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Abstract. This paper describes work carried out to assess the mechanical reliability and strength limits of structures in a post-CMOS metal oxide MEMS process. The devices tested are infra-red bolometers which were subjected to vibration and shock testing in accordance with Telecordia standards. The shock test results are used with an analytical model and a finite element model (FEM) to determine the maximum stress under load. Consideration is given to mesh size and stress convergence in extracting maximum stress concentration. A simple model is presented which reduces model time and maximum stress values from this model will be used in assessing the potential reliability of future designs including RF switches and resonators.
1.   Introduction

A low-thermal budget (< 450 oC), multilayer CMOS compatible, surface micromachining process has been developed to fabricate microswitches [1] and uncooled infrared detectors (microbolometers) [2]. Data has previously been published on the characterisation of the material properties of the process [3] and this paper describes tests to determine the mechanical reliability of fabricated microbolometers under shock and vibration loads. 

The vibration and shock load conditions determined for the microbolometer test are based on test conditions specified by Sandia National Laboratories. Bolometer failure may be measured using optical inspection or through measurement of deviation in electrical performance. In this case the key parameters of electrical performance are static resistance and thermal conductivity at low vacuum. FEM analysis is described for analysis of stress distribution during shock loading. The effect of mesh size and the necessity to ensure convergence of the extracted maximum stress is illustrated. Based on these test results a simple model of static loading to represent shock testing is presented and  maximum stress values is extracted as the minimum strength of the bolometer based on tests. This value allows the design of other structures such as switches and resonators which should exhibit the same levels of reliability as the tested bolometers.  
2.   Device Fabrication
Composite oxide/metal structures are used to fabricate freestanding infra-red (IR) microbolometers and direct current (DC) microswitches. In both cases the combination of a dielectric supporting layer and a metal layer for electrical contact are essential to device operation. For the microbolometer application a 0.2 (m titanium layer with a 1 (m plasma-enhanced chemical vapor deposition (PECVD) oxide upper layer is employed. A typical structure is shown in figure 1.
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Figure 1. A 50 (m x 50 (m titanium oxide microbolometer, and array of structures.
The MEMS process steps are executed after passivation of the CMOS wafer using borophosphosilicate glass (BPSG)[4]. All microbolometers in this paper have an area of 50 (m x 50 (m with variations in the dimensions of the supporting legs. The gap spacing is approximately 1.5 m. 

3.   Microbolometer Operation
In the microbolometers the use of a multilayer structure is essential to achieve the optical and electrical properties of infrared detectors. As shown in figure 1, incident IR energy in the 8-12 (m band is absorbed by the oxide layer resulting in an increased temperature in the freestanding, thermally isolated structure. This temperature increase is detected by measuring the resistance of a titanium meander under the oxide, which has a temperature coefficient of resistance (TCR) of 0.0035 K-1. To achieve thermal isolation from the substrate the bolometer is suspended over the substrate on two supporting legs as shown in figure 1. In operation the mechanical characteristic required for the bolometer is adequate support with minimal leg dimensions, to reduce thermal conduction, and minimal curvature of the table surface, resulting from transverse stress gradient, to allow optical focus.[image: image1] 
For mechanical testing the bolometer performance is measured optically using an interferometer, by measuring the resistance of the titanium meander and by measuring the thermal conductivity of the bolometer in a vacuum enclosure.
4.   Mechanical Stress Testing
The reliability of the bolometers has been assessed under vibration and shock conditions. The samples for testing are prepared by dicing the MEMs wafer and mounting the bolometer devices on a pin grid array (PGA) package with electrical connection to the bolometers to be tested.

The bolometer sensitivity to vibration in the x, y and z axes was assessed using both sinusoidal and random vibration patterns based on Sandia Laboratory standards [5]
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4.1.   Sinusoidal Vibration Test
The sinusoidal vibration test is normally used to test connectors for mobile phone applications. As a consumer device subject to regular vibrations a mobile phone is considered a good analog of the proposed microbolometer IR camera. The test uses vibration frequencies ranging from 10 Hz to 55 Hz with a displacement of 1.52 mm. This results in a maximum force of 18 g. Each vibration cycle has duration of four minutes and devices are subject to a total of 180 cycles (over a 12 hour period). 

