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Influence of Sample Placement on the Dose
Uniformity in Plasma Immersion lon
Implantation of Industrial Ball Bearings
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Abstract—Plasma immersion ion implantation (Plll) is an cylindrical samples [19], [20]. However, very little work has
effective technique to enhance the surface properties of industrial hitherto been done on real industrial parts and the effects of
components possessing an irregular shape. However, it is difficult the sample placement on the implant dose uniformity. Because

to achieve uniform implantation along the groove surface of a - . . .
ball bearing. In this work, we focus on the PIII treatment of the most industrial ball bearings are not very thick, they are usually

arc surface of an industrial ball bearing. Three practical sample laid horizontally on the sample chuck during PIIl. However,

placement configurations are investigated: I) direct placement on its close proximity to the sample stage and the insulating
the sample stage platen, Il) placement on a copper extension with shroud surrounding the high voltage feed-through is expected
the same diameter as the bearing race, Ill) placement on a copper {4 affect the local implant doses along the race surface. The

plate erected on the sample stage by means of a small metal rod. heath - bout th f f industrial
Using theoretical simulation, the implant dose uniformity along shealn expansion abou € groove surface of an Inaustria

the groove surface is determined for the three orientations. Our Pall bearing for three sample placement configurations is
results reveal that configuration Ill) yields the largest implant investigated in this work. The sheath potential, ion density, and
dose along the groove surface and the dose uniformity is worse jon velocity are derived using the fluid model. The variation of

in configuration 1). Hence, in order to improve the lateral dose the ion implantation dose as well as ion impact angle along the

#gﬁrmgysaalm?ethe race surface, the bearing should be elevated groove is presented and compared for each placement methods.

Index Terms—Bearings, plasma immersion ion implantation,
sheath simulation, uniformity of implantation dose. Il. SAMPLE PLACEMENT METHODS AND SIMULATION MODEL

A common industrial ball bearing (model 315) with an
|. INTRODUCTION interior diameter of 75 mm shown in Fig. 1 is used in our

PLASMA immersion ion implantation (PIll) is a bur- work. In normal operation, the balls roll on the arc surface

geoning technology for surface modification of material%nd it is the focus of our investigation. Owing to the radial

[1]-[4]. Because there is no line-of-sight restriction, it is aﬁymmetry of the ball beanng_and the vertical geometry of
. . . maost Pl vacuum chambers (i.e. the plasma source on top),
excellent technique to treat industrial components possess,

ng. .
an irregular shape such as precision bearings [5]. For ggqlzontal placement of the bearing on the sample stage

industrial ball bearing, the working surface of both the interid? most convenient. Three practical sample placements are

and exterior pieces is not flat and has the shape of an asrt(:qd|ed:

Hence, PIII treatment of a ball bearing is as complicated as ) direct placement on the oil-cooled sample stage platen
other odd-shaped targets such as a hollow cylindrical tube used 140 mm in diameter, with the high voltage feed-through

in an oil pump [6]-[9]. The PIII uniformity is an important shielded by a ceramic shroud 100 mm in diameter and
factor directly affecting the efficacy of surface modification. 200 mm fall as illustrated in Fig. 1(a) [21];

Therefore, many theoretical and experimental investigations!!) Placement on a 400 mm long metal extension with the
concerning implant uniformity have been performed on speci- ~ Same diameter as the bearing on top of the oil-cooled

mens possessing various shapes, such as square bars [10], [11%, sample stage [Fig. 1(b)]; _
wedge-shaped objects [12]-[14], corners [15], trenches [13]I'II placement on a 2 mm thick metal plate with the same

[16], [17], crosses [18], cylindrical tubes [6]-[9], and small diameter as the bearmg ert_acted from the sample stage
by a metal rod 5 mm in diameter and 400 mm long
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Fig. 1. Schematic presentation of the PIIl treatment of the arc surface of an industrial ball bearing. The simulation region is demarcated bylitie dotte
The three sample placement configurations are: (a) bearing placed horizontally on the oil-cooled sample stage platen, (b) bearing placgddmazoatal
extension with the same diameter as the bearing race, and (c) bearing placed horizontally on a metal plate erected vertically from the sampiecttdgedy a

the electric field and implanted into the target until the appliemhd motion, Poisson’s equation, and Boltzmann’s relation are
voltage pulse is over. The evolution of the ion density

ion velocity v;, and electric potentiap can be modeled using on; 10 = 9
cold, collisionless fluid ions, Boltzmann electrons, as well as ot | ror (rnivir) + dz (niviz) =0 @)
Poisson’s equation [10], [11], [16], [18], [22]. In cylindrical Qviy dviyr Qv e O¢

. . . . . .. =+ Vi —+ ;2 = - (2a)
coordinates, the two-dimensional equations of ion continuity ot ar a9z m Or
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Fig. 2. Evolution of the normalized potential contour lines around the target for the three sample placement configurations on top of (a) the oil-coole
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sample stage, (b) the metal extension, and (c) the metal plate shown in Fig. 1.

