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INTRODUCTION 

Novel technologies often are bom prior to identifying application arenas that can provide the 
financial support for their development and maturation. After creating new technologies, innovators 
rush to identify some previously difficult-to-meet product or process challenge. In this regard, 
microsystems technology is following a path that many other electronic technologies have previously 
faced. From this perspective, the development of a robust technology follows a three-stage 
approach. First there is the “That idea will never work.” stage, which is hurdled only by proving the 
concept. Next is the “Why use such a novel (unproven) technology instead of a conventional one?” 
stage. This stage is overcome when a particular important device cannot be made economically - or 
at all -through the existing technological base. This initial incorporation forces at least limited use of 
the new technology, which in turn provides the revenues and the user base to mature and sustain the 
technology. Finally there is the “Sure that technology (e.g., microsystems) is good for that product 
(e.g., accelerometers and pressure sensors), but the problems are too severe for any other 
application” stage which is only overcome with the across-the-board application of the new 
technology. With an established user base, champions for the technology become willing to apply the 
new technology as a potential solution to other problems. This results in the widespread diffusion of 
the previously shunned technology, making the formerly disruptive technology the new standard. 
Like many technologies in the microelectronics industry, the microsystems community is now 
traversing this well-worn path. This paper examines the evolution of microsystems technology from 
the perspective of Sandia National Laboratories’ development of a sacrificial surface micromachining 
technology and the associated infrastructure. 

BACKGROUND 

New technologies must overcome a number of hurdles before they can become the 
foundation for a new industry. After overcoming the initial hurdle of finding someone to support 
investigation into a promising new area, innovators must continue to advance the maturity of a 
technology before it can generate sufficient revenue to sustain a manufacturing base. A technology 
once demonstrating the proof of concept (the “idea actually worked”) stage, still must overcome the 
“why would anyone use that technology?” stage before widespread application becomes even a 
possibility. 

In some cases, the initial supporters of the research have a target application in mind, while 
in other cases the technology is developed because it is an “obviously” good idea that “clearly” will 
find widespread application. Whether the subject of targeted development or the child of scientific 
curiosity, any new technology must find an initial set of applications in which the new technology 
offers sufficient benefits to overcome the barriers to adoption - including the development of the 
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associated infrastructure and manufacturing base. This process requires someone with the vision to 
see the potential of the new technology. These visionaries are often the only ones who foresee a 
market for the technological advance and the probability of significant market demand. Simply stated, 
the Visionary’s Dilemma is how to identify the first key application for a promising new technology 
and then ultimately how to move the technology from that limited application base into widespread 
adoption by the marketplace. In other words, once visionaries develop a technology, how can they 
move the technology into stage two and then finally stage three? 

Semiconductor fabrication demonstrates one example of this dilemma that visionaries face. 
Visionaries in the semiconductor microfabrication arena foresaw the need for more than a few 
transistors on a single piece of silicon. They were the harbingers that transited the process of 
semiconductor microfabrication from the “grown junction” manufacturing process technologies to the 
planar technologies developed by Kilby and Noyce in the late 1950’s that in turn realized the 
integrated circuit. They provided the technology base that advanced semiconductor manufacturing 
into the modern era. Kilby [I] relates that he saw the need for miniature electronics in applications 
such as hearing aids, which were marginally profitable at the time. However, he found a military 
market (a request for 22 special circuits for the Air Force Minuteman missile) that provided a 
sufficiently large market that Texas Instruments was able to invest in large-scale production. Once 
established in large-scale production, integrated circuits developed applications that went so far 
beyond their initial military application that they now pervade all aspects of modern life. 

DISCUSSION 

Microsystems technology is currently at the state where it must develop that special 
application that will sustain infrastructure development and profitable manufacturing. Microsystems 
commercialization has already come far. The technology has evolved beyond the heroic, proof-of- 
concept demonstrations. Microsystems manufacturing processes, although diffuse, are becoming 
more robust. As with semiconductor manufacturing decades ago, microsystems manufacturing 
needs to evolve a sufficiently robust manufacturing infrastructure in order to enable this disruptive 
technology to address those applications that presently only the visionaries may perceive. Identifying 
and developing the key application for which only microsystems provides a viable solution will 
accelerate the development of the necessary infrastructure which will then allow the establishment of 
the technology in the larger market applications resulting in widespread adoption of microsystems. 

