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Abstract—The goal of this work is to couple an electron-cyclotron
I e (ECR) pl processing reactor directly to an omegatron
mass spectrometer. In the conventional omegatron, ions are formed as
the result of ionization of a gas by a narrow electron beam passing
through the center of the analyzer along the magnetic field. In this
work, an ECR plasma is created in a chamber that is coupled to the
omegatron through a small grounded orifice. Ions created in the ECR
chamber flow along the magnetic field into the omegatron analysis cell,
and the mass spectrum of these ions is recovered. The mass resolution
as a function of the omegatron excite voltage for He and N, plasmas is
obtained and compares well to theoretical calculations.

I. INTRODUCTION

LASMA processing of materials is used in a wide variety of

industrial applications, and, in many cases, plasma process-
ing is the only method for fabrication of certain products. This
is especially the case for integrated-circuit processing, where
small linewidths require plasma processing in many of the man-
ufacturing steps. It is often necessary to take in situ spatial,
temporal, quantitative, and qualitative measurements of one or
more species during processing in order to ensure uniformity,
facilitate endpoint detection, and thereby enhance the quality
and yield of manufactured products. This information is essen-
tial to the understanding of plasma-surface interactions, plasma
chemistry, and the development of new plasma-processing ap-
plications. The purpose of this work is to investigate the use of
an omegatron mass spectrometer [1]-[6] as a diagnostic device
for determining electron-cyclotron resonance (ECR) plasma
properties and for process monitoring.

Use of ECR plasmas may offer a number of advantages over
other plasmas used in processing for some applications. Fea-
tures of ECR plasmas are: (i) Lower operating pressures re-
sulting in less scattering of ions; (ii) totally electrodeless plasma
generation and greater uniformity; and (iii) higher plasma den-
sities with a concomitantly higher free-radical density for a fixed
operating process.

Previous work [7] demonstrated the feasibility of coupling a
Fourier Transform Mass Spectrometer (FTMS) system directly
to an ECR plasma reactor. In this work, we now couple an ECR
plasma-processing reactor directly to an omegatron mass spec-
trometer. The omegatron, which is simpler to use and less costly
than a FTMS system, requires a dc magnetic field for operation
and hence is well suited for the study of ECR plasmas, since
they also require a dc magnetic field. The ECR plasma is not
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perturbed by the spectrometer, since the electric fields of the
omegatron are shielded from the plasma by a grounded plate.
The only coupling between the plasma and the omegatron is
through a small orifice. Other mass spectrometers, such as
quadrupoles, often must be shielded from the ECR magnetic
field and cannot be placed directly in contact with the plasma.
The concept of the omegatron is straightforward: Ions are ex-
cited at their various cyclotron resonances, and the current in-
duced when their orbital radii increase and strike a collector is
measured. With this technique we have been able to recover
mass spectra of both single (He) and two component (N, and
N) ECR plasmas created in a chamber that is coupled to the
omegatron through a small orifice. We have examined the mass-
resolution capabilities of the omegatron, both theoretically and
experimentally.

II. OPERATIONAL THEORY OF THE OMEGATRON

The omegatron is a device invented by Sommer ez al. [1] to
measure the charge-to-mass ratio of ions in a high-vacuum sys-
tem through the use of cyclotron resonance. In an omegatron,
an RF electric field is set up normal to a uniform dc magnetic
field. A simplified schematic diagram of an omegatron can be
seen in Fig. 1. A narrow cylindrical ion beam, flowing parallel
to the magnetic field, enters the omegatron analysis cell on-
axis. When the frequency of the RF electric field is set to be
resonant with the cyclotron motion of the ions, the ions will
receive energy from the electric field and will therefore travel
in orbits of constantly increasing radius until they strike the
walls of the cell. Nonresonant ions may initially gain energy,
but will then experience a loss of energy as their velocities be-
come out of phase with the applied RF electric field. Thus the
orbit radii of these nonresonant ions will increase for a number
of revolutions, then decrease, then increase again, etc., forming
contracting and expanding spirals of limited radial extent. Thus
an ion collector, placed at an appropriate radius in the analysis
cell, should collect only the resonant ions. If the frequency of
the applied RF electric field is swept, a mass spectrum of the
ion beam can be recovered by plotting the ion current versus
the electric field frequency. It is standard practice in omegatron
measurements to apply small trapping voltages ( = 10 V) to the
plates of the analysis cell which are perpendicular to the incom-
ing ion beam and magnetic field. These trapping voltages in-
crease the residence times of the ions in the cell, thereby
allowing the applied RF field to act on the ions over a greater
number of cycles. This increases the signal-to-noise ratio of the
system.

