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ABSTRACT 

We have found that irradiation of a variety of thin film 

substrate combinations by MeV/amu heavy ion beams will produce 

a remarkable enhancement in the adherence of the film. For 

example, gold films can be firmly attached to soft materials 

like teflon using a 1 MeV beam of protons (10 14 cm-2 ) or helium 

ions (10 13 cm-2 ) and to harder materials like silicon (1015 cm-2 ), 
15 -2) 14 -2) quartz (2 X 10 em and tungsten (2 X 10 em with 0.5 MeV/ amu 

beams of fluorine or chlorine ions. In the case of metal films 

on semiconductors a low resistance contact results. The mixed 

layer at the interface is observed to be quite thin (~50 A); for 

Ag on Si electron diffraction and imaging studies of the inter

face region reveal the presence of crystalline Ag compounds. 
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Introduction 

The adhesion enhancement of thin metal films on insulators, semi-

conductors, and metals by high energy ion bombardment was recently reported 

1 by Mendenhall et al. Various combinations of materials have been tested, 

but none have been found for which the bond is not significantly improved 

(see Table I). The ion beam energies are chosen to lie near the peak of the 

cross section for energy loss to electrons by the incident ion (- 0.5 MeV/amu) 

where the nuclear component of the energy loss is negligible. The doses 

required for good adhesion extend from 1013 to 1016 ions/cm2 • 

This technique was first suggested for use with insulators. 2 A thin 

mixed layer was predicted to be formed at the interface by the same mechanism 

by which tracks are produced in insulators with high energy ions. Briefly, 

tracks are formed at these energies when the excitation of the electrons by 

the bombarding ion disturbs the interatomic potential. 3 ' 4 This can lead to 

the transfer of energy to atoms in the lattice and subsequent damage track 

production. If the relaxation time of the electrons is too fast, as it is 

believed to be in semiconductors and metals, this will not occur. In fact, 

tracks have not been observed in these materials; therefore, it does not 

seem possible to explain the enhanced adhesion with this model. As discussed 

by Mendenhall et al., Rutherford backscattering profiles have indicated that 

if a mixed layer is present it is less than - 50 ! thick. 
1 

The aLm of our investigations has been to discover the mechanism for 

the adhesion enhancement. In this paper we describe a prelLminary TEM study 

of thinned bonded samples of silver on silicon using electron diffraction. 

The Ag-Si system was chosen because it is expected that the effects of the 

irradiation will be distinct from other bonding mechanisms; the bonding is 

poor without irradiation and ion beam mixing in the keV range has so far not 
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5 
produced any silver-silicon compounds. Several silver-silicon phases have 

been reported in the literature. An hcp structure, ~ silver-silicon has 

been found and confirmed using the splat cooling technique.
6 

The composition 
0 

is 5-25 atomic per cent Si with lattice parameters a= 2.87 A and c = 4.53 A. 

Splat cooling was also used to find a complicated structure containing about 

30 t · cent S1.·. 7 
a om1.c per The lattice was interpreted as being orthorhombic 

0 0 

with a= 5.56 A, b = 9.16 A, and c 8.49 A. Recently, a metastable crystal-

line silver silicide was formed by pulsed laser irradiation at a silver-silicon 

. f 5 1.nter ace. The composition was roughly 14 atomic per cent Si (the eutectic 

composition), but the structure was not determined. 

Sample Preparation 

Antimony doped n-Si wafers of both [111] and [100] orientations were 

etched in HF, washed with methanol and then quickly transferred to the vacuum 

0 -6 
apparatus for vapor deposition of about 500 A of Ag at 10 torr. On some 

samples, an attempt was made to further clean as well as impede the formation 

of an oxide layer on the etched surface of the Si; this included rinsing in 

an acetone-bromine solution and freezing acetone on the Si surface to protect 

it during pump down. Preventing the formation of less than two monolayers of 

oxide seems not to be possible without keeping the Si under high vacuum. 

The samples were irradiated using the Caltech tandem Van de Graaff 

accelerator. Most of them were bombarded with 
35c1 ions at 20 MeV, receiving 

doses of 5 X 10
15 

ionslcm
2 

(good adhesion enhancement) or 1 X 10
15 

ionslcm2 

(minimal adhesion enhancement). A typical flux was about 1.5 X 1012 ionslcm
2 

sec. 10 M V 
19F . d f 1 . h d f 3 10 16 . I 2 e 1.ons were use or some samp es, w1.t oses o X 1.ons em 

and 1 X 10
16 . I 2 1.ons em . Most of the beam spots were 2 x 2 mm. After irradiation, 

scotch tape applied to the silver film removed all but that on the beam spot. 

