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We demonstrate that the sheath created adjacent to the surface of a negatively biased electrode that interfaces
an insulator acts as a lens that focuses the positive ions to distinct regions on the surface. Thus, the positive ion
flux is discrete, leading to the formation of a passive surface, of no ion impact, near the edge and an active
surface at the center. Trajectories of positive ions within the sheath are obtained by solving in three dimensions
the Poisson equation for electrodes of different geometry. Simulations are confirmed by developing the ion flux
profile on the electrode surface as the sputtering pattern produced by ion impact. Measurements are performed
in a dc plasma produced in Ar gas.
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I. INTRODUCTION

The sheath is a space charge layer that forms to a biased
electrode whenever V0�Vpl, where V0 is the applied bias and
Vpl the plasma potential �1�. If V0�Vpl the electrode reflects
electrons and accelerates ions resulting in distinct profiles of
electron density, ne, and positive ion density, ni �2–6�. The
sheath edge �plasma-presheath boundary�, �, is usually de-
fined as the location where the positive ion velocity equals
the ion acoustic speed, cs �7�, so that � is the equipotential
contour given by Vsh=kTe / �2e�, where Te is the electron
temperature. For an infinite planar electrode � is parallel to
the surface and the sheath expands in front of the electrode to
a length defined as the sheath thickness, D. In practice, the
electrode is finite so that the surrounding sheath can only be
described in two or three dimensions. The positive ion accu-
mulates energy within the sheath then strike the surface with
a certain incidence angle, �imp, inducing surface modifica-
tion. This scenario is common to most plasma processing
technologies such as sputtering, etching, oxidation, or im-
plantation, where one of the main requirements is to attain
uniform treatment over the sample surface �8�.

Special attention was devoted to the investigation of
sheath profile and ion dose uniformity. Conrad �9� reported
potential profiles for sheath surrounding cylindrical and
spherical electrodes and Donnelly and Watterson �10,11� for
complex and wedge shapes. Later, Hong and Emmert �12�
and Sheridan �13� reported that the incident ion dose was
peaked near to, but not on, the corner of a square bar during
ion implantation. The two-dimensional simulation of ex-
panding plasma sheath was reported by Paulus et al. �14�. In
1998, Fan et al. �15� reported sample stage-induced dose
nonuniformity in plasma ion implantation of silicon. They
explained the resulting effect by charging of the quartz
shroud used to reduce contamination. However, similar pro-
files, with a sputtered ring and central spot, were reported by
Stamate and Ohe �16,17� and have been associated with ion
focusing by a sheath lens effect. Thus, the edge effect of a
planar electrode induced an ellipticlike sheath structure that
acted as an electrostatic lens focusing positive ions to distinct
parts of the electrode surface. So far, this was the first ex-
periment to demonstrate the discrete behavior of the ion flux,

resulting in the formation of the passive surface �PS�, near
the edge, and active surface �AS�, at the center. The applica-
tion of the focusing effect to measure D and to detect the
negative ion was also reported �18,19�. Later on, Tian and
Chu �20� revised the result on stage-induced dose nonunifor-
mity �15� also attributing the observed patterns to ion-
focusing effects. Recently, several reports investigated the
ion dynamic within the sheath surrounding targets with
grooves �21� patterned surfaces �22�, or a hemispherical
bowl-shaped �23� sheath over a flat wall with an insulator/
conductor interface �24� and plasma molding over a ring on
a flat surface �25�. As well, plasma-surface interaction at
sharp edges and corners during ion-assisted physical vapor
deposition has been investigated �26,27�. All these results
emphasize the important role that the geometry plays in de-
termining the ion dose over the electrode surface.

In this paper we are reporting the three-dimensional cal-
culation for the sheath profile and ion trajectories for disk,
square, and triangle electrodes immersed in plasma. Related
experiments are performed in a dc plasma using Ar gas. The
results demonstrate the discrete behavior of the ion flux in-
cident to a conducting surface that interfaces an insulator.

