Seminar Report-2005                                                       Micro-Electro-Mechanical Systems


INTRODUCTION

                  MEMS is an acronym for Micro-Electro-Mechanical System. Making machines as small as insects has been dreamed of by scientists for many years, such machines called micro electro-mechanical systems are micro miniature systems composed of mechanical devices and electrical devices. Then towards the middle of 2Oth century, the silicon revolution occurred and highly integrated electronic systems were concerned and devised. The electronic industry steeply rose pushing aside mechanization and in turn promoting automation, the need for highly compact, cost effective and efficient system arose. Thus in 1969, Mr. Yasakava a Japanese scientist integrated the diverse branches of “mechanics” and “electronics” to bring out the exciting “mechatronics”. It is nothing but the integration of electronic hardware, computer software and mechanical systems resulting in complex engineering systems. The heavy involvement of large control systems caused space lacking and high cost. The need for small, cost-effective and more efficient systems arose. This is where “ Micro-Electro-Mechanical Systems ” makes a big entry.

                  In the early 1980's, scientists came up with the idea of complete “system-on-a-chip”. The microelectromechanical system is a smart mechatronic system, which has sensors, actuators, mechanical structures and other multifunctional materials integrated along with electronic circuitry to produce a new generation of integrated Microsystems.  Such systems have the advantage of small size, low cost and reliability as silicon chips.                    
                     We're busy people. We tend to be somewhat macro-oriented…. concerned with the big picture. And technology reflects this orientation. Our primary concerns are with the end result – what technology does for us on a day-to-day basis. We don't peel back the layers to see what makes technology work. 

                 And when you peel back those layers, it is inside the world of the miniature that some of the most exciting technology is taking place today -- where revolutionary advances allow new types of functionality to be incorporated onto the chipset. These advances have enabled the chip to think, act, and communicate -- in fact to become intelligent microsystems, or “systems-on-a-chip.” Actuators, optical devices, micro pumps, valves and various chemical and physical sensors are being monolithically integrated with transistors to crate new generation of integrated Microsystems that perform superbly and cost little. The results of pairing will some day be chips that can sense, think, act, and communicate.

                 Today it is possible to embed nanoscale sensors and actuators in a material to make it behave in a desired manner. At a macro level, smart materials may make devices intelligent and an active part of the environment. At a micro level an MEMS device could work embedded in a smart material or on its own way for a specific function.

                 The first generation of MEMS and nanoproducts are already out of the labs and in the prototype stage. Some of the examples for the currently using microelectromechanical systems are thermal ink-jet printer module, air bag release module for automobiles…Etc.

Micro-Electromechanical Systems (MEMS)
AN OVERVIEW:
                  MEMS is the short form of Micro Electro Mechanical Systems. The ability to make extraordinary high performance electronic systems using IC process is extended to produce mechanical devices.

Definition: "The fabrication or micro-machining of materials to make stationary and moving structures, devices and systems of a nominal size scale from a few centimeters to a few micrometers." 

                 Micro-Electromechanical Systems (MEMS, also known as microsystems - MST) combine electronics with microscale mechanical devices, resulting in microscopic machinery. Our ability to use synthetic means to fabricate materials, devices and systems on the microscale (microtechnology) is well established. MEMS is a branch of microtechnology that has found numerous commercial applications, for instance accelerometers for airbag deployment in automobiles, ink jet printer heads, color projection displays, chemical sensors and scanning probe microscopy. Furthermore, the silicon semiconductor industry has provided numerous methods for fabricating microscale electronic devices.

The system is referred to by different names in different countries. For instance, it is called Microsystem Technology and MEMS in the US, and Micromachines in Japan. Simply put, MEMS are micron-size devices consisting of mechanical structures and electrical circuits.

                 MEMS integrate sensors, electronics, and actuators on a common platform using microfabricaton technology. Sometimes passive structures are also found on MEMS. This unique combination of various devices makes it possible to develop miniature systems with huge capabilities. 

25 years of history

                  First developed in the 1970s and then commercialized in the 1990s, MEMS make it possible for systems of all kinds to be smaller, faster, more energy-efficient and less expensive. In a typical MEMS configuration, integrated circuits (ICs) provide the “thinking” part of the system, while MEMS complement this intelligence with active perception and control functions.

