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The conventional quadrupole mass spectrom@iS) arrangement uses circular metallic rods as

the mass filter excited electrically at voltages up to 1 kV depending upon the application. If the size
and voltages can be reduced then the range of applications for QMS instruments would increase.
The application of microelectromechanical systdiM&MS) technology allows the fabrication of
submillimeter versions of such structures. In this article the development of a miniature QMS is
reported in which the conventional rod arrangement has been replaced with a microengineered
version. The structure is made in silicon with metallized specially drawn glass fibers of length
20—-30 mm and diameter 0.5 mm to act as the quadrupole rods. This is about one order of magnitude
smaller than most conventional QMS filters, with the potential for further reduction in size. The
MEMS mass filter was mounted onto a commercial ion source, which was in turn attached to a
vacuum flange and supplied by an electronic drive circuit at 6 MHz. Mass spectra in the range 0—50
amu for a range of operating conditions have been obtained indicating a linear mass scale and a best
resolution at 10% peak height of around 30. The use of pole bias applied to the rods is shown to be
beneficial. Reliable QMS operation was obtained up to a pressure didbar. © 2001 American
Vacuum Society[DOI: 10.1116/1.1359172

I. INTRODUCTION (i) The cost of manufacture falls since in principle a
batch of several mass analyzers can be made simulta-
In recent years there has been an increasing drive towards neously on a single silicon wafer. Potentially the

miniaturization in mass spectrometry. Miniature versions of MEMS QMS can become a “throw away” instru-
time of flight, Wien filter, magnetic sector, quadrupole ion ment.

trap, and ion cyclotron resonance mass analyzers have beéh  The small size means that the ion mean free path
made®? One of the major forces behind these developments length can be reduced which allows operation at
is the space program where small size and low weight are higher pressures.

The small size/higher pressure combination avoids the
use of an expensive and bulky vacuum pumping sys-
tem.

Low power battery operation is possible since the
electrode voltages can be reduced. The possibility
emerges of a fully integrated MEMS QMS driven by
associated on chip electronics.

primary considerations. Microelectromechanical systeméiil)
(MEMS) made using integrated circuit fabrication tech-
nigues offer the possibility of order of magnitude decreases.
in spectrometer size and are thus attracting considerable iZ'-")
terest.

Quadrupole mass spectrometgl@MS) have found a
wide range of applications in the medical field, chemical
process industries, and more recently in process monitoringuch advantages mean that the range of applications should
in semiconductor fabrication plants where ultraclean prodincrease. In this article we give a description of the fabrica-
cesses for ultralarge scale integration are a priority. QMSion, operation, and performance of a silicon based quadru-
based on cylindrical rods for the mass filter are now highlypole mass spectrometer with the mass filter made using
developed and successfuln recent years economic meth- MEMS technology.
ods of precision mass analyzer assembly have been devisqf, EABRICATION
however, the mass filters are still relatively large and require ) )
large drive voltages at radio frequencie.’ I the size and A Mass filter design
weight of such instruments can be reduced further by MEMS  An ideal quadrupole mass filter consists of four parallel

fabrication then a number of advantages follow. electrodes with hyperbolic sections. These carry potentials
* ¢o/2 and establish a two-dimensional potential variation in
dElectronic mail: s.taylor@liv.ac.uk the x—y plane of the form
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B(X,y) = po(X2—y?)/2r3, (1)

wherer is the radius of the circle touching the equipoten-
tials ¢= £ ¢o/2. The equation of motion for ions moving in
the x direction ismd?x/dt?>= —ed/ Ix= —edpox/r3, where

e and m are the charge and mass of the ion, respectively.
When the time variation of the potential supplied to the rods
is ¢o(t)=U—V coswt) where w=2=f andU andV are
constant potentials, this reduces to

d?x/dt?+ (e/mr3)[U—V cog wt) ]x=0. 2)

However, because of the difficulty of machining electrodes
with a hyper_bolic cross section, cylindrical rods are r:lorrn_a”yFlG. 1. End on view of the MEMS mass filter. The four QMS electrodes are
used. Experiments have shown that the best approximation 95 mm diameter, metal coated optical fibers bonded within etched V
the field of Eq.(1) is obtained when the electrode radiyss  grooves in two silicon wafers.

chosen so thatr.,=1.148,. Numerical solutions of the

Laplace equation have confirmed this result, but show that gjoctrode mounting. Because of the reductionrjn the

gro,unged shroud around the electrodes alters the optimulye ision required exceeds that possible with conventional
radius? Before developing a microengineered equivalent of 8machining.

