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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 systems~MEMS! for nonoptical laboratory instruments. In this article, we
will report on the development and demonstration of two approaches~quadrupole and magnetic
Lorentz! 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 spectrometers. ©1999
American Vacuum Society.@S0734-2101~99!15604-5#
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I. INTRODUCTION

One of the dreams of microelectromechanical syste
~MEMS! is to perform complex functions, such as tho
found in various life forms, on a silicon chip. This dream
possible due to the reduction in size of patterns that in
grated circuit~IC! lithography tools can make~,0.25 mm!,
the complexity and speed of digital circuitry, and the und
standing of material properties on the microscale level. D
to the use of IC lithography, miniaturization of devices
possible, such as the air bag sensor in modern automob
One of the abilities of living creatures that has gained a h
emphasis in the microelectronics/MEMS arena is the se
of smell, i.e., the identification of molecules due to th
interaction with other molecules and surfaces.

Current low-cost chemical sensors are generally spe
in their detection capability, necessitating use of multip
devices in complex environments such as medical moni
ing, internal combustion engines, the modern battlefield
environmental air purity monitoring. The categorization
electronic forms of chemical sensors or noses is broken
five types: conductivity sensors, piezoelectric sens
metal–oxide–semiconductor field effect transistors, opt
sensors, and spectrometry-based sensing methods.1 Ex-
amples of these are chem-resistors,1 micromachined Fabry–
Perót filters,2 and single element surface acoustic wa
detectors.1 A good review on solid-state gas sensors has
ready been published3 and will not be covered in this article
Mass spectrometers/spectrographs are universal gas

a!Electronic mail: carl–b–freidhoff@md.northgrum.com
b!Posthumous.
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chemical detectors, but have in the past been limited to la
ratory use. Conventional mass spectrometers are b
~bench-top or larger!; they are heavy~.50 kg!, power hun-
gry ~.1 kW!, require highly trained technical personnel
operate, and interpret the results and expensive~.$10,000!.
The critical components of mass spectrometers have b
reduced down to micrometer (1026m! size dimensions
through use of integrated micro-circuit lithography a
micro-machining fabrication processes. Integration of th
components will result in a universal chemical detection s
tem with a 1000-fold reduction in size, weight, power, a
cost.

In this article, we will report on the development an
demonstration of two approaches to fabricate amass filteras
part of a mass spectrometer. This article is a tutorial on h
miniaturization is achievable through the use of MEMS fa
rication techniques for mass spectrometers.

II. BACKGROUND

The operations of a chemical sensing system can be
vided into a number of blocks as shown in Fig. 1. This c
apply to both biological, as well as instrumentation system
For the human nose, the lungs act as the sample introduc
pump, the epithelium sensory cells act as the chemical s
sor, and the brain acts as the microprocessor and spe
library storage area.

A mass spectrometer is the chemical sensor under con
eration in this article, but it is the combination of the ma
spectrometer with a capable microprocessor and spectra
brary that allows an electronic version of the nose to
230017 „4…/2300/8/$15.00 ©1999 American Vacuum Society
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implemented. A mass spectrometer determines the type
molecules present in a test gas by measuring the masse
quantities of the ionized products formed from energe
electron bombardment of the neutral vapor. Mass spectr
eters do this by accelerating the ions through electric an
magnetic fields to find the charge-to-mass ratio~e/m! of the
ion. Resolutions of a fraction of an atomic mass unit~amu!
over a range of one to several hundred amu, and capab
measuring several orders of magnitude in ion current
charge, can be found in common, bench-top laboratory
strument.

The sections of any mass spectrometer analysis sys
can be divided into seven components as shown in Fig. 2~a!
Dust filter,~b! sampling orifice,~c! ionizer,~d! ion optics,~e!
mass filter, ~f! ion detector and signal analyzer, and~g!
vacuum pump.

Some of these have already been scaled down to
crometer (1026 m! dimensions, notably the samplin
orifice,4 ~b!, ionizer,5,6 ~c!, and ion optics,6 ~d!.

Among the laboratory mass spectrometers currently
use, thequadrupoleis perhaps the most common in use t
day. A combination of direct current~dc! and radio fre-
quency~rf! fields is generated on four rods, the alternati
current~ac! component’s frequency determining which e/
ratios are passed. By sweeping the fields, a range of ma
can be scanned, with high resolution. Bench-top units
frequencies in the 2–18 MHz range, while scaling down
micrometer level parts will require boosting the frequen
quite high, to the 2 GHz range to maintain adequate m
resolution for identification of samples.

