A MEMS Radio-Frequency lon Mobility
Spectrometer for Chemical Agent Detection

Raanan A. Miller, Gary A. Eiceman, Erkinjon G. Nazarov, A. Thomas King

© Transducers Research Foundation, Inc. Reprinted, with permission, from the Proceedings of the 2000 Solid-State Sensor and Actuator Workshop,

Hilton Head Island, SC, June 4-8, 2000

ABSTRACT

A first-of-a-kind Microelectromechanical System (MEMS) Radio-Frequency lon
Mobility Spectrometer (RF-IMS) with a miniature drift tube (0.6 cm3) has been
fabricated and tested. The specirometer has detection limits in the parts per bil-
lion and the ability to identify chemicals not resolved in conventional Time-of-
Flight (TOF) ion mobility spectrometry. Specirometer operation with a minia-
ture 10.6 eV (A = 116.5 nm) ultraviolet (UV) photodischarge lamp and a 1-
G radioactive ionization source has been demonstrated. The RF-IMS has been
inferfaced fo a Mass Spectrometer (MS) and RF-IMS speciral peaks have been
confirmed. The RF-IMS/MS configuration illustrates another use for the RF-IMS
as a prefilter for atmospheric pressure chemical ionization mass spectrometry
applications.
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INTRODUCTION

Ion mobility spectrometry (IMS) is the leading technology for
on-site detection of chemical warfare agents, explosives, and
illicit drugs.[! It is also the technology chosen by NASA for air
quality monitoring aboard the International Space Station.2]
IMS is inherently suitable for field operation as it uses a rela-
tively simple fluidic system and operates at atmospheric pres-
sure. It is highly sensitive, portable, and has low power con-
sumption and moderate cost.

Commercially-available IMS systems are based on TOF, i.e.,
they measure the time it takes ions to travel from a shutter
gate to a detector through an inert atmosphere (1 to 760
Torr). The drift time depends on the mobility of the ion (i.e.,
its size, mass, and charge) and is characteristic of the ion
species detected.l!] The central component of the IMS is the
drift tube, which ultimately determines the instrument’s per-
formance.3] The drift tube consists of an ionization region, a
shutter, a drift region, and a detector. Current spectrometers
use conventionally machined drift tubes (minimum size about
40 cm3) for ion identification, but future applications will
require drift tube designs and fabrication technologies that
enable even smaller, lower cost, lower power, and more
reproducible spectrometers. MEMS technology offers a natu-
ral path to realizing such spectrometers. Yet to date, attempts
to fabricate miniaturized MEMS IMS drift tubes have led to
spectrometers with poor sensitivity or resolution.[4]:[5]

In this work, a recently developed IMS-based technique, RF-
IMS, has been adopted. This method uses the nonlinear
mobility dependence of ions on high-strength RF electric
fields for ion filtering.[6] The RF-IMS technique scales down
well, allowing the miniaturization of IMS drift tubes through
MEMS, while preserving sensitivity and resolution.[”! In this
paper, we report on the fabrication and characterization of a
novel MEMS RF-IMS.

RF-IMS Operation Principle

Conventional TOF-IMS operate in the low field regime where
the applied field strength is less than 1000 V/cm and the
mobility is essentially constant. However, Mason and
McDaniell8! found that the mobility of an ion is field-depend-
ent and can change significantly as the field strength increases.
Different ion species will have particular mobility dependen-
cies on the electric field (see Figure 1). The RF-IMS uses the
change in mobility between the high field and low field con-
ditions to identify the different ion species.
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Figure 1. Mobility dependence on electric field for three hypothetical ions.

Figure 2 illustrates the operation of the RF-IMS. As a gas sam-
ple is introduced into the spectrometer, it is ionized, and the
ions are transported through an ion filter toward a detector by
a carrier gas. The ion filter is a tunable filter that selects the
ion species allowed to pass through the filter by adjusting the
RF and compensation electric fields applied between the ion
filter electrodes. The filtering mechanism is governed by the
interaction between the ion and the net applied field, which
alternates between high and low electric field strengths.
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Figure 2. Schematic showing ions filtered by the RF and compensation
fields applied between the filter.