conventional quadrupole, size scaling was congidered as fol- A MEMS mass filter was constructed in which four cy-
lows. The number of cycles of the rf field experienced by anjnqrical electrodes are mounted on silicon substrates as
ion traveling through the mass filter’is shown in Fig. 1. The correct electrode spacing is achieved
_ PN er-veway through the use of anisotropically etched V grooves as kine-
n=fLIv=fL(mizeV,), ® matic mounts for both types of rod. Each substrate carries
where L is the length of the lens and, is the axial ion one alignment rod, which mates with a groove on the other
energy, measured in electron volts. It has been shown expergubstrate. Positional accuracy was achieved by the use of
mentally for conventional QMS with circular electrodes thatlithography, followed by etching along the crystal planes of
the mass resolution at 10% peak height dependsancord-  the silicon substrate. Provided tangent contacts are made be-

ing to tween the rods and the grooves, this construction makes the
) - spacing insensitive to variations in groove width. A simple
m/Am~n</20~f°L°m/40 eV,. (4 process for batch fabrication has been developed based on 3

in. diameter(100) p-type silicon wafers and is described in
detail elsewheré® The electrodes are made from 0.5 mm
Am=~40 eV,/f?L?~3.854x 10°V, /f?L2. (5) borosilicate glass, drawn to diameter and metallised using
Cr/Au. Using the basic process above approximately 25 mass

The maximum alternating currefdc voltageVma, required  analyzers have been made, with variant details added as fab-
is then determined by the maximum masg, (in amu as  rication experience has increased.

So that the uncertainty in mass is

_ -8 2.2
Vimax= 14.46< 10" *Mpyaf 1. () B Radio frequency electronic drive for the

A conventional quadrupole might be constructed from 5 mlicroQuad

diameter electrodeso thatro=2.177 mm, with a length of A suitable mechanical assembly was designed to hold and
10 cm. Assumingn,,,~100 amu, the maximum ac voltage make connections to the microengineered mass filter. This
required isV,,,~1.1 kV at a frequency of 4 MHz. Arranging allowed the filter to be assembled in line with a hot filament
each electrode pair to act as the capacitive part of a rf resden source and electrometer detector, on a conventional
nator typically provides a voltage of this magnitude. Assum-vacuum flange to form a MicroQuad QMS as shown in Fig.
ing further a minimum axial ion energy of 2 eV, the uncer- 2. The initial testing of MicroQuad was carried out using a
tainty in mass is onlyAm~0.05amu. However, this high low power tuned circuit adapted to run at 6 MHz. It was
resolution requires a costly, bulky, and fragile insulatedfound however, not surprisingly, that the micromachined
mount capable of holding the electrodes accurately parallahass filter operated at these rf represented a low impedance
at the desired separation. load with significant leakage currents in comparison to a
By reducing the electrode diameter to 0.5 mm, the aconventional quadrupole mass filter. The electronic drive cir-
voltage can be reduced t020 V at a similar frequency. If cuit to the MicroQuad was therefore redesigned using a di-
the electrode length is also reduced by an order of magnirect drive technique as opposed to a tuned circuit approach.
tude, the uncertainty in mass exceeds 1 amu; however, Bhe incoming control signals indicate to the rf unit what
resolution of around 1 amu may be obtained for mode to operate ifinormal, total ion or beam offand pro-
>20mm. This suggested that it would be possible to convide a “program” voltage to control the mass position to be
struct a cheap, low-resolution instrument, given a suitabl@nalyzed. After buffering and scaling, the program voltage is
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Fic. 2. Schematic diagram of the MEMS mass filter assembled in line with
a conventional hot filament ion source and Faraday collector to form the
MicroQuad.
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passed to a circuit, which generates precise direct curren
(dc) voltages and also to the oscillator and modulator. The
oscillator utilizes a crystal to generate a stable sine wave at Be. 3. Mass spectra obtained from the output of the electrometer for an
MHz. The modulator varies the amplitude of this rf voltage argon/nitrogen/helium gas n_1ixture. Total pressur& 12)’5_mbar, ion

in a precise relationship to the program. Feedback to th&ource voltage 13.5 V, emission current 2 mA, and pole bias 8.7 V.
modulator is used via a precision active rectifier, to ensure

tight control over the absolute voltages being applied to th
MicroQuad. The two-phase generator sums the dc and
voltages and provides a two-phase output.

mass (amu)

arthed silicon ground plane with respect to the rods. This
as found by numerical simulation to give a closer approxi-

