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The biggest advantage of plasma immersion ion implantation (PI1I) is the capability of treating objects with
irregular geometry without complex manipulation of the target holder. The effectiveness of this approach relies
on the uniformity of the incident ion dose. Unfortunately, perfect dose uniformity is usually difficult to achieve
when treating samples of complex shape. The problems arise from the non-uniform plasma density and ex-
pansion of plasma sheath. A particle-in-cell computer smulation is used to study the time-dependent evolution
of the plasma sheath surrounding two-dimensional objects during process of plasma immersion ion implanta-
tion. Before starting the implantation phase, steady-state nitrogen plasma is established inside the simulation
volume by using ionization of gas precursor with primary electrons. The plasma self-consistently evolves to
anon-uniform density distribution, which is used as initial density distribution for the implantation phase. As
aresult, we can obtain a more realistic description of the plasma sheath expansion and dynamics. lon current
density on the target, average impact energy, and trajectories of the implanted ions were calculated for three
geometrical shapes. Large deviations from the uniform dose distribution have been observed for targets with
irregular shapes. In addition, effect of secondary electron emission has been included in our simulation and no
qualitative modifications to the sheath dynamics have been noticed. However, the energetic secondary electrons
change drastically the plasma net balance and also pose significant X-ray hazard. Finaly, an axial magnetic
field has been added to the calculations and the possibility for magnetic insulation of secondary electrons has
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been proven.

1 Introduction

The implantation of ions into metallic surfacesis an impor-
tant industrial process performed on such diverse products
as cutting tools, stamping tools, draw dies, precision ball be-
arings, orthopedic devices, automotive parts and aerospace
components. lon implantation creates a thin surface layer of
modified material, resulting in increased hardness, fatigue
life, and corrosion resistance; reduced wear, sliding friction
and galling, and modified electrical and optical properties
[1]. Conventiona ion implantation is commonly performed
by raster scanning of an accelerator ion beam over the target.
Typical drawbacksof this procedure, such as small spot size,
low ion current, high production costs etc., can be avoided
or reduced significantly in Plasma Immersion lon Implan-
tation (PII1) [2]. In Pl the target is immersed in weakly
ionized plasma and pulsed to a high negative potential (up
to —100kV). When the high voltage pulse is applied, nearly
instantaneously («~ w,,.') electrons in the plasma are driven
away to uncover aregion of uniformion density called "ma-
trix ion sheath”. Then, ions from the sheath are accelera-
ted toward the target and implanted into the workpiece sur-
face. To maintain the ion flux, the sheath edge will expand
outwards uncovering more ions until the end of the voltage

pulse. This sequence is repeated many times with a chosen
repetition frequency. As a result of PIlI processing a high
implantation dose at low cost can be achieved. This method
has an advantage over conventional ion beam implantation
in that it is non line-of-sight, so beam rastering and target
manipulation are not necessary. Also target sputtering isre-
duced, sinceionsareimplanted perpendicular to the surface.
Pl is widely used both in metallurgical and semiconduc-
tor processing and more recently for treatment of dielectric
samples.

In this paper, the powerful numerical technique of
particle-in-cell (PIC) simulation has been used to study she-
ath formation and dynamicsof Pll1. Two-dimensional cylin-
drical simulations permit us to investigate the process when
sheath dimensions are large compared to the typical scale
of the implanted object, where conformality is not assured.
We consider threeimportant i ssues, which should be addres-
sed beforewide-scale commercialization of PllI: (1) implant
conformality; (2) secondary electron emission and (3) con-
cept of magnetically insulated PlI1. Thisarticleis organized
as follows: A short introduction is followed by Section |1
where a brief review of theoretical models of sheath forma-
tion and dynamics is presented. The details of computer
modeling of Plll using particle-in-cell (PIC) code KARAT
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aredescribed in Section I11. In next section, theimplant con-
formality for Pl11 of complex shaped samples as well as the
effects of secondary electron emission and external magne-
tic field are addressed. Finally, Section V summarizes the
simulation results and outlines perspectives for future work.

2 Plasma Sheath Dynamics

In contrast to conventional beam line ion implantation, the
current of the implanted ions cannot be measured reliably
in PII1. However, for technological application information
about theion flux, the angle of incidence and the energy dis-
tribution of the implanted ions must be available. All these
parameters are determined by the dynamics of plasma she-
ath and thus a series of models for PIlI process was develo-
ped and published [3]{7].