II. THEORETICAL CONSIDERATIONS

Let us suppose a conducting planar electrode of surface Sd
biased at the potential V0�Vpl=0 V, where Vpl is the plasma
potential. The potential distribution in the sheath, V�x ,y
=r ,z� with a z axis perpendicular to the disk surface, is given
by the Poisson equation,

�V = −
e

�0
�ni

*�V� − ne
*�V�� . �1�

Assuming a Maxwellian distribution for electrons it follows
that

ne
*�V� = neexp�− �e� , �2�

where �e=−eV/ �kTe�. If the positive ions, of density ni, are
entering the sheath with cs, then by continuity law and en-
ergy conservation one can deduce
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ni
*�V� = ni

Ssh

S�V�
	�V� , �3�

where

	�V� = �1 −
2 eV

kTe
�1/2

. �4�

S is the surface of the equipotential contour given by V and
Ssh the sheath-edge surface. Thus, Eq. �1� becomes

�2V = −
eni


o
� Ssh

S�V�
	 − exp��e�� . �5�

In practice, one can measure the electrode current Id, which
gives the current density Jd. If Jsh is the current density to �,
then Ssh= Id / �enics�. Moreover, we can introduce the current
density ratio �=Jd /Jsh=Ssh /Sd. After solving Eq. �5� for vari-
ous S�V� dependencies we found that S�V�=a+b exp��V�
with S�Vo�=Sd and S�Vsh�=Ssh gives the best fit to S�V� ob-
tained by solving the equation. Thus, we have

S�V� = Sd	1 +
�� − 1��exp��Vo� − exp��V��

exp��Vsh� − exp��Vo� 
 , �6�

where � is a constant coefficient. For a given � we iterated �
in Eq. �5� until reaching the fastest convergence of the final
solution V�x ,y ,z�. The plasma-sheath boundary conditions
were set as follows: V=Vpl�=0�, �V /�x��V /�y��V /�z
�0.05, and 
=0, where 
 is the total charge density.

Sheath edge contours of a disk electrode of radius rd
=5 mm and thickness d=0.2 mm are presented in Fig. 1 for
different values of �eo=�e�Vo�, where ni=1015 m−3 and Te

=1 eV. Values in brackets stand for �. The flat disk surface
facing z direction and the lateral side were biased to Vo �con-
ductor� while the side facing −z to V=Vf �insulator�. Here,
for simplicity, since Vo�Vpl we neglected the floating poten-
tial, Vf, setting Vf =0. Even for �e0=50, the sheath edge ex-
hibited a mushroomlike structure that expanded by increas-
ing �e0, reaching the sheath thickness D�2rd for �e0=300.
Since both sides of the disk were exposed to plasma, the

sheath also expanded in the −z direction. �e�0,0 ,z� by Eq.
�5� for rd=5 mm is presented in Fig. 2�a� with solid lines for
three values of �e0 while �e�0,0 ,z� for rd=100 mm �infinite-
like electrode� is shown with dashed lines. �e�0,0 ,z� for
similar values of rd but different ni is presented in Fig. 2�b�,
where �e0=150 and Te=1 eV. Thus, besides ne , Te, and V0,
the sheath expansion and its shape depends on rd. If R is the
curvature radius of � obtained for x=0 and r=0, then the
ratios R /D and D / �2rd� gives information about the shape of
the sheath-edge front. For instance, R /D and D / �2rd� related
to the sheath profiles shown in Fig. 2�b� are presented in
Table I. At low density �ni=1014 m−3� D exceeded 2rd while
the sheath front remained almost spherical with R�D. For
ni�1016 m−3 we found R�D and D / �2rd��1, so that the

FIG. 1. Sheath edge contours of a disk electrode of radius, rd

=5 mm and thickness d=0.2 mm, for different values of �e0

=�e�V0�, where ni=1015 m−3 and Te=1 eV. Values in brackets
stand for �.

FIG. 2. �a� �e�0,0 ,z� by Eq. �5� for three values of �e0 with
solid lines for rd=5 mm and with dashed lines for rd=100 mm
�infinitelike electrode�; �b� �e�0,0 ,z� for similar values of rd but
different ni. In both figures, Te=1 eV.

