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ABSTRACT 

iNEMI has been developing a roadmap of technology and business evolution and gaps for MEMS for 5 years. An in 
depth look at the roadmap of MEMS requirements for the next 10 years, indicated it was time to engage key industry 
players and as a result led to iNEMI holding two workshops. Feedback from these workshops led to iNEMI two 
collaborative projects in MEMS. One project addresses the lack of an optimized reliability testing methodology and 
the second collaborative project is addressing the development of data sheet specifications for testing of inertial 
sensors. Additionally, iNEMI has a third team that is working on defining key opportunities that will help enable the 
rapid growth of MEMS manufacturing in the next 10 years. This collaborative team of industry and academic players 
will address three primary areas which include the development of key industry/academic partnerships, government 
funding of MEMS R&D, and the development of education/ curriculum that is needed to deliver large volumes of 
trained expert technicians and engineers. In this paper, we discuss the MEMS roadmap and the collaborative 
projects that are working on key industry challenges that must be overcome for the volume scaling needed to 
support market demand. 

 

1. INTRODUCTION 

Gordon Moore wrote: “The complexity for minimum 
component costs has increased at a rate of roughly a 
factor of two per year.  Certainly over the short term this 
rate can be expected to continue, if not to increase.” [1] 
This trend has been the predominate path for 
semiconductor technology. A growing trend in 
manufacturing concerns the integration of functional 
diversity into chips.  This path of integration is now 
commonly referred to as More-than-Moore. 

A major challenge to roadmapping MEMS technology 
has been the diversity of applications for MEMS, which 
include pressure sensors, ink jet printer cartridges, 
accelerometers, digital light projectors, bolometers, gas 
sensors, surgical tools, microphones, portable medical 
diagnostic systems, and more.  Furthermore, 
manufacturers had supported a long history of the one-
device one-application paradigm where each device had 
a unique design and a unique manufacturing process.   
In contrast, the ITRS organization has a specific focus: 
roadmapping the technological growth of the 
microprocessor and memory.  Though there had been 
much thought within the ITRS on the evolution of 
Moore’s Law to include More-than-Moore functional 
diversity, there were still many questions concerning how 
this would be accomplished for a technology as diverse 
as MEMS.   

The iNEMI MEMS Technology Working Group (TWG) 
that writes the iNEMI chapter on MEMS chose to align 
its effort towards MEMS technologies that support 
“mobile internet devices.” The thinking behind this 
strategic focus is well exemplified in Figure 1, which 
graphically depicts the evolution of the computer from 
mainframe to mini, PC, desktop, and the new mobile 
Internet devices. (source: 2009 Morgan Stanley 
Estimate)  The adoption of this strategic focus for the 
MEMS TWG’s roadmapping effort was a key to reaching 

the buy-in, both within the ITRS and with the MEMS 
industry, for moving forward. 

 

 

Figure1 Illustration of the time evolution of the PC  

 

2. QUANTIFIED KEY ATTRIBUTE NEEDS 

2.1 Accelerometers: 

3-axis accelerometers are continuing rapid incremental 
improvement in performance and reduction in package 
size. Methods for advancing the performance of the 
discrete accelerometers, e.g., resolution, bias, drift, and 
power consumption, exist and are being optimized. The 
challenge, however, is to meet the cost reduction and 
package size requirements.  There is a trend in the 
inertial sensor industry for smaller, lower power and 
lower cost products.  This puts a higher burden on final 
test costs to be reduced further.   
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Table1 Accelerometers Testing 

Year of Production 2013 2015 2017 

Wafer 
Level 

Probe 
Resources  

<10 
probes/die 

<10 
probes/die 

<10 
probes/die 

Probe 
Resources 

Up to 4 dies 
in parallel 

Up to 6 dies 
in parallel 

Up to 8 dies 
in parallel 

Capacity 50M /yr 75M /yr 100M /yr 

Cost $400K $500K $600K 

Device 
Level 

Fixture 
Resource 

<20 pins/ 
device 

<20 pins/ 
device 

<20 pins/ 
device 

Parallelism 8 min/yr 16 min/yr 32 min/yr 

Capacity 50M /yr 75M/yr 100M /yr 

Cost $1.25M $1.5M $2.0M 

 

2.2 Gyroscopes: 

Similar to accelerometers, 3-axis gyroscopes are 
continuing the incremental improvement in performance, 
and a continuous reduction in package size.   Methods 
for advancing the performance of the discrete 
gyroscopes, primarily for resolution, exist and are being 
optimized. The challenge, however, is to meet the cost 
reduction and package size requirements. 

