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Abstract

Morgan Research Corporation, the Center for Advanced Vehicle Electronics at Auburn University, and Hygrometrix, Inc. are working in conjunction with the U.S. Army to develop manufacturing and assembly techniques for robust and low-cost sensor suites using COTS MEMS devices. These sensor suites are intended for remote monitoring of the health of high-value assets, and must operate through the same environmental conditions seen by that asset.

In the effort, surface mount devices are used for all of the supporting microelectronics; these include a microcontroller, onboard memory, and sensor signal conditioning devices. However, current MEMS sensor packaging has proven to be a hindrance in the integration process. At present, packages tend to be too large for space-constrained systems, and they are unreliable over extreme environments. To resolve integration issues, techniques for new MEMS chip carriers, robust attachment and assembly processes, and novel partial encapsulation processes are being developed to integrate unpackaged MEMS die directly onto PCB laminates. 

Enhancing robustness and survivability of the microsensor suite is a primary objective of this project. Therefore, once the MEMS suites are completely integrated, they are subjected to harsh environmental tests that will investigate the integrity of the integration and assembly processes.  Rigorous testing will identify areas of improvement for manufacturing processes, and will further progression toward a MEMS sensor suite that can endure fielded conditions, while at the same time providing reliable monitoring of missile system conditions. 

To-date, this effort has developed flip-chip and chip-on-board integration techniques for humidity sensors, including the Hygrometrix HMX2000, that offer the potential for low-cost, high-volume, yet robust integration of MEMS with microelectronics devices. It is anticipated that techniques developed from these efforts will be useful in the integration of a wide variety of MEMS, and will contribute to inexpensive manufacturing of countless microsystem modules for numerous military and commercial applications.
Introduction

During the years of relative peace, many missile systems and vehicles sit in storage awaiting use. However, when called upon, many of these systems fail due to environmental conditions seen during that storage. These conditions may include large drops, high humidities, large temperature swings, and high-frequency vibrations seen during transit. These environmental conditions lead to failures including broken solder joints, broken mechanical components, case fractures, electrical interconnect corrosion, and other fatal problems. If a reliable device existed for the monitoring of extreme environments, maintenance technicians and/or soldiers would have knowledge of the potential for missile system failure prior to its use.

Furthermore, the Army currently spends a large amount of funding on testing, maintaining, and/or scrapping any missile system with an indication of potential problems. Much of this maintenance ends up being performed on missiles that do not, in fact, require it. If a device existed for monitoring missile health, condition-based maintenance could then be performed. In condition-based maintenance, only those missiles in need of maintenance, as determined by recorded environmental data, would be attended to, leading to a drastically reduced maintenance budget.

The U.S. Army AMCOM is developing a state-of-the-art health-monitoring device to serve that very purpose. The program is developing a remote, networkable, and highly reliable miniature sensing system. The system will monitor environmental conditions seen by missiles and other high-dollar assets. The system is designed to record the environmental data for a period of approximately ten years without requiring any maintenance. The data collected will include acceleration and vibration histories, temperature profiles, humidity levels, and chemical concentrations. During that ten-year period, maintenance technicians will be able to download the environmental histories during regular inventory checks. The data will then be used to diagnose and predict the health of the missile system.

In terms of sensor technologies, MEMS-based devices are the primary technology of choice due to their ability to monitor a wide range of variables, their potential for low-cost manufacturing, and their small size. However, exhaustive sensor searches have found few sensors that meet all of the requirements placed on these health-monitoring systems. Many of the deficiencies found in MEMS sensors are related to packaging rather than performance. The goal of the effort presented in this paper is to develop new packaging techniques for these MEMS sensors and MEMS-based systems that enhance their reliability, manufacturability, and performance in health monitoring applications.

Anticipated System and Packaging Requirements

The intent of the missile health-monitoring program is to develop a modular and multi-purpose unit that could be used in any of a number of missile systems. Each unit would be compatible with all other units throughout the entire range of military systems. Furthermore, each unit would, in a plug-and-play fashion, be able to accept a set of sensors chosen specifically for the missile in which it will be installed. 

This modularity and cross-compatibility would aid in production costs, sustainment costs, and training. With each unit being made identical, the cost per unit could be kept low. In addition, supporting equipment such as power sources and readout devices could be standardized, leading to simpler training needs. Furthermore, a modular system with reconfigurable sensor sets could be easily repaired through plug-and-play replacement of components, especially sensors.

The main issue with making units compatible and modular is dealing with the widely varying requirements of potential missile systems. Different missile systems have different environmental ranges, different chemicals and fuels used, and different space constraints. Making a modular, yet, miniature, health-monitoring system is therefore a challenge. 

