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Summary of Research Progress

I.
Mechanical Domain Characterization and Modeling

Our mechanical characterization and modeling activities emphasize the experimental investigation of at the micro- and nano-scale of the mechanical properties of the material parameters used in MEMS, and their accurate quantitative description in terms of models compatible with multi-physics, stochastic computational techniques for device functionality assessment and trustworthy device performance degradation analysis. The following are highlights from research accomplishments during Q2.
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	Fig. 1. Stress-strain of Au MEMS-scale specimens. Inset: Crack propagating through an Au specimen. The specimen width in this field of view is 30 (m.


Strain Rate Dependent Mechanical Behavior and Failure of Au Films for Large Displacement MEMS. The experimental group designed microtension Au specimens that were fabricated at Purdue University by Prof. Peroulis’ group. Prof. Chasiotis’ group designed and built an apparatus for mechanical property measurements with MEMS-scale specimens. The apparatus is capable of recording the material response at time scales varying from creep and stress relaxation conditions encountered in MEMS devices that are dormant or at “on” position, to strain rates as high as 10-100 s-1 which corresponds to typical switching times of RF-MEMS. This MEMS testing system is the only one of its kind that provides direct measurement of full-field local strain directly from the film surface and thus allows us to monitor material damage, microcracking, and crack growth (see inset in Fig. 1.) The measurements collected by this system are presented in stress-strain curves, Fig. 1. Subsequent analysis provides material and strain rate specific quantities that are listed in Table I. The tests run so far span three orders of strain rate between 10-6-10-3 s-1 and pointed out that the regime of material response that is pure elastic is limited at slow strain rates because of the gradual increase of the importance of material creep. On the other hand, for the strain rates considered here the elastic modulus was independent of the lading rate, although it was found to be ~10% smaller than that reported for bulk Au. The important findings of these initial experiments are that (a) the slowest loading rate, that approximates the condition of constant device stressing, resulted in nearly 40% reduction in the elastic limit of Au which could be critical at large device deflections and in designs with hinges, and (b) Au failure originated in edge cracks forming at small strains. 
Table I. Elastic modulus, E, elastic limit, yield, and ultimate tensile strength (UTC), of Au films as a function of strain rate.
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Evaluation of nanoparticle-doped Au alloys for wear-resistant contact metals. As part of our Center’s general thrust focus on understanding and improving the behavior of metal films, gold alloys with vanadium pentoxide (V2O5) nanoparticles, developed as part of a prior NSF-funded program, were tested by Prof. Vinci’s group at Lehigh, to evaluate their promise as wear-resistant contact metal in RF MEMS switches. Films with V content from 0 - 4.6 at% were fabricated and characterized with regard to electrical and mechanical behavior. As shown in Figure 2, the oxide-strengthened alloy (solid markers) had greater hardness and lower resistivity (rho) than Au-V metal solutions of equivalent V composition, and much greater hardness with little resistivity penalty as compared to pure Au (0% V). These characteristics are very promising for low-wear, low contact resistance switch metallization. Using a custom-built tool and sample design, similar films were examined in a sphere-on-flat contact test during which force and contact resistance were measured. The open circuit voltage was 2 V and the current was limited to 20 mA. The oxide-strengthened alloy showed contact behavior consistent with the material properties, demonstrating contact resistance below an ohm and no visible tendency to stick closed over several thousand contact cycles. We are exploring opportunities for continuation of this work in the context of transferring the technology to MEMS/NEMS S&T member companies.

Development of grain scale material models for MEMS devices. Work continued this quarter in Prof. Sadeghi’s group at Purdue on the development of a Discrete Element Method-based grain level material modeling capability. In particular, the ability of the Discrete Element Method model to capture large deflection kinematics was demonstrated by comparison with Elastica theory for a point loaded micro-cantilever. Voronoi cells were discretized using triangular discrete elements to better capture the material property variation among grains and to allow for transgranular crack propagation. Work also started on the development of fatigue damage models, aimed at a) enabling a local implementation of a stress – life approach to determine joint life and damage accumulation and b) providing capability of capturing damage evolution, crack propagation, and the local redistribution of stress.

