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ABSTRACT
A portable, autonomous,hand-held chemical laboratory

(pChernLabT~is being developedfor trace detection (ppb)
of chemical warfhre (CW) agents and explosives in real-
world environments containing high concentrations of
interfering compounds. Microfabrication is utilized to
provide miniature, low-power components that are
characterizedby rapid, sensitive and selective response.
Sensitivityand selectivity are enhanced using two parallel
analysis channels, each containing the sequential
connectionof a front-end sample collector/concentrator,a
gas chromatographic(GC) separator,and a surfaceacoustic
wave (SAW) detector. Component design and fabrication
and systemperformanceare described.

p CHEMLAB’M
Chemical detection for purposes of counter-terrorism

and nonproliferation is extremely challenging due to the
need for trace detection of target analytes in environments
containing more than 1000-fold higher concentrations of
interferants, To address these applications, Sandia is
developing a hand-held (palm-top computer sized)
autonomous system (pChemLabTM)for rapid (1 rein),
sensitive(1-10ppb),selectivedetectionof CW agents [1-3].

The pChetnLabTMincludes both gas and liquid phase
analysis modes; the former is described here, while the
latter is the topic of reference[4]. A diagramof the system
is given in Figure 1. Each of the two analysis channels
containsa preconcentrator(PC), a GC separatorand a SAW
array detector, all of which were designed and
microfabricated at Sandia (Figure 2). Commercially
availablediaphragmpumps and miniature valves are used.
Pattern recognition tools developed at Sandia are used to
analyze SAW array response data and identi~ detected
compounds[5].

The PC consists of a polymer-coatedmicrohotplate[3].
First, the analyte is selectively adsorbed on the coating.
Then, rapid, efficient microhotplate heating (200”C in 10
msec) is used to thermally desorb the target analyte.
Concentration factors of 100 for dimethyl methyl
phosponate (DMMP, a sarin simukmt) in air have been
demonstrated, while selectivity to xylene, a typical
interferant, is better than 25 to 1. The microhotplate is
fabricatedby back-side Bosch etching, stopping on a low-
stresssilicon nitride membranelayer [6]. Pt heater lines are
depositedand patternedon the front side of the membrane.
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Figure 1:Schematicof the gas-phase~ChemLabm.

Figure2: Proceedingclockwise,a U.S. dime (18 mm dia.),PC,
SAWarray detectorand GC column.

GC columns are used for temporal separation of
analytes, improving chemical discrimination. Conventional
GC systems use circular cross-section glass
microcapilhnies, which are not easily integrated in
miniature detection systems. In contras~ Bosch etching is
used here to etch GC columns in silicon [7]. The high-
aspect ratios afforded by this technique permit the
microfabrication of spiral columns with channels that are up
to 400 pm deep and 40 pm wide separatedby 40 pm thick
silicon walls. A 1 m long spiral with these typical channel
dimensions fits on a -1 cmz chip. An example of a
microfabricatedGC column is given in Figure 3. To form
closed channels, a Pyrex lid is anodically bonded to the
surface of the silicon substrate containing the etched
columns.

Stationary phase coatings are deposited on the GC
wallsby either conventionalpolymer solutiontechniquesor
sol-gel methods. The retention time of various analytes in
the stationaryphase determines the temporal separationof
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the 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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rnicrofabrication of the optical systems, and initial results from a complete integrated capillary channel
electrochromatograph using direct fluorescence detection of a dye.

2. DESIGN ANDFABRICATION

Two generations of optical systems have been designed and fabricated in this work. The first generation
design is shown in Fig. 1. In this design, the micro~optics are fabricated onto the same fused s;lica
substrate that contains the capillary channel. This has the advantage of requiring no alignment or
assembly steps for the optical system, exclusive of the VCSEL array and photodetector. The capillary
channels are formed by wet etching of the fused silica substrates prior to fabrication of the optical
surfaces. Typical channel dimensions are 10 microns deep by 200 microns wide. In this design, the
channels are sealed with a fused silica cover plate using photo-definable polyimide that is patterned on
both substrates to forma gasket around the channels and thermally bonded under pressure. The bonding
temperature is low enough for the bonding to be performed after fabrication of the optical surfaces.

