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Abstract. This paper presents the concept and the process-
ing of a miniaturised mass spectrometer, with dimensions of
approximately only a fewcm3. Its fabrication is based on
techniques used in microsystem processing and in particular
anisotropic etching, thin film deposition, electroplating, and
anodic bonding. The mass spectrometer consists of a plasma
electron source for measurand ionisation as well as an ion op-
tic and a mass separator specifically designed for the system’s
small dimensions.

Mass spectrometers belong to the most precise tools used
in ecological analysis. Presently available mass spectrome-
ters mostly use relatively bulky mass separators. Large di-
mensions of several10 cm length require low pressures of
10−4 mbaror less to prevent ion collision, which would re-
duce the resolution. To produce a vacuum of below10−4 mbar
a two-stage pump system is required – usually consisting of
a vane-type rotary backing pump and a turbomolecular pump.
Thus the pumping system accounts for a considerable share
of the overall cost. The large volume as well as the required
power supply reduces portability and restricts the use of these
mass spectrometers.

A mass spectrometer fabricated as a microsystem con-
siderably reduces these disadvantages. The small separator
length of2.5 mmfacilitates the mass separation by a pressure
of about1–10 Pa, hence requirements for the vacuum system
are greatly reduced. Due to the small volume to be evacuated
the use of a micro vacuum pump seems feasible. By means
of on-chip realisation utilising techniques of micromechanics
and thin film technology the costs of a mass production can be
drastically reduced. The small dimensions and the use of in-
tegrated circuits for the generation of the deflection voltages
greatly enhances portability.

These advantages allow the use of mass spectrometers for
many existing and potential applications, for example pro-
cess monitoring in microelectronics, aerospace, and optical
coating industries as well as an expansion into areas such as

pollution monitoring (air quality, emission monitoring, iden-
tification and analysis of CFCs), the location of leaks in gas,
oil and water pipelines and tanks, and medical diagnostics.

1 Separation principle

There is a large variety of separation principles and techni-
cal design. The two best known and most widespread are
the ‘Wien filter’ using static electric and magnetic fields
to achieve a spatial separation of different masses [1] and
the quadrupole filter based on the use of dynamic electric
fields yielding stable or unstable trajectories for different
masses [2].

Common to both separation principles is the requirement
of high field strengths to force the ions to the designated
trajectories.

The microsystem technique permits the modelling of very
small structures making it possible to gain satisfactory field
strengths at moderate voltages. The use of very low voltages
of about 10 V allows the application of integrated circuits
to generate more complex and higher frequency signals as
commonly used, for example, in a quadrupole separator. This
allows the development of a mass filter especially suited for
a micromachined system taking all its advantages and limita-
tions into account [3].

The signals used for the presented mass spectrometer are
shown in Fig. 1. The repetition frequency of the signals S1
and S2 is12.5 MHz and the highest frequency component to
be transmitted is25 MHz.

When being applied to the separator electrodes, as shown
in Fig. 2, the signals S1 to S3 lead to a dipole travelling along
the channel and changing its polarity from one electrode pair
to the next (see Fig. 3). Adjacent electrodes are carrying in-
verted signals to double the field strength.

The travelling dipole field has a repetition frequency of
12.5 MHz, i.e. every80µs a new dipole starts from the en-
trance of the separator channel. A dipole travels the dis-
tance of four electrodes during this time span – equivalent to
a speed of104 m/s. Hence, ions injected at this speed into
the separator are affected by a transverse force of opposite di-
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Fig. 1. Travelling field signals S1, S2, and S3 in time

Fig. 2. Attachment of travelling field signals to the electrodes

rection but equal amount from one electrode pair to the next.
This causes a sinusoidal trajectory through the separator and
thus detection of the ion (see Figs. 2 and 14).

Faster or slower ions reach static field areas and are neu-
tralised at the electrodes. Hence, the mass filter is velocity
selective combining the principles of time-of-flight- and tra-
jectory stability.

The speed of the ions is adjusted by acceleration in an
electrostatic field where all ions gain the same kinetic energy
E= eU= 1

2mv2 , and develop different speeds corresponding
to their masses (proportional to 1/

√
m).

A mass scan can be obtained easily through variation of
the electrostatic acceleration field. In correspondence to the
repetitive dipole frequency, ion packets are produced from the
continuous ion beam into the separator.

Fig. 4. Principle of the mass spectrometer

Fig. 3. Principle of the mass separation

2 The microsystem

A schematic sketch of the mass spectrometer is shown
in Fig. 4. The measurand is ionised in the ionisation chamber
by electron impact. To achieve the highest possible ionisa-
tion rate in the small dimensions, the pressure in the cham-
ber is about10 Pa–100 Pa. The electrons are generated by
a microwave-stimulated plasma and are extracted from the
plasma chamber by means of a two-grid system, working
as acceleration electrodes. Simultaneously, it prevents the
plasma from burning outside the plasma chamber and inhibits
electric fields from penetrating the ionisation chamber.

To provide a spatially defined region of ionisation, which
is necessary to keep the energy distribution of ions as nar-
row as possible, the electron beam is focused on a small hole
of 100µm×100µm width and50µm length through which
they enter into the ionisation chamber.