The thermal resistance and meander resistance of the tested devices (leg lengths 20 (m, 30 (m and 60 (m) are shown in figure 2. The measured results are within normal measurements deviations so no failures are recorded.
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Figure 2. Measured microbolometer characteristics before during and after vibration testing.
4.2.   Shock Test
Shock or drop testing for the bolometers is based on specifications from:

· Sandia Laboratories – Specification is 500 g to 40 kg for space applications ;
· IEC-68-2-27 – Specification is 500 g at 1 ms;
· BNR – Previously tested polysilicon bolometers at 1000 g - 0.8 ms.
Based upon these tests the bolometers were tested on all three axes at: 

· 500g - 1ms;
· 1000g - 1ms.
No device failures have been observed for leg lengths 20 (m, 30 (m and 60 (m. Additional testing at 1000 g-1 ms for 10 cycles has also been undertaken without any recorded failures. 

5.   Modelling of Shock Testing
The results of the microbolometer shock testing indicate that these devices will operate reliably over the range of shock loads anticipated in the product’s normal operation. To determine the maximum stress in the structure during this shock load FEM methods are employed to determine where the maximum stress concentration occurs and its magnitude. The main requirement for extracting maximum stress in a FEM numerical analysis is to ensure the validity of the FEM displacement model and to ensure a converged stress value is taken to avoid singularities. Singularities can be minimised by reducing mesh size in the FEM solver, however this requires prohibitively long solver times. Here we present analytical and numerical displacement models which show close agreement. We demonstrate the effect of mesh size on stress convergence and we introduce a simple support model for stress concentration analysis by replacing acceleration by a static force equivalent to the force cause by acceleration. This reduces the meshed volume allowing fine meshing to achieve a compromise between stress convergence and simulation time.
To simplify both analytical and numerical solutions the microbolometer structure is modelled as consisting of a single homogeneous silicon dioxide layer with thickness equal to the combined thickness of oxide and titanium. This approximation results in approximately the correct inertial mass and introduces only a small error in elastic modulus. The analytical formulation for the spring constant of each support leg of the beam is given as:
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As there are two support springs acting in each direction of applied acceleration the spring constant for the total system can be approximated as 2k. The maximum deflection (x for any given force (F) or acceleration (a) can now be estimated from: 
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where m is the inertial mass of the bolometer table. Using a density of 2200kg/m3 the force due to a shock load of 1000g can be estimated at 56nN and the displacement for the analytical model can be estimated at 1.35m. The FEM model, shown in Figure 3, is used to determine the suitability of analytical modeling and to determine stress concentration factors within the structure.
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Figure 3. FEM model of a 50*50µm oxide microbolometer used for shock test modeling.
The maximum displacement under an acceleration load occurs at the end of the support leg where it is attached to the bolometer. Comparison of fixed end and NMRC anchors shows a change in spring constant from 21 N/m (as predicted in the analytical model) to 7.1N/m. To allow the use of a refined mesh to estimate stress concentration the force at the end of the support leg, which would result in the same displacement as the 1000g, acceleration is estimated as 56nN. This allows the model in Figure 4 to be used for stress determination.

As most FEM software is configured to converge on a solution of displacement it is common to find discontinuities in the stress results at stress concentration points. This has been reported in a number of papers. One way to minimize the error is maximum stress determination is to reduce brick size in simulation. However this does incur a high overhead in simulation time.
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Figure 4. FEM model of a 35µm support leg to allow refined   mesh without requiring excessive computation time
The effect of mesh size in determining the maximum stress, in the structure shown in Figure 4, is shown in Figure 5. Brick sizes of 0.3µm, 0.5µm and 1µm were used in the same simulation. 
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Figure 5. Maximum stresses extracted using different brick size
The data in Figure 5 indicates that the maximum stress found in the fine mesh result would give a value of 0.33MPa. This value is almost 250% of the value of the stress in the adjacent brick, which is in agreement with the stress of the larger mesh sizes. To eliminate overestimation of stress at stress concentration points we adopt the average stress of the bricks at a radius of 0.5µm from the maximum stress node[7].
6.   Conclusion
Post-CMOS surface micromachining processes are very attractive for fabrication of MEMS components such as bolometers, microswitches, resonators and variable capacitors. One of the major obstacles to commercial application of such devices is industrial doubt about device reliability under harsh conditions. In this paper results of mechanical testing of a typical MEMS device, designed for IR detection, have been presented. Due to the very low inertia of the devices (mass ca. 6 pg) the devices encounter very low stress under high shock loads. The tests have resulted in no failures and exceed the testing specifications of the mobile phone industry. 
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