FIG. 1. Block diagram of chemical sensing systems.

FIG. 2. Seven components of a mass spectrometer.
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Mass spectrometers based on time of flight7 and ion mo-
bility are also useful laboratory instruments. Charged spe
are produced by a pulsed ion source and arrive at a collec
electrode over a period of time, and therefore determi
their relative velocities. Scaling down to micrometer-lev
dimensions shortens the time domain available, implying
undesirably short time~femto-second! signal resolution re-
quirement. Another mass spectrometer of the miniature s
whose theory has been presented in the literature is base
a traveling wave.8

However, an older e/m separation technique, one us
magnetic~B! fields, appears to scale well when reduced
micrometer sizes.9 Indeed, a great advantage over bench-
units can be gained in the micro-world. To create the
quiredB field of approximately 1 T~10 000 G!, macro-world
magnets end up being quite large in size and power us
However, high fields near 1 T can easily be achieved usin
small gaps of a few hundred to few thousand micromet
between ordinary permanent magnets.

In a magnetic sectormass spectrometer, charged spec
are deflected into curved trajectories. These ions impinge
an array of spatially separate detectors, measuring the
current collected. While the magnetic sector is simple in c
cept, its mass range is hardware limited and requires off-a
beam alignment. In aWien filterconfiguration, crossed elec
trostatic and magnetic fields (E3B) produce a constant ve
locity filtered ion beam.10 A Wien filter is a more compac
mass spectrograph than the magnetic sector, and is s
nable, as extra range and resolution can readily be obta
by sweeping the electric field.~Although resolution is not
constant under the conditions of constant ion kinetic ene
and fixed magnetic field.! Alternate means of scanning ca
include the ion kinetic energy and magnetic field.

This article will focus on the quadrupole and Wien filt
approaches to separate ions and show progress made to
on the miniaturization of these devices through the use
micromachining fabrication techniques.

The small amount of sample being drawn through
orifice and the use of differential pumping techniques me
that the requirements of the vacuum pump become minim
An on-chip micromachine pump would be desirable for
truly portable unit. This is a system issue that will be cover
in future publications, but will not be the focus of this articl

III. THEORY

Operation of a mass spectrometer, on either the ma
scopic or microscopic regimes, requires that the ions that
formed follow well-defined trajectories. Collisions wit
walls or other gas molecules will result in deviations of t
ion trajectory, cause beam broadening, and reduce the e
tive resolution and sensitivity of the device. A measure
the average distance that a molecule will travel between
lisions is called the mean free path. For air at atmosph
pressure and room temperature, the mean free path of an
is 65 nm and is inversely proportional to pressure. For s
cessful operation of a mass spectrometer on a chip, a m
free path of an ion should be on the order of 1 cm~the length
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2302 Freidhoff et al. : Chemical sensing using nonoptical MEMS 2302
of the spectrometers to be discussed!, requiring the reduction
of the pressure within the device to about 10 mTorr or 1025

atm. This points out another advantage gained by micro
chining, as this system pressure is some 1000 times la
than that tolerated in bench-top mass spectrometers,
eases the requirements of the vacuum pump.

Beam broadening can also be caused by space charg
fects, which will limit the total signal that a particular geom
etry will be able to accommodate. Sample calculations of
space charge limit for an extremely narrow micromachin
beam path with a 5mm beam diameter and 1 cm pole fa
length is 1 nA or 1 billion charges per second. This curren
much, much greater than that required for a MEMS sen
on the millimeter scale, and hence, space charge limit
MEMS mass spectrometer sensitivity are generally not
issue.

IV. QUADRUPOLE MASS SPECTROMETER

The quadrupole mass spectrometer consists of an ion
a quadrupole electrostatic lens, and an ion counter. The
vice is operated under vacuum, and ions obtained by
ionization of residual gas are passed through the lens~which
acts as a mass filter! to the detector. The lens consists of
assembly of four cylindrical electrodes, held accurately p
allel with their centers on a square whose size is precis
related to their diameter. The application of voltages to
agonally opposed electrode pairs results in a close appr
mation to a hyperbolic potential field near the axis. The dr
voltage contains both a dc and a rf component, whose
plitudes are scanned while being held in a fixed ratio. Fo
given voltage, only ions of a particular mass follow stab
trajectories through the lens, so the output is a mass s
trum.

