and structures unachievable by conventional 

metallurgical means. ( Chapter 7) 
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Chapter 1 

INTRODUCTION 

In this work, we have studied effects of heavy-ion 

bombardment on material compositions; Motivated by the 

problem of sputtering-induced surface composition changes, 

which is interesting in understanding alloy sputtering and 

is also important in many applications of sputtering, we 

started out by measuring the surf ace-layer compositions in 

various alloys and compounds after being sputtered by rare-

. gas ions. The results turned out to be rather fruitful. 

We not only found that the preferential sputtering was a 

. general phenomenon, but also observed that the intermixing 

of atomic species due to the atomic collisions (triggered 

by the incident ions) was significant. A model was develop­

ed to account for the formation kinetics of the altered 

surface layers. We then explored the effect of atomic 

mixing and preferential sputtering in other related experi­

ments such as in high-dose ion implantation and in sputter­

depth profiling techniques. The alloy sputtering model was 

generalized and yielded good agreements with these experi­

ments. Finally, we investigated the possibility of using 

ion beams to mix thin-film structures to produce alloy or 

compound layers. We found that the ion bombardment was able 

not only to mix thin-film systems to desirable compositions, 
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but also to produce special materials which had not been 

achieved by conventional metallurgical means. 

Part of this work has already been written up as 

papers which have been or will be published in technical 

journals: 

1. "Surface Layer Composition Changes in Sputtered Alloys 

and Compounds", Z. L. Liau, W. L. Brown, R. Homer and 

J.M. Poate, Appl. Phys. Lett. 30, 626 (1977). 

2. "Sputtering of PtSi", Z. L. Liau, J. W. Mayer, W. L. 

Brown and J. M. Poa te, J. Appl. Phys. 49, 5295 ( l978) . 
' 

3 . . "Surface Layer Composition Changes in Sputtered Thin­

Film Alloys a~d Compounds"~ Z. L. Liau, in Thin-Film 

Phenomena - Interfaces and Interactions, J.E. E. Baglin 

and J.M. Poate, eds., (Electrochemw Soc., Princeton, 

New Jersey 1978) p. 361. 

4. "Argon Bubble Formation in the Sputtering of PtSi", 

Z. L. Liau and T. T. Sheng, Appl. Phys. Lett. 32, 716 

(1978). 

5. "The Use of Novel PtSi Thin-Film Structuies in Prefer­

ential Spu.ttering Measurements", Z. L. Liau, C. J. 

Doherty, C. M. Melliar-Smith and J. M. Poate, Thin 

Solid Films (in press). 

6. "Structural and Compositional Changes in Ion-Bombarded 

Ta2o5
11

, D. K. Murti, R. Kelly, Z. L. Liau and J.M. 

Poate ( in preparation ) . 
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7. "Limits of Composition Achievable by Ion Implantation", 

Z. L. Liau and J. W. Mayer, J. Vac. Sci. Technol. Sept­

Oct. (1978). 

8. "Ion Bombardment Effects on Material Compositions", 

Z. L. Liau and J. W. Mayer, in Treatise on Materials 

Science and Technology - Ion Implantation, J. K. Hirvbnen 

ed., (Academic Press, New York 1979) Chapter 2. 

9. 11 Sputtering Limitations for High-Dose Implantations", 

J. K. Hirvonen, J.M. Poate, Z. L. Liau and J. W. Mayer, 

paper presented at the International Conference on Ion 

Beam Modification of Materials, Budapest, Hungary, 

September, 1978. 

10. "Effect of Ion-Induced Atomic Mixing on Sputter-Etching 11
, 

z. L. Liau, B. Y. Tsaur and J. W. Mayer (will be 

submitted to J. Appl. Phys.). 

11. 11 Ion-Induced Silicide Formation'', B. Y. Tsaur, Z. L. 

Liau and J. W. Mayer (submitted to Appl. Phys. Lett.). 

12. "Bubble Formation in the Rare-Gas Implanted Metal/Si 

Systems", B. Y. Tsaur, Z. L. Liau, J. W. Mayer and 

T. T. Sheng ( Submitted to J. Appl. Phys. ) . 

13. "Formation of New Metastable Phases Using Ion Implanta­

tion and Post Thermal Annealing in Metal/Si Systems", 

B. Y. Tsaur, Z. L. Liau and J. W. Mayer (in preparation). 

14. "Depth Profiles of Ion-Induced Atomic Mixing", B. Y. 

Tsaur, G. E. Chapman, z. L. Liau and J. W. Mayer (in 

preparation). 
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1.2 Background on Sputtering 

Sputtering is the removal of material from a target 

due to bombardment of energetic particles(l-S). For 

example, an Ar+ ion of 60 keV incident normally on a Cu­

sample can sputter off~ 7 Cu-atoms. There have been 

extensive measurements on the sputtering of elemental 

materials. Generally speaking, heavier ions or heavier 

target materials give higher sputtering yields. Bindin~ 

energies also play a role and, in general, the sputtering 

yield is inversely proportional to the binding energy. 

The generally accepted theory( 4 ) which explains most 

sputtering phenomena in elemental materials is based on the 

collision cascade picture: The incident ion initiates 

collisions in a volume (the collision cascade) surrounding 

.the ion track. Th~ energy of the incident ion is shared 

among those atoms within that volume and then dissipated. 

Because energy is shared among a large number of atoms, only 

those collisions which take place near the surface of the 

material are directly effective in knocking atoms out of the 

material. In other words, the majority of sputtered atoms 

emerge only from the first few atomic layers. The more 

collisions taking place in the near surface region, the 

higher the sputtering yield will be. Therefor~, sputtering 

yield is proportional to the nuclear stopping power of the 

incident ion in the near surface region. 
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The main features remain the same for composite 

materials such as a binary alloy. But, there are additional 

complications due to the fact that there are two kinds of 

atoms in the material. The two species may not be sputtered 

at an equal rate because of differences in energy sharing 

(in the collision cascade), ejection probabilities or 

binding energies. Indeed preferential sputtering of one 

species over the other has been observed in many alloys 

and compounds(G- 20). 

With keV gas ions for bombardment, sputtering is now 

being widely used in solid-state science and technology 

for in situ surface cleaning, material se?tioning and thin­

film depositions( 3). The sputtering phenomenon is also 

important in high-dose ion implantations; it eventually 

sets a limit to the achievable implanted concentration. 

The sputter-induced composition change in compounds 

and alloys is interesting not only because of its importance 

in the applications of sputtering, but also because of new 

insights into atomic collisions and interdiffusion in 

(3 21-23) 
composite materials ' 

To elucidate the underlying mechanisms, it is 

desirable to know the surface and near surface composition 

under various sputtering conditions. With Auger electron 

spectroscopy numerous investigators have consistently found 

+ . (8-10) 
Ni-enrichment in Ar -sputtered Cu-Ni alloys . The Ni-

Cu concentration ratio increased by a factor of~ 1.7. The 
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thickness of the Ni-enriched surface layer was estimated to 

be~ 30 i for 2 keV Ar+ sputtering. Other techniques such 

as electron diffraction and low energy ion scattering 

spectroscopy have also been used to study the composition 

changes in sputtered oxides and alloys. However, it is 

quite difficult to obtain quantitative informations using 

these techniques. 

Theories and models have been developed by several 

~uthors to deal with the mechanism of the composition 

(21-changes and the formation kinetics of the surface layers 

23} More quantitative measurements on surface compositions 

and composition depth profiles are clearly needed to test 

these theories. 

More recently, the sputter-induced surface layer 

composition changes have been observed by using Rutherford 

backscattering techniques(l2 ,l3}. Figure 1.1 shows the 

first observation of this kind(l 3}. The PtSi sample becomes 
0 

Pt-enriched in a surface layer of~ 200 A thick, as a result 

of 20 keV Ar+ sputtering. This observation is interesting 

.because Rutherford backscattering is a technique for direct 

measurement of material compositions and is capable of 

providing quantitative information. 

In the present work, we concentrate on using the 

backscattering techniques for studying the sputter-induced 

. . h . . • . • . 1 (14,15} 11 composition c anges in various materia s as we as 
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the formation kinetics of the altered surface layer(l 6 , 17 ) 

We 

as 

also emphasize the implications of these results, such 

in sputter-depth-profiling techniques(lS) and in high-

dose ion implantation for material modifications(l9 ). 

60 

~ 40 
"' c 
:, 
0 u 

"b 20 

0 
...J 

1.9 MeV 4He+ BACKSCATTERING 

Un sputtered 
P!Si 

Pt!';l i 
~>- o~::C::.:_.1_::::r::=~-~___1_--1_..il--.j 

Pt 

; :~ 

(!) 60 In Enrichment 
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Fig. 1.1 Rutherford backscattering spectra of a PtSi 

film before and after being sputtered by 20 keV 

+ Ar. 
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1.3 Background on High-Dose Ion Implantation 

As a microscopically violent and non-equilibrium 

process, ion-implantation has the capability of producing 

materials with compositions and structures unattainable 

by conventional metallurgical means. Therefore, in addition 

to semiconductor device fabrication, there is a growing 

interest in using ion-implantation as a potential method of 

producing materials with interesting new physical properties 

24,25) 

The use of ion-implantation for metallurgical purposes 

calls for implanted concentrations of a few atomic%. This 

• • d d 10 l 7 • 2 At h h • , requires ion oses aroun. ions per cm. sue i ign 

doses, sputtering, atomic mixing and chemical effects will 

become important in determining the states of the implanted 

materials. First of all, with a common sputtering yield, 

say 3, a thickness comparable to the ion range will have 

been sputter-eroded by the time a dose of~ 1017 ions per 

2 cm is implanted. Thus, sputtering will not only affect 

the implanted profile, but also limit the amount of impuri­

ties that can be implanted into the material. Secondly, 

since a monolayer in the solid surface contains~ 10
15 

2 atoms per cm, each average atom in the implanted layer 

will have been directly passed by an incident ion at 

least 100 times and the total number of displacements of 

each atom will be perhaps two orders of magnitude more. 
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Therefore, atomic mixing in the implanted layer will be 

very significant. Furthermore, the introduction of a few 

atomic% of a foreign species in the material sometimes 

represents a strong chemical driving force. With the 

assistance of ion-induced atom{c mixing, the chemical 

driving force can result in compound (or phase) and precip­

itate formation. 

The fields of ion bombardment and sputtering extend 

back over one hundred years. There are books(l, 2 ) and 

review articles(J,S) co;ering the topics. The fact that the 

ultimate limit to the concentration is set by sputtering 

was discussed in 1962( 26 ) and since then it has been 

established that there is a saturation level to the number/ 

cm2 of ions that can be introduced in a target( 27 - 36 ). In 

this work we emphasize the role of the preferential sputter­

ing of light elements from a target and show how this effect 

alters the concentration limit. We also place emphasis on 

atomic mixing initiated in the collision cascade around the 

track of the bombarding ion(l9 ). 
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1.4 Other Research Topics 

This section is a digression from the main stream of this thesis. 

For a more complete record of my graduate research, I would like to 

briefly mention in this section the work which I have par~icipated in 

but will not be reported in detail in the rest of this thesis. 

1.4.1 Solid-Phase Epitaxial Growth of Si 

The first research topic was the solid-phase epitaxial growth 

(SPEG) of sil~con, which was motivated by the technological signi­

ficance of being able to grow very thin single~crystal semiconductor 

layers using a solid-phase process at relatively low temperatures, 

Previous workers have demonstrated the possibility of the SPEG 

of Si and Ge at -50o0 c using metal layers as growth media (37 ) 

However, difficulties were experienced in getting a continuous 

epitaxial film for Si, probably due to the fact that the Si-substrate 

surface always has some native oxide which should be ' removed by 

some suitable etching technique. Therefore, we decided to use a 

silicide-forming metal layer (to first create a clean interface) 

as the growth medium. 
0 

Samples consisting of a Pd-layer (-1000 A) sandwiched between 

an underlying Si single-crystal substrate and a surface layer of 

amorphous Si (~l µm) were prepared by vacuum evaporations. After 

being annealed at _300°c, the Pd-layer reacted with Si on both sides 

to form a layer of Pd2s; (3B). The SPEG phenomena (i.e., the growth 
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of the .underlying single crystal Si at the expense of the surface 

amorphous layer) were observed after annealing between ~43o0 c .and 

55o0c. We then investigated the kinetics of the growth process, 

the crystalline qualities of the epitaxial layers and the possibility 

of doping these layers to become electrical~y active. 

With Rutherford backscattering techniques and sca,nning electron 

microscopy, we found that the growth of the epi-layer started with 

nucleation of islands on the substrate . The islands first grew to 

heights comparable to the thickness of the original Pd-silicide 

layer, then grew laterally and joined each other to form a uniform 

layer, whose thickness was nearly equal to the thickness of the 

original Pd-silicide layer . Upon the formation of this unifor~ 

layer, a new generation of islands started to nucleate and then also 

developed into a uniform layer (on top of the first one}. After 

the completion of this second stage of island growth, a similar 

third stage started to take place. While the process seemed to 

occur in a repetitive manner, the second and third stages were 

observed to proceed at much slower (~ a factor of 8) rates than that 

of the first one. The crystal qualities of the second a,nd third 

layers were also much worse than that of the first one~ as shown 

by the ion-channeling effect measurements and the transmission 

electron microscopic (TEM) studies. 

More work has been concentrated on the first stage. In general, 

the first layer was found to be a very good single crysta,l (which 

showed Kikuchi band in electron diffractton pattern) grown epitaxially 
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on the substrate. The rate of consumption of the amorphous Si 

was measured.for temperatures between 430 and 55o0 c. The consumption 

rate behaved like a thermally activated quantity (i.e., having a 

temperature dependence of e-Ea/kT) corresponding to an activation 

energy Ea= 4.0 eV, which was very high. Besides the growth rate, 

the density of the nucleated islands was also found to be temperature 

dependent with an activation energy of 1.8 eV. We further found that 

island growth significantly influenced the structures of the 

resulting uniform layer. For example, some Pd-silicide can get 

trapped at the intersection of two or three islands when the uniform 

epitaxial layer is formed. (There is also a possibility of forming 

stacking faults at the intersection~ of islands.) This was con­

firmed by backscattering and TEM studies. Backscattering measure­

ments showed that the amount of residual Pd-silicide in the Si 

epitaxial layer had the same temperature-dependence as that of the 
. 

island density. TEM observations showetj discrete Pd-containing 

particles (which appeared opaque) embedded in the Si epitaxial layer 

(which appeared semi-transparent in the micrographs). Again the 

density of these particles was found to have a temperature dependence 

corresponding to l .8 eV. TEM observations further showed that the 

sizes and densities of the stacking faults were consistent with those 

expected from the present mechanism (i.e., the formation of stacking 

fault was related to the number of intersections of the islands). 

While the temperature-dependence of the growth rate was found 

to be the same for various sets of samples, the growth rate at a 
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given temperature varied over a wide range (2-3 orders .of magnitude) 

from sample to sample. After extensive investigations, the cause 

of such a large variation was traced to the contamination of the 

amorphous Si layer by the carbon crucible used for holding the Si­

cha·rge during the electron-gun evaporation. Measurements of carbon 

concentration (usually 1~2 atomic %) in the amorphous Si layer by 

the depth-profiling technique of Auger electron spectroscopy (AES) 

showed that the growth (SPEG) rate was indeed very sensitively 

dependent on the carbon concentration. The carbon-doping seemed 

to have stabilized the amorphous Si layer and greatly slowed down 

the SPEG rate. Experiments using 11 carbon-free 11 amorphous Si layer 

showed results which indicated that some recrystallization also 

took place in the amorphous Si layer~ Apparently this recrystalli­

zation competes with the desired growth on the underlying single­

crystal substrate. To clearly demonstrate the effect of carbon, 

we proposed an experiment using "carbon-free" amorphous Si layer 

and a controlled carbon-doping by ion implantation. Such an experi­

ment has not been done. 

Besides the kinetic aspects of SPEG, we also investigated the 

possibility of _doping the SPEG layer to form an electrically active 
0 . 

layer. For this purpose a very thin (SlO A) Sb-layer was deposited 

between the Pd and the amorphous Si layers during sample preparation. 

After SPEG, we found (both by AES and by differential Hall effect 

measurements) that the Sb-atoms stayed in a very narrow region near 

the original Sb-layer position and became electrically active. 
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Despite much of the effort, we still do not know where SPEG 

will eventually find applications in solid-state technology. Re­

lated to this subject, there are recent developments on the pulsed 

annealing of amorphous semiconductor layers, which show promising 

fea~ures. We also did some work in this area. 

1:4.2 Laser Annealing • 

It has been demonstrated that a high-power Q-switched laser 

pulse can cause surface-layer melting and result in very good re­

growth of ion-implanted or deposited amorphous semiconductor 

layers {39 ,4o)_ Motivated by better understanding of the melting 

process arid the impurity redistributions, wehave beenusing 

Rutherford backscatt~ring techniques · to study the redistribution 
0 . 

of very thin {$ 10 A) Sb-layers as a result of laser annealing: 

Electron-gun evaporation was used to deposit amorphous Si 
0 

layers {~ 3000 A) onto a set of Si {100) single-crystal wafers. 

A very thin Sb-layer was interposed into each amorphous Si layer at 

a certain depth. The samples were then annealed by a Q-switched 
0 

ruby laser. Significant redistributions (extending over -1000 A) 

of the Sb-atoms were observed after the laser annealing. (Some of the 

redistribution profiles were very close to Gaussian distributions.) 

The same samples were also used for pulsed electron-beam annealing. 

