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INTRODUCTION

The reliability of microelectromechanical systems (MEMS) has become an increasing concern with the current development and applications of micro-scale devices in fields such as military and aerospace. Devices which were once considered indestructible to a transient mechanical event are now being employed in harsh environments which generate stresses that can induce failure [START_REF] Srikar | The Reliability of Microelectromechanical Systems (MEMS) in Shock Environments[END_REF].

Key developments in MEMS fatigue and fracture research have been carried out through methods varying from resonance excitation, static deflection loading and design specific on-chip approaches to implement techniques such as electrostatic actuation [START_REF] Ozdoganlar | Experimental modal analysis for microelectromechanical systems[END_REF][START_REF] Epp | A Base Excitation Test Facility for Dynamic Testing of Microsystems[END_REF][START_REF] Pierron | Notch Root Oxide Formation During Fatigue of Polycrystalline Silicon Structural Films[END_REF][START_REF] Muhlstein | High-cycle fatigue of single-crystal silicon thin films[END_REF][START_REF] Liu | Low cycle fatigue of single crystal silicon thin films[END_REF]. Test procedures and metrology techniques have been simultaneously developed and these approaches have contributed to the characterisation of material and geometry properties of micro-devices. When establishing a new test method, silicon is the fabrication material of choice due to its inherent use in MEMS fabrication and also due to the brittle nature of single crystal silicon (SCS) and polycrystalline silicon [START_REF] Gad-El-Hak | The MEMS Handbook[END_REF]. Once a test method is developed with established materials and geometries, it is then applied to a broader range of materials for application specific designs. Reference [START_REF] Yi | Measurement of mechanical properties for MEMS materials[END_REF] investigates several approaches in literature with respect to fatigue and fracture testing of silicon devices. Fabrication processes are proven to have an effect on the fracture strength of a device whereby wet etching techniques yield lower silicon strengths than reactive ion etching (RIE) techniques and crystal orientation is also known to influence silicon strength within RIE techniques. Further investigation also shows that different test methods on an identical fabrication process yield variations in Young's modulus and fracture strengths. References [START_REF] Muhlstein | High-cycle fatigue of single-crystal silicon thin films[END_REF] and [START_REF] Liu | Low cycle fatigue of single crystal silicon thin films[END_REF] investigate the effects of fatigue through cyclic loading and show that SCS fails at lower strains than its static failure strain. Fracture sites are observed through scanning electron microscopy (SEM) and confirm that variations in strain amplitude under cyclic loading affect the crack propagation and failure mode as in [START_REF] Liu | Low cycle fatigue of single crystal silicon thin films[END_REF]. Reference [START_REF] Hull | Fractography: Observing, Measuring and Interpreting Fracture Surface Topography[END_REF] conducted a comprehensive review on the mirror, mist and hackle fractography of single crystals at several scales to provide a tool for the study of brittle cleavage fracture in single crystals.

However, even with advances such as these to characterise material response at a micro-scale, the majority of mechanical testing that has been carried out in current literature is carried out in static environments where excitation of a given device is relatively deterministic. This trend has partly been due to the limitations of instrumentation and existing techniques but predominantly to enable predictable boundary conditions in static environments which enable higher accuracy when correlating results theoretically [START_REF] Gad-El-Hak | The MEMS Handbook[END_REF].

