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Abstract 
A novel experimenWnumerical test method has been developed which allows accurate 
characterization of the elastic and large-strain plastic mechanical response of thin films. Silicon 
micromachining techniques have been used to fabricate isolated film features which are 
mechanically tested using ow ultralow-load indentation test system. Macro-scale laboratory testing 
and finite element analysis were employed to optimize the design of the geometric feature used and 
to benchmark our analysis capabilities. A simple rigid-plastic geometric analysis of our test 
structure is developed and applied to the observed force-displacement response, allowing us to 
extract the uniaxial inelastic stress-strain response of micrometer-scale thin film structures. To our 
knowledge, this is the first time that the inelastic deformation behavior of metal alloy features of 
this size scale has been quantitatively determined. 
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Introduction 
The mechanical properties of thin films are of significant technological interest. Their effective use 
in technologies such as integrated circuits, magnetic storage, reflective coatings and micromachine 
technology would be greatly enhanced by a thorough knowledge of their mechanical properties. 
Unfortunately, the measurement of such properties is a vexing experimental problem. A large 
number of experimental methods have been developed and applied in an attempt to facilitate such 
measurements. A brief review of this technology is helpful in understanding the need for continued 
work (more thorough reviews are available for those who are interested [1,2]). 

Test techniques to characterize the mechanical properties of thin films can essentially be divided 
into two groups: liberated and insitu testing. Liberated films are generally subjected to miniaturized 
versions of conventional macroscale test methods such as uniaxial tensile testing [3-91 or bulge 
testing [lo-141. Such techniques are fraught with difficulty. Once removed from their underlying 
substrate, thin films are very delicate and easily damaged. Also, test specimens prepared from 
liberated thin films generally have very severe aspect ratios (ie, small in one dimension - film 
thickness) relative to the conventional macroscale test specimens which they attempt to mimic. This 
leads to a tendency to mechanical instability during testing, resulting in a plastic deformation 
response dominated by geometric and microstructural heterogeneities rather than the intrinsic flow 
behavior of the film itself. 

In part to avoid these difficulties, films are often characterized insitu, generally through the use of 
nanoindentation testing [15-211. The fundamental advantages of this technique are the inherent 
damage resistance during handling of a film which remains attached to its substrate and the ability 
to sample extremely small volumes of material. Significant work has been performed in recent 
years to enhance OUT understanding of the nanoindentation behavior of thin films and near-surface 
layers [22-271. Nonetheless, significant complications still exist. For sufficiently thin films (or 
sufficiently deep indentations) the substrate makes a sigmficant (and poorly characterized) 
contribution to the load-depth indentation response. The influence of indenter/sample friction on 
the load-depth response is difficult to know apriori and difficult to even characterize. The 
indentation strain field is complex and does not correlate well to a conventional uniaxial stress 
strain curve, the most commonly measured engineering deformation response. The indentation 
method at best (assuming the above difficulties are overcome) measures some average value of 
‘flow stress’ - it shows extremely poor ability to resolve the complex interaction between yield 
strength and strain hardening behavior in a material. 

In recent years, nanoindentation has been used to probe the mechanical response of simple 
micromachined cantilever beams [28-3 13. This methodology allows both accurate determination of 
the elastic modulus (in bending) and approximate determination of the yield strength of insitu thin 
films. Unfortunately, simple, ‘diving board’-type cantilever beams do not allow the determination 
of the large strain plastic deformation response of frlms - at best they can be used to obtain a 
reasonable indication of yield strength. Also, their high mechanical compliance makes it necessary 
to make them larger than may be desired to allow the nanoindentation test system to detect contact. 

In an attempt to address most if not all of the above diffculties, we have developed a unique 
experimental method for the determination of the ‘insitu’ uniaxial inelastic stress-strain response of 
metallic thin films. Photolithoagaphic micromachining tecbniques have been used to fabricate 
micromechanical test structures designed with the assistance of large strain inelastic finite element 
modeling. The structures used are straight beams (rigidly fixed at both ends) of complex cross 
section (fully contained within a 1~6x20 pm volume) which span a deep cavity in an underlying 
silicon wafer. A wedge shaped diamond indentation probe is used to deform the structures into the 
cavity, causing the development of three plastic hinges followed shortly by the tensile deformation 
of ligaments (each 6pm long x 3pm wide x 1 pm thick) on either side of the indentation probe. A 



simple rigid-plastic geometric analysis of our .zst structure is used to interpret the force- 
displacement response, allowing us to extract the uniaxial inelastic stress-strain response of 
micrometer-scale thin film structures. 

