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bstract

Breakthrough measurements of a single chip mass spectrometer are presented. This planar integrated micro-mass spectrometer (PIMMS) is
edicated for mobile measurements, portable applications as well as for continuous process monitoring.

The waferbased fabrication in MEMS technology allows a very cost-efficient mass production. All critical structures are fabricated by a one
ask anisotropic deep silicon etch, avoiding alignment difficulties. The small size (5 mm × 10 mm) reduces the vacuum requirements by several

rders of magnitude, thus a one stage pumping system can provide the necessary vacuum. The operation is based on electron impact ionization
nd a synchronous ion shield mass filter.

The electron beam for ionization is supplied by a source, that extracts electrons from a high density microwave plasma. The integrated ion optics
xtract and focus the beam into the mass separator, where time variant electric fields separate the ions according to their mass-to-charge ratio. An

nergy filter ensures that the ion beam is monochromatic before it is finally recorded at the detector.

The accomplished experiments prove the concept of the fully integrated mass spectrometer on a chip. Mass spectra of different gas compositions
easured with the PIMMS are presented.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Mass spectrometry is one of the most relevant techniques
or chemical and biological analysis and well established in
aboratory environments. To apply this technology to portable
eld applications and in situ measurements, several research
rojects deal with the miniaturization of mass spectrome-
ers and their components, especially mass separators. In
1] the miniaturization of different types of mass separators
n micro-electro-mechanical systems (MEMS) technology is
eported.

Ion traps have been proposed in different shapes for the fabri-
ation in micrometer scale by MEMS techniques. An approach

o match the field requirements of an ion trap with the restrictions
n MEMS technology is shown in [2]. Cylindrical ion traps (CIT)
ave been fabricated in arrays to use the advantages of miniatur-
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zation (e.g., reduced cost, low operating voltage), while keeping
he sensitivity at a moderate level [3–6].

Quadrupole mass separators were considered for down-
caling by different research groups, because of their simplicity
nd compactness. Arrays of quadrupole mass separators have
een investigated for increased performance [7]. The difficulty
f fabricating a perfectly aligned linear quadrupole in MEMS
echnology has been solved in [8,9]. Self-aligning spring struc-
ures in silicon keep the 30 mm long metal rods in their exact
osition yielding in a good separation performance.

A time-of-flight (TOF) mass spectrometer fabricated by elec-
roplated nickel structures on silicon is presented in [10]. The
ass separation is shown for externally ionized sample gas only.
A Wien filter in MEMS is proposed in [11] and adresses the

pplication of low cost helium leak detection. Preliminary results
re shown for a microfabricated mass separator using external

agnets.
All above mentioned publications have in common that only

omponents of a mass spectrometer have been miniaturized and
ested as separate units. This paper presents the miniaturization

mailto:jp.hauschild@tu-harburg.de
dx.doi.org/10.1016/j.ijms.2007.03.014
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Fig. 1. Schematic view of PIMMS structures.

f a mass spectrometer with all essential components on one
hip.

A planar integrated miniaturized mass spectrometer
PIMMS) fabricated by microsystems technology offers several
dvantages: a wafer based design enables large-scale cost-
fficient production [12,13]. All major structures of the PIMMS
re fabricated in a single mask anisotropic deep silicon etch pro-
ess, eliminating the need for alignment of the units to each other.
he mass separator length can be reduced to a few millimeters,

hus the requirements for the vacuum are relaxed significantly.
or a system of this size a vacuum with a pressure of 1 Pa is suf-
cient, which can be provided by a one stage pumping system
r a micro-pump as proposed in [14]. Furthermore, the small
imensions assure a low sample and carrier gas consumption
nd reduce the response time. Another advantage of miniatur-
zation are the high electric fields that can be generated by low
oltages, thus reducing the power consumption and allowing
he use of standard integrated circuits to drive the PIMMS. The
nvisioned size of a complete PIMMS is that of a cell phone, and
he expected cost will be a fraction of state of the art devices.