MEMS today and tomorrow

                  MEMS devices now are making the world of the future a reality. Scientists have created “smart dust” where millions of miniscule MEMS sensors are spread over a military site and communicate information to humans or computers ready to interpret possible troop movements. “Smart roads” would have MEMS devices embedded in them, conveying information about the roadway, traffic and accidents to automobile-mounted global positioning systems, allowing drivers to avoid problems and alerting highway workers to areas that are potential trouble spots.

                  Today, MEMS are most commonly found as sensors in automobile airbags, but the devices are making extensive inroads into medical, aviation, defense, and wireless and optical communications systems.

The three characteristics of MEMS fabrication technologies are,

   1) Multiplicity: - It is also called batch fabrication, which is inherent in the semiconductor processing. It makes it possible to fabricate thousands or millions of components as easily and concurrently as one component.

  2) Miniaturization: - This is an important factor as small manipulator                       can handle micro objects more gently than its macro counterpart. 

  3) Microelectronics: - It is the part that provides intelligence to MEMS, and allows monolithic merger of sensors, actuators and control logic to build a complete coordinated system.

BASIC CONCEPT OF MEMS

    The various components of MEMS are shown in fig: 1. 
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Fig.1: Various components of MEMS

                 The microelectronic circuitry can be thought of as the “brains” of the system. Using similar fabrication techniques as building microprocessors, we are now able to built sensors and actuators on the same microscopic level with the processor chip. Microscopic thermal, pressure, flow, inertial and viscosity sensors, resonators, levers, gears, transmission systems, valves, pumps, motors etc can be batch produced together on the same chip with processing unit. This indeed composes a      “system-on-a-chip”.                 

                  A whole new line of applications is opened up by this fast developing technology. MEMS devices are usually measured in micrometers or even microns. Technology has been pushed to the point that we can build machinery so small that it cannot be seen by human eye.

Sensing and acting

                 MEMS are usually divided into two categories -- those devices that detect information, called microsensors, and those devices that can respond to information, or act, called actuators. Microsensors gather local information including, for example, thermal, biological, chemical, and optical input. The electronics of the devices can then process the information and may direct actuators to respond and control the environment (e.g. by moving, pumping, filtering) based on an intended, designed instruction. 

                 We can now make biomedical devices so small that they can be injected into human's blood stream. Controlled chemical reactions are possible at the microscopic level with the MEMS technology. Miniature valves & pumps make it possible to build a chemical plant on a chip. 

                Just like IC technology 40 years ago, MEMS technology is still in its juvenile stage. Most of the MEMS products are still prototypes. How these devices will fall is not very well understood. Factors that can be ignored in macro scale become important in micro scale. Still the ability of MEMS to gather and process the information decides on a course of action and controls the environment through actuators increases the affordability and functionality of smart systems. 

MEMS FUNCTIONING
                MEMS devices are extremely small -- for example, MEMS has made possible electrically driven motors smaller than the diameter of a human hair (right) -- but MEMS technology is not primarily about size.

         The functioning of MEMS is shown in fig.2
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Fig.2: MEMS functioning

                 The sensor collects information from the environment and provides it to the circuit. The electronics circuit processes this information and gives control signals to the actuator, which then manipulates the environment for the desired purpose. In other words, MEMS work just like us. They sense, think, and work according to the situations. This way, MEMS are destined to bring a revolution in technology by making systems more intelligent.                      

               While the electronics is fabricated using IC processing, the mechanical components are fabricated using micromachining. The integration of micro-electromechanical systems with electronics makes it possible to realise complete system-on-a-chip with a smaller size and a higher performance. Batch fabrication allows for more reliability and relatively low production cost. 

MATERIAL USED FOR MAKING MEMS

                 Silicon is the most common material used on MEMS fabrication because, 

  1. Fabrication processes are well established.

  2. Excellent mechanical properties. 

  3. Integration with microelectronics and sensors are possible. 

                The main starting material for MEMS is polycrystalline silicon. This is because the mechanical properties are more challenging than single crystalline silicon. It has lower comparative values for young's modulus of elasticity. Polycrystalline silicon is also less sensitive to other defects than single crystalline silicon. Other materials are also be used in MEMS for specific purposes such as light emission, lubrication, actuation... etc.