TABLE I. R /D and D / �2rd� related to the sheath profiles shown
in Fig. 2�b�.

ni �m−3� R /D D / �2rd�

1014 1.07 1.21

1015 1.69 0.79

1016 3.8 0.23

1017 20 0.15
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sheath expanded as much as for an infinite electrode.
The potential distribution, as equipotential contours, and

ion trajectories starting from the sheath edge until reaching
the surface, are presented in Fig. 3 for a one-side-biased disk
�a�; a biased disk extended on its plane by an insulator �b�; a
both-side-biased disk �c�, respectively, where �e0=150, ni
=1015 m−3, Te=1 eV, and �=9 for �a�, �=9.7 for �b�, and �
=9.3 for �c�. In order to account for the presheath, the initial
ion velocity at the sheath edge was set to cs with an orienta-
tion perpendicular to �. Let �x0 ,y0 ,z0� be the coordinates of
a positive ion on the sheath edge, and ��0x ,�0y ,�0z� the ion
velocity in a thin layer of the sheath delineated by Vsh�V
�V*, where V* is less than 1% of V0, so that we can define
ions with z0�0 as back side ions and ions with z0� as

frontal ions. In Fig. 3�a� the back side ions �from A to B�
were first accelerated in the z direction to finally reach the
central part of the surface coming from the −z direction �ob-
lique incidence�. The frontal ions from B to D were all fo-
calized to a narrow part on the disk surface, leading to the
formation of an area of no ion impact, named passive surface
�PS�, between the electrode edge and the focalization region.
The location C marks the change from �0z�0 to �0z�0.
Trajectories from D to the disk center �r=0� exhibited a re-
duced curvature, so that ions reached the surface under
higher incidence angles, �imp, with �imp=90 deg for r=0. If
rimp is defined as the location delineating PS from the region
of ion impact, it follows that rimp depends on plasma param-
eters, rd and V0. By extending the disk on its plane with an
insulator �see Fig. 3�b��, the sheath expansion was restricted
to z0�0 �only frontal ions�. However, since from A to B the
ions entered the sheath with �z0�0, their trajectories exhib-
ited a higher curvature that also led to the formation of PS, as
previously shown in Fig. 3�a�. Moreover, from B to C and C
to z=0 the ions trajectories were almost similar with those
from C to D and D to center in Fig. 3�a�. For a both-side-
biased disk �see Fig. 3�c�� all ions have shown �z0�0 for
z0�0, thus no PS was formed, the entire surface being
reached by ions with a slight increase of the ion dose near the
edge. In practice, the incident ion flux on the electrode sur-
face induces various surface reactions, some of which show
angular dependence, so that the reveled change of �imp with
r that one can notice from Fig. 3 is an important factor in
plasma processing.

Let us divide Sd in j=1¯20 concentric elements, Sj, and
assume a total number, N, of test ions that enter the sheath
from certain locations uniformly distributed on �. If Nj is the
number of test ions reaching each Sj, then the ratio Nj /Sj is
proportional to the ion current density. Nj /Sj as a function of
r for electrodes shown in Fig. 3 is presented in Fig. 4, where
N=2000. Thus, more than 50% of the ions entering the
sheath have been focused to less than 15% of the electrode
area leading to the formation of a distinctive ringlike region
on the electrodes surfaces that interfaced insulators, Figs.
3�a� and 3�b�, respectively. In the case of a both-side-biased
disk the ion current density was peaked near to, but not on,
the edge, as previously reported �13�.

The impact locations on the surface of an one-side-
conducting disk of 2000 ions passing through the sheath ob-

FIG. 3. Potential distribution, as equipotential contours, and ion
trajectories starting from the sheath edge until reaching the surface:
�a� for a one-side-biased disk; �b� a biased-disk extended on its
plane by an insulator; �c� a both-side-biased disk. In all simulations
we set �e0=150, ni=1015 m−3, Te=1 eV, and �=9 for �a� �=9.7 for
�b�, and �=9.3 for �c�.