Channeling effect measurement showed the Sb-atoms to be in sub­

stitutional sites. We have been studying the redistribution as a 
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function of the depth of the original Sb-layer and also as a function 

of the annealing condition; We believe that this study cah provide 

valuable insight into the surface-layer melting process and the 

important problems of doping the epitaxial layers. 

Our second subject about laser annealing is on the solid-

phase thin-film reactions, such as the reaction of a Pd-film with 

sf-substrate to form a Pd2Si layer. This is of interest because 

solid-phase reactions of thin films are technologically important 

and have been extensively studied using thermal (furnace) annealing. 

We first carried out a calculation in order to predict the laser­

annealing results using the existing furnace annealing data. 

The calculation is simplified by the fact .that energy is ab­

sorbed only in a very thin surface layer because of the metal film 

at surface. Under ideal conditions, the problem can be treated as 

a one-dimensional heat conduction problem with a source at surface. 

Thus, simple analytical solutions are obtained . for reaction tempera­

ture T(t), if the absorbed power density P(t) is a step, linear or 

polynomial function oft. The thickness of the reacted film is 

equivalent to that of a thermal annealing at an effective temperature 

Teff' for an ef.fective annealing time ~teff' i.e., (reacted thick-
-Ea/kl 

ness)Y = A~teffe eff, with y = 1 for reaction-controlled process 

and y = 2 for diffusion-controlled process. Teff is the peak value 
~ m 1 of T(t) and ~teff = (kTeff/Ea) ~t, where m = 1 or 2 (determined by 

the function form of T(t) near Teff), Ea is the activation energy of 
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the process, and 6t is .the duration of the laser irradiation. Cal­

culations show that irradiation times longer than l µsec are required 
0 

for appreciable metal-silicide formation (~ 100 A) at temperature below 

the melting point. For short pulse irradiation (6t ~ 10-7 sec), 

measurable silicide formation thicknesses or silicon epitaxial 

growth will not occur unless the melting po_int is exceeded. Since 

the temperature rise is proportional to the absorbed power, we 

conclude that laser annealing (for solid-phase reactions) will be 

very sensitive to the thickness of antireflective coatings, such as 

Si02 on Si. 

Experiment using scanning cw Ar+-laser beam showed Pd2Si and 

PdSi formations at power levels and irradiation times close to those 
. . 

predicted from the present calculations. More experiments in this 

area are still in progress. 

The SPEG work and part of the laser annealing work have been 

written up for publications: 

( I) SPEG 

1. "Solid-Phase Epitaxial Growth of Si through Palladium 

Silicide Layers", C. Canali, S. U. Campisano, S.S. Lau, 

Z. L. .Liau and J. W. Mayer, J. Appl. Phys. 46, 2831 (1975). 

2. "Kinetics of the Init·ial Stage of Si Transport through 

Pd-Silicide for Epitaxial Growth", Z. L. Liau, S. U. 

Campisano, C. Canali, S. S. Lau and J. W. Mayer, J. Electro­

chem. Soc. 122, 1696 (1975). 
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3. "Repetitive Growth Stages in the Sol id-Phase Epitaxy of 

Silicon", Z. L. Liau, S. S. Lau, M.-A. Nicolet and J , W. 

Mayer, Thin Solid Films, 44, 149 (1977). 

4. "Effects of Temperature on the Sol id-Phase Epitaxy of 

Silicon", Z. L. Liau, S. S. Lau, M.-A. Nicolet and J, W, 

Mayer, Thin Solid Films, 46, 93 (1977). 

5. "The Crystalline Qualities of Sil icon Layers Formed by 

Solid-Phase Epitaxial Growth", W. F. Tseng, Z. L. Lic1u, 

S. S. Lau, M.-A. Nicolet and J. W. Mayer, Thin Solid films, 

46, 99 ( 1977). 

6. "Solid Phase Epitaxy in Silicide-Forming Systems", S.S. 

Lau, Z. L. Liau and M.-A. Nicolet, Thin Solid Films, 47, 

313 (1977). 

7. "Heterostructure by Solid-Ph~se Epitaxy in the Si <lll>jPdjSi 

(amorphous) System", S. S. Lau, Z. L. L iau, M. -A. Ni col et 

and J. W. Mayer, J. Appl . Phys. , 48, 917 ( 1977). 

8. "Kinetic Aspects of Sol id-Phase Epitaxial Growth of Amor­

phous Si", Z. L. Liau, S. S. Lau, M.-A. Nicolet, J. W. 

Mayer, R. J. Blattner, P. Williams and C. A. Evans, Jr., 

Nucl. Inst. Meth. 149, 623 (1978). 

9. "Antimony Doping of Si Layers Grown by Sol id-Phase Epitaxy", 

S. S. Lau, C. Canali, Z. L. Liau, K. Nakamura, M.-A. Nicolet, 

J. W. Mayer, R. J. Blattner and C. A. Evans, Jr., Appl. 

Phys. Lett. 28, 148 (1976). 
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(II) Laser Annealing . 

l. 11 Redistribution of Very Thin Sb-Layers in Si After Laser 

Annealing", Z. L. Liau, B. Y. Tsaur, S. S. Lau, I. Galecki, 

and J. W. Mayer, Paper submitted to the Symposium of Laser­

solid Interactions and Laser Processing, Nov . 1978, Boston, 

Mass. 

2. "Laser Annealing for Solid-Phase Thin-Film Reactions 11
, 

Z. L. Liau, B. Y. Tsaur and J. W. Mayer, Appl. Phys. Lett. 

( in press ) . 
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Chapter 2 

SURFACE-LAYER COMPOSITION CHANGES 
IN SPUTTERED ALLOYS AND COMPOUNDS 

2.1 Introduction 

In this Chapter, we report Rutherford backscattering 

measurements· of the sputtered surface layer of a variety of 

thin-film alloys(l). Alloys and compounds were chosen with 

widely ranging bonding conditions: solid solutions (Ag-Au, 

Cu-Au), metallic compound phases (Au 2Al, AuA1 2), intermetallic 

silicides (PtSi, Pt2si, NiSi), semiconductor (GaP) and oxides 

(Ta2o5 and SiO2 ). We found tnat heavier components generally 

became enriched in the surface layers of the sputtered 

samples. 

2.2 Experimental Procedures 

Films of the binary alloys (Au2Al, AuA1 2 , Au0 _2Ag, 

and cu3Au) were prepared by vacuum evaporation. For a 

given alloy, two elemental metal films were deposited 

sequentially onto a sapphire substrate with relative film 

thicknesses adjusted for the desired alloy phase. The total 
0 

thickness was around 3000 A. Typical pressures during 

evaporation were 1 x 10-6 Torr with evaporation rates of 
0 

5 A/sec. Film couples weie alloyed by vacuum annealing at 

-6 pressures better than 1 x 10 Torr. For Au-Al alloys, l h 

at 250°C was sufficient( 2 ). For Au-Ag and Au-Cu alloys, 
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0.5 hat 500°C was used. The composition and uniformities 

of the resulting alloys were determined by backscattering of 

4 + 1.9-MeV He. Silicide films (PtSi, Pt2Si and NiSi) were 

prepared by vacuum evaporation of metal films onto <100> Si 

• 1 1 b d b 1· ( 3 , 4 ) sing e-crysta su strates an su sequent annea 1ng . 

The evaporation and annealing conditions were similar to 

those of the metal alloys stated above. For the study of 

compound semiconductor, bulk material of single-crystal GaP 
0 

was used. Ta
2
o5 films~ 6000 A thick were prepared by 

anodic oxidation of sputter-deposited Ta films; a Ta layer 

under the Ta2o5 was always retained for electrical conduc­

tion during ·sputtering · and backscattering analysis. 

Sputtering was carried out in an ion implantation 

accelerator. The samples were loaded in a target chamber 

with a liquid-nitrogen cold can of 10 cm diameter surrounding 

the sample ho·lder. The pressure in the target chamber was 

~ 1 x 10-7 Torr before sputtering. + + + + Ar, Kr, Xe and Ne 

beams of 10-80 keV were generally used for sputtering. In 

++ some cases, 160 and 80 keV Ar beams were used. There was 

no detectable Ne+ in the Ar++ beam. The pressure in the 

target chamber was~ 3 x 10-7 Torr during sputtering. The 

ion beam was swept across a rectangular tantalum aperture 

of 2.3 mm x 3.0 mm, which was placed~ 1 cm in front of the 

sample. Average beam current densities between 10 and 50 

µA/cm 2 were used. The dimensions of sputtered craters were 
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2.3 mm x 3.0 mm, as defined by the rectangular aperture. 

some ten .craters were sputtered on a sample with distances 

of 3-4 mm between craters. An example of the lateral 

profile across sputtered craters is shown in Fig. 2.1 

for two different Ar doses. 

The sputtered samples were analyzed using 1.9-MeV 

4He ~ backsca'ttering with a beam spot diameter of O. 5 mm. 

The film thicknesses within the sputtered craters were 

measured by Rutherford backscattering to be uniform within 
0 

5~ 0. The backscattering depth resolution is~ 200 A for 

normal incidence. This was improved by a factor of 2, 

where necessary, by tilting the samples 60°. 
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Fig. 2.1 An example of the lateral profile of sputtered 

craters as measured by Rutherford backscattering 

in.which a beam spot of 0.38 mm diameter was used 

to scan across the craters step by step (0.25 mm 

each step). In each step, the same 4He+ dose was 

used to obtain the integrated Pt counts, which 

2 was then converted into the numbe~ of Pt atoms/cm. 

+ These craters were produced by 80 keV Ar sputter-

ing of doses of 2.1 and 1.0 x 1017 cm- 2 , respectively. 
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2.3 Results 

Figure 2.2 shows the result for a Pt2Si film. A sur­

face enrichment of Pt on the sputtered sample can be seen 

both from the increase of the Pt signal height and the 

decrease of the corresponding Si signal height. The thick-
0 

n~ss of the Pt-enriched layer (about 450 A for the shaded 

region in Fig. 2.2) is comparable to the width of the 
0 

implanted Ar distribution (about 350 A in Fig. 2.2). The 

surface composition can be calculated from the relative 

signal heights of Pt and Si. Most compositions were 

obtained from tilted target measurements. The surface 

composition thus calculated was Pt3 _5si. 

Ion doses between 0.5 x 1016 and 1.5 x 10 17cm- 2 

were used for the sputtering. The surface layer became 

progressively Pt-enriched with increasing dose until a 

certain steady-state composition was attained. 

this steady-state composition was reached after a dose of 

0.7 x 1017 ions cm- 2 , which corresponds to the sputtering 
0 

away of approximately 500 A of the film. Similar behavior 

was observed in other materials. 

One example with a Au-Ag alloy is shown in Fig. 2. 3. 

The sputtered sample becomes Au-enriched (~ 20% increase 
0 

in Au/Ag concentration ratio) in a surface layer of~ 350 A. 

Figure 2.4 shows the result on GaP. After being sputtered 

+ by 80 keV Xe, the sample becomes Ga-enriched in a surface 
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Fig. 2.2 Backscattering spectra of a Pt2si film before and 

after sputtering. The unsputtered sample has a 
0 0 

2500 A layer of Pt2si on the surface and a 1350 A 

layer of PtSi between the Si substrate and the 

Inside the crater, a layer of Pt2Si of 
0 

~ 1000 A has been sputtered away. A Pt-enriched 
0 

layer of~ 450 A (shaded region) on the surface is 

indicated. The Si and Ar signals are magnified (x8) 

to reveal the layer structures. The fact that the 

thickness of the underlying PtSi layer does not 

increase after sputtering is an indication that 

the temperature rise during Ar+ bombardment was 

< 3 0 0 ° C . ( Ref. 3 ) . 
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0 

layer of~ 500 A. The near surface composition was found 

to be~ Ga1 _5P. An example with the sputtering of Ta
2
o

5 
is shown in Fig. 2.5. + After being sputtered by 80 keV Kr , 

0 

a Ta-enriched layer is found over a depth of~ 600 A with 

20..--.----r----,----,---,----r---r---, 

'ii, 
§ 10 
0 u ,,., 
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5 

1.9 MeV 4He+ BACKSCATTERING .·,;.,.,.;,.,_ ,. 1g 
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• ; : 
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1.8 

Fig. 2.3 Backscattering spectra of a Au-Ag thin-film alloy 

+ before and after being sputtered by 40 keV Ar . 

The dashed lines indicate the contributions from 

the Au and Ag signals. In the sputtered sample, 

an extra Au peak shows up near the Au signal edge, 

indicating a Au enrichment in a surface layer of 
0 

~ 350 A. From the Au peak height, the surface 

composition was calculated to be Au0 _24Ag. 
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Fig. 2.4 Backscattering spectrum of a GaP sample after being 

sputte red by 80 keV Xe+ and that of an unsputtered 

one. The sputtered sample shows a Ga-enrichment 
0 

in a surface layer of ~ 500 A. 
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Fig, 2.S Backscattering spectra of a Ta2o5 film before and 

+ after being sputtered by 80 keV Kr. The unsput-
0 

tered Ta2o5 was~ 6000 A thick. After sputtering, 

a·Ta-peak appears near the Ta signal edge, indicat-
0 

ing a Ta-enrichment in a surface layer of~ 600 A 

thick. 
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TABLE 2 .1 

Steady-State Surface Compositions 
In Sputtered Alloys and Compounds 

Materials Enriched 
Studied Component 

•. Au
0

. 2Ag .. Au 

Au0 . 3cu Au 

Au2 Al Au 

AuA1 2 Au 

Pt2Si Pt 

PtSi Pt 

NiSi Ni 

GaP Ga 

Ta2o
5 Ta 

Surface 
Composition 

Au0.24Ag 

Au0 . 33cu 

Au 3 . 8Al 

Au1 . 3Al 2 

Pt3 . 5si 

Pt2 . 1si 

Ni 1 . 6si 

Gal.SP 

Ta4.605 
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a surface composition of~ Ta4 ~6o5 . Table 2.1 summarizes 

the results. 

The composition and thickness of the altered surface 

• t· t d for Ne+, Ar+, Kr.+ and Xe+ tt layers were inves iga e _ spu er-

ing of 20-80 keV. For a given material, the steady-state 

surface composition was independent of the mass and energy 

of the sputtering ion. The thickness of the surface layer 

was proportional to the range of the implanted ion. 

2.4 Interpretations and Implications 

These results are suggestive of a general rule that, 

for a given material, it is always the heavier component 

that becomes enriched after sputtering. Indeed other 

workers have observed enrichment of the heavier element in 

. (6 7) (8) (8 9) 
the sputtering of oxides ' and Ag-Au , Cu-~u ' and 

Al-Cu{lO) alloys. A Ta-enrichment in light-ion sputtered 

Ta2o5 has recently been reported by Seefeld et al. (ll). The 

exception appears to be the Cu-Ni system where Ni enrichment 

is observed(l2-l4). 

Based on the collision cascade picture of sputtering, 

a calculation has been carried out which indicates preferred 

energy partition for the light species(lS). This would lead 

to preferential sputtering. Even without preferential energy 

partition, there are other possible mechanisms for the light 

component to be preferentially sputtered. For example, the 
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light atoms can be preferentially sputtered because of 

reflections from heavy atoms(l 6 ). It may also be easier 

for light atoms to escape from the material because of 

smaller energy loss they suffer when moving through the 

material(l, l 7 ,lB) Therefore, the light atoms could, 

emerge from a greater depth than that of the heavy atoms. 

Difference in surface binding energies for the two components 

may also be one important factor for preferential sputter­

ing. The influence of surface binding energies has been 

noted in the sputtering.of oxides and alloys(l9 ). 

The fact that the steady-state composition is indepen­

dent of the mass and energy of the bombarding ion indicates 

that the steady-state composition is indeed determined by the 

underlying alloy composition. At steady-state, the material 

sputtered off must .have the same composition as the under- · 

lying alloy. The surface layer will ther0fore adjust in 

composition to compensate for the preferential sputtering. 

Another important question is the observed thicknesses 

of the altered surface layer. It is known that the majority 

of sputtered atoms emerge only from the outmost few atomic 

layers near the surface. Therefore, with preferential sput­

tering, one can only expect a composition change in the 

outmost few atomic layers rather than in a depth comparable 

to the ion range. The observed thickness of the altered 

layer requires some atomic mixing or interdiffusion which 

can propagate the composition change from the surface to the 
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deeper region. Either the enriched heavy atoms can move 

inward to dilute the surface enrichment, or the light atoms 

can move outward to replenish the depletion of light atoms 

at the surface. So, finally, the composition over the whole 

layer is changed. 
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Chapter 3 

SPUTTERING OF PtSi 

3.1 Introduction 

In Chapter 2, we reported the surface layer composi­

tion changes in various alloys and compounds as a result of 

sputtering by rare-gas ions of 20-80 keV. The compositions 

and thicknesses of the layers were determined by backscat­

tering technique. However, since the layer thicknesses 
0 

were generally comparable to the depth resolution (~ 200 A) 

of the backscattering technique, very little hai been 

learned about the composition depth profiles and the forma­

tion kinetics of the altered surface layers. Other experi­

mental problems, such as signal overlap, background noise 

and interference from the implanted species also added to 

uncertainties. 

In this Chapter, we introduce techniques which have 

been developed to overcome these difficulties(l, 2 ). The 

work has concentrated on the Ar-sputtering of P_tSi. Glanc­

ing angles have been used to improve the backscattering depth 
0 0 

resolution from 200 A at normal incidence to~ 40 A at 80° 

incidence. For some experiments, the sample configuration 

was designed to allow simultaneous measurements of both Pt 

and Si as well as the implanted Ar. Thus, composition pro­

files and sputtering yields of Pt and Si can be measured as 
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a function of Ar dose and energy . 

