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Design of biochemical sensor based on high-Field
Asymmetric Ion Mobility Spectrometry
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Abstract: A novel biochemcal sensor based on a high-Field Asymmetric Ion Mobility Spectrometry
(FAIMS) theory is fabricated and characterized, which is mainly composed of an ionization source, a
drift tube and a detector. By taking a VUV lamp as the ionization source and choosing an acetone with
nitrogen (99. 999%) as the carrier gas, the biochemical sensor works at ambient pressure. Moreover,
two kinds of drift tubes consisting of two parallel plate electrodes are fabricated. One drift tube with
the dimension of 25 mmX10 mm X1 mm is composed of two copper planar electrodes, the other with
the dimension of 20 mmX 10 mmX 1.5 mm is fabricated by Micro Electro-Mechanical System(MEMS
) technology. For the former, the gap between the two drift tubes is 1 mm and the electrical field is a-
bove 10 000 V/cm; but for the latter, the gap between MEMS drift tube is 1. 5 mm and the electrical
field is less than 10 000 V/cm, which can not separate the acctone. With a peak-peak of rectangular
asymmetric waveform voltage up to 1 600 V,a frequency of 195. 8 kHz,a duty cycle of 30% and a com-
penstaion voltage of —8. 63 V., the acetone displacement is compensated and the sensor ability to sepa-
rate ions is demonstrated by an experiment using the planar copper drift tube.
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1 Introduction

The high-Field Asymmetric waveform Ion
Mobility Spectrometry (FAIMS) for gas-phase
ion separation is an advanced technology based
on a chemical analysis technology, lon Mobility
Spectrometry (IMS) , developed in 1970s, and it
separates ions at ambient pressure based on the
nonlinear dependence of the mobility coefficient
on an applied electric field. Different chemical a-
gents can be characterized by the drift velocities
of the ionized sample molecules in a weak electric
field at atmospheric pressure. In IMS, the elec-
trical field in the drift tube is linear. IMS has
many advantages, such as quick response, sim-
ple structures, and easy to combine with other
chemical detectors™?,

But the structure of the drift tube in IMS is
complicated and is not feasible to be minimized.
To overcome the shortcomings of the present
test device, the research brings forward a bio-
chemical sensor based on the FAIMS theory. It
has many characteristics, such as miniature,
high sensitivity, short test time, numerous test
substances and low power. The sensor based on
the FAIMS technology can be applied to quickly
test the atmosphere, toxic gases, the organic
pollutants in water, explosives, chemical war-
fare agents, the amino acid, etc, and it can be
widely used in the fields of environmental moni-
toring, community safety, warfare biochemical
threat, and so on.

The cylinder and planar drift tubes have
been developed in previous work. The cylinder
drift tube has the ion focusing effect, but the
drift tube is complicated and not feasible to be

miniaturet*™

. Comparably, the planar drift tube
is easier to manufacture and offers reproducibili-
ty and cost benefits. G. A. FEiceman et al pres-
ented a MEMS (Micro Electro-Mechanical Sys-
tem) planar drift tube with a 0.5 mm gap™®® .

In the FAIMS system, the high-frequency

asymmetric waveform is a very important part.
In the previous study, the bisinusoidal, the
clipped displaced sinusoidal and the quasi-sinu-
soidal ~ waveforms  were  employed  for
FAIMS™ ™,

tangular waveform with a duty cycle of 1/3 is

But in theory it shows that the rec-

the optimum asymmetric waveform for

FAIMS,

lar waveform was done by Roger Guevremont,

The first attempt using a rectangu-

which was impractical in reality for the low fre-
quency (83 kHz) and the high power consump-
tion"®. Recently, D. Papanastasiou et al adopt-
ed the rectangular asymmetric waveform with a
voltage pulse amplitude up to 1 000 V and a fre-
quency of 1 MHz for the drift tube with a 0.5
mm gap''®.

In this paper, a new rectangular asymmetric
power is designed for the FAIMS. Then, a
FAIMS principle prototype is presented and its
ability of separating ions is verified by experi-

ments.

2 Principle

Unlike the IMS, the FAIMS works as an
ion filter and transmits ions in a continuous fash-
ion. The fundamental of FAIMS is shown in
Fig. 1.

Just as shown in Fig. 1, FAIMS are mainly
composed of three parts: an ionization source,a
drift tube and a detector. Many kinds of ioniza-
tion techniques can be used to form ions in a gas
phase in atmosphere. For example, “*Ni ioniza-
tion, photoionization, corona ionization, etc.
were used as the ionization sources in FAIMSH,
The drift tube is a most important part of the
FAIMS, which consists of two parallel elec-
trodes. The sample ions are formed in the ioni-
zation source with a stream of carrier gas. A
high voltage RF (radio-frequency) waveform and
a weak DC voltage are applied to the two parallel
electrodes and verticle to the carrier gas flow.