FIG. 4. Nj /Sj as a function of r for electrodes shown in Fig. 3,
where N=2000.
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tained by applying V0=−100, −200, and −300 V �ni

=1015 m−3, rd=5 mm, and Te=1 eV� are shown in Figs.
5�a�–5�c�, respectively, where the back side ions were repre-
sented with red dots and the frontal ions with black dots.
Thus, the PS delineation from the active surface was very
sharp, clearly showing the formation by frontal ions of the
ringlike region of which radius, and implicitly rimp, de-
creased by decreasing V0. Quite unexpected was the behavior
of the back side ions. Based on the spherical profile of the
sheath front at very low V0 �see Table I�, it was expected that
the focusing of the frontal ions will take place at the elec-
trode center �16,20�. Even that a small increasing of the
frontal-ion flux at the center have been previously reported
�19�, present results shows that the spotlike structure was
formed at the electrode center through focusing of the back
side ions. For instance, no central spot was formed when
applying V0=−300 V to the disk extended on its plane by an
insulator �see Fig. 3�b�� and ion impact locations resembled
closely the image from Fig. 3�c�, except for the presence of
the red dots. When considering square electrodes of ld
=10 mm in length, the impact location of ions on the surface
becomes more complex, as can be seen from Fig. 6, where
simulations for similar parameters as those used in Fig. 5 are
presented �ni=1015 m−3, Te=1 eV, and V0=−100, −200, and
−300 V corresponding to �a�, �b�, and �c�, respectively�. The
back side ions are represented with red dots and frontal ions
with black dots. While the impact area of frontal ions
decreased by decreasing V0, that of the back side ions in-
creased, eventually exceeding the profile delineated by fron-
tal ions. The corners forming the starlike profile correspond-
ing to frontal ions were very sharp and included a large
number of ions while the profile resulted by back side ions
was very complex, exhibiting modal lines and modal spots,
as we reported recently �28�.

III. EXPERIMENTAL RESULTS

Experiments were performed in a cylindrical device of
250 mm in diameter and 300 mm in length. The lateral sur-
face of the chamber was covered on the outer side with per-
manent magnets that reduced the wall losses. A low-density
plasma, ni�5�1016 m−3, was produced by dc discharge us-
ing a directly heated filament. The discharge bias, Uac, of 100
V was applied between the filament as a cathode and the
grounded wall as an anode. By adjusting the filament current
we could control the discharge current, Iac and, respectively,
control ni. All measurements were performed in Ar gas. Elec-
trodes of different shapes �i.e., disk, square, and triangle�
were made of gold, silver, and brass �plate of 0.2 mm in
thickness�, materials that have a high sputtering yield by Ar+

bombardment and exhibit a good visibility of the sputtered
patterns. Depending on the scope, the electrodes were both
side conductive, one-side insulated with a layer of ceramic
cement �less than 1 mm�, or fixed on the surface of a large
ceramic plate, �0.5 mm thick, and 4rd in diameter for disks
and 3ld in length for squares�. The electrodes were biased
with V0�Vpl for a time, t, while measuring the flowing cur-
rent Id. A cylindrical probe was used to detect the plasma
parameters and to monitor eventual changes during the elec-
trode biasing �29�. Photographs of disk, square, and triangle
electrodes exposed to plasma for t=3 min, ni�1015 m−3, and
Te=1.7 eV are shown in Fig. 7 for V0=−100 V, �a�, �d�, and
�g�; −200 V �b�, �e�, and �h�; and −300 V �c�, �f�, and �i�,
respectively. All pictures show a dark region near the edge,
corresponding to PS, and a bright region of nonuniform con-
trast corresponding to the active surface. Comparing simula-
tions presented in Fig. 5 with photographs of disk electrodes
from Fig. 7, one can find a very good agreement in terms of
rimp values and their dependence on V0. Moreover, the pre-
diction that the back side ions will be focused to a spot at the
disk center for V0�200 V was correct. For square elec-

FIG. 5. �Color� The impact locations on the surface of a one-
side-conducting disk of 2000 ions passing through the sheath ob-
tained by applying V0=−100, −200, and −300 V �ni=1015 m−3, rd

=5 mm and Te=1 eV� respectively, where the back side ions were
represented with red dots and the frontal ions with black dots.

