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Microfabricated Quadrupole Ion Trap for Mass Spectrometer Applications
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An array of miniaturized cylindrical quadrupole ion traps, with a radius of 20 um, is fabricated using
silicon micromachining using phosphorus doped polysilicon and silicon dioxide for the purpose of
creating a mass spectrometer on a chip. We have operated the array for mass-selective ion ejection and
mass analysis using Xe ions at a pressure of 10~* Torr. The scaling rules for the ion trap in relation to
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operating pressure, voltage, and frequency are examined.
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The quadrupole ion trap was invented by Wolfgang Paul
during the 1950s with the goal of creating a trap for the
purpose of studying isolated particles in a confined and
controlled environment [1,2]. The instrument has since
been researched, developed, and commercialized exten-
sively with applications in many areas of biology, chemis-
try, geology, and physics. One embodiment of the ion trap
is the quadrupole ion trap mass spectrometer (QITMS),
which is used for quantitative gas analysis, isotope deter-
mination, and detection of trace pollutants and drugs. The
usage of a gas chromatograph and mass spectrometer (GC-
MS) combination is considered to be the *“gold standard”
of chemical analysis and detection of volatile organic
species. While such an accurate and sensitive instrument
exists in bulky form in many analytical laboratories, there
is a high demand for a smaller and more portable version of
the chemical sensor for remote and widespread deploy-
ment. This demand has stimulated researchers to seek ways
to miniaturize and mass produce a GC-MS system. The
holy grail is the development of a mass spectrometer on a
chip that has the same mass range, sensitivity and resolu-
tion as existing systems, but with smaller size, operating
voltage, and power consumption. We report here a signifi-
cant step in achieving this goal by demonstrating the usage
of a 20 um radius microfabricated ion trap array to per-
form mass spectrometry of Xe ions at the operating pres-
sure of 10™# Torr.

The quadrupole ion trap is particularly conducive to
scaling and implementation by existing microfabrication
technology. A quadrupole potential can be generated by
using three electrodes in a cylindrical geometry [3—7]. The
top and bottom electrodes are usually grounded in the
mass-selective instability operation mode and the middle
ring electrode is driven by an rf voltage of frequency () [2].
The largest mass that can be ejected by ramping the rf
voltage [2] and the mass resolution [8] are given by
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respectively, where e is the charge, m is the ion mass, V.«
is the voltage amplitude on the middle ring electrode,
dmax = 0.908 is a constant, r, is the radial dimension of
the trap, z, is the height dimension of the trap, and c is a
drag coefficient associated with the ambient gas, equal to
2/7. The quantity 7 is the collisional relaxation time [9],
inversely proportional to the buffer gas pressure. We note
that in shrinking the trap dimensions, ry and z, it is pos-
sible to maintain a constant mass range and resolution by
changing the operating voltage, frequency, and pressure.

Two areas of increasing research in mass spectrometry
are focused on making smaller quadrupole ion traps and
operation at higher pressure [8,10]. In the former case, the
intention is to create massive arrays of quadrupole ion traps
on a chip that provide a higher signal-to-noise ratio, utilize
a smaller amount of analyte, require lower power con-
sumption, and occupy a smaller form factor. The advantage
of high-pressure operation is the elimination of the turbo
pump and the overhead associated with high vacuum me-
chanical pumping. Higher pressure can also increase sam-
ple concentration in the ionization region and has been
shown to increase sensitivity in ion mobility spectrometry
[11]. From space charge considerations, the number of ions
that can reside in a single trap is proportional to the radius
of the trap, N« * ro [12]. In an area with one trap of
radius ry, it is possible to replace the single trap with an
array of n smaller traps with radius rg, such that r; =
ro/+/n. Thus, by using an array of small traps, one can
potentially gain a factor of \/n in the number of trapped
ions, for the same area, if the same trap energy depth is
maintained.