) ) . : ___mation to the required hyperbolic field profile for ideal QMS
By introducing the micromachined quadrupole mass filter o iiorf Furthermore for the MKl prototype the improved

the ratio of (if frequency/electrode radilfsis reduced by a rf electronic drive unit described earlier in Sec. 1B was
factor of at least 10. Hence, the maximum rf voltage requireqJsed The Mkl MicroQuad was tested on two separate oc-
in any given appl_ication is reduced by th_e same fac_tor. Thi%asions separated in time by about three months. The reso-
allows smallgr, simpler and less expensive lrf supplies to bﬁJtion of this instrument was much improved on the Mkl
used. The high speed and current capability of the outpUfe sion and a linear mass scale with 5%—10% valley sepa-

stages eliminates the need for a tuned circuit which normall¥ tion between N, peaks was obtained. With ion energy
requires inductors and tuning capacitors to resonate the loa f14 eV the best rezsolution of the instrurﬁe&péak width at

This opens up the possibility of a very compact rf unit beinglo% peak heightwas calculated at 2.7 amu at mass®40.
implemented directly in silicon.

ll. OPERATION OF THE MICROQUAD B. Effect of pole bias

. The previous results showed that whilst quadrupole op-
A. Initial results eration was achieved, the low ion current obtained necessi-
The first prototype MicroQuad\vikl) was initially tested tated the use of high ion energies which limited the maxi-
using a 20 mm long microengineered mass filter, a hot filamum resolution obtained. A third phase of testing has now
ment ion source with a Faraday collector, and a Keithleybeen completed using the modified Mkll MicroQuad. The
Instruments 610 electrometer acting as a detector. By optinstrument operated consistently and in agreement with pre-
mizing the operating conditions of the ion source, the massiously obtained results indicating good instrument stability
resolution was steadily increased. Although the proof ofand reproducibility over a 12 month period. By using a fixed

guadrupole principle was clearly demonstrated by this resuléic bias applied to the electrodgmle biag and with careful

the resolution of the instrument was poor and indeed it wagontrol of the ion source voltage, an increased ion signal

not possible to quantify resolution at 10% peak height. current was obtained. Figure 3 shows MicroQuad spectra for
A second prototype MicroQuad/kll ) was constructed in an argon/nitrogen/helium gas mixture. Five peaks are clearly

which a 30 mm micromachined quadrupole mass filter wasisible corresponding to Hg N*, Ar>*, N5 , and Ar" ions.

mounted onto a commercial hot filament ion source, this wa3he signal currention transmissiohis increased by a factor

in turn attached to a 70 mm vacuum flange. The MEMSof 8 over previous best resltThe resolution of the QMS

fabrication technique for the production of this filter was was calculated to be about 18 at mass 20 with a peak width

improved from that used previously by further recessing theof 1.1 amu measured at 10% peak height. The ion source
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Fic. 6. Sensitivity(in arbitrary unit$ against ion source voltage for the same
Fic. 4. Effect of ion energy on sensitivityin arbitrary unitg for constant  conditions and spectra as shown in Fig. 3.
source voltage and varying dc pole bias to the QMS rods.

Figure 5 shows the effect on the peak width of reducing
voltage was set at 13.5 V with a pole bias of 8.7 V, the ionthe ion energy below 10 eV for a range of singly charged
source emission current 2 mA, and focus voltagB0 V.  argon ion spectrgmass=40). Figure 6 shows the corre-
The total pressure was>210™°>mbar. However, it can be sponding effect on ion transmissiésensitivity for the same
seen that the peak shapes obtained from the MicroQuad coBpectra. Resolution is much improved low ion energies but at
tinue to be nonideal, exhibiting long tails on the high-massthe expense of reduced signal. Sensitivity increases exponen-
side of the spectra, and similar spectra were obtainegally with ion energy over the range considered. This is
previously? Such effects may be due to mechanical deficienprobably due to ions with low energy from the hot filament
cies such as rod end misalignment, etc., and have been idefan source having poor entrance efficiency into the Micro-
tified previously on a larger QM&The effect of applying Quad mass filter. Work is ongoing to address this problem
positive pole bias is to reduce the energy of ions in the filtefia fabrication of a miniature ion source to couple directly to
thus improving resolution, and at the same time aid collecthe filter. Figure 7 shows the resulting performance curve
tion of ions at the zero biased Faraday detector thus improvrom Figs. 3 and 4 for the MicroQuad at mass 40 obtained by
ing sensitivity. varying theU/V voltage ratio whilst keeping the ion energy

Figure 4 shows ion signal curre(gensitivity) collected as  at approximately 2 eV and other parameters constant. The
a function of ion energy for charge to mass/@) ratios in  curve shows the typical trade-off of sensitivity against reso-
the range 4-40. Increased ion current with ion energy wagition obtained for conventional quadrupole mass filters.
obtained for all ions with the effect being least marked in theThere is a gain in resolution by a factor of 4 for a 20 fold
case of the singly charged nitrogen itmass=14). For the  reduction in sensitivity with a minimum peak width of 1.3

same energy ions with greatem/e ratios will be moving amu at mass 40, corresponding to a best case resolution
more slowly through the quadrupole leading to improved iongf 31.

collection at the Faraday detector.