With the growing number of commercial applications for MEMS, research at micro-scale has shifted from passive device characterisation to active device reliability, as seen with the development of the Texas Instruments Digital Micromirror Device [START_REF] Douglass | Lifetime Estimates and Unique Failure Mechanisms of the Digital Micromirror Device[END_REF]. The need for reliability characterisation of devices coupled with harsher application environments has led to a requirement for highly transient dynamic testing of micro-scale devices. There are a select number of methods of producing high amplitude repeatable shock pulses that are capable of exciting micro-scale devices to failure; such as drop tables, ballistics, Hopkinson pressure bars (HPBs) and explosives [START_REF] Brown | Harsh Military Environments and Microelectromechanical (MEMS) Devices[END_REF][START_REF] Li | Drop test and analysis on micro-machined structures[END_REF][START_REF] Tanner | MEMS reliability in shock environments[END_REF][START_REF] Lu | Dynamic loading of LIGA structures[END_REF][START_REF] Kelly | Analysis of high acceleration shock pulses part I: Geometry of Incident Mass[END_REF]. Due to the complexity of the test environments for these methods, there are also only a limited range of measurement techniques to realise any quantitative information from a test program. Therefore when creating a reliability test program, it is necessary to develop measurement techniques that are capable of monitoring the in-situ response of a micro-scale device as well as post analyses techniques to ascertain modes of failure. This paper will investigate the effectiveness of high strain rate shock tests on SCS micro-cantilevers as a test method for characterising fatigue and crack growth in MEMS materials. It will also correlate the transition from low to high strain rate testing and serve as a supplement to current design rules in predicting the failure modes of devices employed in shock environments.

FABRICATION PROCESS Bulk SCS micro-cantilevers were fabricated from 100mm p-type <100> SCS wafer of 525µm thickness with a primary flat orientation of [110]. The beams had characteristic lengths of 1-7mm with cross sections 100µm × 50µm, 100µm × 100µm and 100µm × 200µm. Several of the beams also had proofmasses at the beam tips to influence their response under deflection. Finally each beam type was reproduced with notches of 10% and 40% of beam width to induce failure and/or degradation in the material through stress raisers. Fig. 1 shows a front-side image of a SCS micro-cantilever sample within a frame for mounting on the test apparatus. The sample shown has a 5mm, 6mm and 7mm beams with proofmasses at the beam tips.

The fabrication process was carried out in 54 run steps consisting of cleaning, inspection and physical steps. A thin film oxide layer was deposited onto the front-side and backside of the wafer and the front-side mask was used to transfer the beam geometry onto the oxide surface by means of photolithography. The patterned oxide layer was then stripped off using RIE and the remaining photoresist was stripped from the front-side. A nitride layer was then deposited both front and back-side by means of low pressure chemical vapour deposition (LPCVD) to act as a barrier for a following potassium hydroxide (KOH) solution wet etch. The back-side mask was then used to pattern photoresist onto the wafer and the oxide/nitride layers were removed using a RIE etch. The remaining photoresist was stripped and a timed anisotropic KOH etch was used to remove 425µm of the SCS to obtain the 100µm beam depth. The nitride layer was then removed and aluminium and polyimide layers were deposited on the back-side to act as an etch stop and support the micro-cantilevers while under vacuum respectively. Deep RIE (DRIE) was then used to etch out the beam geometries on the front-side of the wafer. All sacrificial layers were then stripped from the wafer before dicing and cleaning to finish the fabrication process. Table 1 summarises the fabrication procedure into the main physical run steps and Fig. 2 shows a wafer cross section during the process steps. From reference [START_REF] Yi | Measurement of mechanical properties for MEMS materials[END_REF] it has been proven that the choice of fabrication process influences the strength of device under test. A WYKO NT3300 was used to measure the DRIE and KOH etch profiles by means of white light interferometry (WLI). Measurement was carried out in Phase Shift Interferometry (PSI) mode yielding up to 1nm resolution accuracy in the z-axis. Fig. 3 shows interferograms of representative etch profiles on the micro-cantilever beam surfaces where the depth in the images is increased in scale to enhance the profile. Fig. 3(a) shows a depth profile of a KOH etched surface of the proofmass of a micro-cantilever beam. Due to the timed etch stop in the KOH etch there will be variations in depth across the (001) plane etch surface. The surface roughness, R a , of the KOH etch is in the region of 20nm. In Fig. 3 The micro-cantilevers were mounted in a breakaway fixture on a modified Hopkinson pressure bar, as in Fig. 4. The HPB was made of an aluminium 6061-T651 incident rod of 19mm diameter and 3.658m length with strain gauges midsection. This rod was struck at one end by an aluminium striker bar of 19mm diameter and 362mm length. A pressurised gas chamber propels the striker bar into one end of the incident bar. At this impact point 2.8mm to 4.4mm thick stationary card was used as a programming material to shape the pulse wave. This generated the desired compression wave that travelled through the incident bar ultimately delivering a shock pulse to the breakaway fixture. The stainless steel breakaway fixture was bonded to the HPB such that it separated from the incident bar after the initial shock to avoid any additional excitation impulses. The opposing end was threaded for attachment of a Dytran 3200B 80,000g accelerometer. The strain gauge signal was amplified through a Vishay 2110 strain gage conditioner and acquired by a FLUKE PM3394A oscilloscope at 2. 