Procedure 

Test Feature Design 

The basic test specimen geometry explored in this study is shown schematically in Figure 1. This 
test feature can be characterized as a constant thickness beam of variable width fixed at both ends. 
The wide section in the center of the beam serves as the contact pad for a wedge-shaped mechanical 
probe, as shown. Our goals during the development of this design were the following: 

1) The specimen must be fabricable using conventional micromachining technology. 
2) Desired levels of specimen deformation must occur at loads and displacements which are 

within the limits of detection of our NanoIndenterO. 
3) The plastic deformation response of the specimen should be largely dominated by tensile 

deformation. 
4) The specimen should allow detection of near yield deformation, large strain plastic flow, 

and tensile rupture. 
5) The specimen should show good discrimination in the force-displacement response 

between materials of differing mechanical response (yield strength, strain hardening, ductility). 

Continuum-Scale Mechanical Testing 

In order to accelerate the successful design of our micromechanical test feature and to provide a 
benchmarking target for our finite element simulations, continuum-scale mechanical testing was 
performed. A fixture, shown in Figure 2, was designed to allow punch testing on a conventional 
servohydraulic mechanical test frame of beam specimens of a wide range of lengths and profile. 
Specimens tested were 0.635 cm = 1 pn scale versions of the micromechanical test feature 
machined from 1100 aluminum alloy plate and subsequently annealed to the TO condition. Uniaxial 
tensile tests were performed on conventional plate specimens fabricated from the same material to 
determine large-strain plastic constitutive parameters for use in finite element simulations of the 
punch tests. 

Finite Element Modeling 

Large strain quasistatic finite element analysis was performed to guide the development of our test 
feature. A finite element model of the continuum-scale specimen is shown in Figure 3. Due to 
symmetry, only one-quarter of the beam is modeled. The analysis was performed using JAS3D, a 
frnite element code for quasi-static structural analysis currently under development at Sandia. For 
this problem, it was found that the dynamic relaxation solution algorithm was the most suitable. In 
order to facilitate convergence, the punch was held fixed and an upward displacement applied to 
the ffied end of the beam. The total reaction force is then obtained as the sum of all the reaction 
forces at the nodes on the surface of the punch. 

Photolithographic Micromachining of Microscale Test Features. 

Once a basic specimen design was adopted, the series of processing steps necessary to fabricate 
test structures was developed. The fabrication technology used to produce the micromechanical test 
features combines two MicroEIectroMechanical Systems (MEMS) fabrication technologies. 
Surface micromachining techniques in film deposition, patterning, and etch definition are used to 
produce the test features themselves, for example, the doubly clamped beams of aluminum metal, 
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while bulk silicon micromachining is used to produce the sufficiently deep well beneath the test 
structures. The typical result is a structure, such as the doubly-clamped beam suspended above a 
well on a silicon wafer substrate, shown in Figure 4. 

Both MEMS technologies are heavily based on the common fabrication methods found in silicon 
Integrated Circuit process facilities. In our case, Sandia's Microelectronics Development 
Laboratory facility was used. However, for this specific application, the particular combination of 
materials and micromachining techniques required considerable effort to develop. Particular care 
must be taken, in the case of an electronics foundry, to not introduce cross-conthation in the 
electronics fabrication area. The basic process flow developed addresses the issues of 
decontamination which allows reproduction of these material specimens in an IC-type fabrication 
house. 
In these experiments, the process makes use of 6 inch (1 10) oriented single-crystal silicon 
substrates. The photolithographic patterning capability provides resolution capability below 1 
micrometer . The required thin film deposition capabilities exist in-house. The technology 
development consisted of first, combining the basic feature geometry with the crystal orientation of 
the substrates and second, tailoring the existing in-house thin films with selective dry and wet 
chemical etch processes. Details of these issues are discussed below. 

