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Residual stress measurement in 
f i lament-evaporated aluminium films 
on single crystal silicon wafers 

H A I - W O O N G  PARK, S. D A N Y L U K  
University of Illinois at Chicago, Department of Civil Engineering, Mechanics, and Metallurgy, 
PO Box 4348, MC 246 Chicago, Illinois 60680, USA 

Shadow Moire interferometry was used to determine the residual stresses in thin, filament- 
evaporated aluminium films deposited on (100) p-type, 10.16 cm diameter, 0.05 cm thick, 
circular single crystal silicon wafers. The aluminium film thicknesses ranged from 70 to 
780 nm. Benchmark experiments on wafers without aluminium films showed that wafers 
possess in-plane residual stresses; the centre of the wafer is under tensile stresses of the order 
of 30 MPa and these stresses decrease toward the edge of the wafers to approximately 
10 MPa. The deposition of aluminium films increases these tensile residual stresses by 3 to 
15 MPa depending on the film thickness. The increase in the stress is attributed to the stresses 
in the films. 

1. Introduct ion 
The influence of residual stresses on the processing 
and performance of microelectronic circuits has been 
the subject of extensive study for many years [1-4]. 
Out-of-plane residual stresses are known to cause 
buckling of semiconductor and ceramic substrates [5], 
produce interfacial stresses at substrate-metal and 
substrate-polymer interfaces so that debonding of 
these thin films results and, residual stresses can influ- 
ence the yield of devices if the stresses initiate or 
contribute to the propagation of microcracks [6]. If 
residual stresses are of sufficient magnitude to produce 
deformation or induce defects, then the electrical 
properties may also be affected [7]. As the circuit 
density of integrated circuit devices increases and, 
with the advent of the design of micromachined 
sensors and micronmeter-sized machines, a know- 
ledge of residual stresses has become of critical con- 
cern. 

This paper describes experimental results of the in- 
plane residual stresses in thin aluminium films depos- 
ited by filament vapour  deposition on circular single 
crystal wafers. A shadow Moire technique was used to 
measure the strains over large spatial areas and, the 
in-plane residual stresses were deduced by comparing 
the measured and predicted deflections of wafers with 
and without the thin aluminium films. The stress 
calculation depends on an analysis of the edge effects 
of thin, short, flat plates. 

2. Experimental procedure 
Benchmark experiments were performed on two, 
102 mm diameter, 0.5 mm thick, single crystal silicon 
wafers obtained from the Monsanto Electronic Ma- 
terials Company. The wafers had one side polished 

and the other lapped according to semiconductor 
industry standards and each side contained a native 
oxide. The in-plane residual stresses were deduced 
from deflection measurements [8]. The wafers are 
mounted in a fixture so that a centrosymmetric load 
may be applied on the lapped side. The polished side 
was pressed against a knife edge of the fixture (as 
shown in Fig. 1) so that the outer edge is simply 
supported and, this polished side positioned in front of 
a 200 lines per inch grating with a grating thickness of 
1.7 ram. This surface is illuminated by a helium-neon 
laser so that the grating casts a shadow on the surface. 
If the sample surface is non-planar as would be the 
case if a load was applied, then interference fringes are 
observed (as shown in Fig. 2). An analysis of the 
density and spacing of the fringes can be used to 
extract the sample topography, assuming that the 
geometry, such as the distance of the illumination 
source to the grating surface, is known. 

After the benchmark experiments were complete, 
thin aluminium films were deposited on the silicon 
wafers by filament vacuum evaporation. The alumi- 
nium charge (99.99% purity) was loaded into a tung- 
sten boat, the wafers were positioned in a fixture 
which was fixed at 15 cm from the evaporation source 
and the vacuum system evacuated to 5 x 10 .6  torr. 
The fixture holding the wafers clamped the edges 
so that approximately 0.63 cm of the radius was 
shielded from the evaporation source. A d.c. current 
heated the tungsten boat so that the aluminium va- 
pour was deposited on each wafer, one at a time, with 
the wafers not intentionally heated during the depos- 
ition. The surface temperature was measured in separ- 
ate duplicate experiments and the temperature was 
measured to be 60 ~ 

The deposition was done in three steps. The first 
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Figure 1 The schematic diagram for the shadow Moire experi- 
mental arrangements. 

aluminium layer was deposited and the stresses were 
measured. After these measurements, the wafer was 
reloaded into the vacuum system and an additional 
aluminium layer was deposited and so on, until thick- 
nesses of 70 and 180 nm were produced on wafer 1 
and, 130, 405 and 780 nm were produced on wafer 2. 
The aluminium film thickness was measured by a 
multiple beam interferometer using the edge of the 
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Figure 3 Wafer orientation and reading direction. 

aluminium film and by Rutherford backscattering. 
The thicknesses were found to agree to within 10% 
from the centre to the edge of the wafer. 

The strain measurements are performed by loading 
the silicon wafer so that it forms a dome shape. This 
produces a "bullseye" interference pattern and the 
interference fringes were measured along sixteen ra- 
dial lines, from the centre out towards the outer edge 
as shown in Fig. 3. Since the wafers are single crystals, 
the 0 ~ and 90 ~ orientations are along the [t10] and 
[110], respectively. 