The asymmetric RF waveform voltage is de-
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(a) Radio-frequency waveform voltage

Inlet |1

Tonization source Detector electrode
Drift tube electrode Deflector electrode

(b) FAIMS operation principle
Fig. 1 Fundamental of FAIMS

signed and the time average electric field is zero
in a period:
Eputi = Ennto = p » @D)
Where p is a constant, E,,, is the electric
field strength during ¢, time and E,;, is the elec-
tric field strength during #, time. When the ions
carried by the carrier gas traverse the drift tube,
the ions will follow trajectories perpendicularly
to the gas flow under the action of electrical
fields. For the RF waveform is asymmetric, the
ion velocity toward to top electrode is different
from that of the bottom electrode. This differ-
ence is due to the difference in the electrical field
and the ion mobility dependence on the electrical
field strength when the electrical field is greater
than about 10 000 V/ecm. So in every period of
RF waveform, there is a net displacement for i-
ons.
S =5 — 8
KE, ..t: — KiEpnto = (K— K p , (2)

Where v, is the ion velocity in the y direc-

- Umaxtl - vmintO -

tion during ¢, time;wv,,, is the ion velocity in the y
direction during #, time; K is the coefficient of

mobility of the ion during ¢, time; K, is the coef-

ficient of mobility of the ion during ¢, time.

If a certain DC compensation potential is
added to the electrode, the ions whose displace-
ment in a period is zero can pass through the
drift tube and register at the detector, just as A
shown in Fig. 1. Other ions will strike the elec-
trode, then, they are neutralized and removed
from the FAIMS by the carrier gas flow.

Different ions correspond to different DC
compensation voltages, so the samples can be i-

dentified by the DC compensation voltages.

3 Experiments

3.1 Fabricated ionization source and drift tube
The biochemical sensor consists of an ioni-
zation source, a drift tube,a signal detector and
so on, as shown in Fig. 1. The ionization source
adopts a VUV lamp ion source. The sample ions
are created in air at ambient pressure by the
VUV lamp ion source with a 10. 6 eV photo dis-
charge lamp (A=116.5 nm). Two kinds of drift
tubes composed of two parallel plate electrodes
are fabricated as shown in Fig. 2. One drift tube
is composed of two copper planar electrodes and
the dimension is 25 mmX10 mm X1 mm and the
other is fabricated by MEMS technology and the

(a) Copper planar electrodes

(b) Electrodes fabricated by MEMS technology
Fig. 2 Two kinds of drift tube electrodes
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dimension is 20 mm X 10 mm X 1. 5 mm. The
MEMS fabrication process includes lithography,
sputtering, wire bonding, and so on. The
MEMS drift tube is fabricated from two Pyrex
The metal Ti/Pt/Au electrodes are

fashioned on the Pyrex wafers using a sputter

wafers.

deposition. Then, the Pyrex wafers are diced in-
to rectangular pieces.
3.2 Preparation of sample and carrier gas
Chemical used in the experiment is acetone.
The carrier gas is pure nitrogen (99. 99%),
which is purchased from Beijing Hua Yuan Gas
Chemical Industry Corporation.
3.3 Experimental instrument
The acetone is adopted to characterize the
biochemical sensor. In the experimental system
(Fig. 3), a rotameter is chosen as the flow meter
and the detector instrument is a JMS-T100GC
time-of-flight Mass Spectrometer (MS) made in
Japan. The mass spectrometer works on the
positive ion mode and the ratio of charge to mass

1s 20~200 amu.

Rotameter

Stable-flow valve

iSample

Nitrogen gas RF and compe-
nsation voltage /
1 —> P
L

VUV ion source =
Drift tube

Fig. 3 Schematic of FAIMS experimental system

The photograph of experimental system is
shown in Fig. 4. In the experiment, the acetone
is carried by nitrogen gas (99. 999%) into the
VUV lamp ion source at a gas flow of 200 1/h.
The Radio-Frequency (RF) voltage is a periodic
signal of high-field asymmetric positive and neg-
ative pulses (peak-peak voltage about + 1 600
V) at a frequency of 195. 8 kHz and a duty cycle

Fig. 4 Photograph of experimental system
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Fig. 5 Radio-frequency (RF) voltage
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Fig. 6 Ion strength in 15 min

of 30% ., as shown in Fig. 5. As the gap between
the two MEMS drift tubes is 1. 5 mm and the e-
lectrical field is less than 10 000 V/cm, the
MEMS drift tube can't separate the acetone ions.
For the copper drift tube, the gap is 1 mm and
the electrical field is above 10 000 V/cm. As
shown in the Fig. 6 and Fig. 7, firstly, there are
many ion peaks in mass spectrometer file when
no RF waveform and compensation voltage are
applied to the drift tube, which shows that the

sample are ionized by the ionization source and



2222 P o

K% T

51T &

pass through the drift tube without the RF
waveform and the compensation voltage. Next,
there are no ion peaks in the mass spectrometer
file when the RF waveform is on and the com-
pensation voltage is off (Fig. 7(a)). In the third
experiment the RF field is on and the compensa-

tion voltage sweeps.

Acq.data name:08.6.4-2000v
Time of maximum:3.762[min]
Intensity(141)

1001 286 423521
|

Instrument configuration:JMS-T100LC  Lonization mode:1:ESI+
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(a)V,,=1600 Vand V4e=0V
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(b)V,,=1600 V and V,,=—8.63 V
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Fig. 7 Mass spectra of ions in different conditions
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