. 3.2 Depth Profiles of Pt-Enrichment 

Figure 3.1 shows a backscattering spectrum of a PtSi 

film sputtered by 1.56 17 ++ 2 x 10 80 keV Ar /cm. For compari-

son, an unsputtered sample is also shown in Fig. 3.1. 
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Fig. 3.1 Backscattering spectra of an 80 keV Ar++ sputtered 

and unsputtered PtSi sample. The incident angle 

(with the surface normal) of 4He+ beam was 60° in 
0 

both cases. In the sputtered sample, some 960 A 

of material has been sputtered off from an original-
0 

ly.2200 A thick PtSi film. The unsputtered sample 
0 

shown in this figure is from a 1460 A PtSi film. 

(The reason for choosing a thinner unsputtered 

sample was to avoid signal overlap and high back-

ground on the Si signals.) The Ar edge (the energy 

position of Ar at the surface) is calculated from 

Pt and Si edges and by a Ni edge (not shown in the 

figure) from a Ni sample. 
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In the sputtered sample, the Pt signals near the Pt-edge (the 

energy of 4He particles scattered from the Pt atoms at the 

surface) become higher than in the unsputtered sample, while 

the corresponding Si signals become lower. This indicates 

that the sputtered sample is Pt-enriched in a layer starting 

from the surface. In the spectrum, the Pt-enriched layer 

extends to an energy width of~ 200 keV which corresponds 
0 

to a depth of~ 750 A. 

The implanted Ar in the sputtered sample can also be 

seen in Fig. 3.1. ~he peak of the Ar distribution Corres­

ponds to an Ar concentration of 0.4 x 10 22cm- 3 and is 

located~ 70 keV below the Ar·edge which corresponds to a 
0 

depth of~ 370 A from the surface. Due to its contribution 

to the energy loss of the analyzing helium ions, the presence 

of this Ar distribution will cause a~ 5% depre~sion in Pt 

signals at~ 70 keV below the Pt ·edge. The observed dip in 

the enriched Pt signals of the sputtered sample in Fig. 3.1 

is caused by the presence of the Ar. Similarly, there should 

also be an extra~ 5% depression of Si signals at~ 70 kev 

below the Si edge, although this is hard to discern in the 

already depressed Si signal because of Si depletion. 

To obtain the depth profile of the Pt/Si concentration 

ratio, the corresponding Pt and Si signal heights should be 

taken from energy positions that correspond to the same 

depth below the surface( 3 ). For this purpose, the Pt signal 
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height HPt(E) was taken for a given energy E measured below 

the Pt edge. The Si signal height Hsi (E') was also taken 

for the corresponding energy E' (below the Si edge). 

(E = 1.17 E' in the present case). The Pt/Si concentration 
nPt 

ratio --(E) 
nSi 

was then directly calculated 
HPt (E) . 

from HSi(E')using 

Rutherford scattering cross sections· and the backscattering 
n n 

kinematics (3). To convert Pt (E) into Pt_(z), (where z is 
ns. ns. 

~ l l dE 
the depth from the surface or the sample), dz was evaluated 

for each E, using the elemental dE 
values of dz's for Pt and 

nPt ( 4) 
Si, --(E) and Bragg's rule . Assuming an atomic density n . 

Si 22 -3 dE ~ 
-of 6 x 10 cm dz = 52 eV/A is obtained for unsputtered 

PtSi. This value is nearly constant throughout the thickness 

of the sample( 4). In the sputtered sample, the Pt-enrichment 

causes~ 10% increase in~!, while the presence of Ar causes 

a few percent decrease. 
nPt 

The ---(z) thus calculated for the sputtered sample 
ns· l_ 

in Fig. 3.1 is shown in Fig. 3.2. As a test of the analytical 

method stated above, the same analysis was also carried out 

for the unsputtered sample in Fig. 3.1. It yielded a 

nPt-
constant -- to within 1% over the thickness of the PtSi 

nsi 
film . (Fig . 3 . 2 ) 

nPt 
Figure 3.2 also shows --(z) for samples sputtered 

nsi 
with 80 keV Ar++ at lower doses. In all cases, the region 

0 

of Pt-enrichment extended to depths of~ 750 A. In Fig. 3.2 

the Pt-enrichment was observed to increase with Ar dose. 
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Fig. 3.2 Depth profiles of Pt/Si concentration ratio for 

80 keV Ar++ sputtered samples. 

Due to the limitation of energy resolution, the Pt/Si 

concentration ratios within the first few atomic layers of 

the surface region cannot be qirectly measured with the 

present technique. However, assuming smooth depth profiles, 

the surface Pt/Si ratios can be obtained by extrapolating 

from the measured profiles. 

Figure 3.3 shows the surface Pt/Si ratios determined 

. ++ 1.n this way for 80 keV Ar sputtered samples. The surfac'e 

Pt/Si ratio increases with increasing Ar dose approaching a 

steady-state value (~ 1.94 in Fig. 3.3) for doses~ 1.5 x 

1017 -2 cm . 
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Fig. 3.3 The surface Pt/Si concentration ratio, NPt/NSi' 

as a function of Ar dose¢, in the 80 keV Ar++ 

$puttering of PtSi. 

The surface layer Pt-enrichment was also observed for 

Ar energies between 10 and 160 keV. For a given energy, the 

Pt-enrichment extended to approximately the same depth, with 

its amplitude increasing until attainment of steady-state. 

The thickness of the Pt-enriched layer was related to the 

Ar range. It was also found that less sputtering was required 

to reach steady-state when lower Ar energy was used. Sput­

tering of an amount of material comparable to the thickness 

of the altered layer was required to reach steady-state. 
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The backscattering spectrum of a 20 keV Ar+ 

sputtered PtSi sample. The surface Pt-enriched 
0 

layer is~ 240 A. 
0 

Some 500 A of material has 

been sputtered off. 
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Figures 3.4, 3.5 and 3.6 show backscattering spectra 

of samples sputtered at 40, 20 and 10 keV, respectively. In 

each case, a dose was chosen such that the Pt-enrichment 

reached the steady-state. In each spectrum, the implanted 

Ar is seen to distribute to a depth almost identical to the 

Pt-enrichment. This is reflected from the dip on the Pt 

signals as well as from the position of the Ar signals. 
n 

Figure 3.7 shous concentration ratios Pt(z) calcu­
nSi 

lated from data in Figs. 3.1, 3.4, 3.5 and 3.6. In addition 
nPt 

to a monotonic decrease of from its surface value, there 
nsi 

is a well-resolved knee in the 20 and 40 keV profiles. Such 

a knee is less well-defined in the 80 keV profile and is not 

resolved in the 10 keV profile. 

Figure 3.7 also shows that the surface Pt/Si ratio was 

nearly the same for various energies. The steady-state sur­

face Pt/Si ratio was measured for a series of samples sput­

tered at different Ar energies. The results are plotted in 

Fig. 3.8. There might be a slight energy dependence <~ 10% 

variation from 10 to 80 keV). However, it could be due to 

the data extr~polation, since higher angle tilting was used 

in the backscattering analysis of lower energy Ar sputtered 

samples. 

Experiments were also carried out for samples kept at 

high and low temperatures during sputtering with 80 keV Ar+. 

No appreciable differences were observed in the profiles 
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between samples sputtered at liquid nitrogen temperature 

and those shown in Fig. 3.1. One ~puttering rµn was made 

with a sample heated at 275°C; the data showed substantial 

flattening of the Pt-enrichment profile (i.e. the magnitude 
nPt 

of --(z) was smaller, but penetrated deeper into the sample). 
nsi 

This can be explained as an annealing effect due to the 

replenishment of Si from the Si substrate. (Since 275°C 

was close to Pt-silicide formation temperatures.} One 

single experiment was done using 500 keV Ar+ (from a van de 

-Graaff generator) for sputtering. Pt-enrichment to a 

composition similar to that of lower Ar energy sputtering 

was observed. 

3.3 Yields of Pt and Si in PtSi Sputtering 

The backscattering technique was also used to measure 

the yields of Pt and Si in the sputtering of PtSi samples. 

For this purpose, differences of integrated Pt (or Si) 

counts between unsputtered and sputtered samples were taken. 

In doing so, special samples (see Figs. 3.9 and 3.10) were 

made to reduce experimental uncertainties. To avoid the 

problems associated with extracting the Si signal in PtSi 

from that of the substrate, the PtSi was formed on sapphire 

( 2) 
The backscattering spectrum from such a sample is 

shown in Fig. 3.9. Clean sapphire (A1 2o3 ) slabs of 1 cm x 

2 cm dimension were used as substrates. Layers of W, Pt and 

Si of 19, .190 and 28 µg/cm 2 , which corresponded to 100, 900 
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and 1200 A thicknesses, respectively, were deposited 

sequentially by electron gun evaporation. The W layer 

served two purposes: ( 1 ). to improve the adhesion between 

Pt and the substrate, and (2) to increase the energy separa­

tion of the backscattering signals from Si and Al. The 

samples were vacuum annealed to form PtSi. 'The conditions 

of evaporation, annealing and backscattering analysis were 

similar to those for PtSi on Si substrates. The relative 

thicknesses , of the Pt and Si layers had to be adjusted for 

exact PtSi stoichiometry. For this purpose, several trial 

runs were carried out to correct the thickness calibration. 
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Fig. 3.9 The specially prepared thin-film PtSi sample in 

which the Si signals are essentially isolated from 

the signals from the substrate. The Si, Al and O 

signals have been magnifi~d a factor of 8. 
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Fig. 3.10 Backscattering spectra from the thin-film 

structure used to measure yields of Pt and Si in 

the sputtering of PtSi. The unsputtered area has 
0 

a PtSi film thickness of~ 1800 A. In the crater, 
0 

about 450 A of material have been sputtered off 

by 40 keV Ar+ (0.62 x 1017 cm- 2 ) and a Pt-enriched 
0 

layer of~ 400 A appears at the surface. The 
0 

subsequently deposited Cr film (~ 500 A) serves 

4 + as a monitor for He dose. 
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0 

A uniform Cr layer of~ 500 A was evaporated onto the 

d l • f 4H + d b th sputtere samp e as a monitor or e oses, ecause e 

total backscattering yields of this Cr layer are proportional 

to the 4He+ dose. By this technique, 4He+ dose normalization 

was checked to better than 1%. To eliminate errors due to 

possible non-uniformity of the starting PtSi film, a back­

scattering measurement was always made on the unsputtered 

area just next to each sputtered crater (Fig. 3.10). To avoid 

errors due to possible non-uniformities of the sputtered 

4 + craters, the samples were positioned so that the He beam 

hit the center of each sputtered crater. Also, the PtSi 

films to be sputtered were made as thin as possible; the 

thickness exceeded the amount of material sputtered to reach 

steady-state at 40 keV. This was to reduce errors in taking 

differences of total Pt (or Si) backscattering yields, and to 

reduce the background on Si signals. Flat backgrounds were 

assumed in extracting Si backscattering yields. 

The results are shown in Fig. 3.11. In the 40 keV 

case, some Ar doses were higher than that required for reach­

ing steady-state. The Si and Pt data points tend to fall on 

a pair of parallel lines which is in agreement with the equal 

sputtering rates of Si and Pt in the steady-state. The 

separation between these two parallel lines, which is the 

excess Si atoms sputtered off the material, is (0.62 + 0.05) 

X 1017 -2 cm This is in agreement with the excess Pt in the 



-54-

pt-enrichment profile, which is (0.55 + 0.05) x 10 17 cm- 2 

as estimated from Fig. 3.7. In the 80 keV case, the doses 

were not high enough to reach the steady-state. Nevertheless, 

the separation between the Si and Pt data points was already 

larger than in the 40 keV case, as expected from the Pt­

enrichment profiles in Fig. 3.7. 
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Fig. 3.11 Numbers of sputtered Si and Pt atoms as a 

function of Ar dose. The smooth curves were 

drawn to fit the data. 
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Define the yields of Si and Pt as: 

and 

where NS. . l and' NPt are numbers of Si and Pt atoms sputtered 

off the material, and NAr is the number of incident Ar ions. 

Thus, ssi and 8Pt can be determined as the derivatives of the 

data in Fig. 3.11. Because of experimental errors in NSi and 

NPt' there were more uncertainties in the determination of 

s
8

i and SPt· To eliminate random errors, pairs of smooth 

curves were drawn to fit data in Fig. 3.11. Derivatives of 

these curves were then taken as SSi ~nd Spt· 

The results are shown in Fig. 3.12. In the low dose 

region, SSi ~ 2.4 SPt for both energies. The values of SPt 

and s
8

i then approach each other and finally merge into an 

equal value. In the 80 keV case, the Ar dose at which SSi 

equals SPt is estimated to be~ 2 x 1017cm- 2 . This is in 

agreement with the dose required to reach the steady-state 

Pt-enrichment, which is~ 2 x 1017cm- 2 as estimated from 

Fig. 3.3. 
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Fig. 3.12 Yields of Si and Pt atoms per incident Ar atom as 

functions of Ar dose. These values are derivatives 

of the curves in Fig. 3.11. 
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3.4 Observation of Ar Bubble Formation 

In the previous sections, it has been noticed that 

the implanted Ar is distributed over depths comparable to 

those of Pt-enrichment. Measurement of Ar distribution as 

a function of Ar dose actually showed evidence of Ar bubble 

formation in the material(S). 

Figure 3.13 shows a series of backscattering spectra 

++ of a sample which has been sputtered by 160-keV Ar . 
0 

Starting with a PtSi film 4200 A thick (spectrum O in Fig. 

3.13), the Ar dose was incremented equal steps with 0.16 x 

17 -2 10 cm per step. 
0 

Some 100 A of Pt-silicide was sputtered 

off after each step. In Fig. 3.13, the indicated Ar edge 

was calculated from Pt, Si artd Ni signal edges. (A nickel 

sample was used to obtain the Ni ' signal edge.) In all sput­

tered samples, signals of implanted Ar can be seen, above 

from a background which was mainly due to the Pt signals. 

An interesting feature is the evolution of the Ar 

distribution. It developed into a sharp peak (spectra 1-3). 

The peak then grew bigger and appeared closer to the surface 

of the sample (spectrum 4). Finally it disappeared at the 

surface (spectrum 5). The process then repeated itself 

(spectra 6-9). 

The formation of a sharp Ar peak . is an indication of 

condensation of Ar into a narrower region, even the forma­

tion of large Ar bubbles. Thus, Fig. 3.13 suggests a repeti­

tive process for Ar bubble formation. Because the sputtering 

causes the sample surface to· recede, when the front face of 
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Fig.3.13 Backscattering spectra of a sequence of Ar-sput­

tered PtSi samples which indicate a repetitive 

Ar bubble formation process. The Si and Ar 

signals have been magnified a·factor of 8. 
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the bubble is exposed, Ar can escape from the material. 

upon this release of the previously implanted Ar, new 

bubbles can start to form due to the newly implanted Ar. 

To further investigate this phenomenon, cross sections 

of the samples were studied by ·TEM(G). For comparison, 

samples with and without a strong indication of bubbles 

(spectra 4 and 10 of Fig. 3.13) were chosen for the TEM 

observation. 

The results are shown in Fig. 3.14. Some circular 

and more transparent regions appeared near the surface of 

the sample for which backscattering suggested bubbles. 

Since their depths and sizes are in good agreement with 

backscattering data, these circular objects are, therefore, 

identified as due to Ar bubbles. Such objects were not 

observed in the sample for which backscattering showed no 

indication of bubbles. 
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Fig. 3.14 TEM pictures of the cross sections of two Ar-

sputtered PtSi samples. (a) and (b) are from 

samples of spectra 4 and 10 of Fig. 3.13, respect­

ively. The circular objects in (a) are evidence 

of bubble formation. The surface roughness in (b) 

is probably due to the exposure of bubbles to the 

surface. 
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From the TEM picture, the average diameter and depth 

(of the front face) of the bubbles are measured to be 700 
0 

and 400 A, respectively. Assuming a sample thickness of 
0 

~ 1000 A (in the direction normal to the paper), the density 

of bubbles (viewed in the direction normal to the sample 

surface) is calculated to be~ 1 x 1010bubbles/cm2 . On the 

other hand, the amount of Ar atoms in the sample as calculated 

from the backscattering data (spectrum 4 of Fig. 3.13) is 

16 2 • 
~ 3.3 x 10 Ar atoms/cm. Therefore, the average number 

of Ar atoms in one bubble is estimated to be~ 3 x 10 6 , which 

corresponds to a density of~ 2 x 10 22 Ar atoms/cm3 . 

It is interesting to point out that the bubble forma­

tion can indeed affect the shape of Ar signals in the back­

scattering spectra. This is illustrated in Fig. 3.15. 

Suppose there are equal numbers of Ar atoms distributed in 

the depth regions from x to x + 6x in PtSi samples A and B. 

The shapes of the Ar signals in the backscattering spectra 

will, however, look rather different if, in case A, the Ar 

atoms are uniformly embedded in PtSi, while in case B the Ar 

atoms condense to form bubbles of diameter 6x. This is be­

cause, in backscattering analysis, the He ions suffer much 

less energy loss traveling through the Ar atmosphere than 

through PtSi. Therefore, with bubble formation, the Ar 

signals will appear in a narrower region (and, hence, larger 

signal height) in the backscattering spectrum. Taking the 
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Fig. 3.15 A schematic picture which illustrates the effect 

of bubble formation on the backscattering spectrum. 

