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The I.nmortance of Federal R&D in Tockw’s
Economic Environment.

Many important products and technologies were
developed in federal laboratories and were driven
initially by national needs and for federal
applications. For example, the clean room technology
that enhanced the growth of the semiconductor
industry was developed at Sandia National
Laboratories (SNL) decades ago. similarly,
advances in micro-electro-mechanical-systems
(MEMS) -an important set of process technologies
vital for product miniaturization - are occurring at
SNL. Each of the more than 500 federal laboratories
in the U.S., are sources of R&D that contributes to
America’s economic vitality, productivity growth
and, technological innovation.

However, only a iiaction of the science and
technology available at the federal laboratories is
being utilized by industry. Also, federal laboratories
have not been applying all the business development
processes necessary to work effectively with industry
in technology commercialization. This paper
addresses important factors that federal laboratories,
federal agencies, and industry must address to
translate these under utilized technologies into
profitable products in the industrial sector.

Industrial Collaborations: a WIN-WIN for Industrv
and Federal Labs

In 1980, Congress enacted the Stevenson-Wydler
Technology Innovation Act thereby making tmnsfer
of fede@ technologies to industry, States and
localities’ a mtional policy. To finther encourage
technology transfer from Federal Laboratories,
Congress amended the Stevenson-Wydler AcL in
1986, authorizing federal laboratories to enter into
cooperative research agreements with industry,
universities, and others. Concepts such as: Model
Agreemen~ Joint Work StatemenC Approval Process,
Intellectual Proper&y Rights and Protectio% and
fimding mechanisms evolved. Much progress has
been made for transferring lmowledge and

technology, however, opportunities for improvement
remain in such areas as: business development
technology maturation and R&D investments with a
commercialization focus.

In 1989, the National Competitiveness Technology
Transfer Act provided for contractor-operated federal
laboratories like Sandia National Laboratories to
enter into cooperative research and development
agreements (CRADAS). CRADAS allow labs to
protect intellectual property when working jointly
with industry.

More recently, in 1999, Neal Lane, Assistant to the
President for Science and Technology, issued a call
for papers to identify priorities for reforming Federal
policy to enhance innovation. Congress and the
Executive OfKces of the Federal Laboratones
recognize the importance of private-public
partnerships to innovation and economic
competitiveness. These partnerships offer advantage
to both the private sector and federal laboratories.

Indu@ismkrpwmreto mluecosts, during a time of
increasing technical change. It is impossible for
companies to conduct all R&D internally. And
innovation has been shown to be a source of
competitive advantageti. Business development
processes are key to obtaining the competitive
advantage that technological innovation can offer.
The combination of competitive pressures for
innovation and cost reduction opposing innovation
favors partnerships, acquisitions, mergers and
collaborations with Federal Laboratones.

Federal laboratories need partnerships with industry,
because their R&D budgets are insufficient to
maintain the capabilities they desire. Both the
national economy and national defense benefit from
policies and mechanisms that facilitate indushy and
the Federal Laboratories working together.
Consequently, we offer a model for business
development within a federal R&D facility.
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency ofthe United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.
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DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.
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GRATING ACTUATION RESULTS

The individual diffractive elements of the Polychromator
grating are actuated electrostatically. Beam deflection depends
on the applied voltage, electrode length, distance between
support posts, beam thickness, residual stress, and flee-space
gap. Combinations of mask design and process parameters are
selected to result in structures which maximize travel while
maintaining moderate actuation voltage. The vertical position
of each element is determined by the applied voltage. To
evaluate fabricated devices, interference microscopy is used to
measure vertical movement of individual beam elements as
shown in Figure 6. Using this technique, the deflection of each
beam is measured as a Iimction of applied voltage. Results for
several grating element designs are shown in Figure 7.
Measured maximum beam deflections for these devices are nearly
the full gap of lsvo microns, and pull-in occurs at voltages
ranging from 65 to 110 volts, depending on device designs.

