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Modal and discrete focusing effects associated with three-dimensional plasma-sheath-lenses show
promising potential for applications in ion beam extraction, mass spectrometry, plasma diagnostics
and for basic studies of plasma sheath. The ion focusing properties can be adjusted by controlling
the geometrical structure of the plasma-sheath-lens and plasma parameters. The positive and negative ion kinetics within the plasma-sheath-lens are investigated both experimentally and theoretically and a modal focusing ring is identified on the surface of disk electrodes. The focusing ring is
very sensitive to the sheath thickness and can be used to monitor very small changes in plasma parameters. Three dimensional simulations are found to be in very good agreement with experiments.
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930063]
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The sheath is a space charge layer interfacing the quasineutral plasma with the walls defining the plasma volume or
with immersed objects.1 Besides its essential role in controlling the charge loss to sustain the discharge, the sheath is one
of the main plasma aspects used to control the ion and electron fluxes. For example, some of the most successful applications of plasma processing, including reactive ion
etching,2 physical vapor deposition by magnetron sputtering,3 ion beam extraction,4 and plasma immersion ion implantation5 are based on ions accelerated in a sheath that are
precisely tuned in term of energy, flux, and incidence angle.
Process uniformity is one of the key parameters, so that ions
are usually accelerated perpendicular to the surface or the
extraction zone, while additional ion optics are used to create
focused ion beams or confine ions to a certain region. In
other applications, small gradients associated with presheaths can be used to deflect ions of very high energy, using
the so-called electrostatic plasma lens effect.6 Most of the
low pressure plasma sources developed so far provide
plasma densities, no, in a range from 1013 to 1018 m3 with
ion energies from tens of eV up to keV to induce surface
modifications. This gives a span from microns up to tens of
cm for the sheath thickness. Despite this broad range of size,
the sheath diagnostics and also the theoretical coverage are
still limited. While low electrical field measurements with
good spatial resolution are very challenging,7–9 the theoretical investigation has mathematical difficulties to describe the
sheath and decide the sheath edge in a model that can take
into account the plasma, the presheath, and the sheath in the
same set of equations.10–12 Having already this complexity,
little attention was paid to two- or three-dimensional aspects
of the sheath.13,14 However, the recent discovery of discrete
and modal focusing effects, including progress in numerical
capabilities to solve three-dimensional potential structures in
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plasma, has changed this situation significantly.15–17 For
example, instead of scanning an asymptotic potential distribution over less than 1 cm distance with complex laser diagnostics for detecting the local electric field, one can measure
the impact radius, rimp, associated with the discrete focusing,
as a quantity directly related to the sheath thickness. This
approach can be used both for sheaths created by positive or
negative ions.15 Moreover, the existence of the modal focusing effect makes it possible to capture very small details of
the sheath response to magnetic field or multi-ion species
plasmas. The basic phenomenology and the main applications developed so far have been reviewed recently.18
The aim of this work is to bring additional details on the
fine structure of the modal focusing effect that can be used to
strengthen the capability of a plasma-sheath-lens to be used
as a plasma-sheath-surface monitoring system.
A two-dimensional cross section of the potential distribution for a conducting disk electrode (5 mm in radius, Ro,
insulated on the back) calculated by using the finite element
method described in detail elsewhere15,16,18 is presented in
Fig. 1. The simulation parameters are no ¼ 1015 m3, electron
temperature, Te ¼ 2.2 eV, electrode potential, Vo ¼ 150 V,
plasma potential, Vpl ¼ 0 V, floating potential Vf ¼ 7 V, and
Ar ion mass. Ions move under the influence of the electrostatic force, with mass independent trajectories and different
time of flight for different masses. The secondary electron
emission at the probe surface is neglected. According to the
Bohm criterion, the sheath edge, Vsh, should be 1.1 V.
However, in order to avoid a too close proximity with
respect to the integration boundary, a sheath edge, R, of
Vsh ¼ 5V (slightly higher than Vf) is used as the start location to inject ions, with initial velocities given by this potential difference with respect to plasma (Vpl ¼ 0 V), and then
calculate their trajectories until they reach the electrode surface. Some relevant trajectories are emphasized with capital
letters at entrance locations on R and with corresponding
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FIG. 1. Two-dimensional cross section of the potential distribution and individual ion trajectories for no ¼ 1015 m3, Te ¼ 2.2 eV, Vo ¼ 150 V, Vpl ¼ 0,
and Vsh ¼ 5V.