Theanalytical modelsof Pl areusually based on asim-
plified 1D pilot model presented by Lieberman [3]. This
model was subsequently extended to account for cylindri-
cal and spherical geometries, for collisions or finite pulse
rise time, yet al present theoretical models are limited to
one dimension [4]-{7]. In brief, following application of
the pulsed negative voltage V', plasma electrons are rapidly
repelled (in a few ns) to uncover a region of uniform ion
density. Thisregion is known as the ion matrix sheath, and
has a thickness s given by

260‘/
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S0 = 1)
where ng istheinitial plasmadensity, ¢ is the electric per-
mittivity of free space, and e is the elemental charge.

Onalonger timescale (- us) ionsare accel erated across
the sheath by the applied electric field and are driven into
the target surface. Asions are implanted, charge imbalance
repels more el ectrons away form the workpiece, thereby un-
covering more ions to be implanted. The time-dependent
sheath thicknessis given by [3]

9 1/3
S = So <§wpit + 1> (2)

herew,: = (noe?/eoM)"/?, M istheion mass, and t is the
timeinto the P11 pulse.

Subsequently the sheath expands until a steady-state
Child-Langmuir sheath is formed and in this case the im-
plantation current density is given by the ”3/2 power” law

which for planar geometry is

. deg [2e V3/2
Ji(t) = T\/;W ©)

Further insight into plasma sheath dynamics is gained
from 1D computer simulations, which are in a relatively
good agreement with the theoretical models[7]-[10]. Howe-
ver, issues related to evolution of the sheath shape cannot be
addressed with 1D techniques. Multidimensional calculati-
ons are needed to study such phenomenaas plasmatransient
sheaths and their evolution.
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The most attractive feature of Pl is its possibility
of homogeneous and conformal implantation in three-
dimensiona structures [2]. However, in practice, a con-
formal implantation in 3D sample is not a priori guaran-
teed. The complicated behavior of the expanding plasma
sheath around complex shaped targets leads to concentra-
tion and depth profile inhomogeneities. Experimental study
[11] have shown that large deviations in the retained dose
could be observed in dependence on the sample geometry
and plasma sheath thickness. Experiments for determining
the dose distribution are very complicated so that various
computer programsfor simulating theimplantation were de-
veloped [8]-[10],[12]-[17]. A self-consistent 3D calcula-
tion of the sheath dynamics and ion current is prohibitively
time-consuming. That iswhy, 2D PIC simulations[12]-[15]
were employed to investigate time-dependent formation of
the sheath, depletion of the initial ion matrix sheath, and the
slow expansion of the sheath into the ambient plasma. Aside
from the implant conformality, ancother key issue related to
PIl1 that can be investigated by 2D PIC simulations, is the
role of secondary electrons. Aseach ion isimplanted, elec-
tronsareliberated fromthetarget and are rapidly accelerated
through the sheath potential. For most metallurgical applica-
tions the secondary emission yield is quite large, often ran-
ging between 3-20 [16]. Therefore uncontrolled secondary
emission could significantly reduce the PI1I efficiency to as
low as 5%. Furthermore, the Bremsstrahlung X-rays pro-
duced by energetic secondary electron bombardment of the
chamber wall pose a potential safety hazard. The suppres-
sion of secondaries remains an open question and virtually
all PIll devicesare currently operated without any secondary
electron control. One proposed (but untested) technique for
suppressing secondary electrons [17] uses an external axial
magnetic field. Secondary electrons are trapped near the
workpiece surface, where the local electric field is substan-
tially decreased by the space charge. Then subsequent elec-
trons, which are emitted from the workpiece surface can be
reabsorbed by the target. The magnitude of magneticfieldis
chosen so that the secondary electrons are strongly confined,
whileion motion is only dlightly perturbed. Inclusion of an
axia external magnetic field leads to significant changesin
the plasma net balance and the PIC computer simulations
can provide further insight into this.