III. DESCRIPTION OF THE EXPERIMENT

The omegatron analysis cell is cubical and constructed of
0.127-cm thick, 33% perforated, 304 stainless-steel sheet. Each
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Fig. 1. Schematic diagram of an omegatron.

face of the cell is 13.33 cm on a side. The plates are electrically
isolated from each other through the use of Macor supports.
Each face of the cell is connected to a BNC vacuum feed-
through with 20-gauge Kapton-coated copper wire. The ion col-
lector is a rectangular stainless-steel plate with dimensions of
2.5 by 10.0 by 0.20 cm. It is oriented axially in the cell at a
radius of 4.5 cm (see Fig. 2).

During operation of the system, the trapping voltages on the
front plate (the cell plate oriented perpendicular to the axial
magnetic field and nearest to the incoming ion beam) and the
back plate (the cell plate that is opposite the front trap plate)
are adjusted to give a maximum peak height at fixed RF electric
fields and operating pressures. Typically, the front-plate volt-
age is set to between 3.5 and 7 V, and the back plate is set to
14 V. The current supplied to the magnet coils is monitored
with a 50 mV /1000 A current shunt. The magnet current may
range between 980 and 1020 A, giving an axial magnetic field
strength of between 0.051 and 0.053 T in the center of the anal-
ysis cell.

The arrangement of the electronics for the omegatron system
can be seen in Fig. 3. The setup utilizes two function genera-
tors, a picoammeter, two variable dc supplies for the trapping
voltages, and an x-y plotter. One function generator is set to
generate a triangular wave, and the second function generator
creates the RF excite signal that is applied to two parallel plates
of the cell, as shown in Fig. 1. Calculations of the RF electric
field between the axis and ion collector indicate a variation of
= 4%. The excite frequency was varied from 2 to 250 kHz in
the He discharge and from 2.0 to 70 kHz in the N, discharge in
order to sweep over the appropriate range of ion-cyclotron-res-
onance frequencies. The wave-form amplitude of the RF excite
generator may range between 2.40 and 37.0 V, corresponding
to RF electric-field amplitudes of from 0.180 to 2.78 V /cm.
Its frequency is controlled by the triangular wave. A voltage
proportional to frequency is sent to the x-axis of the plotter. The
ion collector-plate current is monitored with the picoammeter,
and this signal is connected to the y-axis of the plotter. As the
excite frequency is varied, a plot of ion collector current versus
the excite frequency is recovered.

A diagram of the complete experiment is shown in Fig. 4.
The system was designed to meet the following two criteria: (i)
A high-pressure differential was needed between the plasma and
analysis regions of the vacuum chamber; and (ii) the same mag-
netic field was needed for both omegatron analysis and ECR
plasma production.

A ring baffle, welded in the chamber at the position indicated
in Fig. 4, creates two separate regions in the vacuum chamber.
A flange, with a small pinhole orifice (0.040 c¢m in diameter
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Fig. 2. Orientation of the ion-collector plate in the analysis cell.
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Fig. 3. Configuration of the electronics during omegatron operation.
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Fig. 4. Diagram of the experiment.

and 0.16 cm in depth) is bolted to the baffle and covers the hole
in the ring. The orifice size can be changed by replacing the
flange, thereby changing the conductance and hence the obtain-
able pressure ratio between the two regions of the vacuum



FRIEDMANN et al.: ION-CYCLOTRON-RESONANCE MASS SPECTROMETRY

chamber. When using the omegatron over a large mass range it
may be necessary to increase the ratio of the radius of the pin-
hole orifice to its depth in order to reduce the mass selectivity
of the orifice. To facilitate the pump-down of the entire system,
the plasma production regions is connected to the omegatron
analysis chamber with a 3.81-cm diameter tube, which can be
closed off with a butterfly valve during experiments. The base
pressure was 5 X 1077 torr. During operation of the system,
plasma is produced at pressures in the neighborhood of 1 X
1072 torr, and the analysis region is maintained at pressure of
between 2 and 8.5 x 1073 torr.

The magnetic field for both ECR plasma production and ion-
cyclotron resonance in the analysis cell is provided by a set of
coils arranged in a magnetic-mirror configuration. The coils are
constructed of hollow copper tubing with a rectangular cross
section of dimensions 2.54 by 1.91 cm. Each coil consists of 4
rows of 12 turns, for a total of 48 turns. The coils have an outer
diameter of 68.0 cm, and their centers are separated axially by
a distance of 61.5 cm.