prime letters at the electrode surface. Ions entering the sheath
from A to B do not reach the electrode surface and are collected on the back of the electrode, charged at floating potential. B is the first trajectory reaching the electrode at B0 and C
gives the longest flight over the surface reaching location C0 .
D reaches the center of the electrode at D0 , while all trajectories from E to F are focused to a very narrow part of the electrode surface. G is the only trajectory reaching the surface at
normal incidence. Most aspects of this behavior were
recently reviewed, including the definitions of passive surface, the discrete focusing effect, and impact radius, rimp, so
we will only briefly mention that the passive surface is
formed at the disk edge and is associated with no ion impact
(see the surface corresponding to rimp < x < Ro). Ions from
the large collection area between E and F form the discrete
focusing effect,15 while ions from B to E contribute to the
modal focusing effect that can be identified with a modal
spot at location D0 for disk electrodes (due to convergence to
a spot of all ions entering from locations adjacent to D) and
modal lines for square electrodes.14
Let us now concentrate on location C0 , defined as modal radius, rm, which depends on the sheath edge profile near location
C or more generally, on the ions entering the sheath with z < 0,
where z is the coordinate perpendicular to the electrode surface
(see location L differentiating the sign of z in Fig. 1). This fact
was already demonstrated for Vo ¼ 300 V and Vsh ¼ 1.1 V
and 9 V, predicting that location C0 can in fact reach the electrode reducing the passive surface, with rimp < rm < Ro while
Vo ¼ 150 V will predict a rm < rimp.17 If confirmed by experiments, this will give one the possibility to investigate the sheath
edge and thickness by monitoring rm in parallel with simulations
of ion kinetics within the sheath. By uniformly distributing
63812 ions over the 3D sheath edge R simulated in Fig. 1, we
could separate them, using the z ¼ 0 plane, in 26 114 ions with
z < 0 and 37 698 ions with z  0. The ion impact locations on
the electrodes surface are presented in Fig. 2(a) for z < 0, (b) for
z  0, and (c) for all z, while (d) presents the averaged incidence
angle on the surface. L1 is the result of z separation (positive or
negative), F1 denotes the modal focusing location linked to rm,
and D1 is the discrete focusing location linked to rimp. A similar
simulation but for Vo ¼ 300 V (no ¼ 1015 m3, Te ¼ 2.2 eV)

FIG. 2. Ion impact locations on the electrodes surface for Vo ¼ 150 V
(no ¼ 1015 m3and Te ¼ 2.2 eV) with (a) z < 0 (26 114 ions), (b) for z  0
(37 698 ions), and (c) for all z, while (d) presents the averaged incidence
angle on the surface. L1 is the result of z separation. F1 denotes the modal focusing location linked to rm and D1 the discrete focusing location linked to
rimp.

with (a) 23470 ions for z < 0, (b) 41108 ion for z  0, (c) all
ions and (d) the incidence angle, is presented in Fig. 3, where L2
is the result of z separation, F2 corresponds to rm and D2 to rimp.
Now the presence of the modal spot (x ¼ 0, z ¼ 0) is very well
visible in both (a) and (c) and one can see the shift of rm and
rimp due to a thicker sheath. The incident angle is expected to
have an impact on the etching yield at the surface and can be
correlated with the ion dose as to calculate the depth profile after
etching.
In order to test the simulation results, 0.5 mm thick silicon disks of Ro ¼ 5 mm, insulated on the back with alumina
disks of similar dimensions, were exposed in plasma Ar/SF6

FIG. 3. Ion impact locations on the electrodes surface for Vo ¼ 300 V
(no ¼ 1015 m3, Te ¼ 2.2 eV) with (a) 23 470 ions for z < 0, (b) 41 108 ion for
z  0, (c) all ions and (d) the incidence angle. L2 is the result of z separation,
F2 corresponds to rm and D2 to rimp.
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(Ar: 2 sscm and SF6: 0.3 sccm) at 3 mTorr, for t ¼ 15 min,
using a magnetic multipolar-confined plasma source presented in detail elsewhere19 for a discharge current of
100 mA and discharge voltage of 70 V. The shaft supporting
the disks was a thin ceramic tube of 0.6 mm in diameter and
50 mm in length and no noticeable influence of it in the current density distribution over the electrode surface was
observed in simulations or experiments.15,16 The surface profile after etching by incident ions is presented in Fig. 4 for (a)
Vo ¼ 150 V and (b) 300 V, respectively. The depth profile,
after compensating for the bowing effects resulting from
phase shift interferometry, is presented in (b) for (a) and in
(d) for (c). Besides the already known presence of the discrete
ion focusing and of the modal spot, one more ring can be
observed in each sample. For easier identification, the onedimensional depth profiles for the two samples from Fig. 4
are presented in Fig. 5. The locations corresponding to discrete focusing are indicated with D1 and D2, those of the
modal spot with M1 and M2 while the additional rings with
F1 and F2, where indexes 1 and 2 are used to differentiate
between (b) and (d) in Fig. 4, respectively. By correlation
with Fig. 1, F1 corresponds to C0 and is the result of the turning point in the scanning of the electrode surface by ion trajectories entering the sheath near C. Due to the sharp
delineation regarding the ion impact locations, in a similar
way with discrete focusing, the etching profile results in a distinct and easily measurable rm of 2.28 mm (<rimp ¼ 3.77 mm)
for Vo ¼ 150 V and rm ¼ 4.21 mm (>rimp ¼ 3.51 mm) for
Vo ¼ 300 V. The sheath front at the electrode center
(x ¼ y ¼ 0) for Vsh ¼ 1.1 V has been estimated from simulations at z ¼ 6.15 mm for Vo ¼ 150 V and z ¼ 7.63 mm for