The ability to fabricate low-cost microfabricated mass spec-
rometers will allow to install dense networks of mass spectrom-
ters for pervasive monitoring in a wide variety of environments.
ultiple existing and potential applications like immission
onitoring, identification of CFC, surveillance of air contami-

ations, on site measurements by rescue services, and multiple
ass spectrometer networks on chemical plants are feasible.
. Function principle

The micro-mass spectrometer (Fig. 1) consists of six units:
he electron source, the ionization chamber, the ion optics, the
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ass separator, the energy filter, and the detector. They are
escribed in detail in the following sections.

.1. Overview

The sample gas is ionized in the ionization chamber by elec-
ron impact ionization. The necessary electron beam is provided
y the micro-plasma electron source. The ion optics extract the
ons and accelerate these to a defined kinetic energy, resulting in
n ion beam with a mass dependent velocity distribution. This
on beam enters the mass separator built by a channel of electrode
airs. The signals applied to these electrodes generate a time
ariant electric field within the channel, facilitating mass sepa-
ation. The frequency of the applied signals determines the ion
ass to be measured, while ions of other masses are deflected.
y changing the frequency a large mass interval can be scanned
nd interrelated to the measured output, to generate the mass
pectrum of the sample gas. The energy filter constructed as
90◦ sector ensures that only ions with a defined energy are

ecorded at the detector.

.2. Electron source

A high current density electron beam at a defined electron
nergy between 50 and 100 eV, which is necessary for electron
mpact ionization [15], is extracted from a microwave plasma
16–19]. The microwave excitation of the plasma allows a high
harge carrier density, while keeping the ion energy low to
revent ageing of the plasma chamber due to sputtering. The
lasma chamber has a cylindrical shape with a diameter of
00 �m and a height of 300 �m. The noble gas is fed into the
lasma chamber through a capillary of defined diameter and
ength. This construction allows to control the pressure inside
he plasma chamber at the desired pressure of 50 Pa by manip-
lating the pressure at the input of the capillary. After ignition
f the plasma by a spark discharge, the electrons are extracted
hrough a rectangular aperture by an electric field and acceler-
ted into the ionization chamber. The aperture acts as a pressure
tage as well and allows to maintain a low pressure in the elec-
ron acceleration area. The energy of the electrons is controlled
y the voltage between the plasma and the ionization cham-
er. The total electron current is 100 �A at a current density of
A/cm2.

.3. Sample gas ionization

The electron impact ionization is performed in the ionization
hamber. The high energy electron beam ionizes the sample gas
nd fragments molecules [20]. The ion yield curve has a flat max-
mum at electron energies between 50 and 100 eV [21], therefore
he rate of fragmentation can be adjusted while keeping the ion
urrent constant. A capillary of defined length (l = 10 cm) and

nner diameter (d = 100 �m) allows to control the pressure p0
nside the ionization chamber by the pressure pv applied to the
apillary (see Fig. 2). At steady state, the gas flow pressure prod-
ct q

aperture
pV [Pa m3/s] through one pressure aperture of the area
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vi = 2
E

mi
. (4)
ig. 2. Pressure scheme of the ionization chamber: the ionization chamber is
ed with the probe gas through a capillary and has two outlets, this results in a
ressure p0 in the ionization chamber.

at a chamber pressure p0 is calculated as [22]:

aperture
pV = AKgp0, with

Kg =
(

2

κ + 1

)1/(κ−1)
√

2κ

κ + 1

RT

Mmolar
. (1)

he adiabatic exponent κ, the gas constant R, and the molar mass
molar depend on the gas. The laminar flow through a capillary
ith the pressure difference pv − p0, the length l, and diameter
is given by

capillary
pV = Kc

p2
v − p2

0

2
, with Kc = π

128η

d4

l
. (2)

t steady state (qaperture
pV = q

capillary
pV ), the positive solution of the

uadratic equation, derived from (1) and (2), is the pressure in
he ionization chamber

0 = −AKg

Kc

+
√(

AKg

Kc

)2

− p2
v. (3)

he total ion current strongly depends on the ionization char-
cteristics of the sample gas and the pressure in the ionization
hamber. To characterize the ion source, experiments were car-
ied out with different compositions of argon, neon and carbon
ioxide. The capillary pressure pv was controlled by a pressure
ontroller which supervises a set of mass flow controllers (one
or each gas). The results are shown in Fig. 3, where the pressure
n the ionization chamber is converted by Eq. (3). The ioniza-
ion maximum of argon is located at a lower pressure than neon,
hich is attributed to the different electron impact ionization

ross-sections [23–25]. The optimum pressure for ionization is
ower for larger cross-sections. The carbon dioxide ionization
xperiment shows two maxima which might result from partial
ragmentation.