Conventional quadrupoles are bulky and fragile, ha
electrode diameters and lengths of approximately 5 mm
10 cm, respectively, and require drive voltages sufficien
large that the lens is normally arranged as the capacitive
of an inductor–capacitor~L–C! resonator. Miniaturization
has the potential to allow a reduction in the pumped volum
thus reducing cost, improving portability and extending t
range of possible applications. However, miniaturization
grades sensitivity, since the ion flux is proportional to t
area of the lens entrance pupil. Furthermore, higher d
frequencies are required, since the mass resolution dep
on the number of rf cycles experienced by an ion travel
the length of the lens. It is also difficult to maintain th
required constructional precision as the size of the assem
is reduced.

Despite these difficulties, a mass spectrometer based
micro-engineered quadrupole has been constructed by
laboration between Imperial College and Liverpool Unive
sity, UK.11 The quadrupole is constructed from 500mm di-
ameter Au metallized silica rods mounted in pairs on two
dies, which are held apart by insulating rods as shown in
3. The correct electrode spacing is achieved through the
of V-shaped grooves as kinematic mounts. Each die car
one alignment rod, which mates with a groove on the ot
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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die. Provided tangent plane contacts are made between
rods and the groove walls, this renders the electrode sep
tion highly immune to variations in groove width. Becau
of the proximity of the grounded substrate to the axis, care
design is needed to obtain good electrostatic performanc
suitable design optimization procedure has been descr
earlier.12

A simple process for batch fabrication has been develo
based on 3 in. diameter~100! orientedp-type Si wafers.13

V-shaped grooves are formed using an anisotropic etchin
ethylene diamine pyrocatechol. After etching, the substrat
electrically isolated by a 1-mm-thick layer of thermal silica.
Electrode contacts are defined by shadow-masked evap
tion of Au. Windows are opened in the back side oxide, a
a further Al layer is deposited as a ground contact. The e
trodes are then bonded to the substrate with liquid indi
metal. Each wafer contains sufficient dies to construc
lenses, with overall widths of 6 mm and lengths up to 3 c
Tolerances in electrode position are 1%–3%, and are lim
mainly by failure to seat the rods properly during bondin
Figure 4 shows the cross section of a pair of dies assem
to form a complete lens.

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

FIG. 4. Optical microscope view of cross section of an assembled len
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Crude mass spectrometer action was first demonstr
using 2 cm long lenses coupled to a conventional VG A
vac ion source.14,15 More recently, enhanced resolution h
been obtained using lenses with an optimized substrate
pology and improved driver electronics.16 Figure 5 shows the
mass spectrum of a mixture of argon, helium, and air
tained with a 3 cmlens driven at an rf frequency of 6 MHz
At mass 40, the resolution at 10% peak height is appro
mately 2.7 amu. Work is now in progress to develop a co
pletely micro-engineered instrument with a self-aligned
source, and to recover lost sensitivity using a quadrup
array.

Adequate resolution and throughput of a micr
quadrupole system can be achieved by scaling the rf
quency to match the dimensions of the quadrupole lens.
paper by Austin, Holme, and Leck17 the mass range and th
resolution limit of quadrupole mass spectrometers was gi
as functions of operating parameters. The resolution limi
given as

DM543109Vz / f 2L2, ~1!

where DM is the peak width in amu,Vz is the axial ion
energy in electron volts,f is the applied frequency in Hertz
andL is the quadrupole length in meters. For a 3 cmquad-
rupole lens operating a 6 MHz, the resolution limit should b
about 0.6 amu with a 5 eVbeam energy. For a 1 cmquad-
rupole lens under the same conditions, the theoretical r
lution limit would be 5.6 amu. This indicates that high res
lution of 0.125 amu would require higher rf frequencies~16
MHz for a 3 cmlong rod, 40 MHz for a 1 cmlong rod, and
4 GHz for 0.1 mm long rod for 5 eV ion energies! to have
resolutions with which standard laboratory quadrupoles ty
cally operate. Assembly tolerances may also be playin
role in the lower than theoretical resolution achieved in
perimental devices and possibly necessitate the use of lit
raphy to align other components of the chemical sensor
tem with the quadrupolar lens.

The mass range of quadrupole mass filter systems foll
the equation

FIG. 5. Mass spectrum of a mixture of helium, argon, and air obtained w
a 3 cm lens with 500mm diameter electrodes, driven at 6 MHz.
JVST A - Vacuum, Surfaces, and Films
ed
-

o-

-

i-
-

le

e-
a

n
is

o-
-

i-
a
-
g-
s-

s

Mm573106Vm / f 2r 0
2, ~2!

where r 0 is in meters~radius between rods! and Vm is the
maximum value of the zero-to-peak rf voltage. For the 3
system, a mass range of approximately 300 amu would
achievable, assumingVm is 400 VAC. Here is where a trad
must be made. Higher resolution requires higher frequen
This will decrease mass range unless the limit onVm is made
higher through the use of thicker dielectrics. Changes in
rf voltage will follow the square of the frequency change.