The concept of microsystems technologies was initially developed in the early 1950’s to 
address the need for small lightweight pressure sensors for the aerospace industry - an application 
for which traditional technologies did not offer economically viable solutions. Bulk micromachining 
techniques were developed to manufacture these small pressure sensors and simple sensing 
structures. Today, Traditional Bulk Micromachining (TBM) is still the primary microsystems 
technology used for pressure and other sensing applications where the act of sensing is the principle 
requirement. This technology base is the simplest to manufacture but can only enable simple 
devices. The technology can be used to produce useful discrete structures (such as a stint for 
medical applications), but is almost always used as part of a “multi-chip’’ solution set when more 
sophistication is required. 

Sacrificial Surface Micromachining (SSM) manufacturing technologies were developed to 
meet the need for increasingly sophisticated end products which could not be produced using 
traditional bulk manufacturing techniques. As discussed, simple sensing or actuation could be 
performed by discrete, bulk machined devices, but these were not sufficient for the more 
sophisticated, integrated MEMS devices envisioned. SSM technology brought this promise of 
integrated or monolithic microsystems solutions to reality and now provides the basis for products that 
can effectively sense, think and act. SSM is currently the technology that holds the lion’s share of the 
accelerometer and digital micro mirror displays markets and is poised to be a leader in the optical 
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mirror market. Yet even here, the typologies of SSM technologies as practiced by, for example, 
Texas Instruments and Sandia National Laboratories vary greatly. 

Finally, High Aspect Ratio Micromachining (HARM) technologies were developed as 
microsystems response to the need for “Big small devices” for microfluidic and RF applications. 
However it soon became evident that HARM technologies and especially LlGA (from the German 
Lithographie, Galvanoformung, Abformung, meaning lithography, electro-forming or plating, and 
molding) and Deep Reactive Ion Etching (DRIE) could be useful in both in-vitro and in-vivo biomedical 
applications where channels and mass or materials selection are key requirements. 

Today devices manufactured based on microsystems technologies are moving from those 
which simply sense or actuate to those which sense, act and think or even to those which sense, 
think, act, communicate and/or navigate. Often these devices incorporate not just one but two or 
more of the microsystems manufacturing technologies available. As a result, unlike the 
semiconductor industry that although initially supported numerous technologies (e.9. TTL, ECL I2L, 
PMOS, NMOS, CMOS, etc.) more or less ultimately converged on a single technology, many experts 
see the variety of microsystems technologies evolving as complementary rather than competitive 
technologies. At the present, microsystems technologies have captured a number of niche 
applications but as we have discussed, the next stage will require a broad-based application of 
microsystems technologies. Firms contemplating microsystems manufacturing technologies in their 
search for competitive advantage are experiencing the “Visionary’s Dilemma” as well as the problems 
associated with trying to utilize evolving, semi-robust manufacturing technologies. Sandia National 
Laboratories has developed a program that provides the creative firm or individual a potential solution 
to this dilemma. 

Sandia National Laboratories has developed a program to address the “Visionary’s Dilemma” 
as it pertains to microsystems. We have found that the creative process, especially with a disruptive 
technology such as microsystems, is enhanced through the “leam by doing” approach. Firms 
whether established or entrepreneurial, large or small, must “get their hands dirty” in order to truly 
explore the potential of new technologies such as microsystems. It is only by attempting to realize 
actual prototype components that one can surface the limitations of the technology, as well as the 
developing infrastructure and manufacturing base. Unfortunately, this is not always economically 
feasible. For this reason, Sandia and others have developed programs that provide the means for 
firms or individuals to explore their envisioned microsystems solutions. Furthermore, Sandia’s SSM 
technology has reached its present stage of development only because its scientists have benefited 
from an enlightened customer base within Sandia and the Department of Energy which has 
supported the development of the essential infrastructure to mature technology. Those infrastructure 
elements are required independent of the intended application. However, widespread adoption of 
microsystems technologies such as Sandia’s SUMMITTM (Sandia Ultra-planar, Multi-level MEMS 
Technology) SSM technology will require more than a technology infrastructure - it will require a 
mass market for which the given technology provides a unique solution. In other words, before any 
microsystems technology can achieve its full potential, it will require a high-volume application that 
can sustain dedicated manufacturing. This is the other driver for Sandia’s SAMPLESTM (Sandia Agile 
MEMS Prototyping, Layout Tools, Education, and Services) Program. 

