Chemical sensing using nonoptical microelectromechanical systems
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Micromachining is a technology that miniaturizes mechanical sensors and actuators through the use
of tools and materials commonly used in the integrated circuit industry. The physics of the devices
formed in this way are sometimes similar and sometimes different to achieve the same functionality
of current macroscopic devices, but in sizes that are hundreds or thousands of times smaller. This
article will discuss a few chemical detectors being developed as examples of the application of
microelectromechanical systerfMddEMS) for nonoptical laboratory instruments. In this article, we

will report on the development and demonstration of two approafpesdrupole and magnetic
Lorent? to fabricate amass filteras part of a mass spectrometer. This article is not meant as a
review of the field of MEMS chemical sensors, but rather a tutorial on how miniaturization is
achievable through the use of MEMS fabrication techniques for mass spectrometef9990
American Vacuum Societ)S0734-210(199)15604-3

I. INTRODUCTION chemical detectors, but have in the past been limited to labo-

One of the dreams of microelectromechanical system atory use. Conventional mass spectrometers are bulky

(MEMS) is to perform complex functions, such as those ench-top or Iarge}r the_y are h(_eavj>50 kg), power hun-
gry (>1 kW), require highly trained technical personnel to

found in various life forms, on a silicon chip. This dream is . .
possible due to the reduction in size of patterns that intepperate, and interpret the resuits and expensi10,000.

grated circuit(IC) lithography tools can make<0.25 um), Thde cn;czl com{Joner_ns of {nassla%()ectrpmege_rs haye been
the complexity and speed of digital circuitry, and the under- couced down 1o micrometer ( size dimensions

standing of material properties on the microscale level. DUémhirc(:)rL:)?r?]aléiienisf f'ggarg;ig n:éifs'gggu'rmlgh;%rgﬁ?; tﬁgge
to the use of IC lithography, miniaturization of devices is 9 P ) 9

possible, such as the air bag sensor in modern automobile%e.or:]’ﬁ?hegtslévggrﬁjgItrg:jS;:;'ﬁ;szli;:evnv]éica:ndetg:\}gn ;X;
One of the abilities of living creatures that has gained a high ' gnt. p '
emphasis in the microelectronics/MEMS arena is the sens

of smell, i.e., the identification of molecules due to theird monstration of tw roaches to fabricata filt
interaction with other molecules and surfaces. emonstration of two approaches {o Tabricateass Tilteras

Current low-cost chemical sensors are generally speciﬁ?n eil:ltiz;)tfu?izr:\filsi issnggic; r\rl]aekt)‘laer.tggi ar:tltﬂg Iussz E)l;tclilzléll\/losn fggw
in their detection capability, necessitating use of multiple g

. . . . . _rication techniques for mass spectrometers.
devices in complex environments such as medical monitor- q P

ing, internal combustion engines, the modern battlefield, or

environmental air purity .monitoring. The categorization pf”_ BACKGROUND

electronic forms of chemical sensors or noses is broken into

five types: conductivity sensors, piezoelectric sensors, The operations of a chemical sensing system can be di-
metal—oxide—semiconductor field effect transistors, opticavided into a number of blocks as shown in Fig. 1. This can
sensors, and spectrometry-based sensing methdsss. apply to both biological, as well as instrumentation systems.
amples of these are chem-resistbrajcromachined Fabry— For the human nose, the lungs act as the sample introduction
Perd filters? and single element surface acoustic wavePump, the epithelium sensory cells act as the chemical sen-
detectors. A good review on solid-state gas sensors has alSOr, and the brain acts as the microprocessor and spectral
ready been publishddnd will not be covered in this article. library storage area.

Mass spectrometers/spectrographs are universal gaseousA Mass spectrometer is the chemical sensor under consid-
eration in this article, but it is the combination of the mass

aElectronic mail: carl b_freidhoff@md.northgrum.com spectrometer with a capable microprpcessor and spectral li-
YPosthumous. brary that allows an electronic version of the nose to be

ost.
In this article, we will report on the development and
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Air with vapor Mass spectrometers based on time of fligimd ion mo-
H Spectral bility are also useful laboratory instruments. Charged species
b_""’ | l] |H|“ Library are produced by a pulsed ion source and arrive at a collection
Chemical amu — \/ ele(_:trode over a pgrlod of t!me, and therefore determines
Sensor WP their relative velocities. Scaling down to micrometer-level

dimensions shortens the time domain available, implying an
undesirably short timéfemto-secongd signal resolution re-
quirement. Another mass spectrometer of the miniature scale
whose theory has been presented in the literature is based on
a traveling wavé.