4

Normalized radial distance
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ot v ar to Oz m Oz (2b)
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wheree is the electron charge (it is assumed that the ions are
. . . . . aU,Z aU,Z aU,Z 1 81/)
singly charged) and is the ion mass. It is more convenient +ugr +uy =L (6b)
to make (1) to (3) dimensionless by introducing the following ar OR 9z 202
variables:
x z ¢ n; 10 o 9% e
= — = — = — = —Z en— R_ R —— 2 - . .
R=3 o VTE " R aR< or) Vo2 =2\ Y
UR = Yir 5 Uy = Viz T = twpi (4) (7)
Umax Umax

The simulation regions are depicted in Fig. 1(a)—(c). The initial

where sg = \/—2e0¢t/eno is the planar ion-matrix sheathconditions aren = 1 andug = u, = 0 everywhere. The

width, vh.x = /—2e¢:/m is the velocity that an ion boundary conditions aré = 1 on the targety = 0 in the
would gain if it fell through a potential drop,, andwy,; =

Vnoe?/egm is the ion plasma frequency. The equationBig. 1(a), the lower boundary is the chamber wall gne 0

plasma, andd¢/dr = 0 at the central symmetry axis. In
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Fig. 3. Evolution of the normalized ion density contour lines around the target for the three sample placement configurations on top of (a) # oil-cool
sample stage, (b) the metal extension, and (c) the metal plate exhibited in Fig. 1.

at this boundary and the ceramic insulator shroud. For tHaration. The simulation is conducted to a final steg 100
two configurations illustrated in Fig. 1(b) and (c), the metdt = 6.78 us).
extension rod is long enough such that/9z = 0 on the
lower boundary of the simulation region as it is far from the m
bearing sample and can be treated as a one-dimensional cas_F . . .
. - . he temporal evolution of the potential contour lines around
The equations are solved by the finite difference metho%. . .
. . . the target for the three different placement methods is shown
The simulation parameters are selected to reflect typical ex-_. h ial distributi f th
. tal conditionsng — 3.5 x 10° Cm-3, ¢ — —20 kV in Fig. 2.(a)—(c). At.r = 0, the potential distribution of the
z;nm_er; = oV and 0 | ' ¥ o 2t’ 1 d ion-matrix sheath is shown. The sheath structures around
fe =15 eV, and N p;’:\sma. e”%e% = o._mAm ai the bearing race differ significantly in the three cases and
“pi = 10'0678 ps. We ¢ OOS? a grid spacinfg = AR = jigerent implantation characteristics are expected. As the
AZ = 355 ~ 1.0 mm and a time step o7 = 1/100. The  gheath propagates, the conformality of the potential contour
simulation region is chosen to hiés, in height andso inthe g the target surface degrades, and the field lines eventually
radial direction for configuration (I) shown in Fig. 1(a), angeach a dome shape in all three situations.
125 in height andss in the radial direction for configurations  Fig. 3(a)—(c) depict the temporal evolution of the ion density
(1) and (Ill) displayed in Fig. 1(b) and (c), respectively. Inaround the target in the three configurations. As expected, the
configuration (I), the ceramic insulator is relatively long sucfon density distributions around the bearing groove are quite
that the height of the simulation region is chosen to be largeifferent for the three placement methods. In configuration (1),
than that in configurations (II) and (lll). In this way, thedue to the influence of the ceramic insulator, there is a zero ion
sheath remains inside it throughout the entire simulated tirdensity contour line at = 5 under the sample stage platen

. RESULTS AND DISCUSSION
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indicating that ions are exhausted quickly under the sample gg

stage platen. At = 5, the 0.4 ion density contour line near 80 end, upper edge

the groove is not symmetrical about the groove center, buts 70 ;—0—-731/21
rather offset toward the side closer to the sample stage. Whe% '\0 lower edge 1+T=1 :
7 = 20, only the 0.1 density line exists within the groove. § €0 ’ )

In configuration (Il), because the diameter of the extensions 50
rod is large, the extension rod also receives a high dose OE’ 40
implanted ions. Therefore, ions in the vicinity of the target 30
are exhausted quickly and there is no ion concentration ora?, g
the groove surface. In configuration (lll), at= 5, the 0.4 8 20 &N
ion density line near the groove is still symmetrical about the™ 10
groove center, but ions begin to concentrate on the lower edge. 0 T
When the sheath expands, this region moves upward. When 0 10 20 30 40
T = 20, a large number of ions concentrate within the bearing
groove, especially in the lower half, indicating that there are
still a large number of ions in the vicinity at this time. Our @
results thus show that a larger ion dose will be implanted into 90