The numerical calculations, reported in this article, are
based on creation of a redlistic, self-consistent, 2-D, PllI
simulation, where steady-state plasma is generated inside
a vacuum chamber by ionization of gas precursor. In all
previous 2-D computer simulations, a simplified picture of
the plasma before implantation phase was assumed: ions
and electrons extend with uniform density throughout the
plasmato the wall. Thus, the structure of the sheath in front
of the target is neglected, and so are the gradientsin particle
density and particle drift motion toward the wall. In con-
trast to the previous simulations that start with homogene-
ous, cold plasmas, in our simulation the plasmais generated
by ionization of background gas, so that the plasma density
self-consistently grows up and adapts itself to the vacuum
vessel. Then, at a certain simulation time, when the desired
initial plasma density is achieved, the implantation phase is
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initiated by turning on the target bias. In aredistic PlI1 ex-
periment, the voltage pul serise and fall times may constitute
a significant fraction of the total pulse width. That is why,
we simulated a voltage pulse with finite rise and fall times.
During the implantation phase ions are implanted into the
target but in the same time new charged particles are crea-
ted by ionization. So we will be able to maintain constant
average plasma density inside de vacuum chamber during
sufficiently long voltage pulse. Another advantage of this
approach is that the plasma generated by ionization is con-
tinuously replenished while in case of initial fixed plasma
density the plasmawill be gradually depleted dueto theion
implantation.

The main objectives of our numerical study can be sum-
marized as follow:

1. Obtaining improved description of the ion current
density on the target, the matrix sheath expansion and dyna-
mics by arealistic PIl1 simulation where equilibrium plasma
is generated by ionization of neutral gas precursor that fills
the vacuum chamber.

2. Detailed study of implant conformality in case of
complex shaped targets

3. Examining the role of secondary electrons for the
electron/ion balance and the plasma sheath dynamics

4. Investigation of the effectiveness of an externally
applied magnetic field for suppressing secondary electron
emission

3 Description of the Numerical Algo-
rithm

Computer simulation has become a powerful tool for the
study of plasma physics. Numerical simulation of plasmas
is achieved by simply computing the motion of a collection
of charged particles, interacting with each other and with
external applied fields. When appropriate methods are used,
relatively small systems of thousand " super-particles’ can
indeed simulate accurately the collective behavior of real
plasmas. The development of new algorithms and the avai-
lability of more powerful computers has allowed particle si-
mulations to progress from simple one-dimensional, elec-
trostatic problems to more complex and realistic situations
involving electromagnetic fields in multiple dimensions and
up to 10° super-particles.

Any computer simulation - one, two or three-
dimensional startswith someinitia particledistribution, i.e.
the particle positions and velocities are known. First, the
electromagnetic fields are calculated from Maxwell’'s equa-
tions and the forces on the particles are found using the el ec-
tric and magnetic fields in Newton-L orentz equation of mo-
tion. Then the particles are moved in a small distance and
the fields due to the new particle positions and velocities
are recalculated. This procedure is repeated for many time
steps. The difference from laboratory plasmas is that simu-
lations proceed discontinuously in time, step by step, using
digital computation. We use a spatial grid on which the fi-
elds are calculated and atemporal grid, which is sufficiently
fine to follow the plasma evolution with acceptable preci-
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sion. Currently various computer codes are available for si-
mulation of plasma that use the above described agorithm
commonly refereed to as particle-in-cell (PIC) method.

Computer simulations were performed using code KA-
RAT [18]. It isafully electromagnetic, relativistic, particle-
in-cell (PIC) code, which has proven its usefulness in many
fields of plasma physics, microwave electronics, electron
beam dynamics, etc. A finite difference scheme with
overstepping on rectangular shearing grid is used to solve
Maxwell’s equations with fulfillment of complex boundary
conditions. Plasma is ssimulated either by macro-particles
or by alinear model. If necessary, inelastic processes such
as secondary electron emission form surfaces, gasionization
and recombination can be included. Depending on the simu-
lated problem geometry one can use 1D, 2D or 3D KARAT
code version. In our simulation we utilize a two dimensio-
nal electrostatic version of KARAT. This means that assu-
ming azimuthal symmetry only two space variables (r and z
in cylindrical geometry) are considered while three compo-
nent of velocity v, v, and vy are retained (this combination
of parametersis usually called 2.5D version). Electric field
components Er and Ez are calculated by solving the Pois-
son’s equation. The particles are moved by the combined
action of the electric field and an externally applied, user
specified, static magnetic field in axial direction. The new
particles positions and vel ocities are obtained by solving the
equation of motion.