However, an older e/m separation technique, one using
magnetic(B) fields, appears to scale well when reduced to
micrometer size$.Indeed, a great advantage over bench-top

_ . units can be gained in the micro-world. To create the re-
implemented. A mass spectrometer determines the types %iredB field of approximately 1 {10 000 @, macro-world

molecules present in a test gas by measuring the masses g0d jnets end up being quite large in size and power usage.
guantities of the ionized products formed from energeticyoyever. high fields neal T can easily be achieved using

electron bombardment of the neutral vapor. Mass spectroms i gaps of a few hundred to few thousand micrometers
eters do this by accelerating the ions through electric and/oﬂietween ordinary permanent magnets.

magnetic fields to find the charge-to-mass raéom of the In a magnetic sectomass spectrometer, charged species
ion. Resolutions of a fraction of an atomic mass URINU 50 geflected into curved trajectories. These ions impinge on
OVEr a range of one to several hund_red amu,_and capable gf, array of spatially separate detectors, measuring the ion
measuring several orders of magnitude in ion current Ok, rent collected. While the magnetic sector is simple in con-
charge, can be found in common, bench-top laboratory ingent jts mass range is hardware limited and requires off-axis

strument. beam alignment. In Vien filterconfiguration, crossed elec-

The sections of any mass spectrometer analysis systeffhstatic and magnetic fieldE&B) produce a constant ve-
can be divided into seven components as shown in Fi@)2; |,jy filtered ion beant® A Wien filter is a more compact
Dust filter, (b) sampling orifice(c) ionizer, (d) ion optics,(€) 355 spectrograph than the magnetic sector, and is scan-
mass filter, () ion detector and signal analyzer, af@)  papje, as extra range and resolution can readily be obtained
vacuum pump. by sweeping the electric fieldAlthough resolution is not

Some of theese hav_e alre_ady been scaled down 0 Mizgnstant under the conditions of constant ion kinetic energy
crometer (10° m) dimensions, notably the sampling 5 fixed magnetic fielil Alternate means of scanning can
orifice.* (b, ionizer?® (c), and ion optics, (d). _include the ion kinetic energy and magnetic field.

Among the laboratory mass spectrometers currently in- pig article will focus on the quadrupole and Wien filter
use, thequadrupoleis perhaps the most common in use 10- yhr6aches to separate ions and show progress made to date

day. A combination of direct currenftic) and radio fre- o, 'the miniaturization of these devices through the use of
quency(rf) fields is generated on four rods, the altemat'”gmicromachining fabrication techniques.

cur_rent(ac) component’s freq'uency dgtermining which e/m The small amount of sample being drawn through the
ratios are passed. B,y sweeping thg fields, a range Of,maSSSﬁfice and the use of differential pumping techniques means
can be S_Cmneol’ with high resolution. B_ench-t_op UnNits US§yat the requirements of the vacuum pump become minimal.
frequencies in the 2-18 MHz range, while scaling down 105, on_chip micromachine pump would be desirable for a
micrometer level parts will require boosting the frequencyy hortable unit. This is a system issue that will be covered

quite high, to the 2 GHz range to maintain adequate Masg, xyre publications, but will not be the focus of this article.
resolution for identification of samples.

Control and
Analysis

ID and
Concentration

Fic. 1. Block diagram of chemical sensing systems.

lll. THEORY
Sampling 100 Kﬁg‘;‘“ Operation of a mass spectrometer, on either the macro-
Onfice v ) Microprocessor scopi i H i i that the i that
Ton Optics - pic or microscopic regimes, requires that the ions that are

formed follow well-defined trajectories. Collisions with
walls or other gas molecules will result in deviations of the
ion trajectory, cause beam broadening, and reduce the effec-
tive resolution and sensitivity of the device. A measure for
the average distance that a molecule will travel between col-
lisions is called the mean free path. For air at atmospheric
pressure and room temperature, the mean free path of an ion
is 65 nm and is inversely proportional to pressure. For suc-
cessful operation of a mass spectrometer on a chip, a mean
Fic. 2. Seven components of a mass spectrometer. free path of an ion should be on the order of 1 ¢he length

Vacuum Pump

JVST A - Vacuum, Surfaces, and Films



2302 Freidhoff et al.: Chemical sensing using nonoptical MEMS 2302

of the spectrometers to be discussedquiring the reduction
of the pressure within the device to about 10 mTorr of 10 g cocer o
atm. This points out another advantage gained by microma- metllisstion groove metallised glass
chining, as this system pressure is some 1000 times larger slectrodes
than that tolerated in bench-top mass spectrometers, anc
eases the requirements of the vacuum pump.