Sandia’s SAMPLESTM Program allows firms to cost effectively explore a sacrificial surface 
manufacturing platform for their own applications by submitting designs for fabrication in Sandia’s 
SSM technology. In addition, most creative developments require not only an available process but 
also a specific design. To enable others to effectively apply its sacrificial surface micromachining 
(SSM) technology, SUMMiTTM, Sandia National Laboratories not only developed manufacturing 
processes for microsystems but has developed the supporting design infrastructure for this new 

3 



three-dimensional medium as part of the SAMPLESTM Program. The result is truly “learning by doing” 

Desinn Tools: 

To enable widespread adoption of microsystems, Sandia’s SAMPLESTM Program has been 
developed to allow companies to design prototype devices for their intended applications. To support 
their ability to investigate potential products, we provide an easy-to-use design tool based on 
AutoCAD which specifically supports Sandia’s sacrificial surface micromachining process. As design 
cannot be separated from fabrication, we provide training in the fundamentals of the supporting 
fabrication technology as part of our series of short courses. The Sandia design package includes 2- 
D and 3-D visualization tools and a state-of-the-art design rule checking tool. The design package 
has been licensed to commercial software providers to extend this ability to as many potential user8 
as possible. 

Manufacturinn Technolonv Access: 

The main mechanisms for the transfer of technology from government research laboratories 
in the United States have been the Cooperative Research and Development Agreements (CRADAs), 
Intellectual Property Licenses (IPLs) and Work For Others (WFOs) agreements. These types of 
arrangements often work well for large firms but the high costs of negotiating such agreements has 
limited their use by small entrepreneurial enterprises. Within the last 20 years, evidence has 
appeared that suggests that small firms are better at commercializing disruptive technologies into 
discontinuous innovations thereby creating increased competition, better productlservice performance 
and greater economic benefits to society. Thus, the paucity of small firms involved in the transfer of 
technology from government labs to private sector firms is a cause for concern to the national 
laboratory community in the United States. 

Microsystems is essentially a new disruptive manufacturing base. Realizing the potential for 
major disruptive technologies to arise from firms of almost any size, academic institutions, other 
national labs and even individuals, Sandia decided to create a program that facilitated access for all 
these groups. Sandia National laboratories wanted to offer a pathway for the economic development 
of microsystems and so created a “leaming-by-doing” program, this program is called SAMPLESThf 
(Sandia Agile MEMS Prototyping, Layout Tools, Education, and Services). The SAMPLESTM Program 
allows firms to develop economical prototypes in Sandia’s sacrificial surface micromachining process. 
The technology that is the focus of SNL’s efforts is called SUMMITTM. SUMMITTM is a SSM 
manufacturing process technology that is used to create MicroElectroMechanical Systems (MEMS) 
from a silicon wafer base material utilizing standard semiconductor manufacturing tools and 
materials. 

SNL shaped this unique program based on the nature of disruptive technologies, the nature 
of firms that have been associated with the effective commercialization of disruptive technologies, 
and the nature of effective technology transfer processes. Specifically a system was designed that 
recognized the shortcomings in traditional technology transfer methods when dealing with a disruptive 
technology. In addition, the design of the program also acknowledges the superior performance of 
new, entrepreneurial firms in commercializing disruptive technologies. The result is a flexible 
technology transfer system that allows firms: 

1. Access to MEMS disruptive technologies in an affordable manner not possible through traditional 
technology transfer mechanisms. 