V. WIEN FILTER MASS SPECTROMETER

Ions entering a perpendicular homogeneous magn
field with the same kinetic energy will describe a circul
path due to a force in the orthogonal direction (F5v3B).
The radius of the arc of the path is dependent on the io
mass-to-charge ratio. Imposing an electric field along t
orthogonal permits further deflection of the ion beam~see
Fig. 6! creating the so-called Wien Filter. This configuratio
has been previously used for isotope separation10 and is
available commercially in a laboratory~Colutron 600B filter
is 15.2 cm long and can generate up to 2500 G! size unit.18

Sample calculations of ion trajectories for dimensions o
miniaturized mass spectrometer are shown in Fig. 7. As
be seen, only a limited range of masses will be passed by
filter, and indeed too wide of a Wien Filter can result in ex
loops in some lighter ion trajectories, producing spurious s
nals and degrading the desired mass ranges signal or s
tivity. Proper design can largely eliminate this problem. O
of the features of the Wien configuration is that the magne
field causes a focusing of the ions along a plane paralle
the end of the filter. This focusing is seen in the analy
shown in Fig. 7 for ions with different injection angles and
taken advantage of in the placement of the detector array
the operating parameters for the Wien filter.

The resolution of the Wien filter19 follows the equation

m/Dm5VdL2/2dViDw, ~3!

whereVd is the deflection potential in volts,L is the length
of the filter, d is the distance between the electrostatic fie

hFIG. 6. Wien filter schematic, showingE3B fields and the detector spacin
on the detector array (Dw).
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2304 Freidhoff et al. : Chemical sensing using nonoptical MEMS 2304
plates,Vi is the potential through which the ion is accele
ated, andDw is the spacing on the detector array. For a W
filter that is 1 cm long with a 1 Tmagnetic field, ion energy
of 5 eV, and a 22mm spacing between detector elements,
theoretical resolution is 1 amu at approximately 580 am
The high magnetic field is one of the features that scaling
small gaps allows a short mass filter to be achieved.

The assumption that is a part of this analysis of the W
filter is that a homogeneous electrostatic and magnetic fi
exists in the device. This is easily done in laboratory wh
the aspect ratio of the cavity is close to one to one thro
the use of shim plates on the electrostatic field. The spee
the analysis is aided by taking advantage of the lateral w
over which the ions are dispersed in a nearly linear fash
This leads to a situation where the aspect ratio of the ca
of approximately 15–1~1500mm wide 3 100 mm high!. If
the cavity had the bare magnet poles that were electric
grounded, then a very nonuniform electrostatic field wo
exist. The insertion of the silicon chip containing the cav
allows one to control the electrostatic field by using the o
ide of silicon to insulate between a number of ‘‘shim’’ plat
that are fabricated on top of the silicon dioxide and co
nected on-chip using thin film resistors. The ultimate limit

FIG. 7. Simulated ion trajectory plots done in two-dimensions show
focusing nature of theE3B field in the Wien filter that is used to optimize
mass spectrometer design.

FIG. 8. Effect on the uniformity of the electrostatic field is qualitative
illustrated here starting with electrostatic field plates between two ele
cally grounded magnet poles to the segmented field plates and the res
film electrode design.
J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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this would be the use of an appropriate resistive film t
would act as an ‘‘infinite’’ number of shims. These are illu
trated in Fig. 8.

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

vm* B5Em and ~4!

vm11* B5Em11 , ~5!

where vm is the velocity of ion with massm, Em is the
electrostatic field to balance the magnetic fieldB, so that the
ion with massm can traverse the mass filter without bein
deflected. The fractional difference betweenEm andEm11is

Em2Em11

Em
5

nm* B2nm11* B

nm* B
512

nm11

nm
. ~6!

The kinetic energy of the ions is assumed to be the same

nm5A2* q* Va

m
, ~7!

whereq is the charge on the ion. Substituting Eq.~6! into Eq.
~7! gives

DEm,m11

Em

512

A2* q* Va

m11

A2* q* Va

m

512A m

m11
. ~8!

The uniformity of the electrostatic field can then be det
mined for a number of resolving powers. Some of the valu
for uniformity are given in Table I.