The dots represent Ar atoms in the PtSi samples. 

For equal numbers of Ar atoms in samples A and B, 

the areas under the Ar spectra of A and B should 

be approximately equal. The bubble formation 

causes the Ar spectrum to sharpen up. The Pt and 

Si signals are not shown in the spectra. 
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dE/dx and the spherical shape of bubbles into consideration, 

the shapes of Ar signals should appear approximately as 

those shown in Fig. 3.15. Thus, the present argument is 

quite consistent with the observed Ar peak formation in 

Fig. 3.14. 

To further investigate the bubble formation picture, 

it is desirable to have TEM observations of bubbles at 

various Ar doses. However, such observations are not avail­

able at the present time (mainly due to difficulties in 

·preparing TEM samples). On the other hand, backscattering 

data showing effect similar to that in Fig. 3.13 were 

obtained for sputtering ~sing lower-energy Ar+ (80-20 keV). 

+ It was also noted that, for lower Ar energy, less sputter-

ing was required to complete one cycle of the bubble forma­

tion. This seems to be consistent with the present picture. 

. . + 
Because, for lower Ar energy, the bubbles form at a shallow-

er depth from the surface, therefore, less sputtering is 

needed for the bubbles to intersect the surface. Backscat­

tering data also indicated that the sizes of the bubbles were 

smaller at lower Ar energies. The critical size of bubbles 

is probably related to the ion range and sputtering rate. 
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In Fig. 3.13, two cycles of bubble formation were 

observed. We do not know whether the process will continue 

to the third cycle or even more. Ideally, it is expected 
e 

from the present picture that the system will continue to 

form bubbles repetitively. However, while the sample had 

a flat surface to begin with, the surface becomes rougher as 

the bubbles reach the surface (as seen in Fig. 3.14). There­

fore, if the bubbles continue to form, they may no longer be 

formed in coherent fashion. This will gradually smear out 

the effect in the backscattering observation. 

As mentioned earlier, the sputtered PtSi generally 

becomes Pt-enriched in a surface layer with its thickness 

comparable to the ion range. This Pt-enrichment was also 

observed in the present case. In Fig. 3.13, the Pt signal 

heights near the Pt edge increase with Ar dose, with corres­

ponding decreases in Si signa\ heights near the Si edge. 

Furthermore, this Pt-enrichment extends to a depth comparable 

to that of the Ar distributions. We have previously suggested 

that this Pt-enriched layer is due to preferential sputtering 
~ 

. . 

at the surface in combination with enhanced diffusion over the 

ion range. The formation of Ar bubbles does indeed indicate 

a certain mobility of atomic species in the layer during ion 

bombardment. This mobility or enhanced diffusion seems to be 

necessary in explaining the Pt-enrichment to a depth compara­

ble to the ion range. 
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The present results also provide insights into other 

,roblems associated with sputtering. An immediate example 

•ould be the surface roughening. As sputtering proceeds, 

;he surface roughness will increase as subsequent generations 

,f bubbles are exposed to the surface. · The related qua~tities, 

:uc? as critical bubble size, bubble density per unit area, 

md amount of sputtering required to complete one cycle of 

>Ubble formation, would be important parameters in consider­

.n~ this surface-roughening procesi. 
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Chapter 4 

PHENOMENOLOGICAL MODEL FOR ALLOY SPUTTERING . . . 

4.1 The Simple Model 

In order to evaluate the experimental results in Chapter 3, we 

have developed a simple mathematical model to trace the formation 

kinetics of the Pt-enriched layer (l). Similar models have been 

developed by several investigators (2,3). 

The phenomenon of Pt-enrichment in the sputtered PtSi requires 

that: 

Excess Pt atoms in the altered layer 
(4. l) 

= Excess Si atoms that have been sputtered off 

This can be expressed in mathematical terms as: 

C 4.la) 

where¢ is the Ar dose per unit area; nSi{¢,z) (or nPt(¢,z)) is the 

density of Si (or Pt) atoms per unit volume as a function of the 

depth z; and s5i(¢) (or SPt(~)) is the number of Si (or Pt) atoms 

being sputtered per incident Ar ion. The Pt/Si concentration ratio 
• ++ 

"Pt(¢,z)/n5i(¢,z) has been measured for 80 keV Ar for three dif-

ference ¢'s (Fig. 3.2). We approximate the Pt-enrichment profiles, 

"Pt(¢,z) - n5i(¢,z), by simple linear functions with a depth para­

meter, W, where nPt(¢,w) - n5i(¢,W) = 0 . . _ Thus, 



00 

/ ( nPt (cf>, z) - n 5/4>, z )] dz ~ 
0 
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- 0 ++ W = 750 A for 80 keV Ar Smaller W's must be used for lower Ar 

energies (Fig. 3.7). 

(4.2) 

Substituting the righthand-side of E~. (4.2) into the lefthand-s~e 

of Eq. (4.la)'and differentiating with respect to¢, we get 

( 4.lb) 

This equation relates the change of surface composition to the prefer­

ential sputtering. 

To deal with preferenti~l sputtering, a parameter r is now 

introduced: 

r = Si ejection probability 
- Pt ejection probability (4.3) 

Thus, preferential sputtering of Si over Pt implies r > 1. Since it 

is known that the sputtered atoms only emerge from the first few 

atomic layers, s5i (or SPt) should be proportional to the surface 

concentration nsi{¢,0} (or nPt(¢,0}). Therefore, by the definition 

of r, 



nSi (t,, 0) 
r-----

nPt C~, O) 
(4.3a) 

In the beginning, more Si atoms are sp~ttered (SSi > SPt). As 

the surface becomes Pt-enriched, the sputtering rate of Pt approaches 

that of Si. Finally, when the steady-state is approached, the Si 

and Pt atoms are sputtered at an equal rate, i.e., SPt(00 )=Ssi(00). 

Thus, Eq. (4.3a) gives 

r -
nPt (co, 0) 

nSi ( oo, 0) 
(4.3b} 

which means that r can be determined from the steady-state surface 

composition. Specifically, r; 1.94 from Fig. 3.3. 

The value of r is likely to be a function of the surface compo-
. . . ·( nPt(<P,0)) . . . 

s1t1on, 1.e., r:= r "siC<t>,O) . However, experimental evidence 

indicates that r is only a slow-varying function of the surface compo­

sition. First of all, the data in Figs. 12 and 13 give s51 (o) • 

...• (nPt(O,O) )~ . 
= 2.4 SPt(O), which 1mpl1es r nSi(O,O) = l = 2.4, by Eq. (4.3a). 

This is close to the previously determined saturation value, 

(
nPt(oo,Q) ) . 

r "s;(oo,Q) = 2 = 1.94. Furthermore, ,twas found that 

r ( ~:~ = 3.3) = 1.7 from sputtered Pt2Si (4). The fact that r is 

quite constant over a large range of surface compositions has also 

been reported by other investigators (3,5,5) 
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For convenience, we now define the following variables x and 

S: 

X -
nPt ( P, O) 

ns; ( '1>, O) 

Combining Eqs. (4.3a), (4.4) and (4,5), we get 

r 
r+ X S 

X 
r+x S 

Similarly, 

{_4.4) . 

(4,5) 

(4.5a) 

(4.5b) 

(4.4a) 

where n0 = ns;(¢,O) + nPt(¢,O) is the total atomic concentration 



-71-

which is nearly a constant, independent of¢. 

With these new variables, Eq. (4.lb) becomes 

I Wn d ( x - t ) 
2 °d4>\l+x 

r-x 5 r+ X 
(4 . lc} 

After differentiation, Eq. (4.lc) can ~e rearranged into 

Cr+x) dx 
(r-x)(l+x) 2 

(4. ld)_ 

This differential equation relates the surface composition x to the 

ion dose¢, which can be solved by integration 

t 

i x (r+x,.) ; • I f Sd;r..' ---------dx - -- ';t' (4.le) 
Xo ( r - X I)( l + XI >'l . - now 0 

where x0 is the initial surface composition ratio. (x0 = l for 

PtSi.) 

Since r was known to be a slowly varying function of x, we now 

approximate r as a constant, to simplify the calculation; The 

integration in the lefthand-side of Eq. (4.le) can be carried out by 

taking partial .fractions of the integrand. Thus, 

I x (r+x') dx' =/)([ A + A + B-A ]dx' 
(r-x'){l+x')2 (r-x') (x'+I) (x'+l)2 

I I 

= A !n x + I + A- B + C 
r-x x + 1 
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where A= 2r 1 B = l - • 2 and C ~ Aln(r-2
1) + 82~A. 

(r+l) 2 (r+l) 2 

While the integral in the righthand-side of Eq. (4.le) repre-

sents the total number of atoms sputter~d, the calculation is simpli­

fied by approximating Sas constant. (This approximation is somewhat 

justified by data in Figs. 3.11 and 3.12). 

Hence, Eq. (4.le) becomes 

A~n x+l + A-8 +C _1_5~ (4. lf) 
r-x X + I now 

With known n0W, Sand r, Eq. (4.lf) gives¢ for each x, Upon · in-

version, the dependence of x on¢ can be obtained: 

To compare with experimentally measured x(¢) in Fig. 3,3, . 

calculation of x(¢) was cafried out for 80 keV Ar sputtering. The 

following values of n0w, r and S (taken from Figs. · 3.2, 3.3 and 3.11} 
o • . 17 -2 

were used: W =_ 750 A (or n0w = 4.5xl0 .cm ), r = 1.94, s = 4.0, 

The result is shown in Fig. 4.1. Good agreement with experimental 
. N 

values supports the present model. (NPt_ = x in Fig. 4.1}. 
Si 

To see how much sputtering is required to reach steady state, 

the rate of change of x near¢= 0 is now considered. It follows 

from Eq. (4.lc} that, 

(4.6) 



-73-

2.0 

1.8 

cii 
z 
~ 1.6 

0.. 
z 

Figure 4.1 

1.4 

1.2 

9 MEASURED 
-CALCULATED 

r=1.94 
W= 750A 
S= 4 .0 

1.0 L-----'-----'------'---....,__---J'------'----L---..J..J 

0 3 

Comparison of calculated x(~) with experiment, The 

data points are exactly the same as those in Fig. 3.3. 



where x0 = 1 for PtSi, . The intersection of the initial tangent and 

x = r defines t0 (see Fig. 4.1}, whith is a measure of . the dose 

required to reach steady state. · Thus, 

or 

r-1 
9? = 

- (dx/dcf?)f=o 

r+I 
4 

- n W r+ I 
0 4-

For PtSi, x0 = 1.0 and r ;; 2.0. Eq. (4.7a} becomes 
{J 

(4.7} 

(4.7a} 

(4.7b) 

Since s~0 represents the amount of material which has to be 

sputtered off to reach steady-state, Eq. (4.7b) implies that one has 

to sputter off an amount of material comparable to the thickness of 

the altered layer to reach the steady-state. This was indeed veri­

fied by experiment. As argon beams of lower and lower energies were 

used for sputtering, n0w became smaller and smaller (Fig. 3.7). It 

was ·also found that less and less ~puttering was required to reach 

steady-state. And the required sputtering was always to remov~ a 

thickness comparabie to that of the altered layer. 

So, this model seems to combine all experimental results into a 
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cori$istent picture. The main ideas in this model may also prove 

useful in othef experiments conte~ning sputtering and atomic mixing. 

This will be the subjects of Chapters 5·and 6. 

In the present model, we have approximated the profiles of Pt­

enrichment as having a constant shape but with an amplitude changing 

with ion dose. This seems to be a fairly good approximation in the 

sputtering of PtSi. To have a better understanding of the composition 

profile, a more detailed calculation is carried out in the next 

section. 

4.2 Calculation of Composition Profiles 

In this section, the evolution of the composition profile is 

obtained as the solution of a partial differential equation (repre­

senting the atomic mixing process), which satisfies a boundary condi­

tion (characterizing the preferential sputtering). The applicability 

of this model to real problems is then discussed. This section is 

rather independent of other sections in this thesis and can almost 

be treated as an appendix. 

4.2.l Formulation 

Consider a binary compound AB which is being sputtered by an 

incident inert-gas ion beam. Suppose the probability for a 8-atom 

to be sputtered is greater than thatfor an A-atom. This preferen­

tial sputtering will cause a depletion of B-atom (or enrichment of 



A-atoms) in a surface layer of thickness b, of few atomic layers, 

from which the sputtered atoms emerge. This composition change 

can propagate beyond b into a much deeper region of the sample if 

a diffusion mechanism is available. 

Because of the sputter-etching, the sample surface is receding 

with a velocity v. For the convenience of mathematical description, 

we define a coordinate system, 0, which is attached to the sample 

surface. Thus, 0 is a moving system (with velocity v) relative to 

the laboratory system 0'. This is illustrated in Fig. 4.2. The 

depth profile of the composition change (or density of excess A-atoms} 

as measured in the moving system is defined as n(x,t) = nA(x,t)-n8(x,t). 

Since the sputtering process starts with a stoichiometric compound AB, 

we have n(x,0) = 0. 

We further assume that the diffusion can be described by_ a 

simple diffusion equation with a constant diffusivity D, i.e., 

(4.8) 

in the laboratory system. Upon transformation, the equation becomes 

(4.8a) 

in the moving system. 

Since the generation of excess A-atoms is due to the preferential 
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-J, 
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-: :_b 
I 

I 
vt I I 

O' 
x' 

Figure 4.2 A schematic picture which shows the main ideas of the 

model for calculating the profile n(x,t) of the sputter­

induced surface layer composition change. 



sputtering which occurs in a thin surface layer, it _can be considered 

as a boundary condition for n(x,t) ; To formulate the boundary 

condition~ surface concentration, n(o,t), is now considered. Con­

servation of atoms requires: 

b dn(O,t) 
dt = (Flux of excess A-~toms across the 

surface, at x=O, into the material) 

- (Flux of excess A-atoms across the 

interface, at x=b, into the material) . 

(4.9) 

The first term on the righthand side of Eq. (L:-.'3), which will be 

denoted as J1, is due to sputtering. It can be considered as composed 

of two parts: 

( J B - JA ) + n ( 0, t ) • V (4.10.) 

The first term, (J8-JA)' accounts for generation of excess A­

atoms due to non-stoichiometric sputtering (i.e., when J8>JA). How­

ever, even when B- and A-atoms are sputtered at an equal rate (i.e., 

J8=JA), the _existing excess A-atoms will be conserved and pushed 

back into the sample in accordance with the surface receding velocity. 

This is expressed as the second term, n(o,t) • v in Eq. (4.10). 

The non-stoichiometric sputtering, (J8-JA), is also related to 

the surface composition, or n(o,t). The definition of r gives 

(4 . 11) 
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Based on this equation; .the .following approximation .is made, to sim­

plify the calculation, 

(4.12) 

This equation can be re-arranged into 

,..., r+t v [ J:..=l.n - n(O t)) 
2 r+1 o 1 

( 4. 12a) 

where n
0 

is the total atomic density. 

The second term on the righthand side of Eq. ~9), which will be 

denoted as J2, is presumably due to.diffusion: 

J = l. 

_ 0 an(x,t) 
ox ( 4. 13.) 

+ 
The derivative is taken at x = 0, based on the assumption that bis 

very small compared to the extent of the diffusion profile. 

Combining Eqs. (4.10), (4.12a) and (4.13), one can re-write Eq. 

(4.9) as: 

b dn(o,t) 
dt -

r+1 v( r-1 n - n(ot)] + vn{ot) + D ancx,t) 
2 r+ I o ' ' OX. 

>(:0+ 

This equation takes the following form: 

~n(O,t) A an(x,t) 
ax + BnCo,t) + C (4,9b) 

(4.9a.) 
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where A= D/b, B = - (r21)f and c = (rzl) nbv . 

Equation (4.9b) will serve as a boundary condition for n(x,t). 

Therefore, the object of the present calculation is to solve the 

diffusion equation (Eq. (4.8a)) for n(x,t), subjected to the boundary 

condition (Eq. (4.9b)). 

4.2.2 Solutions 

(A) Steady-State 

As the sputtering proceeds, n(x,t) will build up gradually 

because of the preferential sputtering (i.e., r>l and J8>JA). 

However, as n(o,t) increases, JA approaches J8(cf. Eq. (4.11)). 

The generation of excess A-atoms wi]l die out as JA=J 8. This 

happens when 

r-1 
- r + I no (4.14} 

which follows directly from Eq. (4.12a). (Equation (4.14) is equiva-
nA(o, co ) 

lent to nB(o, co ) = r, or JA=J8, by Eq. (4.11)). The fact that this 

happens as t ➔ co will be verified later. There will, therefore, 

be no further changes of n(x,t). Equation (4.8a) becomes: 

(4. 8b} 

For constant D throughout the material, this equation gives 



-8l-

n ( X, oo) 
-vx/D - n ( 0,oo) e (4. 15) 

Thus, the steady-state profile is an exponential function with its 

surface value given by Eq. (4.14). • The profile is characterized by 

a iength, L, defined as 

L - D/v (4.16) 

The solution given by Eq. (4.15) is indeed consistent.with the 

boundary condition. 

(B) Solution for o < t < ~-

To calculate n(x,t), a function, G(x,t-t'), is now introduced: 

-[><+V(t-t')]/4 O(t-t') 

G (x, t-t') - _e _______________ _ 
2/nDCt-t') 

(4. 17) 

By direct substitution, it can be verified that G(x,t-t') satisfies 

Eq. (4.8a), i.e., 

~t G (XI t- t /) 
a,. , .L 

- D ax2G(x,t-t) +Vax G(x,t-t') (4.18) 

for any t', with t'<t. 
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Then, a solution of n(x,t) of the following form is attempted: 

t 
l'I (x, t) = f. 9(t') G( x, t-t ') dt' (4.19) 

For any given function g(t'), the corresponding n(x,t) satisfies Eq. 

