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In this work, the magnetic suppression of secondary electrons emitted during nitrogen plasma
immersion ion implantation is investigated. Secondary electrons were measured by two Faraday
cups with and without the presence of a magnetic field parallel to the target surface. One Faraday
cup detects the electrons emerging perpendicularly to the target surface and magnetic field lines,
while another cup detects electrons flowing along the field lines. Increase of magnetic field intensity
resulted in a decrease of the amount of electrons detected by the perpendicular Faraday cup and in
an increase of the electrons detected by the longitudinal one. This shows that secondary electrons
were transversally confined by the magnetic field but diffused away from the target ends along the
field lines. The secondary electron emission coefficient () was estimated and the results showed
that partial suppression (decrease in ) was achieved when the plasma density was increased by an
order of magnitude. We propose an explanation based on the formation of an electron layer (virtual
cathode) near the target surface. Better suppression in denser plasmas would be expected because
the virtual cathode would be maintained if the electron layer is formed faster than it is longitudinally

lost. © 2006 American Institute of Physics. [DOI: 10.1063/1.2201695]

I. INTRODUCTION

Plasma immersion ion implantation (PIII) is a three-
dimensional material processing technique1 that has been de-
veloped for various practical applications. The plasma
sources used in PIII can either be gaseous plasmas, such as
nitrogen used in the nitriding of metals,”™ or be generated by
vacuum arcs, such as the metallic plasmas used in the im-
plantation of metals in polymers.ﬁ’7

Secondary electrons are emitted by target surfaces dur-
ing PII due to the bombardment of the energetic ions. At
higher ion energies, the secondary electron emission coeffi-
cient can be as high as 20, reducing drastically the efficiency
of the implantation process. Furthermore, hazardous x rays
are produced when the accelerated electrons reach energies
above 40 keV and strike the vacuum chamber walls.® Sup-
pression of secondary electrons is therefore an important is-
sue to be investigated in order to improve the efficiency and
safety of the PIII process. Electrostatic confinement of sec-
ondary electrons has been demonstrated to decrease x-ray
emission but without actually suppressing their emission.’

Magnetic suppression of secondary electrons in PIII sys-
tems was proposed by Rej et al.,'"® based on the assumption
that a magnetic field parallel to the target surface would con-
fine a layer of secondary electrons near the surface, forming
a virtual cathode. Moderate magnetic fields will not alter
significantly the incident ion’s trajectory nor the work func-
tion of the targets, so that suppression would be achieved
through the reduction of the local electric field near the tar-
get’s surface by this virtual cathode, and further secondary
electrons emitted in this low electric field environment could
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be reabsorbed. Numerical simulations showed that under
certain conditions an electron layer would indeed be
formed.'™!" The crucial point for suppression is that this vir-
tual cathode must be formed faster than it is diffused away
along the field lines. If the longitudinal confinement time is
not long enough, two beams of transversally confined elec-
trons would be formed along the two directions of the field
line.

This concept of magnetic insulation of electrons has
been successfully applied to high voltage diodes'? and in-
tense ion beam accelerators developed for inertial fusion."
Simulations of a magnetic field applied to rf discharges show
that plasma density is enhanced by the trapping of secondary
electrons around field lines,'* and the suppression of second-
ary electrons in divertor plates of magnetic fusion devices
has been observed due to the return of electrons within the
first gyration around field lines."

Since it was published, this magnetic suppression
method in PIIT systems has not been tested experimentally
until recently when we demonstrated in a vacuum arc alumi-
num plasma that secondary electrons were indeed suppressed
by a magnetic field parallel to the target surface.'® In our
equipment, the plasma streams along a straight magnetic
duct and a target electrode is positioned with its surface par-
allel to the duct axis. Two Faraday cups monitoring second-
ary electrons emitted along and across the field lines did not
detect any electrons when the magnetic field was turned on.