Modeling of the electrostatic field was performed by
number of electrostatic modelling programs and the res
are plotted in Fig. 9. The maximum dimension of the shi
must be less than the cavity height. In Fig. 9, the point in
cated as seven shims exceeds the maximum dimension a
not included in the data fits to determine the required num
of shims. Both a linear and logarithmic fit were applied
the data. Here, one can see that the number of shims req
would require be between 48~linear result! and 64~logarith-
mic result!. For a 1500mm wide cavity and equal spacing o
the metal lines and gaps, the widths of the lines and spa
would be approximately 11.5–15mm. This does not seem
small for IC standards, but the lines must be maintained o

e

i-
tive

TABLE I. Electrostatic field for a mass filter needs to have a uniformity
0.25% or better to obtain mass resolutions of 1 amu at 200 amu with a W
filter.

Ion mass for unit
amu resolution

Electric field
uniformity ~%!

20 2.4
50 1

100 0.5
200 0.25
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FIG. 9. Estimate of the number of evenly spaced me
grid plates for both the linear fit results and logarithm
fit results is plotted.
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a length of 1 cm, which is difficult to do cost effectively i
IC fabrication. This forced the consideration of resisti
films, and undoped polysilicon was tested and found to
excellent for this application. No charging of the surface h
been noted in any of our tests. The mass spectra taken w
1 cm long Wien filter are shown to improve as the elect
static field was made more uniform as illustrated in Fi
10~a! and 10~b!. Further improvements would be achieve
by shaping the electrostatic fields at the entrance and
points of the Wien filter to match the diverging magne
fields at these areas. This is being planned in future m
sets. At this time, the practical resolution for a Wien filt

FIG. 10. ~a! Mass spectrum taken with a silicon Wien filter with the ele
trostatic field plates divided into seven metal segments. The resolu
achieved was roughly 1 amu at 80 amu.~b! The mass spectrum of xeno
taken with a silicon Wien filter is plotted along with a simulated spectrum
the natural isotope pattern with a resolution of 1 amu at 150 amu.
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that is 1 cm long with a 1 T magnet is estimated to b
between 350 and 400 amu due to the grain size of the p
silicon film causing deviations from the ideal electrosta
field.

Implementation of the electrode scheme in the silic
Wien filter is shown in Figs. 11~a! and 11~b!. Figure 11~a!
shows a photograph of a silicon micromachined mass fi
half with seven segmented electrostatic field. Figure 11~b! is
an photograph of silicon micromachined mass filter half w
a resistive film with a depth of 40mm, width of 1500mm,
and length of 10 000mm.

The mass filter components~all mass filter components
were 1 cm long! with both segmented metal plates and
resistive film were tested in a laboratory vacuum cham
using a hot cathode ion source adapted from a Varian M
leak detector and a continuous dynode electron multip
~DeTech Model 206.5EIC! as the detector. Xenon gas wa
used due to its isotope pattern to determine mass resolu
achieved. The results are shown in Figs. 10~a! and 10~b! for
the seven segment and resistive film mass filters, res
tively. A calibrated electromagnet was used to allow un
tered beams to be used to align the ion beam without a m
netic field present. The magnetic field generated for th
mass spectra was approximately 0.8 T. As can be seen
improvement in resolution is clearly noticeable, the elect
static field plate with the seven segment electrodes obtai
resolution of about 80 amu, whereas the resistive film t
exhibited a resolution of approximately 150 amu. Improv
ments in resolution are expected when smaller entrance
and the detector array is used.

VI. SUMMARY

Strides have been made in the miniaturization of m
filters. Other components of a mass spectrometer have
been miniaturized and demonstrated, notably the ionizer
detector. Integration of these components with the mass fi
is the next step in the production of portable chemical det
tors. Miniaturization has not meant the loss of performan
in order to achieve a portable unit at least in terms of
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FIG. 11. ~a! Silicon Wien filter with the seven segmen
filed plates~1 cm long! shows the integration that can
be achieved using micromachining techniques. The io
travel from the ionizer region on the right of each pic
ture. A simple three element Einzel lens was part of th
design.~b! A microphotograph of a half of the mas
spectrograph chip with the resistive film electrosta
field plate and the vacuum manifold holes. The resist
film simplifies the lithography requirements in the ma
filter region and provides a nearly ideal electrosta
field. A double zoom lens~nine elements! was added in
place of the Einzel lens in this design.
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mass filters as presented in this article. MEMS fabricat
allows the vast reduction in the size of parts required for
chemical sensor and with batch fabrication will allow lo
cost units to be produced if reasonable volumes are ach
able.
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