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Abstract 

This report will briefly outline some of the key findings made 
during the course of this project and some new work on the phase 
structure changes concomitant with the delamination behavior of Ta 
metallizations. Detailed accountants of prior work have been in 
included in previous "Interim Reports" of this Grant and in the 
many technical papers that have resulted from the support of this 
work. A complete list of these publications in provided in Appendix 
II of this Final Report. 



FINAL REPORT:    July 31, 2002 

By John C. Bilello 

Overview: 

During the four years that this project has run a number of 

significant milestones have been reached. This Final Project report 

will not repeat the details of this work, which has been previously 

reported in previous "Interim Project Reports" and the numerous 

publications that are listed in the Appendix II of this paper. This 

report will concentrate on the highlights and include some new 

work done in the last eight months of the Grant, i.e. since the last 

Interim Report. Research focused on Ta refractory metal films.^-^'^"^'^ 

The key development of this Grant was the construction, 

commissioning and ultimate utilization in thermo-mechanical 

testing of a novel in situ real-time synchrotron topography imaging 

facility. This equipment is has proven capable of examining the 

debonding limits of a number of refractory metal high temperature 

coatings. These observations have been coupled with real-time high 

resolution Bragg scattering studies to elucidate the concomitant 

phase and chemical structure of the film relating to the observed 

delamination modes. Finally, we will discuss some directions this 

work has pointed that would be worthy of future investigation. 

Experimental   Methods: 



A detailed report on the novel in situ real-time x-ray imaging 

stage and some experiments utilizing its capabilities has been given 

in previous references.^-^ This stage has been upgraded to go to 

slightly higher temperatures (600C vs. 550C) and has been fitted 

with a temperature controller so that a variety of temperatures can 

be easily programmed into its test performance.^ Figure 1 shows the 

capability of this control to be able to achieve a range of steady 

temperatures with variable ramp rates. This feature will allow 

future work that can accurately measure kinetic behavior by studies 

time dependent relaxation behavior as a function of temperature. 
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Figure 1 

Variable temperature control of the in situ real-time synchrotron 
thermomechanical topography/radiography imaging stage. 

We have also used our high resolution high energy 18kW Rigaku 

laboratory source, built under an earlier DARPA Grant, to observe 



Bragg diffraction of thin Ta films as a function of time and 

temperature. By tiiis means we were able to correlate the chemical 

phase structure of the films to their thermomechanical behavior. 

Results and Discussion: 

In may be recalled that in an earlier report it was shown that there 

was a critical working gas pressure that marked the region between 

adherent Ta films and those that rapidly debonded. Partial results 

were shown in the previous progress report (reference 2) and 

further work has been in the intervening period and is shown below 

in Table 1. 

Argon Res sure 
(iiiToiT) 

Degree of 
Blisteiing Spalling? 

2 Major Yes 
3 Major Yes 

5 Major Yes 
6 Minor No 

 7^^_  Minor No 
8 None No 
10 None No 

15 None No 
18 None No 

Table 1 

Observed film delamination modes as a function of Ar working gas 
pressure during sputter deposition. 



It is interesting (and significant) to note that no debonding was 

observed of any type when these films were subjected to high 

temperature testing in an oxygen environment. Why? Obviously, 

we wouldn't ask this question if we didn't have some inkling about 

what is happening. To clarify the behavior a series of Bragg 

scattering experiments were done as a function of time on a 600nm 

Ta film held at 600C at ambient.^ The results are reported below in 

Figure 3. 

700 
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Figure 3 - Diffraction patterns at various times of a 600nm Ta film 
deposited at 2 mTorr Ar and annealed in ambient environment at 
600C. Note the appearance of distinctive diffraction lines at various 
times - details explained in the text. 



The initial "as deposited" diffraction plot shows a strong out-of- 
plane texture, hence the single intensive peak indicative of beta 
Tantalum. As the annealing procedures when 22 minutes is reached 
the film is seen to be converting to an unknown oxide (i.e. one not 
found in JCPDS files). Finally, by the 43 minute mark the film has 
converted to Tatalum pentoxide {Ta205). The next step was to 
correlate these findings directly with the morphology of these films 
as they are undergoing these phase transformations. This is 
displayed in Figure 4 below. 
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Figure 4 - Morphology of Ta films as a function of time annealed in 

ambient at 585C. 



The small difference in temperature between the annealing run used 

for Bragg diffraction (Figure 3) and for the observed diffraction 

Topography/Radiography images is do to a slight mismatch in the 

calibration of the controllers on the two different instruments. 

Nevertheless the picture emerges that the film starts to blister, 

hence nucleating subsequent complete delamination effects, when 

the initial p-Ta deposition converts to an oxide. Rut the story isn't 

this simple. Subsequent annealing/Bragg diffraction experiments on 

Ta films grown in the high pressure Ar regime that exhibited no 

delamination and excellent adhesion showed the same phase 

transformation sequence as a function of time. This leads us to 

suspect that the real culprit here controUing delamination is the 

stress induced by the coefficient of thermal expansion (CTE) 

between the growing oxide phase in the transformation and the 

substrate. The films deposited at higher Ar working gas pressures 

are nominally less dense than those grown at lower pressures. This 

more open structure is probably able to accommodate the CTE 

mismatch strains and remain intact. If this is true it might provide a 

potent recipe for growing Ta (and perhaps other refractory films) in 

a manner that can enhance their thermo-mechanical stability. How 

to prove this supposition? What is needed is an in situ method of 

simultaneously measuring the strain (stress state) in the films as a 

function of time a temperature. Also parallel studies using 

Transmission Electron Microscopy (cross-section mode) to study the 

interfaces at adhesive and decohesive regions of the films are of 

interest. The      ability      of      synchrotron      diffraction 

topography/radiography to find critical regions is critical to these 

8 



subsequent experimental plans. These areas will be explored as part 

of a new program sponsored by ARO in the future. 

Summary: 

A novel new method for directly observing the thermo- 

mechanical response of refractory metal coatings has been 

developed. This technique relies on a thermo-mechanical stage 

capable of in situ real-time imaging of the mechanical behavior of 

film overlays on a high intensity synchrotron beam line. This 

facility has been able to take action sequence x-ray images at a rate 

of 30/sec at temperatures as high as 600C and record the film 

response to the thermo-mechanical conditions imposed. 

The x-ray images of the morphology of the films as a function 

of time and temperature in an oxidizing environment (ambient) has 

been supplemented by time dependent Bragg diffraction studies of 

the chemical phase structure of the films. The results have shown 

that the p -Ta films eventually converts to TazOg upon annealing, 

which could induce a critical CTE mismatch leading to film failure if 

not properly accommodated by the film microstructure. 
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