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Without the line-of-sight limitation, plasma immersion ion implantatigRlll) 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.1899 American Vacuum Socief$0734-211X99)02202-1

[. INTRODUCTION sure range used in Plll, the average mean free path is much
Plasma immersion ion implantaticﬂﬁ’lll)l'2 circumvents larger than ths sgeath;hldclgness, T}nd S? the mr;gr TurfaceﬂP_l(ljl

the line-of-sight restriction and is considered a properprocess can be described Dy a CollISIoN’ess, cold plasma fiul
model. In this model, the electron density is assumed to sat-

method for inner surface modification. Sehal® analyzed . R X )
y isfy Boltzmann’s distribution, and the ion density and veloc-

the inner surface PIII process using a filament plasma sourc be d ibed using th finuit i d
and found that the plasma density was lower than that on th'éy can be described using the mass continuity equation an

outside and suggested the use of a coaxial auxiliary anodgoment_um cont.inuity equation of a compressable fluid in a
for improvement. Sherid4n® simulated the inner surface conserving form:
Plll process of a bore using a one-dimensional fluid model
and concluded that the impact energy was low. It was gn;
pointed out that as the plasma sheath inside the bore over- 7 * V- (niv)=0, @
lapped, the ions were not fully accelerated. They were thus
implanted into the inner surface with low impact energy.
Other theoretical studiés' have focused on the effects of  d en
the bore radius, electrode’s radius, and rise time of the pulse 7 (M) + V- (njpv) = — EV‘D’ @
when an auxiliary electrode is used.

Recently, experiments have been conducted to investigate ) . o ) . . .
inner surface coatifg and inner surface PIi®* The wheren; is the ion densityt is the implant timey is the ion

results indicate that even though the impact energy and€lOCity,eis the electron chargey is the ion mass, andis
retained dose are improved using the auxiliary electrodethe_ pote’ntlal. Th_e potential distribution can be derived using
the implant dose is not very uniform along the interior sur-Poisson’s equation:

face. Contrary to conventional wisdom, the highest retained

dose is found to occur at a distance from the rim of the

cylindrical bore!®* In this article, we present a two-  VZ@=——(n—ne), (©)
dimensional fluid model to explain this phenomenon and use 0

the model to investigate the effects of the implant pulse
width. where g is the vacuum permitivity and, is the electron
density. To satisfy Boltzmann’s distribution,

II. MODEL

The applied voltagep; is usually several tens of kV in Ne=Ng exr{ %p), (4)
PlIl and the kinetic energy of ions and electrons can be ne- €
glected compared witk|¢,|. In the typical sub-mTorr pres-

whereng is plasma densityk is the Boltzmann constant, and
dElectronic mail: paul.chu@cityu.edu.hk T. is the electron temperature.
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Due to the axial symmtry of the bore, the process can be
simulated in a cylindrical coordinate system. The equations

become

(?ni+ 19 N 1% _o .
e E(rnivr) E(nivz)_ : 5)
d 19 2 J B eniV 5
ﬁ(nivr)'l'Fﬁ(rnivr)'*'E(nivrvz)__ﬁi Dy (6)

2 o+ 2 1t L wd=— e, @
—(Mv)+—=—(rjvv,)+ —-(Nvy)=——Vo,,
ot " r oor mzrrs gz 1z m; z

19 dp\ e ep
J— —_— + = — — — —_—
r ar(r ar 972 €9 Mi—ex kTe) |’ ®

wherer and z are the radial and axial coordinates, respec-
tively, andv, andv, are the radial and axial components of

the ion velocity. To normalize the equations, let

r 7 Z _ [} N= i V = Uy
P S’ s #= ‘Pt, —nO, p_vmax,
Uz
Vy= , and  T=twy,
U max
where

[—4
S= €o¢t
€y

is the overlapped sheath radius,

Radial electric field

Axial electric field

(b) Distance from center of the bore

Fic. 1. Distribution of(a) radial electric field andb) axial electric field at
R=0.95 at different time.
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Fic. 2. Axial ion velocity distribution aR=1.0 at different time.
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Umax—

is the maximum ion velocity, and

nee’

(1) L=
P goMm;

is the ion frequency. When; # 0, Eqgs.(5)—(8) become

N L[N Ny NV, N g

aT 2\ Pap T ap  p oz 9z
€)

oV 1 o, 1 oV 1 9

2L+ =V, =V, = —— —¢ (10

aT 2 Padp 2 °9Z 22 dp

oV 1 oV 1 oV 1 9

Ne, LyNe, Ly Ne L 09 (11)

JgT 2 Pdp 2 P2 22 iz

1 9 ap\ °¢ p(ecpt

— — | p=—|+—=z=4/N—expg —o||.

o ap (p(}p (?_ZZ 4[N ex kTe (12)

Assume thatp . is the potential distribution at the last time
step and if

0.1 —+T=1

Ion density
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Fic. 3. lon density distribution aR=1.0 of different time.
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Fic. 4. Distribution of retained dose on inner surface at different time.
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Fic. 6. Distribution of(a) axial electric field andb) radial electric field at
Poisson’s equation can be written as Z=1.05 at different time.