The hole acts as a pressure stage as well, in order to min-
imise a mixing of plasma gas with the measurand.

An electrostatic lens system focuses the ions into the sep-
arator channel. Simultaneously it acts as a pressure stage
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separating the ionisation chamber and the separator. Here the
pressure is about1–10 Pato ensure the necessary free path
in length in the separator channel which is approximately
2.5 mmlong.

As a detector a low-noise integrator-IC may be used, inte-
grating several ion packages. Due to the nearly infinite output
resistance of the separator, ion currents below1 pA can be
measured.

The detection can further be enhanced by integration of an
electron multiplier channel.

3 The plasma chamber

To achieve a long lifetime of the system and to avoid the
necessity for high vacuum conditions, the electron beam for
ionising the measurand is generated from a plasma instead of
a filament.

Although the generation of a microwave-stimulated plas-
ma is electrically more difficult than the generation of a dc
plasma, two decisive advantages are gained by the application
of a microwave plasma in a miniaturised mass spectrometer:
first the destruction of the chamber due to sputter effects is
kept low increasing system lifetime and, second, stray fields
penetrating into the separator channel are non-critical because
the ions are unable to follow the high frequency.

A schematic diagram of a microwave plasma chamber is
shown in Fig. 5. It consists of three-layer Pyrex glass. The
bottom layer carries the microwave feed, the microstrip, to-
gether with the empirically determined matching network
consisting of a stub of appropriate length and distance to
the chamber. Microstrip and network are deposited as a pho-
tolithographically structured thin film metal layer (approxi-
mately400 nm).

In the centre layer the actual plasma chamber is formed
as a hole and the plasma gas feed as a trench by means of
chemical etching. The structure is achieved by using50%
HF alkylation with a LPCVD-poly-silicon layer as an etching
mask [4]. On the upper side the groundplane of the microstrip
is deposited another thin film layer which is realised as a grid
above the hole to make electron extraction possible.

In the Pyrex wafer on top, another smaller hole is formed
with a second extraction grid used for accelerating the elec-
trons into the ionisation chamber.

Due to the small grid distance the electron extraction is
non-critical and, indeed, it could be observed that the plasma
ceases to burn because of electron losses when the extraction

Fig. 5. Principle of the plasma chamber

Fig. 6. Microwave plasma chamber

Fig. 7. Electron current extracted from the plasma chamber versus extrac-
tion voltage for different microwave powers

voltage is driven too high; thus an increase in electron current
is possible when the microwave power or plasma pressure are
increased (see Fig. 7).

Pyrex was chosen as the base material for two reasons.
It has a relatively low relative permitivity (εr = 4.3) and loss
coefficient, which keeps capacitances and hence microwave
power low. This is necessary in the concept of miniaturisa-
tion including the microwave source. Second, it is possible to
use the silicon etch mask for anodic bonding as an easy way
of connecting the three layers [4]. A photograph of a plasma
chamber is shown in Fig. 6.

Since igniting a plasma requires a much higher microwave
power than sustaining it, the plasma is ignited by a piezo-
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electric spark discharge. It sufficiently increases the electron
concentration for a short period of time to generate a plasma.

Figure 7 shows the extracted electron current for differ-
ent microwave powers. Even at moderate powers appropriate
for a microsystem, electron currents of about100µA are
achieved.

4 The mass separator

Figures 3 and 14 show the working principle of the mass
separator. The widths of the deflection electrodes and the dis-
tances of adjacent and opposite electrodes are100µm.

The small size of the separator (a fewmm length) allows
mass separation at relatively high pressure of1–10 Pa, as well
as generation of the high electric fields necessary for separa-
tion at low voltages. As a result, the travelling field signals
with an amplitude of20 V can be realised with integrated cir-
cuits [3].

A schematic diagram of the mass separator is shown
in Fig. 8. Pyrex glass is used as a substrate to ensure elec-
tric isolation of the deflection electrodes. The electrodes con-
sist of copper grown by electroplating on a sputtered and
photolithographically structuredCu thin film [6]. They have
a width and height of100µm each, the distance of adjacent
and opposite electrodes being100µm as well. To achieve
the desired height a special photoresist (Epon-SU8) is used.
It is spun in a single-coating process to a height of more
than100µm and serves as a mask for the electroplated struc-
ture [7]. Figures 9 and 10 show SEM photographs of the
structured photoresist and the formed electrodes.

The top of the separator channel is sealed by aKOH-
etched silicon cover. Inside the ion channel anotherCu
thin-film electrode is deposited on the Pyrex substrate. Like
the cover it carries an electric potential slightly higher than
the average travelling field potential and thus forces the ions
to travel in the centre of the channel which prevents their
neutralisation.