A numerical calculation of the magnetic field has been made.
A multiturn model was used to simulate the two sets of 48-turn
coils. A plot of the results of the simulation can be seen in Fig.
5 for a current of 1000 A. From the calculation it can be seen
that there is a magnetic field variation of 7% along the axis of
the omegatron cell. Measurements of the field with a gauss-
meter gave values of 0.054 T in the center and 0.130 T in the
coil throat for a magnet current of 1020 A. These values agree
to within 0.5% of the results of the numerical calculation. Cal-
culations of the radial magnetic field variation, at the mid-plane
of the chamber, indicate a field variation of = 3%.

Plasma is generated at electron-cyclotron resonance at a fre-
quency of 2.45 GHz. Microwaves are produced by a magnetron
source and fed into the vacuum chamber through a waveguide
quartz window. The microwave source produces a full-wave
rectified signal at 60 Hz and has an average power output of 50
to 2500 W. Typically, plasma can be produced with coupled
powers of approximately 70 W. Since the wavelength of the
microwaves is = 12 cm, they are effectively shielded from the
omegatron analysis region by the grounded ring baffle which
contains the orifice.

IV. RESULTS AND DISCUSSION
A. lon Current Measurements

For a nitrogen plasma, measurements were made of the ion
current flowing from the plasma source into the analysis region.
By biasing the front or back plate into ion saturation while
grounding all the other plates, the ion current to that plate could
be measured. With the pressure in the analysis region at 7.4 X
1073 torr and the pressure in the plasma region at 1 X 1072
torr, the back plate was biased to —50 V and all the other plates
were grounded. An ion current of 3 X 1078 A (assuming a sin-
gly ionized charge state, this corresponds to 3 x 10'' ions /s)
was measured. Biasing the front plate to —50 V and grounding
the others gave an ion current of 7.2 X 1073 A (7.2 x 10"
ions/s).

The signal-to-noise ratio of the signals measured by the pi-
coammeter depended upon the trapping and excite voltages.
This is because the ions experience, at most, a single pass back
and forth between the trapping plates. Consequently, there is a
competing effect between the time it takes the ions to traverse
the cell in the axial direction and the time it takes for the excite
signal to increase the radii of the ions so that they hit the col-
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Fig. 5. Calculation of the magnetic field for a current of 1000 A.

lector. During optimum running conditions (largest signal) the
signal-to-noise ratio was on the order of 100. When the excite
signal voltage was too low, relative to the trapping voltages,
the ions exited the cell before they could strike the collector,
and consequently no signal was seen.

B. Mass Spectra of Ny and He™ lons

The mass spectra of two different gases (nitrogen and helium)
were measured with the omegatron, and representative spectra
can be seen in Figs. 6 and 7. The data for these spectra were
taken from plots of the ion-collector current versus the excita-
tion frequency. To obtain a mass spectrum, the excitation fre-
quency was converted to a mass value by using the definition
of the ion-cyclotron-resonance frequency (see equation (2)) and
assuming a singly ionized charge state for the ions. The dc sig-
nals displayed in Figs. 6 and 7 have been filtered by the pi-
coammeter, eliminating a large ac component (compared to the
dc current generated by the resonant ions striking the collector)
at the excitation frequency. This ac component, which is also
observed in the absence of plasma, is due to capacitive coupling
of the excitation signal to the ion collector. Since the capaci-
tively coupled signal can be as much as 10* times greater than
the dc signal of the ions, it is very important that the picoam-
meter filter out any signal at the excite frequency.

The nitrogen plasma spectrum (Fig. 6) exhibits three different
peaks, centered at 28, 17, and 13 amu. For this case, the value
of the magnetic field in the center of the analysis cell was 0.051
T. The line at 28 amu corresponds to singly-ionized N5 . The
full-width at the base of this line is 12 amu, giving a mass res-
olution (m/Am) of 2.3. The small peak at 13 amu corresponds
to a combination of Ny * and N*, both of which have a charge-
to-mass ratio of 14. The 17 amu line is most likely due to water
vapor present in the system.

The helium plasma spectrum (Fig. 7), taken at a RF electric
field amplitude of 1.65 V /cm and a magnetic field strength of
0.052 T, exhibits a large peak at 3.9 amu, which corresponds
to singly ionized He™. The percent difference between the mea-
sured and predicted mass of the peak is 2.5%. The full-width
of the base of the helium line is 0.71 amu, yielding a mass
resolution (m/Am) of 5.5.