FABRICATION TECHNOLOGY FOR MEMS
             “Micro engineering” refers to the branch of science, which deals with the fabrication of MEMS. It refers to the technologies and practice of making three-dimensional structures and devices with dimensions in the order of micrometers.

             The construction technologies of Micro engineering are “Microelectronics” and "Micro machining”. “Microelectronics” produces electronic circuitry on a silicon chip, and it is a developed technology. “Micro machining” is the name used for the techniques to produce the structures and moving part of micro engineering devices. 

             MEMS is not about making things out of silicon, even though silicon possesses excellent materials properties, which make it an attractive choice for many high-performance mechanical applications; for example, the strength-to-weight ratio for silicon is higher than many other engineering materials which allows very high-bandwidth mechanical devices to be realized.

             Instead, the deep insight of MEMS is as a new manufacturing technology, a way of making complex electromechanical systems using batch fabrication techniques similar to those used for integrated circuits, and uniting these electromechanical elements together with electronics.

               MEMS microstructures are manufactured in batch methodologies similar to computer microchips. The photolithographic techniques that mass-produce millions of complex microchips can also be used simultaneously to develop and produce mechanical sensors and actuators integrated with electronic circuitry. Most MEMS devices are built on wafers of silicon, adopting micromachining technologies from integrated circuit (IC) manufacturing and batch fabrication techniques. 

              Like ICs, the structures are developed in thin films of materials. The processes are based on depositing thin films of metal or crystalline material on a substrate, applying patterned masks by photolithographic imaging, and then etching the films to the mask. In effect, a sacrificial layer is introduced – a material which keeps other layers separated as the structure is being built up but is dissolved in the very last step allowing selective parts of the structure free to move.

             This use of established “batch” processing of MEMS devices, similar to volume IC manufacturing processes, eliminates many of the cost barriers that inhibit large scale production using other less proven technologies. Although MEMS fabrication may consist of a multi-step process, the simultaneous manufacture of large numbers of these devices on a single wafer greatly reduces the overall per unit cost.

Making the transition: from prototype to manufacture
               Prototyping is integral to the process, however. An initial device is produced that can be characterized, measured, and optimized for performance and high volume manufacture. A key challenge can be the leap from prototype to high volume manufacture – a transition that sometimes requires considerable modifications. This requires the availability of broad-based design and process expertise (not just application experience), as well as appropriate software tools that can automatically provide process customization. CAD tools are crucial to a cost and time-effective process. Previously developed internally, there are now several commercially available CAD packages that guide engineering teams through component design, system design, and analysis.

      There are three general approaches to the fabrication of MEMS: 

1) Surface micromachining,

2) Bulk micromachining, 

3) LIGA (lithography, plating, molding).

Surface micromachining

            Surface micromachining is a process based on the building up of material layers selectively remaining or removed by continued processing. The bulk of the substrate remains untouched.

Bulk micromachining

          In bulk micromachining, large portions of the substrate are removed to form the desired structure. Structures with greater heights can be formed because thicker substrates can be used. The bulk micromachining process is a key fabrication method used for MEMS-based photonic switching in the high-growth optical and wireless markets.

LIGA

      LIGA processes combine IC lithography and electroplating and molding to obtain depth. Patterns are created in a substrate and then electroplated to create 3D molds. These molds can be used as the final product, or various materials can be injected into them. This process has two advantages. Materials other than silicon can be used (e.g. metal, plastic) and devices with very high aspect ratios can be built.

The fabrication process is usually a structured sequence of THREE BASIC PROCESSES:

1) Deposition
       Deposition is a key building block in that it is the ability to deposit thin films of material (for subsequent local etching). MEMS deposition technology is classified in two groups:

       Depositions resulting from chemical reactions: chemical vapor deposition, electrodeposition, epitaxy, and thermal oxidation. These processes exploit the creation of solid materials directly from chemical reactions in gas and/or liquid compositions or with the substrate material. The solid material is usually not the only product formed by the reaction. Byproducts can include gases, liquids and even other solids.

      Depositions resulting from physical reaction: physical vapor deposition, casting. The material deposited is physically moved on to the substrate (a chemical byproduct is not created).

2) Etching

      In order to form a functional MEMS structure on a substrate it is necessary to etch the thin films previously deposited and/or the substrate itself. In general, there are two classes of etching processes:

              Wet etching: the material is dissolved when immersed in a     

              chemical solution          

              Dry etching: the material is sputtered or dissolved using     

              reactive ions or a vapor phase etchant.