Beam broadening can also be caused by space charge ef — e‘ishfgéflegﬂl'
fects, which will limit the total signal that a particular geom- aluminium ground contact
etry will be able to accommodate. Sample calculations of the Axos of poratil
space charge limit for an extremely narrow micromachined antisymmetry
beam path with a Sum beam diameter and 1 cm pole face -

length is 1 nA or 1 billion charges per second. This current is
much, much greater than that required for a MEMS sensor
on the millimeter scale, and hence, space charge limits to
MEMS mass spectrometer sensitivity are generally not an #
issue.

Fic. 3. Self-aligning microengineered quadrupole lens assembly.

IV. QUADRUPOLE MASS SPECTROMETER

The quadrupole mass spectrometer consists of an ionizedje. Provided tangent plane contacts are made between the
a quadrupole electrostatic lens, and an ion counter. The deeds and the groove walls, this renders the electrode separa-
vice is operated under vacuum, and ions obtained by th@on highly immune to variations in groove width. Because
ionization of residual gas are passed through the (etisch  of the proximity of the grounded substrate to the axis, careful
acts as a mass filteto the detector. The lens consists of andesign is needed to obtain good electrostatic performance. A
assembly of four cylindrical electrodes, held accurately parsuitable design optimization procedure has been described
allel with their centers on a square whose size is preciselgarlier’?
related to their diameter. The application of voltages to di- A simple process for batch fabrication has been developed
agonally opposed electrode pairs results in a close approxbased on 3 in. diametdfl00) orientedp-type Si wafers?
mation to a hyperbolic potential field near the axis. The driveV-shaped grooves are formed using an anisotropic etching in
voltage contains both a dc and a rf component, whose anethylene diamine pyrocatechol. After etching, the substrate is
plitudes are scanned while being held in a fixed ratio. For alectrically isolated by a }em-thick layer of thermal silica.
given voltage, only ions of a particular mass follow stableElectrode contacts are defined by shadow-masked evapora-
trajectories through the lens, so the output is a mass spetion of Au. Windows are opened in the back side oxide, and
trum. a further Al layer is deposited as a ground contact. The elec-

Conventional quadrupoles are bulky and fragile, haverodes are then bonded to the substrate with liquid indium
electrode diameters and lengths of approximately 5 mm anthetal. Each wafer contains sufficient dies to construct 8
10 cm, respectively, and require drive voltages sufficientijlenses, with overall widths of 6 mm and lengths up to 3 cm.
large that the lens is normally arranged as the capacitive paftolerances in electrode position are 1%—-3%, and are limited
of an inductor—capacitofL—C) resonator. Miniaturization mainly by failure to seat the rods properly during bonding.
has the potential to allow a reduction in the pumped volumeFigure 4 shows the cross section of a pair of dies assembled
thus reducing cost, improving portability and extending theto form a complete lens.
range of possible applications. However, miniaturization de-
grades sensitivity, since the ion flux is proportional to the
area of the lens entrance pupil. Furthermore, higher drive
frequencies are required, since the mass resolution depends
on the number of rf cycles experienced by an ion traveling
the length of the lens. It is also difficult to maintain the
required constructional precision as the size of the assembly
is reduced.

Despite these difficulties, a mass spectrometer based on a
micro-engineered quadrupole has been constructed by col-
laboration between Imperial College and Liverpool Univer-
sity, UK.X! The quadrupole is constructed from 5@én di-
ameter Au metallized silica rods mounted in pairs on two Si
dies, which are held apart by insulating rods as shown in Fig.
3. The correct electrode spacing is achieved through the use
of V-shaped grooves as kinematic mounts. Each die carries
one alignment rod, which mates with a groove on the other Fic. 4. Optical microscope view of cross section of an assembled lens.
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Fic. 5. Mass spectrum of a mixture of helium, argon, and air obtained withg,; g \wien filter schematic, showirgx B fields and the detector spacing
a 3 cm lens with 50Qwm diameter electrodes, driven at 6 MHz. on the detector arrayAw).