Distance from the groove lower edge (mm)

the groove surface in configuration (lII). < 80 _e_1=1/4
Fig. 4(a)—(c) display the distribution and temporal evolution @& - _g =172
of the ion incident angle relative to the normal along the arc & 60 —a =1
surface (the normal direction is the radial direction). In all % 50 1=
three configurations, the ion incident angle near the groove & 4¢ o 1=10
center is smaller than that close to the two edges. Initially, the & 30 A e =50
angle of incidence along the groove surface has a small value§ 20 § : 12100
and the distribution is almost symmetrical about the center of : '° 10 ~
the race. As the sheath expands, the ions impinge at a more:

obligue angle, particularly toward the edge. The distribution
is also no longer symmetrical. The lower side is bombarded
by ions impacting at a smaller angle in all three cases. The
spots with almost Dincident angle (that is, normal incidence) (b)
migrate slowly toward the lower side. The worst uniformity
with regard to the incident angle is observed for configuration
() as shown in Fig. 4(a). In this case, the ion impact angleg
close to the lower edge is much smaller than that near the uppeﬁ,
edge. Whenr = 10, the incident angle at the upper edge has3s
reached nearly 80 At a later time, the ions near the upper 2
corner impinge nearly parallel to the surface thereby resultingm
in more sputtering than implantation. It shows that a lower ion :
dose will be implanted near the upper edge. In conf|gurat|on§
(1) and (1), the incident angle is still larger on the upper side, £
but the difference is smaller than that observed for case (l), ’
and the ion incident angle near the upper edge is also smaller. 0 10 20 30 40
The incident ion dosé)(r, z) can be calculated by integrat- Distance from the groove lower edge (mm)
ing the ion flux at the target surface ©

0 10 20 30 40
Distance from the groove lower edge (mm)

tP
D(Tv Z) = / nz(tv & Z) cVil (tv & Z) dt
0

tP
:/ ni(t,r,z)\/  (t,r,2) + V2 (t, 7, z)cos O dt

0
(8)

wheret,, is pulse duration ang; ; is the ion velocity normal to

Fig. 4. Variation of the ion incident angle distributions along the groove
surface with time for the three sample placement configurations on top of (a)
the oil-cooled sample stage, (b) the metal extension, and (c) the metal plate
displayed in Fig. 1.

small ion dose is implanted into the region near the upper
edge [Fig. 5(a)]. Afterr = 20, almost no ions are implanted
into this area due to the large incident angle near the upper

the target surface. The distribution of the ion dose implantedige. The large incident angle gives rise to higher sputtering
into the arc groove is shown in Fig. 5(a)—(c). The ion dodess and less net implantation or a lower retained dose. The

observed in configuration (l11) is 1.5 times larger than that i
configurations (I) and (Il) except close to the lower edge.
shows that the sample placement illustrated in Fig. 1(c) yiel
the highest implantation efficiency. In configuration (1), a ver

fon dose uniformity along the groove surface worsens with
ibcreasing implantation time. The uniformity of the ion dose
dsthin the groove is better for configurations (II) and (Il1).

In configuration (1), the maximum ion dose is observed near
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Fig. 5. Distribution of the ion dose along the bearing groove surface at three
different times for the three sample placement configurations on top of (a
the oil-cooled sample stage, (b) the metal extension, and (c) the metal pl

depicted in Fig. 1.

the groove center. However, in configuration (I1l), the largest®!
ion dose is offset toward the lower side. This is caused by
the larger ion concentration in the lower half of the groove[

as aforementioned.

©
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is conceivable that if there is a low temperature requirement
due to the state of the materials and dimensional tolerances, a
lower duty cycle may be necessary to mitigate sample heating.
However, if a higher implantation temperature is desirable,
for example, to increase the diffusion depth, configuration
(1) will be preferred over configurations (I) and (ll) as less
external heating is required. In comparison, configuration (ll)
provides better heat dissipation but due to the increased surface
area, the total implantation current is inevitably higher. A more
potent power modulator may thus be required. Our simulation
results indicate that the dose uniformity will be improved by
using a shorter pulsér = 20). Hence, pulse lengths of less
than 2us are more desirable, but of course, it will require a
more powerful power modulator with a fast slew rate.

IV. CONCLUSION

The influence of the sample placement on the PIll dose
uniformity on the groove surface of an industrial ball bearing
is investigated using a two-dimensional fluid model. Our
results indicate that direct placement of the bearing on the
sample chuck is most undesirable and gives rise a very
low ion implant dose near the groove upper edge due to
glancing ion incidence. On the other hand, when the bearing
is elevated from the sample stage using a metal extension,
the ion dose uniformity along the groove surface is enhanced.
The improvement is larger when using a thinner extension rod.
However, due to insufficient heat dissipation via the sample
stage, either the PIIl duty cycle needs to be reduced or the
extensive rod must be bigger for low temperature processes.
However, a bigger extension rod draws more current and may
require a more potent power supply and modulator. The ideal
sample placement configuration depends on the processing
requirements, especially the temperature window.
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