{4.8a), because of Eq. {4.18), {and also be~ause of the fact that Eq. 

{4 :Ba) is a linear differential equation). 

For n(x,t) to satisfy the boundary condition, (Eq. {4.9b)), a 

special g(t') has to be chosen. By substituting n(x,t), as given by 

Eq. (4.19), into Eq. (4.9b), an equation for g(t') is obtained: 
t 

(4.20) 

0 
where the coefficient R is defined as R = ~0A-B, and g'{t') = ~t'g(t'). 

Derivation of Eq. (4.20) is carried out in Appendix 4A . 

Using Laplace transform, Eq. (4.19) can be solved for g{t). (See 

Appendix 4B.) The result is: 

where , , 

' 
1-c [ I ( L) ] A,_= c 2 -r-1,c 

( 4.2.1) 
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and C ✓ I - 2r•(t) + (t)' 

Substituting g(t), as given by Eq. (4.21), into Eq. (4.19), the 

solution for n(x,t) is obtained. 

(C} Asymptotic behavior 

The function g(t), as given by Eq. (4.21), approaches a constant 

as t increases, i.e., 

g(t) (4.22) 

where the asymptotic properties of error function (?) have been used, 
2 

i.e., erfa; l and erfca; e-a /./rra for a>>l. Notice that n(o, 00 ) 

(r-1) = r+l n
0

, by Eq. (4.14). Therefore, · 

n(0,00) •V (4.22a) 

Based on Eq. (4.22a) and the property of G(x,t-t'), the asymptotic 

behavior of n(x,t) can be derived. Starting from Eq. (4.19), a change 

of variable is first carried out, i.e., 

n(x,t) = 

0 

t 
-(X+ VCt-t'))

1
/ 4D(-t -t') 

e 
g( t ') ---::2:-✓-;::TT=D=(=t=-=t ,=) ;--- dt' 

t 
( 

x1 vt ) 
- 4Du + 'ID u 

c ) e · du g t-u JnDu 

0 

( 4. 19a) 



-84-

where u = t-t'. Becaus€ we are interested in large t, (i.e., 
2 2 

2 /~ou + ~) 
_
4
v
0 

t » l), and-----
1-rrDu 

v2 
drops to zero very fast as 40 ~l, 

g(t-u) in the integrand can be approximated as g(t), and can be taken 

out of the integral , i.e., 
t 

( x1 v'- ) 
_ _y_x - 4Du -t- 4D u 

n (x, t) ~ e 1°' g(t) 
e du ( 4. 19b) 

{rrDu 

2 
0 

Since Xot » l, g(t) approaches the value given by Eq. (4.22a) . The 

upper limit of the integral can also be approximated as 00 , because 
v2 

the integrand drops to zero very fast for 40 >> l. Therefore, Eq. 

(4.19b) becomes, 
00 

-:!....x 
n(x, t) e:: e 20 n (O,oo)•v 

( 
x1 v2. ) 

- 4Du + 4D u 
e . 

JrrDu 
du 

0 -~ 
The integration can be carried out and yields f e 20 

n(x,t); n(o, 00 )e-vx/O 

(4:22c) 

Therefore 
1 

{4 .22d) 

This asymptotic behavior is the same as the steady-state solution 

given by Eq. (4.15). 

(D) Numerical values 

To plot n(x,t), a computer calculation has been carried out to 

evaluate g(t), using Eq. (4.21). Then, n(x,t) is obtained by direct 

substitution of g(t) into Eq. (4.19) and by carrying out the integration 

numerically. 
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In addition to variables x and t, there are parameters v, b, r, 

o and L, which have to be specified. They can be re-arranged in Eqs. 

(4.21) and (4.19), such that n(x,t) takes the following form: 

( ) ( X vt b ) n x, t = n [' L' [' r 

where the parameter D has been eliminated by using Eq. (4.16). 
b l Figure 4.3 shows calculated g(t) for r = 2 and [ = 50 The 

function g(t) rises from zero and reaches a maximum value, when 

rt~~. From then on, it decreases monotonically and, when ~t ~ 2, 

approaches an asymptotic val ~e of t,(0,00 ). Figure 4.4 shows the 

corresponding n(x,t), for a sequence oft. 

The surface value of the profiles, n(o,t) is an interesting quanti­

ty. It can also be calculated from Eq. (4.21) with g(t) given by 

Fig. 4.3. The result is shown in Fig . . 4.5. The function n(o,t) builds 

up nearly parabolically for small t and then approaches the steady­

state value, n(o,00), when ~t ~2. 

The results shown in Figs. 4.3, 4.4 and 4.5 are obtained for r=2 
b 1 and [ = 50 . To see how the magnitude of b affects the results, 

b l -l -l 
calculations have been carried out for [ = 25 , 50 and 100 It was 

found that the situation is rather insensitive to this variation of 

~- The results showed that the difference between the n(o,t)'s was 

-10% for 0.01 <rt< 0.1, This difference decreases further to within 

~ l % for O. 1 2- ~t < l . 0. 
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Fjg. 4.3 An example of calculated g(t). 
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Figure 4.4 Calculated n(x,t) for r=2 and b=L/50. 
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Figure 4.5 Calculated n(o,t) for r=2 and b=L/50. 



4.2.3 Discussion 

Based on the diffusion equation (Eq. (4.8a)) and boundary condition 

(Eq . 4.9a)), n(x,t) is obtained by pure mathematical deductions. 

Because of the number of calculation steps involved, it is desirable 

to check the solutions by substituting it back into the original 

equations (especially Eq. (4.9a)). This has been carried out numeri­

cally. Values ·of quantities which appeared in Eq. (4.9a) were obtained 

from plots like Figs. 4.4 and 4.5. Equation (4.9a) was found to be 

satisfied, to within computational accuracy, for all t. 

In addition to assumptions that have been made in obtaining Eqs. 

(4.Ba) and (4.9a), n(x,t) has been obtained for the idealized case 

of a constant diffusivity which exte~ds to infinite depth into the 

material. Such an idealization can be a good approximation to the 

rea 1 ity in some cases. There, however, can· al so be cases where s i gni­

ficant deviations occur. 

It has been demonstrated in some experiments that the ion-induced 

atomic mixing extends only to a finite depth, W, which corresponds 

to the range of the incident ion. The effective diffusivity is likely 

related to both the material properties and atomic collisions (trig­

gered by _the incident ion). If the ~ffective diffusivity is small such 

that L ~ W, the assumption of a constant diffusivity (throughout the 

material) will be less un-realistic, because the diffusion profiles 

will never reach the depth where diffusivity vanishes. Experimentally, 

such small diffusivity may be observed for amorphous materials with 
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intrinsically low diffusivity (such as Si02) and for sputtering using 

light ions (therefore less collisior.s to p_romote atomic !Tiixing). 

On the other hand, if the effective diffusivity is so large that 

L ~ W, the assumption of constant diffusivity extending to infinite 

depth will have significant deviation from the real situation. In 

the extreme case of L >> W, the profile will penetrate all the way to 

Win the very beginning of the sputtering process. Therefore, instead 

of the picture shown in Fig. 4.4, n(x,t) will always extend to con­

stant depth W, while its amplitude (as represented by n(o,t)) in­

creases with t. This will cause n(o,t) to build up linearly (instead 

of parabolically in Fig. 4.5) in the beginning of the sputtering 

process. Thi~ picture seems to be in better agreement with the ex­

perimentally observed profiles in the sputtering of PtSi (l)_ 

Attempt has not been made to calculate n(x,t), taking general 

depth-dependence of the diffusivity into consideration. The steady­

state solution is, however, much easier to obtain because only an 

ordinary differential equation (i.e., Eq. (4.8b)) needs to be solved. 

To illustrate this point, we now consider a simple case where a con­

stant diffusivity extends to a depth Wand drops abruptly to zero 

beyond W, as shown in Fig. (4.6a). The steady-state solution is the 

same as Eq. (4 .15) except that n(x,00 ) = 0 for x > W, as shown in Fig. 

4.6b. To check the consistency of the solution with physical considera­

tion, the situation is observed from the laboratory coordinate system, 

as illustrated in Fig. 4.6c. The steady-state profile moves with 
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Figure 4.6 Steady-state profile n(x,~) for a system in which di ffu-

sivity is non-zero only for 0 < X < W. 
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velocity, v, without change in shape. Such a steady-state movement 

is, however, due to diffusion (and a moving boundary condition). New 

area created at the moving front (the shaded region in Fig. 4.6c) 

has to be supplied by diffusion flux, J(W). The rate of increase of 

the shaded area is n(W) • v, while the diffusion flux is J(W) 

~dnl h.. 1 • D ( ) ( ) = - uax- x=W- w 1ch is then equa to t'1 W or v • n W. Therefore, the 

solution shown in Fig. 4.6(b) is consistent with the physical consi­

deration. 

The calculated n(o,t), in Fig . 4.5, shows that n(o,t) approaches 

within 20% of the steady-state value whe~ rt~ 2. This implies that one 

has to sputter off roughly the thickness of the (steady- state) altered 

surface layer (which is characterized by l in the present case) to 

reach the steady state. This rule has been found to be rather generally 

applicable including those cases where the thickness is characterized 

by W .rather than L. 
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Chapter 5 

HIGH-DOSE ION IMPLANTATION 

5.1 Introduction 

As mentioned in Chapter 1, sputtering phenomena become important 

in high-dose ion implantation. Since atoms of both kinds (i.e., the 

host material and the implanted species) get·sputtered, preferential 

sputtering must be considered. The atomic mixing phenomena associated 

with heavy-ion bombardment will also play a decisive role in deter­

mining the formation kinetics of the implanted surface layer. Other 

effects such as compound formation and precipitation are often 

important in high-dose implantation, In this chapter, we ignore 

the possible precipitations and consider only the effects of pre­

ferential sputtering ftnd atomic mixing. A model similar to that 

developed in Section 4.1 is invoked to predict the limits of achievable 

compositions and the formation kinetics of the surface layer. Some 

experimental results show good agreement with the predictions. 

5.2 Maximum Attainable Concentrations 

In general, the maximum concentration attainable by ion implanta­

tion is given by the rec i proca 1 of the sputtering yield. This occurs 

because of the receding of sample surface (due to sputter-erosion) 

or, equivalently, the sputter-removal of the implanted species. This 

maximum concentration is obtained after the sputtering of a thickness 

comparable to the ion range. 

However, more careful consideration should be given if there 
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is preferential sputtering between atoms of host material and those 

of the implanted species. There is also an interesting variation 

when one implants ion species A into a compound AB. 

The steady-state surface concentrations are relatively easy to 

obtain. Let us first consider the implantation of ion species A 

into host material B. Let NA and N8 be the ~oncentrations (per unit 

volume) of A-atoms and B-atoms, respectively, at the surface of the 
N 

sample. Therefore, NA represents the steady-state surface composition. 
B 

Let JA and J8 be the flux of sputtered atomic species A and B, respec-

tively. Then, we have 

( 5. 1 ) 

where r is the ratio of the probability for a B-atom near the surface 

to be sputtered to that of such an A-atom. Therefore, Eq. (5.1) 

has exactly the same meaning as Eq. (4.3a). Now, define the flux of 

incident ions of species A as Ji; and the total sputtering yield S 

as 

SJ-, (5.2) 

At steady-state, there is no change of the total number of A-atoms in 

the material, therefore, 

(5.3) 



combining Eqs. (5.2) and (5.3), we get 

(5.4) 

Substituting JA and J8, as given by Eqs. (5.3) and (5.4), into Eq. 

(5.l), we get 

NA I 
(5.5) 

NB 
r· S-1 

This is the steady-state surface composition. Note that it is 

roughly inversely proportional to the total sputtering yield S, but 

multiplied by the preferential sputt~ring factor r. For r = l, Eq. 
. NA 1 

(5.5) gives N + N = 5 , as expected. 
B A 

Since it has been demonstrated that sputtering-induced composi-

tion change is independent of ion species used for sputtering, the 

preferential sputtering ratio, r, which appears in Eq. (5.1) should 

be the same as that measured from the inert gas ion sputtering of 

alloy AB. 

As a further illustration of this technique, let us now consider 

the case of imp1antation of atomic species A into the alloy AB. 

The situations are nearly the same as the previous example, except 

that we now have an alloy AB to begin with, which sets a different 

boundary condition at the steady-state. Instead of JA = Ji (Eq. 

(5.3)1 we now have: 



-97-

(5.6) 

at steady-state. The total sputtering yield is still defined in the 

same way as in Eq. (5.2). The relation expressed in Eq. (5.1) still 

holds. Thus, combining Eqs. (5.6) and (5.2), we have 

• 

Substituting JA and JB into Eq. (5.1), we get 

NA . S+ I 
N

8 
= r • S- t 

This gives the steady-state surface composition. 

(5.7a) 

(5.7b) 

(5.8) 

NA 
When S >> l, Eq. (5.8) reduces to - = r, which is the same 

NB 
result as inert gas ion sputtering of alloy AB as described in Chapter 

2. On a physical basis, this is because, with high sputtering yield 

S, a very little amount of implanted atoms can stay in the material. 

Equation (5.8) will be discussed in greater detail in Section (5.5). 



5.3 Evolution of the Implanted Concentration 

In the previous section, the steady-state surface composition was 

considered. To see how the steady state is reached, one has to look 

into the depth profile of the implanted species. At high doses, 

the depth profiles will appear different than those of low dose 

implants, because of sputtering, atomic mixing and possible precipitate 

formation, etc. Some recent experiments have provided measurements 

of high-dose profiles (l- 5) 

In the present section, we shall again ignore the possibility of 

precipitation and consider a simple model for the dose dependence of 

the implanted concentration. We shall assume that atomic mixing is 

very efficient such that the implanted species spreads out rather 

uniformly over an effective width W, after an initial amount of im­

plantation, say ~lo16cm- 2. After that, we assume the shape o·f the 

profile remains approximately unchanged, but with its amplitude 

increasing with further implantation. This is illustrated in Fig. 

5.1. With such an idealization, the evolution of implanted concen­

tration can be obtained by simple calculations. The basic ideas are 

very similar to the model developed in Section 4.1 for the sputtering 

of an alloy. 

The conservation of atoms requires: 

(5.9) 
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where NA is the atomic concentration of the implanted species, J; 

is the flux Of incident ions (of species A) and JA is the flux of 

the sputtered A-atoms. 

The relations between JA' J8 and Ji are the same as given in the 

previous section ( Eqs. (5. l) and (5.2)} If the implanted concen­

tration is less than 30 atomic %, S should not change very signifi­

cantly. (The data in Fig. 3.12 also indicate that S = s5i + SPt 

remains approximately constant for a change in composition from 

PtSi to Pt2Si.) Therefore, we shall 

throughout the implantation process. 

Then, Eqs. (5.l) and (5.2) give 

approximate Sas a constant 
. - NA Define the variable x = N. 

X 
JA= r+x SJi 

r 
_r_+_x-5 Ji 

Substituting Eqs. (5.10a) into Eq. (5.9), we get 

X X 
t + x No - Ji - r + x 5 Ji 

( 5. 1 Oa) 

(5.lOb) 

(5.11) 

where again N
0
= NA+ N8. After some re-arrangement Eq. (5.11) 

becomes 

r+x 
------dx -
(1+x)

1 (r-+(t-S)x] 
(5. 12) 

B 
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Figure 5.1 A model for the buildup bf implanted concentration as a 
function of implantation dose . Assuming a very efficient 
atomic mixing, this model approximates the implanted pro­
file as having a constant shape, but with an increasing 
applitude. The rate of increase of implanted concentra-

1 
tion is due to the difference between the flux of incident 
ions of species A, Ji, and that of the sputtered particles 
of species A, JA. 
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where d¢A = Jidt = incremental ion dose. Equation (5.12) is a dif­

ferential eq0ation for x(¢A), which can be solved by taking the 

partial fractions for the lefthand-side and integrating. The result 

is: 

[ 
Ax B~n I + xx ] s i+X + 

I- xcoo> 
(5.13) 

r - l Sr where A = -~--~ B = 
r - (l - S) ' [(l ;.. S) 2 and x( 00 ) = r/(S - l). 

r] 
S¢A 

Note that NW can be interpreted as the amount of material sputtered 
0 

as measured by the thickness of the implanted layer. 

An example of the calculated x(¢A) is given in Fig. 5.2. The 

steady-state compositions are the same as predicted by Eq. (5.5), 
. NA l 
1.e., N = r • S _ 1 . Note that, for r = 2, it takes about twice 

B 
as much sputtering to reach the steady-state composition. This can 

also be seen by the following derivation: Define 

X(oo) 

(5.14) 

which is a measure of the dose required to reach steady-state. (See 

dashed 1•ines in Fig. 5.2). 

Equation (5.12) gives 

(5.15) 
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Figure 5.2 Buildup of implanted concentration calculated from the 

simple mod~l 6f Fig. 5.1. To illustrate the effects, 

examples with S ~ 20 and r = l or 2 ar~ con~idered. 

With a preferential sputtering of the target material 

(r = 2), a correspondingly higher implanted concentra­

tion can be achieved. The curves are calculated from 

Eq. ( 5. 13). 
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Since x(00 ) = 1 
-=---=-1, Eqs. (5.14) and (5.15) give r . s 

r• NW 0 
{5.16} 

for S >> 1, Eq. (5.16) becomes 

r (5.17a) 

This implies that one has to sputter an amount of material, which is 

r times the thickness W, to yeath the steady state. 