S
Sensitivity (a.u)
o
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Fic. 7. Sensitivity(in arbitrary unit$ against peak width at 10% peak height
Fic. 5. Peak width at 10% peak height against ion source voltage for varyingU/V voltage ratios for the same conditions and spectra as shown
energy for a range of argon spectra. Emission current 0.2 mA and pressuren Fig. 3. lon source voltage 8.7 V, pole bias 7 V, ion source emission
5% 10" % mbar. current 0.2 mA, and pressure<30 ° mbar.
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Fic. 10. Transmissioffin arbitrary unit$ against pressure for nitrogen spec-

Fic. 8. Predicted number of rf cycles experienced by the ions in the Micro-tra in the pressure range to 7mbar and ion source emission current 0.2
Quad mass filter of length 30 mm and rf 6 MHz as a functiomé for mA.
different ion energies.

By applying Eq.(3) the number of rf cycles experienced ~Sion form/e=28 ion as the pressure increases. This effect is
by the ions entering the MicroQuad mass filter for differentprobably due to its greater ionization cross section ¢f,N
ion energies may be calculated and is shown in Fig. 8. Foput may be due to space charge effects in the ion source.
ions of mass 40 entering the filter with 2 eV energy, theFigure 10 shows the same nitrogen spectra in the pressure
number of cyclesh is approximately 60, corresponding to a fange up to 2.510 ?mbar. Transmission of the mass 28
predicted resolution of 180 by Eq4), with resolution ion reduces with pressure in the pressure range above
(m/Am) quantified at 10% peak height. For ions of mass 4010 3 mbar, whereas transmission of the mass 14 continues
entering the filter with 5 eV energy, the number of cyaids 1o increase up to 10’ mbar. The falloff of transmission with
approximately 36, corresponding to a predicted resolution oficreasing pressure is probably due to increased probability
65. Predicted resolution is therefore much lower than tha@f ion-neutral collision over the path length of the mass filter.
obtained in practicéFigs. 3 and Y by a factor of between 5 For the larger mass ion the falloff is greater due to the larger
and 6. One reason for this is due to the nonideal peak shapegllision cross section. It can be seen, however, that although
The high-mass tails on the spectra give a large valutrof ~ the signal is reduced the MicroQuad remains useable into
at 10% peak height. Clearly the MicroQuad resolution couldthis pressure regime and this is a feature of the small size of
be considerably improved if this were not the case. the instrument. Some miniature quadrupole gas analyzers use
a correction factor to compensate for ion collision with neu-
C. MicroQuad operation at high pressures tral gas molecules in the mass filter and thus allow instru-

ment use at higher pressurés.

Figure 9 shows the peak heights fop Nind N™ ions in
pressure range 16—10 *mbar. The pressure was mea-
sured using a MKS Baratron pressure gauge. THéNN IV. CONCLUSIONS

ratio increases with pressure over the range with the larger ) ) N
signal corresponding to increased ionization and transmis- Stable and reproducible quadrupole operation for a silicon

based QMS with a fully micromachined mass filter operating
at low power and low voltages has been demonstrated. The
10 MicroQuad mass filter behaves as a conventional mass lens
with a typical tradeoff between ion transmissi@ensitivity)
and resolution. For the MEMS mass filter studied here the
resolution(at 10% peak heightwas found to vary approxi-
ass 28 mately as 1/S (where S=sensitivity) with a best case reso-
lution of 31 (at mass 40 Performance improvement over
initial prototypes is felt to be due tG) improved design of
the micromachined filter(ii) the use of a direct rf driving
electronics as opposed to a tuned circuit, &nd the reduc-

transmission (a.u)

I — tion of ion energy afforded by the pole bias applied to the
0.1 v mass filter. Application of the pole bias results in improved
0.000001 0-00001 0.0001 0001 ion collection and increase instrument sensitivity, however,

pressure (mbar) the best case resolution of 31 obtained to date is much lower

Fic. 9. Transmissiottin arbitrary unit3 against pressure for nitrogen spectra than that prediCt?d by simple theory and is probably a con-
in the pressure range to 1®mbar and ion source emission current 0.5 mA. sequence of nonideal peak shapes. Such peak shapes may be
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caused by the inefficient coupling of ions into the mass filter 'C. M. Henry, Analytical Chemistry News & Featurék999, pp. 264A—
causing transmission of spurious higtte ions and this issue ~ 268A- _
remains the subject of further investigations. One of the ad- gg' 5' gre'dhOﬁet al, J. Vac. Sci. Technol. A7, 2300(1999.
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