
JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 5 1 SEPTEMBER 2000
Efficacy of high-frequency, low-voltage plasma immersion ion implantation
of a bar-shaped target
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~Received 6 December 1999; accepted for publication 24 May 2000!

Elevated-temperature plasma immersion ion implantation~PIII! increases the surface hardness and
thickness of the modified layer and is traditionally performed at a high energy~typically above 5
keV! and low current density. In this article, we report the benefits of a different approach by
high-frequency, low-voltage plasma immersion ion implantation~HLPIII !. Experiments and a
two-dimensional theoretical simulation are conducted to demonstrate the advantages of the process
on a bar-shaped sample in terms of ion dose, dose uniformity, and modified layer thickness.
Simulation of the sheath dynamics illustrates that the thinner plasma sheath in HLPIII is
geometrically more conformal to the target surface, and the incident ion flux is more uniform along
the exposed surface when compared to the traditional high-voltage PIII process. The higher ion dose
and thicker modified layer can be attributed to the higher ion current density. HLPIII is thus the
preferred technique to enhance the surface properties of large and complex-shaped specimens such
as a metal track. ©2000 American Institute of Physics.@S0021-8979~00!02717-1#
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I. INTRODUCTION

Plasma immersion ion implantation~PIII! circumvents
the line-of-sight limitation of conventional ion implantatio
and obviates the need for complicated target manipula
and beam rastering for the implantation of objects posses
a complex geometry.1–4 However, for tribological applica-
tions, PIII suffers from two shortcomings. The first one is t
large lateral dose variation that depends on the proc
parameters.5–7 The other one is the thin modified layer that
generally less than 100 nm thick for low temperature PII8,9

thereby yielding unsatisfactory results when a heavy loa
exerted on the treated surface in the field. The alternativ
to conduct a PIII process at an elevated temperature or
voltage to increase the thickness of the modified layer, b
high temperature may cause undesirable structural and p
changes in the materials whereas a high voltage may deg
the ion dose uniformity on nonplanar samples. In this wo
we report the use of high-frequency, low-voltage plasma
mersion ion implantation~HLPIII !10–12 on a bar-shaped
sample resembling a track used as a transportation me
nism in a machine. Similar to a railroad track, both the t
and upper half of the side surfaces are in contact with m
ing parts and premature failure can occur requiring enhan
ment of the surface properties. Experiments and theore
simulation are performed to investigate the benefits
mechanism of HLPIII in terms of the ion dose, ion flux un
formity, and modified layer thickness using such a b
shaped sample.

II. EXPERIMENT

To demonstrate HLPIII into a nonplanar track-shap
specimen, we performed our experiments on a stainless

a!Author to whom correspondence should be addressed; electronic
paul.chu@cityu.edu.hk
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bar 300 mm long, 30 mm wide, and 30 mm high. As sho
in Fig. 1, it was laid on top of a copper target platen 150 m
in diameter and 6 mm thick. Small pieces of stainless s
~Fe-60 at. %, Cr-27 at. %, Ni-8 at. %, and C-2.5 at. %! were
affixed to the bar at three locations, on top~position 1!, and
on the side~positions 2 and 3!. They were detached from th
bar after the PIII experiments and analyzed by sputter
Auger electron spectroscopy to disclose the elemental d
profiles. The PIII experiments were performed using t
multifunction PIII instrument at the City University of Hon
Kong.13 To demonstrate the effectiveness of the low volta
process, implantation was carried out at 2 and 15 kV.
custom made IGBT-based modulator14 and a hard tube bas
pulsing modulator13 were used for the low-voltage~LV ! and
the high-voltage~HV! experiments, respectively. The PI
experiments were carried out in a nitrogen plasma susta
by hot filament glow discharge. The filament rods we
welded to increase the filament currents to produce more
electrons for a higher plasma density (53109 ions/cm3!. The
target temperature which was continuously monitored us
an in situ thermocouple15 during the PIII processes was ke
at 300110 °C by varying the pulsing frequency, typically
few hundred hertz in the HV case and between 7 and 8 k
in the LV experiments.

III. THEORETICAL SIMULATION

To determine the sheath expansion characteristics at
ferent implantation voltages and demonstrate the advant
of the HLPIII process, theoretical simulation is conduct
using a two-dimensional fluid model.16–18 For simplicity, it
can be assumed that the target is a square bar with an infi
length located on an infinite platen. The simulation para
eters are chosen based on the real experimental param
n055.031015/m3, kTe51.5 eV, and nitrogen plasma. Th
il:
1 © 2000 American Institute of Physics
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sheath expansion dynamics is simulated by solving the fl
model equations16–18 by the finite difference method. Onl
half of the target~the right-hand side in this case! needs to be
simulated on account of its symmetry. The time step
2.7831024ms, and the space steps are 0.67 and 1.36 mm
2 and 15 kV implantation voltages, respectively. The sim
lation ends att 5 250 ~about 15ms! considering the very
slow expansion speed late in each voltage pulse.

