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Elevated-temperature plasma immersion ion implantafifl) increases the surface hardness and
thickness of the modified layer and is traditionally performed at a high enéypically 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 implantatibtiPlll). 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 Physids$S0021-897@00)02717-1]

I. INTRODUCTION bar 300 mm long, 30 mm wide, and 30 mm high. As shown

Plasma immersion ion implantatiof®lll) circumvents N Fig. 1, it was laid on top of a copper target platen 150 mm
the line-of-sight limitation of conventional ion implantation in diameter and 6 mm thick. Small pieces of stainless steel
and obviates the need for complicated target manipulatiof~e-60 at. %, Cr-27 at. %, Ni-8 at. %, and C-2.5 al.Were
and beam rastering for the implantation of objects possessir@ffixed to the bar at three locations, on t@sition 1, and
a complex geometry-* However, for tribological applica- ©n the sidgpositions 2 and B They were detached from the
tions, PIIl suffers from two shortcomings. The first one is thebar after the Plll experiments and analyzed by sputtering
large lateral dose variation that depends on the procedduger electron spectroscopy to disclose the elemental depth
parameterS-” The other one is the thin modified layer that is Profiles. The Pl experiments were performed using the
generally less than 100 nm thick for low temperature 111 multifunction PIII instrument at the City University of Hong
thereby yielding unsatisfactory results when a heavy load i&0ng."* To demonstrate the effectiveness of the low voltage
exerted on the treated surface in the field. The alternative iBrocess, implantation was carried out at 2 and 15 kV. A
to conduct a PIIl process at an elevated temperature or higt!Stom made IGBT-based moduldtband a hard tube base
voltage to increase the thickness of the modified layer, but 8U/Sing modulator® were used for the low-voltagé.V) and
high temperature may cause undesirable structural and phatie high-voltage(HV) experiments, respectively. The PIlI
changes in the materials whereas a high voltage may degrag&Periments were carried out in a nitrogen plasma sustained
the ion dose uniformity on nonplanar samples. In this work by hot filament glow discharge. The filament rods were
we report the use of high-frequency, low-voltage plasma imWwelded to increase the filament currents to produce more free
mersion ion implantation(HLPIII)10‘12 on a bar-shaped electrons for a higher plasma density 0’ ions/cnt). The
sample resembling a track used as a transportation mechirget temperature which was continuously monitored using
nism in a machine. Similar to a railroad track, both the topanin situ thermocouplé during the PIIl processes was kept
and upper half of the side surfaces are in contact with movat 300+ 10 °C by varying the pulsing frequency, typically a
ing parts and premature failure can occur requiting enhancdew hundred hertz in the HV case and between 7 and 8 kHz
ment of the surface properties. Experiments and theoreticd the LV experiments.
simulation are performed to investigate the benefits and
mechanism of HLE!II in terms o.f the ion dqse, ion flux uni- IIl. THEORETICAL SIMULATION
formity, and modified layer thickness using such a bar-
shaped sample. To determine the sheath expansion characteristics at dif-

ferent implantation voltages and demonstrate the advantages
II. EXPERIMENT of the HLPIII process, theoretical simulation is conducted

To demonstrate HLPIIl into a nonplanar track-shapedusing a two-dimensional fluid mod#i-*8 For simplicity, it
specimen, we performed our experiments on a stainless stegin be assumed that the target is a square bar with an infinite
length located on an infinite platen. The simulation param-
3Author to whom correspondence should be addressed; electronic maitters are chosen based on the real experimental parameters:

paul.chu@cityu.edu.hk no=>5.0x10"m?, kT,=1.5 eV, and nitrogen plasma. The
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FIG. 1. Schematic of the placement of the implanted target and samples. > \ 5000
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-12000.
sheath expansion dynamics is simulated by solving the fluid 15000 T
model equation$~® by the finite difference method. Only 0 . . . '
half of the targetthe right-hand side in this caseeeds to be 0 20 40 80 80 100
simulated on account of its symmetry. The time step is Horizontal distance L ( mm )
2.78<10 “us, and the space steps are 0.67 and 1.36 mm for
2 and 15 kV implantation voltages, respectively. The simu- 100
lation ends atr = 250 (about 15us) considering the very
slow expansion speed late in each voltage pulse.
80 -
IV. RESULTS AND DISCUSSION ’E‘
Figure 2 depicts the simulated electric potential contours E
of the expanding plasma sheath under high-voltddekV) > 60 1
and low-voltage(2 kV) conditions. The plasma sheath con- §
figuration at the corners is similar to the simulation results of ® “—M\\O
Sheridan and GloeckErand Paulut al,?° but differenton = 40 1
the side surfacéAB). In this work, we simulate the more &
practical experimental setup in which the bar is located on a 2
sample holder, and the plasma dynamics is influenced by the 20 1
sample holder. Our results show that the expanding sheath is o
characterized by a smooth transition at the corner. The sheatt 2000 _1';520;
expands faster at the concave corner and slower at the con 0 , ‘ , ‘
vex corner. At the concave corner, the exposed target surface 0 20 40 60 80 100
per plasma volume or equivalent surface is larger and the g, Horizontal distance L ( mm )