After many discussions with the primary engineers and maintenance technicians, a conceptual monitoring system design has been developed. The main feature of the design is the ability to conform to the curvature of the inside wall of a missile canister. Due to space constraints, as well as the impossibility of performing extensive retrofitting on a fielded missile, a conformal solution was expected to be most easily integrated and offered the most functionality. Functionally, the system includes sensor suites, data storage, and RF datalinks.
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The system requirements were defined and organized by grouping them in three different categories: environmental requirements, size requirements and functional requirements.  

Environmental Requirements
· Operating Temperature: 
-32 to +60 (C



· Storage Temperature:

-54 to +68 (C




· Shock limits:


+/- 200g



· Humidity:


0 to 100 %RH



Size Requirements
· System height:


< 100 mils



· Board dimensions:

< 3 in. by 5 in.


Functional Requirements (Project defined)

· Monitor temperature, humidity and shock

· Store a useful amount of data

· Interface with a computer for data retrieval and display
Sensor Availability

Prior to developing any integrated packaging solution for a miniature sensor suite, a comprehensive search for commercially available packaged sensors was performed. Of particular interest were accelerometers, temperature sensors, and humidity sensors. 

The temperature sensor search turned up a number of small, easily integrated, and accurate sensing devices. Numerous sensor technologies (thermistor, thermocouple, RTD, etc.), packaging styles, and various levels of integration with microelectronics were available. The wide variety of choices made selection of a suitable sensor relatively easy. Since so many options were available, the search was immediately limited to surface mount packages. Die form devices were also found at a reasonable cost ($3.00 -$4.00), but fully packaged surface mount devices that cost the same or less than the die were also found.  

In the case of accelerometers, a number of organizations are currently developing a variety of devices. For the most part, these sensors are silicon-based devices packaged in some type of ceramic, hermetically sealed package. The devices are available in both through-hole and SMT integration styles. However, there are some issues with the packaging styles available. The major issues with the available sensors are in the environmental ranges over which the sensors operate, reliability of the package to board interface, and size of the final device. For this particular application, device height was an issue.

The most critical sensor issue, however, was related to humidity sensor integration. No currently available and packaged humidity sensor meets all of the requirements for the health-monitoring suite. Some deficiencies exist in sensor performance and requirements. Power consumption, input voltage levels, and cost are specific requirements not met by many humidity sensors. Of the sensors found, the Hygrometrix HMX2000 offered the most potential for integration into the system.

Furthermore, many humidity sensors in existence have expensive packaging schemes, and reliability data and prediction is difficult, if not impossible, to acquire. Devices that were available in the surface mount package were too expensive (~$75.00 and up).  Devices that met cost criteria were either in the wrong package (TO with long tails) or were too large.  A custom packaging seemed the only viable option. Due to the performance and potential of the Hygrometrix device, it was selected for further packaging investigations.

Low-Profile MEMS Chip-Scale Packaging

Due to the difficulty of finding sensors with appropriate packaging, custom packaging is being developed for the accelerometers and humidity sensors. This effort is focused on developing a low profile and reliable chip-scale package for these MEMS devices. Since temperature sensors and accelerometers are most mature, the bulk of packaging effort has been on the humidity sensor

The humidity sensor differs from all other sensors used, as well as all other semiconductor components. One of the major goals of traditional microelectronics packaging has been the protection and isolation of the device from the environment. For military applications, this has included placing devices in metal and ceramic hermetic packages. However, humidity sensors require exposure to those very environments that have been an issue in the microelectronics industry. 

For this investigation, carrier-based packaging was targeted for the HMX2000 to provide ease of handling and a quasi-modular packaging solution. The current packaging process begins with a custom designed carrier. Current versions of the carrier are made of standard FR-4. This material was used for initial devices for cost purposes and due to the identical CTE with the printed circuit board. Future versions will be fabricated from ceramic and a new material based on a liquid crystal polymer that exhibits excellent moisture resistance. For the most recent incarnation of the process flow, the carrier's pads are coated with a tin/silver solder.

Process Flow

The Hygrometrix HMX2000 sensor used in this investigation operates on the principle of strain. The physical device is in the shape of a small square with a hole in the middle of the die.  The overall plan for the ultimate integration of the die into the sensor suite system on the laminate PWB was to first mount the die to a carrier and then mount that carrier onto a laminate PWB.  