IV. RESULTS AND DISCUSSION

Figure 2 depicts the simulated electric potential conto
of the expanding plasma sheath under high-voltage~15 kV!
and low-voltage~2 kV! conditions. The plasma sheath co
figuration at the corners is similar to the simulation results
Sheridan and Gloecker19 and Pauluset al.,20 but different on
the side surface~AB!. In this work, we simulate the mor
practical experimental setup in which the bar is located o
sample holder, and the plasma dynamics is influenced by
sample holder. Our results show that the expanding shea
characterized by a smooth transition at the corner. The sh
expands faster at the concave corner and slower at the
vex corner. At the concave corner, the exposed target sur
per plasma volume or equivalent surface is larger and
sheath has to expand more rapidly to provide ions for
plantation, and so the ion flux into these locations are diff
ent. Our results further demonstrate that the implanta
voltage has a big influence on the sheath shape. The 2
plasma sheath is thinner~less than 2 cm!, and is more con-
formal to the surface topography of the target.

Figure 3 displays the simulated incident dose along
top and side surfaces under high-voltage~15 kV! and low-
voltage ~2 kV! conditions showing different degrees of la
eral nonuniformity on the exposed surfaces. As expected
ion dose on the top surface is higher than that on the
surface in both cases. In addition, both corners receiv
lower ion dose since the sheath shape and the electric
direction determine the direction of ion movement. T
sheath dynamics of different implantation voltages ha
critical effect on the ion flux distribution along the expos
surface. For 2 kV implantation, the target experiences a ‘‘
target’’ effect ~30 mm/S054.5) leading to a higher inciden
dose near the convex conner. The results are consistent
previous results19–21and are due to a surplus of ions near th
corner. On the side~AB! surface, the incident ion dose de

FIG. 1. Schematic of the placement of the implanted target and sampl
id
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creases towards the lower part of the target because ion
progressively pulled to the horizontal surface. The 15
implantation process can be categorized to be in the ‘‘sm
target’’ regime relative to the sheath thickness, and so th
is less ion dose variation along the top surface. The s
surface also exhibits a relatively smaller variation in the i
dose. Comparing the results, it is obvious that the ion d
distribution in the low-voltage~2 kV! process is basically
smooth along the exposed surface without the big cha
from the top surface to the side surface. This is of gr
importance in practical applications.

The ion incident angle is determined by the sheath sh
as the ion movement is orthogonal to the electric poten
contour displayed in Fig. 2. At the beginning of the negat
pulse, the sheath is very thin and ions are implanted nor
to the surface. As the sheath expands, the incident ion a

.

FIG. 2. Potential contours around the target att 5 250 for ~a! high-voltage
implantation~15 kV! and ~b! low-voltage implantation~2 kV!.
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decreases around the corners, and the magnitude of
change depends on the voltage~Fig. 4!. Comparing with the
high-voltage~15 kV! case, the low-voltage~2 kV! process
features a larger incident angle~less glancing! with a average
angle of 50° on the side surface. However, the incident an
is lower ~more glancing! on the side surface at a highe
sample voltage. Sputtering is more prevalent at the glanc
incidence resulting in a smaller retained dose. Therefore
should be noted that since our simulation formalism does
take into account sputtering losses, theoretical data may
correlate with the experimental results on an absolute ba
even though the relative trends can be compared.

Figure 5 plots the ratios of the simulated total ion do
on the side surface to that on the top surface. The rati
always less than one and varies with the implantation volt
and pulse duration. If we integrate the ion dose on the
surface and compare that to the total ion dose on the e
side surface, the dose ratio improves from 35%~high volt-
age! to 48%~low voltage!. In field applications, only the top
surface and the upper half of the side surface of a track u
in a transportation mechanism are in contact with the ov
lying moving parts. If we compare the ion dose on half of t
top surface to that on the upper half of the side surface,
dose ratio improves from 42% to 67% att5250. Thus, the
low-voltage process gives rise to even better ion dose un
mity.

FIG. 3. Simulated incident doses on the exposed surfaces att 5 250 for ~a!
high-voltage implantation~15 kV! and~b! low-voltage implantation~2 kV!.
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To confirm our theoretical prediction, nitrogen elemen
depth profiles were determined by sputtering Auger elect
spectroscopy~AES! for the three samples implanted und
high- and low-voltage conditions. The results are summ

FIG. 4. Simulated incident angles on the exposed surfaces att 5 250 for~a!
high-voltage implantation~15 kV! and~b! low-voltage implantation~2 kV!.
The incident angle is defined as the angle between target surface an
incident direction of the ions.