In parallel to these activities, Prof. Geubelle’s group at Illinois continued its efforts toward the development of a finite element-based, multi-scale numerical tool to extract the effect of the granular microstructure on the constitutive and failure response of MEMS materials. Over the part year, we have developed the ability to digitize and discretize actual material micrographs to create Representative Volume Elements (RVE) to be used in the finite-element-based, multi-scale model. This multi-scale framework is based on the recently introduced minimal kinematic boundary condition scheme (Inglis et al., 2007), which allows extracting the macroscopic properties of heterogeneous materials from non-periodic RVE, such as those created from actual micrographs. As a first application of the RVE generation and multiscale analysis tool, they have studied the effect of the RVE size on the predicted macroscopic “homogenized” elastic stiffness of gold for a random orientation of cubic grains. Portions of the micrograph shown in Fig. 3a have been discretized into RVE of various sizes (Fig. 3b). For each RVE size, a total of 24 RVE were created, allowing us to capture the stochastic nature of the microstructure. It was found that while the average material stiffness is relatively independent of the RVE size, the spread of extracted stiffness value markedly decreases with increasing RVE size, as expected. Current activities involve incorporating damage processes (in the form of inter- and intra-granular microcracks) in the granular microstructure and investigating how grain-level damage affects the macroscopic constitutive response of the MEMS material.

[image: image6.emf]
Voronoi Finite Element Method.  Finally, Prof. Sadeghi’s group at Purdue developed and implemented a Voronoi finite element method for simulating and analyzing micro-scale cantilever beams under static loadings.  The method has been used for the investigation of effects of elastic modulus variation on the behavior of micro-scale beams. With the elastic modulus varied 10% of its nominal value with a Gaussian distribution it was observed that while overall stress and deflection were nearly the same as under uniformly distributed elastic modules, significant variation was observed in local stresses. In addition, the method was used to investigate the effects of surface roughness on the behavior of micro-scale beams. It was observed that surface roughness introduces stress concentrations on the surface and an increase in the maximum deflection of about 20%.
II.
Electrostatic Domain Characterization and Modeling
Our electrostatic characterization and modeling activities emphasize the advancement of more accurate models for the quantitative description of dielectric charging in RF MEMS capacitive switches. The following are highlights from research activities and findings during Q2 2007.
Fabrication of Au/SiN Switches. Fabrication efforts in Prof. Papapolymerou’s group at Georgia Tech over the last three months have been hampered by issues with evaporated metal quality and with problems completely stripping the sacrificial layer when releasing the MEMS.  Time was devoted to working with the cleanroom staff to debug these issues. A recent fabrication yielded our first working RF MEMS switches on multiple wafers, offering us confidence that the steps taken to resolve the aforementioned issues appear to have worked. While battling these issues, work was done so that progress could be made by our collaborators. We completed a “MEMS down” fabrication (2 wafers with 200nm and 400nm nitride dielectric) for experimental characterization by Prof. Hwang’s group at Lehigh. We also fabricated MIM capacitors with oxide and silicon nitride dielectrics (100, 200, 300, 400, and 500 nm thick) for C-V measurements in our group. 
Experimental Investigation of Dielectric Charging in Au/SiN switches. The methodology previously developed in Prof. Hwang’s group at Lehigh under DARPA’s HERMIT program for dielectric charging in Al/SiO2 material system was found to be applicable to Au/SiN material system used for switches fabricated by Prof. Papapolymerou’s group at Georgia Tech. Using Lehigh’s unique femto-ampere transient current measurement on metal-insulator-metal (MIM) capacitors, charging time constants and steady-state charge densities for silicon-nitride dielectric films formed by plasma-enhanced chemical vapor deposition were extracted for different film thicknesses and charging fields. The film thickness was varied from 0.45 µm to 0.58 µm. The field was varied from 0.35x106 V/cm to 1.1x106 V/cm. As shown in Fig. 4, the time constants are independent of either thickness or field, while the steady-state charge densities increase exponentially with field. However, although the steady-state charge densities exhibit similar field dependence, the steady-state charge density of the 0.58-µm thick film is generally an order of magnitude higher than that of the 0.45-µm thick film. Presently, we cannot explain such a large dependence on film thickness. More experiments are required to rule out the run-to-run variation in film deposition. In addition, when real MEMS switches are successfully fabricated alongside the MIM capacitors, the shift in actuation voltage of real switches due to dielectric charging will be predicted and validated based on the extracted time constants and steady-state charge density. In addition, top vs. bottom charging of real switches will also be delineated according to previously developed methodology
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The discharge process was found to obey the stretched exponential relaxation law, while two thermally activated mechanisms that do not depend on the charging bias polarity were revealed. The presence of the thermally activated mechanisms will allow eventually the inclusion in lifetime modeling. Further details of the investigation of the discharging process in RF MEMS capacitive switches are presented in [1]. 
III. In-Situ Process Characterization