5.4 ·Examples 

As examples of how the model can be applied, we show some experi­

mental data. Figure 5.3 shows backsc~ttering spectra of a Cu-film 

implanted with 150 keV Au (G). The Au-profiles can be approximated 

as having a constant shape, but with ~mplitude increasing with dose. 

The effective width, W, is measured from the Au-profiles such that, 

(Au peak concentration) • W = (total amount of Au). In the present 
0 

case, Wis thus measured to be 414 A. (Note that RP .and ~RP cal-

culated from LSS theory (7) are 185 ~ and 68 t respectively). The 

sputtering yield as measured from the data like those in Fig. 5.3 is 

S = 20. The preferential sputtering parameter r as obtained from 

alloy sputtering data (Table2J) isl .1. 

Figure 5.4 plots data points of surface composition versus 
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Figure 5.3 High-dose implantation of Au into a thin film of Cu. The 
backscattering spectra show that the Cu-film becomes thin­
ner because of sputtering. Note that the buildup of the 
Au concentration is not linear with dose of Au ions. 
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Au DOSES (10
17 

cm-2
) 

o,___ _ _,_, __ .,__2 __ 3...__....L
4 _ __,5 ( INTO Fe) 

o ___ 0-.2 __ 0-.4 __ 0~.6--0~.8-~I.O ( INTO Cu) 

I • 
0 .3 --- 5-=T ----------------------------

0.1 
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• 150keV Au+ - Fe 
S = 4.4 
W=4.93A 

a 150keV Au+ - Cu 
S=20 
W=414A 

6 
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2 3 4 5 6 7 

SPUTTERED THICKNESS/W 

Buildup of Au concentr~tions in the high-dose implantation 
of Au into Cu and fe. The Au-concentration in Cu shows 
a saturation which is much lower than that in Fe. This 
is because of higher sputtering yield of Cu. The curves 
are calculated from Eq. (5.13) by assuming r = l. 
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sputtered thickness (3). The solid line is calculated from the model. 

The agreement between experimental data and the calculatton seems to 

be good. 

The same Au-implantation was carried out on Fe thin-film samples( 6). 
0 

Backscattering data give S = 4.4 and W = 493 A. However, there are no 

data available for r. Since r = 1.1 for the Au-Cu system, we shall 

try r = l for the present case. Figure 5.4 shows the comparison 

between the calculation and the experimental results. Note that the 

maximum of NAu/NFe is around 0.3. It is substantially higher than 

that of the Au-Cu system, where the maximum NA~/Ncu is ~0.05. This 

is mainly because of the difference in sputtering yields. 

Figure 5.5 shows the results from Cu-films implanted with 150 

keV Ta+ (3). These data show some peculiar features. First of all, 

the sputtering yield is around 13. This is different from the case 

of 150 keV Au+ on Cu where S = 20. However; based on the collision 

cascade picture of sputtering, the effect of 150 keV Ta+ should be 
+ nearly the same as that of 150 keV Au . (This is because there is 

only ~8% difference between the masses of Au and Ta.) The observed 

difference in sputtering yields seems significant. Secondly, the 

maximum NTa/Ncu is as high as 0.25, which can be explained only with 

r = 3. Such an r value of preferential sputtering is higher than 

• all other systems that have been studied. (See Table 2.1). 

Another explanation for r = 3 is the formation of a thin oxide 

layer at sample surface during implantation. ~his thin oxide can 
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Figure 5.5 Buildup of Ta concentration in the high-dose implantation 
of Ta into Cu. The implanted Ta concentration is 
significantly higher than~-and corresponds tor= 3 
when treated by the simple model (Eq. (5.13)). 
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lower the sputtering yield (due to change of surface binding energy). 

There can also be some segregation phenomenon (9), which may make the 

Ta-atoms preferentially stay away from ~he surface oxide layer. 

Therefore, fewer Ta atoms appear in the near surface region to be 

sputtered. This can effectively give rise to the observed value of 

r. 

Since Ta showed very low solubility in Cu (lO), high-dose im­

plantation can possibly result in fine precipitates of Ta (ll)_ 

Because elemental Ta has very low sputtering yield, the precipitation 

of Ta can also lead to the high apparent value .of r. 

5.5 Prediction of Steady~State Concentrations 

In the present section, examples will be presented to illus­

trate how the results of the previous sections can be used to pre­

dict maximum implant concentrations. Since the sputtering of Pt-Si 

system has been studied in great detail (Chapters 3 ~nd 4), im­

plantations in the Pt-Si system will be considered. 

Consider a Si sample implanted with 45 keV Pt+. While there is 

no direct measurement of the sputtering yield of this system, an 

approximate value can be obtained by some extrapolations. First of 

all, measurements of sputtering yields give S(45 keV Pt+ Si)/ 

S(45 keV Ar+ Si)= 3.0 and S(45 keV Ar+ Si)= 1.5 (l 2-l 4). There­

fore, S(45 keV Pt+ Si)= 1.5 x 3.0 = 4.5. 
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Js. 
The parameter r is now defined by - 1 = 

JPt 
been measured to be; 2 in the Ar-sputtering 

NSi 
rw- (Eq. 

Pt • 
of PtSi. 

(5.1)), and has 

With S: 4.5 and 

r; 2.0, Eq. (5.5) predicts the steady-state surface Pt concentration 
NPt l 

ratio to be - = 2 • ...,........,,-=-- = 0.57, or, a Pt concentration of 
N NS. 4.5-1 
Pt l 

Nsi + NPt = 26%. 

To calculate the Pt dose required to reach this maximum concen­

tra1Jon, the p'arameter W should be considered. The calculated RP 

(projected range) and 6RP (projected standard deviation) of 45 keV 
·o o 

Au in Si are 230 A and 60 A, respectively (l) Since the mass of Pt 

is so close to that of Au, their ranges should also be very close. 

Furthermore, by approximating Was RP+ ARp, Wis estimated to be 
0 

290 A for 45 keV Pt in Si. To reach ~90% of the steady-state concen-
o 

tration, a thickness of ~4W, or 1160 A, has to be sputtered. This 

thickness corresponds to 5.8 x 1017 atoms/cm2 (based on an atomic 

density of 5.0 x 1022cm- 3 for Si). With a sputtering yield of 4.5, 

a Pt-dose of 1.3 x 1017cm2 is required. · 

For an interesting comparison, the implantation of 45 keV Si 

into Pt is now considered. Again, the sputtering yield has to be 

obtained by _extrapolation . First, the sputtering yield of Pt by 

20 keV Ar+ has been measured to be 4.1 (l 4). The data presented in 

Ref. 13 gives S(45 keV Ar+ Au)/S(20 keV Ar+ Au)= 1.1. This energy 

dependence can be used to estimate S(45 keV Ar+ Pt) to be+ 4.5. 

(Because the masses of Au and Pt are very close, the collision cas­

cades in Au and Pt should be approximately the same for the same ion 
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incidences. Therefore1 the sputterings of Au and Pt should be the same 

except for the difference in the surface binding energies, · In parti­

cular, for the same incident ion~ the sputtering yields of Au qnd Pt 

should follow the same energy dependence.) On the other hand? Ref. 

13 also gives S (45 keV Si ➔ Au)/S(45 keV Ar ➔ Au)= 0.67. Hence, the 

sputtering yield of Pt by 45 keV Si is estimated to be4.5 x 0,67? or 

3.0. (Here th.e similarity between the sputtering of Au and Pt has 

been applied once more.) 
JPt N 

The parameter r is now defined by - = r___f!_ and is approximately 
JS. NS. 

1 1 l l 

2. With S = 3.0 and r = 2, Eq. (5.5) then predicts the maximum sur-

face Si-concentration to be ~Si =} 3_0
1_ 1 = 0.25, or a Si concen-

NSi Pt 
tration of N + N = 20%. 

Pt Si 
To estimate the Si-dose required to reach the maximum concen-

tration, again, W s Rp + ~RP is used. The calculated RP and ARp are 

164 ~ and 158 ~' respectively (for 45 keV Si in Au) (7)_ To achieve 
. 

90% of the maximum Si concentration, a_sputter-removal of a thickness 
0 

W, or 322 A, is required. This thickness corresponds to 2.1 x 1017 

atoms/cm2 (based on an atomic density of 6.6 x 1022cm- 3 for Pt). 

With a sputtering yield of 3.0, a Si-dose of 0.7 x 1017cm- 2 is necei­

sary. 

The discussions about the two implantations, (I) Pt -si and 

(II) Si - Pt, are summarized in Table 5.1. It is interesting to 

briefly compare these two cases: The sputtering yield of Case I is 

higher than that of Case II. However, because of the difference in 
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TABLE 5.1 

COMPARISON OF TWO ION-IMPLANTATIONS (_45 keV) 

Sputtering yield, S 

Preferential sputtering 

Maximum implanted concentration 

Implanted layer thickness, W 

Material sputtered to reach 

~90% of maximum concentration 

Dose required 

Pt -+ Si 

. 4,5 

2 

36 at. % 

0 
290 A 

0 
1160 A 

Si -+ Pt 

3,0 

l 
2 

20 c1t, % 

0 
322 A 

0 
322 A 
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r-values, Case I can achieve higher implanted concentration than Case 

II. For the same reason~ it also takes much more sputtering for Case 

I to reach its maximum concentration: 

As a final example in this section, the implantation of Si into 

PtSi is now considered. One might anticipa~e that implantation of 

Si could result in a Si-rich Pt-Si mixture. However, instead of 

increasing the Si-concentration, the Si-implantation may even decrease 

the Si-content in the PtSi sample, because of the preferential sput­

tering of Si. The composition in the implanted sample will be deter­

mined by a competition between implantation and sputtering. 

The steady-state surface composition is given by Eq. (5.8), 
. NSi S + 1 l 
i.e., NPt = ~ • s _ 1 , with r ;;; 2 . The surface compsition is, 

therefore, dependent upon the total sputtering yield, S. This depen­

dence is plotted in Fig. 5.6. For S > 3, the implanted PtSi sample 

becomes depleted of Si, because Sis sufficiently large so that not 

enough implanted Si-atoms can stay in the sample to overcome the 

preferential sputtering of Si. For S = 3, the Si-implanted PtSi 

sample remains PtSi. For S < 3, more implanted Si-atoms stay in and 

the sample becomes Si-enriched. 

Since the variation of Scan be achieved experimentally, by 

varying the incident angle of the ion-beam in Si-implantation or 

by varying the Si beam energy, the prediction described in Fig. 5.6 

can be tested experimentally. 
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Figure 5.6 Predictions of high-dose implantations of Si and Pt into 

PtSi. Note that the implantation of Si into the PtSi 

sample will result in a depletion of Si, if the total 

sputtering yield, S, is higher than 3. This is because 

of preferential sputtering of Si . . The composition is 

determined by a competition between implantation and 

sputtering (Eq. (5.8)). 



5.6 Other Effects Which Influence High-Dose Ion-Implantation 

Since the majority of sputtered atoms are of relativ.ely low. 

energies and emerge from thefirst few atomic layers near the sur­

face, sputtering is sensitive to surface conditions. In fact, a 

thin layer of surface contaminants or oxide can effectively protect 

the material from being sputtered) and therefore, strongly affect 

the parameters S a~d r, which in turn determine the state of the 

immplanted materials. 

The surface conditions are influenced by several factors, such ' 

as residual gas in the vacuum, target material .and the current den­

sity of the incident ion beam. For example, it is well known that 

ion-implantation in a bad vacuum can cause the formation of a carbon 

layer on the sample surface. Formation of thin oxide layers are often 

encountered in the sputtering of easily-oxidized materials. Good 

vacuum and high ion-beam current (high sputtering rate) are often 

desirable to minimize surface oxidation: 

Both carbon and oxide layers can greatly reduce the sputtering 

yield of the material. This can significantly increase the maximum 

implanted concentration. This effect has been experimentally demon­

strated in the implantation of Cu into Al (lS) Anomalously high 

implanted Cu concentrations (comparable to that of Cu 2Al) were ob­

served when low cu+ beam current densities were used or when oxygen 

was deliberately sprayed onto the sample during implantation. Such 

high concentrations were not observed when high current densities of 
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Cut beam were used or when nitrogen was sprayed onto the sample. · 

The surface oxide layer can also affect the preferential sput­

tering parameter r, because of the segregation effects of oxides 

similar to those observed in Si02 (9) . This effect has already been 

discussed at the end of Section 5.4. 

It might appear di-Sirable to have surface oxide and carbon layers 

intentionally to enhance the implant concentration. However, because 

of atomic mixing, the surface oxygen and carbon can be mixed into 

the implanted layer after the prolonged implantation. Significant 

side-effects can be caused ~y these impurities. Effects of bom­

bardment-induced oxygen incorporation have been demonstrated in a 

recent experiment, in which 20 keV Xe+ implantation of Si was carried 

out at elevated oxygen pressure (l6). With oxygen pressures up to 

~l x 10-6 Torr, the sputtering yield can drop by as much as a factor 

of 5. After a Xe+ dose of ~lo17cm2, oxygen was observed in the sample 

over a depth comparable to the implanted Xe distribution. The oxygen 

concentrations were a few atomic %. The Xe-retention in the sample 

was also found to be related to the oxygen incorpora tion . 

Sputtering can also give rise to surface roughness, which can 

possibly affect the high-dose implantation. The surfa ce roughness 

has been found to be related to crystallographic ori entation, im­

purities in the material, ion species and angles us ed for sputtering. 

It has been demonstrated that an extremely rough surface can reduce 

the sputtering yield by as much as two orders of magnitude (l?) 
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Gas.bubble formation and blistering effect have been widely 

ob~erved in high-dos~ implantation~ of inert gas ions (lB)_ Back-

scattering measurement of depth distributions often showed very low 

concentrations of implanted species in the near surface region(l, 4,l 9). 

This indicates that the inert gas atoms can escape from the material 

even without sputtering. In these cases, one cannot apply the simple 

model described in the previous sections. 

5.7 Conclusion 

Sputtering by inert gas ion generally induces composition changes 

iri alloys and compou~ds. Based on these results, one can predict 

maximum attainable concentrations for high-dose ion-implantation. 

A rough estimate of the concentration ratio of implanted species to 

target atoms is given by r/S where r is the preferential sputtering 

parameter and Sis the sputtering yield. With generally observed 

values of Sand r, it is relatively easy to obtain i~purity concen­

trations~ 10 atomic% by ion-implantation. But, unless Sis low, 

it is very hard to obtain concentrations higher than ~30 atomic%. 

As one alternative, one can start with a composition near that of the 

desired end product . In this case, implantation is used both to change 

the composition of a surface layer and also to introduce the atomic 

mixing and non-equilibrium conditions that are often desired when 

dealing with implantation metallurgy. As another alternative, one 

can deposit a layer of material A on substrate B. Then the atomic 

mixing that occurs during ion bombardment can lead to a mixture of 

A and B. 
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Chapter 6 

EVOLUTION OF SURFACE LAYERS 

DURING SPUTTER-ETCHING 

In Chapters 2 and 3, an ion-induced atomic mixing effect was 

introduced to ~ccount for the observed thicknesses of the altered 

surface layers in sputtered alloys and compounds. Based on this idea 

of atomic mixing over the ion ranges one can predict many other 

interesting effects. For example, there will be some 11 impurity­

dragging 11 in sputter-etching: Suppose there are some impurity atoms 

in a solid surface. As sputter-etching proceeds, the ion range will 

gradually reach deeper regions of the material. Consequently, the 

atomic mixing effect can also continuously mix the impurity a·toms 

into those deeper regions (Fig. 6.1). Therefore, the impurity atoms 

can appear being 11 dragged 11 along with the marching front of the im­

planted ion profile. Because of this effect, the impurity atoms can 

never be completely cleaned by sputter-etching. Since there is · 

sputtering at surface as well as atomic mixing over the ion range, · 

the simple model developed in ChaptEr 4 can be used in the present 

case to calculate the evolution of the impurity concentration. The 

situation is illustrated in Fig. 6.1. 

In this chapter, we report the experiments which have demon.:. 

strated this effect. The sample used for sputtering was a Pt-film 
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figure 6.1 An illustration of the model for the evolution of surface 
Si-concentration during sputtering. The main idea is 
the sputter-removal of Si- and Pt-atoms at surface and 
the redistribution of the remaining Si-atoms over a 

·constant depth. 
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which contains a surface layer of Pt-Si mixture. We observed that 

the surface layer maintained a constant thickness (instead of being 

thinned by sputtering), but with a decreasing Si-concentration: 

Similar phenomenon was also observed for an Au-Al surface layer on 

to~ of an Al-film. The measured Si-concentrations in the sputtered 

Pt-Si samples were in good agreement with the predictions of a model 

derived from the one in Section 4.1. 

In fact, similar phenomena have also been reported by numerous 

investigators (l-4)_ The present findings have interesting impli­

cations which will be discussed in Section 6.4. We also generalize 

the present model to calculate the influence of atomic mixing and 

preferential sputtering on sputter-depth-profiling techniques (Section 

6.5). 

6.2 Experimental Procedures 
0 

Thin-film structure with a Si layer (380 A) sandwiched between 
0 

an underlying Pt layer (1800 A) and another surface layer of Pt 
0 

(100 A) was prepared by sequential depositions of Pt and Si onto a 

clean Si wafer. The depositions were carried out by using electron-
o 

gun evaporatio~s at rates of -30 A/sec in a vacuum better than 

l x ,o-6 Torr. Similar sample preparation was carried out for the 

Al-Au system. 

