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Without the line-of-sight limitation, plasma immersion ion implantation~PIII! emulates
conventional beam-line ion implantation in inner surface modification of industrial components.
However, dose uniformity on the inner surface is critical. Inner surface PIII of a cylindrical bore is
modeled using a two-dimensional fluid model. It is found that the retained dose is not uniformly
distributed on the inner surface and the maximum dose is observed away from the edge. The exact
location of the maximum dose, which varies with the implant pulse duration, is closer to the center
when the pulse width is longer. The maximum relative difference of the retained dose along the
interior also depends on the implant pulse duration. It is smaller for a longer pulse duration after a
threshold value has been exceeded. ©1999 American Vacuum Society.@S0734-211X~99!02202-7#
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I. INTRODUCTION

Plasma immersion ion implantation~PIII!1,2 circumvents
the line-of-sight restriction and is considered a prop
method for inner surface modification. Sunet al.3 analyzed
the inner surface PIII process using a filament plasma so
and found that the plasma density was lower than that on
outside and suggested the use of a coaxial auxiliary an
for improvement. Sheridan4–6 simulated the inner surfac
PIII process of a bore using a one-dimensional fluid mo
and concluded that the impact energy was low. It w
pointed out that as the plasma sheath inside the bore o
lapped, the ions were not fully accelerated. They were t
implanted into the inner surface with low impact energ
Other theoretical studies7–11 have focused on the effects o
the bore radius, electrode’s radius, and rise time of the p
when an auxiliary electrode is used.

Recently, experiments have been conducted to investi
inner surface coating12 and inner surface PIII.13,14 The
results indicate that even though the impact energy
retained dose are improved using the auxiliary electro
the implant dose is not very uniform along the interior s
face. Contrary to conventional wisdom, the highest retai
dose is found to occur at a distance from the rim of
cylindrical bore.13,14 In this article, we present a two
dimensional fluid model to explain this phenomenon and
the model to investigate the effects of the implant pu
width.

II. MODEL

The applied voltagew t is usually several tens of kV in
PIII and the kinetic energy of ions and electrons can be
glected compared witheuw tu. In the typical sub-mTorr pres

a!Electronic mail: paul.chu@cityu.edu.hk
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sure range used in PIII, the average mean free path is m
larger than the sheath thickness, and so the inner surface
process can be described by a collisionless, cold plasma
model. In this model, the electron density is assumed to
isfy Boltzmann’s distribution, and the ion density and velo
ity can be described using the mass continuity equation
momentum continuity equation of a compressable fluid i
conserving form:

]ni

]t
1¹•~niv!50, ~1!

]

]t
~niv !1¹•~nivv!52

eni

mi
¹w, ~2!

whereni is the ion density,t is the implant time,v is the ion
velocity,e is the electron charge,mi is the ion mass, andw is
the potential. The potential distribution can be derived us
Poisson’s equation:

¹2w52
e

«0
~ni2ne!, ~3!

where«0 is the vacuum permitivity andne is the electron
density. To satisfy Boltzmann’s distribution,

ne5n0 expS ew

kTe
D , ~4!

wheren0 is plasma density,k is the Boltzmann constant, an
Te is the electron temperature.
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Due to the axial symmtry of the bore, the process can
simulated in a cylindrical coordinate system. The equati
become
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]r D1
]2w

]z2 52
e

«0
Fni2expS ew

kTe
D G , ~8!

where r and z are the radial and axial coordinates, resp
tively, andv r andvz are the radial and axial components
the ion velocity. To normalize the equations, let

r5
r

S
, Z5

z

S
, f5

w

w t
, N5

ni

n0
, Vr5

v r

vmax
,

VZ5
vz

vmax
, and T5tvpi ,

where

S5A24«0w t

en0

is the overlapped sheath radius,

FIG. 1. Distribution of~a! radial electric field and~b! axial electric field at
R50.95 at different time.
J. Vac. Sci. Technol. B, Vol. 17, No. 2, Mar/Apr 1999
e
s

-
vmax5A22ew t

mi

is the maximum ion velocity, and

vpi5An0e2

«0mi

is the ion frequency. WhenniÞ0, Eqs.~5!–~8! become
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Assume thatf last is the potential distribution at the last tim
step and if

FIG. 2. Axial ion velocity distribution atR51.0 at different time.

FIG. 3. Ion density distribution atR51.0 of different time.
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U ew t

kTe
f2

ew t

kTe
f lastU!1,

expS ew t

kTe
f D5expS ew t

kTe
f D •expS ew t

kTe
f last2

ew t

kTe
f lastD

'expS ew t

kTe
f lastD S 11

ew t

kTe
f2

ew t

kTe
f lastD . ~13!

