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Abstract
A design for a handheld MEMS chemical detector is proposed. The detector will be used to
detect trace amounts of chemicals in air. It can detect drugs, toxic chemicals and/or explosives.
The proposed detector will use ion mobility spectrometry (IMS), a technique that is well known
for accuracy and has been used in the past in suitcase sized chemical detectors. The separation
and detection of the chemicals occurs in the drift channel and the process was modeled using
the finite element method and CoventorWare modeling software. A manufacturing process
sequence for the drift channel is proposed and was demonstrated.
Introduction
The goal of this effort is to design, model, and prototype a MEMS chip that will be the key
component in an ion mobility spectrometer (IMS). This technique uses and asymmetric
potential to separate the various ion species in a stream of incoming air [1-4]. One advantage of
IMS is its ability to separate chemical species from air at atmospheric pressure and temperature.
This is a requirement for a simple to use handheld drug or chemical detector. IMS can be used
to detect drugs, toxic chemicals and explosives and it is well known for accuracy in detecting
very small amounts of chemicals. This chemical detection technique has been used in the past,
but not in handheld detectors.
One variant of IMS is the high-field asymmetric waveform ion mobility spectrometry or
FAIMS [3]. The FAIMS process, shown in Figure 1, works as follows: a gas sample is admitted
into the instrument where gas molecules are ionized, typically by a weak radioactive isotope
source, ultraviolet light source, and more recently through field emission. The ions move along
the length of a channel while they are separated in the transverse direction by an asymmetric
electrical potential. The potential, in the form of an asymmetric waveform, causes relative
motion between the various chemical species. The species that hit the charged top and bottom
plates are neutralized and only those ions that move along the center are detectable as charged
chemical ions at the end of the channel.

Figure 1 – FAIMS Drift Channel

One important assumption is that ions produced in the ionization chamber are created in the
same proportion as their concentration in the air stream. Thus, because air is mostly Nitrogen
and Oxygen, if we can measure the ratio of Nitrogen and/or Oxygen ions to ions of a species
such as CO2, we can tell the concentration of the species of interest in the air stream. This is a
two-step process where first, the Nitrogen or Oxygen ions are channeled through the center of
the drift channel and counted, and then the process is repeated for the species of interest. It is
important to note that the ability to separate the various species is the key to the operation this
type of instrument.
Chemical Specie Separation
Species separation occurs because different molecules move at different velocity under the
influence of the electrical field created by the charged top and bottom plates. Larger, heavier
molecules have higher inertia than smaller, lighter molecules. If the electrical field is changing
strength and polarity, the effect of inertial mass is to make the lighter molecules respond faster
to the changes. The result is that the movement of the different ions is dependent on the
frequency and amplitude of the asymmetric waveform, especially at very high frequencies of
more than 106 Hz. In addition, to the field strength, the size of the ions and molecules of the
carrier gas (i.e. air in our example), and their concentration are important because they dictate
how many collisions take place as the ions move towards the charged top and bottom plates.
The resulting velocity as the ions move towards the charged plates is called drift velocity (Vd)
and is defined as [1]:
where
and

Vd = K x E

Eq. 1

K = ion mobility in cm2/volts.sec
E = electric field strength in volts/cm.

The ion mobility (K) is a function of the molecule’s weight, size, effective cross section and the
same properties of the molecules in the carrier gas. In most cases, K is an experimental value as
defined by Equation 1, but there are theories that attempt to predict mobility from first
principles. It can be estimated from Equation 2 by Mason and McDaniel [1,5]
K = drift velocity/electrical field = (3e/16N)(2π/µkTeff )1/2 [(1+α)/ΩD(Teff)].

Eq. 2

The variables are defined in the references. If the ions and molecules are rigid spheres that
interact in elastic collisions, Mason’s equation can be simplified to
K = drift velocity/electrical field = (3e/16N)(2π/µkTeff )1/2 QD .

Eq. 3

QD = πd2 is the collision cross section and d is the average diameter of the ions and molecules.