VCSELS are used as the optical sources in these designs because the surface-emission and beam
properties are ideal for coupling into the free-space optical system and they are readily adapted to direct
surface mounting on the system. The VCSEL array is a 2 X 2 element array designed for flip-chip
bonding. Only one element of the array is coupled into the optical system. The VCSEL array is flip-
chip bonded onto a 2 X 4 mm fused silica submount that is in turn adhesively bonded to the cover plate
of the flow module. This assembly process was described in more detail in an earlier publication.’~ The
photodetector, covered by an interference filter, is mounted on the electronics subassembly that is
positioned above the optics and microfluidics module. Because the fluorescence signal is shifted only
30 nm longer in wavelength than the VCSEL pump beam, the high performance interference filter is
necessary to block scattered pump light. Appropriate alignment marks and a custom precision die attach
system provide for accurate alignment of the various subassemblies. The two microlenses are designed
for a wavelength of 750 nm and operate in reflection. The off-axis lens, with a diameter of 0.9 mm, has
a deflection angle of 45° to couple the VCSEL output into the substrate mode. The on-axis lens, with a
diameter of 2 mm, is an annular design that collects the fluorescence and directs it to the photodetector.
This lens is designed to collimate the fluorescence so that the interference filter will efficiently transmit
the fluorescence signal to the photodetector. The detector lens is very fast with a numerical aperture
(NA) of 0.5. Both lenses are computer designed Fresnel zone lenses, implemented in four phase levels
(two etch steps). Details of the fabrication process have been published by Wendt.’5 Additionally, two
thin film metal mirrors serve to maintain the substrate-mode propagation over the 6 mm center-to-center
length of the optical system. A photograph of the first generation optical system is shown in Fig. 2.
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Figure l. Schematic cross section aIongthe optical pathofthe first generation chemical analysis system. Theoff-
axis lens couples the.VCSEL pump beam into the substrate mode and two mirrors direct the beam to the capillary
channel. The annular collection lens collimates the fluorescence to the detector. Both diffractive optics are coated
with Au and operate in reflection.

F@ure 2. Photograph of the first generation diffractive optical system, viewed from an oblique angle.
Visible from left to right are the off-axis lens (dark oval), the two metal mirrors (bright ovals), and the
collection lens (annulus). The capillary channel is not shown.

The second generation design is shown in Fig. 3. In this design, the micro-opti~s are fabricated on a
separate fused silica substrate from the capillary channel. This modular design allows for more efficient
fabrication of the optical subassembly, in parallel with fabrication of the capillary channels, and can
incorporate disposable fluidics modules. The design allows for use of opaque flow channel substrates
with transparent covers. In this design the flow channels can be sealed by high temperature processes
prior to assembling the optical module onto the substrate, which the first generation design did not
allow. The VCSEL array is again flip-chip bonded to the 2 X 4 mm submount. The submount is then
adhesively bonded to a ceramic frame that provides the spacing to the first diffractive optical surface and
also provides the solder pads for wiring to the VCSEL array. The length of the optical system has been
reduced by almost a factor of two from the first generation design. Alignment of the various
subassemblies is accomplished similarly to that for the first generation. The two rnicrolenses are also
designed for a wavelength of 750 nm buinow operate in transmission. The off-axis lens, with a
diameter of 0.5 mm, has a deflection angle of 26.5° to couple the VCSEL output into the substrate
mode. The on-axis lens, with a diameter of 2.8 mm, collects and collimates the fluorescence to the
photodetector. The detector lens is again an aggressive design with a high NA of 0.78. The detector
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lens was implemented in two different versions. One is a conventional Fresnel element and the other is
an optimized design that iteratively varied the diffractive features while staying within the fabrication
constraints of our process. The optimized design resulted in a significant improvement in diffraction
efficiency.’G As above, both lenses are computer designed Fresnel zone lenses, implemented in four
phase levels. The fabrication process is very similar to that used for the first generation design. Also as
above, two thin film metal mirrors serve to maintain the substrate-mode propagation over the shortened
3.5 mm center-to-center length of the optical system. A photograph of the second generation optical
system, without any active components, is shown in Fig. 4.
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Figure 3. Schematic cross section along the optical path of the second generation chemic
The optical subassembly is now independent of the capillary channel, and the diffractive
transmission.
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Figure 4. Photograph of the second generation diffractive optical system, viewed normal to the surface.
Visible from left to right are the off-axis lens (small light circle), the two metal mirrors (black circles), and
the collection lens (large notched circle).