— 2,2

Crude mass spectrometer action was first demonstrated Mm=7x 10V /1715, )
using 2 cm long lenses coupled to a conventional VG Anawherer, is in meters(radius between roflsand V,, is the
vac ion sourcé®!® More recently, enhanced resolution has maximum value of the zero-to-peak rf voltage. For the 3 cm
been obtained using lenses with an optimized substrate tsystem, a mass range of approximately 300 amu would be
pology and improved driver electronit$Figure 5 shows the achievable, assuming,, is 400 VAC. Here is where a trade
mass spectrum of a mixture of argon, helium, and air obmust be made. Higher resolution requires higher frequency.
tained wit a 3 cmlens driven at an rf frequency of 6 MHz. This will decrease mass range unless the limivgnis made
At mass 40, the resolution at 10% peak height is approxihigher through the use of thicker dielectrics. Changes in the
mately 2.7 amu. Work is now in progress to develop a com+f voltage will follow the square of the frequency change.
pletely micro-engineered instrument with a self-aligned ion
source, and to recover lost sensitivity using a quadrupol&/. WIEN FILTER MASS SPECTROMETER

array. lons entering a perpendicular homogeneous magnetic

Adequate resolution and Fhroughput O_f a micro'field with the same kinetic energy will describe a circular
guadrupole system can be achieved by scaling the rf fre-a,[h due to a force in the orthogonal directidh<(vx B).

quency to mat_ch the dimensions of the quadrupole lens. In gpo o iys of the arc of the path is dependent on the ion’s
baper by A.us_tln, Holme, and Letkthe mass range and the mass-to-charge ratio. Imposing an electric field along this
resolution limit of quadrupole mass spectrometers was g'VeBrthogonaI permits further deflection of the ion bessee

as functions of operating parameters. The resolution limit isFig. 6) creating the so-called Wien Filter. This configuration

given as has been previously used for isotope separdli@nd is
AM=4x10°V, /f2L2, (1) available commercially in a laboratofZolutron 600B filter
is 15.2 cm long and can generate up to 2500size unit!®

where AM is the peak width in amuy, is the axial ion Sample calculations of ion trajectories for dimensions of a

energy in electron voltd, is the applied frequency in Hertz, miniaturized mass spectrometer are shown in Fig. 7. As can
andL is the quadrupole length in meters.rf3 cmquad-  be seen, only a limited range of masses will be passed by the
rupole lens operatma 6 MHz, the resolution limit should be filter, and indeed too wide of a Wien Filter can result in extra
about 0.6 amu wit a 5 eVbeam energy. Foa 1 cmquad-  loops in some lighter ion trajectories, producing spurious sig-
rupole lens under the same conditions, the theoretical resmals and degrading the desired mass ranges signal or sensi-
lution limit would be 5.6 amu. This indicates that high reso-tivity. Proper design can largely eliminate this problem. One
lution of 0.125 amu would require higher rf frequenci@®  of the features of the Wien configuration is that the magnetic
MHz for a 3 cmlong rod, 40 MHz fo a 1 cmlong rod, and  field causes a focusing of the ions along a plane parallel to
4 GHz for 0.1 mm long rod for 5 eV ion energje® have the end of the filter. This focusing is seen in the analysis
resolutions with which standard laboratory quadrupoles typishown in Fig. 7 for ions with different injection angles and is
cally operate. Assembly tolerances may also be playing @&ken advantage of in the placement of the detector array and
role in the lower than theoretical resolution achieved in exthe operating parameters for the Wien filter.

perimental devices and possibly necessitate the use of lithog- The resolution of the Wien filté? follows the equation

raphy to align other components of the chemical sensor sys-

_ 2 :

tem with the quadrupolar lens. m/Am=Vql%2dViAw, )
The mass range of quadrupole mass filter systems followahereV, is the deflection potential in volt4, is the length

the equation of the filter,d is the distance between the electrostatic field

JVST A - Vacuum, Surfaces, and Films
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TasLE |. Electrostatic field for a mass filter needs to have a uniformity of
0.25% or better to obtain mass resolutions of 1 amu at 200 amu with a Wien

filter.