sheath has to expand more rapidly to provide ions for im-

plantation, and so the ion flux into these locations are differf!G. 2. Potential contours around the target at 250 for (a) high-voltage

ent. Our results further demonstrate that the implantatiof"Pantation(5 k) and b) low-voltage implantatior(2 kV).

voltage has a big influence on the sheath shape. The 2 kV

plasma sheath is thinnéless than 2 cm and is more con-

formal to the surface topography of the target. creases towards the lower part of the target because ions are
Figure 3 displays the simulated incident dose along therogressively pulled to the horizontal surface. The 15 kV

top and side surfaces under high-voltad® kV) and low- implantation process can be categorized to be in the “small

voltage (2 kV) conditions showing different degrees of lat- target” regime relative to the sheath thickness, and so there

eral nonuniformity on the exposed surfaces. As expected, this less ion dose variation along the top surface. The side

ion dose on the top surface is higher than that on the sidsurface also exhibits a relatively smaller variation in the ion

surface in both cases. In addition, both corners receive dose. Comparing the results, it is obvious that the ion dose

lower ion dose since the sheath shape and the electric fieldistribution in the low-voltagg2 kV) process is basically

direction determine the direction of ion movement. Thesmooth along the exposed surface without the big change

sheath dynamics of different implantation voltages has drom the top surface to the side surface. This is of great

critical effect on the ion flux distribution along the exposedimportance in practical applications.

surface. For 2 kV implantation, the target experiences a “big  The ion incident angle is determined by the sheath shape

target” effect(30 mm&S,=4.5) leading to a higher incident as the ion movement is orthogonal to the electric potential

dose near the convex conner. The results are consistent wittontour displayed in Fig. 2. At the beginning of the negative

previous resulfS~2*and are due to a surplus of ions near thispulse, the sheath is very thin and ions are implanted normal

corner. On the sidéAB) surface, the incident ion dose de- to the surface. As the sheath expands, the incident ion angle



J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Tian et al. 2223

__ 140 " 100
N ' 1-1=250
g 12.01 A Bl oa 2- =200
> 30 3- =100
& 100 8 =10 o
S =
2 80 - 1 =)
= &
o 60 /\ 5 =
0 [0]
8 o
Q
= 404 / £
S
S5 20 -/\r\
£ “\ | — 4|
0.0 T T T . T 0 . . . : T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
(b) Equivalent distance L ( mm) (a) Equivalent distance L ( mm )
e 6.0 100
NE A B 1- 1=250
2-t=200
5 501 3 =100
5 4-1=10 —~
S 40 -
= 1 2
(&)}
X 30 ]
[0) 2 —
® C
S 20 /\ %
2 4-1=200
5 3 c 5—1=250
2 1.0 20 A
3] 4
< ._/V\
0.0 , . 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
(o) Equivalent distance (mm ) (o) Equivalent distance L { mm )

FIG. 3. Simulated incident doses on the exposed surfaces-a250 for (a)

FIG. 4. Simulated incident angles on the exposed surfaces-a250 for (a)
high-voltage implantatioil5 kV) and(b) low-voltage implantatior{2 kV). 9 P @

high-voltage implantatioiil5 kV) and(b) low-voltage implantatiorf2 kV).

The incident angle is defined as the angle between target surface and the
incident direction of the ions.

decreases around the corners, and the magnitude of the

change depends on the voltad&g. 4. Comparing with the ] ) o )

high-voltage(15 kV) case, the low-voltagé2 kV) process To conﬁrm our theoretlgal prediction, n.ltrogen elemental
features a larger incident angless glancingwith a average depth profiles were determined by sputtermg Auger electron
angle of 50° on the side surface. However, the incident anglEPECtrOSCOPYAES) for the three samples implanted under
is lower (more glancing on the side surface at a higher high- and low-voltage conditions. The results are summa-
sample voltage. Sputtering is more prevalent at the glancing
incidence resulting in a smaller retained dose. Therefore, it
should be noted that since our simulation formalism does not
take into account sputtering losses, theoretical data may not ;4 |
correlate with the experimental results on an absolute basis,