FIG. 4. The surface profile after etching by impinging ions for (a)
Vo ¼ 150 V and (b) 300 V in Ar/SF6 at 3 mTorr, for a discharge current
of 100 mA, discharge voltage of 70 V, and 15 min exposure time. The depth
profile is presented in (b) for (a) and in (d) for (c).
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FIG. 5. One-dimensional depth profiles for the two samples presented in
Fig. 4. Locations corresponding to discrete focusing are indicated with D1
and D2, those of the modal spot with M1 and M2 and the additional rings
with F1 and F2. Indexes 1 and 2 are used to differentiate between (b) and (d)
in Fig. 4.

Vo ¼ 300 V, respectively. This change in sheath thickness
of 1.48 mm resulted in an averaged shift for discrete focusing
of 0.39 mm and of 1.64 mm for the modal ring. It proves that
the modal ring is about four times more sensitive to small
changes in the sheath thickness.
It was shown recently that a small electrode can be biased positively up a few hundred volts without affecting the
plasma potential in an electronegative discharge as long as
the negative ion to electron density ratio, nni/ne, is higher
than about 20.18,19 For this situation, the sheath is mainly
formed by negative ions that are following the same kinetics
as presented for positive ions, exhibiting the discrete and
modal focusing effects.15 Despite an increasing interest in
surface processing under low-charging effect by negative ion
beams,20 the negative ion sheath has been investigated to a
much lower extent. The positive and negative ion species are
always different in complex reactive gases used for etching,
such as CF4, C4F8, and SF6. This situation raises a basic
question regarding the sheath thickness of positive or negative charges for the same applied bias with respect to Vpl.
Several attempts have been made in this regard8 but yet a
questions-free experiment, able to clearly compare the thicknesses of the two sheaths, has not been reported.
The depth profiles for two disks exposed for 15 min to (a)
300 V and (b) 300 V with respect to plasma potential are
presented in Fig. 6, where Vpl ¼ 11V, no ¼ 1.2  1015 m3,
Te ¼ 1.7 eV, and nni/ne ¼ 57. The disks were mounted on the
same shaft and plasma parameters were monitored with an
additional probe making sure that none of the parameters
have changed during the 30 min experiment by more than 2%.
The diagonal scans of the depth profiles are presented in Fig.
6(c) with the full line representing positive ions and the
dashed line representing negative ions. This gives an impact
radius for positive ions (rpi) of 3.2 mm and only 2.2 mm for
negative ions (rni), a result that clearly concludes a considerably thicker sheath by negative ions. The modal ring formed
by positive ions indicated with K1 and K2 is well visible, while
it could not be identified for negative ions. One explanation
can be that the location C0 (see Fig. 1) exceeded Ro.
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FIG. 6. The depth profiles for two
disks exposed for 15 min to (a) 300
V and (b) 300 V, where Vpl ¼ 11V,
no ¼ 1.2  1015 m3, Te ¼ 1.7 eV, and
nni/ne ¼ 57. The diagonal scans are presented in (c) with full line for positive
ions and dashed line for negative ions.

In conclusion, a modal ring has been identified in relation with ion focusing by a three-dimensional plasmasheath-lens formed by disk electrodes. The modal ring was
formed by the ions entering the sheath at locations facing the
back of the electrode and was proven to be about four times
more sensitive than the discrete focusing to changes in the
sheath thickness. Depending on plasma parameters, electrode
dimensions, and applied bias, the modal ring can be located
at a certain location that can be predicted by simulations.
This property can be used to monitor small variations in the
sheath structure with direct application on plasma diagnostics and basic investigations of sheath.
This work was supported by a mobility grant of E.S. at
Venture Business Laboratory, Nagoya University, Japan and
by internal founding at Technical University of Denmark
and is dedicated to the very premature loss by illness of a
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