Table2 Gyroscopes Testing 

Year of Production 2013 2015 2017 

Wafer 
Level 

Probe 
Resources  

<20 
probes/die 

<20 
probes/die 

<20 
probes/die 

Probe 
Resources 

Up to 4 Up to 6 Up to 8  

Capacity 50M /yr 75M /yr 100M /yr 

Cost $400K $500K $600K 

Device 
Level 

Fixture 
Resource 

<20 pins/ 
device 

<20 pins/ 
device 

<20 pins/ 
device 

Parallelism 8 min/yr 16 min/yr 32 min/yr 

Capacity 50M /yr 75M/yr 100M /yr 

Cost $1.25M $1.5M $2.0M 

 

2.3 Inertial Measurement Units: 

MEMS Inertial Measurement Units (IMUs), with tri-axis 
accelerometers, tri-axis gyroscopes, tri-axis 
magnetometers, and a pressure sensor, are expected to 
reach 10 DOF in the package by 2014, moving on to 
integration at the wafer-level and/or chip-level by 2015. 
In the short term, there are manufacturing capabilities for 
the production of the devices. 

The biggest challenges in the RM time window for these 
devices will be testing. There are some interim methods 
for testing multimode 10 DOF MEMS integrated at the 
package level, which are based on measurements of 
known good die, however, there is still great concern 
about the device yield issues of this approach. This 
problem worsens by 2017, where there are no available 
methods to test wafer-level and/or chip level integrated 
10 DOF multimode sensors within the targeted cost 
requirements. 

MEMS test handler companies are addressing the need 
to reduce the cost of test by trying to combine several 
different axes of testing into the same stimulus, to 
reduce the test and handling time.   This is needed for 
9DOF and 10DOF products. 

Table3 IMU Integration Path (10 DoF = 3 axis) 

Year of Production 2013 2015 2017 

Integration path at the 
package level 

9 DOF 10 DOF 10 DOF 

Integration path at the 
chip level 

Integrated 9 
DOF 

Integrated 
10 DOF 

Integrated 
10 DOF 

 

2.4 MEMS Microphones: 

MEMS microphones will see rapid performance 
increases, especially for signal to noise ratio, frequency 
response, and current consumption. Multiple 
microphones are required around the mobile devices for 
functionality. For this reason, there is not a pull to 
integrate multiple microphones in a single package or to 
integrate them together with other sensors. Instead, the 
push is for developing digital I/O interfaces to reduce 
noise over long signal lines. Thus the key challenges  for 
microphones is moving in the direction of advancing 
ASIC and I/O functionality, the details of which may have 
commercial advantage implications and IP, and thus are  
not openly discussed.  Issues on cost and capacity are 
outlined in Table 4. Technical issues related to testing 
include: 

 Testing microphones at the individual device or 
component level does not guarantee similar 
performance once the microphones are integrated 
into the system.  This is one of the issues that 
differentiate testing of MEMS microphones from 
inertial sensors.   

 Methods are needed to test microphones out to 20 
kHz in the production environment and to test high 
Signal to Noise ratios (68 – 69 db) that can be 
carried out in the high noise levels of the 
manufacturing environment. 

 Industry has to test 100% of the microphones in 
order to get the required ppm quality level.   

 As MEMS microphones become integrated with 
more functionality, including adaptive processing 
such as automatic gain control, directivity, and noise 
cancellation, testing becomes more challenging.  
Testing these functionalities requires additional 
parameters including multiple input levels, spatial 
position, and time. 

Table4 MEMS Microphone for Smartphone and Tablet 

Year of Production 2013 2015 2017 

Parallelism 8 min 16 min 32 min 

Cost $1.25M $1.5M $2M 

Capacity 50M/Yr 75M/Yr 100M/Yr 

Note: Device Level Testing 

 

3. TECHNICAL NEEDS for TESTING 



Testing MEMS devices is complex, requires 
sophisticated approaches and entails various 
challenges. The testing of these sensors involves a 
series of steps including calibration and validation, which 
in turn require applying external physical stimulus to 
perform both parametric and functional testing. Each 
class of device not only needs a test system capable of 
providing the required stimuli, but the physics of the 
stimulus, how it affects the device, and how data is 
processed and analyzed are key functions of these 
systems. With these features in mind, modular systems 
which can be expanded from very small volume 
engineering evaluation into high volume production 
automatic test equipment (ATE) systems is the direction 
the MEMS test industry is evolving towards today. 