Since implantation treatments are often carried out in
gaseous plasmas, in this work we extended the experiment to
nitrogen plasmas produced in the same equipment but with a
dc glow discharge replacing the vacuum arc plasma. Unlike
the previous vacuum arc experiment, the plasma in this case
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FIG. 1. Schematics of the dc glow discharge system with magnetic field
coils, PIII electrode, and Faraday cups (not to scale).

was continuous instead of pulsed, and due to power limita-
tion the magnetic field produced by a dc current supply was
limited to 10.7 mT. As in the aluminum plasma case, high
voltages were kept below —7 kV due to the pulser’s power
limitation. Although, at these lower voltages, X rays are not
generated, the suppression method’s efficiency at higher
voltages is discussed. Two Faraday cups were mounted: one
to detect secondary electrons that emerge perpendicularly to
the target surface while the other monitors electrons that can
flow along the field lines, parallel to the target surface. A
double electrostatic probe was used to measure the density
and temperature profiles of the plasma in both magnetized
and unmagnetized discharges.

Il. EXPERIMENT

The nitrogen plasma was produced in a 0.22 m diameter
and 1.05 m long vacuum chamber, equipped with magnetic
field coils around the vessel, as shown in Fig. 1. A dc glow
discharge is established between a 7 cm long cylindrical
stainless steel rod that is 0.5 cm in diameter and the chamber
walls. This rod is typically biased to 450 V, generating
plasma currents of 7,=0.2-0.5 A (measured by a shunt) at
operating pressures around 2 X 107! Pa. Under these condi-
tions the plasma potential can reach up to 350 V, which is
undesirable in implantation processes due to the sputtering of
the target surfaces, which occur between the high voltage
pulses. The plasma potential is decreased to less than 100 V
by an electron shower from an ac powered tungsten filament
immersed in the plasma. The magnetic field coils are pow-
ered by a dc current supply, with a field B=10.7 mT being
produced on the axis when about 25 A of current is supplied
to the coils. The magnetic field is uniform in the longitudinal
direction to within 5%.

Electron temperature and density profiles were measured
by a cylindrical double probe with 6 mm long and 0.5 mm
diameter tungsten tips that are 4 mm apart.17 The voltage
between the probe’s tips was swept from —90 to +90 V, and
the I-V characteristic curve (with about 300 points in this
voltage range) was monitored. Density and temperature ra-
dial profiles were determined at the implantation target’s lon-
gitudinal position in the presence of the Faraday cups.

A 20X 20X 50 mm?® copper electrode was placed in the
uniform B region, oriented with its longest dimension along
B and the axis of the vacuum vessel. The two 20 X 20 mm?
faces perpendicular to B were hidden from the plasma by
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machinable ceramic masks. Three 20 X 50 mm? faces of the
electrode parallel to B were exposed to the plasma. In the
remaining parallel face, a machinable ceramic mask exposed
a 6 X 50 mm? strip to the plasma. This copper electrode was
biased from —0.5 to —7 kV using a hard tube pulselr,18 with
50 ws pulses and 300 Hz repetition rate. The current in this
target electrode is monitored by a Rogowskii coil with a
sensitivity of 0.1 V/A. No arcs or pulsed glow was observed
during high voltage pulses.

Two Faraday cups were placed near the copper electrode
to detect secondary electrons. The cups are built with a
24 mm diameter circular copper collector and a stainless
steel suppressor grid with 30% transparency, 5 mm away
from the collector’s surface. Both the collector and the sup-
pressor grid are mounted inside a machinable ceramic cup
shielded by a grounded aluminum foil. One cup is oriented to
collect electrons emerging normally to one of the copper
electrode faces (transversal cup). The other cup collects elec-
trons that flow along the field lines (longitudinal cup) parallel
to the exposed 6 X 50 mm? strip. In both cups the suppressor
grid was biased to —50 V and a 47 k() resistor was con-
nected to the collector in parallel with the oscilloscope input.

lll. RESULTS AND DISCUSSION

A series of measurements was made initially with
magnetic fields raised up to 4.3 mT and plasma current
1,=0.3 A. For higher field values plasma instabilities re-
sulted in large fluctuations in the Faraday cup signals and a
significant longitudinal asymmetry decreased the electron
density at the target electrode, so that for B=10.7 mT no
implantation current could be detected by the Rogowskii
coil. In order to achieve measurable implantation currents at
higher magnetic field values, the plasma current had to be
adjusted by regulating the filament’s current until the I-V
characteristic curve of the double probe showed that a maxi-
mum electron density was found. For B=7 mT, an optimum
plasma density was achieved with ,=0.5 A, and for
B=10.7 mT the plasma current had to be decreased to
1,=0.23 A, in order to optimize electron density. The causes
for this plasma behavior are under investigation, but despite
this variation in plasma conditions, the conclusions with re-
spect to the secondary electrons behavior are still valid.