19 ( a¢) . )
o Ip p p 972 I1l. RESULTS AND DISCUSSION
Figure 1 displays the electric field distribution on the in-

1+ %d,_ %dh t) } (14)  nhersurface aR=0.95. It can be observed that both the radial

kTe kTe ¢ and axial electric field components decrease with time as a

result of sheath overlapping. The negative axial electric field

The equations can be solved numerically using the approprigccelerates ions towards the bore and gives rise to a negative
ate boundary conditions to derive the ion density and velocaxial velocity component. Because of the concentration of
ity evolution. the electric field, the axial velocity evolves faster at the edge

The bore length is 2, bore radius is 1.5, and wall thicknesf the bore than inside the bore, as shown in Fig. 2. The ion
is 0.1. The left boundary of the simulated region is the boreflux penetrates inward and causes an increase in the axial
axis, and the bottom boundary is the symmetry plane of thgelocity deep inside the bore. At=50, the difference be-
bore. There is no right or top boundary as it is assumed thafveen the edge and inside is very small. The large axial
the sheath will never expand close to the vacuum chambeyelocity at the edge also causes a higher ion density at a
and their states will not affect the implant process. Hence, agertain distance away from the rim of the bore after some
the top or right boundary, the boundary conditions @éfe  time. Figure 3 depicts the ion density distribution at different
=0, N[.=1, V,[.=0, andV|..=0. At the left boundary, time. The ion density outside the bore diminishes with time

dpldpl,-0=0, IN/dp|,-o=0, andV,|,_o=0, whereas at whereas the ion density inside the bore decreases initially
the bottom boundary¢/dZ|,—o=0 anddN/dZ|,_,=0.
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Fic. 5. Evolution of radial ion velocity on inner surface. Fic. 7. Evolution of retained dose on inner surface.
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then, it begins to decrease and even changes direction.
Hence, even though the ion density near the edge is high, the
retained dose in this region does not increase significantly as
shown in Fig. 7.

Figure 8 depicts the evolution of the maximum absolute
and relative difference of the retained dose on the inner sur-
face. The maximum absolute difference continues to increase
with time, albeit very slowly aftefT=30. The maximum
relative difference increases precipitously befdrel7 simi-
lar to the absolute difference. However, affer17, it be-
gins to diminish. The maximum relative difference &t
=17 is 74.8% and decreases to 36.1% at100. Therefore,
to achieve better uniformity for inner surface PIIl, a long
pulse duration is preferred.

V. CONCLUSION

Our results show that the retained dose is not uniform
along the inner surface and the maximum dose is located at a
distance away from the edge. The absolute location of the

maximum dose depends on the implant pulse duration and
moves inward as the pulse width increases. The maximum
relative difference of the retained dose is also found to vary
with the implant pulse duration and diminishes after exceed-

and then increases slightly frof=10 to 100. It can also be iNg a threshold pulse width.
noted that afteif =25, the peak begins to move towards the
center of the bore.

The varying density results in a nonuniform dose distri-
bution on the inner surface as exhibited in Fig. 4. However
the dose peak does not correspond exactly to the densi
peak. For instance, dt=75, the maximum dose appears at
Z=0.8 while the maximum density is &=0.9. The dose |
peak thus moves faster. To explain this phenomenon, theZ'JD' E' gﬁﬂr?‘éiﬁép'cigﬁgﬁ 7\/672133{9 and L A Larson. Mater. Sci
effects of the radial ion velocity must be taken into account. gng. R17, 207(1996. ’ o ’ T
Figure 5 exhibits the evolution of the radial velocity at dif- *W. Sun, S. Yang, and B. Li, J. Vac. Sci. Technol.14, 367 (1996.
ferent positions. The radial velocity is lower closer to the ;‘I E gﬂef?ga”' ;-hAPPLIPhYgA’gigSg?’%%%-
edge of the bore. In fact, at the edge, the radial velocity er £ Qpcrigan 3. X;pl. gshr;:‘sa o6 (1(99(;_9'
becomes negative aftdr=50. Figure 6 exhibits the electric  7x. c. zeng, B. Y. Tang, and P. K. Chu, Appl. Phys. Le8, 3815
field distribution atZ=1.05, that is, just outside the bore.  (1996. .

The axial electric field shown in Fig.(& accelerates ions >P<-hC- ZLengflT-lg-S;("lVg';v A. G. Liu, P. K. Chu, and B. Y. Tang, Appl.
into the bore while the radial electric field component o, 3(’:5 Zs,t]té’ A G. |_(iu’ T?'K. kwok, P. K. Chu, and B. Y. Tang, Phys.
changes the ion trajectories to achieve implantation. The plasmag, 1 (1997.

positive electric field left of the bore wall accelerates ions to *X. C. Zeng, T. K. Kwok, A. G. Liu, P. K. Chu, and B. Y. Tang, J. Appl.
the right as shown in Fig.(4). The negative electric field 11_';h3é5'g%e‘:i‘:j;1ngg?'|< kwok. and P. K. Chu, Appl. Phys. L&t2, 1826
accelerates ions to the left as shown in Fi@) 6This causes  (1g99g. T ’ 1 A PR TS

a negative radial ion velocity near the edge as illustrated in'?s. M. Malik, R. P. Fetherston, and J. R. Conrad, J. Vac. Sci. Technol. A
Fig. 5. The ions change direction and go towards the inner1315, 2875(1997.

surface again by the positive radial electric field in the bore. ﬁ]'s%rh'uvét'hﬁa\s’vsg% QR'eZ' &Zeg’ogifégga”g’ and P. K. Chu, Nucl.
The radial ion flux near the edge of the bore thus increasess . Liy, x. F. Wang, B. Y. Tang, and P. K. Chu, J. Appl. Phgd,
only before ions outside of the bore reach there, and after 1859(1998.

Fic. 8. Development ofa) maximum absolute difference afid) maximum
relative difference of retained dose vs time.
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