} T SN
30 v ‘ — T, lon mass for unit Electric field
‘ 130 amu i iformity (9
B . amu resolution uniformity (%)
20 2.4
50 1
100 0.5
200 0.25

-30 — L L K RCESSAIS SRS XS S TR, - l
0 1 2 3 4 5 6 7 8 9 10
L-MASS SEPARATION DISTANCE (mm)

AX-DEFLECTED DISTANCE (um)

this would be the use of an appropriate resistive film that
would act as an “infinite” number of shims. These are illus-
trated in Fig. 8.

In order to resolve two adjacent masses, the electrostatic
field, E, can not have variations greater than the difference in
E required to balance the electrostatic and magnetic forces
for each mass. At balance, let

v"B=E,, and (4)

Um+1"B=Ems1, )

herev,, is the velocity of ion with massn, E,, is the
electrostatic field to balance the magnetic fiBldso that the
fon with massm can traverse the mass filter without being
ndeflected. The fractional difference betwden andE,,, qis

Fic. 7. Simulated ion trajectory plots done in two-dimensions show the
focusing nature of th&xB field in the Wien filter that is used to optimize
mass spectrometer design.

plates,V; is the potential through which the ion is acceler-
ated, and\w is the spacing on the detector array. For a Wien
filter that is 1 cm long wit a 1 Tmagnetic field, ion energy
of 5 eV, and a 22um spacing between detector elements, tth
theoretical resolution is 1 amu at approximately 580 amu
The high magnetic field is one of the features that scaling t
small gaps allows a short mass filter to be achieved.

The assumption that is a part of this analysis of the Wie
filter is that a homogeneous electrostatic and magnetic field En—Em+1 v B=vmi1™B  vpes
exists in the device. This is easily done in laboratory where Em o ) =1- Vi ®)
the aspect ratio of the cavity is close to one to one througl:l_
the use of shim plates on the electrostatic field. The speed of
the analysis is aided by taking advantage of the lateral width \/m
over which the ions are dispersed in a nearly linear fashion. Vm= Y\ 7>
This leads to a situation where the aspect ratio of the cavity
of approximately 15—11500 um wide X 100 um high). If whereq is the charge on the ion. Substituting E6). into Eq.

the cavity had the bare magnet poles that were electrically?) gives
m
1o\ ——. ®
Em 2% q* Va m+1
V' m

grounded, then a very nonuniform electrostatic field would Py
exist. The insertion of the silicon chip containing the cavity \ /L
AEqm+1 m+1
The uniformity of the electrostatic field can then be deter-

he kinetic energy of the ions is assumed to be the same, so

)

allows one to control the electrostatic field by using the ox-
ide of silicon to insulate between a number of “shim” plates
that are fabricated on top of the silicon dioxide and con-
nected on-chip using thin film resistors. The ultimate limit of

Field

Field

Field

Fic. 8. Effect on the uniformity of the electrostatic field is qualitatively

Position

AN

Position

Position

_—'—_

Ground Plane
Cavity is 100 pm high by 1500 pm wide.

Segmented Metal Electrodes

Resistive Film —/

mined for a number of resolving powers. Some of the values
for uniformity are given in Table I.

Modeling of the electrostatic field was performed by a
number of electrostatic modelling programs and the results
are plotted in Fig. 9. The maximum dimension of the shims
must be less than the cavity height. In Fig. 9, the point indi-
cated as seven shims exceeds the maximum dimension and is
not included in the data fits to determine the required number
of shims. Both a linear and logarithmic fit were applied to
the data. Here, one can see that the number of shims required
would require be between 48near result and 64(logarith-
mic resul}. For a 1500um wide cavity and equal spacing of
.the metal lines and gaps, the widths of the lines and spaces

illustrated here starting with electrostatic field plates between two electri- . .
cally grounded magnet poles to the segmented field plates and the resisty¥ould be approximately 11-5—;|ﬁm- This does _nOt_ seem
film electrode design. small for IC standards, but the lines must be maintained over
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Fic. 9. Estimate of the number of evenly spaced metal
grid plates for both the linear fit results and logarithmic
fit results is plotted.
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a length of 1 cm, which is difficult to do cost effectively in that is 1 cm long wit a 1 T magnet is estimated to be