.4. Ion extraction optics

The ion optics consist of electrostatic lenses realized by
hree pairs of electrodes adjacent to the ionization chamber
ith defined dc potentials applied [26,27]. A 3D finite element
ethod (Femlab®/Matlab®) was used to simulate and optimize

he dimensions and the electric potentials of the rectangular

haped apertures.

The electric field between the ionization chamber and the
rst pair of electrodes (1.25 MV/m) extracts the ions, and the
ollowing pairs of electrodes focus and parallelize the ion beam

F
m

onization cross-section of neon is smaller than for argon or carbon dioxide
maximum shifted to a higher ionization pressure).

s shown in Fig. 4. The negative effect of the ions’ energy dis-
ribution is minimized by reducing the penetration depth of the
lectrical field in the ionization chamber. Ions once caught by
he electrical field near the outlet aperture leave the ionization
hamber immediately. Therefore, all ions experience the same
lectrical field, and due to the pressure drop at the outlet aper-
ure the ions do not interfere with each other. To address this
ffect in the simulation, the starting points of the ions were cho-
en close to the outlet aperture (distance smaller than 100 �m).
he electric fields between the following pairs of electrodes

orm an ion beam which consists of ions of a defined kinetic
nergy E.

The resulting velocity of the ions vi depends on their mass
i as

√

ig. 4. Ion extraction optics: the voltages Uextract, Ufocus, and Uguard are opti-
ized by simulations.
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ig. 5. Function principle of the synchronous ion shield mass filter: (a) mass sep
f the ion channel with respect to time t.

.5. Synchronous ion shield (SIS) mass separator

The SIS separator is developed from the traveling dipole field
ass separator described in [13]. An ion channel is formed by a

roup of ten electrodes opposite to a comb structure, as shown
n Fig. 5 a. Every second electrode and the comb structure are
ulled to a defined electric potential leading to field free zones
ithin the channel. Square wave (SW) signals having a defined
hase shift are applied to the remaining electrodes. This oper-
tion generates a time-variant electric field within the channel
erpendicular to the ion path, as sketched in Fig. 5 b, the path-
ime-field (PTF) diagram. The dark areas denote a strong electric
eld perpendicular to the ion path, while the bright areas denote
field free region. Field free ’shields’ are traveling along the

on channel with a velocity defined by the frequency of the SW
ignals. Only two SW signals are necessary for operation of this
ass separator: signal one is applied to electrodes one, five, and

ine. Signal two, which is 180◦ phase shifted to signal one, is
pplied to electrodes three and seven.

An ion injected into the mass separator can be plotted on the
TF diagram as a straight line with a velocity dependent slope,
ee Eq. (4). Fast ions have a steeper slope than slower ones. If
he ion speed is synchronous to the traveling field, the ion moves
long the channel without being deflected. This is referred to as
synchronous ion shield mass separator” and is also shown in
he PTF diagram (Fig. 5b): the line of the ion with the desired
elocity remains always in the grey area. Ions having a different
elocity will be deflected towards the sidewalls of the channel.
n the PTF diagram the straight lines of those ions hit the dark
reas denoting a strong field for deflection.

By scanning the frequency of the SW signals a mass range
s scanned (Fig. 6). The relation between the frequency f of the
W signal and the relative atomic mass mmolar is
=
√

2Ekin

d2mmolar
(5)

o

U

ig. 6. Relation between SW signal frequency and atomic mass for three dif-
erent ion energies.

ith kinetic energy Ekin and distance d between two connected
lectrodes.