The requirements to reduce trap size and to operate at
high pressure are not independent. As the trap size de-
creases, the ion orbit inside the trap is also reduced because

8V nax . .
(ﬂ> = RE 2a+ 72) (1)  the quadrupole electric field increases. From Eq. (2), the
¢ Jmax qmax€2°(rg %) operating frequency () should be increased proportional to
and the pressure to maintain mass resolution. From Eq. (1), the
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FIG. 1. Projected scaling characteristics of a quadrupole ion
trap. The radius of the ion trap, r(, and operating frequency, (),
are plotted as a function of operating pressure for m = 100 amu,
Am=1amu, V=100V, and g, =0.4. The performance
ranges of different pumps are also shown [13].

trap dimensions must then be reduced to maintain mass
range. Thus, miniaturization of the ion trap actually ena-
bles high-pressure mass spectrometry. Figure 1 shows the
projected relationships between trap dimension, driving
voltage frequency, and operating pressure based on these
ideas. The operating pressure of different types of vacuum

pumps are also shown [13]. In general, we see two impor-
tant trends: as the pressure is increased, the operating
frequency must increase and the dimensions decrease if
the same voltage is applied. At a trap radius of 20 pum, the
maximum operating pressure should be greater than 1 Torr,
which can be generated by existing microelectromechan-
ical system (MEMS) pumps. The prospect of integrating
the ionization source, ion trap, ion sensor, and vacuum
pump on the same substrate and in a small form factor
becomes feasible in this respect. We will demonstrate that
such a microfabricated array of ion traps can function at
this dimension.

The original quadrupole ion trap was made of electrodes
of hyperbolic shape [2]. Alternative geometries have been
explored in attempts to simplify the electrodes construc-
tion. The cylindrical ion trap (CIT) has a simple geometry
that can be machined and microfabricated and has been
shown to yield mass spectra with subunit mass resolution
[14]. Experimental results have shown that the optimal
quadrupole potential can be achieved for dimensions z, =
ro, where z; and ry are the half height and radius of the
cylinder [3]. We have successfully fabricated an array of
CITs with ry, = 20 wm using p-doped polysilicon as elec-
trodes and silicon dioxide as insulating layers. Figure 2
shows the dimensions and geometry of the microfabricated
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FIG. 2 (color).

Design and fabrication of ion trap array. (a) Diagram of an open cap cylindrical ion trap and equal potential field lines

calculated using SUPERFISH [17]. (b) The dimension of the ion trap. (c) Schematic of the fabrication process.
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FIG. 3 (color). Microfabricated ion trap. (a) Scanning electron
micrograph and (b) picture of ion trap chip showing the dimen-
sions of the structure.

ion trap and the array chip. The CIT has an open end cap
structure. The fabrication process requires six lithographic
and etching steps, five on the front and one on the back side
of an 8§ in silicon wafer. The choice of phosphorus doped
polysilicon with resistivity of p < 1073 € cm as our con-
ducting material allows us to create structures that are over
40 pm thick. There are advantages and limitations to the
usage of polysilicon electrodes. Polysilicon can be depos-
ited with high precision to thickness up to 100 um. It can
be doped to have low resistivity (<10™* (2 cm) and pat-
terned in high aspect ratio (>1:20), uniformity (>95%),
and smooth side walls (<10 nm). There is presently no
simple way to deposit and to etch such a thick layer
(>1 pm) of metal using conventional integrated circuit
fabrication techniques [15]. High conductivity is desirable
for low rf loss. On the other hand, polysilicon electrodes
cannot be directly wire bonded and additional metalliza-
tion is necessary to make contact to the silicon. The poly-
silicon is deposited by chemical vapor deposition and is
subsequently annealed at 1050 °C for 10 hours to relieve
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FIG. 4 (color).

any residual stress. Patterning of the thick polysilicon is
done using the standard deep reactive ion etch process.
Care must be taken to create a smooth sidewall to minimize
any fluctuating potential that can heat the ions. The final
device is a membrane structure with an opening on both
sides of the membrane for entrance and exit of ions. Stress
engineering is extremely important in such a membrane
structure in order to prevent cracks and delaminations. We
have performed more than five iterations of design and
processing over the past two years before arriving at the
current functional device. Images of the trap cross section
and chip are shown in Fig. 3. The scanning electron micro-
graph shows the three ring electrodes separated by a thin
and recessed oxide layer. The thickness of the insulating
layer is thick enough to prevent breakdown and thin
enough to prevent disturbance of the trapped ion from
the charging of the dielectric oxide. From our experience,
we found that it is important to minimize the exposure of
the ions to any insulating dielectric, which can harbor
localized surface charges and create time varying parasitic
potentials.