Layout of the PIlI system geometry simulated with KA-
RAT is shown in Fig. 1. Dimensions of 13-cm radius, 38-
cm long vacuum camera have been chosen closely to those
of the experimental PlI1 facility operated at LAP/INPE [19].
The vacuum chamber wall is grounded while a thin insula-
ted sample holder is located at the camera axis. A target to
beimplanted with radius of 1.5cmis placed at the end of the
sample holder and during the implantation phase the holder
and the sampleare biased at —10kV. Detailed contour plot of
the equipotential lines around the sampleis shownin Fig. 1.

15.0

R (cm)

40.0

Z (cm)

Figure 1. Configuration of PIIl simulation setup with —10 kV tar-
get bias. Contour plot of equipotential lines around the target is
presented.
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4 Simulation Results

The simulation begins at time t=0.0s with a vacuum vessel
filled with nitrogen gas (concentration on the order of 1014
cm~3) and high voltage pulse off. During the first 1.25us,
nitrogen plasma (N3 ions) is gradually generated inside the
simulation volume by ionization of the neutral gas molecu-
les using primary electrons injected from the camera wall.
Real mass ratios were employed. Probabilistic Monte-Carlo
collision algorithmis applied to simulate the ionization pro-
cess. By adjusting the background gas and the primary elec-
tron current concentration (both code input parameters), a
desired plasma density can be achieved. Then for the time
interval from t=1.25us to t=1.5us, the sample bias poten-
tid is linearly increased from zero to —10kV. After that,
the computer simulation proceeds with high voltage pulse
on. By using this procedure, steady-state plasma with den-
sity on the order of 10° cm~3 and temperature about 3eV
is obtained and maintained in the vacuum chamber. These
plasma parameters are close to the experimentally measured
plasma temperature and density [20]. In our calculations
square cell with size Az=0.0040-0.0045m and Ar=0.0013-
0.0015m, and atime step of 2 x 10~ '2swere typically used.
Total number of the super-particles, representing the plasma
in the simulation, is around 140000. Fig. 2 shows the num-
ber of each kind of plasma particles used in our ssmulation
as a function of time. As one can see from Fig. 2 the net
charge balance is maintained in the time which allows a de-
tailed investigation of sheath temporal evolution.
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Figure 2. Plasma particles net balance.

After application of high voltage pulse, plasmaelectrons
are repealed away from the target leaving behind ion matrix
sheath. Fig. 3, depicts the configuration space of the plasma
electrons at the time t=3.0us showing the position of and the
shape of the plasma sheath at that moment.

Plasmaions are accel erated acrossthe sheath and areim-
planted into the sample surface by the applied electric field.
Fig. 4 showsthe energy distribution of the implanted ions at
simulation time t=3.0us. The incident ions have almost mo-
noenergetic energy distribution centered at about 9.25 keV.
Sinceion transit time across the sheath is quite large (on the

K. G. Kostov et al.

order of 1/w,,;), during ion flight across the sheath it mana-
ges to expand, in that way changing both the potential bar-
rier shape and magnitude, so that the implanted ions do not
get the full bias voltage [8].

\
electrons

15.0

R (cm)

a. 10.0 20.0 30.0 40.0
Z (cm)

Figure 3. Snapshot showing the electron distribution at 3.0 uswith
the target charged to —10kV.
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Figure 4. Energy distribution of the incident ions.

4.1 Implant conformality

In contrast to 1D simulations, 2D computer simulations can
provide information about the current spatial distribution.
We considered three targets with different geometry - regu-
lar shape sample, convex shape sample and concave shape
sample. The electric field lines, the typical ion trgjectories
and the axial distributions of implantation current (actually
implantation current per unit length in cylindrical symme-
try) for these three different targets are shownin Fig. 5.
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Figure 5. Particle-in-cell simulation of PIlI into targets with diffe-
rent geometry - regular shape sample, concave shape sample and
convex shape sample. Comparison of a) electric field lines, b) ty-
pica ion trajectories and c) average implanted current density.