.6. Energy filter

Ions that are not monochromatic with respect to the desired
inetic energy will pass the mass filter even if their mass differs
rom the selected one. The deviation of kinetic energy is caused
y thermal variation of the start energy and by ions, which pass
lectrodes during switching. In order to prevent the recording of
on-monochromatic ions, an energy filter is placed behind the
ass filter.
This electrostatic filter is realized as a 90◦ sector as shown in

ig. 7. The voltage U90◦ applied to the 90◦ electrodes depends on
he ion energy E, the ion charge q, and the inner and outer radius

f the sector ri = rm − (d/2) and ro = rm + (d/2), respectively:

90◦ = 2 ln

(
ri

ro

)
E

q
. (6)
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ig. 7. Filter setup using an electrostatic 90◦ sector with an inlet width d, outlet
idth da, and the radius rm.

Fig. 8 shows that the calculated filter voltage fits the exper-
mental results. The bandwidth �E/E depends on the aperture
idth da at the end of the energy filter and is calculated from

�E

E
= da

rm
. (7)

he energy distribution of the ions varies in the range of a few eV
e.g., 5–10 eV). Fig. 9 illustrates that da should be smaller than
00 �m to achieve clear peaks in the mass spectrum with Ekin =
0 eV, rm = 1500 �m and d = 100 �m. A smaller aperture da
ill sharpen the peaks of the mass spectrum, but the total ion

urrent will decrease.

.7. Detector

The detector is a faraday cup without suppressor electrodes.

his simple electrode arrangement catches all ions and neutral-

zes them. The ion energy is kept low in the whole system, thus
he loss of ions due to reflection at the surface of the detector
lectrode is negligible.

ig. 8. Voltage between the filter electrodes for the 90◦ sector with d = 100 �m,

a = 100 �m, and rm = 1.5 mm. The triangles show measured values.
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ig. 9. Filter width �E for different aperture widths da at an ion energy of
= 30 eV.

For increased sensitivity a secondary electron multiplier
SEV) will be integrated in the future. The idea is to fabricate
lectrodes to form a voltage cascade supplied by a metal thin
lm resistor. Depending on the surface coating of the electrodes
voltage of Ustep = 200–300 V [28] is necessary to operate the

econdary electron multiplier. Limiting factor for the number of
mplifier steps is the maximum voltage which can be applied to
he system without electrical breakdown over the gap between
wo electrodes or over the surface of the isolating substrate.

realistic amplification of a SEV integrated in the PIMMS is
≈ 1000 at 4–6 multiplication steps.

.8. Vacuum system

The vacuum requirements of a mass spectrometer can be
escribed by the mean free path length (l̄ion) of the ions with
he radius rion in air (rgas).

ion = 1

nπ(rgas + rion)2 , (8)

ith

= p

kT
. (9)

t a pressure p of 1 Pa and at room temperature (T = 300 K) the
ean free path length of Ar (rion = 98 pm) in air (rgas = 370 pm)

s lion = 6.02 mm [22]. The calculations show, that the pressure
equired to run the PIMMS should be 1 Pa or lower to separate
ven larger molecules. In the future it is planed to use a micro-
ump to generate the required vacuum.

The working principles of micro-pumps can be classified
n displacement and dynamic pumps [29]. The displacement
umps use a diaphragm, rotor or piston to pump the medium

hich is a gas or liquid. Most of this displacement pumps are
esigned to transport liquids and are unfeasible for the use as a
acuum pump. Some examples of displacement vacuum pumps
re given in [30,31]. The most convenient micro-vacuum pump
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Fig. 10. Fabrication steps: (a) silicon, (b) bottom gla

or the PIMMS seems to be the jet pump which is a dynamic
umping principle. One example of a vapor jet pump is shown
n [14]. However, non of the described pumps is able to reach
he required pressure of 1 Pa up to now, but the theoretical
onsiderations show, that this goal is reachable in the future.
nstead of using a micro-pump a conventional one stage vac-
um pump can be used to reduce cost and size of the vacuum
ystem.

. Fabrication

The fabrication based on MEMS standard processes is a
ajor advantage of the presented PIMMS [32]. The fabrica-

ion in MEMS technology is very cost-efficient: all processes
re applied to hundreds of systems on one substrate at the
ame time by transferring the pattern using lithography and
tching.