Issues 

Two primary issues existed in the fabrication of the test features. The fmt was determination of a 
method to produce an adequately deep well under the structures to allow sufficient deformation of 
the test structure below the plane of the wafer which provides the desired behavior in the test 
specimen. Simple surface micromachining techniques [33] can readily be used to produce doubly- 
clamped suspended beams for example, but the separation to the underlying substrate is typically 
on the same order as the thickness of the feature structure thickness. This is inadequate to allow 
large-deflection deformation in the test specimen. Therefore, the technique of using anisotropic 
silicon etchants to cut deep wells under the structures was adopted, that is, a bulk silicon 
micromachining technique[34]. Although this technique has been used to produce cantilevered 
beams, the technique applied on (100) oriented silicon substrates does not readily produce doubly- 
clamped suspended beams with well-defined, orthogonal boundary conditions. The solution was 
to use another, the (1 lo), orientation of silicon substrates. The details are discussed in the section 
on (1 10) silicon. 

The second primary issue was to develop or modify dry and wet chemistries to selectively etch the 
thin-fihs which comprise the test structures themselves without significantly etching into the . 
supporting silicon substrate nor compromise the mechanical integrity of the beams. An overetch 
into the silicon substrate has the effect of causing an undercut of the protected areas which moves 
the boundary conditions of the structure. The wet chemistries used to etch the well in the silicon 
must be selective to the beam material so not to compromise its material integrity. In the case of 
silicon n i ~ d e  and tungsten beams, potassium hydroxide (KOH) is highly selective. In fact, silicon 
nitride is the preferred mask material for KOH when defining areas to be etched in the silicon. In 
the case of aluminum, a suitably selective etchant w& found with some guidance from the literature 
[35]. These chemistries are discussed in the section on bulk etching. 

(110) Silicon 

Usually bulk micromachining of silicon refers to a class of crystal-plane selective etchants. These 
etchants normally etch all planes of silicon faster than the (1 11) close-pack family of planes in 
silicon. Therefore, the terminal structures defined in bulk micromachining have (1 1 1) surfaces. For 
example, a square opening defined on a (100) silicon wafer when anisotropically etched produces a 
pyramidal pit with (1 11) side-walls sloped at 54.7" to the surface. Such a pit would be adequate for 
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a bridge suspended over it, except that when a beam is oriented along a direction which produces a 
(1 1 1) plane it will not be undercut to form such a well. This can be circumvented if the beam is laid 
out along a diagonal of the rectangular well area. In this orientation, the beam will be undercut and 
it will span a pyramidal pit across its diagonal. This however, produces a non-orthogonal 
boundary condition at the ends of the beam. 

To overcome this limitation, one can use (1 10) oriented silicon, i.e. silicon wafers with a (1 10) 
plane for its surface. Specifically, the wafers used were 20 SL-cm, n-type dopant (phosphorus- 
doped) silicon with (1 10) surface and with a wafer flat in the <111> direction. Such a wafer 
produces a pit as shown in Figures 5 and 6. Figure 5 depicts a plan-view of a pit area with a beam 
suspended across it. The dotted blue lines indicate conjunction of (1 11) etched surfaces. Figure 6 
illustrates two major cross-sections through a well area. In particular, note that the ends of the 
beam are attached orthogonally to the substrate and that the substrate slopes downward away for 
the beam end at 35 ". Also note that at the top and bottom edges (horizontal edges) defined by the 
mask are undercut. This behavior to undercut mask edges in this direction allows the undercut of 
the beam so that it is suspended over the pit. Note that in the vertical direction, the mask is not 
undercut and so a well-defined boundary is formed at the ends of the beam. 

Thin Film Etching 

In these experiments, three thin films were investigated: a Low-Pressure-Chemical-Vapor- 
Deposited (LPCVD) silicon-rich, low-stress silicon nitride film commonly used in MEMS 
technology, a LPCVD tungsten film commonly used in the IC industry, and an sputtered aluminum 
film also commonly used in the IC industry. 
The basic process used to define the beam and pit pattern in the desired thin films was Reactive Ion 
Etching (RIE). RIE is referred to a "dry" etch process since it is based on the use of gases and 
plasmas. It is necessary due to the fine geometry and desired tolerances of the beam structures. The 
RIE processes used here were highzy anisotropic, typically producing sidewall slopes at or greater 
than 88" to the substrate plane. This allows retention of the rectangular cross-section to the beams. 