Figure 2(a) shows the electron density profiles for the
first set of measurements with /,=0.3 A in plasmas with
B=0 and B=4.3 mT, with all the apparatus shown in Fig. 1
in place. Note the reduction of the density towards the center
where the electrode is located. It can be seen that the density
increases with magnetic field as expected. The electron tem-
perature profiles (not shown) are flat increasing with mag-
netic field from about 4 to 8 eV. Figure 2(b) shows the elec-
tron density profiles for magnetic fields B=0, B=7 mT, and
B=10.7 mT. From B=0 to about B=7 mT, with plasma cur-
rent /,=0.5 A, the density starts to increase significantly at
about B~4 mT, reaching a maximum at 7 mT, when it is an
order of magnitude larger. For higher fields, the density de-
creases significantly at the longitudinal location of the elec-
trode (not shown), and measurable implantation currents
could only be achieved when the plasma current was de-
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FIG. 2. Density profiles measured with a double probe of plasmas with (a)
1,=03 A, B=0 and B=4.3 mT and (b) 1,=0.5 A, B=0, B=7 mT and I,

=0.23 A, B=10.7 mT. Radial distances are measured from the surface of

one of the electrode’s faces (r=0 is radially 1 cm from the vessel axis).

creased (by decreasing the filament current) from 0.5 to
about 0.23 A. The electron temperature has a flat radial pro-
file and increases with magnetic field from 3 to about 8 eV.
A more complete study of the plasma parameters in the
equipment used in this experiment will appear in a future
publication.

When a high voltage is applied to the target electrode in
the absence of a magnetic field, secondary electrons are emit-
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FIG. 3. Temporal evolution of the transversal (Trans) and longitudinal
(Long) Faraday cup currents, the high voltage at the target sample (HV), and
the current measured by a Rogowskii coil (Rog) for unmagnetized plasmas.
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FIG. 4. Temporal evolution of the longitudinal and transversal Faraday cup
currents (units in pA) for plasmas with B=2.1 mT, B=4.3 mT, and B
=7.1 mT. The high voltage applied to the electrode was about —5 kV in all
cases.

ted by the implanted surface and detected by the transversal
Faraday cup causing a negative current spike, as can be seen
in Fig. 3. Although the high voltage pulse has a 50 us dura-
tion, the voltage at the target surface decreases slowly after
that, due to the high impedance of the plasma sheath and
cabling, until 600 us after the beginning of the pulse, when
the pulser circuitry shorts the output high voltage down to
zero. Negative current spikes can also be seen in the longi-
tudinal Faraday cup signal, due to secondary electrons emit-
ted at the border of the electrode, where the electric field is
not perpendicular to the surface.

When the magnetic field is turned on, the negative spikes
in the transversal Faraday cup begin to decrease in ampli-
tude. Near B=4 mT the plasma begins to be unstable, and an
oscillation starts to grow in the transversal Faraday cup cur-
rent, as can be seen in Fig. 4. At about B=7 mT, the negative
current spikes are not discernable any more and only the
oscillations can be seen in the transversal cup’s current.
These oscillations are also seen in the longitudinal cup’s cur-
rent with much smaller amplitudes.

Figure 5 shows the amplitudes of the negative current
spikes in the transversal cup as the magnetic field is in-
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FIG. 5. Amplitude of negative current spikes (from average baseline during
high voltage pause to negative peak value during pulses) in the transversal
Faraday cup for high voltages from -2 to —7 kV as a function of magnetic
field.
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FIG. 6. Amplitude of negative current spikes (from average baseline during
high voltage pause to negative peak value during pulses) in the longitudinal
Faraday cup as a function of magnetic field for high voltages from -2 to
-7 kV.

creased up to 4.3 mT, for high voltage pulses from -2 to
—7 kV. There is a clear decreasing tendency of the ampli-
tudes as expected since the electrons are confined by the
magnetic field. It should be noted that the amplitudes de-
crease, despite the fact that plasma density at 4.3 mT is
larger than at lower field values.