The design of the separator is very critical because of
the small electrode distances and the resulting capacitance.
Due to the relationI = CdU/dt, a capacitance of only10 pF
would cause a maximum current of10 mA if the deflection
voltage rose from zero to20 V in 20 ns (see Fig. 1). Cur-
rents of this magnitude are critical at the required frequen-
cies, because – following the concept of miniaturisation – all

Fig. 8. Mass separator

Fig. 9. SEM picture of photoresist structure for electroforming. Length,
width, and depth of the structures are500µm, 100µm, 100µm respectively

Fig. 10. SEM picture of the electroplated deflection electrodes

control signals should be provided by an integrated circuit.
Since the presented structure has a capacitance of approxi-
mately0.5 pF, the integration of deflection signals in one IC
is feasible. First steps towards realisation have already been
achieved [5].

5 The ion optic

The ionisation chamber and the subsequent ion optic have
to be carefully designed since they strongly affect the mass
spectrometer’s resolution and detection limit.

A diagram is shown in Fig. 11. The ionisation chamber
has a base size of300µm×300µm and a height of about
150µm. The ion outlet and the extraction electrode are con-
structed very small (< 50µm) as they act as an entrance slit
that is imaged on the detector by means of a 2-electrode
immersion lens. Additionally the outlet aperture and the ex-
traction electrode serve as pressure stages to the separator.
By means of a higher measurand pressure in the ionisation
chamber (about10–100 Pa) compared to the pressure in the
separator a sufficiently high ionisation rate (ionised measur-
and atoms per injected electron) is achieved in the small
dimensions.

Simultaneously the pressure in the separator channel is
low enough (1–10 Pa) to guarantee the necessary free length
of path.

Figure 12 shows the computed potentials for a two dimen-
sional arrangement. The potential difference between the ion-
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isation chamber and the extraction electrode is about100 V. It
has to be varied depending on the distance between chamber
and electrode as well as on their aperture sizes.

A small potential difference or a large electrode distance
results in a small penetration of the extraction potential into
the chamber and thereby in a decreased ion yield (defined
as quotient of extracted ions and generated ions). And vice
versa, a higher potential difference or a small electrode dis-
tance results in a high ion yield but simultaneously in a more
widespread energy distribution of the extracted ions reducing
the resolution of the separator especially in the small mass
range.

Figure 12 shows the potentials plotted for an extraction
voltage of 100 V at an electrode distance of50µm and
an aperture of also50µm. These values produce a mostly
monochromatic ion beam with a half-width value of the same
order of magnitude as given by Maxwell’s energy distribution
at room temperature.

At the subsequent immersion lens the first electrode has
a retarding, and thus focusing, effect [8]. The potential of
the second electrode determines the ion’s energy for injection
into the travelling field [9]. By varying its voltage the mass
scan is obtained.

A three-dimensional computation of the ion optic and its
characteristics is plotted in Fig. 13.

The ionisation chamber as well as the ion optic are elec-
troplated in the same process step as the separator electrodes.

Fig. 11. Schematic of the ionisation chamber with the ion optic

Fig. 12. Potentials of the ion optic computed with SimIon V6.0

Fig. 13. Simulation of ion beam forming

This involves an advantage which is not to be underestimated.
The distance and orientation of the ion source to the separator
are precisely determined by the lithographic mask and thus an
adjustment of the units is unnecessary.

6 Resolution and detection limit

Figure 14 shows a computer simulation of a resolution for
a separator consisting of ten electrode pairs, computed with
SimIon3D V6.0. The separator is selective for an ion mass of
40 u, which results in a resolution ofm/∆m= 20. For higher
masses the resolution will be less and for lower masses it will
be higher because the amplitude of the lateral deflection is
higher for lower masses at a given field strength. In addition
the mass separator is velocity-sensitive, with the velocity be-
ing inversely proportional to the square root of the mass. The
resolution may be increased at the expense of a longer sepa-
rator channel and its resulting limitations with respect to the
mean free path length.
The detection limit is given by

nsel

ntot
= ID

η(1− r)Ie−εIOpεsep

wherensel is the concentration of the selected particle type,
ntot the total particle concentration,ID the minimum mea-
surable detector current,η the ionisation probability of an
electron,r the recombination probability of a generated ion,
Ie− the electron current from the plasma source,εIOp the effi-
ciency of the ion optic, andεsep the efficiency or transmissiv-
ity of the mass separator. TakingID = 1 pA, η= 0.5, r = 0.1,
Ie− = 100µA, εIOp= 0.05, andεsep= 0.05, yields a detection
limit of 10 ppm.

Since commercially available multiplier channel plates
have dimensions of the single channels in the range ofµm, the
integration into a micromachined mass spectrometer seems

Fig. 14. Simulation of mass resolution with SimIon V6.0
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feasible, and thus the detection limit can further be enhanced
by two to three orders of magnitude [10].

7 Conclusion

The dimensioning and processing of a micromachined mass
spectrometer has been presented. Fundamental components
have successfully been fabricated and partly measured. Com-
puter simulations based on theses experiences show that the
realization of a prototype mass spectrometer in accordance
with the presented concept is promising.

Moreover, concepts exist for the improvement of current
components and the integration of additional components,
which will improve the efficiency of the spectrometer and
make new applications accessible.

The combination of different sets of lithographic masks
in the fabrication process allows the adjustment of resolution
and detection limits according to the application. Even twin
solutions are feasible.
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