IC fabrication. This forced the consideration of resistivebetween 350 and 400 amu due to the grain size of the poly-

films, and undoped polysilicon was tested and found to besilicon film causing deviations from the ideal electrostatic

excellent for this application. No charging of the surface hadield.

been noted in any of our tests. The mass spectra taken with a Implementation of the electrode scheme in the silicon

1 cm long Wien filter are shown to improve as the electro-Wien filter is shown in Figs. 1&) and 11b). Figure 11a)

static field was made more uniform as illustrated in Figs.shows a photograph of a silicon micromachined mass filter

10(a) and 1@b). Further improvements would be achieved half with seven segmented electrostatic field. Figuré)lis

by shaping the electrostatic fields at the entrance and exén photograph of silicon micromachined mass filter half with

points of the Wien filter to match the diverging magnetic a resistive film with a depth of 4@m, width of 1500um,

fields at these areas. This is being planned in future masénd length of 10 00@um.

sets. At this time, the practical resolution for a Wien filter The mass filter componentsll mass filter components
were 1 cm long with both segmented metal plates and a
resistive film were tested in a laboratory vacuum chamber

3000 using a hot cathode ion source adapted from a Varian MS 9
2500 £ FWHM(Xe") =2 amu @ 129 amu leak detector and a continuous dynode electron multiplier

Xe*?

(DeTech Model 206.5ElCas the detector. Xenon gas was
used due to its isotope pattern to determine mass resolutions
achieved. The results are shown in Figs(@@nd 1@b) for

the seven segment and resistive film mass filters, respec-
tively. A calibrated electromagnet was used to allow unfil-
tered beams to be used to align the ion beam without a mag-
netic field present. The magnetic field generated for these
mass spectra was approximately 0.8 T. As can be seen the
100000 ‘ improvement in resolution is clearly noticeable, the electro-
90000 |y tope abundance A static field plate with the seven segment electrodes obtains a
80000 1 fe at 1 atomic . resolution of about 80 amu, whereas the resistive film test
70000 1 mass unit exhibited a resolution of approximately 150 amu. Improve-
60000 resolution. ments in resolution are expected when smaller entrance slits
23223 B \ and the detector array is used.

30000

20000 N ,/,
N

10000
0

2000 £

1500 £

1000 £

lon Signal (counts)

End Of Scan

R

o 20 40 60 80 100 120 140 160 180 200
(a) Mass To Charge Ratio (amu)

500 +

Measurement

VI. SUMMARY

Strides have been made in the miniaturization of mass
filters. Other components of a mass spectrometer have also
been miniaturized and demonstrated, notably the ionizer and
Fic. 10. () Mass spectrum taken with a silicon Wien filter with the elec- detector. Integration of these components with the mass filter
trostatic field plates divided into seven metal segments. The resolutlori1S the next step in the production of portable chemical detec-
achieved was roughly 1 amu at 80 anfb) The mass spectrum of xenon . .
taken with a silicon Wien filter is plotted along with a simulated spectrum of tOr'S. Miniaturization has not meant the loss of performance

the natural isotope pattern with a resolution of 1 amu at 150 amu. in order to achieve a portable unit at least in terms of the

120 125 130 135 140
(b} Mass To Charge Ratio (amu)
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Fic. 11. (a) Silicon Wien filter with the seven segment
filed plates(1 cm long shows the integration that can
be achieved using micromachining techniques. The ions
travel from the ionizer region on the right of each pic-
ture. A simple three element Einzel lens was part of this
design.(b) A microphotograph of a half of the mass
spectrograph chip with the resistive film electrostatic
field plate and the vacuum manifold holes. The resistive
film simplifies the lithography requirements in the mass
filter region and provides a nearly ideal electrostatic
field. A double zoom lengénine elementswas added in
place of the Einzel lens in this design.

(b)

mass filters as presented in this article. MEMS fabricatiorDr. M. Donlon, Dr. E. Bragg, and K. Price for their useful
allows the vast reduction in the size of parts required for theeomments and support. The work at Northrup Grumman
chemical sensor and with batch fabrication will allow low would not have been possible without the Central Processing
cost units to be produced if reasonable volumes are achieV-aboratory staff. In particular, the following technical staff

able. personnel contributed significantly to the development of the
MEMS Wien filter and so the authors thank Rich Sabol, Carl
ACKNOWLEDGMENTS Seiler, Joseph Kotvas, and Mike Testa for their personal in-
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