In case of target with regular geometry, one can see that
aside from some fringing fields that appear at the sample
edges, the electric field at the workpiece surface is homo-
geneous. Thus, the implantation current density is also ap-
proximately uniform along the sample, except for the spikes
located at the sample edges where more ions are implanted
due to the local electric field enhancement. The tiny peaks
that appear in the current distribution are result of the nume-
rical algorithm. By using finer space grid and more super
particles to represent the plasma, one can obtain smoother
distribution, however this will lead to excessive computa-
tiontime. In our simulations for solving the Poisson’s equa-
tion, we usualy employed a space grid 1.3 x 4mm and a
time step of 2.0 psfor solving the equation of motion. The
plasma was represented by 130000-140000 super-particles.
With these numerical parameters, one computer simulation
typically ran for 8-10 days using Pentium 4, 2.0GHz compu-
ter. For this reason a compromise between the computation
time and the accuracy should be made. The basic plasma
parameters obtained in the smulation (plasma temperature
~3.0eV, plasma density ~10° cm~3, transient plasma she-
ath size -~6.0cm, implantation current time profile etc.) are
in good agreement with the experimental measurements in
[20]. So, despite some roughness of the distribution functi-
ons, the computer simulation with the above selected nume-
rical parameters represents well the qualitative behavior of
expanding sheath and PIII process. A series of simulations
with higher resolution for a smaller chamber are prepared,
but the cal culations have yet not been performed.

Now, looking at the simulation results for complex-
shaped targets, one can see that the electric field at the sam-
ple surfaceis no longer homogeneous. Thereisaconcentra-
tion of the electric field lines at the sample edges and high
points while the electric filed is weakened at the sample ho-
les and trenches. Fig. 5c shows that for complex shaped
samples the implantation current along the target is nonuni-
form. Also, from the ion trajectories presented in Fig. 5b,
one can infer that concave surface receive a smaller dose
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compared to that of convex surface. Generally speaking,
more ions are implanted into the topmost part (edges, pe-
aks, crests etc.) of a complex shaped sample, while fewer
ions will reach the lowermost sample parts such as holes,
bores, gaps and other low points. As a result the implanta-
tion current density along samples with irregular geometry
is nonuniform. So, the irregular sample geometry will result
in spatial inhomogeneity of the implanted current. This ge-
ometry effect should be accounted for, especially, in case of
implantation of semiconductor devices.

For both irregular target shapes, the influence of the ge-
ometry on the average energy of the incident ions was in-
vestigated. No effect of sample shape on the average im-
plantation energy was found. However, the impact angle is
influenced by the sample geometry and a detailed study of
this effect is under way.

4.2 Secondary electron emission

Secondary electron emission caused by incident ions can
have a severe effect on the PIlI process. For N7 ions, de-
pending on the bias potential and target material, between
3 and 20 electrons can be emitted for every implanted ion
[16]. This causes both an enormous shunt current, and hence
apower drain, and significant X-ray emission, when the ac-
celerated secondary electrons hit the chamber wall. A series
of simulations were conducted to study the secondary emis-
sion process and its influence on sheath dynamics. The se-
condary electron yield was chosen as four electrons per each
implanted ion. The addition of secondary electrons resulted
in no qualitative modifications to the sheath formation and
expansion. However, an important effect of the secondary
electrons is the alteration of the net electron/ion balance as
can be seen in Fig. 6. Energetic secondaries can ionize the
background gas leading to an increase of plasma density.
That is way to maintain same plasma concentration, as in
previous simulations (~10° cm—2 as shown in Fig. 2), we
needed to decrease the number of injected primary electrons.
This effect, that the secondary electrons help to sustain an
electric discharge is well known. However the uncontrol-
led secondary emission can significantly reduce the Pl ef-
ficiency and also pose the hazard of Bremsstrahlung X-rays
emission.

The effect of secondary electron bombardment of the
chamber can be seen in Fig. 7 which plots the energy distri-
bution of all electrons arriving at the vacuum camera wall.
Along with the low energy plasma electrons, the distribu-
tion exhibits a high-energy peak around 10 keV associated
with energetic secondary electrons. The current distribution
of the electron current is shown in Fig. 8. The broad maxi-
mum at the center of the distribution is caused by secondary
electrons. They leave the workpiece surface and are accele-
rated radially outward by the sheath potential until they hit
the camerawall.
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Figure 6. Plasma particle balance with inclusion of secondary elec-
tron emission.
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Figure 7. Energy distribution of the electrons impinging the va-
cuum camerawall.
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Figure 8. Current distribution of the electron current at the vacuum
camerawall.