OPTICAL OPERATION AND
SYNTHETIC SPECTR4

When infrared radiation strikes a grating, the phase shift of
the wavefiont on reflection finm a given diffractive element
depends upon vertical position of that element. The diffracted
radiation is the sum of the wavefronts diffracted fium the
individual grating elements. Since the vertical position of the
elements of the Polychromator grating can be controlled by the
voltages applied, it is possible to program the Polychromator
grating to difflact infrared radiation in a desired manner. A
spectral design algorithm has been developed that calculates
the displacement profile for the diffractive elements that will
generate desired spectra at a specified angle[2]. This algorithm
can be used to design novel diffraction gratings that are
complex spectral filters with any spectral content desired. They
can ‘be used to synthesize the absorption spectra of specific
molecules [3] and to function as the reference spectra in a
programmable comelation spectrometer [2]. More complex
spectral designs can be used to enable real-time multi-variate
analysis which can distinguish between chemical species with
overlapping spectra. This development extends the application
of diffractive optics from spatial-domain optical processing into
the spectral domain.

For the Polychromator grating, the spectral design
algorithm was used to design the deflection profiles required to

produce desired spectra in the 3 – 5 pm wavelength regime.
Using measured voltage/displacement data for the grating such
as those shown in Figure 7, the deflection profile was converted
to a set of voltages that are applied to the groups of elements.

We have for the first time generated synthetic spectra with
a programmable MEMS diffraction grating. Two such designed
spectra in the infrared are shown in Figure 8; their designs and \
use in detection of COZ will be described in the following
section.

CORRELATION SPECTROSCOPY AND
GAS DETECTION

A comelation spectrometer comelates the spectrum from a sample
with a reference spectmm, providing sensitivity and specificity,
fast response, and mechanical and optical simplicity. The need
for a reference cell containing a sample of the target species
limits its usefulness. It is awkward to change target species by
changing the reference cell,. and the technique is impractical for
transient or highly toxic chemical species. In addition, a large
amount of background light is transmitted in spectral regions
with no optical absorption, adding to the background level
without contributing to the desired signal. Use of the
Polychromator grating to generate the reference spectrum

enables programmable detection of specific gases species
including transient and toxic species. Furthermore, the
Polychromator grating can be programmed to produce the
complement of the optical absorption spectrum of the target
species to be detected. This removes the light transmission at
frequencies with no optical absorption, thereby enhancing the
signal-to-background ratio.

The optical layout for the correlation spectrometer is
shown in Figure 9. The infrared source is an 1lOOK black body
with the light passing through a 10 cm gas cell. The light is
collected by a CaFZ lens and focused on the entrance s1it.
Subsequently, the light is recollimated by a spherical mirror
and directed onto the Polychromator surface. The diffracted
light is collected at the desired angle by another flat mirror and
then focused on the exit slit. The detector is a liquid-nitrogen-
cooled iridium antimonide detector (EG&G Optoelectronics).
A high-voltage analog driver instrument (HVADI), custom
designed by Digital Designs and Systems, Inc. (dideas.tom),
serves as the drive electronics for the Polychromator. The
HVADI provides 128 control lines, each capable of delivering
O– 200 volts. The HVADI’S microprocessor and RS-232 port
allow for control of the instrument and for up-loading of files to
generate various grating profiles. The HVADI can modulate the
Polychromator by switching between two such profiles – a
requirement for correlation spectroscopy.

The rate of switching between the two grating profiles can
be varied. A flat response is observed for frequencies below 2
kHz with roll-off at higher tlequencies. Since the resonant
frequency of the beams is in the tens of kHz range, we believe
the roll-off is associated with either an RC time constant formed
by the capacitance of the beam and the resistance of the lead
providing the voltage, or the current capacity of the instrument
driving the beams.

The hvo synthetic spectra shown in Figure 8 were
designed for the detection of CO?. The solid line is a bandpass
centered on the COZ absorption band at 2350 cm-’, while the
dashed line is a double bandpass that samples bands on either
side of the COZ absorption line. The integrated intensity of the
transmitted light for the two spectra is designed to be equal.
Switching between these two profiles generates a modulated
signal only if COZ is present in the gas cell. The modulated
output from the detector when the gas cell was alternately filled
with pure nitrogen and 1000 ppm of COZ in nitrogen is shown
in Figure 10. This is the first demonstration of gas detection by
correlation spectroscopy using synthetic spectra generated by
the programmable Polychromator grating.