RESULTS AND DISCUSSION

Acceleration levels between 10,000g and 40,000g were required to induce failure mechanisms in the microcantilevers depending on the beam characteristics. This was achieved by launching the striker bar at a velocity of approximately 11-24m/s. In order of significance; proofmass, cross section dimensions, notch size and beam length determined the shock level required to induce failure in the beams. Fig. 5 shows characteristic acceleration amplitudes and durations from the strain gauge and accelerometer signals over the 10,000-40,000g input range. Several failure modes were found upon inspection of the micro-cantilevers across all acceleration amplitudes. The high speed imaging (HIS) provided information on the cause of failure and determined if it was a result of the initial shock pulse or other phenomena such as fatigue failure after several oscillations and collision between beams. HSI also highlighted out of plane vibration of the beams in relation to the primary shock direction which can be caused by irregularities such as buckling of the beams under high strain or misalignments upon impact. Although, this may also be attributed to excitation of out of plane resonant frequencies as high frequency transients are unavoidable when inducing high amplitude low duration shocks. Fig. 6 is a schematic of a frame with 5mm, 6mm and 7mm beams of 100µm × 200µm cross section and 40% notch. Shock direction and notch geometry are highlighted, and a high speed image of the shock event shows the failure loci to be at the base of the 6mm and 7mm beams in the region of the notch. In this image, the primary mode of failure for the shock excitation of the beams is shown. Depending on the acceleration level, failure occurs approximately 150µs after the shock is induced at the base of the beam.

A JEOL JSM-840 scanning electron microscope (SEM) was used to obtain low and high magnification electron images of fracture surface using secondary electrons at 20kV. It was observed under SEM that, with or without a notch, failure occurred at the beam base as predetermined by ANSYS simulations of maximum stress location. In the presence of a notch, the region of smallest cross-sectionalarea acted as a stress raiser to instigate failure. However, it was found that even though the notch root yielded the highest stresses, once failure mechanisms initiated, the failure path followed the octahedral cleavage planes of the single crystal silicon i.e. the {111} planes.

The images depicted in Fig. 7(a-b) show secondary electron images of the fracture/cleavage surfaces for 6mm and 7mm beams respectively. These images both show three distinct surfaces; the notch surface can be seen in the right of the image (also clarified in Fig. 6), the first fracture surface showing the {111} cleavage planes can be seen in the centre of the images and the second fracture surface can be seen in the left of the images. These images show beams which have failed immediately under a 10,000g acceleration shock. The WLI of the etch profiles highlight that failure mechanisms are initiated at surface flaws from fabrication processes. The fracture origin is not seen in detail but lies along the edge of two faceted {111} cleavage surfaces in the region of the notch root caused by tension of the beam under flexure. With regard to the primary failure mode, Fig. 8 is a higher magnification of the lower (111) cleavage surface of the 7mm beam highlighted in Fig. 7(b). Yet again here the octahedral cleavage face is well defined, and in the mid to lower right hand side of the image, striations highlight that even under the influence of the [001] direction notch root the cleavage planes still recede to a common (111) slip plane. It was also seen that in the absence of a notch, cleavage remained on a single (111) plane and was not redirected onto a second (111) plane (as seen in Fig. 7). This indicates that the presence of a notch influenced cleavage planes to redirect.