The conventional IMS operates with short pulses of ions
(usually produced by a shutter gate), which allow only about
1% of the ions formed in the ionization region to reach the
detector.[3] Thus, the ion current is limited by the fixed num-
ber of ions contained in the ion pulse. Miniaturization of the
conventional IMS, therefore, can significantly decrease the
number of ions available for detection. The pulse width can
not be increased, however, since resolution in the TOF-IMS is
dictated by the width of the ion pulse. The wider the pulse,
the poorer the resolution.

A significant advantage of the RF-IMS approach is that it does
not require ion pulses for operation, and the resolution is not
dictated by the width of the ion pulse. The ions are intro-
duced continuously into the ion filter, and almost 100% of
the "tuned" ions are passed through the filter, maintaining the
high sensitivity of the device. The RF-IMS approach also
avoids the complexity of generating short, spatially well-con-
fined ion pulses. In fact, the RF-IMS approach actually bene-
fits from miniaturization since the electric fields required to fil-
ter the ions are on the order of 10,000 V/cm. By keeping the
dimensions small, about 500 pm, the voltages required for
ion filtering are easily realizable.

Further insight into the operation principle of the RF-IMS can
be gained by considering a single ion, transported by a gas
stream between two parallel electrodes as shown in Figure
3(a). The ion experiences a force from the carrier gas flow (z-
directed) that transports it through the filter. A transverse
force (y-directed) produced by combining the RF electric field
and a dc compensation field also acts on the ion. These fields
are generated by applying voltages to the parallel plate elec-
trodes. A (simplified) RF electric field waveform (Figure 4(a))
with maximum field strength |E...| > 10,000 V/cm and
minimum field strength |E_;,| << |Epa| is used here to
illustrate the ion filtering principle. The asymmetric RF wave-
form is designed such that the time average electric field is
zero and

|Emax| tp = |Emin| to =P (1)
where t; is the portion of the period where the high field is
applied, t, is the time the low field is applied, and 3 is a con-
stant corresponding to the area under the curve in the high
field and low field portions of the waveform. The RF field
causes the ions to oscillate in a direction transverse to the car-
rier gas flow as they are transported down the channel by the
carrier gas (Figure 3(a)). The ion velocity in the y-direction is
given by!2]

V, = KE (2)

Here, K is the coefficient of ion mobility for the ion species
and E is the electric field intensity, in this case, entirely in the
y-direction. At a constant density N of carrier gas, the
dependence of the mobility on the electric field intensity can
be represented by the following expression!71:(8]

K(E)=K,[1+0,E2+0,E4+..] (3)

where 0, and 04 are coefficients of a series expansion, and
K, is the mobility coefficient in a vanishingly small field.l6] As
the electric field strength increases (above 5000 V/cm), the
second and higher-order terms in the series become signifi-
cant, and the mobility coefficient can change substantially (10
to 15%) from its low field value (Figure 1).[7] For illustration
here, it is assumed the mobility increases with increased field
strength, therefore, Ky (at E,,,,) > K; (at E;,). The ion dis-
placement from its initial position in the y-direction is the ion
velocity in the y-direction, Vy, multiplied by the length of
time, A t, the field is applied

AyRF = VyAt (4)

In one period of the applied RF field, the ion moves in both
the positive and negative y-directions. By substituting Eq. (2)
into Eq. (4), the average displacement of the ion over one
period can be written as

Aygp = K1 |Emax| ty - KZ |Emin| to (5)
Using Eq. (1), this expression can be rewritten as
Ayrr = B (K - Ky) (6)

Since B is a constant determined by the applied RF field, the
y-displacement of the ion per period depends on the change
in mobility of the ion between the high and low field condi-
tions. Assuming the carrier gas only transports the ion in the
z-direction, the average displacement of the ion in the y-
direction as a function of time can be expressed as
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see Figure 3(b). When a low-strength dc field, Figure 4(b), is
applied to the ion filter electrodes (|E.| < |E,| <<
|Ernax|) in a direction opposite to the average RF-induced (y-
directed) motion of the ion, the trajectory of the ion species
can be "straightened." This allows the ions of a particular
species to pass unhindered between the ion filter electrodes
(Figure 3(c)), while ions of all other species get deflected into
the filter electrodes. The dc voltage that "tunes" the filter and
produces a field that compensates for the RF-induced motion
is characteristic of the ion species and is called the compen-
sation voltage. A complete spectrum for the ions in the gas
sample can be obtained by ramping or sweeping the dc com-
pensation voltage applied to the filter.
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Figure 3.(a) Schematic of a single positive ion located between the ion fil-
ter electrodes,
(b) Average y-displacement of ion from initial position with RF
field applied, but no compensation field applied,
(9 Aveiu%e y-displacement with both RF and compensation fields
applied.
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Figure 5. Photograph of a micromachined RF-IMS drift tube.