4.3 Magnetic insulation of secondary elec-
trons

In our simulations, we have investigated a possibility for
controlling the secondary electrons by an externally applied

K. G. Kostov et al.

axial magnetic field. Also it is an interesting question to
study the dynamics of a magnetized plasma sheath. In our
simulation a target with radius 1.5cm, 5-cm length and bia-
sed at —10KkV, isimmersed in uniform magneticfield B=B ,.
The secondary electrons emerge from the workpiece at finite
energy of a few eV and under combined action of electric
field E=—E, and the axial magnetic field move following
cycloidal trgjectoriesin the r-6 plane. Therefore the secon-
dary electrons are confined in alayer near to the target sur-
face. Fig. 9 shows 3D plot of electron density at the simu-
lation time t=2.0 us. From this figure one can see the am-
bient plasma, which extends through the entire simulation
region with homogeneous average plasma density. Next, the
sheath is presented by a space without electrons and finally
the magnetically insulated secondary electrons are shown as
bunches confined in a small region near to the sample sur-
face. The magnitude of magnetic field B=0.04T has been se-
lected in such away, that the secondary electrons are stron-
gly confined in the target vicinity while ion motion is only
dlightly perturbed. Thisis confirmed by the ion trajectories
that practically do not differ from the ones observed in case
without magnetic field. Also, the fact that ions are not per-
turbed by the magnetic field applied in the simulation has
been confirmed by the axia distribution of the ion current
and the averageion energy. They both arevirtually the same
asin the case with magnetic field.

time= 2.00mcs

electron density com-3

Figure 9. 3D plot of the electron density showing magnetic confi-
nement of the secondary electrons near to the target surface.

Emitted secondary electrons are effectively confined
near to the target. They form an electron layer reducing
thelocal eectric field, which can lead to further secondaries
being reabsorbed by the sample. Eventualy, the electrons
can diffuse away axialy (see Fig. 9), however there is no
energetic electron bombardment of thewall and no potential
risk for producing of X-rays.

The effect of magnetic field inclusion on the plasma net
balance can be observed in Fig. 10, which compared to Fig.
6, demonstrates that the balance of plasma particles is sig-
nificantly altered when magnetic field is applied. Since the
secondary electrons are now confined near to the target sur-
face, they can not ionize the neutral gas and consequently
do not play any role in plasma net balance. Our simulation
showed that the dynamics of magnetized plasma sheath was
considerably more complex, that the one without magnetic
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field. Asitisshownin arecent study [21] an external mag-
netic field applied in PI1I can lead to some favorable effects,
so that the simulation of this effect is an important issue.
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Figure 10. Effect of axial magnetic field B, = 0.04 T on the net
particle balance in case of constant secondary electron emission
yield vy = 4.

5 Conclusions

The appeal of plasmaimmersion ion implantation is that it
enabl es the well-known benefits of ion implantation to com-
plex shapes in a quick and cost-effective manner. Howe-
ver, to take full advantage of non-line-of-sight property of
PIlI, it is important to ensure a uniform implantation. We
have employed 2D PIC computer simulation to study PliI
for a variety of different implantation morphologies. Ste-
ady state nitrogen N3 plasma has been generated into the
vacuum chamber by ionization of neutral gas with primary
electrons. This alows creating realistic computer simula-
tion, which closely approaches to the real experiment. The
studies have been confined to applied voltage of —10kV and
plasma density on the order of 10° cm~3. The dependence
of ion current density on the target geometry has been inves-
tigated. The ion tragjectories converge over topmost parts of
the sample (ridges, edges, peaks etc.) and diverge near the
lowest sample points such as holes, bores, trenchesand other
low points. Substantial secondary emission often accompa-
nies PlI1 limiting the electrical system efficiency and aso
leading to soft X-ray production. Secondary electron emis-
sion has been included in the simulation and has been found
to play a significant role in a plasma net balance. Finaly,
an external magnetic field has been added in the smulation
to examine the concept of magnetic insulation of the secon-
dary electrons. The magnitude of magnetic field has been
chosen so that the secondary €electron trajectories are grea
tly altered while ion motion remains virtually unperturbed.
Secondary electrons are trapped near the workpiece surface
decreasing substantially the X-ray hazard. Magnetized she-
ath motion has been found to be considerably more complex
and additional simulations are planned in a near future.
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