When experimental data are collected, it is observed that he mobility can increase with
increasing field strength, or decrease with increasing field strength, or it can be independent of
field strength [5]. This difference in behavior facilitates the separation of the ions, especially at
high field intensities of 10,000 Volts/cm and higher typical of FAIMS. Increasing mobility as a
function of field strength allows ions to move farter during the high voltage part of the cycle
than during the low voltage part resulting in “drift” relative to ions that have decreasing or no
change in mobility.
There are no easy and direct ways of predicting what type of oscillating electrical field will
cause separation of ions of different species. It is easier to separate ions with a large difference
in their ion mobility, but even a small difference can be enough if the right waveform and
voltage is used. Asymmetric square waveforms as represented in Fig. 2 have been used in the
past [2,3] to achieve species separation. This type of waveform is defined by four variables:
1)the frequency, 2)the peak value, 3)the asymmetric ratio and 4)the offset. In addition, 5)the
length of the drift channel and the velocity of the carrier gas are important variables that can be
controlled to achieve separation of the species. Thus seven variables are available (including the
mobility of two or more species). The optimum combination can be discovered by modeling the
process.
Modeling the Drift Channel
The function of the drift channel is to separate the various species in the air stream. This is
accomplished by applying a variable potential to the top and bottom plates of the channel. The
only way to determine what potential will be successful in separating two species is to
experiment with the variables until the best potential is found. This can best be accomplished by
creating a model of the drift channel. Hence, a model was built using Coventorware software
by Coventor, Inc. using the finite element method.
The software used to model the drift channel was Coventorware by Coventor, Inc. Modeling
begins by defining a process plan. The process plan lists the steps required to fabricate the
structure. Figure 3 lists the steps and Figure 4 is a simple depiction of the various components
needed to manufacture a drift channel. The steps are: 1)begin with a Pyrex glass wafer, 2)use
vapor deposition to coat one side of the Pyrex wafer with gold , 3)bond a silicon wafer with the
channel shape etched away and 4)bond another Pyrex wafer also coated with gold on top. Step
3, etching the channel shape in the silicon wafer, requires a mask with the channel dimensions
10mm X 100mm.
With the process plan and the mask outline we can generate a solid model of the drift channel in
Figures 5 and 6. Figure 6 is the cross-section of the channel with the top wafer removed to
show the air passage. Finally, the fluid can be meshed for analysis as shown in Figure 7. In this
example, the elements used are Manhattan bricks with 4 nodes.
The analysis was performed using the Coventorware Netflow module, normally used to model
electrophoresis processes. The boundary conditions are 4 sidewalls, an inlet mass flow rate,
inlet concentration for all species, and the voltages of the top and bottom walls. The top wall
was subjected to the asymmetric waveform potential. Finally, the information necessary for the
transient analysis included the time step and the convergence requirements.
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Figure 2 – Asymmetric Square Voltage Waveform

Figure 3 – Process Plan for Drift Channel
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Figure 4 – Drift Channel Components

Figure 5 – Solid Model of Drift Channel.

Fig. 6 – Solid Model of Drift Channel Showing Internal Air Flow.

Figure 7 – Finite Element Mesh of Fluid in Drift Channel.
Thickness scaled 50X.

Figure 8a – Heroin Vapors in Drift Channel Cross-Section at t=0.001 secs.

Figure 8b – Heroin Vapors in Drift Channel Cross-Section at t=0.003 secs.

Figure 8c – Heroin Vapors in Drift Channel Cross-Section at t=0.01 secs.

Figure 8d – Heroin Vapors in Drift Channel Cross-Section at t=0.05 secs.

Figure 8e – Heroin Vapors in Drift Channel Cross-Section at t=0.1 secs.

Figure 9 – Separation of Nitrogen Ions. Channel Length=100 mm.

Figure 10 – Separation of Oxygen Ions. Channel Length=100 mm.

Typical analysis results are shown in Figure 8 for Heroin. For ease of interpretation, a cross
section of the channel is shown in time-lapse scenes. For similar asymmetric waveforms,
Nitrogen and Oxygen ions are attracted by the charged wall and neutralized while the Heroin
remains along the center of the channel. The separation was accomplished with a square wave
with a period of 0.0001 sec, peak voltage of -8 volts, an asymmetric ratio of 0.8 and a +3 volts
offset. In this example the mobility of the Heroin ions is 1.05 cm2/volts-sec and remains
constant for all field intensities [1], the mobility of the Nitrogen ions is 1.87 cm2/volts-sec at
760 volts/cm and 0.87 at 228,000 volts/cm [4] and the mobility of Oxygen is 2.24 cm2/volts-sec
at 760 volts/cm and 1.25 cm2/volts-sec at 228,000 volts/cm [5].
Conclusion
This effort was successful in building a finite element model of the drift channel and in
simulating the separation of chemical species with different ion mobility by using a square
asymmetric potential waveform. In addition, a MEMS process sequence was developed to
fabricate the drift channel modeled.
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