In order to meet the high volume and low cost 
requirements that are driving the MEMS market, the 
industry is undergoing a self-assessment in terms of how 
to reduce cost and become profitable. Capital equipment 
expenditure and test times are among the major drivers 
of the final device test costs in terms of cost/device, 
implementation of the design for testing philosophy has 
become a focal point for MEMS manufacturers. This 
philosophy is defined by design techniques, which add 
testability features to products, which in turn enable 
more efficient development and final product testing. 

3.1 Cost of Test: 

The cost of testing continues to increase yet the price of 
the finished devices is expected to fall - a non-
sustainable situation. MEMS devices require not only 
electrical tests, but also need to be stimulated 
mechanically “shaken, rattled, and rolled”. These added 
requirements result in expensive handlers added to the 
automatic test equipment that provide stimulus and 
monitor response of the devices. These handlers tend to 
be customized for each manufacturer. Standardizing the 
handlers and the test methods may lower costs 
considerably. The cost of testing is also influenced by the 
requirements for tests by the customer, which add 
expense but may not add any value. Standardizing tests 
on product performance, reliability, and device data 
sheets can also significantly reduce the cost of testing. 

3.2 Wafer-level Testing: 

Testing of integrated 10 DOF multimode MEMS sensors 
has no known solutions, and it is not clear that solutions 
can be developed using the standard approach, which is 
to conduct the testing at the end of the manufacturing 
process (device-level testing). A possible solution may 
be to move as much of the testing as possible to the 
wafer level. This will require knowledge and predictive 
models of and/or eliminate effects from assembly and 
packaging so that information from wafer level testing 
can predict the final packaged device performance. The 
goal would be to make the final tests of the finished 
device a simple verification of the expected 
performance. Wafer level testing should also be used to 
feed data forward in the process to the product designer, 
to improve designs and thus product yields 

3.3 Design for Test: 

This is also referred to as self-test/self-calibration. There 
is presently a lack of know-how for designing for 
testability and methods for self-test/self-calibration that 
can reduce the burden of test at the back end of 
manufacturing. Since design for test is very application 
dependent, methodologies will need to be developed for 
each device technology. 

3.4 Accelerated Reliability Test Methods: 

There is a continuing need to extend knowledge of the 
physics of failure of MEMS devices. Extending 
knowledge of the physics of failure will enable reliability 
testing methods that improve device reliability. Specific 
knowledge of device reliability metrics and test methods 
resides in companies, but this information is not typically 
shared because it can be a commercial advantage to the 
company to keep it secret. An option is to share the 
information that exists, evaluate gaps, and support 
collaborative R&D on developing knowledge on those 
key gaps or areas that require it. Then, this knowledge 
can be applied to the development of standardized 
accelerated reliability test methods. 

 

4. CRITICAL ISSUES 

4.1 MEMS Reliability Methodologies: 

While MEMS devices are manufactured using 
predominantly standard semiconductor processes, they 
bring with them their own set of reliability considerations.  
In addition, several MEMS process technologies and 
packaging solutions are currently in use, each with their 
own subset of reliability considerations.  However, few 
industry standards are available to provide qualification-
planning guidance to designers, manufacturers, or 
users.   Reliability testing that is currently specified is 
often based upon the analogous ‘macro’ semiconductor 
technologies that are being displaced by MEMS devices. 
The relevance of the test methods, failure mechanisms, 
and/or acceleration models for these tests while 
applicable to semiconductors, are often not directly 
relevant to MEMS.  The MEMS reliability testing may be 
based solely upon semiconductor specifications, which 
do not encompass all of the failure mechanisms 
associated with MEMS.  These MEMS devices are 
susceptible to a new set of failure mechanisms. An 
industry consensus on the key failure mechanisms 
would lead to the crisp test suite that aids in qualification 
planning, and thus improve the consistency, efficiency, 
and effectiveness of reliability testing for MEMS devices. 

4.2 Standard Specification for Data Sheets: 

The need for a uniform set of standardized tests and 
terminology for specifying device performance has been 
well documented in a report by NIST, for the MEMS 
industry.  The issue is that lack of testing standards has 
a negative indirect effect on the business of MEMS at all 
levels of the value chain.[2]  The report found that it is 
common practice for systems integrators to retest 
devices to understand and compare device 
performance.  The specifications reported in the data 
sheets are determined by nonstandard protocols and 



definitions, and are also often reported using different 
units and metrics.  The back-end of MEMS 
manufacturing composed of assembly, packaging and 
test, can consume >50% of the total MEMS  
manufacturing cost, of which half of that is consumed by 
testing [3].  The recent growing demand for MEMS 
sensors for all kinds of new applications also means that 
there are many new systems-level customers who may 
also not have any in-house expertise in MEMS.  This all 
leads to poor and inconsistent communication and loss 
of time and money by device manufacturers and their 
customers. 