Process parameters vary significantly and determine critical geometrical and material processes for MEMS devices. Existing test structures are inadequate and impractical. Each property requires its own test structure. Consequently, the wafer area cost is too high for characterizing all needed properties. Additionally, they do not capture the evolution of these parameters during the lifetime of the device, which is critical for reliable design. While MEMS design has been progressing for over three decades now, universal test structures acceptable by all foundries do not exist leading to often contradictory results in the literature. To address this hurdle Profs. Peroulis and Clark at Purdue are developing a new paradigm for MEMS process characterization. In particular, the objective is to define a few (<5) test structures that can provide over 30 material and geometrical properties. These will be available to be measured through the device lifetime. Moreover, they will be extracted from few electrical parameters that can be measured with very little uncertainty. These electrical parameters include capacitance, frequency and voltage. As a result, we will be able to provide an easy and reliable way for all labs to characterize their fabrication processes and publish consistent results. Eventually we expect new measuring standards to become available for all important parameters.
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The first test structure designed is depicted in Fig. 5 and is aimed at the accurate measurement of the geometric properties of MEMS structures by capturing the overetch induced by process imperfections. The test structure is composed of a comb-drive actuator supported by two springs. Two of these test structures are fabricated side-by-side; thus, are expected to have identical overetch. However, they are fabricated with slightly different spring constants determined by their different widths of their supporting springs. If the same voltage is applied to both structures they will experience different deflections leading to different capacitances. As Fig. 5 indicates, this information is sufficient to extract the unknown overetch parameters. The success of the methodology is due to the low uncertainty in the capacitance measurement, which is in the order of 10 attoF (for off-chip measurement). If this uncertainty is considered in the derived equations, we observe that the overetch (w can be determined with an uncertainty of less than 1nm. We are currently in the process of fabricating and measuring these structures. The first experimental results are expected by the end of the first year of this program.
IV.
Thermal Characterization and Modeling

During Q2, we investigated thermal transport in metallic structures. More specifically, using experimentally-observed data we explored the limits of continuum thermal transport theory. Toward this objective, Prof. Peroulis’ group at Purdue deposited 400-A thick Au/Ti films on a 150-nm SiO2 layer, which in turn was deposited on a Si die on top of a PCB.  One finger was powered and the temperature of the gold surface was measured using an IR camera.  A Fourier continuum model of the entire structure was developed by Prof. Murthy’s group, with appropriate modeling of radiative and convective boundary conditions, for the modeling of the structure. The temperature as a function of applied power predicted by the model matched the measured temperature very well. Since the mean free path of electrons subject to electron-phonon scattering in typical metals is about 40 nm, we would have expected that transport in the gold layer would be modulated by sub-continuum effects. However, in this experimental configuration, the controlling resistance is that of the much-thicker silicon, and the much-more resistive SiO2. Thus, we conclude that temperature predictions in the Au layer are independent of its thermal conductivity, and largely determined by the outside resistance.

V.
Computational Framework for Stochastic Multi-Physics Modeling
During Q2 multi-physics modeling activities by Prof. Aluru and Prof. Cangellaris at Illinois focused on two specific tasks. The first one involved the development of an efficient and accurate algebraic multigrid finite element solver for analysis of linear elasticity problems in two dimensional thin body elasticity. Such problems are commonly encountered during analysis of thin film devices in MEMS. In the heart of the proposed solver is a new, node-based agglomeration scheme is for computationally efficient, aggressive and yet effective generation of coarse grids. It was demonstrated that use of appropriate finite-element discretization along with the proposed algebraic multigrid process preserves the rigid body modes that are essential for good convergence of the multigrid solution. Furthermore, the proposed node-based agglomeration scheme was shown to lead to the development of sparse and efficient intergrid transfer operators making the overall multigrid solution process very efficient. Finally, the proposed solver is found to work very well even for Poisson's ratio $>$ 0.4. A comprehensive discussion of the new solver is given in [2].
In parallel, a new methodology is being developed for expediting the coupled electro-mechanical finite element (FE) modeling of electrostatically-actuated MEMS. This is accomplished by eliminating the need to do mesh update for FE electrostatic analysis at every relaxation step in the self-consistent, electro-mechanical simulation. The proposed method also eliminates the need to update and factorize the FE matrix at every step. Numerical studies demonstrating the attributes of the new methodology will be presented in our next report. 
Patents
None

Publications
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Figure 2. Resistivity vs. V content.
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Fig. 3 a) Initial micrograph of a MEMS gold film. The squares denote the size of the sub-domains used in the multi-scale finite element analysis; b) Discretized RVE.
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Fig. 4. Dependence of charge density and charing/discharging times on field.





Fig. 5.  Pair of test structure for overetch ((w) characterization as a function of accurately measured capacitors (attoF).








In parallel to the above characterization activities at Lehigh, Prof. Papapolymerou’s group at Georgia Tech automated its process for making capacitance vs. voltage (C-V) and capacitance vs. time measurements in RF MEMS switches. The group has now the ability to make measurements at temperatures above 300 K, a capability that is important for comprehensive investigation of dielectric charging. The new testbed setup was used to measure Raytheon RF MEMS switches. Finally, some older nitride switches were measured (transient response of switch-OFF capacitance) to study the dielectric discharging processes.