even though the relative trends can be compared. 0.8 -

—e— LV half side
—O— LV whole side
—¥v— HV half side
—v— HV whole side

Figure 5 plots the ratios of the simulated total ion dose 2
: TR’ 0.7
on the side surface to that on the top surface. The ratio is 5
always less than one and varies with the implantation voltage & o6 |
[m]

and pulse duration. If we integrate the ion dose on the top

surface and compare that to the total ion dose on the entire 05

side surface, the dose ratio improves from 38igh volt-

age to 48%((low voltage. In field applications, only the top

surface and the upper half of the side surface of a track used 0.3 ‘ ; . ; ‘

in a transportation mechanism are in contact with the over- 0 50 100 150 200 250 300

lying moving parts. If we compare the ion dose on half of the Equivalent time (1)

top surface to that on the upper half of the side surface, the _ _ o _

dose ratio improves from 42% to 67% &t 250. Thus, the FIG. 5. Ratios of the simulated |nC|d_e_nt doses on the S|d_e surface_to that on
. . . .. the top surface for LV and HV conditions vs equivalent time. The ion dose

|0\_’V'V0|tage process gives rise to even better ion dose uniforsy the top surface is compared to that on the entire side surface or the upper

mity. half of the side(solid data point
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30 1 gen in-depth distribution in position 2 is nearly the same as
that in position 3 in the 15 kV case. Although the simulated
incident dose in position 2 is higher than that in position 3,
the incident angle at position 2 is smaller than that at position
3, and more sputtering takes place in position 2 leading to a
lower than expected retained dose.
As shown in Fig. 6, low-voltage conditions result in a
0 . . : : : thicker modified layer. The retained doses on both the top
2 4 6 8 10 12 and side surfaces are also higher under low-voltage condi-
(b) Sputtering time ( min ) tions. As shown in Fig. 7, the ratios of the retained dde®
voltage to high voltageare 2.76, 4.13, and 1.82 for positions
F_IG. 6. AES_ nitrogen_ in-depth distributions in the‘ three saimples(zﬁ)r 1, 2, and 3, respectively. In our experiments, the sample
high-voltage implantatiof15 kV) and(b) low-voltage implantatior{2 kV). temperature was kept constant at 30 °C, and so the
thicker modified layer cannot be explained by a temperature
effect. In order to understand the relationship between the
I’ized in FIgS 6 and 7. The same reiative SenSitiVity factorion dose rate and app“ed Voltage at a constant Sample tem-
and sputtering rates are used in the calibration of the Augeserature, we need to investigate the factors affecting the
depth profiles, and in spite of minor variations of these facsample temperature during PIIl.
tors throughout the profiles, relative comparison of the pro-  The sample temperature is determined by the following
files is valid considering the big difference among thefactors? (1) heating by the implanted iorB,, (2) hot fila-
SampieS. Oniy the nitrogen pI’OfiieS are shown here to faCiiiment radiation heating during the g|0W discha@% (3)
tate comparison, but it should be noted that the surfac@ollisional heating by the free particles in the vacuum,
oxygen-rich layer is thicker in the HV sample. At first glance mainly the plasmaP;, (4) radiation lossP,, and (5) heat
at the retained dose distribution, the iOW'VOitage proces%Onduction loss through the target ho|dég In generaL
seemingly exhibits worse uniformity than the high-voltageneating by radiation and particle collision is very sniall,
sample. However, if we only consider and compare the uppesnd the combined magnitude is much less than of ion heat-
part of the target(top surface and upper half of the side jng. Hence, the sum d?, andP5 can be assumed to be zero.
surface just like a real track, the results are different. As The heat loss by conduction through the stainless steel tube
shown in Fig. 7, the ratio of the retained dose in position 1 to:onnecting the sample platen to the high-voltage feedthrough
that in position 2 is 1.46 for the low-voltage process. Inp.) can also be ignored since the tube wall is thin. After the

contrast, this ratio increases to 2.22 for the high-voltage casgample temperature has achieved an equilibrium véfie
Our results again demonstrate the advantage of the low-

voltage process in terms of retained dose uniformity. P,=s0S(T*—T}). (1)
In general, it can be observed that the experimental re-

tained dose is qualitatively in line with the theoretical inci- For ion heating, we can assume th¢=VI,, wherel 4,

dent dose, especially for large incident angles as in the cagepresents the average ion current avids the applied

of low-voltage implantation. It should, however, be notedsample voltage. Consequently,

that for implantation at a high glancing angle, the retained

dose is affected by sputtering as indicated by our incident _L‘S

angle simulation. For instance, as shown in Fig. 6, the nitro- 3¢V

20 A

10

Nitrogen concentration ( at% )

(T*=Tp). )
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