FIG. 6. �Color� The impact location of ions on the surface of
square electrodes for �a� V0=−100 V; �b� −200 V; and �c� −300 V,
where ld=10 mm, ni=1015 m−3, and Te=1 eV. The back side ions
are represented with red dots and frontal ions with black dots.
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trodes, the intense sputtering by frontal ions resulted in a
starlike pattern of which the area decreased with decreasing
V0. The triangle electrodes show a similar discrete focusing
effect by forming a PS of an area that also increased with
decreasing V0. Paying attention to details, one can notice
from Figs. 7�b� and 7�c� that the spot exhibits an irregular
structure, including certain preferential radial directions, ran-
domly distributed but converging at the disk center. Some
fine lines, passing over the active surface of the square elec-
trode, are also visible in Fig. 7�f�. The origin of these lines
�named “modal lines”� was recently clarified for electrodes
with sharp corners �28�. However, details about the spot
structure for disk electrodes remained unexplained. For in-
stance, photographs of two electrodes, made of brass, treated
simultaneously for t=60 min, V0=−500 V, ni=5�1015 m−3,
Te=1.6 eV, rd=6 mm are shown in Fig. 8, where �a� corre-
sponds to a one-side-biased disk and �b� to a one-side-biased
dodecagon. Even that both electrodes exhibited modal lines,
those of the disk were irregular while those of the dodecagon
were correlated with respect to the corners. This fact proves
that any small irregularity on the edge of the disk �the struc-
ture, metallic-plate-cement layer was not geometrically per-
fect� mostly affected the part of the sheath expanding in the

−z direction, leading to preferential directions of focaliza-
tion. It also suggests that it make sense to consider a well-
defined � that can follow in detail the potential distribution
within the sheath.

As shown in Fig. 3�b�, the introduction of an insulator in
the z=0 plane restricted the sheath expansion in the −z di-
rection, so that the absence of the back side ions should lead
to the absence of the spot for disk electrodes or modal lines
for electrodes with sharp corners. Photographs of a disk �rd

=6 mm� and a square electrode �ld=10 mm� surrounded by
insulating plates made of ceramic cement are shown in Figs.
9�a� and 9�b�, respectively, after being treated simultaneously
in Ar plasma for t=60 min, V0=−300 V, ni=1015 m−3, and
Te=1.7 eV. Both electrodes show very well-defined PS with
no evidence of any central spot or modal lines. It is impor-
tant to notice that irregularities in the interface between the
electrode and the ceramic cement were actually amplified on
the contour delineating PS from the active surface.

Surface modification by focalized positive ions was pre-
viously reported using SEM or AFM images �18,19,28�. In
the present work we emphasize the difference given by the
presence or absence of an insulating material adjacent to the
electrode. Thus, the simulation results presented in Fig. 3 and
Fig. 4 were reproduced experimentally by using three disk
electrodes �rd=5 mm� made of silver plate, 0.2 mm in thick-
ness, that have been exposed to Ar plasma for t=30 min,
V0=−300 V, ni=1015 m−3, and Te=1.6 eV. The Rrms of these
samples, measured by AFM, for 10�10 �m2 with a radial
resolution of 0.25 mm is presented in Fig. 10. From simula-
tions it resulted that �imp was larger on the intense sputtered
ring comparatively to the central part of the electrode, a fact
that can increase the sputtering yield at that particular loca-
tion. Keeping in mind this observation we can conclude that
the ion flux distribution presented in Fig. 4 agrees very well
with Rrms results presented in Fig. 10.

A reliable evaluation of D for electrodes of about one cm
in diameter is quite a difficult task. Moreover, the plasma-
presheath-sheath debate, including a definite criterion for the
sheath edge, is yet animating the scientific community, even
for the one-dimensional case �see, for instance, Ref. �2� and
the comments following it�. In order to cross-check the val-
ues of D obtained by simulations with some experimental
measurements, we built the setup shown in Fig. 11, where
the central part of an electrode �2 mm in diameter� was sepa-

FIG. 7. �Color online� Photographs of disk, square, and triangle
electrodes exposed to plasma for t=3 min, ni�1015 m−3, and Te

=1.7 eV. �a�, �d�, and �g� for V0=−100 V; �b�, �e�, and �h� for V0

=−200 V; and �c�, �f�, and �i� for V0=−300 V, respectively.