3) Lithography

            Lithography in the MEMS context is typically the transfer of a pattern to a photosensitive material by selective exposure to a radiation source such as light. When a photosensitive material is selectively exposed to radiation (e.g. by masking some of the radiation), the radiation pattern on the material is transferred to the material exposed (the properties of the exposed and unexposed regions differ).

 MEMS fabrication process flow is as shown in the fig.3
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Fig.3: MEMS fabrication process flow
           In the design phase complex “cad” tools having the ability to model complex 3D objects have to be used for MEMS. The challenge is the simultaneous modeling of devices in many domains including electronic, mechanical, and chemical and the ability to analyze cross-domain effects.

          In the cycle from material deposition to material removal, mechanical parts need special attention. Mechanical parts may have complex shapes and may require material with special strength, and will have mechanical parts that can move freely. So the film of the material deposited must be thick enough to form mechanical layer. The process is repeated multiple times until the required device is constructed. A test is performed before the sealing of the chip to check for the proper functioning. 

MICRO SENSORS
            A sensor can be considered as a component of a system, which measures input and provides an output independently of the state of other parts of system. In the present context, sensor is a device that converts one physical or chemical quantity to an electric one, for processing by the micro system. In its most basic form sensors gather information about the environment through measuring mechanical, thermal, biological, chemical, optical or magnetic phenomena. The sensors should be linear and reversible over a wide range, should be highly reproducible over many cycles and should be sensitive to a single species of parameter.

        All type of sensors can be fabricated on the silicon chip by suitable fabrication techniques discussed above. Such micro machined sensors can be used in macroscopic systems also. For instance micro machined silicon sensors are used in many process control and automotive applications. These sensors have the advantage of low cost and small size.

         Piezoresistance is the change of electrical resistance of substance due to change in mobility of charges, which occurs when strain is applied to a substance. As resistance changes correspondingly the output voltage varies. The accelerator sensor incorporates an inertial spring-mass system and a four-arm piezoresistive strain gauge bridge. The operating range is 2000 to 20,000m/s2 and the size is l sq mm. The operating temperature is less than 1500C because the gauges are diffused into silicon. These types of accelerometers are used in spacecraft where they are subjected to high accelerations.
MICRO ACTUATORS

            The micro actuators form the “arms” of the MEMS. The control system process the information gathered by sensors, decide on course of action and it controls the environment through micro actuators. The control of environment can range from moving micro mirrors to scan laser beams, or switch them from one fiber to another; to drive cutting tools for microsurgical applications, to drive macro pumps and valves for micro fluidic systems etc.

             A variety of methods for achieving micro actuation are: electrostatic, piezoelectric, hydraulic and thermal. Of these piezoelectric, electrostatic and hydraulic methods currently look the most promising. Magnetic actuators require relatively high currents on a microscopic scale.

ADVANTAGES OF MEMS
1) Small size
          Semiconductor manufacturing techniques used in the batch fabrication of Microsystems, these systems process sizes ranging from micrometers to a few millimeters. The typical sizes of MEMS devices are measured in microns.

2) Low cost
        Usually sensors and actuators are the most costly and unreliable part of a macro scale sensory-actuator-electronic system. In comparison MEMS technology allows these complex electromechanical systems to be manufactured using batch fabrication techniques allowing cost of sensors and actuators to be put in parity with that of integrated circuits. Much of the labor involved in packaging and assembly of such a system would simply disappear. The conventional approach employs several bulky accelerometers made of discrete components mounded in the front of the car with separate electronics near the airbag and it costs over $50.

       The MEMS type accelerometer incorporates a micro machined acceleration sensor to detect a rapid deceleration, along with its electronic circuitry to condition the signal and use micro actuators to inflate the air bag. The cost of such a device ranges from $5 to $1O. The size of the equipment ranges from 3mm to 5mm.

3) Low power consumption and less time lag.

            The MEMS devices are very power efficient. The power loss in data transmission lines and also the time lag are eliminated because the sensors and actuators are made next to control circuitry on the same chip.