The first obstacle to overcome was the physical make-up of the die itself.  Much of the process flow involved handling of the die for gold stud bumping, bonding, and so on.  Due to the hole in the middle of the die, the die could not be securely picked up and held by standard vacuum chucks on processing equipment.  Therefore, a custom tool was designed and fabricated that could be used to pick-up and securely hold the die for all necessary operations.  

Having overcome the handling issue, it was possible to continue with the packaging process.  The first process flow attempted used a thermocompression bond between gold balls stud bumped on the die, and gold pads on the carrier.  The die could be held in place by the custom vacuum chuck, the necessary force could be applied to facilitate the bonding, but the laminate carrier could not achieve the desired temperature for thermocompression bonding. 

The process flow was modified to incorporate the use of a conductive adhesive to facilitate bonding.  This appeared to be a successful modification as it was possible to obtain sensor die bonded to laminate carriers.  Figure 2 shows pictures of the HMX2000  sensor die successfully bonded.
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However, further development efforts revealed a weakness in the process design.  Upon curing of an underfill material added at the end of the process flow, a weakness in the bond was discovered as the hardening of the underfill caused the bonds to break and contact was lost between the die and the carrier.  Therefore, the process flow was modified once again.  


The new process flow relies on solder reflow process using Sn/Ag solder to form a eutectic with the gold stud bumps.  This process required that the laminate carriers be coated with Sn/Ag solder, and that the final metallization on the humidity die be gold.  New carriers were fabricated, and the humidity sensor manufacturer incorporated a metallization change in the sensor fabrication process. The final process flow is as outlined below:


                               [image: image3.jpg]


 


Reliability Testing

The ultimate test for the packaging is the survivability and reliability after integration with microelectronics. To-date, initial devices have undergone thermal shock and mechanical shock tests per MIL-STD 883 for microcircuits. Moisture resistance and vibration fatigue tests will be performed soon. MIL STD 883 – Environmental testing of Microelectronic Devices was selected and used as an upper bound on testing. The actual missile system requirements listed earlier were used as a guideline for the lower bound.  

Thermal Shock

General Specifications:

Complete a minimum of 10 cycles.  Cycle from –70 ( 5 ( C to 157.5 ( 7.5 ( C for at least 20 minutes per cycle.
Mechanical Shock 

General Specifications:

Apply 5 shock pulses of 1,500 g for 0.5 ms in each of the orientations X1, X2, Y1, Y2, Z1, and Z2.
To-date, packaged devices have survived the tests, and are still in operation. However, a statistically valid set of data has not been acquired, nor has a conditioning and calibration process been employed for the HMX2000 sensor within the sensor package. At this time, a large number of devices are being packaged and a test plan is being developed to provide the data required to predict long-term device reliability.

Conclusion

The goal of the effort presented in this paper has been to integrate three MEMS sensors, into an inexpensive sensor suite using custom packaging and standard reflow-type processes. The main application for this type of work is in the missile health-monitoring field, which requires inexpensive sensing systems. So far, MEMS packaging and integration has been too expensive for practical application to these systems. Using standardizable and automatable packaging and integration techniques is seen as a potential method for mitigating cost concerns.

Through the performance of the effort, a number of other issues dealing with MEMS integration, sensor suite packaging, and system reliability surfaced. MEMS packaging has not matured to the point where performance and reliability data is available to the designer, making the robustness of these sensing systems an unknown. Furthermore, due to that lack of maturity, many packaged MEMS devices are costly. Finally, few standards exist with which to compare the performance of new and custom MEMS packaging. 

Future efforts must continue to deal with and filter these issues while progressing towards the goal of miniaturized packaging for a sensing system that meets the requirements of the missile health monitoring systems being designed. Finishing and verifying the miniature packaging of MEMS devices for these applications will be the primary focus in the follow-on effort. However, the MEMS devices are only one portion of a much larger sensing system that must be made as small and reliable as possible. Once MEMS packaging is nearing completion, progress can be made towards the entire sensor suite including the electronics. Novel packaging approaches, materials, and techniques will be required to make the entire system as small, reliable, and useful as possible.
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Figure 2. Views of HMX2000 sensor die in middle of laminate carrier, and cross-section of bond.
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Figure 1: System Concept 
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4. Align packaged device with site on printed circuit board and reflow along with other SMT microelectronics.





3. Apply underfill around sensor die and cure.





2. Flip and align die to the Sn/Ag coated carrier. Bonding is performed in a thermocompression bonder, but the bond is developed through the formation of a eutectic between gold ball and solder.
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1. Using a gold ball bonder, place gold stud bumps on sensor die
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Figure 3.   HMX2000 packaging process flow
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Figure 4.   HMX2000 sensor packaged using the Sn/Ag flux process.