C. Experimental Measurements of the Mass Resolution
The theoretical mass resolution of the omegatron is given by
1
m/Am = qB’ry/2mE, (1)
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Fig. 6. Mass spectrum of a N, plasma.
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Fig. 7. Mass spectrum of a He plasma.

where E; is the amplitude of the RF electric field applied to the
excite plates, Am is the width of the ion peak in mass units, B
is the magnetic field strength, ¢ is the ion charge, and r is the
ion-collector radius (0.045 m). Thus the higher m/Am, the
better the mass resolution of the system.

From the above expression it can be seen that the omegatron
mass resolution should increase for decreasing RF electric
fields. In addition, the magnetic field nonuniformity places an
upper limit on the achievable mass resolution of the system, as
will be described later.

In order to examine the mass resolving capabilities of the
system, measurements of the mass resolution (m/Am) as a
function of the excitation electric field were made for a nitrogen
and a helium plasma (see Figs. 8 and 9). The maximum mass
resolution for a nitrogen plasma was measured to be 2.3 at an
electric field of 0.975 V/cm. The maximum experimentally
measured mass resolution for a helium plasma was 8.2 at an
electric field of 0.375 V /cm.

D. Comparison with Theory

The cyclotron frequency of an ion is inversely proportional
to its mass m:

we = 27f. = qB/m (2)

so higher mass species have lower cyclotron resonant frequen-
cies. Thus the mass resolution, m/Am = w_/Aw,, sets an upper
limit on the observable mass. This upper limit is extremely im-
portant, because it determines which chemical species the
omegatron mass spectrometer can detect.

The mass resolution of the omegatron was given in (1). The
radius of the ion collector is ry = 0.045 m. In the operating
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field of 0.052 T with an electric field amplitude of E, = 0.975
V /cm, equation (1) predicts a mass resolution for Ny of m/Am
=~ 2.1, giving a 9.5% difference between theory and experi-
ment. Measurements of mass resolution at higher electric field
strengths (up to 2.80 V /cm) show the predicted scaling from
M.

In principle, the mass resolution can be improved by lower-
ing the amplitude of the excitation field until an upper limit
determined by the magnetic field variation is reached. This lim-
iting value of m/Am is = 14, since there is a magnetic field
variation of = 7% across the analysis cell. From (1) it can be
seen that this limit should be reached for nitrogen when the
amplitude of the excitation electric field is 0.293 V /cm.

The mass resolution for N; ions was measured for excitation
electric fields from 2.78 down to 0.975 V /cm. And thus no
limiting value of resolution was observed, both as shown in
Fig. 8 and as predicted by (1). However, for the case of He™
the mass resolution was limited to a value of = 8.2 for exci-
tation electric fields of less than 0.750 V /cm, suggesting that
the mass resolution limit has been reached. This compares to a
value of 0.510 V /cm predicted by (1) and the magnetic field
variation of 7%. The difference between the theoretical and ex-
perimental mass limits could be due to the radial variation of
the magnetic field and the RF electric field variation, which we
did not consider when estimating the theoretical mass limit.

In order to increase the mass resolution of the omegatron, a
stronger and more uniform magnetic field is needed in the anal-
ysis region. By choosing a maximum allowable linewidth of 1
amu (i.e., maintaining the capability to resolve ions with a mass
difference of 1 amu), it is possible to calculate the magnetic
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field strength needed for various masses. Given an ideal situa-
tion, where the magnetic field is completely uniform and the
excitation voltage is 1 V, the mass resolution is m/Am = 20
for an argon plasma with a 0.052-T field strength in the cell.
For CF, ions under the same conditions, the mass resolution is
m/Am =~ 9. By doubling the magnetic field to 0.104 T, the
mass resolution for CF, ions can be increased to m/Am = 36.

V. CONCLUSION

We have demonstrated that it is feasible to couple an ECR
plasma source directly to an omegatron spectrometer. Since the
same dc magnetic field is used for both plasma production and
mass analysis, the omegatron diagnostic does not perturb the
plasma. Mass spectra of various plasmas have been measured
and the experimental results correspond well to theoretical pre-
dictions.

Improved mass resolution can be obtained with the omega-
tron mass spectrometer with a stronger and more uniform mag-
netic field in the analysis region. This will allow the omegatron
to be used with ECR plasmas covering a wider mass range.

Some applications for the omegatron in a manufacturing en-
vironment would be for detecting the completion of an etching
process (end-point detection). That is, detecting the presence of
ions from the base material as the etching process ‘‘breaks
through’’ the material being etched. In addition, it can be used
to monitor ion-species concentrations during a reaction.
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