The samples (originally of l cm x l cm) were then cut into 

smaller pieces, .each of 2 mm x 4 mm, for ion-beam experiments, 
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Sputtering using rare-gas ions of 100-300 keV was carried out in an 
2 ion-implantation accelerator with an average beam current of ~5µA/cm 

and a vacuum better than 6 x 10-7 Torr (during sputtering). Ion 
15 17 -2 doses between 3 x 10 and 2.2 x 10 cm were used. The samples 

were then analyzed with Rutherford backscattering technique using 2.0 

MeV (or 1.5 MeV in some cases) 4He+ beam from a van de Graaff accelera­

tor. The beam spot was 1 mm x l mm. 

6.3 Results 

Figure 6.2 shows backscattering spectra of an unsputtered Pt-Si 

sample and two sputtered ones. Both sputtered samples show surface 
0 

layers of Pt-Si mixtures of nearly the same thickness (~ 1000 A). The 
. . 

(near) surface compositions as determined from the corresponding Pt 

and Si signal heights (5) are PtSi 0_66 and PtSi 0_29 for the low- and 

high-Xe+-dose samples, respectively. The number of Pt- and Si-atoms 

in the samples are determined from the normaliz~d integrated counts 

of the Pt- and Si-signals (5)_ The amount of material that has been 

sputter-removed can thus be determined from the change in the numbers 

of Pt- and Si-atoms in the sputtered sample. This and the surface 

composition have been measured for each of the samples sputtered with 
+ 15 -2 250 keV Xe to doses between 3 and 20 x 10 cm . The results are 

shown as the data points in Fig. 6.3. The sputtered thicknesses are 

obtained by assuming a constant atomic concentration of 6 x 1022cm-3 

for all Pt-Si mixtures. The parameter Wis defined as the effective 
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Figure 6.3 Surface Si/Pt concentration ratio as a function of the 

amount of material which has been sputter-removed. The 

curves are given by Eq. (6,6) which is derived from the 

model sketched in Fig. 6.1. 
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thickness of the surface layer, i.e., W _ (Total number of Si-ato~s 

in the layer)/(Surface concentration of Si). The W's thus determined 

for all Xe+-doses were nearly a constant and could be represented by 
0 

W = 700 :t 30 A. 

Results similar to those of Pt-Si samples were also obtained for 

Al-Au samples. Figure 6.4 shows two examples. In these cases, a 

Kr+-dose of 3 x 1015cm- 2 was sufficient to produce a uniform surface 

layer of Al-Au mixture with a thickness comparable to the ion range. 

Appreciable amounts of sputtering were observed for doses of 1016 and 
17 -2 10 cm . The Au-distributi Gn was observed to extend to nearly a 

constant depth, while the Au-concentration decreased with the ion 

dose. 

6.4 The Simple Model 

The present results are interpreted as due to the sputter-removal 

of Pt- and Si-atoms (or Al- and Au-atoms) at surface and the redis­

tribution of the remaining Si- (or Au-) atoms over a constant depth 

which is comparable to the ion range. This rather "efficient'' re­

distribution is consistent with the observation that atomic mixing 

over the ion range was achieved at much lower ion doses than those 

required to sputter-remove the same thickness. Based on this inter-. 
pretation, a simple model is developed to calculate the Si-concentration 

as a function of sputtering. This model takes into consideration the 

preferential sputtering of Si-atoms at surface and is quite similar 

to the one previously developed for the sputtering of PtSi (S) 
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Figure 6.1 illustrates the main idea of this model. The con­

servation of Si-atoms requires 

( 6. l) 

where N51 is the density of Si-atoms (per unit volume) in the surface 

layer, tis the sputtering time and JSi is the magnitude of the flux 

of the sputtered Si-atoms. J51 is related to the incident ion flux 

J1 and the total sputtering yield S, i.e., 

SJ. 
I (6.2) 

where JPt is the flux of sputtered Pt-atoms. J51 is also related to 

the surface Si-concentration N51 and 

(6.3) 

where NPt is the surface Pt-concentration and r is the preferential 

sputtering factor (5). 

Equations (6.1), (6.2) and (6.3)_ can then be combined to obtain 

the evolution of N51 during the sputtering process. For convenience, 

we define x = N51 /NPt and N0 = NSi + NPt' which then give NSi = 

N0x/(1 + x). Equations (6.2) and (6.3) then yield J5.=SJ.·rx/(rx + 1). 
. l 1 

By using these new expressions for NSi and JSi and by assuming N0 as a 
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constant, Eq. (6.1) becomes 

rx 
rx+I SJi (6.4) 

After some re-arrangements Eq. (6.4) becomes 

X(t) I 

j ( rx + I ) d , 
• 2 X 

x(O) rx'( I+ x') 
(6.5) 

By assuming r as a constant, the integration on the lefthand-side of 

Eq. (6.5) can be carried out by taking the partial fractions of the inte­

grand. The integral on the righthan?-side of Eq.(6~) represents the 

total amount of material sputtered per unit area, up to time t. 

Therefore, -N
1 Jt SJ.dt is the sputtered thickness which will be denoted 
0 0 1 

as z(t), as in Figs. 6. 1 and 6.3. Equation (6.5) then becomes 

[ 
r - I 
X + I 

-- z 
W/r 

(6.6) 

Equation (6.6) gives z(x), which yields x (z) upon inversion. The 

calculated x(z) for r = 1/2, l and 2 are plotted in Fig. 6.3, which 

shows that r = 2 yields better agreement with experiment. This is 

consistent with previous results (Chapters 3 and 4) on the sputtering 

of PtSi which showed a preferential sputtering of Si with r ~ 2. 
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For x(O) << 1, Eq. (6.6) can be simplified to be 

X - X (0) e 
-z/(W/r) 

( 6. 7) 

6.5 Discussions 

In the present work, we have shown that the atomic mixing indeed 

occurs over depths comparable to the ion range (Fig. 6.4). Both 

types of samples showed the mixing process to be very "efficient", 

because relatively low ion doses were required. For example, Fig. 

6.2 shows that a Xe+-dose lower than 3 x 1015cm- 2 was sufficient to 

. 4 l 17 -2 mix~ x O cm of Pt- and Si-atoms. The fact that the interface 

between the Pt-film and Si-substrate stays sharp in Fig. 1 is consistent 

with the observation that atomic mixing occurs only over a depth 

comparable to the ion range. It is also an indication that no 

appreciable overall sample heating (due to ion-bombardment) was 

involved in the mixing process, because Pt2Si formation occurs at 

~2so0c (6,7). The atomic mixing phenomenon has implications in many 

related experiments. For example, thin-film materials of any desirable 

composition can.possibly be produced by first depositing discrete 

layers of elemental materials followed by bombardment with a heavy ion 

beam of a suitable energy. We suggested that this method might have 

the capability of producing materials with compositions and structures 

unattainable by conventional metallurgical means (B)_ In fact, this 
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has gained supporting evidences from recent experimental results (9). 

Another consequence of this "efficient" atomic mixing ·process is 

the phenomenon depicted in this chapter. More precisely, since the 

ion doses needed to produce a uniformly mixed layer over a thickness 

comparable to the ion range were substantially lower than those re­

quired to sputter-etch the same thickness, one would expect sub­

stantial redistributions of alloying (or impurity) atoms during the 

sputtering process. The analyzing techniques used in the present 

experiments provide direct measurement of sputter-etching, which 

showed that Si (or Au) was indeed distributed over a nearly constant 

depth, regardless of the sputter-etching. Thus, with sputtering at 

surface and atomic mixing over the ion range, the a 11 oyi ng atoms will 

maintain a constant depth, but with a decreasing concentration. The 

agreement between the measured and calculated Si-concentrations seems 

to support the idea of the model which was first proposed for the 

formation kinetics of the sputter-induced composition changes (S) 

The simple model in this paper predicts that the concentration 

of the impurity atoms will eventually die down exponentially with a 

decay length of W/r (Eq. (6.7)). This implies that surface impurities 

can never be completely cleaned, no matter how much sputter-etching 

has been done. Since Wis comparable to the ion range, the impurity _ 

atoms can be more efficiently cleaned with a lower energy ion beam. 

Fig. 6.4 shows that Wis indeed comparable to the implanted ion 

distribution and that Au-concentration decreases faster for smaller W. 
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The dependence of Won the ion energy has been clearly demonstrated 

for a wide range of ion energies in Chapter 3. 

Besides sputter-cleaning, the same problems should be considered 

in depth-profiling techniques which employ sputtering for material 

sectioning. Because of atomic mixing, the depth profiles can appear 

different from the real ones. For example, _an impurity distribution 

can appear broader and with an apparent long tail proportional to the 

ion energy used for sputtering. This has been demonstrated by 

p~evious investigators (3,4)_ A similar situation has been found 

when sputtering through an interface of thin films~lO) We applied 

the ideas of the model developed in Section 6.4 to calculate the 

apparent depth profiles due to atomic mixing and preferential sput­

tering. (See Section·6.6). In that calculation we have ignored other 

effects (ll ,l 2) (such as sputter-induced surface roughening) which 

can also cause the apparent profile-broadening. 

A further application of the present results is in the high-dose 

ion implantation for material modifications. To achieve implanted 

concentrations greater than a few atomic percent, ion doses higher 
17 -2 

than 10 cm are required. Therefore, atomic mixing and sputtering 

can affect the jmplanted ion distributions. We again applied the 

simple model to calculate the implanted concentration (3) Pre­

liminary experimental results (l 3) with 150 keV Au+ implantations 

into Cu and Fe showed good agreements with the calculations (3). 

Although similar phenomena were observed in both Pt-Si and Al-Au 
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systems used in the present work, we do not know whether the picture 

depicted in this chCl.pter is indeed a universal phenomenon. 

Although there are other evidences which indicate that this phenomenon 

is quite general (Chapter 2), there may be some systems which are 

more "difficult" for ion-induced atomic mixing. For example, much 

less ion-induced interfacial reactions were observed with Mo- and 

Nb-films on Si ,than with Pd- and Pt-films on Si substrates (l 4- l 7). 

Furthermore, the observation that Wis nearly constant in the present 

Pt-Si system may not be as good an approximation in other systems. 

Since the composition of the surface layer is changing during sput­

tering, the ion range and the effectiveness of the ion-induced atomic 

mixing can have corresponding variations. The fact that Si was used 

as the diluted alloying element in Pt could have simplified the problem 

because of the fact that Si is much lighte~ than Pt. The Pt atoms 

would then be responsible for triggering most of the collisions in 

the cascade. Therefore, the changing Si~concentration would not 

significantly affect the ion range and atomic mixing. This may have 

helped in maintaining the constancy of W. 

6.6 Influences of Atomic Mixing and Preferential Sputtering 

on Depth Profiling Techniques 

In the present work, the experiment started with a very thin layer 

of Si on top of a thick Pt-film. We first demonstrated that Si-atoms 

were spread out to a depth comparable to the ion range due to ion­

induced atomic mixing. Some Si-atoms could then survive a prolonged 
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sputtering, because of the continuing atomic mixing process. Al­

though this phenomenon has important implications in the sputter­

depth-profiling techniques (as discussed in Section 6.5), the situa­

tions are generally different in the depth-profiling analyses. 

Usually, the impurity profiles extend over d~pths much greater than 

the range (or W) of the ion used for sputtering, as illustrated in 

Fig. 6.5(A). To see the effect of atomic mixing and preferential 

sputtering on depth-profiling, the model developed in Section 6.4 

can be generalized to relate the apparent and the true impurity 

profiles. 

Similar assumptions to those in Section 6.4 are made in this 

calculation, i.e., that the impurity atoms influenced by ion-induced 

atomic mixing are always redistributed very 11 quickly" and uniformly 

over an effective thickness W, and that the rate of sputter-removal 

of impurity atoms is proportional to the surface impurity concen­

tration multiplied by a constant preferential sputtering parameter r. 

The conservation of impurity atoms then requires 

dN- (z) W _ unp 

dt 
o dz. 

-J + N (z+W)·-imp irnp dt (6.8) 

where z is the sputtered thickness, N. (z) is the concentration imp 
of impurity atoms in the surface layer, Jimp is the magnitude of 

the flux of sputtered impurity atoms and N~mp (z + W) is the 

concentration of the original (true) impurity distribution at 
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PROFILE 

figure 6.5 An illustration of the influence of atomic mixing and 

preferential sputtering on the sputter-depth-profiling 

analysis. 
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the depth of z + W (See Fiq. 6.5(8)). Since it is the surface con­

centration Nimp(z) that is measured as a function of sputtered thick­

ness z in the depth-profiling techniques, N. (z) will become the ,mp 
measured (or 11 apparent 11

) impurity depth profile (See Fig. 6.5(C)). 

Equation (6.8) is similar to Eq. (6.1) except for the term 

N~ (z + W) • dz/dt, which represents the supply of impurity atoms 
l~ • . 

from the back-side of the surface layer due to the ion-induced 

atomic mixing effect. For simplicity, we consider first the cases 

of very low impurity concentrations, i .e:, x0(z) = N~mp(z)/N0 << l. 

Equation (6.8) then becomes 

W dx(z) 
dz 

,...,, - r x ( z) + X0 ( z + W ) (6.9) 

where x(z) = Nimp(z)/N0 . The relation Jimp=rx(z)N0~~ has been used 

in obtaining Eq. (6.9). With constant rand W, Eq. (6.9) can be 

solved (l 3) to yield: 

J z -r<z-z,>/W ' ) dz' 
x(z) - e Xo(Z +W w 

0 (6.10) 

w 
- r z/W I J . ( ') d , e W X0 Z Z 

0 

+ 

Equation (6. 10) relates the measured profile x(z) to the true profile 

xo(z) . 

Equation (6.10) can be interpreted in physical terms. The 
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original true profit x0(z1 can be considered as being composed of 

many infinitesimal sections each of thickness dz'. Equation (6.7) 

predicts that each infinitesimal section would generate an apparent 
x0(z 1 )dz ( 1 )/W 

profile of W e-r z - z for z > z'. Therefore, the total 

apparent profile x(z) would be the superposi~ion of contributions 

fr 11 • f" ·t • l t· • x(z) = f
0
z e-r(z - z')/Wx

0
(z 1 )dz 1 /W. om a 1n 1n1 es1ma sec ions, 1.e., 

However, this is still not the same as Eq . (6 . 10). The discrepancy 

is because of the assumption of the "very fast" atomic mixing over 

the thickness W. Consider, for example, the infinitesimal section 
+ at z' = W. As soon as this section gets in touch with the back-side 

of the surface layer, the atomic mixing effect will very quickly 

spread out all the impurity atoms in that infinitesimal section 

over the thickness W. Therefore, the infinitesimal section at z'=W+ 

will contribute to x(z) as if it were at z' = a+. This accounts for 

x0(z' + W), instead of x0(z'), in the first integral of Eq . (6. 10). 

It also explains the necessity of the second integral in Eq. (6.10). 

Equation (6.10) can be used to calculate the apparent profile 

x(z) for any given true profile x0(z). A few examples are shown in 

Figs, 6.6 and 6.7. Figure 6.6 illustrates the effect of preferential 

sputtering factor r, while Fig. 6.7 shows the influence· of Won the 

depth-profiling analyses. For practical purposes, it is of interest 

to deduce x0(z) from known x(z), because x0(z) is the purpose of the 

measurement and x(z) is what is actua.lly measured, With known x(z), 

Eq. (6.9) can be used to obtain x0(z) for z > W. However, it appears 
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impossible to know x0(z) for O < z < W. Again, this is due to the 

"fast" atomic •mixing process, which completely mixed up the surface 

layer before the measurements. Only the average value of the surface 
w 

layer can be obtained, i.e., x(O) = ~ f 
O 

x0(z')dz'. (See Fig. 6.5(A)). 
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Further examples of calculated apparent profiles illus­

trating the effect of Win depth-profiling measurements. 

These calculations assumed no preferential sputtering 

(i.e., r = l). 
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Chapter 7 

FURTHER EXPERIMENTS AND CONCLUSION 

7. l Introduction 

While this thesis research has come to a finishing stage, more 

interesting progress in this area is taking place at this moment. 

This is due to collaboration among my colleagues, B. Y. Tsaur, J. W. 

Mayer and myself. 

We first investigated the interfacial silicide formation due to 

ion-induced atomic mixing using various ion species and metal-silico~ 

combinations~ Then, with special sample configurations, the depth­

dependence of the atomic mixing effect was experimentally measured. 

We also observed an interesting phen·omenon that the implanted inert 

gas atoms tend to aggregate to the metal-silicon interface and form 

gas bubbles there. Finally, combined with post thermal annealing, 

new Si-rich metal-silicide phases were produced by using i.on-

induced atomic mixing. 

7.2 Ion~Ihdut~d Silicid~ F6rm~tion 

In Chapter 2, an ion-induced atomic mixing effect was invoked to 

explain the observed thicknesses of ·the altered surface layers in the 

s~uttered alloys and compounds. This effect was further demonstrated 

in Chapter 5, where we first showed the mixing of discrete surface 

layers over the ion range. Then, the evolution of the mixed layers 

during sputter-etching was also explained by the same atomic mixing 
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effect. 