The basic problem is that there is a lack of uniformity of 
tests and terminology for specifying device performance 
in the data sheets. Systems integrators must retest 
devices to understand and compare device performance 
between manufacturers.  Device manufacturers must 
retest and report the performance of their products to 
follow the custom requirements of their customers who 
often have no in-house expertise in MEMS. 

 

5. iNEMI COLLABORATIVE PROJECTS 

An in depth look at the roadmap of MEMS requirements 
for the next 10 years led to iNEMI holding two 
workshops that were each attended by  a cross section 
of 25-35 key suppliers and research institutes in the 
supply chain for MEMS. The purpose of those 
workshops was to get key industry players to dig into the 
these gaps and then identify critical opportunities for 
collaboration on MEMS that would help address some 
key industry challenges that enable the delivery of cost 
effective high reliability devices in the future. Two 
projects were identified from these workshops. 

5.1 Optimized MEMS Reliability Testing Project Goals:  

The purpose of this project is to facilitate the 
development of industry consensus documents for the 
reliability testing considerations for the qualification of 
new inertial MEMS devices, and associated major 
product and process changes.  This project should be a 
model for performing the same task for other MEMS 
devices and technologies. 

JEDEC JESD-47 and JESD-94 serve as models for the 
types of industry documents that should be developed 
upon the conclusion of this project.  Appropriate 
standards bodies should be identified during the course 
of the project. 

Business Impacts: This project will serve as a baseline 
for the development of industry consensus standards for 
the qualification planning and testing of new MEMS 
devices and major product or process changes.  In the 
end, industry standards will provide the framework for 
discussions between MEMS device suppliers and their 
customers, and should provide the rationale for the 
inclusion or omission of various reliability stresses for the 
qualification of devices into various end use 
environments.  This will reduce the time and costs 
associated with the execution of unnecessary reliability 
testing, and ensure that appropriate reliability stresses 

are considered to ensure the long term reliability of the 
devices in the respective end use environments.  The 
demonstration of the reliability of MEMS devices in 
various end use environments by means of accepted 
industry standards may even open the door to new 
applications for which MEMS are not currently serving 
due to questions of reliability. 

5.2 Standard Specification for Data Sheets and 
Terminology; Project Goals:  

The purpose of the project will be to identify a common 
set of practices and terminology to improve 
communication between the device manufacturers and 
their device integrators thereby saving time and money. 
The project will focus on MEMS accelerometers and 
consider expanding the effort to MEMS gyroscopes and 
inertial measurement units (IMUs).  The project will 
include the collection of current practices for defining 
device performance specifications of MEMS inertial 
sensors, and will identify opportunities for developing 
consensus for the use of common practices. One 
outcome of the project will be to identify opportunities 
and gaps that can be addressed in follow-on projects. 

Business Impacts: Common set of practices and 
terminology will improve communications between 
device manufacturers and systems integrators. This will 
reduce cost by eliminating redundancy (e.g. testing at 
outgoing and incoming) and improved efficiency and 
accelerate new product introductions by streamlining 
acceptance and avoiding re-test. By providing possible 
refinements for testing at the process level, it helps 
systems designers by facilitating cost/performance 
trade-offs during design phase and foster innovation by 
providing clear requirements to R&D orgs. 

 

6. SUMMARY 

iNEMI has been developing a roadmap of technology 
evolution and gaps for MEMS for 5 years.   

This roadmap addresses issues that are coming out of 
the road mapping effort through the development of 
iNEMI Projects.  One project addressing the need for a 
uniform set of standardized tests and terminology for 
specifying device performance has been documented by 
iNEMI.   A second project relates to the need for industry 
standards to provide qualification-planning guidance to 
designers, manufacturers, or users.   MEMS reliability 
testing as currently specified is often based upon the 
analogous ‘macro’ technologies; however MEMS 
devices are susceptible to a new set of failure 
mechanisms.   

An industry consensus is required to improve 
consistency, efficiency, and effectiveness of reliability 
testing for MEMS devices. Then, the collaborative 
approach is the best approach to industry-wide 
solutions. 
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