In both designs, fabrication of the optical surfaces begins with conventional optical lithography and
standard semiconductor processing to define three sets of Cr/Au alignment marks on the optically flat,
fused silica substrate. The different sets of alignment marks are used for electron beam lithography,
dual-side optical lithography, and for assembly of the subassemblies.
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The electron beam lithography ii performed on a JEOL JBX-5FE thermal field emission system
operating at 50 kV. Lithographic challenges of the microlenses include submicron features (O.15 pm
minimum lines and spaces), relatively large areas (l-3 mrnz), and an insulating substrate (fused silica).
These challenges are met by utilizing optimized electron beam lithography processes.” While this is not
a low-cost technique, it is the most efficient and flexible during the development phase. Once a design
of the optical subassembly is finalized, it should be possible to substitute a fabrication technique for the
lenses or for the entire optical subassembly that is more suitable for low cost, mass production. Possible
techniques include plastic injection molding’s or embossing.’g

3. EXPERIMENTAL RESULTS

Characterization of the first generation optical subassembly began by testing the module independently
of the other subassemblies to confirm that the optical design performed as expected. First, the output
characteristics of a flip-chip mounted VCSEL was measured. Then, that same VCSEL was mounted
onto the fused silica substrate containing the optical system. By coupling the laser excitation beam from
the substrate surface (where it would ordinarily be incident on the channel) with an index-matched 45°
prism, the pump beam power after transmission through the optical system was measured. The overall
efficiency of the excitation part of the optical system is measured to be at least 3790. In the first
generation device, direct measurement of the diffraction efficiency of the reflective collection optic was
not performed. While the maximum possible first order efficiency of a [low NA] four-level diffractive
optic is predicted by scalar diffraction theory to be 81%, it is expected that the very fast detector lens
used in this work will have a lesser maximum efficiency, even before accounting for imperfections in
fabrication.zo The transmissive collection optic of the second generation design was characterized for
diffraction efficiency. The conventional Fresnel element has a diffraction efficiency of 46% and the
optimized design has 58% efficiency. The efficiency of the laser excitation optics of the second
generation system has not been measured yet.

The complete first generation system, including VCSEL, channel, and photodetector, has been tested
using fluorescence detection with a 750 nm VCSEL pumping a dilute solution of CY-7 dye. Collected
fluorescence was measured first with only the buffer solution in the channel. Then a 10AM solution of
CY-7 dye was introduced through the channel and the resulting fluorescence signal measured. The ratio
of these two signal levels gives a signal-to-noise ratio of 100:1. This demonstrates that despite the
compact size of the optical system, thebackground signal from scattered pump light is low. This
analysis system is ultimately designed for indirect fluorescence detection of explosives and related
degradation products. Experiments with explosive related chemicals using conventional capillary tubing
have shown that a 10-5M solution of CY-7 dye will be adequate. An open channel separation of CY-7
was also performed with the first generation system. A three-peak fluorescence signature corresponding
to the molecular components of CY-7 is shown in Fig. 5.

Development of the capillary channel separation process has been proceeding independently of the
optical system. Electrophoretic separations and indirect. fluorescence detection have been performed in
fused silica channels on a sample containing eleven explosives and degradation products. These
separations utilized an off-chip pump and photodetector setup. Nine of the eleven chemical constituents
were identified in less than one minute.2’ It remains to perform a separation and analysis of a real
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sample on the fully integrated system. This will most likely be performed using the second generation
optical subassembly, the assembly and test of which is in progress.
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Figure 5. Open channel separation of a dilute solution of CY-7 dye showing separation into components on
a timescale of a few minutes. Data was obtained with the first generation micro-optical system.

4. #UMMARY
/

We have described a highly integrated miniature chemical analysis system in the form of a compact
capillary channel electrochromatograph with on-chip fluorescence detection. The use of high
performance diffractive microlenses enables achievement of extremely compact and reasonably efficient
optical detection subassemblies. The use of microfabrication techniques for the bulk of the optical
system provides inherent alignment and offers the possibility for economical mass production.
Alignment of the subassemblies for assembly into an integrated microsystem is performed on a custom
die attach apparatus, making use of lithographic alignment marks included on each subassembly. Tests
of the first generation design using fluorescence detection with a 750 nm VCSEL pumping a 104 M
solution of CY-7 dye show a signal-to-noise ratio of better than 100:1, demonstrating that the
background signal from scattered pump light is low despite the compact size of the optical system. An
open channel separation of CY-7 dye has also been performed, further demonstrating the functionality
of the overall system. The successful demonstration of two generations of optical subassemblies and the
incorporation of the first generation design into a functional miniaturized chemical analysis system is a
significant step forward along the path to an affordable, hand held chemical analysis system.
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