The behavior of the electrons in the longitudinal direc-
tion is more complex than in the perpendicular case. For
B=0, the negative current spikes measured by the longitudi-
nal cup correspond exclusively to electrons emitted at an
angle from the border of the target sample where the electric
field during the high voltage pulse is not perpendicular to the
surface. When the magnetic field is turned on, the longitudi-
nal cup detects not only the electrons from the border accel-
erated by the electric field but also electrons from the central
region of the electrode that are transversally confined but can
diffuse along the field lines. The amplitudes of the negative
current spikes measured by the longitudinal Faraday cup are
shown in Fig. 6 for the same cases shown in Fig. 5 (high
voltages from -2 to —7 kV and magnetic fields up to
4.3 mT). It can be seen that the amplitudes decrease at
2.1 mT, but there is a tendency to increase again at 4.3 mT.
This effect could be due to the increase in plasma density
with magnetic field, but it could also indicate that secondary
electrons that are transversally confined in the central regions
of the electrode are diffusing along the field lines and being
detected by the longitudinal cup.

To investigate further the increase in the amplitudes of
the longitudinal cup’s negative current spikes as the mag-
netic field is increased, another series of measurements was
made with magnetic field values up to B=10.7 mT, but re-
adjusting the plasma current to optimize plasma density in
each case. For B=0 and B=7 mT, the optimum plasma den-
sity was found for Ip=0.5 A, and for B=10.7 mT, the plasma
current had to be decreased to 0.23 A (see Fig. 2). Figure 7
shows the amplitudes of the negative current spikes in both
the transversal and longitudinal cups as a function of mag-
netic field, for high voltage pulses of —3.6 kV and -5.5 kV.
Despite the presence of large fluctuations in the transversal
cup, no negative spikes could be discerned for magnetic
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FIG. 7. Amplitude of negative current spikes in the transversal (open sym-
bols) and longitudinal (solid symbols) Faraday cups as a function of mag-
netic field for high voltages of —3.6 and —5.5 kV.

fields larger than 7 mT. On the other hand, the current due to
secondary electrons in the longitudinal cup clearly increases
with magnetic field. Assuming that all secondary electrons
are transversally confined and form two beams of electrons
moving axially away from the two ends of the target elec-
trode, the secondary electron emission coefficient can be es-
timated and compared with the case without magnetic field.

The secondary electron emission coefficient 7y is defined
as the number of electrons emitted per incident ion and for
singly charged ions it can be calculated as y=J,/J;, where J,
is determined from the amplitude of the negative current
spikes and J; is determined from the total current measured
by the Rogowskii coil Jgoe=J;+J,=J,(1+7). As an example,
for the B=0 case shown in Fig. 3, the amplitude of the nega-
tive current spikes in the transversal Faraday cup is 420 uA,
which divided by the area covered by this cup (4.16 cm?)
and by 0.3 (the transparency of the grid is 30%) gives J,. The
total current measured by the Rogowskii coil is 24 mA, as
can also be seen in Fig. 3. Dividing this by the total area of
the electrode (33 cm?) gives Jrog- With the values of Jg,
and J, (known), y can be calculated giving y=0.86 in this
case. For B=0 and high voltages from -2 to -5 kV, y was
calculated to be from 0.8 to 1.2 (for both voltages), large
uncertainties being due to the background oscillations due to
plasma instabilities and the low signal to noise ratio of the
Rogowskii coil. On the other hand, for B=7 mT and
B=10.7 mT, all secondary electrons are transversally con-
fined and half of them (assuming that two beams are formed
flowing away from the electrode in opposite directions along
the field line) are detected by the longitudinal Faraday cup as
negative current spikes. In these cases J, is given by the
amplitude of the negative current spikes measured by the
longitudinal Faraday cup multiplied by 2 and divided by 0.3
(transparency of the grid). As an example, in the B=7 mT
case shown in Fig. 4, the amplitude of the negative spikes is
170 nA while the Rogowskii coil measures a total current of
34 mA giving y=0.58.

For B=10.7 mT, y~0.9-1.2 for both high voltages
(=3.6 and —5.5 kV), similar to the unmagnetized case, which
means that in this case there was no secondary electron sup-
pression. For B=7 mT, however, the secondary electron
emission coefficient is y~0.3-0.6, clearly lower, showing
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that in this case secondary electrons were partially sup-
pressed. This is evident since the amplitudes of the negative
current spikes is about the same for both magnetic fields (see
Fig. 7) but the plasma density is an order of magnitude larger
for B=7 mT [the total current measured by the Rogowskii
coil is 34 mA for B=7 mT and 24 mA for B=10.7 mT, high
voltage (HV)=-5.5 kV].