Disks 2.3 mm in diameter were cut out around the beam spots. The disks 
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were soaked in HN03 to remove all or part of the remaining Ag film. With some 

samples this was unnecessary as the film had been partially or entirely ripped 

off during the cutting process. They were chemically (jet) thinned from the 

back (non-irradiated) side using a combination of HN03 and HF. CP4 was em

ployed for final thinning of some samples. 

Heating to about 100°C was necessary to melt the wax used in mounting 

the disks for thinning. The wax was removed by TCE and chloroform. The samples 

were rinsed with acetone, water and methanol at various stages of the prepara-

tion process. 

Results 

The silver-silicon interface was examined using TEM with 100 keV electrons. 

On three high dose (5 X 1015 ions/cm2 ) chlorine ion beam spots (three different 

Si [111] substrates), a polycrystalline fcc structure with lattice parameter 

0 
a = 5.57 ± 0.07 A was observed. We interpret this as being Ag02 with the NaCl 

5 8 structure (space group 0 h-Fm3m). Using the metallic Goldschmidt radii for 

. 0 0 9 
Ag (1.44 A) and Si (1.32 A), the calculated lattice parameter for AgSi2 is 

0 

5.56 A, which would also agree well with the measured value. A total of fourteen 

high dose Cl ion samples have been examined; we believe that the formation of 

the silver compound is critically dependent on the preparation parameters, as 

discussed in the next section. This silver compound has not been observed on 

low dose (1 X 1015 ions/cm2) or control (non-irradiated) samples, which indi-

cates that it is either beam induced or is a consequence of the better bonding 

of the Ag to the substrate. 

Discussion 

Although we have observed isolated instances of crystalline silver com-

pounds in the interface region, these epitaxial phases are probably not the 
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controlling factor in the general adhesion enhancement mechanism because they 

do not occur on all the irradiated samples. This is supported by the wide 

variety of film substrate combinations that have successfully been bonded, which 

makes a dependence on geometrical matching conditions, etc., unlikely. Our 

measurement of adhesion has not been more quantitative than the scotch tape 

test; however, recent observations of the effect of HN03 on the Ag films 

suggest that the adhesion is greatest near to the edge of some beam spots, 

where the dose and flux are as much as 30% less than at the center. In addi

tion, two of the samples on which Ag compounds were found were irradiated at 

low flux (~tot the standard flux). The thin area examined with TEM was near 

to the center of most beam spots. This could explain why we have seen the 

material on only three samples. Perhaps high flux irradiation either inhibits 

its growth or destroys it once it has formed. 

The creation of silver compounds and the possible existence of recrystal

lized grains may imply atomic mobility and hence a mechanism for transferring 

energy from the electrons to the lattice. One possibility is that the track 

mechanism operates in the insulating oxide surface layer. This seems to be 

contradicted by the apparent decrease in adhesion enhancement with increasing 

oxide layer thickness. 1 The rate of energy deposition at the interface is not 

large enough to cause significant macroscopic heating of the silicon; thus, 

the lattice disorder at the interface may be caused by the interaction of the 

bombarding ions with electrons in surface states, which could behave differ

ently in this situation from electrons in the bulk material. 
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TABLE I 

MATERIAL AND BEAM COMBINATIONS TESTED 

For the cases shown thin layers (- 500 A) of the metal were evapo-

rated onto the substrate and then irradiated at low beam current 

with the ion beams indicated. In all cases the resulting bond 

passed a Scotch Tape test; in many cases the metal could only be 

removed by scraping. For the semiconducting substrates (Si, InP, 

GaAs) the result was a low resistance ohmic contact. 

MATERIAL BEAM, MINIMUM DOSE/ cm
2 

Au on Teflon 4 1.5 MeV He, 1 X 1013 

1 MeV lH, 1 X 1014 

Au on Si0
2 

20 MeV Cl, 2 X 1015 

Ag on Si02 20 MeV Cl, 2 X 1015 

Au on CaF2 20 MeV Cl, 2 X 1014 

Au on Ferrite 20 MeV Cl, 3 X 1013 

5 MeV F, 2 X 1015 

Au on Al
2
o

3 20 MeV Cl, 5 X 1015 

Pd on Al
2
o3 20 MeV Cl, 2 X 1015 

Au on Si 20 MeV Cl, 1 X 1015 

Ag on Si 20 MeV Cl, 5 X 1015 

10 MeV F, 1 X 1016 

Au on InP 20 MeV Cl, 5 X 1014 

Ag on InP 20 MeV Cl, 5 X 1014 

Au on GaAs 20 MeV Cl, 5 X 1014 

Au on W 20 MeV Cl, 2 X 1014 
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