FIG. 8. �Color online� Photographs of two electrodes, made of
brass, treated simultaneously for t=60 min, V0=−500 V, ni=5
�1015 m−3, Te=1.6 eV, and rd=6 mm. �a� One-side-biased disk;
�b� one-side-biased dodecagon.

FIG. 9. �Color online� Photographs of �a� a disk �rd=6 mm� and
�b� a square electrode �ld=10 mm�, made of brass and surrounded
by insulating plates of ceramic, after having been treated simulta-
neously in Ar plasma for t=60 min, V0=−300 V, ni=1015 m−3, and
Te=1.7 eV.
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rated by a gap of 0.3 mm from the total disk structure of 10
mm in diameter. The back side of the two parts was covered
with ceramic cement; both electrodes being biased to V0. A
small probe of 0.1 mm in diameter and 2 mm in length was
supported by a ceramic tube of 0.5 mm in diameter and
moved by a motor in the z direction while keeping its bias at
plasma potential and measuring the current, Ie. Ie as a func-
tion of z for different values of V0 is presented in Fig. 12,
where ni=1015 m−3, p=3 m Torr, and Te=1.6 eV. D corre-
sponding to Fig. 1 is shown by vertical lines. As one can see,
simulations predicted a D that matches well the beginning of
the transition from a flat Ie to an accentuated decreasing due
to electron reflection. It is remarkable that D from simulation
shows a similar dependence with V0 as that resulting from
measurement if one arbitrarily decides the sheath edge at a
location where Ie decreases with a factor of 2 with respect to
its value in plasma.

IV. CONCLUSIONS

The positive-ion flux distribution on the surface of biased
electrodes of different geometries immersed in plasma was

investigated by three-dimensional simulations and experi-
ments. It was demonstrated that the sheath surrounding elec-
trodes that have interfaced insulators acted as an electrostatic
lens, focusing the positive ions to distinct locations on the
electrode surface. Depending on the entrance coordinates in
the sheath, positive ions have been divided in frontal ions
�zo�0� and back side ions �zo�0�. Since their kinetic within
the sheath was different, the focusing effect involving frontal
ions was defined as discrete focusing and the focusing effect
involving back side ions as modal focusing �28�. The discrete
focusing led to the formation of a passive surface �PS�, of no
ion impact, near the edge of the electrode interfacing insula-
tors. The PS shape and its area were dependent on the elec-
trode shape and plasma parameters. The modal focusing
leaded to the formation of certain “modal spots” and/or
“modal lines” that have been investigated in detail elsewhere
�28�. There are several reasons why these focusing effects
have been treated separately. Thus, by choosing an appropri-
ate conductor-insulator interface the discrete focusing could
be produced independently from the modal focusing. While
the discrete focusing exhibited a very well-defined boundary
between the PS and AS, by a high ion flux, the modal focus-
ing only resulted in a diffuse delineation. The impact angles
of ions producing the discrete focusing were significantly
higher than those of modal ions, obviously inducing different
surface modifications. For some geometries, for instance
square electrodes, the area ratio PS/AS showed a reversed
dependence when decreasing the applied bias, increasing for
discrete focusing and decreasing for modal focusing.

Beside some applications that have already been proposed
�18,19�, it is expected that the sheath lens focusing effects
will impact some other aspects related to plasma processing
�30� and surface modification by developing a complex 3D
sheath lens able to control the ion flux in a desired manner.
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FIG. 10. The Rrms measured by AFM, for 10�10 �m2 with a
radial resolution of 0.25 mm for different disk electrodes �rd

=5 mm� made of silver plate, 0.2 mm in thickness, that have been
exposed to Ar plasma for t=30 min, V0=−300 V, ni=1015 m−3, and
Te=1.6 eV.

FIG. 11. The setup used to measure the electronic current in the
sheath, where all dimensions are in mm.

FIG. 12. Ie as a function of z for different values of V0, where
ni=1015 m−3, p=3 m Torr, and Te=1.6 eV. Vertical lines corre-
spond to D from Fig. 1.
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