4) Improved performance

           Suppose the output signal from a sensor is a change in capacitance. In some cases changes in capacitance of the order of femto farads must be monitored. For such a device the sensitivity and performance can be seriously degraded by the stray capacitance of interconnecting wires between the sensors and control electronics. Putting everything into the same piece of silicon means the control electronics can be fabricated next to sensors and thereby eliminating the interconnect capacitance and greatly improving ultimate sensitivity and performance.


5) Excellent mechanical properties

        Poly silicon is still the prevailing material used in both mechanical parts and in electronic parts in MEMS devices. Strength to weight ratio of silicon is higher than many other engineering materials.

APPLICATIONS OF MEMS
        There are numerous possible applications for MEMS. As a breakthrough technology, allowing unparalleled synergy between previously unrelated fields such as biology and microelectronics, many new MEMS applications will emerge, expanding beyond that which is currently identified or known. Here are a few applications of current interest:

Communications

       High frequency circuits will benefit considerably from the advent of the RF-MEMS technology. Electrical components such as inductors and tunable capacitors can be improved significantly compared to their integrated counterparts if they are made using MEMS technology. With the integration of such components, the performance of communication circuits will improve, while the total circuit area, power consumption and cost will be reduced. In addition, the mechanical switch, as developed by several research groups, is a key component with huge potential in various microwave circuits. The demonstrated samples of mechanical switches have quality factors much higher than anything previously available.

         Reliability and packaging of RF-MEMS components seem to be the two critical issues that need to be solved before they receive wider acceptance by the market.

Accelerometers

           MEMS accelerometers are quickly replacing conventional accelerometers for crash air-bag deployment systems in automobiles. The conventional approach uses several bulky accelerometers made of discrete components mounted in the front of the car with separate electronics near the air-bag; this approach costs over $50 per automobile. MEMS technology has made it possible to integrate the accelerometer and electronics onto a single silicon chip at a cost between $5 to $10. These MEMS accelerometers are much smaller, more functional, lighter, more reliable, and are produced for a fraction of the cost of the conventional macroscale accelerometer elements.

Optical communication and display systems

            The digital micro mirror devices, which utilize a number of micro mirrors on a single chip, are replacing conventional LCD & CRT projectors, which will be discussed later.

Micro robots

           Used as a primary moving devices in micro robots.

 DIGITAL MICROMIRROR DEVICES (DMD)
CHALLENGES AND DRAWBACKS
      MEMS technology is currently used in low- or medium-volume applications. Some of the obstacles preventing its wider adoption are:

Limited Options

      Most companies who wish to explore the potential of MEMS technology have very limited options for prototyping or manufacturing devices, and have no capability or expertise in microfabrication technology. Few companies will build their own fabrication facilities because of the high cost. A mechanism giving smaller organizations responsive and affordable access to MEMS fabrication is essential.

Packaging
      The packaging of MEMS devices and systems needs to improve considerably from its current primitive state. MEMS packaging is more challenging than IC packaging due to the diversity of MEMS devices and the requirement that many of these devices be in contact with their environment. Currently almost all MEMS development efforts must develop a new and specialized package for each new device. Most companies find that packaging is the single most expensive and time-consuming task in their overall MEMS product development program. As for the components themselves, numerical modeling and simulation tools for MEMS packaging are virtually non-existent. Approaches that allow designers to select from a catalog of existing standardized packages for a new MEMS device without compromising performance would be beneficial.

Fabrication Knowledge Required

      Currently the designer of a MEMS device requires a high level of fabrication knowledge in order to create a successful design. Often the development of even the most mundane MEMS device requires a dedicated research effort to find a suitable process sequence for fabricating it. MEMS device design needs to be separated from the complexities of the process sequence.

FUTURE TRENDS
         Breakthrough to be accomplished by MEMS would be in five general areas: machine intelligence downsizing and parallelism, biometrics, informatics and environment monitoring. Downsizing and parallelism will have direct benefit from miniaturization and multiplicity. Machine intelligence and information networks will be very much improved by introducing MEMS integrated with microelectronics.

CONCLUSION
          MEMS will have a profound impact on future society. It is necessary to continue and enhance research activities in both fundamental and application-oriented areas in order to support continued development. The fusion of knowledge from many different disciplines is essential for a well-balanced and accelerated growth of technology. It is strongly believed that international collaboration in the science and technology of MEMS, together with healthy competition in their commercialization, will lead to impressive successes in future MEMS devices and systems.
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