2. To cost effectively familiarize themselves with a disruptive technology learning process as much 
or as little as they desired on a very reasonable pay as you go basis. 
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3. To leverage their managerial competencies centered on commercializing disruptive technologies 
through a process of discontinuous innovation. 

4. To explore the commercial manufacturing potential of their own ideas. 

The resultant SAMPLESTM program provides participants access to the revolutionary, disruptive 
MEMS technologies developed at Sandia at a reasonable investment level. Participants attend short 
courses, design their own devices, and then have those designs fabricated in Sandia’s state-of-the- 
art fabrication facility. Keep in mind that even a minimally sized fabrication facility would currently 
cost at least $50 million to build. The typical sequence of participation in Sandia’s SAMPLESTM 
Program is shown in the flowchart below. 

rake the Introductory Short Coursd 
L 
7 

rake the Advanced Design Short Course( 
5 

rake the Reliability Short Coursd 
L 

/Design a MEMS Prototype for their specific applicatiod 
L - 

IHave an Agile Prototyping Module fabricated at Sandia’s fabrication faciliM 
1 

/Utilize other services such as testing, reliability analysis, failure analysis, packaging, etc] 

[License the fabrication technology for the producl 

Note that this seven-step technology familiarization process for MEMS is unique to Sandia National 
Laboratories. 

-L 

Infrastructure Tool DeveloDment: 

One of the hurdles that must be overcome in the “Visionary’s Dilemma” is infrastructure 
development in response to a new, novel technology. Sandia National Laboratories has a history of 
partnering with firms to make the microelectronic manufacturing tool base more robust. As 
characterized by the invention of the laminar airflow clean-room at Sandia National Laboratories by 
Willis Whitfield in 1960, Sandia has traditionally addressed new infrastructure needs as part of any 
new technology development. As a result, Sandia National Laboratories has been a leader in the 
infrastructure development for microsystems starting with the development of the base technologies 
and then with the necessary design, test and reliability infrastructure. 

Re1 ia bi litv: 

Sandia National Laboratories has always stressed reliability as a result of our responsibility 
for the nuclear weapons stockpile which requires incredibly high reliability for high-consequence 
applications. As might be expected Sandia is considered a world leader in reliability and 
microsystems are no exception. Reliability issues are addressed early whenever novel technologies 
are being considered for possible applications in defense systems. Sandia National Laboratories 
researchers have applied three basic principles that are the basis for reliability in many disciplines, 
especially semiconductor microfabrication to microsystems. Predictive reliability requires 
understanding the interplay of design, materials and operation within the application environment. 
Sandia develops and validates “physics-of-failure” models that allow prediction of failure for actual 
use based on these inputs. However, development of statistically significant data is aided by 
widespread commercialization of the underlying materials and fabrication methods. Thus, 
commercialization of Sandia’s SSM technology facilitates our need to develop statistically valid 
reliability data on the underlying technology. 
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As part of the development of the infrastructure needed to understand the reliability issues 
associated with MEMS technologies, we have developed the Sandia High Volume Measurement of 
Micromachine Reliability (SHiMMeR) system to volume test sacrificial surface micromachined 
devices. It was built to provide drive signals to large numbers of packaged devices as well as to 
optically inspect them for functionality. SHiMMeR is subdivided into an electrical subsystem that 
provides optimized electrical signals to the packaged parts and an optical subsystem that is stepped 
from part to part to inspect functionality. 

SUMMARY 

Microsystems is a revolutionary technology that is poised to emerge as a broad application- 
manufacturing platform, but first a key application must be identified which will be able to sustain high 
volume manufacturing. To address this “Visionary’s Dilemma,” access to a range of microsystems 
technologies is being made easier by Sandia National Laboratories and others. In addition to 
enabling the application of microsystems technology, the development of the corresponding 
infrastructure, including manufacturing, design and test tools as well as understanding the reliability 
issues related to microsystems is also critical to the broad-based acceptance of microsystems 
technology. Sandia National Laboratories in collaboration with its government, academic and 
industrial partners looks forward to assisting in enabling the widespread diffusion of these exciting 
new microsystems technologies. 
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