Each thin film requires specific RIE chemistry to etch them. Most of which are common to IC- 
processing. A requirement of the RIE etch was that it does not substantially etch into the silicon 
once it etches through the thin film. If etch into the silicon occurs, it moves the attachment point of 
the beam to the silicon away from the end of the beam effectively making the beam longer. This 
occurs due to the mask being undercut at the end of the beam. 
In the case of the aluminum thin film, a thin layer of silicon dioxide was deposited before the 
aluminum (a couple huncjred angstroms of oxide are adequate). This thin oxide layer serves as an 
etch-stop for the RIE once it punches through the aluminum. This oxide can then be removed by a 
buffered oxide etchant which consists of ammonium fluoride:hydrofluoric acidethylene glycol in 
the ratio 8:l: 1. This etchant does not significantly attack the aluminum before it removes the oxide 
layer. 

Bulk Etching 

Silicon nitride and Tungsten: For these two films, potassium hydroxide works very well as the 
bulk silicon etchant. Neither film is etched significantly during the well formation. That is, while 
the silicon is etching at a rate of approximately 0.5 microdminute, these films are etched at a rate of 
a few angstroms/minute. The exact KOH recipe used is not critical. In these experiments, 6 molar 
and 8 molar solutions of KOH at 85°C were used with identical results. 

Aluminum: Aluminum posed the greatest difficulty. KOH attacks aluminum aggressively. The 
literature indicated that a Tetramethyl Ammonium Hydroxide 0 and water solution, if 
properly preloaded with silicon, becomes selective to aluminum while etching silicon 



anisotropically. After experimentation, it was found that a 25 wt.% solution of TMAH loaded with 
approximately 100gA silicon at 83°C for 10 minutes works well. Figures 7a and b are SEM 
micrographs of an aluminum beam produced by this process. 

Micromechanical Testing 

All testing was performed using a NanoIndenterO micromechanical test system with a custom 
diamond probe. The probe used is a wedge whose apex is approximately 8 pm long with a 0. lpm 
radius of curvature with an included angle between the major faces of roughly 70". 

Results and Discussion 

Continuum-scale Mechanical Testing 

Engineering stress-strain curves obtained from uniaxial tensile testing of the 1100-0 a l e u m  
plate used in this study is shown in Figure 8. These results are highly reproducible and typical of 
this alloy in the specified condition. These test results were used to obtain the parameters for the 
best fit of a hardening model. In this case, the theoretical description of hardening follows an 
inverse hyperbolic sin, 

0 = oY + Asinh-'(k) 

where A and I ,  as well as the yield stress (oy) are material parameters. Values for Young's modulus 
(E)  and Poisson's ratio (v) were obtained from the literature [32]. The constitutive parameters for 
this 1100 aluminum material are given in Table 1 below and the fit is shown in Figure 9. As can be 
seen in the figure, the fit of the theoretical curve and the actual stress-strain data are very close. 

The force-displacement response for an 1100-0 continuum scale test article is shown in Figure 10. 
The curve displays four distinct regios of behavior: 1) a short linear section with an abrupt knee, 2) 
an extended region of upward concave curvature, 3) an extended region of downward concave 
curvature and 4) an abrupt downturn terminating in fracture. Fracture unavoidably occurs in only 
one tensile ligament - however, deformation appears to be equally balanced until very near failure. 
This is borne out by the fact that the point of contact between the indenter probe and the sample 
remains fmed throughout the life of the test. If deformation was unbalanced, this point would slide 
toward one end of the specimen, which is not observed. 

Finite Element Modeling of Test Feature 

A quantitative comparison of the finite element results and the measured force-deflection behavior 
of the aluminum test specimen is shown in Figure 11. Correlation between the two is good, with 
the most encouraging aspect being the fact that the slopes are very nearly the same over a large 
portion of the deformation, even though there is some offset between the curves. The test frame is 
not completely rigid so the experimental results show more deformation for the same load. It is 
expected that this difference will be less pronounced in the micromechanical test because the 
boundary conditions applied to the fixed end of the beam, although reasonable for the scaled-up 
test, more accurately represent those of the micromechanical film test. In the finite element model, 
the entire bottom surface of the wide end of the beam is given the same prescribed displacement, 
and the top surface is free similar to a film attached to a substrate. However, in the scaled-up test, 
each end of the beam is clamped in place by two bolts. 