All units of the mass spectrometer are integrated planar on
ne chip, and the critical structures are fabricated in a one mask
nisotropic deep reactive ion etch (DRIE) process. In order to
chieve free standing silicon structures, the DRIE process is
pplied to a sandwich of a borosilicate glass (500 �m thick)
nd a highly conductive silicon (300 �m thick) substrate. The

lass carries also nickel conductors to contact the free standing
lectrodes. The actual contact is made from gold which alloys
ith the silicon during bonding. To avoid a mechanical contact
etween the nickel conductors and the silicon, a recess with a

ig. 11. Photo of the PIMMS chip with two capillaries for noble gas and probe
as.
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Fig. 12. SEM image of the PIMMS showing all essential structure.

epth of 500 nm is etched into the silicon before the wafers are
onded. A second borosilicate glass substrate is bonded on top
f the silicon structures to enclose the functional components
nd provide additional electrical contacts.

In step one (Fig. 10(1)) the nickel conductors with gold pads
t the contact areas on top of both glass substrates are patterned,
nd the cavities are etched into the silicon substrate. In step
wo (Fig. 10(2)) the silicon wafer is bonded to the bottom glass
afer. In step three (Fig. 10(3)) the silicon is etched by a DRIE
rocess [33,34], followed by bonding the second glass substrate
n top of the silicon structures (Fig. 10(4)) The processed sub-
trate is diced to finalize the fabrication of about 100 micro-mass
pectrometers.

Fig. 11 shows one PIMMS chip with all components inte-
rated. The decisive structures and the electrical circuit on the
ottom glass substrate of the PIMMS are shown in the SEM
mage in Fig. 12.

. Measurements

Experiments were carried out with sample gases of differ-
nt compositions of argon, neon, nitrogen, carbon dioxide, and

ir. The measurement conditions are shown in Table 1. The gas
omposition is supplied by a group of mass flow controllers
upervised by a pressure controller in order to maintain a con-
tant pressure in the ionization chamber. The detector current is
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Table 1
Measurement conditions for the mass spectra in Figs. 13–15

Component Parameter Value

Electron source Noble gas Ar
Pressure 50 Pa
RF frequency 2.5 GHz
RF power 2 W
Electron energy 100 eV

Ion source Sample gas Ar, Ne, N2, CO2, Air
Pressure 50 Pa
Electric potential 30 V

Ion optics Extraction electrode potential −95V

Focus electrode potential 12 V
Guard electrode potential 0 V

Mass separator SW signal frequency 10–35 MHz
SW signal duty cycle 30%
SW signal amplitude 10 V

Energy filter Outer electrode potential 2.19 V
Inner electrode potential −2.19V

D

m
a
t
s
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f
m
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o
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s

F
T

Fig. 14. Mass spectrum of CO2measured under the conditions shown in Table 1.
etector Detector electrode potential 0 V

easured with respect to the frequency of the SW signal and
fterwards converted by Eq. (5). Fig. 13 shows the mass spec-
ra of two compositions of argon, neon and nitrogen. The mass
pectrum of only Ar and Ne shows, that argon ionizes far bet-
er than neon. The added nitrogen can clearly be identified in
orm of a strong peak at mass 28 u (N2

+) and a smaller peak at
ass 14 u (the fragment N+). The mass spectra shown in Fig. 14

re measured with Ar, Ne, and CO2. These measurements show
hat a mass of 44 u (CO2

+) can clearly be separated from a mass
f 40 u (Ar+). The fragments of CO2 (C+, O+, CO+) are also
pparent in the spectra.

Fig. 15 depicts a spectrum of lab air, where nitrogen, oxygen,
nd fragments (N+, O+) are visible.
These results proof the concept of a fully integrated mass
pectrometer in MEMS technology.

ig. 13. Mass spectrum of Ar and Ne measured under the conditions shown in
able 1.
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ig. 15. Mass spectrum of air measured under the conditions shown in Table 1.

. Conclusion

The experiments show the initial performance of the micro-
ass spectrometer presented in this paper. All components, i.e.,

lectron source, ion source, and mass- and energy filter, have
een integrated on one chip, with the essential structures fabri-
ated by a few standard MEMS processes.

The mass separation of the PIMMS will be further improved
y optimizing the filter geometry and the ionization characteris-
ics, as well as by optimizing the DRIE process for the PIMMS,
o reduce the feature size of the silicon structures. Furthermore,
n integrated secondary electron multiplier will be incorporated
o increase the sensitivity.
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