Poisson’s equation can be written as

1

r

]

]r S r
]f

]r D1
]2f

]Z2

54FN2expS ew t

kTe
f lastD S 11

ew t

kTe
f2

ew t

kTe
f lastD G . ~14!

The equations can be solved numerically using the appro
ate boundary conditions to derive the ion density and ve
ity evolution.

The bore length is 2, bore radius is 1.5, and wall thickn
is 0.1. The left boundary of the simulated region is the b
axis, and the bottom boundary is the symmetry plane of
bore. There is no right or top boundary as it is assumed
the sheath will never expand close to the vacuum cham
and their states will not affect the implant process. Hence
the top or right boundary, the boundary conditions arefu`
50, Nu`51, Vru`50, andVZu`50. At the left boundary,
]f/]rur5050, ]N/]rur5050, and Vrur5050, whereas at
the bottom boundary,]f/]ZuZ5050 and]N/]ZuZ5050.

FIG. 4. Distribution of retained dose on inner surface at different time

FIG. 5. Evolution of radial ion velocity on inner surface.
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III. RESULTS AND DISCUSSION

Figure 1 displays the electric field distribution on the i
ner surface atR50.95. It can be observed that both the rad
and axial electric field components decrease with time a
result of sheath overlapping. The negative axial electric fi
accelerates ions towards the bore and gives rise to a neg
axial velocity component. Because of the concentration
the electric field, the axial velocity evolves faster at the ed
of the bore than inside the bore, as shown in Fig. 2. The
flux penetrates inward and causes an increase in the a
velocity deep inside the bore. AtT550, the difference be-
tween the edge and inside is very small. The large a
velocity at the edge also causes a higher ion density
certain distance away from the rim of the bore after so
time. Figure 3 depicts the ion density distribution at differe
time. The ion density outside the bore diminishes with tim
whereas the ion density inside the bore decreases init

FIG. 6. Distribution of~a! axial electric field and~b! radial electric field at
Z51.05 at different time.

FIG. 7. Evolution of retained dose on inner surface.
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and then increases slightly fromT510 to 100. It can also be
noted that afterT525, the peak begins to move towards t
center of the bore.

The varying density results in a nonuniform dose dis
bution on the inner surface as exhibited in Fig. 4. Howev
the dose peak does not correspond exactly to the den
peak. For instance, atT575, the maximum dose appears
Z50.8 while the maximum density is atZ50.9. The dose
peak thus moves faster. To explain this phenomenon,
effects of the radial ion velocity must be taken into accou
Figure 5 exhibits the evolution of the radial velocity at d
ferent positions. The radial velocity is lower closer to t
edge of the bore. In fact, at the edge, the radial veloc
becomes negative afterT550. Figure 6 exhibits the electri
field distribution atZ51.05, that is, just outside the bor
The axial electric field shown in Fig. 6~a! accelerates ions
into the bore while the radial electric field compone
changes the ion trajectories to achieve implantation. T
positive electric field left of the bore wall accelerates ions
the right as shown in Fig. 1~a!. The negative electric field
accelerates ions to the left as shown in Fig. 6~a!. This causes
a negative radial ion velocity near the edge as illustrated
Fig. 5. The ions change direction and go towards the in
surface again by the positive radial electric field in the bo
The radial ion flux near the edge of the bore thus increa
only before ions outside of the bore reach there, and a

FIG. 8. Development of~a! maximum absolute difference and~b! maximum
relative difference of retained dose vs time.
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then, it begins to decrease and even changes direc
Hence, even though the ion density near the edge is high
retained dose in this region does not increase significantl
shown in Fig. 7.

Figure 8 depicts the evolution of the maximum absolu
and relative difference of the retained dose on the inner
face. The maximum absolute difference continues to incre
with time, albeit very slowly afterT530. The maximum
relative difference increases precipitously beforeT517 simi-
lar to the absolute difference. However, afterT517, it be-
gins to diminish. The maximum relative difference atT
517 is 74.8% and decreases to 36.1% atT5100. Therefore,
to achieve better uniformity for inner surface PIII, a lon
pulse duration is preferred.

IV. CONCLUSION

Our results show that the retained dose is not unifo
along the inner surface and the maximum dose is located
distance away from the edge. The absolute location of
maximum dose depends on the implant pulse duration
moves inward as the pulse width increases. The maxim
relative difference of the retained dose is also found to v
with the implant pulse duration and diminishes after exce
ing a threshold pulse width.
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