Perhaps one of the most interesting and earliest demonstrations 

of atomic mixing is "ion-induced interfacial reactions" ·(i , 2) When 

an incident ion penetrates through an interface between a thin film 

(of species A) and a substrate (of species B), ion-induced atomic 

mixing may result in an intermixed region (which contains both A and 

B) near the interface. This intermixed region may contain definite 

compound phases. Therefore, it can be called an ion-induced inter­

facial reaction, 

Such a phenomenon was first observed experimentally for samples 
(l) with Pd-films deposited on Si substrates . Briefly, Pd-Si inter-

mixed regions (of several hundred angrtroms thick) were observed after . . 

the samples had been bombarded° by Ar ions of 40-400 keV to doses 

of _1016cm-2 at room temperature. Experiments were carried out to rule 

out the possibility of temperature rise (due to ion bombardment) as 

the origin of mixing. Furthermore, the effect was observed only 

when the ion range was long enough to reach the Pd-Si interface. 

Because the number of atoms in the intermixed region was an order of 

magnitude greater than. that of the Ar dose, it seems that the effect 

could not be fully accounted for by recoil implantation·. 

Similar experiments were then carried out for Pt (2,3), Mo (4) 

and Nb (5) films on Si substrates. Intermixing effects very similar 

to those found in Pd-films were observed for Pt films, but not for 

Nb and Mo films bombarded at room temperature. Since Pd and Pt form 

silicides at much lower temperatures than Mo or Nb (5), these results 



seem to suggest that atomic mixing depends not only on ion bombard­

ment, but also on some intrinsic diffusion properties of the target 

material. + We recently observed that, with heavy ions (Xe), inter-

mixing of Pt and Si occurred for ion doses lower than 1014cm- 2. 

This suggests that the effect is related to ~he density of collisions 

in the cascade. 

Theoretical considerations have been given to relate the inter­

facial diffusion to the nuclear stopping power of the incident ion(?,B). 

In an attempt to understand the kinetics of the interfacial reaction, 

we conjectured that the process might be composed of many "localized" 

elemental processes each tri9gered by one incident ion. This is il­

lustrated in Fig. 11. The size of each reacted region (Fig.lla) would 

depend on both the intrinsic diffusion property of the material and 

the collision cascade. As more and more ions come in, the 

reacted regions tend to cover the whole interface and some of them 

begin to overlap (Fig.lib). In the overlapped region, the reaction 

would be promoted further. At high ion doses, the reacted layer 

becomes thicker (Fig.Zic). Because of the statistical nature of ion 

incidences, there would be some roughness in the reaction front. Under 

idealized conditions, the kinetics can be described by foisson 

statistics. 

If this picture is correct, and if the thickness of the reacted 

regions (i in Fig. 7.l(a)) is sufficiently large, one should be able 

to measure i and cr by using Rutherford backscattering. The preliminary 
+ result showed that with 300 keV Xe on the Pt/Si system, a was larger 
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A simple model for the kinetics of ion- induced interfacial 
reactions. Each incident heavy ion initiates a collision cascade in a 
volume surrounding the ion track (Fig.ll(a)). There is some atomic 
mobility within that volume for a short period of time, which then 
results in an intermixed region near the interface , Thus, the inter­
facial reaction is considered as being composed of many localized 
elemental processes. Undei prolonged bombardment , there is overlap of 
the localized reg i ons (b) and for higher doses a continuous layer is 
formed (cl. 



0 • 0 

than 104 A2, and~ was no greater than 40 A. It seems that tis so 

small that it cannot be easily measured with the present technique. 

Experiments (3) with Pt-, Ni- and Hf-films (100-400 ~) bombarded 
+ + + + with rare-gases (Xe , Kr , Ar and Ne ) of 100-300 keV showed 

phenomena similar to that shown in Fig. 7.l(c). Both Rutherford 

backscattering and glancing angle x-ray diffraction showed phase 

formations in the intermixed layers. For Pt on Si, lxlo14cm-2 of 
+ 0 

300 keV Xe resulted in a Pt2s; layer of ~200 A near the interface. 

The average thickness of the Pt2Si layer was proportional to the 

square root of Xe+-dose. Similar square-root dependences were found 

for other ions. Heavier ions showed higher efficiency in·causing 

atomic mixing. For 300 keV Ar+, a dose of ~10 times that of 300 keV 
+ . . . 

Xe was required to produce the same amount of Pt2Si formation. This 

suggests that ion-induced atomic mixing is related to the density of 

collision cascade. This is consistent with the observation that, with 

identical 300 keV Xe+ implantations, less Ni 2si· than Pt2Si formation 

was observed. Because Ni is much lighter than Pt, the collision 

cascade in Ni should be less dense than that in Pt. On the other 

hand, Hf has an atomic mass close to that of Pt (less than 10% dif­

ference) but showed lower intermixing rate than Pt, under identical 

implantation conditions. Since the silicide formation temperature of 

Hf (550-700°c for HfSi) is higher than that of Pt (200-500°C for Pt2Si) 

(6), one concludes that the amcunt of atomic mixing is also related to 

the intrinsic diffusion property of the materials. This is consistent 
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300 keV Xe+ resulted in a Pt2s; layer of ~200 A near the interface. 

The average thickness of the Pt2Si layer was proportional to the 

+ square root of Xe -dose. Similar square-root dependences were found 

for other ions. Heavier ions showed higher efficiency in · causing 

atomic mixing. For 300 keV Ar+, a dose of ~10 times that of 300 keV 
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Xe was required to produce the same amount of Pt2Si formation. This 

suggests that ion-induced atomic mixing is related to the density of 

collision cascade. This is consistent with the observation that, with 

identical 300 keV Xe+ implantations, less Ni 2s1· than Pt2Si formation 

was observed. Because Ni is much lighter than Pt, the collision 

cascade in Ni should be less dense than that in Pt. On the other 

hand, Hf has an atomic mass close to that of Pt (less than 10% dif­

ference) but showed lower intermixing rate than Pt, under identical 

implantation conditions. Since the silicide formation temperature of 

Hf (550-700°C for HfSi) is higher than that of Pt (200-500°C for Pt2Si) 

(6), one conclude~ that the amcunt of atomic mixing is also related to 

the intrinsic diffusion property of the materials. This is consistent 
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with earlier observations on Mo-Si (4) and Nb-Si {5)_ systems. 

Similar phenomena were also observed in other systems such as Pd-Si, 

Cr-Si and V-Si. 

7.3 Depth~Depehdehte Of Ion~Ihduted ·At6~ic Mi~ing 

There have been ample experimental evidences which show that ion­

induced atomic·mixing occurs only within a depth comparable to the ion 

range. An example has been shown in Fig. 6.2, where complete mixing 

of the surface layer was observed with the underlying Pt/Si interface 

undisturbed. A measurement of the depth-dependence of ion-induced 

atomic mixing may also provide insights into the mixing mechanism. 
0 

For this purpose, we prepared sqmples of ~1000 A amorphous Si 
0 

with very thin layers (~30 A) of Pt buried at various depths (only one 

Pt layer in each sample). After being implanted under identi<::al con­

ditions, these samples were analyzed by backscattering techniques. 

The spreading of Pt-atoms was observed to be dependent upon the depth 

of the original thin Pt-layer. The depth dependence seemed to 
0 

follow a similar trend as the demage profile. For example, with 300 A 

Xe+, the width of Pt-spreading was nearly constant down to a depth of 
0 

-BOO A and then it dropped down alm~st linearly to zero at a depth of 
0 

-2400 A. The implanted Xe-profile was close to a Gaussian distribution 
0 0 

with a peak position at 1300 A and a FWHM of 1200 A. 

The similarity between the depth-dependence of atomic mixing and 

demage profile seems to be consistent with the observation (Section 

7.2) that ion-induced atomic mixing was related to the density of 



cascade. This result may prove useful in further applications of ion­

induced atomic mixing. This type of experiment may also provide fur­

ther understanding of the mechanism of ion-induced atomic mixing. 

For example, one can do the implantations on heated samples and see 

how the depth-dependence of atomic mixing varies with temperature. 

7.4 Gas Bubble Formation at Interfaces 

In Section 3.4, we reported experimental observations of Ar-bubbles 

in the sputtering of PtSi. We argued that, if the implanted rare-gas 

atoms condense to form large bubbles, the backscattering signal of the 

implanted species will be substantially sharpened up, because dE/dx 

(for 4He+ to travel through) in the _gas atmosphere is much smaller· 

than that in the solid (Fig. 3.15). In recent experiments for ion­

induced atomic mixing, we also observed sharp peaks in the implanted 

Xe-distributions. 

These observations show other intere.sting features. First, the 

position of the sharp peak correlated very well with the position of 

the interface between the surface layer and the Si-substrate, indi­

cating that the interface is a favorite site for gas atoms, This 

correlation was observed regardless of the variations of incident ion 

energy and the thickness of the surface layer (so long as the ions 

could penetrate through the interface). Furthermore, this phenomenon 

was found to be general for various thin-film systems and rare gases. 

There were also other evidences of bubble formation at the inter­
o 

face. For increasing Xe+-dose on 500 AV on Si, almost the whole 
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surface layer disappeared suddenly after a Xe+-dose of 4xlo16cm- 2. 

We interpret this as a sudden peeling-off of the layer because of either 

the high pressures in the bubbles or the-large number of bubbles that 

tend to cover a major portion of the interfacial area. Cross-sectional 

TEM study has also shown evidence of bubbles at the interfaces. 

It has been inferred that implanted gas atoms form bubbles that 

prefer to nucleate at dislocation lines. The present case of bubble 
.. -

formation at the interface is probably due to a similar reason. How­

ever, we sti 11' do not know why the interface is a favorite site for 

gas atoms. 

7.5 Formation of Metastable Phases Using Ion-Implantation and Post 

Thermal /\nnealing 

In Section 7.2, we mentioned ion-induced silicide formation at 

metal-silicon interface, for.ion-doses of 1014-1015cm-2. Higher ion 

doses resulted in more incorporation of Si into the surface layer. 

Si-contents higher than ~PtSi 2 was obtained for doses of ~l □16cm- 2 . 

This is of interest, because the most Si-rich Pt-silicide phase that 

can -be obtained by using thermal annealing has been PtSi (6,9). How­

ever, x-ray analysis showed no structure (likely amorphous) in these 

Si-rich surface layers produced by ion-induced atomic mixing. Annealing 

of these samples at 5oo0c for 20 min. resulted in formation of phases 

which could not be identified with known Pt-Si phases (6,9) or poly­

crystalline Si precipitation. 

Backscattering data showed that the first phase corresponded to a 



composition of ~Pt2si 3. For higher Si-content, a second phase (close 

to Pt3si 7) began to form. When the two phases coexisted, -they formed 

distinctive layers as indicated by well-defined steps in backscattering 

spectra. 

Isochronal thermal annealing (for 15 min.) showed that the first 

phase be9an to form at ~4oo0 c. For temperatures higher than -55o0 c, 

the phase began to decompose and the surface layer became a mixture of 

PtSi and polycrystalline-Si precipates. This indicates that the phase 

is metastable. 

These results suggest a potential method of . forming new materials 

of interesting physcal properties. For example, it may produce a 

series of metastable silicides which may show interesting electrical 

properties such as Schottky barrier heights and superconductivity. 

There are also possibilities of forming metastable metal-metal alloys. 

To promote the applicability of the atomic mixing effect, we 

further proposed several techniques. First, multi-layers can be used 

to lower the required ion doses. The idea is to prepare a periodic 

structure of very thin layers of the requisite elements and to ion­

mix the structure. The relative thicknesses of the alternative 

layers should be adjusted for the desired composition, while the total 

thickness of the structure should be designed in accordance with the 

ion species and energy. The advantage is that the ion-mixing will not 

have to transfer atoms for "long" distances to achieve the mixing of 

a thick layer . Therefore, according to the results described in 

Section 7.2, one can lower the required i~n dose more than one order 
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of magnitude, Of course, the precise ion dose will depend on the 

thicknesses of the thin layers. Thus, the present technique is to 

first mix the system to a great extent using conventional methods 

(i.e., thin-film deposition techniques) and then to use ion beam to 

just promote the mixing to an atomic scale. Parallel to the lower 

required ion-doses, this technique has other appealing features. For 

example, it may prove useful for those systems which have been more 

"difficult'' for atomic mixing (e.g., Nb-Si and Mo-Si as mentioned in 

Section 7.2). Similarly, it also offers the possibility of using 

lighter ions which were showo to be less efficient for mixing . (The 

availability of light ions, such as the use of Si-ions to mix the metal­

Si systems, can eliminate the possible impurity effects due to the 

implantation of the foreign species, such as Xe.) Furthermore, it 

also provides a better chance of obtaining a thick mixed layer of 

a uniform composition. 

Besides the multi-layer technique, there are other alternatives 

such as using co-deposition of requisite elements using electron-gun 

evaporation. There are questions concerning the similarity between 

an ion-mixed layer and a layer prepared by co-deposition and the 

possibility of obtaining the metastable phases from the co-deposited 

samples. 

7.6 Conclusion 

In this work, we first investigated the sputter-induced surface-
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layer composition changes in binary alloys and compo\.lnds. We found 

that this phenomenon is a quite general one. Two rules seem to apply 

to all cases: First, the heavier components become enriched in the 

surface; second, the composition changes extend to depths comparable 

to the ion range. Although qualitative ideas and phenomenological 

models have been proposed to explain the phenomena, a theory based 

on atomic collisions has not been worked out to make quantitative 

predictions. 

On the other hand, the ideas obtained from these studies (i.e., 

preferential sputtering at surface and atomic mixing over the ion 

range) have proven useful in other related experiments. The 

phenomenological model has been gene_ralized to describe the high-

dose ion-implantation phenomena and to describe the evolution of sur­

face layers during sputter-etching. Preliminary experimental -results 

showed good agreement with the predictions. The model has also been 

used to predict the effect of atomic mixing and preferential sput­

tering in sputter-depth-profiling techniques. We obtained a simple 

equation which related the apparent and true impurity profiles. 

Finally, the ion-induced atomic mixing effect has shown its 

capability of producing thin-film ma_terials of desirable compositions, 

especially metastable alloys unachievable by conventional metallurgi­

cal means. More work is being conducted in this promising area. 
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APPENDIX A. DERIVATION OF THE EQUATION FOR g(t) 

Egu~tion (4.19) gives 

vs. 
t -415(t-t,) 

n(_o.t) = f g(t') e dt' 
0 

2JnD<t-t') 

v,. 

= f ~ ( t-u) _e~-=4=D=u=-- du 
. 

0 
2JrrDu 

where u = i-t' 

Therefore, 

..., n,·m n(O.t+E) - n(O,t) 
.lc!-dt n(o,t)= .L E 

i-.o 

(A-1) 

v~ v1 

[ 

t -40 u t+E -~ u 

-- ~ , m f f g ( t -u + r. ) e .fif5v. du + / g ( t- u + t) e du 
E.-+o 2 lTDu 2JrrDu 

0 t 
v,. 

-t - 4n u ] 
- f g(t-u) e ~ du 

2 ll'DU 
0 . 

v,. v' 
t --u --t 

= ~im f g(t-u+e.) -g(t-u) e 4D du + g{O) e 'ID 

t-+O £ 2brDu 2brDt 
0 

v" t --(t-t') 

= f g'(t') e 40 dt' + g(O) 
2irrDCt-t') 

0 

v' --t 
e 4D 

2JnDt 
(A- 2) 
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0n the other hcrnd, Eq. (4.19) a.lso gives 

t 
-(x +v(t-t')J1/4D(t-t') 

a ax n (x, t) -
(t') -[x+ v(t-t')] e dt, 

9 2 D l t-t 1> --::2::--/.=rr~o=c t=-=t=, >==----

0 

where q = x / J 1T D ( t-t') . Therefore, 

The definite. integr-o.l can be eval\.(i:tted +o yield .fif . Hence, 

Substituting Eq. (A-1), (A-2) and (A-3) into the boundary condi­

tion (Eq. (4.9b)), the equation for g(t) (i.e., Ei· (Lt.2q)) is obtained. 
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APPENDIX B. SOLUTION OF EQ. (4.20) FOR g(t) 

The Laplace transform of Eq. (4.20) gives 

. ·100 -s-t I 
where the convo 1 uti on theorem and £ { I } == 

0 
e dt = 5 

have been applied (B)_ To simplify Eq. (B-1), the following relations 

are used. 

£{ g'(t}} = S•;t_ {g(t)} - g(o) (B-2} 

,l{g'Ctl} =Jo~ 
. s + 4D 

(B-3) 

Equation (B~2) is a general theorem of Laplace transform (B)_ 

Equation (B-3) is available in mathematical tables (9). 

Using Eqs. (B-2) and (B-3), Eq. (B-1) gives, after some re­

arrangement 

£ { glt)} (B-4) 

This is the Laplace transform of g(t). To solve for g(t), the 

inverse transform must be carried out. For this purpose, the fraction 

in Eq. (B-4) is re-arranged: 
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£{g(t)} -
PH Q K, 
----+-+-====---

5 s ✓ y2 
s+ 4 D + oc., 

where p == 2r n ff5 
- r+I O 

' 

= nov A 
K2. - (r-H)Oll 2. 

' and a1, a2, A1 and A2 are defined as in the text. 

The inverse Laplace transform of each term on the righthand side 

of Eq. (B-4a) can be carried out using the following relation (9). . . 

£' { Js+(:
2

/4D)] 

- v2 t e 4D 
+ /j;' erf Jv•t - fit 40 4D 

y2 

£._, { I } -mt 
( 

1 <it erfcJe1.'t ) e 4 - brt - ot. e 
/ s + 4v; + ex 

o.nd -

1 f I } L s = I . A solution for get) is thus obt~ined : 

This is Eq. (4.21) as given in the text. 
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