In addition, the finite element results show a lower maximum load than the test results, although 
the difference is only 7%. The maximum load occurs at the point where the test piece (or finite 
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element model) begins to experience highly localized deformation in the ligament. The difference in 
maximum load and post-peak behavior between the test and the simulation may be due to the fit of 
the theoretical curve at maximum load in the tensile test. In order to get a better simulation of post- 
peak behavior, finite element simulation of the tensile tests would be required. However, since the 
most important aspect in this problem is the strain-hardening behavior and not prediction of failure, 
it was deemed unnecessary to get a better representation of post-peak behavior. 

The computed finite element deformation also compares favorably with the experimental results in 
several aspects. Figure 12 shows two views of the finite element model immediately following 
localization. The localization is predicted to occur near the center of the ligament and this was seen 
in the test specimen in approximately the same location. This is also encouraging for the specimen 
design because it indicates that the most highly strained region is in the ligament and that the stress 
is mainly due to Uniaxial stretching with negligible bending. That is, it results in a load-controlled 
failure similar to that in a tensile test. The three-dimensional nature of the localization can be seen in 
the blow-up with the section narrowing more at the center than the edges. This feature is also 
apparent in the test specimen. 

Another qualitative aspect is the deformation of the widened contact pad beneath the punch. Both 
the test specimen and the finite element simulation clearly show out-of-plane bending at the center 
of the beam. As indicated in Figure 13, the outer edge of the contact pad bends downward away 
from the punch. This aspect could only be modeled correctly by including the punch in the 
simulation. The computational results were also used to evaluate the design of the test specimen for 
measuring strain-hardening behavior. For a good design, it is desired to have most of the strain 
energy concentrated in nearly uniaxial extension of the ligaments throughout a large portion of the 
deformation history. The amount of strain energy is indicated by the levels of plastic strain in the 
specimen as well as the volume over which they act. In addition, the Uniaxial stretching of the 
ligament (as opposed to bending) is indicated by the uniformity of plastic strain throughout the 
ligament, both in the length and across the cross-section. Figures 14 and 15 show computed plastic 
strain contours over the surface of the test specimen and through the cross-section at the center of 
the ligament, respectively. 

Figure 14 shows that early in the deformation (0.5in deflection), the highest levels of plasticity are 
concentrated in the upper surface near the end of the beam and in the lower surface at the center. 
Some plasticity also occurs directly underneath the punch in a small region. At the same time, 
plastic strain is wide-spread through the ligament albeit at a lower level. 

By the time deflection has reached 1.0 in and 1.5 in, the plastic strain is clearly uniform over a 
large volume of the liganient. Although the level of plastic strain is still higher at the hinges, these 
values encompass a much smaller volume of material. Therefore, it is clear that by this stage of 
deformation, most of the strain energy is in the ligament of the specimen. 

Finally, the last picture of Figure 14 shows the plastic strain distribution when the vertical 
deflection has reached 2.0in. At this point the beam is exhibiting necking in the ligament and the 
plastic strain contours clearly indicate the localization in this region. 

Figure 15 shows the plastic strain contours through the cross-section at the center of the ligament 
for various stages of deformation. The top picture show that there is some variation of plastic strain 
across the depth of the cross-section at a deflection of 0.5in, but the variation is small compared 
with the actual level of plastic strain. When the deflection has reached 1.6in, the variation across 
the depth is insignifcant, indicating that the deformation in this section is nearly uniform as 
desired. At this level, some variation is seen across the width due to the edge effect, but these 
variations are only 2% of the level of plastic strain. Finally, by the time the specimen has necked at 
a deflection of 2.0in, the three-dimensional affects on the strain field are clearly visible across the 
width of the section, but the strain through the depth of the cross-section is still very uniform. 
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Micromechanical Testing of Microscale Test Features. 

The force-displacement response of tungsten and silicon nitride micromechanical test structures is 
shown in Figure 16. Both materials display nearly fully elastic response up to the point of fracture 
with no si,Olnificant mechanical hysteresis. The response of these structures is thus amenable to 
analysis usmg simple small strain elastic beam theory. To facilitate this comparison, simpwied test 
articles were fabricated. These were simple straight beams (no end radii, no center contact patch) of 
rectangular cross section 1~3x20 pm. The elastic mechanical response of this geometry can be 
analyzed for a central point load using the simple expression: 

where y = deflection 
W = applied load 
Z = length of beam 
E = elastic modulus I 

I = bending moment 
The bending moment for a beam of rectangular cross section can be expressed as: 

I = bd3/12 

where b = width of beam section 
d = height of beam section 

Assuming the published elastic modulus of 50,000,000 psi for polycrystalline tungsten [32], one 
can obtain good agreement with the experimental force displacement results, as seen in figure 17. 