The fact that the 1024 beam elements are hard wired in 128
groups of eight lines has two important effects on device
operation. First, as already stated, there is a reduction in device
yield. The results shown here are from a grating with only 257.
of the sets of 8 beams functional. The fact that successful
synthetic spectra and chemical detection could be performed
with such a device demonstrates the robustness of the
Polychromator against localized defects. When all 1024 lines
can be independently actuated, fictional beam yield will
increase significantly because an isolated fault will no longer
affect 8 beams. It is estimated that the diffraction efficiency
increases as the square of the number of functional elements.
Thus, a considerable improvement in performance is expected for
a completely fictional device.

A second effect of the hard wiring is that the periodicity
imposes a sampling in wavelength space for the synthetic
spectra, limiting somewhat the spectral features that can be
implemented. This limitation will be removed when a
packaging scheme capable of driving all 1024 lines is
implemented.
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CONCLUSIONS

We have demonstrated the Polychromator, a programmable
MEMS diftlaction grating capable of generating synthetic
spectra. The innovative electromechanical design of the
electrostatically controlled grating elements uses leveraged
bending to allow controllable actuation over the nearly the fill
gap. Fabrication utilizes multilevel polysilicon surface
micromachining. A design algorithm is used to calculate the
displacements of the grating elements that will create a desired
diffraction spectrum, along with the voltages required to create
these displacements. Synthetic spectra have been generated as
designed in the 3 - 5 pm wavelength regime. Two such
designed spectra have been used to detect C02 in the first
demonstration of correlation spectroscopy using synthetic
reference spectra generated by a programmable MEMS device.

The Polychromator concept will lead to an instrument for
stand-off detection of many chemical species. Advantages
include electronic programmability, specificity to the desired
species and immunity to interference, and fast response, in a
miniature, rugged, low-power instrument.

Future efforts will include improvements to grating element
yield to improve diffraction efficiency, and development of
Polychromator gratings and control electronics offering
individual control of 1024 grating elements for improved
spectral resolution.
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Figure I. View of Polychromator grating beam structure in
cross-section for unactuated state (B is the doubly-supported
beam length, E is the length of one actuating electrode, L is
the ground pad length, and G is the lower and upper free-
space gap).
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Figure 2. View of beam structure in cross-section for
actuated state The lower beam undergoes bending, while the
top mirror beam remains jlat and dejlects vertically (D is the
vertical displacement from the original position when voltage
V is applied to the actuating electrodes.

Figure 3. SEM of MEMS grating showing the double beam
design, support structure, interconnects, and electrodes.

3. M. B. Sinclair, M. A. Butler, S. H. Kravitz, W. J. Zubrzycki
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Figure 4. SEM of the edge of a MEMS PoIychromator grating
showing interconnects, lower bending beam, and upper

mirror beam. Beam widths are 10p, and they extend 1 cm in
length.
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Figure 6. Fringe shlj4 of actuated beam using interference
microscopy.
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Figure 7. Displacement (pm) versus actuating voltage (~ for a
variety of grating element
indicate the beam length to
in microns for each design).
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“igure 8. Spectral transmission oj”the Polychromator jor tt e
hv; grating- projiIes used for COZ detection. The solid line
sDectrum matches the COlabsorvtion at 2350 cm-’, while the
;ouble-bandpass dashed line sp;ctrum samples an equal area
outside the CO1 absorption. These spectra were measured with
a Nicolet 750 FTIR spectrometer.
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Figure 9. Diagram showing the optical conj7guration of tile
Polychromator-based correlation spectrometer. Further
details are given in the text.

Figllre Ill. Response of the correlation spectrometer to i 00

ppm-meters of COZ admitted and purged from the gas cell 3
times.