The results obtained so far show that suppression of sec-
ondary electrons depends not only on magnetic field inten-
sity but also on plasma density. This is explained reminding
that the virtual cathode will be sustained if the rate at
which it is formed is faster than the rate at which electrons
are axially lost. The surface charge o in the virtual cathode
needed to neutralize the electric field E is o=gyE,
and the time needed to establish the virtual cathode is
t=0/J,=¢eoE/vJ;, where J; is the incident ion current density
and vy is the secondary electron emission coefficient. Since J;
depends on plasma density, the virtual cathode will be
formed faster for denser plasmas. This is consistent with the
fact that suppression was not achieved at B=10.7 mT when
plasma density was about n~ (2—4) X 10° cm™3 and was par-
tially achieved at B=7 mT when n~ (1-2) X 10'% cm™ [see
Fig. 2(b)]. Furthermore, the total suppression obtained dur-
ing the same experiments made in aluminum vacuum arc
plasmas,16 in which plasma densities are even larger
(n~10""cm™ when the magnetic field is turned on),
corroborates this explanation. From the expression
t=0/yJ;=¢gyEl yJ;, it is seen that at higher voltages (when x
rays become important), the electric field will increase pro-
portionally to V and make 7 larger, but at the same time the
incident ion current J; (Child-Langmuir space charge limited
current) will increase proportionally to V2, so that suppres-
sion should also occur at higher voltages.

The establishment of a virtual cathode will also depend
on the rate at which electrons are axially lost. Secondary
electrons emerge from the surface with a few eV of
energy, in all directions. They are accelerated by the large
radial electric field and acquire energies W,~¢Ed, where
6=2v;/Q is the electron layer thickness, vy=E/B is the
EXB drift velocity, and  is the electron cyclotron fre-
quency. Minute inhomogeneities and/or scattering can deflect
a portion of W, to the longitudinal direction. It is not clear
how plasma density and magnetic field intensity can affect
these longitudinal velocities, so more detailed experiments
should be made to determine the dependences of magnetic
suppression on these parameters.

The values of vy obtained in this experiment can be com-
pared with the available data in the literature. Shamim et al®
measured y=3.9 for copper targets implanted in nitrogen
plasmas with 20 keV ions. We have no knowledge of reports
on measurements of the secondary electron yield of nitrogen
ions incident on copper targets under the influence of a mag-
netic field or at lower incident energies, but if vy is assumed
to be linearly dependent on ion velocity, it can be approxi-
mated by extrapolation according to y,=y,0(¢/20)"%, where
¢ is the ion’s energy and ¢, is the value of 7y for 20 keV
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ions. This gives y=1.5-1.8 for 2-5 keV nitrogen ions,®
which is slightly higher than the values obtained.

IV. CONCLUSIONS

For typical plasma parameters of nitrogen PIII systems
and moderate magnetic field intensities (up to B=10.7 mT in
this experiment), the main effect of the application of a mag-
netic field parallel to the target surface on secondary elec-
trons is to divert their trajectories collimating them into two
beams of electrons flowing away from the two ends of the
target along the magnetic field lines. Partial suppression was
achieved in denser plasmas, probably due to the faster for-
mation of a virtual cathode which reduces the electric field
near the surface, inhibiting the emission of more electrons.
This explanation is corroborated by the total magnetic sup-
pression of secondary electrons observed previously in an
aluminum vacuum arc plasma, in which plasma density in
magnetized cases is much larger than in the present case.

The discharge conditions were changed by the magnetic
field since electron and ion gyromotions around field lines
decrease transport losses, increasing plasma density. On the
other hand, with the presence of the magnetic filed, a whole
class of instabilities can occur so that stable regimes should
be searched before considering this method for limiting the
emission of secondary electrons. It should also be pointed
out that the use of magnetic fields in PIII systems will in
general alter the three dimensionality of the process and
should be practicable only in two-dimensional applications
such as plane or cylindrically shaped substrates.
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