The force - displacement response of aluminum micromechanical test structures is illustrated in 
Figures 18 and 19. Figure 18 shows results from a series of tests on different test articles at the 
same loading rate, demonstrating the reproducibility of the observed response. Representative 
curves from a series of tests performed at different loading rates are shown in Figure 19. These 
tests exhibit a modest elevation of the load - depth response with increasing deformation rate, 
which is consistent with the observed trends in conventional continuum - scale mechanical testing 
of polycrystalline aluminum. 

Analysis of the Deformation Response of Continuum-Scale Test Feature 

To a first approximation, the plastic deformation response of our test specimen can be modeled as a 
simple assemblage of rigid and inelastic members connected by pinned joints. The simplest such 
model is shown in Figure 20. Here, each half (length Zi) of the specimen is treated as a linear series 
of rigid-inelastic-rigid beams, connected together at the center apd mounted at the ends by 
.frictionless pinned joints. A vertical point load P is applied at the central pinned joint and is ' 

resolved into its tensile components in the inelastic beam elements (whose width, thickness and 
length are w, t and g, respectively) . Tensile stress is calculated by assigning to the inelastic beam 
elements the sariie cross-sectional area as the tensile ligaments of our test feature. Vertical 
displacment of the central pinned joint is wholly converted to extension of the inelastic elements. 
The resulting equations for engineering stress (9 and engineering strain (e) of the inelastic 
elements as a function of displacement d are: 

S = P / (wt.sin(arctan( d /li ))) 
e = ((d/sin(arctan( d/li))) - Zi)/g 
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The results of applying this simple analysis to our continuum-scale test specimen are shown in 
Figure 21. It can be seen that we are able to predict the engineering stress-strainresponse of 1100- 
0 aluminum to within 5% accuracy for any specified strain between 2 and 30%. This suggests that 
the bulk of the strain energy deposited into the test article is realized as uniaxial deformation of the 
tensile ligaments for much of the specimen life. 

Having gained a sigmticant measure of confidence in this simple analytical model, we now apply it 
to the analysis of our aluminum micromechanical test structures. Stress-strain curves calculated for 
three representative aluminUm micromechanical tests are shown in Figure 22. The first thing to be 
noted is that for strains >-2%, the model predicts a relatively flat stress - strain response with a 
maximum engineering stress of 150-170 MPa. These characteristics are consistent with behavior 
which might be observed in continuum - scale testing of polycrystalline a l e u m .  The predicted 
tensile strength is near the high end of the values which might be expected, a reasonable result 
given the sub - micron grain size of the sputtered film examined here. The low ductility of these 
thin film structures (a calculated uniform strain of ~ 1 0 % )  is surprising. However, close 
examination of the aluminum micromechanical test structures reveals that there may be residual 
thermal oxide bonded to the micromechanical test structure following processing. If present, such 
an oxide film would fracture at small strains in a brittle manner during indentation testing. This 
could result in a zone of intense plastic strain localization in the aluminum film, resulting in a 
ductile shear failure a t a low level of uniform strain in the tensile ligaments. We were unable to 
refine our processing of the a l e u m  test structures before the end of this project to test this 
hypothesis. Also somewhat disconcerting is the seemingly nonphysical behavior predicted by our 
simple analytical model at small (4%) strains, with stress rising asymptotically as we approach a 
zero strain condition. This is mainly due to violation of the underlying assumptions of the basic 
analytical model: 1) that deformation of the specimen consists solely of uniaxial stretching of the 
tensile ligaments and 2) that there is no elastic deformation of the structure. 

Conclusions 

.We have successfully developed a novel experimental/numerical test method which allows 
accurate characterization of the elastic and large-strain plastic mechanical response of thin films. 

.Macro-scale laboratory testing and finite element analysis were employed to optimize the design of 
the geometric feature used and to benchmark our analysis capabilities. 

*Silicon micromachining.techniques have been used to fabricate isolated Nm features which are 
mechanically tested using an ultralow-load indentation test system. 