wafer is diced into strips that are 25 mm long, 2 mm wide,
and 0.5 mm thick. The silicon strips are aligned with the metal
electrodes and anodically bonded (~ 1000 V, 350°C) to the
Pyrex. Metal electrodes also make contact to these silicon
strips, allowing control of their potential.

The REF field required to filter the ions is produced by a soft-
switched, semi-resonant circuit that incorporates a flyback
transformer to generate the high-voltage pulses.[9] The circuit,
shown in Figure 6, provides a peak-to-peak RF voltage of
1400V at a 2-MHz frequency with a duty cycle of about 30%.
In the practical implementation, the RF voltage is superim-
posed onto the compensation voltage.
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Figure 4.(a) RF waveform applied to filter electrodes,

(b) Compensation voltage applied to cancel out displacement pro-
duced by RF field.

Drift Tube and RF Circuit Design and Fabrication

The fabricated MEMS RF-IMS drift tube, shown in Figure 5,
contains an ionization region, tunable ion filter electrodes,
and a detector. The drift tube is fabricated from two Pyrex
wafers and a heavily boron doped silicon wafer. Metal elec-
trodes are fabricated on the top and bottom Pyrex wafers
forming the ion filter, deflector, and detector electrodes. The
metal electrodes (1200 A gold on 400 A titanium) are formed
on the Pyrex wafers by a sputter deposition and metal lift-off
process. The Pyrex wafers are diced into rectangular pieces
once the metal electrodes have been formed. Holes are
drilled into the top Pyrex pieces to provide a means for the
ionization sources to interact with the sample gas. The silicon
wafer thickness defines the gap between the top and bottom
electrodes of the ion filter. In the current method, the silicon

Figure 6. RF waveform generator circuit uses a soft-switched, semi-reso-
nant design in order to minimize power consumption.

Results and Discussion

A schematic of the experimental setup used to characterize the
spectrometer is shown in Figure 7. Sample vapors were prepared
in a vapor generator using Teflon permeation cells. All supply
lines following the vapor generator were heated to approximate-
ly 50°C. For spectrometer characterization, the vapor generator
was interfaced to the RF-IMS via a Teflon test fixture.

Either a miniature 10.6-eV (A = 116.5 nm) UV photodis-
charge lamp or a 1-uCi radioactive americium source served
as the ionization source for the RF-IMS. The source was posi-
tioned above the ionization region of the drift tube, as shown
in Figure 7. The bottom ion filter electrode was grounded,
while the high-voltage RF field and compensation voltages
were applied to the upper filter electrode. A polynomial
waveform synthesizer was used to sweep the compensation
voltage, and a Tektronics storage oscilloscope was used to
record the signal from the detector amplifier and to produce
a spectrum for the sample gas.
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Figure 7. RF-IMS characterization setup.

Figure 8 shows the response of the RF-IMS to different con-
centrations of toluene vapor introduced into the spectrome-
ter. In this experiment, a UV lamp was used as the ionization
source. The characteristic compensation voltage for toluene
was found to be -7 V. The peak intensity and area-under-
peak depend linearly on concentration for the concentration
range measured. Concentrations of toluene as low as 100
parts per billion have been detected. The spectrometer was
also characterized with other chemicals, such as acetone and
benzene, and each chemical exhibited its own characteristic
compensation voltage peak.
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Figure 8. MEMS RF-IMS specira for several different toluene vapor concen-
trations.