Thus failure instigation occurred at the intersection of (001) and (111) planes in the region of maximum stress from beam flexure and/or near surface flaws from fabrication processes. The absence of mist and hackle in these surfaces indicates that the fracture did not reach terminal velocity along the middle part of the spreading fracture front. This was further attributed to the fracture moving into a region of lower tension.

With regard to the second fracture surface observed, and in agreement with [START_REF] Hull | Fractography: Observing, Measuring and Interpreting Fracture Surface Topography[END_REF], a brittle cleavage fracture surface normal to the tensile axis can be seen here with the presence of mirror, mist and hackle, as in Fig. 9. Here, fracture nucleates from the right and propagates to the left with the SEM image showing transition of the three stages. In this sample the mirror region dominates the fracture surface with the mist and hackle observed near the trailing edge covering approximately 2µm and 6µm respectively. From this it is evident that the crack tip had a much higher propagation velocity as it approached the edge of the beam in comparison with the first fracture surface. This higher velocity produces greater micro-mechanical activity at the crack tip where the increase in both stress intensity and rate of energy release results in the mist and hackle appearance.

The findings in this paper and their correlation with current literature prove the viability of both HPB as a test method and HSI as a metrology technique for testing micro-devices under high-g shock. Initial cleavage facets occurred predominantly on the {111} planes and immediate high acceleration failures highlighted rougher surface topography whereas lower acceleration fatigued failures yielded more consistent mirrored topography.

The secondary fracture surfaces indicated higher velocity fractures due to the presence of mirror, mist and hackle topography and fracture surface normal to tensile axis.

WLI of the etch profiles in conjunction with a study of the dominant fracture surfaces of SCS shows that while surface flaws produced from fabrication processes initiate failure mechanisms, crystal orientation plays a primary role in crack propagation direction.
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 1 Fig. 1. SEM Image of SCS micro-cantilever structure displaying the relative lattice planes and directions.

  (b) the typical scalloping and footing effects of the DRIE is shown across the 100µm sidewall depth. The scalloping caused by the passivation/etching cycle resulted in a corrugation of approximately 90-95 steps for the 100µm depth. The footing effect of the etch results in an undulating negative curve of approximately 500nm in the sidewall. The WLI results indicate that the surface roughnesses of the KOH and DRIE etches are insignificant relative to the overall scale of the cantilevers. It is not likely that surface profile will influence the strength of the beams, however the corrugated profile of the DRIE etch may develop failure instigation loci.
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 34 Fig. 3 Interferograms of (a) KOH etch of back-side of proofmass (b) DRIE etch profile of beam sidewall.
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 5 5MHz. The accelerometer signal was conditioned through a National Instruments (NI) SC-2345 and acquired by an NI-USB-6251 at 1.25MHz. An IDT MotionPro™ X high speed camera with 9-11 April 2008 ©EDA Publishing/DTIP 2008 ISBN: 978-2-35500-006-Computar TEC-55 telecentric lens monitored the impact event on the cantilevers to verify the temporal point of failure.
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 5 Fig. 5. Characteristic shock acceleration pulses taken from accelerometer and strain gauge signals.
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 6 Fig. 6 (a) Beam schematic highlighting notch geometry and shock direction and (b) high speed image of test specimen at point of failure.
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 7 Fig. 7 Fracture surfaces of (a) 6mm beam and (b) 7mm beam.
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 8 Fig. 8 Lower (111) plane fracture surface on 7mm beam.
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 9 Fig. 9 SEM image of the trailing edge of fracture surface indicating the (I) mirror, (II) mist and (III) hackle region.
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TABLE 1 FABRICATION

 1 

	PROCESS RUN STEPS

6µm Al. sputter on back-side to act as etch stop in DRIE etch 12 Polyimide support layer Polyimide coat on back-side to support beams under vacuum in DRIE etch 13 DRIE etch Front-side etch of beam geometry using oxide mask -100µm depth -6-10µm/min 14 Finishing Removal of sacrificial layers -Al./nitride/oxide -cleaning Fig. 2. Fabrication process of micro-cantilevers.
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