Figure 2 An example of an interferrogram fringe pattern of a 
circular plate. 
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3. Results and discussion 
An analysis of the deflection of centro-symmetrically 
loaded, thin circular plates has been previously pub- 
lished [8] and we have used the analytical results of 
that work to analyse the present data. The theoretical 
deflection, w, of a simply supported circular plate, 
loaded at the centre can be expressed as 

w - L I ~  v ( a  - r 1) + 2r / In  

where P is the load, a and r the radius and the distance 
from the centre, respectively, v Poisson's ratio and 
D the flexural rigidity defined by 

Eh 3 
I )  - 12(1 - v 2) 

where E is Young's modulus and h the sample thick- 
ness. The deflection, w, is obtained at discrete points 
on the sample surface where fringe lines are measured. 
These data points are used in a cubic spline subroutine 
[9] to generate an analytical curve of the deflection of 
the entire sample. The equation for the deflection may 
then be rewritten as 

w(r) A r 2 1 n ( r )  = + Br 2 + C 
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Figure 4 In-plane stress distribution before aluminium deposition for samples (a) 1 and (b) 2. ([~ < 20.0 MPa, 3TTTITTFM 20.1 30.0 MPa, 
�9 > 30.1 MPa). 

where A, B and C incorporate the material parameters 
and these are obtained from fitting the experimental 
data to the analytical form of the deflection curve. 

The residual stresses may be calculated if the first, 
second and third derivatives of the deflection are 
obtained experimentally. The equation relating the 
radial component  of the in-plane residual stress, N(r), 
to these derivatives is 

N (r) = \ d r  ] 

F ['dSw 
+ 

dw P 

r dr s r 2 d r  - ~ g r  

N(r) can thus be determined since the derivatives of 
the deflection and the load are known. 

An example of the in-plane residual stress distribu- 
tion of a wafer prior to the deposition of an aluminium 
film is shown in Fig. 4. This figure shows three regions 
of stress; the inner region contains tensile stresses 

greater than 30 MPa,  the central region has stresses 
between 20 and 30 MPa  and, the outer region has 
stresses from 10 to 20 MPa. There does not appear 
any obvious correlation of these stress distributions to 
the crystallographic directions. The stresses of this 
wafer changed when the surface was coated with an 
aluminium film and Fig. 5 shows the sequence of in- 
plane residual stress distributions as a function of 
aluminium film thickness. The residual stresses in- 
crease and expand over the surface. For  example, 
within 1 cm of the centre, the stresses fall in the range 
of 30 MPa. With a film of thickness 180 nm the stres- 
ses expand to cover one quarter of the wafer. Similar 
data for the second wafer are shown in Fig. 6. 

The data shown in Figs 5 and 6 have been replotted 
in Figs 7 and 8 along the [110] for the two wafers to 
dramatize the increase in the residual stresses as the 
aluminium film thickness increases. For  any thickness, 
the stresses decrease monotonically from the centre 
toward the outer edge, however, the stresses increase 
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Figure 5 In-plane stress distribution for sample 1. (a) 70 nm, (b) 180 nm. Symbols as in Fig. 4. 
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Figure 6 In-plane stress distribution for sample 2. (a) 130 nm, (b) 
405 nm, (c) 780 nm. Symbols as in Fig. 4. 

sys temat ica l ly  as the a lumin ium film thickness is in- 
creased. The relat ive increase in res idual  stresses 
ranges from 19 to 32%. This change in stress agains t  
film thickness  is p lo t ted  in Fig. 9. As can be seen, the 
increase appea r s  to vary  pa rabo l i ca l ly  and  a p p r o a c h  
sa tura t ion .  

A number  of previous  workers  have a t t r ibu ted  the 
changes in residual  stresses in metal l ic  films on sub- 
strates to lat t ice mismatch  between the subs t ra te  and  
the film [10, 1 I] ,  the i nc o rpo ra t i on  of gaseous  impur-  
ities dur ing  the depos i t ion  of the film [12] and the 

g rowth  of oxide [13] and  recrysta l l iza t ion and  grain  
g rowth  of the film dur ing  heat  t rea tments  [14]. O u r  
exper imenta l  condi t ions  generate  a mul t i layer  film 
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Figure 7 In-plane stress as a function of radial distance for various 
values of film thickness in 1-110] direction (sample 2). (O without 
film, x 130 nm, A 405 nm,�9 780 rim). 
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Figure 8 In-plane stress as a function of radial distance for various 
values of film thickness in [110] direction. (O without film, 
x 70 nm, A 180 nm). 
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Figure 9 The variation of stress as a function of film thickness in 
[110] direction. (O sample 1, O sample 2). 

since the aluminium oxidizes, and each measurement 
is the sum of the stresses of these layers. We have not 
yet characterized these films by microchemical tech- 
niques so it is not possible to identify the causes of the 
stresses. This characterization is continuing and will 
be reported shortly. 
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