FIG. 5. Ratios of the simulated incident doses on the side surface to tha
the top surface for LV and HV conditions vs equivalent time. The ion do
on the top surface is compared to that on the entire side surface or the u
half of the side~solid data point!.



to
g

ac
ro
he
cil
ac
ce
es
ge
p
e
s
t

In
as
low

r
i-
a

ed
e
en
tro

as
ed
3,
ion
to a

a
top
ndi-

s
ple

ure
the
tem-
the

ing

m,

,
eat-
o.
tube
ugh
he

rent

2224 J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Tian et al.
rized in Figs. 6 and 7. The same relative sensitivity fac
and sputtering rates are used in the calibration of the Au
depth profiles, and in spite of minor variations of these f
tors throughout the profiles, relative comparison of the p
files is valid considering the big difference among t
samples. Only the nitrogen profiles are shown here to fa
tate comparison, but it should be noted that the surf
oxygen-rich layer is thicker in the HV sample. At first glan
at the retained dose distribution, the low-voltage proc
seemingly exhibits worse uniformity than the high-volta
sample. However, if we only consider and compare the up
part of the target~top surface and upper half of the sid
surface! just like a real track, the results are different. A
shown in Fig. 7, the ratio of the retained dose in position 1
that in position 2 is 1.46 for the low-voltage process.
contrast, this ratio increases to 2.22 for the high-voltage c
Our results again demonstrate the advantage of the
voltage process in terms of retained dose uniformity.

In general, it can be observed that the experimental
tained dose is qualitatively in line with the theoretical inc
dent dose, especially for large incident angles as in the c
of low-voltage implantation. It should, however, be not
that for implantation at a high glancing angle, the retain
dose is affected by sputtering as indicated by our incid
angle simulation. For instance, as shown in Fig. 6, the ni

FIG. 6. AES nitrogen in-depth distributions in the three samples for~a!
high-voltage implantation~15 kV! and~b! low-voltage implantation~2 kV!.
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gen in-depth distribution in position 2 is nearly the same
that in position 3 in the 15 kV case. Although the simulat
incident dose in position 2 is higher than that in position
the incident angle at position 2 is smaller than that at posit
3, and more sputtering takes place in position 2 leading
lower than expected retained dose.

As shown in Fig. 6, low-voltage conditions result in
thicker modified layer. The retained doses on both the
and side surfaces are also higher under low-voltage co
tions. As shown in Fig. 7, the ratios of the retained dose~low
voltage to high voltage! are 2.76, 4.13, and 1.82 for position
1, 2, and 3 , respectively. In our experiments, the sam
temperature was kept constant at 300110 °C, and so the
thicker modified layer cannot be explained by a temperat
effect. In order to understand the relationship between
ion dose rate and applied voltage at a constant sample
perature, we need to investigate the factors affecting
sample temperature during PIII.

The sample temperature is determined by the follow
factors:22 ~1! heating by the implanted ionsP1, ~2! hot fila-
ment radiation heating during the glow dischargeP2, ~3!
collisional heating by the free particles in the vacuu
mainly the plasmaP3, ~4! radiation lossP4, and ~5! heat
conduction loss through the target holderP5. In general,
heating by radiation and particle collision is very small15

and the combined magnitude is much less than of ion h
ing. Hence, the sum ofP2 andP3 can be assumed to be zer
The heat loss by conduction through the stainless steel
connecting the sample platen to the high-voltage feedthro
P5) can also be ignored since the tube wall is thin. After t
sample temperature has achieved an equilibrium value~T!,

P15«sS~T42T0
4!. ~1!

For ion heating, we can assume thatP15VIave where I ave

represents the average ion current andV is the applied
sample voltage. Consequently,

I ave5
«sS

V
~T42T0

4!. ~2!

FIG. 7. Comparison of the experimental retained doses at the three diffe
positions.
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To maintain a constant heat input and sample tempera
I ave must be inversely proportional to the applied sam
voltage. In our experiments, a decrease from 15 to 2
implies that the ion flux increases by 7.5 times in order
maintain the same treatment temperature. Hence, the sa
receives a higher ion dose rate in the low-voltage proc
compared to the high-voltage process. We therefore po
late that the improved modified layer thickness stems fr
the higher average ion current density. A higher ion fl
provides more nitrogen just beneath the top surface acc
ating the diffusion of the incoming nitrogen, while the hig
voltage does not substantially contribute to the depth.

V. CONCLUSION

The implantation voltage has a large influence on
sheath dynamics including the sheath thickness, shape
flux, and incident angle. Our simulation results show that
thinner sheath under low-voltage conditions is more con
mal to the target surface, and consequently, the incident
flux is more uniform along the exposed surface compare
the high-voltage implantation in which the ion incident ang
on the side surface is small. Our results reveal that low v
age PIII can substantially increase the modified layer thi
ness compared to high voltage PIII at the same treatm
temperature. The thicker modified layer is postulated to
due to the higher ion current density used in the low-volta
process. In summary, the more efficient high-frequency, lo
voltage plasma immersion ion implantation~HLPIII ! tech-
nique is more suitable for the treatment of complex-sha
components and has a higher commercial potential. It sho
also be noted that HLPIII is more versatile than conventio
plasma nitriding in terms of treatment voltage, plasma d
sity, gas pressure, pulsing frequency/duration, and so on
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