.A simple rigid-plastic geometric analysis of our test structure is developed and applied to the 
observed force-displacement response, allowing us to extract the uniaxial inelastic stress-strain 
response of micrometer-scale thin film structures. 

.To our knowledge, this is the first time that the inelastic deformation behavior of metal alloy 
features of this size scale has been quantitatively determined. 
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Tables 

Table 1. Material Parameters 
Young's Modulus = 10000 ksi 
Poisson's Ratio = 0.30 
Yield Stress = 1.91 ksi 
A = 3.09 ksi 

1 = 139 
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Figures 

t I I I I I 
Figure 1. Schematic of the micromechanical test structure developed in this study. 

I 

Figure 2. Continuum-scale test system used in design of micromechanical test feature. 

15 



Figure 3. Finite element model of continuum scale test feature and indentation probe. 

Figure 4. SEM plan-view micrograph of a silicon nitride doubly-clamped beam suspended across a 
well etched in (1 10) orientation shcon substrate. Beam geometry is width 3 microns, length 20 
microns, thickness 0.8 micron over a well with walls sloped at 35” to the plane of the surface for a 
mid-depth of 8 microns. 



I SI lcped 3.5" (1 11) sidewalk 

k s k  Undercut 

Figure 5. Schematic plan-view of a simple pit with a suspended beam across it. The dotted lines 
indicate the conjunctions of various planes and thin film surfaces. 

rB 

B-8' 

Figure 6. Schematic of a beam suspended over a pit etched in (1 10) silicon. Two major cross- 
sections of the pit are shown to illustrate the shape of the pit formed. The dotted lines again indicate 
the (1 1 1) surfaces formed. By referring back to an actual SEM micrograph, see Fig. 4, these 
aspects of the silicon etch can be related to the schematics of Figures 5 and 6. 
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Figure 7a. Perspective SEM view of an aluminum beam suspended above a well etched in (1 10) 
silicon. The beam len,@h is 20 microns, width 3 microns and thickness of 1.08 microns. The 
granular surface is due to the grain structure of the sputtered aluminum. 

Figure 7b. Perspective SEM view of an a l e u m  beam like the one in figure 4a except that the 
wafer cleave for the SEM sample fractured this beam and well allowing a better view of the well 
surfaces and the beam cross-section. Note the lack of undercut at the remaining beam boundary 
and the undercut of the alumininn pattern at the upper end. These can be related to Figure 6. 
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Figure 8. Engineering stress-strain response determined for 1100-0 aluminum plate. 
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Figure 9. True stress-strain curve for 1100-0 aluminum and their inverse hyperbolic sin fit. 
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Fiawe 10. Force-displacement response of 1 100-0 continuum-scale test structure. 
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Figure 1 1. Force-displacement response predicted by finite element simulation of continuum-scale 
structure compare with experimental result. 



A B 

C 
Figure 12. Details of the deformed geometry from a finite element simulation of the continuum- 
scale test structure. 

Fiewe 13. Detail of the deformed geometry from a finite element simulation of the continuum-scale 
test structure showing curvature of the contact pad away from the punch. 
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Figure 14. Computed plastic strain contours from finite element simulation of the continuum-scale 
test structure for deflections of (A) 0.5 in, (€3) 1.0 in, (C) 1.5 in, @) 2.0 in. 
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Fiapre 15. Computed plastic strain contours from finite element simulation of the continuum-scale 
test structure for deflections of (A) 0.5 in, (B) 1.6 in, (C) 2.0 in. 
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Figure 16. Force-displacement curves for micromechanical structures fabricated from tungsten and 
silicon nitride. 
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Figure 17. Force-displacement response curve calculated from small strain beam theory compared 
with experimental result for tungsten micromechanical test structures. 
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Figure 18. Force-displacement response curves for micromechanical test structures fabricated from 
aluminum. 
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Figure 19. Force-displacement response curves for micromechariical test structures fabricated from 
aluminum and tested at different loading rates. 

-1 I. '>i inelastic member 

rigid member I 
F i y e  20. Schematic illustration of the mechanical model used to analyze the response of the 
mcromechanical test structure. 
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Figure 21. Comparison of deconvoluted macroscale test structure force-displacement data with 
experimental engineering stress-strain curve. 
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Fiagre 22. Deconvoluted force-displacement data for several aluminum microscale test structures. 
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