The experimental setup is shown in Fig. 4(a). The vac-
uum chamber is filled with approximately 1% Xe gas and
99% He gas at a pressure of 10~* Torr. The tungsten
filament is biased at —70 V and heated by a current of
2.2 A to generate electrons to ionize the ambient Xe.
During ejection, the gate shutter is biased at —120 V to
turn off the beam of electrons. The mesh is biased at
—600 V to accelerate Xe ions ejected from the trap. The
ions are detected with a channel electron multiplier biased
at —1200 to —1600 V. The multiplier has a gain of ap-
proximately 10° at the maximum bias voltage. We tested
array samples of 256 and 2304 traps. Impedance matching
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Experimental results. (a) Diagram of experimental setup. (b) Scan function showing electron gun on during 0 to 4 ms

and detector turn-on during 4 to 5 ms. (c) Ton signal (Xe) obtained at a He pressure of 10™* Torr. Origin is located at 4.09 ms.
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of the chip to the driving electronics is an important issue
and we found that we could apply a higher voltage (larger
trapping potential) to the smaller array of traps because the
chip has a smaller active area and a lower capacitance.
Figures 4(b) and 4(c) shows the timing diagram and the
mass spectra of the Xe ions taken using the 256 trap array.
The rf electrode was driven at 100 MHz with an amplitude
of 45 V during trapping and ramped from 45 to 90 V in
200 ws for the mass scan. We estimate that the observed
signal corresponds to approximately ten ions per scan.

The development of the microfabricated quadrupole ion
trap has enabled the miniaturization of the mass spec-
trometer. In addition to chemical sensing, the ion trap tech-
nology has applications in quantum computing, MEMS
dipole and ion pump, ion generation, atomic clock, and
precision spectroscopy. While we have demonstrated the
operation of a 20 um ion trap array, we are currently
limited by the availability of ion detection and amplifica-
tion at high pressure. Electron multipliers can operate at a
pressure of 10™* Torr but suffer from electrical breakdown
at higher pressure. One avenue of future investigation is to
develop a high-pressure ion amplifying detector, either
using chemical amplification or electron-to-photon conver-
sion followed by subsequent photon amplification and
detection. Another avenue of future investigation is to
continue shrinking the size of the ion trap, such that there
is enough ion signal generated to be detected by a Faraday
cup or an array of microfabricated Faraday cups [16].
Current fabrication techniques allow us to precisely create
structures below 100 nm. How small can we make an ion
trap before it stops working? For an operating pressure of
76 Torr (0.1 atm), the size of the ion trap has to be reduced
to about a micrometer. The operating frequency would be
in the GHz range, and matching the driving electronics and
device impedance becomes more difficult. In order to trap
ions, the trap potential must be greater than the thermal
energy. The pseudopotential well depth along the radial
direction, D,, is given by

V2 \% kpT
e =4 BT 3)
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where 0 = ¢, = 0.908 is the radial Mathieu parameter. As
we reduce the size of the trap, we must increase the
operating frequency and decrease the operating voltage
to maintain the trapping condition. Equation (3) gives a
lower bound for V. Of course, this restriction can be
circumvented by cooling the ions using additional over-
head such as laser cooling or sympathetic cooling. In
principle, there is no limit on the frequency (2, since we
can always design the ion trap to occupy the antinodal
position of a transmission line. In practice, it is not clear
how the trap will scale to below 100 nm, where the rough-

ness of the electrode from fabrication becomes sizable and
the operating frequency goes above 10 GHz. Depending on
the type of etching chemistry, the side wall roughness can
range from 1-10 nm. The presence of a random and rapidly
fluctuating potential is likely to heat the ions, ejecting them
from the trap, and adding noise to the mass spectrometry
signal. Thus, there exists a practical limit to the size of the
scaling and this limit is determined by existing fabrication
technologies.
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