The small ionization volume of the MEMS RF-IMS allows the
use of low-activity ionization sources such as the 1-puCi ameri-
cium source. The americium source is the same material and
activity as employed in household smoke detectors. Adopting
the americium source for ionization will enable the RF-IMS to
be used in many civilian applications where low power is
important, while avoiding the extensive regulations typical of
traditional TOF-IMS that use radioactive Ni®3. Figure 9 shows
the spectra obtained using the americium source with
Dimethyl Methylphosphonate (DMMP) (a chemical warfare
agent simulant) at concentrations ranging from 300 to 90
parts per billion. Detection of lower concentrations was limit-
ed by the minimum vapor concentrations that the vapor gen-
erator system could deliver. The characteristic peak for DMMP
is found to occur at a positive compensation voltage in con-
trast to toluene, acetone, and benzene, which have negative
compensation voltages. The small peak at about -4.5 V
(Figure 9) is believed to be due to an impurity present in the
carrier gas, which is ionized by the radioactive source. The
concentration of this impurity appeared to be constant
throughout this experiment.
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Figure 9. MEMS RF-IMS spectra for DMMP generated using a radioactive
americium ionization source.

Because the RF-IMS operates in a different mobility regime
compared with the traditional TOF-IMS, chemicals that are
not possible to resolve in a conventional TOF-IMS can be
resolved using the RF-IMS. For example, Figure 10(a) shows
spectra for m- and p-xylene isomers obtained with a conven-
tional TOF-IMS. These molecules have the same mass and
very similar effective cross-sectional areas. As a result, the
spectra for these two ions are virtually identical. In contrast,
Figure 10(b) shows the spectra obtained for these same
chemicals in the MEMS RF-IMS. The peaks in this case are
clearly resolved.
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Figure 10. (a) Conventional TOF-IMS spectra for m-xylene and p-xylene,
(b) Spectra for m-xylene and p-xylene obtained with the MEMS
RF-IMS.

The response of the MEMS RF-IMS to mixtures has also been
investigated. Figure 11(a) shows the resultant spectra for a
mixture of benzene and acetone at trace concentrations ion-
ized with a UV source. The acetone and benzene peaks are
well resolved, with the acetone peak occurring at a compen-
sation voltage of -3.5 V and the benzene peak at about -10.5
V. Figure 11(b) shows spectra for benzene and acetone meas-
ured independently in a conventional TOF-IMS. It is evident
that a mixture of these two chemicals would be poorly
resolved in a traditional TOF-IMS.
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Figure 11. (a) RF-IMS specira for a benzene acetone mixture,
(b) Acetone and benzene spectra measured independently in a
conventional TOF-IMS.
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In addition to its use as a miniature detector, another exciting
RF-IMS application is as an Atmospheric Pressure Chemical
lonization (APCI) prefilter for an MS. This prefiltering capa-
bility should provide enhanced discrimination of complex
mixtures. The planar design and small size of the RF-IMS
make it easy to interface to an MS inlet. The RF-IMS also
allows control of the ions and their environment during injec-
tion into the MS inlet. The design of the RF-IMS enables the
selective injection of only ions into the MS, while ejecting
neutrals separately out the RF-IMS side (Figure 12). Both
positive and negative ion species can be injected into the MS
simply by changing the polarity of the deflector electrode.
The RF-IMS was interfaced to a TAGA 6000 tandem mass
spectrometer, as shown in Figure 12. A hole (0.7-mm diam-
eter) was made in the detector electrode to facilitate the ion
injection into the mass spectrometer. In addition to acting as
a prefilter for a mass spectrometer, this RF-IMS/MS configu-
ration enables confirmation of the identities of ion species
present in the RF-IMS spectral peaks.
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Figure 12. Schematic showing the use of the RF-IMS as a prefilter fo a
mass specirometer.
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Figure 13(a) shows the measured mass spectra with the RF-
IMS ion filter off. In this case, all ions that are produced in the
ionization region are unperturbed by the filter and can make
it into the mass spectrometer. The ion species measured are
acetone monomers, acetone dimers, and some impurities
from the carrier gas. With the RF-IMS filter on and tuned to
the characteristic compensation voltage for acetone, -3.5 V,
the dominant MS peak is the acetone monomer peak; all
other peaks are suppressed (Figure 13(b)), indicating that the
RF-IMS is indeed working as a filter.

Conclusions

A MEMS RF-IMS drift tube has been fabricated and charac-
terized successfully. High spectrometer sensitivity and the
ability to resolve chemicals not separated in conventional
TOF-IMS have been demonstrated. The MEMS RF-IMS
enables the realization of miniature, low-cost, high-sensitivity,
high-reliability chemical detectors. The spectrometer has also
been demonstrated as a prefilter to a mass spectrometer. The
RF-IMS/MS combination will allow better resolution of com-
plex mixtures.
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